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Secondary antiproton flux induced by cosmic ray interactions with the atmosphere
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The atmospheric secondary antiproton flux is studied for detection altitudes extending from sea level up to
about three earth radii, by means of a three-dimensional Monte Carlo simulation, successfully applied previ-
ously to other satellite and balloon data. The calculated antiproton flux at mountain altitude is found to be in
fair agreement with the recent BESS measurements. The flux obtained at balloon altitude is also in agreement
with calculations performed in previous studies and used for the analysis of balloon data. The flux at sea level
is found to be significant. The antineutron flux is also evaluated. The antiproton flux is prospectively explored
up to around X 10* km from the Earth. The results are discussed in the context of the forthcoming measure-
ments by large acceptance experiments.
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I. INTRODUCTION gen in the galaxy or atmospheric nucl@gnainly nitrogen in
the atmosphere. The basgic production reaction is the in-

The antiproton ) has a particular status in the spectrum cjusive NN— pX processN standing for the nucleon and
of cosmic radiation mainly because of its particular produc<or any final ‘quantal hadronic state allowed in the process.
tion dynamlcs and kinematics. The main part of the cosmlcl-he ratio ofp production in the galaxy and in the atmo-

ray (CR) p spectrum measured in balloon and satellite ex-sphere scales with the ratio of matter thicknéssunits of
perlments is well accounted for by assumlng that it COﬂSIStﬁ]teracuon |engtm|) crossed by protons in the two media.
of a secondary flux, originating from the interaction betweenThese thicknesses are known to be of the same order of
the nuclear CR flux and the interstellar mattt8M) in the  magnitude. In addition, both fluxes are driven by similar
galaxy [1]. It is expected to be dominant with respect to transport equationsee|[7,9,17,18 for example, with, how-
components from other possible origins. Other such contriever, the escape term arising from convective and diffusive
butions of primary origin and of major astrophysical interesteffects in the interstellar medium on the galactic flu,
have been considered recently. In particular,ﬂwﬁux in- making a significant_ difference from the transport of flux in
duced by annihilation of dark matter constituefs-4] and the atmosphere, which tend_s to decrease thg _transported flux
by primordial black hole evaporatiofb,6] has been dis- compared to the atmospheric transport conditions.
cussed. All these possible contributions are intimately en- It can be shown using a leaky box modeBM) for the .
tangled together and their phenomenological disentanglin alactic transport and a simple slab mpdel for the produc'tlon
the upper atmosphef&9] that the ratio of the atmospheric
relies critically on the accuracy of the experimental data. The—

p flux at balloon altitudeN,,, to the galactlcp flux at the

measurements of the flux thus provide a sensitive test of
the production source and mechanism and of the propagation top of the atmosphereTOA) Ny is approximately
conditions in the galaxy1,7-12.

CR antiprotons have been experimentally studied for sev-
eral decades by satellite or balloon borne experimésgs — — A
references i13]). Several recent balloon experiments, like atm(P) _ Xatm cr(p(atm):>pX) my _ Xatm( my )
BESS[14,15 and CAPRICE[13,16 have collected new ga|(p) Ne  o(pp—pX) Mam ANe \Mam/
data samples whose analysis has provided determinations of

the galactlcp flux over a kinetic energy range extending
from about 0.2 GeV kinetic energy up to about 50 GeV. InHere X, is the thickness of the atmosphere on top of the
this work, the values of the antiproton galactic flux wereballoon experiments, whila, is the LBM escape length,

