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Secondary Electrons and Photons in the Upper Atmosphere 
K•vs P. BEUERMANN • 

California Institute of Technology, Pasadena., Cali/m'nia 91109 

We present a theoretical and experimental study of the production and propagation of at- 
mospheric secondary negatrons, positrons, and photons moving in the vertical direction. The 
one-dimensional transport equations have been solved numerically to obtain energy spectra 
and intensity versus depth for energies as low as 4 Mev and for atmospheric depths up. to 
400 g/cm 2. The calculations are performed for the solar modulation level of 1968 and geomag- 
netic cutoff values of zero and 4.5 Gv. We also present experimental data on negatrons and 
positrons in the energy raage from 6.5 to 200 Mev obtained from balloon observations near 
Ft. Churchill, Canada, in 1'968. The comparisons with measurements confirm the calculated 
energy spectra and intensity versus depth. The spectral shapes of secondary negatrons and 
positrons are fo.und to be very dependent upon the atmospheric depth. In the high atmos- 
phere, the photon spectrum below •70 Mev is dominated by bremsstrahlung from primary 
and reentrant albedo electrons rather than by ,r ø decays. The derived intensity versus depth 
deviates distinctly from the commonly assumed linear growth of the secondary flux with in- 
creasing depth. Our results on the functional depth dependence are useful for determining the 
contribution from atmospheric secondaries to measurements of the electron (and photon) flux 
at balloon altitudes. 

In recent years experiments to, measure the 
flux and energy spectrum of cosmic ray electrons 
(i.e., negatrons and positrons) and photons have 
been conducted almost exclusively by means of 
high-altitude balloons. The residual atmosphere 
o.f •2 g/cm • typical for the float period is a 
source of seco.ndary electrons and photons pro- 
duced in interactions of primary cosmic rays 
with air nuclei. The minimum primary flux de- 
tectable from balloon altitudes is therefore 
limited by (1) the counting statistics and (2) 
the accuracy o.f our knowledge of the production 
and propagation of atmo.spheric secondaries. 

At balloon altitudes, the flux of galactic 
cosmic ray electrons with energies above ~1 
Gev has been shown to be significantly above 
the atmospheric background [e.g., Beedle and 
Webber, 1968; Bleeker et al., 1968; L'Heureux 
and Meyer, 1968]. At electron energies below a 
few hundred Mev, however, contamination by 
atmospheric secondary electrons represents a 
serious problem [Israel and Vogt, 19'68; Israel, 
1969; Beuermann et al., 1969b]. The flux of 
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galactic photons seems to be completely masked 
by the atmospheric background at all energies 
exceeding •1 Mev [e.g., ?eterso.n et al., 19,67; 
Duthie, 196.8]. Thus, a crucial problem in the 
interpretation of the low-energy electron (and 
photon) observations is the separation of pri- 
mary particles incident on the top of the atmos- 
phere and secondaries produced in the residual 
atmosphere above the detector. Usually, the 
separation of the two components is attempted 
by means of their distinctly different dependence 
on atmo.spheric depth. However, the functional 
depth dependence of the atmospheric flux is not 
known to great accuracy. Israel and Vogt 
[1968] pointed out that this uncertainty might 
significantly influence the conclusions on the 
primary flux. Thus, a clean measurement of the 
low extraterrestrial flux will not depend so much 
on improved experimental observations as on a 
better •*•"•;• ^• +• production •-• underø •,•u,•,s .......... 
propagation of the atmospheric component. 
Therefore, a more refined description of the 
build-up of the secondary intensity with at- 
mospheric depth is needed. 

Calculations of the production of secondaries 
in the upper atmosphere have been published 
by Perola and Scarsi [19'66.] and Verma [1967]. 
They utilized the known spectrum of primary 
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cosmic ray nuclei at solar minimum and accel- 
eratot-determined pion production spectra to 
obtain the flux and energy spectra of secondary 
electrons between 10 Mev and several Gev. 

Since .the energy loss of electrons and the de- 
velopment o.f electromagnetic cascades were 
neglected, the authors quoted results only for 
the first few g/cm •' of atmosphere. The propaga- 
tion of secondary electrons and photons deep 
into the atmosphere has been considered by 
Okuda and Yarnamoto [1965]. tto.wever, the 
analytical solutions of cascade theory utilized by 
these authors restrict the validity of their results 
to energies exceeding ~1 Gev. 

In this paper we present results of a numeri- 
cal solution of the one-dimensional transport 
equations describing the development of the at- 
mospheric secondary electron and photon com- 
ponent in the vertical direction. Extending the 
propagation study to energies as low as 4 Mev, 
we account for a number of factors not con- 

sidered in previous calculations. These include 
(1) using the energy-dependent cross sections 
for bremsstrahlung, pair production, and the 
Compton effect, (2) accounting for energy loss 
of electrons by ionization and the production of 
knock-on negatrons, (3) including secondaries 
produced by primary and reentrant albedo elec- 
t. rons, (4) calculating the pion production rate 
as a function of atmospheric depth, and (5) 
accounting for the solar cycle modulation of 
cosmic rays. 

We find that the calculations quite accurately 
reproduce the experimentally obtained energy 
spectra and the depth dependence of atmos- 
pheric secondaries. Remaining differences be- 
tween observations and calculations are of a 

minor nature. The cascade development, the 
energy loss of electrons, and the production o.f 
secondaries by primary electrons are found to 
be important factors that must be included in a 
study of the production and propagation of low- 
energy atmospheric electrons and photons. 

PRODUCTION SPECTRA FOR 1968 AT THE TOP OF 

THE ATMOSPHERE 

Most of the atmospheric secondary negatrons, 
positrons, and photons originate in the inter- 
actions of primary cosmic ray nuclei with air 
nuclei. In this and the following section, we 
derive the production spectra Q,(E, x) as a 
function of the energy E and the atmospheric 
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depth z, for particles moving in the vertical 
direction. (The suffix i stands for the various 
particles, including pions). For the case of small 
atmospheric depths, z • 0, the production spec- 
tra have been calculated by Perola and Scarsi 
[1966] (personal communicatio.n by G. C. Per- 
ola) and by ¾erma [1967]. Their results, how- 
ever, are not easily extrapolated to greater 
depths. Our approach will be (1) to use the ab- 
solute production spectra Q,(E, O) at the top 
of the atmosphere, as given by Pero.la and 
Scarsi, and (2) to compute functions D,(E, z) 
that describe the attenuation of the production 
rates with atmospheric depth z, normalized to 
D,(E, 0) = 1. Thus 

Q•(E, x) = Q•(E, O) ß D•(E, x) 

particles/g sec ster Mev (1) 

The production spectra of Perola and Scarsi 
refer to times near solar minimum. They are 
based upon the fluxes and energy spectra of 
cosmic-ray protons and helium nuclei in 1965, as 
presented by Ormes and Webber [19'66]. Given 
the cosmic ray spectra fo.r a different level of 
solar modulation, the production spectra of 
Perola and Scarsi are easily adjusted for the 
change of the cosmic ray flux. We determine the 
production spectra for the time of our balloon 
flights in the summer of 19'68 when the Mr. 
Washington neutron monitor level was 2200 
(J. A. Lockwood, personal Communication, 
1968). We use the regression curves published 
by Webber [1967] to construct the integral 
kinetic energy/nucleon spectra of protons and 
helium nuclei for this modulation level. At high 
energies, we adjust the spectra to recent data on 
protons and helium nuclei above 10 Gev/nucleon 
[Pinkau et al., 1969; Anand et al., 1968a]. The 
1968 spectra can be described by the analytical 
expressions 

J•(E) = 1.18 X 104(E q- 3.3) -2'7 
protons/m •- see ster (2) 

J•(E) = 4.65 X 102(E q- 1.5) -•'• 

helium nuelei/m •- sec ster (3) 

with E in Gev/nucleon. For multiply charged 
cosmic ray nuclei, we assume the same spectral 
shape and relative solar modulation as for 
helium nuclei. Using the Z abundances given by 
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Ormes and Webber [1966], Webber and Ormes 
[1967], and Mathiesen et al. [1968], we obtain 
a mean Z • equal to 11.8 for all Z > i particles. 
The total flux of multiply charged cosmic ray 
nuclei is given by 

Yz>2(E) = 0.X0J•(E) (4) 

(Simultaneously with our negatron-positron ob- 
servations in summer 1968, we measured an 
integral flux of nuclei above approximately 450 
Mev/nucleon of 1460 ___ 30 particles/m • sec ster, 
which agrees with the flux of 1447 particles/m 2 
sec ster derived from the above representations 
2 to 4). 

