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Secondary proton flux induced by cosmic ray interactions with the atmosphere
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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 daty and of muons and antiprotofisalloon 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.
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I. INTRODUCTION the future satellite experiments for which this background
must be known.

The study of the particle flux in Earth’s neighborhood has The present work is a further step in a research program
regained some interest recently with the emergence of a newhose previous results on the flux of secondary atmospheric
generation of experiments embarked upon at both ballooRarticles at satellite altitude, in particular on the interpreta-
and satellite altitudes. In this context, new measurements dfon of the AMS 1998 measurements of protons, leptons, and
the proton flux have been performg2], providing a broad  light ions below the geomagnetic cutdftC) [4-6] and in
set of accurate data which can be compared to the latedfi® atmospherémuons and neutringg7], have been re-

generation of calculations. This is quite a compelling test_ported recently. The investigation of the proton flux reported

which concerns the atmospheric flux of all secondary parln [4] is extended here to the atmospheric altitudes and to the

ticles as well, since the latter are driven pynduced cross high altitude region. The article reports on the calculated

sections throughout the atmospheric cascade. The interacti@@rrmosgrsirr']mt;lLtjr)](efrg;n esr(iar?wci,i\t/:: ;Ztgalfr? dn c?r:tlttﬁge’rggigt]iins
dynamics of the incident cosmic rdZR) flux with Earth’s b P ' P

. s ._of the flux at high altitudes from the top of the atmosphere
atmosphere and Earth’s magnetic field, for secondary partlcl{arOA) up to 3x 10° km. The main features of the calcula-

production, is a complex process. .SO far it has been INVeStions are described in Sec. II. The production cross sections
gated only by means of a theoretical approach based on &eq in the event generator are briefly discussed in Sec. III.

diffusion equation3]. A new detailed study of this process The simulation results are discussed in Sec. IV, while the
through the body of recently measured data should signifiransport equation approach is described and the resuits are
cantly improve the current status of knowledge of this mat-shown in Sec. V. The proton flux at high altitudes is reported
ter, and it should validate calculations based on this or simiin Sec. VI. The work is concluded in Sec. VII.
lar simulation procedures for the evaluation of the whole The paper parallels a similar study on the antiproton flux
atmospheric secondary particle flux. It is also likely to im-in the earth environmei8], referred to as I in the following.
prove our knowledge of the dynamics of the population ofThe two papers are presented in this order for historical rea-
the radiation belts as well. sons.

Studying the secondary proton flux in the atmosphere in
this context is therefore of particular interest, since it is Il. SIMULATION CONDITIONS
highly sensitive to all the components of the simulation pro-
cess, in particular to the secondary proton production cross The flux of secondary atmospheric protons has been in-
section as discussed below. A successful account of this fluxestigated using the same simulation approach usptHi]
through the range of atmospheric altitudes is then likely tcand for the antiproton flux in the atmospheiee ). The
give robust support to this approach in general, and to furthef@me computer code has been used here for the charged par-
validate the computation techniques used. Studying this fluicle propagation in the terrestrial environment, including the
at higher altitudes in the Earth’s environment on the basigtmosphere, as in the previous studies. Incident CR proton
established previously should also be a useful investigatiognd helium particles were generated and propagated inside

both from the point of view of the particle dynamics and for the Earth’s magnetic field, interacting with atmospheric nu-
clei according to their total reaction cross section and pro-

ducing secondary nucleong,n, light nuclei, leptons
*Present address: MPIK, Saupfercheckweg 1, D-69117 Heideltx,e™,v) from meson r,K) decay, and antinucleons,n
berg, Germany. with cross sections and multiplicities as discussed below.
TCorresponding author. Electronic address: buenerd@in2p3.fr Each secondary particle produced in a given collision is
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propagated in the same conditions as incident CRs in the
previous step, resulting in a more or less extended reaction
cascade developing through the atmosphere, which included
up to about ten generations of secondaries for the protons of
the simulation sampl§4].