obtained by subtracting the calculated atmospheriiux  o(pp—pX) and o(p(Atm)— pX) being the inclusive anti-
from the values of the measured total flux. proton production cross sections on hydrogen and on the
Secondary galactic as well as atmospheric antiprotons armmospheric nuclei, respectively, whig, andm,,, are the
both produced in hadronic collisions by the same elementariilydrogen and mean atmospheric nuclear mass, respectively.
reaction mechanism in nucleon-nucleon collisions betweensing X,,,=3.9 g/cn? (for a 38 km altitudg [20] and \,
the incident CR flux and either ISM nuclénainly hydro- =8 g/cnt and 11.8 g/crhfor particle rigidities of 3 GV and
10 GV, respectively21], the above ratio is found to be of the
order of 0.15 and 0.2, respectively. The contribution of the
*Present address: MPIK, Saupfercheckweg 1, D-69117 Heidelatmospheric antiproton production to the total flux measured
berg, Germany. in balloon experiments is thus not expected to be negligible
TCorresponding author. Electronic address: buenerd@in2p3.fr  with respect to the galactic component. The correction of the
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total flux from the atmospheric contribution therefore needs (1) For the incident CR proton and helium flux, functional
the latter to be calculated very carefully, since the accuracyorms fitted to the 1998 AMS measurements were used
in the evaluation of this component sets a limit to the accu{27,29 (see alsd29—-31). The heavier components of the
racy on the final value of the measured galactic flux. CR flux were not taken into account in the calculati¢sse

It must be emphasized that studying the secondary protofpg]). For other periods of the solar cycle, the incident cos-
flux in the atmosphere in this context also is interestingmic fluxes are corrected for the different solar modulation
since it is very sensitive to all the components of the simuffects using a simple force law approximati82].
lation process, in particular to the secondary proton produc- () Each particle is propagated in the geomagnetic field

tion cross section, which also contributes to the'generation A interacts with nuclei of the local atmospheric density
the antiproton flux. Comparison of the calculation to the re-

: S according to their total reaction cross section and producing
cently measured data provides a robust validation of the ap- i —_
proach used and of the overall calculation, and firmly supS€condary nucleonp,n, and antinucleonp,n with cross
ports the reliability of the results reported here. This study isS€ctions and multiplicities. This important issue is discussed
reported in a separateompanion paper[22]. in Sec. Il below. The specific |on|;at|on energy loss is com-
The present work is an extension of a research prograrRuted for each step along the trajectory.
aiming at the interpretation of satellite data and for which the (3) In the following step, each secondary particle pro-
first results on the flux of protons, leptons, and light ions,duced in a primary collision is propagated in the same con-
below the geomagnetic cutaiC), at satellite altitude, have ditions as the incident CRs in the previous step, resulting in
been reported recent[{23—29. a more or less extended cascade of collisions through the
The paper reports on the caIcuIatEdatmospheric flux atmosphere, which may include up to ten genergtion; of sec-
over the range from sea level up to satellite altitudes b)pndarles for protons for the sample generated in this work
Monte Carlo simulation. The main features of the calculalzz’za- ) ) ) o o
tions are described in Sec. II. The production cross sections For the antinucleon inelastic collisions, only the annihila-
used in the event generator are given in Sec. Il. The resultdon reaction channel was taken into account. Nonannihilat-
are discussed in Sec. IV. The work is concluded in Sec. V. ing inelasticN+A— N+ X (N standing for antinuclegnin-
teractions whose contribution to the total reaction cross
sectionopg is small have been neglected at this stage. It con-
sists basically of a single diffractive dissociation cross sec-

tion (for the proton target in individualp collisions, and it

As mentioned above, the flux of secondary atmospherievould be of the same order of magnitude asdpcollisions,
antiprotons has been investigated using the same simulatiaramely,~10% of o or less at the energies considered here
approach, which has allowed one to successfully account fdi33]. It has been neglected at this stage. It will be included in
thep, d, He, ande™ experimental fluxes below the geomag- further developments of the calculation program.
netic cutoff measured by the AMS experiment, as well as the The reaction products are counted whenever they cross,
experimental proton and muon fluxes in the atmosphere, thepward or downward, the virtual detection sphefesveral
latter being studied together with the atmospheric neutrinean be defined in the programt the altitude of the detec-
flux [26]. tors: from sea level up to about 36 km for ground and bal-

The same computing environment has been used here fétson experimentg§BESS, CAPRICE and 370 km for the
charged particle propagation in the terrestrial environmentAMS satellite experiment. Higher altitudes up to more than
including the atmosphere, as in the previous studies, with th&0 000 km were also investigated, with the purpose of under-
event generator being dedicated, however, based on the astanding the dynamics of the population of quasitrapped par-
tiproton production cross section in nucleon-nucleon colli-ticles in the earth environmefgee Sec. IV G Each particle
sions. is propagated until it disappears by nuclear collisiannihi-

