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Secondary proton flux induced by cosmic ray interactions with the atmosphere

B. Baret, L. Derome, C. Y. Huang,* and M. Buénerd†

Laboratoire de Physique Subatomique et de Cosmologie, IN2P3/CNRS, 53 Av. des Martyrs, 38026 Grenoble cedex, Fran
~Received 20 May 2003; published 29 September 2003!

The atmospheric secondary proton flux is studied for altitudes extending from sea level up to the top of the
atmosphere by means of a three-dimensional Monte Carlo simulation procedure successfully used previously
to account for flux measurements of protons, light nuclei, and electron-positron pairs below the geomagnetic
cutoff ~satellite data!, and of muons and antiprotons~balloon data!. The calculated fluxes are compared with the
experimental measurements from sea level up to high float balloon altitudes. The agreement between data and
simulation results is very good at all altitudes, including the lowest ones, where the calculations become
extremely sensitive to the proton production cross section. The results are discussed in this context. The
calculations are extended to the study of quasitrapped particles above the atmosphere to about five earth radii,
for prospective purpose.

DOI: 10.1103/PhysRevD.68.053009 PACS number~s!: 94.30.Hn, 13.85.2t, 95.85.Ry, 96.40.2z
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I. INTRODUCTION

The study of the particle flux in Earth’s neighborhood h
regained some interest recently with the emergence of a
generation of experiments embarked upon at both ball
and satellite altitudes. In this context, new measurement
the proton flux have been performed@1,2#, providing a broad
set of accurate data which can be compared to the la
generation of calculations. This is quite a compelling t
which concerns the atmospheric flux of all secondary p
ticles as well, since the latter are driven byp induced cross
sections throughout the atmospheric cascade. The intera
dynamics of the incident cosmic ray~CR! flux with Earth’s
atmosphere and Earth’s magnetic field, for secondary par
production, is a complex process. So far it has been inve
gated only by means of a theoretical approach based o
diffusion equation@3#. A new detailed study of this proces
through the body of recently measured data should sig
cantly improve the current status of knowledge of this m
ter, and it should validate calculations based on this or si
lar simulation procedures for the evaluation of the wh
atmospheric secondary particle flux. It is also likely to im
prove our knowledge of the dynamics of the population
the radiation belts as well.

Studying the secondary proton flux in the atmosphere
this context is therefore of particular interest, since it
highly sensitive to all the components of the simulation p
cess, in particular to the secondary proton production cr
section as discussed below. A successful account of this
through the range of atmospheric altitudes is then likely
give robust support to this approach in general, and to fur
validate the computation techniques used. Studying this
at higher altitudes in the Earth’s environment on the ba
established previously should also be a useful investiga
both from the point of view of the particle dynamics and f
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the future satellite experiments for which this backgrou
must be known.

The present work is a further step in a research prog
whose previous results on the flux of secondary atmosph
particles at satellite altitude, in particular on the interpre
tion of the AMS 1998 measurements of protons, leptons,
light ions below the geomagnetic cutoff~GC! @4–6# and in
the atmosphere~muons and neutrinos! @7#, have been re-
ported recently. The investigation of the proton flux report
in @4# is extended here to the atmospheric altitudes and to
high altitude region. The article reports on the calcula
atmosphericp flux from sea level to balloon altitude, on th
comparison to the experimental data, and on the predict
of the flux at high altitudes from the top of the atmosphe
~TOA! up to 33104 km. The main features of the calcula
tions are described in Sec. II. The production cross sect
used in the event generator are briefly discussed in Sec
The simulation results are discussed in Sec. IV, while
transport equation approach is described and the results
shown in Sec. V. The proton flux at high altitudes is repor
in Sec. VI. The work is concluded in Sec. VII.

The paper parallels a similar study on the antiproton fl
in the earth environment@8#, referred to as I in the following.
The two papers are presented in this order for historical r
sons.