The reaction products are counted each time they cross,
upward or downward, the virtual detection spheres. The lo-
cations of the latter were chosen between sea level and about
36 km for ground and balloon experimentBESS,
CAPRICB, at 380 km for the AMS satellite experiment, and
beyond up to about:810* km for the rest of the study. All
charged particles undergo energy loss by ionization in the
atmospheric medium. Each event is propagated until the par-
ticle disappears by nuclear collision, stopping in the atmo-
sphere by energy loss, or escaping to the outer space beyond
twice the generation altitudesee[4—6] and ).

The incident CR proton and helium flux have been mea-
sured recently by several experimeffis-13]. In the present
work, functional form fits to the AMS dafd 2,13 have been
used in the calculations to generate the corresponding flux.
For other periods of the solar cycle than those of the mea-
surements, the incident cosmic fluxes were corrected for the
different solar modulation effects using a simple force law
approximation. TheA>4 components of the CR flux were
not taken into account in the present calculati¢sse Ref.
[7] for details. oM R

1 10 10°
E, (GeV)

Flux (mzsec sr MeV)

Ill. CROSS SECTIONS

The inclusivep+A—p+X and “He+A—p+X proton FIG. 1. Simulatgd proton flux in the atmospherestogramg
production cross sections and the proton 4hie total reac- Comfalr:ed to experln:)ental r.escu'guglg]lc):oEls) Tpgtvx;eer; T”OA and sea
tion cross sections on nuclei used here are described in I. FGf/&: From top to bottom: A9] (full squares,
S . . APRICE 94[1] (seven altitudes: 29.9, 22.1, 17.5, 16, 12.6, 9.9,
incident protons, however, the description of the productlon5 . .
cross section below 7.5 GeM4] used in[4] has been con- 75 km), Kocharianet al, [15] (3.2 km, full triangles, BE.SS[Z]

trained by the 4.2 G 'V s f Thi (2.77 km, full squares and Diggoryet al.[17] (sea level, inverted
strained by the 4. € ”.‘easuremef‘ s from RESJ. This full triangles. See alsq18] for other data at sea level.
decreased the cross section over this range of energy by a
few tens of percent. The details will be reported later. volving (approximately the same inclusive nucleon produc-

The neutron product[on_ cross sections were taken tth!on cross section for each collision. Let the latter be denoted
same as for protons. This is expected to be a good approxis doy(E; ,¢,E)/d6 dE for a given collision, withE;, E,
mation for the incident and fln_al state energies consideregnd ¢ being the nucleon incident energy, proton final energy,
here. Charge-exchange reaction channels have been ngnd production angle, respectively. Although the collisions
glected on account of their small cross sections. The nucleoimvolve different values of the kinematic variables, the final

production from He fragmentation was not included. proton flux for a given altitude depends qualitatively on
some appropriate average of the cross section above to the
V. RESULTS nth power, i.e.{(doy(E;,6,E)/d0dE)", with n increasing

with decreasing altitude. Therefore the lower the altitude, the

The proton flux in the atmosphere have been measureghore sensitive the flux is expected to be to the inclusive
recently by the CAPRICE experiment between 5 and 29.%roton production cross section.
km [1] and at TOA[9], and by BESS at lower altitud®.77 Figure 2 shows a sample of rank distributions from sea
km) [2], while previous measurements were available fromlevel to balloon altitude obtained from the simulation
[16] at 3.2 km and fronj17] at sea level. This collection of sample. The mean rankappears to drop from around 7 at
data points is compared on Fig. 1 with the simulation resultsea level down to about 1.5 at 36.5 km. The flux is thus
from sea level up to balloon altitudes. The comparison issensitive to approximately the seventh power of the cross
remarkably good through the whole range of altitudes. Notesection at sea level, while it depends only on the 3/2 power
that the calculations become increasingly sensitive to thef this cross section, approximately, at balloon altitude. A
proton production cross section when going from high to lowdiscrepancy of a factor of 2 between calculation results and
altitudes since all secondary protons result on the averag#ata at sea level can thus be considered as a good result since
from a sequence af collisions N+ A—p+X, N standing it would point to a discrepancy in the cross section of less
for the nucleon andh being the average collision rank, in- than 10%.
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These calculations thus provide an extremely sensitivesource term, accounting for particle creation, witetanding
test of the correctness of the cross sections used, and beyofat the projectile-target system leading to the production of
that of the overall method, and they assign a high confidencparticlei. (do/dE;)(E; ,E,) is the production cross section
level to the whole secondary particle flux calculated by thisfor particlei in the systemA with incident energyE, . The

approach. sum runs over all the alloweA channels. The differential
cross sections used here are the sd&amgle integratedas
V. THE TRANSPORT EQUATION APPROACH used in the Simulatior(.mair> is the mean nuclear mass of