The calculation proceeds by means of a full 3D simula-ation for antinucleons stopping in the atmosphere by en-
tion program. Incident cosmic rays are generated on a virtuadrgy loss, or escaping to the outer space beyond twice the
sphere chosen at a 2000 km altitude. Random events aggeneration altitud¢23—-24.
generated uniformly on this sphere. The local zenith angle In the terminology used in the following, one event is
distribution of the particle momentum is proportional to defined as the full cascade induced by an incoming CR par-
cos(@@,)dcos(@,), 6, being the zenith angle of the particle, in ticle interacting with one atmospheric nucleus. For each CR
order to get an isotropic flux at any point inside the volumeproducing at least one secondary particle, the whole event is
of the virtual sphere. The geomagnetic cutoff is applied bystored with all the relevant topological, dynamical, kinemati-
back-tracing the particle trajectory in the geomagnetic fieldcal, and geographical information. This includes the collision
and keeping in the sample only those particles reaching eank, geophysical location, altitude, momentum, particle
back-tracing distance of ten earth radii. Flux conservatiortype, and parent particle type, in the form of event files. The
along any allowed particle path in the geomagnetic field iscollision rank is defined as the number of a given collision in
ensured by application of Liouville’s theorem. The normalthe cascade initiated by the first CR interaction with the at-
particle propagation as well as its back tracing are performechosphergrank 1).
using the adaptative Runge-Kutta integration method in the The calculations do not include any adjustable param-
geomagnetic field26]. eters.

Il. SIMULATION CONDITIONS
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FIG. 1. Sample of the fits to the+ A— p+ X cross section data using the parametrized reldtipgiven in the text, with the parameters
of Table 1[42]. Top left: Differential cross sections measured at 5.1°gferC (full square$ and forp+ Al (full circles) [37] as a function
of the particle momentum, compared with fit using Efj. (thick solid for Al and thick dashed for \Cand using the KMN relation and
parameters fronj41] (thin solid and thin dashed, respectivelfop right: Same comparison for 14.6 GeVp+ Al invariant differential
cross section versus mass transfer fri@8]: Fit with Eq. (1) (thick line) and KMN calculationg41] (thin line). Bottom left: Same for
19.2 GeVt p+p (full squareg and p+Al (full circles) rapidity distributions from[39]: fit with Eq. (1) (solid and dashed thick lines,
respectively and KMN calculationg41] (thin solid and dashed lines, respectiyelBottom right: 24 GeVé p+ Al invariant differential
cross sections at various angl(@smsr on the figurefrom [40] compared to the fits with Eq1). For each measurement angle above the first
(17 mrad, each next cross section has been multiplied by*10.0 2, etc., for presentation purposes. KMN calculations are not shown on

this figure for legibility. Note that the same definitions of cross sections have been used as in the original references. There is a clear target
mass dependence of the differential cross section in the top left panel, while in the bottom left panel almost no such dependence is observed,
because the observable displayed is a multiplicity, i.e., ratio of differential cross section to total reaction cross section.

ll. CROSS SECTIONS sponding basically to forwardor direct quasielastjcand
backward (or relaxed deep inelasjicproduction, respec-
tively. The values obtained have been found in reasonable
agreement with the results of the Intra Nuclear Cascade
Liege (INCL) model of intranuclear cascade calculations
The inclusivep+A—p+ X proton production cross sec- [36]. This cross section allows us to reproduce very success-
tions used are described in Rg23]. They are based on the fully the atmospheric secondary proton flux down to the low-

results of Refs[34] and[35] for the two components corre- est altitude[22].