Figure I shows the Perola and Scarsi produc- 
tion spectra Qe(E, 0) of electrons from 7 ñ -• 
/•ñ -• e •- decays and Q•(E, 0) of photons from 
•r ø -• 2¾ decays adjusted for the difference in the 
cosmic ray flux between 196.5 and 19'68, as 
given by Ormes and Webber [1966] and by (2). 
Solid curves are for a geomagnetic cutoff <0.5 
Gv, dashed curves a.re for 4.5 Gv. For energies 
near the maximum of the spectra, the fluxes in 
1965 and 1968 differ by a factor of 2.0 and 1.7 
for geoma.gnetic cutoffs of <0.5 Gv and 4.5 Gv, 
respectively. Also shown in Figure i are the 
production spectra of knock-on negatrons for 
the same two values of the cutoff. These spectra 
are numerically calcula.ted for a flux of cosmic 
ray protons and heavier nuclei as given by (2) 
to (4). Since the cross section for a collision of 
a charge Z particle with an atomic electron 
[Rossi, 19'52] is proportional to Z •, multiply 
charged nuclei contribute strongly to this source. 
For zero geomagnetic cutoff, we find that ,•0.46 
of the knock-on negatrons at 10 Mev are pro- 
duced by particles heavier than protons (the 
fraction varying slightly with energy). In addi- 
tion to knock-on negatrons produced by the 
nucleonic component, there will also be knock- 
ons created by electrons. This source will be 
discussed below in connection with the electro- 

magnetic cascade process. 

DEPTH DEPENDENCE OF THE PRODUCTION RATES 

We next discuss the function D, (E, x) in (1). 
For a pure power-law shape of the cosmic ray 
spectrum, the flux of high-energy nucleons 
is attenuated exponentia, lly with atmospheric 
depth. The attenuation length A is related to the 
nucleon interaction length :% -- 80 g/cm' by 
[e.g., Brooke et al., 1964] 
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= 
with A -- 120 g/cm'. At lower energies, the 
cosmic ray spectrum loses the power-law shape 
and (5) is not applicable for determining the 
depth dependence of the nucleon flux. Observa- 

D.(E., x) = D•(E•, x) = exp (--x/A) 

A = X/[1- (1- K)•] (5) 
where I -- K • 0.5 is the mean fractional 

energy retained by a colliding nucleon, and 
7 -- 1.7 is the power index of the cosmic r•y 
spectrum. Equation 5 yields A • 120 g/cm •, in 
agreement with observations [Perkins, 1961]. 
The production rates of high-energy pions and 
of photons (as immediate decay products) are 
also attenuated exponentially with the same at- 
tenuation length A. The production rate of high- 
energy = --)./• --) e dec•y electrons has a corre- 
sponding attenuation length of approximately 
Ae -- 2A [Okuda and Yamamoto, 1965]. Thus, 
for secondaries with energies above • few Gev, 

Fig. 1. 
ing electrons and photons in 1968 for two differ- 
ent values of the geomagnetic cutoff. Except for 
the knock-on negatrons, the spectra are derived 
from the work of Perola and Scarsi [1966]. 
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tions indicate pronounced deviations from an 
exponential attenuation [e.g., Lord, 19'51; Chow 
etal., •968]. Furthermore, the production of 
low-energy pions is characterized by a wide 
angular spread with respect t.o the trajectory of 
the incident nucleus. Thus the pion flux in the 
vertical direction will depend on the flux of 
nuclei traveling at different directions to the 
vertical. Our approach involves a numerical 
treatment of the propagation of nuclei through 
the atmosphere. We use a simple model of the 
nucleonic cascade to compute the energy spectra 
of protons and (secondary) neutrons as a func- 
tion of energy, atmospheric depth, and zenith 
angie. The model is described in the Appendix. 
The production rate of pions moving in the 
vertical direction is then calculated numerically 
as a function of depth for pions produced by 
nutloons and by nuclei heavier than protons. 
Two special eases are considered: high-energy 
pions with energies above ~10 Gev, and low- 
energy pions with kinetic energy below •200 
Mev. For intermediate energies, we perform a 
suitable interpolation. At high energies, the use 
of the one-dimensional approximation is justi- 
fied, and the solution can be compared with the 
observed exponential attenuation. The depth 

lll I I I I I I I I I 
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ATMOSPHERIC DEPTH x ( G/CM 2 ) 
Fig. 2. Attenuation of the production rates 

with atmospheric depth for %0.5-Gv cutoff. Curve 
1 is for pions above ~10 Gev, curve 2 for pions 
below ~200 Mev, and curve 3 is for knock-on 
negatrons. For the present calculations, we have 
used the exponential approximations indicated by 
dashed lines. 

BEUERMANN 

dependence at low energies is obtained with the 
assumption of an isotropic production of pions 
below ~200 Mev. Details of this calculation are 

also given in the Appendix. 
In Figure 2, we show the resulting depth de- 

pendence D•(E•, x) for the production rate o,f 
pions traveling vertically downward, calculated 
for 19'68 and zero geomagnetic cutoff. Curve 1 
represents the case of high energies and is 
well appro.ximated by an exponential decay 
exp(--x/A) with A -- 120 g/cm • (dashed line), 
as is expected from (5). Curve 2 is for pions 
with kinetic energy below ~200 Mev. The rapid 
initial decay of the production rate is caused 
both by the contribution of multiply charged 
nuclei to pion production near the top of the 
atmosphere and by the change in the zenith 
angle distribution of the nucleonic component 
with increasing depth. It is clear from the differ- 
ence between curve I and 2 that the shape of 
the production spectrum changes with depth, 
the low-energy pions being reduced more 
rapidly. We approximate curve 2 by two ex- 
ponential functions with different attenuation 
lengths for the depth intervals of 0 to 40 g/cm • 
and >40 g/cm •. The numerical values are listed 
in Table 1. For a 4.5-Gv cutoff, we obtain an at- 
tenuation profile for the low-energy pion pro- 
duction rate that closely resembles curve 1. 
This indicates that the shape of the pion pro- 
duction spectrum at 4.5 Gv in 1968 is indepen- 
dent of atmospheric depth. 