II. SIMULATION CONDITIONS

The flux of secondary atmospheric protons has been
vestigated using the same simulation approach used in@4–7#
and for the antiproton flux in the atmosphere~see I!. The
same computer code has been used here for the charged
ticle propagation in the terrestrial environment, including t
atmosphere, as in the previous studies. Incident CR pro
and helium particles were generated and propagated in
the Earth’s magnetic field, interacting with atmospheric n
clei according to their total reaction cross section and p
ducing secondary nucleonsp,n, light nuclei, leptons
(m,e6,n) from meson (p,K) decay, and antinucleonsp̄,n̄
with cross sections and multiplicities as discussed bel
Each secondary particle produced in a given collision

l-
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propagated in the same conditions as incident CRs in
previous step, resulting in a more or less extended reac
cascade developing through the atmosphere, which inclu
up to about ten generations of secondaries for the proton
the simulation sample@4#.

The reaction products are counted each time they cr
upward or downward, the virtual detection spheres. The
cations of the latter were chosen between sea level and a
36 km for ground and balloon experiments~BESS,
CAPRICE!, at 380 km for the AMS satellite experiment, an
beyond up to about 33104 km for the rest of the study. All
charged particles undergo energy loss by ionization in
atmospheric medium. Each event is propagated until the
ticle disappears by nuclear collision, stopping in the atm
sphere by energy loss, or escaping to the outer space be
twice the generation altitude~see@4–6# and I!.

The incident CR proton and helium flux have been m
sured recently by several experiments@9–13#. In the present
work, functional form fits to the AMS data@12,13# have been
used in the calculations to generate the corresponding
For other periods of the solar cycle than those of the m
surements, the incident cosmic fluxes were corrected for
different solar modulation effects using a simple force l
approximation. TheA.4 components of the CR flux wer
not taken into account in the present calculations~see Ref.
@7# for details!.

III. CROSS SECTIONS

The inclusivep1A→p1X and 4He1A→p1X proton
production cross sections and the proton and4He total reac-
tion cross sections on nuclei used here are described in I
incident protons, however, the description of the product
cross section below 7.5 GeV@14# used in@4# has been con-
strained by the 4.2 GeV measurements from Ref.@15#. This
decreased the cross section over this range of energy
few tens of percent. The details will be reported later.

The neutron production cross sections were taken
same as for protons. This is expected to be a good appr
mation for the incident and final state energies conside
here. Charge-exchange reaction channels have been
glected on account of their small cross sections. The nuc
production from He fragmentation was not included.

IV. RESULTS

The proton flux in the atmosphere have been measu
recently by the CAPRICE experiment between 5 and 2
km @1# and at TOA@9#, and by BESS at lower altitude~2.77
km! @2#, while previous measurements were available fr
@16# at 3.2 km and from@17# at sea level. This collection o
data points is compared on Fig. 1 with the simulation res
from sea level up to balloon altitudes. The comparison
remarkably good through the whole range of altitudes. N
that the calculations become increasingly sensitive to
proton production cross section when going from high to l
altitudes since all secondary protons result on the ave
from a sequence ofn collisions N1A→p1X, N standing
for the nucleon andn being the average collision rank, in
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volving ~approximately! the same inclusive nucleon produ
tion cross section for each collision. Let the latter be deno
as dsN(Ei ,u,E)/du dE for a given collision, withEi , E,
andu being the nucleon incident energy, proton final ener
and production angle, respectively. Although the collisio
involve different values of the kinematic variables, the fin
proton flux for a given altitude depends qualitatively o
some appropriate average of the cross section above to
nth power, i.e.,^dsN(Ei ,u,E)/du dE&n, with n increasing
with decreasing altitude. Therefore the lower the altitude,
more sensitive the flux is expected to be to the inclus
proton production cross section.