A. Proton induced secondaries

1. Protons
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FIG. 2. Examples of antiproton trajectories in
the earth’s magnetic field. Details are discussed in
the text.

e

The cross section for secondary neutron production wawith b(p;)=bg-p; within the range of four-momentum
taken equal to that of proton production. Similarly, the neu-transfer considered here. Figure 1 shows some of the results
tron induced cross sections of secondary nucleon productioobtained[42] by fitting the set of available data studied for
were taken the same as for protons, the Coulomb interactiothis work with relation(1). The energy dependent exponen-
making negligible differences over the energy range considtial factor in the second term of relatid@) was introduced
ered. because it was found that this term contributes only at low

incident energy. The values of the parameters obtained are
2. Antiprotons given in Table I. These values are significantly different from

. . — . . those given in the original worjd2,43 on a smaller number
T_he |nclu5|vep+A—_> p+X antiproton producpon CTOSS ¢ Jata. This work is currently being extended up to 400 GeV
section has been obtained by fitting a set of available exper

mental data between 12 GeV incident kinetic energy anénmdent proton energyA4].

24 GeVk incident momentun]37-40, using a modified

version of the analytical formula proposed in Rgfl], the B. “He induced secondaries
latter being referred to as the KM(fbr Kalinovski, Mokhov,
and Nikitin) formula in the following.

The invariant triple differential cross section is described The inclusive *He+A—p(n)+X proton (neutron pro-
by means of the formula used j#1]: duction cross section was obtained as described in Sec.

Il A1 above for thep+A—p-+X cross sectior{using the
d3c total reaction cross section fropd5] for this systeny, renor-
( ET) = orC AP (1—x)C2exp( — Cax)D(py). malized to the available experimental multiplicites mea-
inv @ sured for this reactiof46,47).

In this relation the kinematical variablgg and x are the ) ) ) ) )

transverse momentum and the fractional energy of the par- The inclusive antiproton production cross section was

ticle, respectively, as defined [41] [relation (3.26) in this ~ €valuated by means of the wounded nucleon mpdigj49

referencé, while oy is the totalp+ A reaction cross section.

The function®(p,) was modified as TABLE 1. Values of the parameters of relatidfh) obtained in
fitting the data of Fig. 1.

1. Protons

2. Antiprotons

exp(— Cex
(D(pt)=eX[i—C4pt2)+C5 il 6;)exq—a\/§) Parameter C; C, C3 C; Cs Cg u by «

2
(pt+M2) Value 0.042 592 0.96 2.19 84.3 105 11 0.12 2.24
)
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using the available experimental values of the total reaction
cross sections for thHe+ A andp+ A systems, and of the
p production multiplicity in nucleon-nucleon collisiofi43].

In this model, the particle production multiplicitng) in
the collision between nucléd andB is related to the multi-
plicity in nucleon-nucleon /N) collisions{ny):

[T P S E R FR ~r L

1 O'pB O'pA
(Nag)==| A== +B—"](nn) (3) 2 4 6 8 10 20 40 60 80 100 120
2 OaB OaB Number of collisions Production altitude (km)
. : . . . 1 F 1
with o;; being the total reaction cross section betweenithe 0 0 af
andj systems. Using this model, thpe production multiplic- 2} -2k,

ity induced by the CR He component on the nitrogen N
component of the atmosphere is found to Keyen)

~1.55np\)~2.5npp).

a A~ W
T T
' ' '
a_ A w
T

<))
™
'

<))
™

o
il

C. Total reaction cross sections 0 50 100 150 200 0 50 100 150 2

: Production Mormentum (GeVim/ Number of b
Protons The values of the proton total reaction cross sec- oduction Momenturn (Gevmvc) umber et bounces

tions on nuclei used were obtained from the parametrization

of [50], and checked on the carbon data frp#5). FIG. 3. General features of the simulatedsample at balloon