Curve 3 in Figure 2 shows the depth depen- 
dence Dco•(E, x) for the production rate of 
knock-on negatrons, calculated in the one-di- 
mensional approximation for particles traveling 
vertically downward. The one-dimensional ap- 
proximation is applicable, since knock-ons in 
the energy range considered here are strongly 
collimated in the forward direction. The fast 

initial decay of curve 3 results from the rapid 
attenuation of multiply charged nuclei. Deeper 
in the atmosphere, production of knock-on nega- 
trons by muons is accounted for and causes the 
attenuation length to increase. We use the same 
depth dependence for knock-ons of all energies, 
neglecting a slight variation in the shape of the 
production spectrum with depth that might be 
caused by the changing composition of the 
parent particles. The attenuation lengths for 
the exponential approximation (dashed lines) 
are listed in Table 1. 
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We now consider electrons and photons from 
the decay of charged and neutral pions. The 
relationship between the depth dependence of 
the pion production rate and the corresponding 
electron source is determined by the kinematics 
of the •r --> t• -• e decay. We assume for the 
pion source the exponential attenuation derived 
above for discrete depth intervals: 

x) = exp (7) 
The attenuation of the electron production rate 
is derived with the following simplifying assump- 
tions (which, however, do not seriously affect 
the results of the later calculations). The decay 
electrons are assumed to travel in the same 

direction as the parent pions; the lifetime of 
the pion is neglected co,mpared to that of the 
muon, i.e., we assume r, = 0; and pions of total 
energy E,• + m,•c • are assumed to result in 
monoenergetic electrons with energy 

Ee ,• (E,• -t- rn,•c2)/4 (8) 
The ,r -• /• -• e decay in the atmosphere has 
been discussed in detail by Verma [1967]. It is 
seen that the attenuation of the electron pro- 
duction rate with atmospheric depth x is of the 
form 

ß (o) 

if the pion production rate decays as in (7). 
(The term r•x?'dx/x "+• is the probability that a 
muon produced at depth x• will decay in dx at x 
[Verma, 1967]. Note that a pion lifetime r, = 0 
has been assumed.) The parameter r• depends 

on the scale height of the atmosphere and on 
the lifetime and the momentum of the muon. 

One finds that 

r/ = 1.08/p, = 1.08(m,•/m•,)/p,• 
where p• and p, are the muon a.nd pion mo- 
mentum, and m• and rn, are the corresponding 
rest masses. Evaluation of the integral in (9) 
shows that an approximate solution for the 
depth dependence of the electron production 
rate is given by 

D•(E• x) = exp [-- rl -t- 1 x 1 ' r/ q- 2 A•(E•) (10) 
This approximate solution does not deviate by 
more than 15% from the exact solution for the 
depth dependence at all energies between 4 Mev 
and 10 Gev and for atmospheric depths between 
zero and 400 g/cm'. The factor r = (r/ + 2)/ 
(r/ + 1) varies between 1 and 2 for the non- 
relativistic and the relativistic case, respectively. 
We note that for r = 2 equation 10 reduces to 
(6). For photons we have, as a result of the im- 
mediate decay of the neutral pions, 

D,(E,, x) = exp (--x/A,•(E,•)) (11) 
with 

E, • (E,• -t'- m,c•')/2 (12) 
Thus with the attenuation length A, for a given 
pion energy E,, the electron and photon pro- 
duction rates have corresponding attenuation 
lengths 

r• -t- 1 

TABLE 1. Attenuation Length A for Production Rates 

Kinetic Energy, 
Particle Species Mev 

Attenuation Length, g/cm • 

< 0.5-Gv Cutoff 4.5-Gv Cutoff 

x = 0-40 x > 40 x = 0-40 x > 40 

Pions _< 200 
_> 10,000 

,r -• tz --• e electrons <--100 
> 4, ooo 

,r ø --• 2• photons <- 100 
>_ 4, ooo 

Knock-on negatrons >_ 4 

67 105 120 120 
120 120 120 120 

76 120 137 137 
240 240 240 240 

67 105 120 120 
120 120 120 120 

65 300 65 300 
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where E• and E• are given by (8) and (12). 
Above we have derived the depth dependence 
of the pion production rate for pions with ener- 
gies above -•10 Gev and for pions below •200 
Mev. The decay of these pions yields electrons 
and photons with energies approximately above 
4 Gev and below 100 Mev. The corresponding 
attenuation lengths for the electron and the 
photon source are listed in Table i for the two 
intervals of 0 to 40 g/cm • and >40 g/cm • at- 
mospherie depth. For intermediate energies we 
perform an appropriate interpolation. It can be 
shown from (9) and considerations concerning 
the geometry of pion production that A• and A• 
may be varied approximately as log E between 
100 Mev and 4 Gev. With the results of this sec- 

tion and the preceding section, we have thus 
determined the production rates of electrons 
and photons as functions of energy and atmos- 
pheric depth. 

TRANSPORT ]•QUATIONS 

In this section we present the one-dimen- 
sional transport equations for atmospheric 
secondary negatrons, positrons, and photons 
traveling vertically downward. The use of the 
one-dimensional approximation for the develop- 
ment of electromagnetic cascades in air has been 
justified by Butcher and Messel [1960]. The 
calculations refer to the flux of primary cosmic 
rays in summer 1968 as given for protons and 
heavier nuclei by (2) to (4). Although the 
major fraction of the secondary flux originates 
in interactions of cosmic-ray nuclei with air 
nuclei, secondary photons and electrons are 
also produced by primary and reentrant albedo 
electrons. In Figure 3 we show the differential 
kinetic energy spectra of electrons incident 
normally on the top of the atmosphere. Data 
points are for reentrant albedo electrons as 
measured in 1967 by Israel [1969'] at Pales- 
tine, Texas. The point at high energies is by 
Daniel and Stephens [1967] for Hyderabad. 
The solid curve represents our best estimate 
of the spectrum of reentrant albedo electrons 
near Palestine in 1968. The dashed curve in 

Figure 3 represents the idealized spectrum of 
galactic electrons as derived from data avail- 
able in early 1968 [Cline et al., 1964; L'Heureux, 
1967; Daniel and Stephens, 1967; Webber and 
Chotkowski, 1967; Bleeker et al., 1968; Fanse- 
low, 1968; L'Heureux and 'Meyer, 1968; 

Webber, 1968; Israel, 1969]. This spectrum is 
used in the present calculations for the case of 
zero cutoff, although more recent measure- 
ments [Simnett and McDonald, 1968; Beuer- 
mann et al., 1969b] indicate a different spectral 
shape below 30 Mev and a reduced intensity 
in the 30- to 200-Mev interval (shaded area). 
Note, however, that only a negligible effect on 
the total flux of atmospheric secondary elec- 
trons arises from these differences. 

Consider now the transport of atmospheric 
secondary negatrons, positrons, and photons, 
as well as of residual primary electrons 
with differential (kinetic) energy spectra 
I-(E, x), [+(E, x), g(K, x), and p(E, x), re- 
spectively. E and K are the charged-particle 
kinetic energy and the photon energy, respec- 
tively, and x is the vertical atmospheric depth. 
Within the one-dimensional approximation of 
electromagnetic cascade theory [Rossi, 1952], 
the transport in energy and space is described 
by a set of diffusion equations: 

Of-(E, x) 0 [dE Ox - --0-• •xx f-(E, x) 

•- ag(aE, x)ac(aE) 

-1- Q•-(E, x) -1- Qco•(E, x) 

-]-- f•; [f-(E', x) -]--f+(E', x) 
+ (13) 

Of+(E, x) 0 [dE = 

aa(, 

+ f; 
•- Qe+(E, x) (14) 

= 

-]- f: [f-(E, x) -]- f+(E, x) 
+ 

+ a_ • g a_ 1,x ac a 

-]- Q•(K, x) (15) 
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REENTRANT ALBEDO AND 
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Fig. 3. Differential energy spectra of primary 
electrons (dashed curve) and reentrazzt albedo 
electrons (solid curve) used for the present calcu- 
lations. The data points are for reentrant albedo 
electrons observed in 1967 near Palestine, Texas, 
by Israel [1969] (open circles) and near I-Iyder- 
abad, India, by Daniel and Stephens [1967] (o.pen 
square). The shaded area indicates the shape of 
the primary electron spectrum according to recent 
measurements by $imnett and McDonald [1968] 
and Beuermann et al. [1969a, b]. 