Figure 2 shows a sample of rank distributions from s
level to balloon altitude obtained from the simulatio
sample. The mean rankn appears to drop from around 7 a
sea level down to about 1.5 at 36.5 km. The flux is th
sensitive to approximately the seventh power of the cr
section at sea level, while it depends only on the 3/2 pow
of this cross section, approximately, at balloon altitude.
discrepancy of a factor of 2 between calculation results
data at sea level can thus be considered as a good result
it would point to a discrepancy in the cross section of le
than 10%.
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FIG. 1. Simulated proton flux in the atmosphere~histograms!
compared to experimental results~symbols! between TOA and sea
level. From top to bottom: CAPRICE TOA@9# ~full squares!,
CAPRICE 94@1# ~seven altitudes: 29.9, 22.1, 17.5, 16, 12.6, 9
5.75 km!, Kocharianet al. @16# ~3.2 km, full triangles!, BESS@2#
~2.77 km, full squares!, and Diggoryet al. @17# ~sea level, inverted
full triangles!. See also@18# for other data at sea level.
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FIG. 2. Rank distributions of the detected pr
tons obtained from the simulation, for a set
altitudes between sea level and balloon high flo
altitude, showing the evolution of the mean pr
duction rank in the collision sequence of the d
tected protons.
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These calculations thus provide an extremely sensi
test of the correctness of the cross sections used, and be
that of the overall method, and they assign a high confide
level to the whole secondary particle flux calculated by t
approach.

V. THE TRANSPORT EQUATION APPROACH

The proton flux has also been calculated using the s
diffusion equation approach as used in Ref.@19# ~see also
@3,20,21#! in order to compare the two methods.

A. Numerical integration method

The equation to be solved can be written as

]Ni

]x
1

]

]Ei
K ]Ei

]x L Ni~x,Ei !1
Ni~x,Ei !

l int~Ei !

2(
A

1

^mair&
E

Eth

` ds

dEi
~Ei ,EA!NA~x,EA!dEA50,

~1!

where i represents the transported particle species,
Ni(x,Ei) its energy (Ei) dependent flux after crossing th
thickness betweenx andx1dx ~in g/cm2) of ~atmospheric!
matter. The second term is the particle energy changing t
accounting for energy loss by ionization~using the Bethe-
Bloch formula!. In the third ~absorption! term, l int is the
particle interaction length derived from the total reacti
cross section of the considered system. The last term is
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source term, accounting for particle creation, withA standing
for the projectile-target system leading to the production
particle i. (ds/dEi)(Ei ,EA) is the production cross sectio
for particle i in the systemA with incident energyEA . The
sum runs over all the allowedA channels. The differentia
cross sections used here are the same~angle integrated! as
used in the simulation.̂mair& is the mean nuclear mass o
the atmospheric nuclei~14.58 amu!.

The equation has been solved for the secondary pro
flux at various altitudes. The technique used proceeds by
method of finite differences with the implicit scheme pr
posed in Ref.@22# ~Chap. 19!. It consists of solving a system
of linear equations~Sec. 2.3 in@22#!:

Nn21
m 5

Dx

DEm211DEm K ]Ei

]x L m

~Nn
m112Nn

m21!

1S 11
Dx

lmD Nn
m2

Dx

^mair&
(

m851

Mmax S dsm

dE
~Ebin

m8 !

1
dsm

dE
~Ebin

m811! DDEm8

2
Nn

m8 , ~2!

wherem andn are the indices of the steps crossed in ene
and thickness, respectively.

For practical reasons related to the energy range to
covered versus the number of steps required and the siz
the matrix to be inverted, the definition of the derivative us
at the boundaries had to be modified to obtain stable ca
lation results.
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B. Results

Figure 3 shows the results obtained in these calculatio
compared to the same experimental data as in Fig. 1, at
ous altitudes in the atmosphere. The agreement is seen
fair in the high altitude range, down to around 10 km. For
5.5 km data, the observed disagreement is similar to
obtained by simulation, the data points having a much
ferent energy behavior from that observed for the higher
lower energy spectra.

For altitudes lower than 5 km, significant disagreeme
between data and calculations appear, the latter overesti
ing the data by a factor of about 2 to 4. This disagreem
probably originates in the one-dimensional approximation
this approach. The difference between the three-dimensi
~3D! approach of the simulation and the one-dimensio
diffusion equation lies in a few 3D effects not included in t
latter approximation:~a! the curvature of the particle in th
magnetic field; and~b! the angle dependence of the partic
production, the 1D approximation using the angle integra
cross section. A consequence of the above is that the e
tive path of particles in the atmosphere is longer than
sumed in the 1D approximation. Using in the diffusion equ
tion the more realistic values of the path obtained in
simulation brings only minor improvements to the observ
disagreement. Introducing some cuts in the angular rang
integration of the cross section distorts the resulting sp
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F
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FIG. 3. Results obtained using the diffusion equation appro
for the transport of the proton flux in the atmosphere. The data
the same as in Fig. 1.
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trum and does not improve the discrepancy either.
It is interesting to note that the failure of the 1D approx

mation reported above at low atmospheric altitudes se
not to have a significant effect on the goodness of this
proximation for the calculation of the atmospheric neutri
flux. This conclusion was reached on the basis of the
agreement obtained between the 3D and 1D calculation
Ref. @7#. This can be understood by the fact that the lo
altitude neutrino production represents less than 10% of
whole atmospheric production~the fraction decreasing with
decreasing neutrino energy!.