. . (38 km) and satellitg380 km altitudes. Top left: Rank distribution
“He. The *He+ A total reaction cross sections used Were(see text. Top right: Altitudes of productioel. Bottom left: Momen-
taken from[45]. _ tum distributions. Bottom right: Numbers of bounces effected by
Antinucleons The p total reaction cross section was the particle between the mirror points. The spikes observed for high
taken from[51], with the energy dependence from the databounce multiplicity in this distribution correspond to quasitrapped
compilation of[52]. The same production cross section andparticle trajectories crossing the detection altitude many times.
total reaction cross section have been assumed for
n production as fop. [56] (see also the discussion[if4]). Escape particles do not
match the kinematic conditions for being trapped at their
IV. RESULTS production point and escape in a very short time to the outer
space. All intermediate situations between the stereotypes of
A sample of about 3% 10° CRs have been simulated, of quasitrapped and escape trajectories are in fact observed in
which 20% were effectively propagated to the atmospherghe simulation resultésee example in the bottom left of Fig.
(above the G( for detection altitudes going from sea level 2).
up to 1¢ km altitude, including the BESS/CAPRICE  Figure 2 shows four examples of characteristic trajecto-
balloon altitude €38 km), the AMS orbit altitude ries of antiprotons generated in this study. The four panels
(=370 km), and the recent BESS measurement terrestriglive a side view(projection on the meridian plane, top left
altitude (2770 m). The flux at sea level was calculated to side view zoomed around the production point showing the
investigate the possibility of ground level measurement ofpiraling trajectory of the particlé&op right, top view (pro-
atmospheric antiprotons with existing devi¢é8]. This was jection on the equatorial plane, bottom Jefand 3D repre-
achieved independently by BESS at mountain altitude andentation(bottom righ} of each of the selected trajectories.

the results are discussed below. The top left event1.52 GeV kinetic energyis an escape
particle produced close to the North Pole. Top right is a
A. Particle trajectories in the earth’s magnetic field semitrapped single bounce evéft54 Ge\f annihilating in

the atmosphere close to its production point. Bottom left is a

The time of confinement of particles in the earth environ- . X .
. - X . . - longer lifetime, multibounce, semitrapped evéa#8 Ge,
ment together with their particular trajectories determine g bp €2 v

. . . drifting around the earth for about three-quarters of a turn
their status with respect to the three categorles trapped, S€MYefore annihilation in the atmosphere in the region of the
trapped, and nontrappeéscapg Trapped particles are spi- o b atiantic anomalySAA). Bottom right is intermediate
raling back and forth around and along the magnetic fiel

. . . etween a semitrappe@ince it displays at least one clear
lines long enough to drift many times around the edste, .
for example,[54,55 and below. Trapped particles are not bouncg and an escape eve(t54 GeV. Itis a type of event

observed in practice in the energy domain considered herfor which the first adiabatic invariantmagnetic moment
X . Ty onservatiopis not conserved because of a large variation of
They are not dynamically forbidden, however, and a few

trajectories with a few 10bounces are observed, which cor- the magnetic field along the radius of gyratidis].
respond to short-lived trapped particles. Quasitrapped par-
ticles are in similar kinematic conditions but accomplish
only a limited number of bounces at mirror points before Figure 3 shows a few basic distributions of physics ob-
being absorbed or escapifgee examples belgwThis con-  servables relevant to the dynamics of the process for two
cept appeared during the first years of radiation belt studiedetection altitudes 38 knfsolid line) and 380 km(dashed

B. General features of the simulated data
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FIG. 4. Antiproton flux data at 2770 m measured by BE5SH
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Dotted line: transport equation calculation fr@6i)].
FIG. 5. Experimental zenith angle distribution of the antiproton

line) corresponding to balloon and satelli@MS) altitudes, flux at 2770 m in bins of kinetic energy compared with simulation
inside and outside the atmosphere, respectively. The rank ¢gSults:

the collision producing the antiprotdiop left panel on the

figure) appears to extend from 1 up to about 10 for the simudisions on the averagésee the previous section and Fig. 3
lated sample, showing thats are produced up to the tenth Another highly sensitive test of the overall calculation is
generation in the collision cascade. The distributions are @arovided in[22] on the atmospheric proton flux.