Ox -- --O-• •xx p(E, x) (16) 
The first term in each of the four equations is 
the loss term, e.g., •(K) in (15) is the total 
attenuation coefficient for photons of energy K. 
For charged particles, the loss term dE/dx 
includes both ionization and bremsstrahlung. 
The latter is treated as continuous energy degra- 
dation rather than as a discontinuous process. 
This simplifies the calculations considerably 
and does not seriously affect the results at low 
energies. The first integral terms in (13) and (14) 
represent pair production with a differential 
cross section a•(K, E) for a photon of energy K 
to produce an electron of energy E. In (15), 
correspondingly, we have bremsstrahlung as 

photon source with the differential cross section 
a,(E, K). The second integral in (13) represents 
the contribution to the knock-on source related 
to electron-electron collisions, with the dif- 
ferential cross section a•o•l (E', E) for a positron 
or negatron of energy E ' to produce a knock-on 
negatron of energy E. The differential cross 
sections as given by Rossi [1952] are used. Only 
slight approximations have been performed in 
some cases to simplify the calculations. The 
Compton effect, being of minor importance, is 
treated in an approximate way. The assumption 
is made that photons of energy K result in 
monoenergetic negatrons of kinetic energy 
E • K/a, with a - 1.26. (Though the mean 
energy of all Compton negatrons in units of the 
photon energy varies with K, the above assump- 
tion is met rather well down to K - 5 Mev with 
a cross section at(K) redefined as the probability 
for a photon of energy K to produce a negatron 
of E > 3 Mev). The terms Q, +(E, x), Q,-(E, x), 
and Q.•(K, x) are the production spectra of 
positrons, negatrons, and photons from decaying 
pions, as was discussed in the two preceding 
sections. To obtain Q• + and Q•- from the produc- 
tion spectrum of decay electrons shown in Figure 
1, we adopt a charge ratio of positrons to nega- 
trons of 1.25, independent of energy and atmos- 
pheric depth. This value has been determined 
as the best estimate from observations of the 
muon spectra in the atmosphere [MacKeown 
and Wolfendale, 1966]. Qco•i(E, x) is the produc- 
tion spectrum of knock-on negatrons related 
to the nucleonic component, as given in Figure 1 
and Table 1. 

At x -- 0, initial conditions are specified for 
the production spectra Q,(E, 0) and the spec- 
trum of electrons incident on the top of the 
atmosphere, p(E, 0); the initial intensities of 
secondary electrons and of primary and second- 
ary photons are set equal to zero. We then 
determine separately the two contributions to 
the total secondary flux related (1) to cosmic 
ray nuclei via the Q,(E, x) and (2) to re- 
entrant albedo and galactic electrons via 
p(Z,O). 

The transport equations 13 to 16 are inte- 
grated for energies E, K > 4 Mev. For the 
range of 4 Mev to 4 Gev, they are solved 
numerically by stepwise integration. At ener- 
gies above 4 Gev, we use the analytical solu- 
tions of cascade theory [Rossi, 1952]. Let us 



4298 KLAus P. 

first consider the numerical part for energies 
below 4 Gev. Starting at the top of the atmos- 
sphere, the spectra are simultaneously propa- 
gated downward in steps of 0.1 g/cm • to a depth 
of 40 g/cm •. At this depth the values of the 
attenuation lengths for the production rates 
are changed (see Table 1). The integration of 
(13) to (16) is then continued with a step 
width of 0.5 g/cm 2 to a depth of 400 g/cm •, i.e., 
well through the transition maximum. Tests 
carried out with different step widths indicate 
that cumulative errors stay below 3% at any 
depth and energy. 

Above 4 Gev, we use the stationary solutions 
in approximation .4 of electromagnetic cascade 
theory. These solutions have frequently been 
discussed in the literature [e.g., Rossi, 1952; 
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Okuda a•d Yamamoto, 1965]. Here we only 
note that energy loss by ionization, the Comp- 
ton effect, and the production of knock-on neg- 
atrons are neglected in approximation .4, 
whereas bremsstrahlung is correctly treated as 
discontinuous process; the stationary solutions 
apply when the production spectra are power 
laws in energy. Above 4 Gev, we approximate the 
production spectra shown in Figure .1 by power- 
law spectra with exponents --2.6 and --3.6 
for photons and electrons, respectively. We then 
obtain analytical solutions for the spectra 
x), )•+(E, x), g(K, x), and p(E, x), valid above 
4 Gev and at all depths. They provide a quite 
accurate description of the cascade develop- 
ment in the high-energy region. At 4 Gev, the 
numerical solution does not necessarily fit the 
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Fig. 4. Calculatecl differential kinetic energy spectra of downward-moving secondary nega- 
trons and positrons at atmospheric depths between 1 and 400 gfcm • for 1968 and for zero geo- 
magnetic •u•off. The dashed curves represent• negatrons and positrons produced by the cosmic 
ray nucleonic component; the solid curves, in ,•ddifion, include secondary negatrons and posi- 
trons that originate from cascades initia•ecl by primary electrons. Curves 1 and 2 indicate the 
contributions to the negatron flux at a depth of I g/cm • .from the •- --• •- -• e- decay and 
the knock-on source. 
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analytical one. A discrepancy may develop with 
increasing atmospheric depth, since the energy 
losses of electrons by bremsstrahlung and ioni- 
zation are treated differently at energies above 
and below 4 Gev. After each integration step 
we therefore adjust the numerical solution at 
4 Gev to the value obtained from the stationary 
solution at this energy. This provision minimizes 
errors that might accrue from our low-energy 
approximation of the bremsstrahlung process. 

10 3 

/.oo 
IOO 

t•ESULTS AND I)ISCUSSION 

In this section, we present numerical results 
on the energy spectra and the depth dependence 
of atmospheric secondary negatrons, positrons, 
and photons in 1968 for energies between 4 
Mev and 10 Gev and atmospheric depths rang- 
ing from I to 400 g/cm •. The results on the at- 
tenuation of residual primary electrons, p(E, x), 
are not given here, since they depend critically 
on the assumed primary spectrum. 

Electron spectra. Figure 4 shows the dif- 
ferential kinetic energy spectra of negatrons 
f- (E, x) and of positrons •+ (E, x) in the verti- 
cal direction for a zero geomagnetic cutoff. The 
major fraction of the secondary flux originates 
from collisions of primary cosmic ray nuclei. 
This flux is represented by the dashed curves. 
The solid curves include the secondaries that 

arise from the primary cosmic ray electron flux, 
p(E, 0) (Figure 3) impinging 6n the top of the 
atmosphere. In general, the contribution from 
primary electrons to the total secondary flux 
is small, 15% or less. The ratio of electron-pro- 
duced to nucleon-produced secondaries varies 
with depth, as is indicated in Figure 6 below. 

In Figure 4, the contributions from the knock- 
on source, Qcon(E, x), and the pion source, 
Qe-(E, x), to the negatron flux at I g/cm" are 
separately indicated by thin lines. The marked 
difference in the spectral shapes of negatrons 
and positrons in the high atmosphere is due to 
the abundant production of knock-on negatrons 
by cosmic ray nuclei. The spectral shape at 
I g/cm" (after ten integration steps) still resem- 
bles that of the production spectra. With in- 
creasing depth, the energy loss by ionization 
strongly influences the propagation of the low- 
energy particles and causes a rapid change of 
the spectral shape. At depths exceeding one 
radiation length, 37 g/cm", the shape stabilizes. 
It is now increasingly determined by pair produc- 
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Fig. 5. CMculated differential energy spectra of 
downward-moving atmospheric secondary photons 
at depths between 1 and 400 g/cm e, for 1968 and 
4.5-Gv geomagnetic cutoff. The solid curves give 
the flux of secondary photons from interactions of 
cosmic ray nuclei and cascades initiated by pri- 
mary and reentrant albedo electrons. The dashed 
curves indicate the contributions to the photon 
flux at 1 g/cm • from cosmic ray nuclei (curve 1) 
and from primary and reentrant albedo electrons 
(curve 2). 

tion, the Compton effect, and electron-electron 
collisions. The latter two processes cause a 
persistent excess of negatrons over positrons 
at energies below 100 Mev. At great depth, 
• 200 g/cm", the spectral shape finally assumes 
an equilibrium state. Here the cascade processes 
dominate, and direct production of electrons 
from •r --• • --• e decays is of minor importance. 
The equilibrium spectrum is therefore expected 
to resemble the energy distribution in electro- 
magnetic cascades. Indeed, we find that the 
electron (i.e., negatron plus positron) spectrum 
at 400 g/cm" is in good agreement with the track 
length distribution calculated by Richards and 
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Nordheim [1948], i.e., with the average cascade 
spectrum. 