_ the atmospheric nucléiL4.58 ami.
_The proton flux has also been calculated using the same The equation has been solved for the secondary proton
diffusion equation approach as used in Réf9] (see also flux at various altitudes. The technique used proceeds by the

[3,20,21) in order to compare the two methods. method of finite differences with the implicit scheme pro-
posed in Ref[22] (Chap. 19. It consists of solving a system
A. Numerical integration method of linear equationgSec. 2.3 in22)):

The equation to be solved can be written as

AX JE\™
NT = - Nm+1_Nm—1
Ny 9 BN x4 NED n-1 AEm1+AEm<f9X> (Nn n )
ax I\ ax [ T Nim(Ep) M
1 d + 1+AX>N’" X }rn)ax(dam(Em’
_g m E d_l(ET.(EquA)NA(X’EA)dEA:O- AT (Mai) 2 | dE "
ailr th 1
M do” |

, AE™

+5E Eg}n“)) > NI 2
where i represents the transported particle species, and
N;(x,E;) its energy E;) dependent flux after crossing the wherem andn are the indices of the steps crossed in energy
thickness betweer andx-+dx (in g/cn?) of (atmospheric  and thickness, respectively.
matter. The second term is the particle energy changing term For practical reasons related to the energy range to be
accounting for energy loss by ionizatiqnsing the Bethe- covered versus the number of steps required and the size of
Bloch formula. In the third (absorption term, \;,; is the  the matrix to be inverted, the definition of the derivative used
particle interaction length derived from the total reactionat the boundaries had to be modified to obtain stable calcu-
cross section of the considered system. The last term is tHation results.
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10 g trum and does not improve the discrepancy either.

! It is interesting to note that the failure of the 1D approxi-
mation reported above at low atmospheric altitudes seems
not to have a significant effect on the goodness of this ap-
proximation for the calculation of the atmospheric neutrino
flux. This conclusion was reached on the basis of the fair
agreement obtained between the 3D and 1D calculations in
Ref. [7]. This can be understood by the fact that the low
altitude neutrino production represents less than 10% of the
whole atmospheric productiofthe fraction decreasing with
decreasing neutrino enengy

Flux (nmfsec sr MeV}

VI. SECONDARY PROTON FLUX VERSUS ALTITUDE

The same study of the particle flux at high altitudes as
performed in | for antiprotons has been conducted here for
protons over a range of altitudes going from TOA up to
around 3x 10* km, with the same purpose of on one hand
£ understanding better the dynamics of the proton population
19 . at high altitudes, and on the other hand providing reliable

predictions of the atmospheric secondary proton flux for fu-
£ ture experiments.

10"k Note that the calculations reported in the following in-
clude only secondary protons produced in the atmosphere.
They do not include the contribution originating from the

10 — e atmospheric production of neutrons decaying into protons.

! 10 10 This contribution is negligible inside the atmosphere, but it is

B (GeV) a well known major component of the radiation belts for the

FIG. 3. Results obtained using the diffusion equation approacr?lt'tUdes considered below. This latter issue is investigated in

. separate study.
for the transport of the proton flux in the atmosphere. The data ar8 S€
the same as in Fig. 1. Figure 4(left) shows the angled,< /4 rad) and energy