little different for the two altitudes, with a significantly larger  Figure 4 shows thep spectrum at 2770 m of altitude
number ofp occurring from the first interaction at the lower measured by BESS, compared to the simulation results. The
altitude. The altitude distribution of the production point for |atter was run with the geometrical acceptance function of
the detection at 38 knitop right shows a discontinuity at the BESS spectrometer given [i60] (Figs. 4.37—4.39; see
this altitude due to the incoming flux dominated by produc-a|so[62]), the overall acceptance angle being of the order of

tion from the upper layer of the atmosphere. The mean progse The total CRo+ He and partial He fluxes are shown on
duction altitude is found around 46 km and 48 km for theihe same figure. The He flux contribution is seen to produce

lower and upper detection altitudes, respectively. The par- . 0 —
ticle momentum spectrum at the production poinbttom a small fraction of about 5% of the futl flux. Although the

left) is found to be harder at the higher altitude. The numbertOtal flux calculated slightly underestimates the experimental

of bounces at the mirror points for particle trajectories Spi_values, the overall agreement is quite good, the calculated

raling around the magnetic field lines are found, as expectey2/U€s being on the average within one standard deviation
to be very different for the two altitudes of detection. At 38 from the experimental values. This gives confidence in the
km, only a small population is seen to reach a number ofesults of the calculations obtained for the other altitudes
bounces larger than a few units—6). This flux is signifi-  investigated and reported below.
cant, however, and must correspond to trajectories lying Figure 5 compares the experimental zenith angle distribu-
moitly outside the atmosphere. At 380 km, the observed flugons of thep flux to the calculated valuedhistograms for
of p trajectories with more than one bounce is larger bythe same kinetic energy bins as measured by BB On
about two orders of magnitude than at 38 km, correspondinthis figure, the overall agreement between data and calcula-
to the population of quasitrapped particles as discussed préions again appears to be good for all energy bins.
viously in [23,58. Note that no upward particles were produced at this alti-
tude in the simulated sample, as could be expelt&fl
C. Antiproton flux at mountain altitude

ey . D. Balloon data
The recent measurements of fhieflux at 2770 m altitude

by the BESS Collaboratiof69] (see alsd60]) allow us to In this section the atmospherE flux at balloon altitude
perform a sensitive test of the ability of the present simulais investigated for comparison with the atmospheric
tion program to account for the observed flux since at thigy corrections made to the raw flux data in the BESS and
altitude thep production occurs after a cascade of four col-CAPRICE experiments.
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“ rect the measured raw flux. There is a slight trend, however,
F for the simulation results to be larger than those obtained
from the differential equation approach by about 20% over

the range 10—-30 GeV. At low energies the opposite trend

is observed and the simulation results are found significantly
below the values obtained from the differential equation.
One might say that the simulation results should be taken
with care below 1 GeV because of the lack of experimental

cross sections for low energE production, and thus the
large corresponding uncertainties in the results of the simu-
lation over this range; however, it must be noted that the

calculated cross sections for lopr momentum should be
reliable in principle for the following reason. The

E distribution is naturally symmetric in the rapidity space.
2 The fitting function has the same property since it depends

2
10 ! 10 e (GeV/nl)O only on variables matching this symmetry. Therefore a good

fit to a set of experimental cross sections forrapidities
above the center of mass rapidity ,,, automatically ensures
the right behavior of the calculated values for rapidities be-
0.7 < 6w < 0.8 low Y¢ ., i.e., for particle momenta in the laboratory frame,
' o because of the symmetry law.

To conclude this section, the atmosphegidluxes calcu-
lated in this work confirm the corrections of the raw flux
2] values measured in the BESS and CAPRICE experiments.

This result updates and corrects a previous preliminary con-
clusion on the issug53] recently quoted if64].

The contributions ofA>4 CR components were not in-
cluded in the calculations, neither were those from the

nonannihilating inelastic contributions ip propagation
through the atmosphere. These contributions are small, how-
ever, and not likely to change the results by more than a few
percent 26].
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Future satellite experiments in preparation plan to mea-
FIG. 6. Top: BESS results: Galactic antiproton distributions de-sure thep flux. A reliable knowledge of the atmospheric

duced from the datéfull square$, atmospheric antiproton flux from | flux at satellite altitudes is therefore highly desirable for