Photon spectra. Figure 5.shows the differ- 
ential energy spectra of photons in the vertical 
direction for a geomagnetic cutoff of 4.5 Gv, 
corresponding to Palestine, Texas. At this lati- 
tude many observations of the atmospheric 
secondary photon flux have been made in con- 
nection with a search for galactic photons. The 
most striking feature of the atmospheric photon 
spectrum is the absence of a pronounced peak 
at 68 Mev from the decays of neutral pions. The 
spectrum rises continually to low energies as a 
result of the abundant bremsstrahlung produc- 
tion by reentrant albedo electrons. For a depth 
of 1 g/cm •, the two contributions from prim•y 
cosmic ray nuclei (curve 1) and reentrant"al- 
bedo and primary electrons (curve 2) are 
plotted separately as dashed lines. Near the 
expected position of the .=o peak, both sources 
are approximately of equal strength. The rising 
part of curve i below •10 Mev represents the 
initial stage of the cascade development, namely 
bremsstrahlung photons from • -•/• -• e decay 
electrons, superimposed on the T ø -• 2y spec- 
trum. The flux of these second-generation pho- 
tons increases approximately as the square of 
the depth and dominates the bremsstrahlung 
photons from reentrant albedo electrons al- 
ready at •10 g/cm • (compare Figure 6). 

Depth dependence. Consider now the func- 
tional form of the intensity versus depth curves 
(growth curves). The shape of these curves is 
energy dependent, reflecting the variation of 
the spectral shape with depth. In Figure 6 we 
present sample growth curves for the flux oi 
secondary electrons and photons at four selected 
energies between 10 Mev and 10 Gev, calcu- 
lated for a zero geomagnetic cutoff. Electrons 
are represented by solid curvest, photons by 
dashed curves. We plot the fluxes of secondaries 
related to cosmic ray nuclei and to primary 
electrons as thick and thin curves, respectively. 
Distinctly different sSapes are obtained for the 
growth curves of these two components of the 
secondary flux. Both influence the depth de- 
pendence of the total secondary flux by their 
relative magnitudes. As was discussed above, 
electron-produced secondaries generally repre- 
sent a rather small contribution only. The depth 
dependence of the total flux will then be similar 
to that of the secondaries from collisions of 

cosmic-ray nuclei. For low-energy photons, how- 
ever, electron-produced secondaries, i.e., brems- 
strahlung photons, dominate in the high 
atmosphere. The composite growth curve for 
10-Mev photons is shown as a dotted curve. 

For both components, the functional form of 
the growth curve for a given energy generally 
depends on the characteristics of more than one 
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Fig. 6. Growth curves for the differential flux of secondary electrons and photons with 
energies between 10 Mev and 10 Gev, calculated for 1968 and zero geomagnetic cutoff. The 
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particle source. The bulging shape of the two 
curves shown for 10-Mev electrons, for example, 
is caused by the knock-on negatrons approach- 
ing equilibrium near 10 g/cm s atmospheric depth 
and the low-energy cascade electrons picking 
up near 30 g/em s. The superposition of these 
components leads to a complicated functional 
depth dependence of the total secondary flux. 

Consider now the problem of separating a 
small primary cosmic ray flux from an abundant 
atmospheric background. This problem is en- 
countered in the determination of the extrater- 

restrial electron flux below •500 Mev at bal- 

loon altitude. A technique used by various 
investigators is to express the measured flux as 
a function of atmospheric depth by a linear 
combination of two curves, one describing the 
growth of the secondary component and the 
other the attenuation of the residual primary 
flux. It is commonly assumed that, at low en- 
ergies, the atmospheric flux grows linearly with 
depth [Beedle and Webber, 1968; Israel and 
Vogt, 1968]. For energies >300 Mev, L'Heureux 
and Meyer [1968] use the functional depth de- 
pendence Ax q- Bx ø•, where the quadratic term 
allows for a contribution of pair-produced elec- 
trons of the second generation. We find that our 
calculated growth curves display this behavior 
in the very high atmosphere only. Deviations 
from a linear or quadratic growth of the rele- 
vant components occur already at atmospheric 
depths of a few g/cm s or less. For example, the 
linear growth of 10-Mev electrons is maintained 
only at depths <0.5 g/cm s. Thus a more ac- 
curate fitting procedure must take the deviations 
from a linear growth into account. 

We have approximated the functional depth 
dependence of the total secondary flux (related 
to cosmic ray nuclei and to primary electrons) 
by power laws in x for two discrete depth in- 
tervals: 

f•(E, x) a: x '•(E) for 2 _< x _< 15 g/cm 2 

A(E, x) •r x •2(•' for 15 _< x <_ 40 g/cm 2 
where E is the energy of the secondary particles, 
and f•(E, 15) -- fo•(E, 15). In Figure 7, we plot 
the power-law exponents n• and ns versus en- 
ergy as solid and dashed curves. The curves for 
electrons and, separately, for negatrons and pos- 
itrons are for 1968 and a zero geomagnetic cut- 
off. The photon curves are for 1968 and a' 

4.5-Gv cutoff. The deviations from a linear 

growth (n -- 1) are clearly evident. They are 
most pronounced a• the lowest energies. De- 
tailed features of the curves are real, established 
by ten values of n calculated per decade in 
energy. Using this power-law approximation of 
the functional depth dependence will facilitate 
fitting the expected atmospheric secondary flux 
to a measured growth curve. Since n• < 1 for 
electrons with energies below 500 Mev, the 
derived primary flux will be slightly lower than 
with the assumption of a linear growth of the 
secondary flux. 

Finally, we are interested in the general 
applicability of the derived functional depth de- 
pendence. We investigate the solar cycle varia- 
tion of the log-log slopes of the growth curves, 
n• and ns, by repeating our calculations for the 
time of solar minimum and for a zero geomag- 
netic cutoff. We use the 1965 production spec- 
tra of secondary electrons and photons of Perola 
and Scarsi [1966] (personal communication, 
G. C. Peroh), the 1965 cosmic ray spectra of 
Ormes and Webber [1966], and the primary 
electron spectrum shown in Figure 3. Although 
the flux of low-energy secondaries changes by 
a factor of 2 between 1965 and 1968, there is 
little difference between the slopes of the growth 
curves for the two years. For secondary elec- 
trons of selected energies, we list, in Table 2, 
the deviations An• and Aris of the 1965 slopes 
from those for 1968, as given in Figure 7. In 
the next two sections, comparisons of our cal- 
culated 1968 energy spectra with experimental 
data reveal inaccuracies in the assumed pro- 
duction spectra of secondaries from the decays 
of charged and neutral pions, as shown in Fig- 
ure 1. However, it is found that an adjustment 
of the production spectra does not affect the 
functional depth dependence of the secondary 
flux to any significant extent. 