VI. SECONDARY PROTON FLUX VERSUS ALTITUDE

The same study of the particle flux at high altitudes
performed in I for antiprotons has been conducted here
protons over a range of altitudes going from TOA up
around 33104 km, with the same purpose of on one ha
understanding better the dynamics of the proton popula
at high altitudes, and on the other hand providing relia
predictions of the atmospheric secondary proton flux for
ture experiments.

Note that the calculations reported in the following i
clude only secondary protons produced in the atmosph
They do not include the contribution originating from th
atmospheric production of neutrons decaying into proto
This contribution is negligible inside the atmosphere, but i
a well known major component of the radiation belts for t
altitudes considered below. This latter issue is investigate
a separate study.

Figure 4~left! shows the angle (uz,p/4 rad) and energy
(E.0.1 GeV) integrated downgoing primary proton flu
from sea level up to 3.23104 km, in bins of geomagnetic
latitudes between the equator and the polar region. At
latitudes, the energy integrated flux is observed to drop
more than one order of magnitude between the asympt
distance from the earth and about 103 km, because of the
geomagnetic cutoff, which is most effective at these la
tudes. In the polar region where there is no GC, the flux
predicted to be constant over the same range of altitude u
it reaches the atmosphere. Inside the atmosphere it d
exponentially due to particle absorption. The secondary fl
distributions are shown on the same figure for different
ergy integration thresholds. The main features of these
tributions clearly do not depend critically on the ener
threshold~0.1 to 3 GeV!, although significant differences ar
observed, discussed in the following. The broad peak at
altitude corresponds to the atmospheric production yield,
low altitude side of the peak being governed by atmosph
absorption and the high altitude side by the atmospheric d
sity. The intermediate plateau of the flux distribution corr
sponds to the population of quasitrapped particles, which
complish a few passages between mirror points before b
absorbed in atmosphere~see the discussion in I!. The peak
observed at high altitude around (20–30)3103 km corre-
sponds for the low latitude region to low energy particles
which the first adiabatic invariant is violated~see Fig. 5!, and
thus they drift to higher shells without being rapidly a
sorbed in the atmosphere on the normal trajectory betw

h
re
9-4
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FIG. 4. Simulation results for the altitude dependence of the downgoing~left! and upgoing~right! proton flux. Each set of curves of th
two panels corresponds to a bin of geomagnetic latitudeum as indicated on the figure. The points and curves show the energy integ
primary flux of protons~full triangles!, and the flux for protons with kinetic energies above 0.1 GeV~solid line!, 0.3 GeV~dashed line!, 1
GeV ~solid line!, and 3 GeV~dash-dotted line!, respectively. See text for the discussion.
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mirror points ~see examples in I!. All distributions have a
high altitude cutoff, which is both energy and latitude depe
dent, dropping from 33104 km for low energy low latitude
particles, down to 102–103 km at high energy and high lati
tude. This last feature can be understood qualitatively
simply considering the following.

~a! Particles produced at low latitudes have a natural m
mentum limitation set by the simple condition that the
mean gyration radius is smaller than the distance of the
ration center~mean field line! from the TOA. This is highly
qualitative since for large momenta the field values at
extreme distances from the earth on the orbit can differ b
significant factor~adiabatic invariance is violated!.

~b! Particles produced in the polar region will tend
escape on account of the low value of the magnetic field
the poles, and subsequently the higher the energy, the m
effective the trend.