Ref.[61] (curve), and corrections applied by the author®5]to  these experiments to build on grounds already explored. The
co_rr_ect the raw flux values for the atmosphenc contrlbutlo_n in thea fluxes calculated for the altitude of the AMS orbit are
original work (open crosses compared with the atmospheric flux

obtained in the present work; all CR proten “He contributions pre;ented;n :]h's Seﬁt'on' dd dari d
(thick histogrami, CR “He contribution(thin histogram. Bottom: igure 7 shows the expected downwasecondaries an

Same for the CAPRICE experiment ddt8] (open squargsand reentrant _albedo, ‘?'ashed histogyaand upward(s_plash_ al-
corrections applied if13] (star symbols In both panels®g, P€do particles, solid histograrfiux of atmospheric antipro- -
stands for the geomagnetic latitude of the measurements. tons at the altitude of AMS for three regions of geomagnetic
. latitude: equatorial (6|6y|<0.2 rad), intermediate (0.2
Figure 6 shows the values of the galagiidiux obtained <|6y|<0.4 rad), and subpolar (08§6y|<0.9 rad). As
from the BESS and CAPRICE measurements. These valuexpected, the flux is predicted to be larger for the lower
were obtained from the measured raw flux by subtraction ofatitudes than it is around the poles, because of the existence

the atmospherip flux evaluated using an average of theo- of quasitrapped components at the low and intermediate
retical calculations for the BESS experiméhb], and using latitudes. Note that the simulated flux is surprisingly pre-
the calculations of Ref61] for CAPRICE. On the figure, the dicted to be larger downward than upwatdottom left
atmospheric flux calculated {i61] is compared with the re- pane). This is in fact an effect of the spectrometer accep-
sults from the present worlsee alsd17]). For the two sets tance(taken to be 30° with respect to the zepjtthe mean

of data, it appears that the present calculations are in fairlgngle for upward particle trajectories being 2 rads. The over-
good agreement with the atmospheric antiproton flux oball upward flux is larger than the downward by a factor of
tained from transport equation calculations and used to combout 2.5[43,53. This shows that future satellite measure-
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FIG. 7. Atmospheric antiproton spectra expected from the 1 10 102 10
present work for the AMS experiment on the International Space Altitude (km)

Station at 380 km of altitude for four bins of latitudes, compared

with the AMS, BESS, and CAPRICE dafa5,16,63 in the polar
region (bottom righj. Full line: Downward flux. Dashed line: Up-
ward flux. The increasing flux with decreasing latitude is due to th
larger (quasjtrapped particle population closer to the equdsme
text).

FIG. 9. Integrated antiproton flux versus detection altitude in
bins of latitudes between equator and poles, for downwsotid

Giine) and upwarddashed lingp flux.

F. E and n fluxes at terrestrial altitudes
ments of antiproton flux at low latitudes will have to be
corrected for the atmospheric contributions and will probably, \ 4t 1o provide a realistic order of magnitude of these

suffer more uncertainties than previously thought. fluxes for general purposes and for ground testing of em-
The lower right panel compares thpe data at TOA re-  parked experiments.

ported by AMS[63], BESS[15], and CAPRICE 13] to the Antiprotons The flux of atmospheric antiprotons at sea

flux calculated in the polar region where the AMS data wergleve| has been calculated with the same simulation program.

measured. The calculated(downward — atmospheric  Figure 8 shows the distributions obtained at sea I¢ket)

p component is at the percent level of the measured flux irand at 4000 m. The energy integrated flux is of the order of

the low energyp range, and can be considered as negligibled.4x 1073 p s *m~2sr ! at all latitudes(see Fig. 9 below

Thep andn fluxes have been calculated at sea level also

at all energies. At 4000 m (right panel on the figupe the flux increases to
10° 10°F
F% i 2< Oeu< .6 F%\ i 2< Oueu < .6
= [ . com S - = F . e < .
@ -6' @ -6'
10 F 10 F
(%] F (2] F
E E |
x t x L
S 7 = -7
10 | L 10 3
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9| 9|
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FIG. 8. Simulation results for the antiprotofthick line) and antineutronsgthin line) flux at sea levelleft) and at 4000 m of altitude
(right).
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about 7X 103 55—1 m2sr ! These values are small but €nding approximately over a decade of altitudes, from about

large enough for this flux to be measured by currently exist20 km (TOA) up to ”1_04 km, depending on the particle

ing large acceptance detectdBESS, CAPRICE or in the ~ €nergy and latitude. This flux has been observed already by

near future by new detectors under constructi®ms the AMS experiment in the lower part of the altitude range