Though the absolute secondary flux in the 
high atmosphere is proportional to the produc- 
tion rate, we find that the functional depth de- 
pendence of the secondary flux is insensitive to 
moderate variations of the production rates. 
Only this functional dependence of secondaries 
upon depth, and not their absolute flux, is 
used in separating primary and secondary fluxes. 
Our results on the depth dependence are there- 
fore also usable with data for years other than 
1968. 
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COMPARISON WITH 1968 ELECTRON I)ATA 

In this section, we compare the calculated 
growth curves and energy spectra with our own 
data on atmospheric secondary negatrons and 
positrons. Utilizing a balloon-borne magnetic 
spectrometer, we measured negatrons and pos- 

TABLE 2. Deviations of nl and ns for Secondary 
Electrons from Values Given in Figure 7 

1965 (Perola 
and Scarsi) 1968 Adjusted 

Energy, Mev An1 Ans An• Ans 

4 

10 
40 

100 
400 

10,000 

0.09 --0.04 --0.02 --0.16 
0.07 --0.02 --0.06 --0.06 

--0.02 --0.06 --0.01 0.00 
--0.02 --0.07 0.00 0.01 
--0.02 --0.05 0.02 0.02 

0.00 0.00 0.05 --0.04 

itrons with momenta from 6 to • 200 Mv in 
summer 1968 near Ft. Churchill, Canada. In- 
formation on the flights and a short description 
of the instrument have been given elsewhere 
[Beuermann et al., 1969a, b]. The ascent curves 
discussed below are derived from nighttime ob- 
servations when no reentrant albedo electrons 
were present. 

The data collected in the high atmosphere 
represent a mixture of primary cosmic ray elec- 
trons and atmospheric secondaries. The method 
used to separate the primary and the atmos- 
pheric secondary flux has been described by 
Israel and Vogt [1968] and Beuermann et al. 
[1969a, b]. In short, the measured depth de- 
pendence of the positron or negatron flux 
J,*(xj), for an energy interval i and atmospheric 
depths xj, is least squares fitted by a linear 
combination of two curves: 

J,*(x,) '•' a,•f,•(x) -Jr- b,•p,•(x) (17) 
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where f•-+(x) is the calculated depth dependence 
of the atmospheric flux, and pf(x) is the depth 
dependence of the residual primary flux. In the 
present case, the parameters af and b/- are 
determined from a least squares fit of (17) to 
the measured fluxes at five depths x• between 2.4 
and 42 g/cm*. The atmospheric flux corrected 
for the primary contribution is given by 

Fi•(x•) - J•(x•)- bi+p•(x•) (18) 
In comparing experimental and theoretical 
fluxes, we have to remember that b/- depends 
on ff(x) via (17). For the data discussed be- 
low, however, the second term on the right side 
of (18) represents only ~30% of the observed 
flux J,+-(2.4) at the float altitude of 2.4 g/cm*, 
and considerably less deeper in the atmosphere. 

In Figure 8, we show the growth curves for 
atmospheric secondary negatrons and positrons 
of three selected energy intervals. The data 
points represent the observed fluxes Jf(xj) for 
xj > 42 g/cm*, and the corrected fluxes F,-+(x•) 
for x• _< 42 g/cm*. To indicate the magnitude of 
the correction for residual primary negatrons 
and positrons, we include, as phantom points, 

43O3 

the observed fluxes J,-+(2.4) at float altitude. The 
experimental data are compared with the curves 
of absolute intensity versus depth for sec- 
ondaries from collisions of cosmic ray nuclei 
and from primary electrons, as calculated in the 
preceding sections for 1968 and • zero geomag- 
netic cutoff (solid curves). These curves are 
based upon the production spectra of Perola 
and Scarsi [1966], as shown in Figure 1. We 
use these curves of absolute intensity versus 
depth to represent f/-(x) in (17). The best-fit 
depth dependence afff(x), as obtained from 
a fit of (17) to the observed fluxes, is represented 
by the dashed curves. Factors a( ñ different from 
I indicate errors in the assumed production 
rates. For negatrons and positrons of 25 to 200 
Mev, arising predomina. ntly from •r--> • --> e 
decays, we obtain an average value a* ---- 0.75. 
Thus the corresponding production rate of Per- 
ola and Scarsi (Figure 1) is in error by ~25%. 
We note that an error of this magnitude is con- 
sistent with the precision quoted by these au- 
thors for their theoretically derived secondary 
spectra.. For knock-on negatrons of 6.5 to 12.5 
Mev, on the other hand, near agreement is 
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-I ' NEGATRONS __ 

F /•/ ß 25- 50 MEV - 

/ o 100-200 MEV - 
I0 -2 

i0 o I0 • I0 z 0 5 
ATMOSPHERIC DEPTH (G/CM 2) 

FT. CHURCHILL 1968 - 

• / '• POS ITRONS _ I0-1 •,/ • 12.5-25 MEV _ ß 25- 50 MEV - 
/ - 

o 100-200 MEV - 

I0 o I0 • I0 • 
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Fig. 8. The growth of atmospheric secondary negatrons and po,sitrons in three selected 
energy intervals ss derived from our measurements. The total flux-measured at s depth of 2.4 
g/cm = is indicated by phantom points. Also shown are the calculsted depth dependence jr•ñ(x) 
for the same energ:• intervals (solid curves) and the best fit depth dependence a.•ñ]•*-(x) 
(dashed curves). 
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Fig. 9. Differential kinetic energy spectra of 
atmospheric secondary negatrons and positrons at 
2.4-, 24-, and 240-g/cm 2 depth as derived from our 
measurements in summer 1968 near Fort Church- 

ill. Negatrons are indicated by open, positrons by 
closed symbols. Also shown are the calculated 
energy spectra for the same depths. 

achieved between measured and calculated 

fluxes, confirming the production rate for this 
component (Figure 1). 

If adjusted by the factor a, -+, the calculated 
curves excellently reproduce the measured in- 
tensity as a function of atmospheric depth. The 
agreement then extends beyond the data points 
used in the least squares fit to atmospheric 
depths near and past the transition max, mum. 
This indicates that our general approach is ap- 
propriate to describe the propagation of low- 
energy secondary electrons through the atmos- 
phere. The agreement at great depths adds to 
our confidence in the derived functional depth 
dependence for x _< 40 g/cm 2, as depicted in 
Figure 7. The measurements in Figure 8 con- 
firm the predicted difference in the depth de- 
pendence of low-energy negatrons and positrons. 

The log-log slope of the experimental growth 
curve for 6.5- to 12.5-Mev negatrons is less 
than 1, in agreement with the value given in 
Figure 7. On the other hand, the buildup of 
the 12.5- to. 25-Mev positron flux proceeds, 
in fact, at a rate slightly exceeding a linear 
growth. An accurate determination of a small 
primary flux thus requires a careful considera- 
tion of the relevant growth rates. 

In Figure 9, we present the differential ki- 
netic energy spectra of negatrons and positrons 
at 2.4-, 24-, and 240-g/cm • atmospheric depth. 
Data points are the same as in Figure 8; the 
solid curves represent the calculated energy 
spectra based upon the production spectra of 
Figure 1. The measurements confirm the pre- 
dicted variation of the spectral shape with in- 
creasing atmospheric depth. In particular, the 
calculated spectra correctly describe the rapid 
attenuation of the intense flux of knock-on neg- 
atrons <20 Mev between 2.4 and 24 g/cm • 
atmospheric depth. The spectra measured under 
a residual atmosphere of 2.4 g/cm 
determination of the charge ratio of 
e -+ decay electrons at production. After applying 
an appropriate correction for knock-on nega- 
trons, we obtain an experimental value N (e +)/ 
N(e-) -- 1.20 --_+ 0.16, in good agreement with 
the value of 1.25 assumed above. 

PHOTON SPECTRUM AND 

PRODUCTION RATES 

A striking feature of the calculated photon 
spectrum (Figure 5) is the apparent non-exist- 
ence of the w ø -• 27 peak at 68 Mev. In an 
earlier section, we concluded that this peak is 
masked by the abundant flux of low-energy 
bremsstrahlung photons. This conclusion is sub- 
stantiated by a comparison with the experi- 
mentally determined photon spectrum in the 
high atmosphere. 

Flux and energy spectra of photons at atmos- 
pheric depths between 3 and 11 g/cm • have 
been measured by various investigators [Frye 
et al., 1966; Peterson et al., 1967; Duthie, 1968; 
Fazio et al., 1968; Fichtel et al., 1969]. These 
data were collected at times near solar mini- 

mum and at geomagnetic cutoff values near 
4.5 Gr. They refer to photons moving approxi- 
mately in the vertical direction, except for the 
omnidirectional measurement of Peterson et al. 

