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ABSTRACT

Following a suggestion of Webber that early calculations underestimated the intensity of secondary anti-
protons, we have systematically reexamined three aspects of the calculation: the normalization and shape of
the present interstellar spectrum, nuclear enhancement of antiproton production in collisions involving nuclei,
and the mean energy-dependent residence time of secondary nuclei and antiprotons in the Galaxy. In particu-
lar, we have a new estimate of the nuclear enhancement factor, based on the wounded nucleon model. Here
we find that the presence of heavy nuclei in the cosmic rays increases the antiproton flux by only 20% over a
pure proton composition. We conclude that the reported experimental values of the antiproton-to-proton
ratio of E, ~ 6-12 GeV remain significantly above the range of theoretical expectation allowed by uncer-

tainties in the input assumptions.
Subject headings: cosmic rays — elementary particles

1. INTRODUCTION

Antiprotons offer an interesting probe of cosmic-ray propa-
gation models that is complementary to information provided
by secondary nuclei such as lithium, beryllium, and boron or
the secondaries of iron. Although antiprotons are generated by
collisions with interstellar matter just as secondary nuclei are,
the details of the production process are in some ways very
different. Unlike the spallation cross sections that determine
the observed ratios of nuclei, the cross section for p production
has a high threshold (6 GeV nucleon ! kinetic energy), and it
increases rapidly for more than two decades in energy. In addi-
tion, unlike secondary nuclei, antiprotons reflect primarily the
propagation history of the (dominant) proton component of
the cosmic radiation, which could, in principle, be different
from that of heavy nuclei.

Secondary cosmic rays are produced when primary cosmic
rays collide with interstellar gas as the primaries diffuse from
their sources through the turbulent magnetic fields of the
Galaxy. The observed intensities of the secondaries depend
both on their production rate and on their subsequent diffu-
sion in the galaxy. Since observations are made at 1 AU, the
observed fluxes also depend in an important way on solar
modulation as the particles diffuse into the inner solar system.

After briefly reviewing the procedure for calculating the sec-
ondary fluxes, we proceed to reexamine the normalization and
shape of the primary spectrum and the residence time or path-
length parameter, which characterizes the propagation of sec-
ondaries after they are produced. We next consider the small
but nonnegligible presence of nuclei as projectiles and targets,
both of which affect the production rate of secondaries. We use
the “wounded ” nucleon model to scale nuclear multiplicities
to those in the proton-proton collision. Webber & Potgieter
(1989) argue that all these effects have been wrongly estimated
in previous calculations, in a direction that underestimates the
secondary antiproton flux. We assess the range of uncertainty
for each factor in the calculation and evaluate how it propa-
gates through to the expected antiproton flux. Our conclusion
is that there remains a significant discrepancy with present
measurements of antiprotons with energies of 6-12 GeV. The
major source of difference between our result and that of

Webber & Potgieter is the nuclear enhancement factor, which
turns out to be significantly smaller than the one they used.
The major remaining uncertainty in interpretation of measure-
ments of antiprotons as a probe of cosmic-ray propagation is
the effect of solar modulation. We compare our calculated p
flux to data in two ways: (1) we compare the predicted inter-
stellar flux to Perko’s (1992) demodulated fluxes, and (2) we
modulate the antiproton fluxes to get a modulated p/p ratio at
1AU.
2. FACTORS IN THE CALCULATION OF THE
SECONDARY p FLUX

We begin with the general equations for secondary particle
production and propagation in the Galaxy and later specialize
to the antiproton case. In this way we hope to emphasize the
generality of our antiproton flux result, which holds in a disk-
halo diffusion model as well as in the standard leaky box
model.

The number density of secondary cosmic rays per unit
energy interval N(E) in the Galaxy can be calculated from the
stationary solution of the continuity equation, i.e., ON/dt = 0:

% N(E,r)=0=Q(E, ) — V- [(u— DV)N(E, r]

1 0
—— N(E,r)— —=b(E)N(E, r) .
+ NAE,») = S BEINLE, ). (1)

The first term on the right-hand side of the equation is
QJ(E, r), the production rate of secondary particles, and can be
written schematically as:

— M ﬂ(_r)_ ’ ’
QJ(E,r)=4n f IE > Jp(E', r)dE' . ?)

Jp(E, r) is the flux of primaries at position r in the Galaxy,
which is assumed to be uniform throughout (at least) the
Galactic disk including the region near Earth (just outside the
heliosphere). The interstellar density p drops off outside the
disk, and diffusion occurs in a region that includes both the
gaseous disk and some part of a halo. The quantity {(m) is the
average mass of an interstellar atom. The same p(r) and Jp(E, r)
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are used in the calculation of both secondary nuclei and anti-
protons. The main difference is that, for secondary nuclei, only
primaries with atomic numbers greater than those of the rele-
vant secondaries are used. In addition, the spallation cross
sections for production of secondary nuclei are approximately
proportional to a Dirac delta function §(E — E'), so the inte-
gral over energy per nucleon collapses.