PAMELA). " (380 km) [23]. Note that the issue was discussed long ago in
Antineutrons Atmospheric secondary antineutrons may?@ Pioneering paper about the electron fl6x]. See als¢22]

also be of interest in ground or balloon measuremgBs: (companion paperfor.a complementary discussion. The en-

Figure 8 shows the kinetic energy spectrum of the expectef9Y Spectrum of this flux extends up to around 10 GeV,

— . . . which is about the upper momentum lim@®.5 Ge\j for
n flux at sea level and at 4000 fthis latter altitude being which particles can match the simple geometrical condition

that of the Cerro La Negra Observatory in Mexico, Wherethat the gyration radius is smaller than the mean trajectory

Ezmg (ggﬁ(sairén;zrggé]r)neasurements of the antineutron flux arr%dius to the upper atmosphéfer equatorial latitude trajec-
' tories, at the limit of large pitch angles, close#d?).
Future experiments should take these features into ac-
count, even though, in principle, an accurate knowledge of
The p flux has been calculated up to altitudes of the kinematical conditions of the particle at the detection

2 10* km with the aim of investigating the general featuresP0int allows one to know whether it is or is not of atmo-
of the dynamics and kinematics of the particles in more reSPheric origin.

mote earth environments than considered in the previous sec-
tions. V. SUMMARY AND CONCLUSION

Figure 9 shows the altitude dependence of the energy in- In summary, the secondary antiproton flux produced by

tegrated upward and downwapl flux in bins of latitude, the cosmic ray proton and helium fluxes in the atmosphere
assuming a geometrical acceptance of 30° for the detectohas been calculated by Monte Carlo simulation. The flux
The calculated distributions display two main features.  cajlculated for the altitude of 2770 m is in fair agreement with
(1) In the atmospheric range of altitudes, a large peak ofhe recent BESS measurements. At sea level, it is small but
incoming flux centered around 20 km and corresponding t@neasurable and could provide a natural facility for testing
atmospheric  secondaries dominates the distributioghe identification capability of existing experiments or of fu-
(=50 km, i.e.,= TOA), with basically no associated outgo- tyre devices. For balloon altitudes, the calculated flux has
ing flux (inside the quoted acceptance angle been found to be in agreement with the values calculated in
(2) Above the atmosphere, surprisingly, the calculated upprevious work. At satellite altitudg880 km it appears to be
ward and downward fluxes are found close to each other URegligible compared to the CR flux for polar latitudes, and of
to fairly high altitudes, namely=10" km, for the low and  the same order of magnitude as for the high balloon altitudes
intermediate latitudes|@y|=<0.7 rad). This shows that a for equatorial and intermediate latitudéz=low the geomag-
population of quasitrapped particles should be observed iRetic cutoff, indicating that it will have to be taken into

this region of space, i.e., up to around 5000—-10000 km. Thigccount in future measurements of the galactic antiproton
is confirmed by the lifetime of the particles between theirflux at similar altitudes.

production and their absorption, and by the number of

bounces of the particles between the mirror points of their

trajectories, which extend up to 100 s and severat 10 ACKNOWLEDGMENTS

bouncegsee Fig. 3, respectively, for the simulation sample . o .
produced. At higher latitudes with €,/ =0.7 rad), the in- The authors are indebted to V. Mikhailov for helpful dis-

coming flux progressively disappears, and the outgoing flugussions on the issue and for pointing RE§7] to them.
then corresponds to escape particles. They are also grateful to M. Nozaki, M. Fujikawa, and the

From these calculations it can be concluded that theréESS Collaboration, for providing their measurements of
should exist a significant flux of quasitrapped particles ex{ flux at 2770 m prior to publication.
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