The spectrum of Frye et al. is adjusted to the 
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lq'Jg. 10. ]Differential energy spectrum of pho- 
tons at balloon altitude as measured by various 
investigators near solar minimum and at approxi- 
mately 4.5-Gv cutoff. The quantity plotted is the 
flux at a depth x in g/cm • divided by x. Also 
shown are the calculated energy spectra for 1968 
at 4 and 15 g/cm •, divided by 4 and 15, respec- 
tively. For the normalization of the data of 
Peterson et al. [1967], see text. 

absolute flux reported by Duthie. The combined 
spectrum is shown in Figure 10, together with 
two data points by Anand e• al. [1968b] ob- 
tained at 16.9-Gv geomagnetic cutoff. We 
normalize the data to an effective atmospheric 
depth of I g/cm • by plotting the differential 
flux observed at depth x divided by x g/cm •. 
In order to normalize the omnidirectional meas- 

urements of Peterson et al., we assume an 
isotropic and depth-independent production 
rate and an effective production depth of l/F, 
where F is the photon attenuation coefficient. 
We neglect the energy dependence of • and use 
the value for I Mev, • -- 0.06 cm•/g. 

We also plot in Figure 10, as solid and dashed 
curves, our calculated spectra for 1968 and 
4.5-Gv geomagnetic cutoff at 4-g/cm • and 15- 
g/cm • atmospheric depth, normalized by the 
same method as the measured fluxes. The solar 

cycle modulation of the atmospheric photon 
flux between solar minimum (measurements) 
and 1968 (calculated curves) can be estimated 
from the calculations of Perola and Scars{ 

[1966] and amounts to ~20% near 100 Mev. 
The data shown in Figure 10 form a unique 

spectrum of atmospheric secondary photons for 
times near solar minimum. Dropping smoothly 
from the Mev to the Gev region, it compares 
well with the principal shape of the calculated 
spectrum. In comparing the magnitudes of the 
measured and calculated fluxes at energies below 
100 Mev, we have to consider (1) solar modula- 
tion, which reduces the deficiency by ~20%; 
(2) an uncertainty of ~30% in the flux of 
reentrant albedo electrons (Figure 3); and (3) 
the limitations of the assumptions made in nor- 
malizing the omnidirectional measurements of 
Peterson e• al. [1967]. The agreement between 
calculated and measured intensities below 100 

Mev is then considered to. be satisfactory. We 
conclude that the likely origin for the maiority 
of the photons with energies between ~4 and 
•70 Mev observed at atmospheric depths of 
a few g/cm 2 and moving vertically downward 
is by bremsstrahlung of reentrant albedo elec- 
trons. The background of these bremsstrahlung 
photons masks the peak of the •ø -+ 2• spec- 
trum at 68 Mev. This conclusion is not restricted 

to the special case of a geomagnetic cutoff of 
4.5 Gv. Our calculations for zero cutoff indicate 

that primary electrons also represent a strong 
source of bremsstrahlung photons (compare Fig- 
ure 6). Thus we cannot reconcile our results 
with the earlier findings of a •ø peak clearly set 
off from the electromagnetic cascade spectrum 
[Carlson e• al., 1950; Svensson, 1958]. 

Figure 10 also shows that, at high energies, 
the actual photon flux is lower than that cal- 
culated on the basis of the production spectra 
of Perola and Scarsi [1966] (Figure 1). Near 
10 Gev, the difference is a factor of ~2.5. This 
factor is inferred from a recent measurement by 
S•ephens [1969] that confirms and improves the 
statistically poor data of Anand e• al. [1968b] 
shown in Figure 10. Stephens simultaneously 
measures electrons and photons above I Gev, 
at an effective atmospheric depth of 11.9 g/cm • 
and a geomagnetic cutoff of 16.9 Gv. It should 
be emphasized that the production rate of high- 
energy • -• • -• e decay electrons, as deter- 
mined by Stephens, also falls below that of 
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Figure 1 by a factor of 2 or 3. The common 
cause of these discrepancies, for electrons and 
for photons, is apparently an overestimate of 
the progenitor pion flux by Perola and Scarsi 
[1966]. This conclusion is supported by the fact 
that the pion production spectrum as derived 
from the muon spectrum in the deep atmosphere 
[Ashton and Wol/endale, 1963; Baber et al., 
1968] also agrees more closely with the results 
of Stephens than with those of Perola and 
Scarsi. 

Thus the 1968 production spectra shown in 
Figure i are in need of adjustment. The com- 
parisons with experimental data suggest that 
the magnitudes of these adjustments should be 
the same for electrons from 7• -• .• -4 e decays 
and for photons from 7• ø -• 2y decays. The re- 
quired reduction increases from 25% near 100 
Mev to 60% near 10 Gev. The intensities of 
knock-on negatrons and of secondaries produced 
by primary electrons remain unchanged. We 
have investigated the influence of these revised 
production spectra on the results of our calcula- 
tions. The absolute secondary flux of the rele- 
vant components will change according to the 
revised production rates (Figures 4 to 6). The 
revised fluxes are not presented, here, since only 
part of the calculations have been repeated. 
The implications as to the functional form of 
the intensity versus depth curves are shown in 
Table 2, where it can be seen that the revised 
production rates have no significant effect on the 
depth dependence of the secondary flux. We 
emphasize that only this functional dependence 
of secondaries upon depth, and not their abso- 
lute flux, is used in fitting the expected second- 
ary flux to a measured growth curve. 

We have demonstrated that the propagation 
of low-energy atmospheric secondary electrons 
and photons moving in the vertical direction 
can be described within the framework of one- 

dimensional cascade theory. Important features 
of our approach are: 

1. We use the energy-dependent differential 
cross sections of the electromagnetic cascade 
processes and allow for energy loss by ioniza- 
tion. Thus the calculations can be extended 

down to about 4 Mev. 

2. The production spectra of electrons from 

ß r --> /z --> e decays and photons from •_o ._> 2¾ 
decays are derived from the calculations of 
Perola and Scarsi [1966] for small atmospheric 
depths. In addition, we consider knock-on nega- 
trons. These production rates, adjusted for the 
solar cycle change, determine the absolute mag- 
nitude of the secondary flux. 

3. The attenuation of the production rates 
with increasing atmospheric depth is calculated 
as a function of energy, using a simple model 
of the nucleonic cascade (Appendix). This fea- 
ture permits the extension of the calculation to 
depths in excess of 400 g/cm •. 

4. We consider the contribution to the sec- 

ondary flux from electromagnetic cascades ini- 
tiated by primary and reentrant albedo elec- 
trons. 

Curves of energy spectra and intensity versus 
depth presented in this paper are calculated for 
the solar modulation level of 1968. They are 
compared with our own measurements of nega- 
trons and positrons in 1968, and with experi- 
mental data of other investigators on secondary 
photons. Good agreement is obtained between 
measured and calculated energy spectra and 
curves of• intensity versus depth. Some differ- 
ences in the magnitudes of the calculated and 
observed secondary fluxes are. due to errors in 
the production spectra of Perola and Scarsi. 
They do not affect our other conclusions, how- 
ever. Except for the absolute secondary flux, 
our results are valid also for periods of the 
solar cycle other than 1968. 

We find that the spectral shapes of low-energy 
negatrons and positrons undergo a rapid change 
with increasing atmospheric depth within the 
first 40 g/cm • of atmosphere. This feature is 
not present in earlier studies neglecting energy 
losses [Perola and Scarsi, 1966; Verma, 1967]. 
The spectra reach an equilibrium state only 
beyond the transition maximum. The photon 
spectrum at energies below ~70 Mev is domi- 
nated by the cascade processes rather than by 
decays of neutral pions. In the high atmosphere, 
the peak at 68 Mev from 7• ø decays is masked 
by bremsstrahlung photons from primary and 
reentrant albedo electrons. This explains the 
steep photon spectrum observed by several in- 
vestigators [e.g., Duthie, 1968]. 