The next term is the secondary loss rate due to diffusive
(with diffusion coefficient D) and convective (with convection
velocity u) flows out of the Galaxy. Here we are not concerned
with the details of how the particles move in the Galaxy but
rather with the temporal and spatial (over the Galactic disk)
averaged values of the secondary flux. In this spirit we can
replace the diffusive-convective term with N(E)/t(E), where
the characteristic time t,(E) has different interpretations in dif-
ferent models. In the leaky box model it is the mean escape
time from the containment region. In a diffusion model it is the
residence time in the gaseous disk. In both cases, the disk is
assumed to be the source region for secondary cosmic rays
(antiprotons as well as nuclei). In diffusion models the disk also
contains the sources of the primary cosmic rays. In a diffusion
picture “residence” time 7(E) is related to a combination of
the diffusion coefficient and Galactic dimensions. It is generally
believed that this escape time depends on rigidity, not energy;
thus, the energy dependence of the escape time is different for
secondary nuclei and antiprotons. The main point we wish to
emphasize is that our results follow from the assumption that
antiprotons are produced in the same regions as secondary
nuclei (ie., from collisions in the interstellar medium [ISM]),
and they see the same Galactic diffusion as the secondary
nuclei. This assumption holds in the “leaky box” model or
“leakage lifetime approximation” and also in more general
diffusion models.!

The third term on the right-hand side of equation (1) repre-
sents the loss due to inelastic collisions, with characteristic time
7;. An antiproton can survive the inelastic collision, albeit with
a lower final energy, so to be correct we should also include a
term to account for these surviving antiprotons. However, the
fact that the residence time is shorter than the interaction time
ensures that these surviving antiprotons will make only a small
contribution to the flux. This is especially true at high energy,
since the residence time 7, decreases with energy. We have used
the cross sections given in Tan & Ng (1983) to calculate the
effect of including inelastic scattering. We find that inelastically
scattered antiprotons contribute less than 10% of the flux at
kinetic energies =2 GeV, and the fraction decreases as the
energy increases. If one considered a closed galaxy model, for
which the residence time is assumed to be very much greater
than the interaction time, the inelastically scattered anti-
protons would become an important source of p flux
(Protheroe 1981). Since we are mainly interested in the anti-
protons at energies of 22 GeV with short residence times, we
will ignore the inelastically scattered antiprotons.

The last term describes the energy loss or gain of secondaries
as they propagate. The term b(E) is the average rate of energy
change for a secondary of energy E. The only significant energy
losses for antiprotons and nuclei are from plasma scattering
and ionization, both of which are irrelevant for antiprotons at
kinetic energies 21 GeV. The b(E) term can also represent

! This issue has been discussed in a number of references. For the relation to
a diffusion model see, e.g., Cesarsky & Ormes (1987) or chap. 9 in Gaisser
(1990).

possible “reacceleration” as the particle travels through the
Galaxy. This reacceleration must occur on some level, but its
importance is not well known. Here we will ignore reaccelera-
tion, keeping in mind that reacceleration can affect the p/p
ratio (Simon, Heinbach, & Koch 1987).

With these simplifications, equation (1) reduces to

1 1

= N(E)+— NJE) = 0B). ©
It will be more convenient to work in terms of flux, J(E) =
vN(E)/(4n):

vt,  QJE)
1+ 1./t

JJE) = , @)
where v is the secondary particle velocity. The characteristic
time 7, depends on the energy of the propagating (secondary)
cosmic-ray nucleus or antiproton. It is related to an “escape
length” by

AdE) = vpt (E) . ©)

Specializing to the antiproton case, the source term is explic-
itly written

— (E) J—eu J(E)E, , ©)

where Opp-5 is cross section for proton-
proton — antiproton + anythmg. The factor € is needed to
account for effects of nuclei in the interstellar gas and in the
cosmic-ray beam, and the factor of 2 accounts for antiprotons
produced by antineutron decay. This source spectrum of anti-
protons is quite narrow, with most of the yield between 0.5 and
15 GeV.

2.1. The Local Interstellar Spectrum

From equation (6) we can see that the antiproton flux
depends directly on the energy spectrum of the primary cosmic
rays. Any uncertainty in the normalization and shape of the
primary spectrum thus leads to a corresponding uncertainty in
the calculated antiproton spectrum. To see what primary ener-
gies are most important, it is helpful to look at the response
curves for produced antiprotons in Figure 1, which shows the
integrand of the source term (6) normalized to the value of the
total integral. The six curves correspond to the differential
fraction of antiprotons at energy E,,,, produced by primary
protons of kinetic energy E,. An important kinematic effect of
the high threshold energy for antiproton production is that
even low-energy antiprotons require high energy for their pro-
duction (Gaisser & Levy 1974). In fact, as E, decreases below 1
GeV kinetic energy, the mean parent energy increases. This
kinematic feature has two consequences for antiproton pro-
duction: (1) there is a suppression of the intensity of anti-
protons below 1 GeV, and (2) only primaries with E 2 10 GeV
are important in the source calculation (6), and in this high-
energy regime uncertainties in the parent spectrum due to solar
modulation are relatively unimportant.