(E>0.1 GeV) integrated downgoing primary proton flux
from sea level up to 3:210* km, in bins of geomagnetic
latitudes between the equator and the polar region. At low
Figure 3 shows the results obtained in these calculationdatitudes, the energy integrated flux is observed to drop by
compared to the same experimental data as in Fig. 1, at vanmore than one order of magnitude between the asymptotic
ous altitudes in the atmosphere. The agreement is seen to Histance from the earth and about®>In, because of the
fair in the high altitude range, down to around 10 km. For thegeomagnetic cutoff, which is most effective at these lati-
5.5 km data, the observed disagreement is similar to thaudes. In the polar region where there is no GC, the flux is
obtained by simulation, the data points having a much difpredicted to be constant over the same range of altitude until
ferent energy behavior from that observed for the higher anit reaches the atmosphere. Inside the atmosphere it drops
lower energy spectra. exponentially due to particle absorption. The secondary flux
For altitudes lower than 5 km, significant disagreementdistributions are shown on the same figure for different en-
between data and calculations appear, the latter overestimadrgy integration thresholds. The main features of these dis-
ing the data by a factor of about 2 to 4. This disagreementributions clearly do not depend critically on the energy
probably originates in the one-dimensional approximation othreshold(0.1 to 3 GeV, although significant differences are
this approach. The difference between the three-dimensionabserved, discussed in the following. The broad peak at low
(3D) approach of the simulation and the one-dimensionahltitude corresponds to the atmospheric production yield, the
diffusion equation lies in a few 3D effects not included in thelow altitude side of the peak being governed by atmospheric
latter approximation(a) the curvature of the particle in the absorption and the high altitude side by the atmospheric den-
magnetic field; andb) the angle dependence of the particle sity. The intermediate plateau of the flux distribution corre-
production, the 1D approximation using the angle integrategponds to the population of quasitrapped particles, which ac-
cross section. A consequence of the above is that the effecomplish a few passages between mirror points before being
tive path of particles in the atmosphere is longer than asabsorbed in atmosphefeee the discussion in.IThe peak
sumed in the 1D approximation. Using in the diffusion equa-observed at high altitude around (20—3Q)0° km corre-
tion the more realistic values of the path obtained in thesponds for the low latitude region to low energy particles for
simulation brings only minor improvements to the observedwhich the first adiabatic invariant is violatésee Fig. 5, and
disagreement. Introducing some cuts in the angular range afus they drift to higher shells without being rapidly ab-
integration of the cross section distorts the resulting specsorbed in the atmosphere on the normal trajectory between

10

B. Results
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FIG. 4. Simulation results for the altitude dependence of the downdtefiy and upgoingright) proton flux. Each set of curves of the
two panels corresponds to a bin of geomagnetic latitgdeas indicated on the figure. The points and curves show the energy integrated
primary flux of protongfull triangles, and the flux for protons with kinetic energies above 0.1 G&Mid line), 0.3 GeV(dashed ling 1
GeV (solid line), and 3 GeV(dash-dotted ling respectively. See text for the discussion.

mirror points (see examples in).l All distributions have a \/T COZ \
high altitude cutoff, which is both energy and latitude depen- R=r =
J » b Ma  y, = y2+kcoS\

dent, dropping from % 10* km for low energy low latitude

particles, down to 1%-1C° km at high energy and high lati- - ith r being the radial distanc® andq the particle momen-
tL_lde. This I_ast _feature can _be understood qualitatively by, and the absolute value of the charge, respectively
simply considering the following. (VMq/P is the Stomer unit of length, M the earth’s mag-

(a) Particles produced at low latitudes have a natural MOy atic moment. N the geomagnetic latitude angleg=
mentum limitation set by the simple condition that their_(q/|q|)sin0, 9 being the East-West angle, ang the
mean gyration radius is smaller than the distance of the gystamer parameter. This equation can be used to obtain the
ration centermean field ling from the TOA. This is highly  |imits of the confinement region for trapped particles in the
qualitative since for large momenta the field values at theneridian plane §,>1; see[23] for detaily. The allowed
extreme distances from the earth on the orbit can differ by &rajectories are then constrained by
significant factor(adiabatic invariance is violated

(b) Particles produced in the polar region will tend to cog \ _ cog \ B
escape on account of the low value of the magnetic field at + T oS\ + — oS\’
the poles, and subsequently the higher the energy, the more yimam TN
effective the trend. with the left and right hand side inequalities corresponding to