The prime objective of this study of the 
propagation of atmospheric electrons and pho- 
tons has been the derivation of the functional 



SECONDARY ELECTRONS AND PHOTONS 4307 

dependence of the secondary -flux upon depth. 
The calculated depth dependence fits our meas- 
ured growth curves over a wide depth range, 
from the high atmosphere to depths beyond the 
transition maximum. It should be emphasized 
that this functional depth dependence deviates 
considerably from the commonly assumed linear 
growth. Our results are therefore useful for 
determining the contribution of atmospheric 
secondaries to measurements of the electron 

(and photon) flux at balloon altitudes. The 
functional depth dependence in 1968 for depths 
< 40 g/cm •' is given in Figure 7. The solar cycle 
change of the functional depth dependence is 
found to be quite small (see Table 2). 

consider the two cases of a zero geomagnetic 
cutoff and a sharp cutoff at 4.5 Gv. The inte- 
gral kinetic energy spectra of protons and neu- 
trons are then calculated at intervals of 5 g/cm • 
for atmospheric depths t up to 2000 g/cm •'. The 
flux of protons is shown to be attenuated non- 
exponentially. Neutrons peak near 100 g/cm •'. 
The fact that the model correctly predicts the 
measured proton spectrum at a depth of 700 
g/cm • [Kocharian et al., 1959] lends confidence 
to our approach. 

Angular spread o/ pions. The typical pro- 
duction angle • for a pion of momentum p, 
with respect to the trajectory of the incident 
nucleon is given by 

APPENDIX 

Here we calculate the attenuation of the pion 
production rate with atmospheric depth, as 
given in Figure 2 for high-energy pions and 
low-energy pions. 

Nucleo•ic component. First, we describe a 
simple model of the nucleonic cascade to cal- 
culate the integral energy spectra J•(E, t) of 
protons and J•(E, t) of neutrons as a unique 
function of the atmospheric depth t -- x/cos 0 
along an inclined path, x being the vertical 
depth and 0 being the zenith angle. Our ap- 
proach involves the stepwise integration of 2 
one-dimensional transport equations, for pro- 
tons and neutrons. The one-dimensional approxi- 
mation applies, since the residual nucleon 
escapes essentially undefiected from the nuclear 
interaction. We assume a constant inelasticity of 
0.5, a charge exchange probability of 0.5, and 
a nucleon interaction length X -- 80 g/cm • 
[Brooke et al., 1964]. We consider energy loss 
of protons by ionization. Allowance is also made 
for the production of secondary protons and 
neutrons from the fragmentation of • particles 
and heavier nuclei, using the work of Appa Rao 
et al. [1956], Jain et al. [1959], and Noon and 
Kaplon [1955]. The flux of the compound nuclei 
is attenuated exponentially with depth [Mc- 
Donald, 1956; Webber and Ormes, 1967]. The 
interaction mean free paths for Z • I par- 
ticles are taken from Cleghorn et al. [1968]. 
The stepwise integration of the transport equa- 
tions is started at the top of the atmosphere 
with boundary conditions given by the 1968 
cosmic ray spectra of equations 2 to 4 of the 
main text and a vanishing neutron flux. We 

(sin 

where (p•) is the mean transverse momentum. 
It is commonly accepted that (p•) • 0.4 Gev/c, 
independent of energy. Consequently, pions with 
momenta p• • 10 Gev/c continue essentially in 
the direction of flight of the primary particle, 
while pions with p• • (p•) are emitted at large 
angles. There is experimental and theoretical 
evidence that for low-energy pions a nearly 
isotropic spatial distribution is obtained [Came- 
riniet al., 1952; Metropolis et al., 1958]. Hence, 
we calculate the depth dependence of the pion 
production rate for the two extreme cases: (1) 
for pions above •10 Gev/c, using the one- 
dimensional approximation, and (2) for pions 
below •0.4 Gev/c with the assumption of an 
isotropic production. 

High-energy pions. The number of pions 
produced in a collision of a charge Z nucleus 
with an air nucleus is higher by a factor n, than 
the corresponding number from a nucleon-air 
nucleus interaction. For incident a particles, 
this mean number of interacting nucleons has 
been shown to be n• • 1.8 [Appa Rao et al., 
1956; Jain et al., 1959]. On the basis of a simple 
overlap model for interactions induced by 
heavy nuclei [Noon and Kaplon, 1955], we 
estimate that n• ~ n• • 2.8 for cosmic-ray 
nuclei of the M and H charge groups. The 
assumption is now made that the energy distri- 
bution of the pions depends only on the energy/ 
nucleon of the incident nucleus. We can then 

express the depth ,dependence of the production 
rate of high-energy pions traveling in the 
vertical direction as 
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28 

+ • •zz Jz(E', 0) exp (--x/Az) (A1) ß 

where X and Xz are the interaction mean free 

paths for nucleons and charge Z nuclei [Cleg- 
horn et al., 1968], Jp(E', x) and J•(E •, x) are 
the integral kinetic energy spectra of protons 
and neutrons at depth x as calculated above, 
Jz (E •, 0) is the kinetic energy/nucleon spectrum 
of charge Z nuclei incident on the top of the 
atmosphere, and A• is the attenuation length 
for charge Z nuclei. Az ranges from 45 g/cm • 
for a particles [McDonald, 1956] to 10 g/cm 2 
for iron nuclei [Webber and Ormes, 1967]. Be- 
cause of the power-law character of the high- 
energy cosmic ray spectrum, the shape of 
D•,•,(x) is insensitive to the specific value as- 
sumed for the threshold energy E •. For E • = 84 
Gev/nucleon, we obtain curve 1 in Figure 2. 
This curve is well approximated by an exponen- 
tial attenuation with A = 120 g/cm •, in accord- 
ance with experimental observations on the 
depth dependence of high-energy interactions 
in the atmosphere [Perkins, 1961]. 

Low-energy pions. Isotropic production was 
assumed for pions with momenta pr < (p.>, 
i.e., with energies below ~200 Mev. Most of 
these pions are produced by relatively low- 
energy nuclei, which, for kinetic reasons, pro- 
duce only I pion. In order to simplify the 
calculation, the assumption is made that any 
interacting nucleon with energy above a thresh- 
old energy E •' produces exactly I pion below 
200 Mev (independent of the production of ad- 
ditional pions at higher energies). The problem 
is thus reduced to calculating the number of 
collisions per gram of air as a function of atmos- 
pheric depth. It should be noted that the result 
will then resemble the depth dependence of the 
star production rate, as observed in nuclear 
emulsions [e.g., Lord, 1951]. Despite the simpli- 
fications, the model still retains the important 
spatial features of low-energy pion production. 

Interactions of heavy nuclei are treated as 
above, assuming the production of n• pions per 
collision. Neglecting albedo nuclei, we obtain 
the depth dependence of the low-energy pion 
production rate as 

Dr,low(X ) oz • [Jl•(J• It, x/cos 0) 
+ 0)] as 

28 •2• n• 0) + 
ß o) an 

where 0 is the zenith angle and d9 is the solid- 
angle element. The integral, being performed 
over the upper hemisphere, is a Gross trans- 
formation of the vertical intensity J(E", x). 
The functional form of D•,•ow(X) depends on 
the specific value chosen for the threshold 
energy E". The effective threshold for pion pro- 
duction is estimated from the paper of Perola 
and Scarsi [1966] as 0.7 Gev/nucleon. For a 
zero geomagnetic cutoff, we show D•,•ow(X) as 
curve 2 in Figure 2. For 4.5-Gv geomagnetic 
cutoff, D•,•o•(X) is a flatter function of depth 
in the high atmosphere and dosely agrees with 
curve 1 in Figure 2, the depth dependence of 
the production rate of high-energy pions. 
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