Quantitatively, this high energy cutoff can be evaluated
the Störmer approach to the problem@23#. This approach
provides the extrema of the energy range allowed fo
trapped particle at a given altitude and latitude~different
from the above mentioned cutoff!. The allowed trajectories
around the earth satisfy the equation~see Part II-II in@23#!
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R5rA P

Mq
5

cos2 l

g16Ag1
21k cos3 l

with r being the radial distance,P andq the particle momen-
tum and the absolute value of the charge, respectiv
(AMq/P is the Sto¨rmer unit of length!, M the earth’s mag-
netic moment, l the geomagnetic latitude angle,k5
2(q/uqu)sinu, u being the East-West angle, andg1 the
Störmer parameter. This equation can be used to obtain
limits of the confinement region for trapped particles in t
meridian plane (g1.1; see@23# for details!. The allowed
trajectories are then constrained by

cos2 l

g11Ag1
21cos3 l

,R,
cos2 l

g11Ag1
22cos3 l

, ~3!

with the left and right hand side inequalities corresponding
the limiting values ofk561. The upper momentum limit a
a given altitude~and latitude! can be obtained straightfor
wardly from the right hand inequality forg151 ~note that
the usual geomagnetic cutoff for incoming CR particles
derived from the same approach!. The resulting maximum
momentum of trapped particles is decreasing with increas
9-5
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radial distance as expected from the decrease of the ea
magnetic field with increasingr. A precise investigation of
the limit mentioned in point~a! above should take place i
this framework and combined with the inequalities~3!.

In Fig. 4, integrating the zenith angles over a larger ran
of acceptance produces distributions significantly wider,
tending to lower altitudes, as could be expected from
above considerations.

This is further illustrated in Fig. 4~right!, which shows
the same distributions for the upgoing proton flux, comp
menting the previous figure. The upward primary flux beg
around 300 km in altitude at the upper boundary of the f
bidden region where primary trajectories are not allowed

FIG. 5. Same as Fig. 4 for the energy integrated downw
proton flux ~full triangles! and for E.0.1 GeV ~full circles and
solid line!. The full circles and dashed line show the fraction of t
latter for which the first adiabatic invariant conservation is violat
e
B
of

o

05300
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the GC@23#. It converges asymptotically with the incomin
~downward! primary flux at the highest altitude calculate
~primary flux isotropy!. For the upgoing secondaries, a sim
lar plateau and high altitude peak at low latitudes are
served as for the incoming secondary flux. These parts of
flux distributions closely overlap with those of the incomin
flux at low and intermediate latitudes and for the lower e
ergy particles, showing that it is a flux of quasitrapped p
ticles. At high latitude the high energy flux, which is limite
to the inner atmosphere for downgoing particles, is in co
trast located at high altitude above 100 km, i.e., appro
mately above the TOA, for protons above 3 GeV. These
escape particles, which can be produced only tangentiall
the atmosphere~since they are forward produced, the bac
ward production cross section being vanishingly small! to
have a chance of being deflected upward by the magn
field ~with a strong east-west asymmetry effect; see@5#!.
Consequently, the particle trajectories of this flux have
large zenith angle on the average.

Figure 5 shows three distributions with the same latitu
binning as on the previous figures: the angle and energy
tegrated downgoing proton flux from sea level up
3.23104 km ~full triangles!, the energy integrated (E
.0.1 GeV) secondary proton flux~full circles, solid line!,
these two distributions having already been seen before,
the fraction of the secondary flux for which the conservat
of the first adiabatic invariant~magnetic momentum of the
particle @23#! is violated by more than one order of magn
tude. For low and high altitudes above about 103 km, the
secondary flux is almost exclusively adiabatic invariant v
lating, while the conservation of the invariant is approx
mately satisfied for quasitrapped particles over the range
altitudes between 102 km and 103 km.

VII. SUMMARY AND CONCLUSION

In summary, it has been shown that the simulation
proach to the proton flux in the atmosphere allows one
successfully reproduce the data to a high level of accur
This result confirms the reliability of the method. The prot
flux has been calculated up to around ten earth radii. T
results show that a large component of quasitrapped part
dominates the flux over the intermediate range of altitu
(102–104 km). These results should serve as a guideline
the evaluation of the particle background for experime
underway on satellites.

A study of trapped protons originating from the neutr
flux is in progress, in the same context.
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