Quantitatively, this high energy cutoff can be evaluated inthe limiting values ok=+ 1. The upper momentum limit at
the Stomer approach to the problefi23]. This approach a given altitude(and latitud¢ can be obtained straightfor-
provides the extrema of the energy range allowed for avardly from the right hand inequality foy; =1 (note that
trapped particle at a given altitude and latitu@éfferent  the usual geomagnetic cutoff for incoming CR particles is
from the above mentioned cutpffThe allowed trajectories derived from the same approaciThe resulting maximum
around the earth satisfy the equati@ee Part II-Il in[23]) momentum of trapped particles is decreasing with increasing
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10°F 00 <o <o0s 02 <o <oa the GC[23]. It converges asymptotically with the incoming
P "o : o (downward primary flux at the highest altitude calculated
107 3 (primary flux isotropy. For the upgoing secondaries, a simi-
102 L lar plateau and high altitude peak at low latitudes are ob-
10 b i served as for the incoming secondary flux. These parts of the
; 3 a flux distributions closely overlap with those of the incoming
_iF flux at low and intermediate latitudes and for the lower en-
10 ¢ 3 ergy particles, showing that it is a flux of quasitrapped par-
10_25 IVIEN L E ‘/T\j\ ticles. At high latitude the high energy flux, which is limited
10%F 04 <o <06 L 06 <o <08 to the inner atmosphere for downgoing particles, is in con-
T 103 ) 3 ) trast located at high altitude above 100 km, i.e., approxi-
oo mately above the TOA, for protons above 3 GeV. These are
g 107 3 escape particles, which can be produced only tangentially to
& 10 F L the atmospherésince they are forward produced, the back-
E 1 b i ward production cross section being vanishingly sjnal
EP have a chance of being deflected upward by the magnetic
Em_f 3 field (with a strong east-west asymmetry effect; $6@.
e S e Consequently, the particle trajectories of this flux have a
10* 08<e,< 1.0 E1.0<0,< 12 large zenith angle on the average.
109 L Figure 5 shows three distributions with the same latitude
102l 3 binning as on the previous figures: the angle and energy in-
tegrated downgoing proton flux from sea level up to
10 ¢ 3 3.2x10* km (full triangles, the energy integrated E(
1k L >0.1 GeV) secondary proton fluiull circles, solid line,
10 'L i these two distributions having already been seen before, and
10—23 _ the fraction of the secondary flux for which the conservation
E ol it vt Vb i Vv it DNt of the first adiabatic invarianfmagnetic momentum of the
1 10 10 10° 10" 1 10 10® 10° 10* particle [23]) is violated by more than one order of magni-
Altitude (km) tude. For low and high altitudes above abouf kfn, the

secondary flux is almost exclusively adiabatic invariant vio-
qating, while the conservation of the invariant is approxi-
mately satisfied for quasitrapped particles over the range of
altitudes between £km and 18 km.

FIG. 5. Same as Fig. 4 for the energy integrated downwar
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 the
latter for which the first adiabatic invariant conservation is violated.

. . VII. SUMMARY AND CONCLUSION
radial distance as expected from the decrease of the earth’s

magnetic field with increasing. A precise investigation of In summary, it has been shown that the simulation ap-
the limit mentioned in pointa) above should take place in proach to the proton flux in the atmosphere allows one to
this framework and combined with the inequaliti@s3. successfully reproduce the data to a high level of accuracy.

In Fig. 4, integrating the zenith angles over a larger rangé his result confirms the reliability of the method. The proton
of acceptance produces distributions significantly wider, exflux has been calculated up to around ten earth radii. The
tending to lower altitudes, as could be expected from thaesults show that a large component of quasitrapped particles
above considerations. dominates the flux over the intermediate range of altitudes

This is further illustrated in Fig. 4right), which shows (10°-10* km). These results should serve as a guideline for
the same distributions for the upgoing proton flux, comple-the evaluation of the particle background for experiments
menting the previous figure. The upward primary flux beginsunderway on satellites.
around 300 km in altitude at the upper boundary of the for- A study of trapped protons originating from the neutron
bidden region where primary trajectories are not allowed byflux is in progress, in the same context.
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