The spectral index of the primary proton spectrum above 10
GeV is known to a high degree of accuracy. From any given
experiment, the calculated fits to rigidity spectra find spectral
index errors in only the third significant digit. However, this
small error is still significant for calculating the antiproton flux
at energies of a few GeV. Over this range of energies, an error
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Fi1G. 1.—Fraction of antiprotons of energy E,, produced by primary
protons of kinetic energy E,. The threshold for antiproton production (6 GeV)
is apparent. Antiprotons with energies below 1 GeV must be produced with
large backward momentum in the center of the momentum frame, and hence
are mostly produced by large energy primaries.

of +0.05 in the spectral index leads to a 20% spread in the
antiproton flux at 5-15 GeV energies.

The range of high-energy proton spectra is shown in Figure
2. The heavy dotted lines indicate extreme ranges of spectra
that we use to estimate the uncertainty in the calculated inter-
stellar antiproton intensity from this source. The motivation
for these forms is discussed in detail in an appendix. Basically,
there are two uncertainties. the spectral exponent and the nor-
malization. Averaging over all experiments in Figure 2, we find
that the data can be well fitted with a spectral exponent in the
narrow range of 2.65-2.75. However, the absolute fluxes
reported vary by ~ +25%. Given the enormous difficulty of
determining absolute fluxes at the top of the atmosphere, this
normalization difference may well be due to systematic experi-
mental errors. To quantify the spectrum errors, we take the
hardest y = 2.65 spectrum with the highest measured (Webber,
Golden, & Stephens 1987) fluxes (upper-bound spectrum) and
the softest y = 2.75 spectrum with the lowest measured (Seo
1991) fluxes (lower-bound spectrum).

2.2. Path Lengths in the Galaxy

The escape length that governs propagation of secondary
cosmic rays (antiprotons as well as nuclei) is determined by
fitting the observed ratios of secondary to primary nuclei (e.g.,
B/C). A good fit to the high-energy secondary abundances is
obtained by describing the path length as a power law in rigid-
ity, just as would be expected in diffusion models (Ginzburg &
Ptuskin 1976). As the rigidity is lowered below x4 GV, the
path length decreases, which can be modeled as a power law in
the particle velocity. This can happen in some Galactic propa-
gation models, since the escape mechanism becomes convec-
tion instead of diffusion at these rigidities. Since the
measurements of the HEAO 3 satellite, the values of the path
length can be calculated with some precision. A large number
of groups have independertly calculated fits to the path length,
and a sampling of post-HEAO fits is plotted in Figure 3.
Recently, the French-Danish collaboration which operated the
HEAO 3 C-2 cosmic-ray heavy nuclei experiment have re-
analyzed their data (Engelmann et al. 1990) and, for reasons we

A, gm/cm
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FiG. 2—Interstellar proton spectra. The data are from the following refer-
ences: Ryan, Ormes, & Balasubramanyan (1972), Smith et al. (1973), Badhwar
et al. (1977), Webber, Golden, & Stephens (1987), and Seo (1991). The rough
shape of the interstellar proton spectrum is generally agreed upon, but the
normalization and the steepness of the rolloff below a few GeV are somewhat
uncertain. Plotted are some examples of fits (Szabeleski, Wdowczyk, & Wolf-
endale 1980; Webber & Potgieter 1989; Garcia-Munoz, Mason, & Simpson
1975; Ip & Axford 1985), as well as some spectra we have designed to give
upper and lower bounds to the p flux and the p/p ratio.

will discuss, found a somewhat larger path length, which is also
displayed in Figure 3.

The path length depends on rigidity. Since the relation
between rigidity and energy per nucleon differs significantly for
secondary nuclei and for particles with Z = A (i.e., protons and
antiprotons), some care is needed in translating from the
escape lengths determined from secondary nuclei to those
appropriate for antiprotons. This is especially important at low
energy.

A parameterization used by Ormes & Protheroe (1983) is

1 n/2 _
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Fic. 3—Different fits to the path length (Engelmann et al. 1990; Webber &
Potgieter 1989; Ormes & Protheroe 1983; Tan et al. 1987; Krombel & Wie-
denbeck 1987; Heinbach & Simon 1990). The heavy dotted lines are the esti-
mated maximal errors to the path-length fit given in Garcia-Munoz et al.
(1987). Path lengths agree roughly for energies above 3 GV; however, the fits
show a large spread below this energy.
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where R is the rigidity (in GV) of the particle; A, n, and J are
constants fitted to the data; and R, also fitted, is the rigidity
above which diffusion becomes more important than convec-
tion. Ormes & Protheroe used R, = 1.88 GV, which, for nuclei
with A/Z = 2, reduces the form of the path length to

Ao =AB'R™?%, ®)

where fc is the velocity. Ormes & Protheroe (1983) found a
good fit with n ~ 3, although typically n = 1 is now found to
be in better agreement (Cesarsky 1987). In order to find the
appropriate escape lengths for antiprotons, we have replaced
by B/(4 —3B%)Y2, as would be appropriate in the param-
eterization of Ormes & Protheroe for A/Z = 1, and plotted the
results in Figure 3. It is not clear that this is the proper way to
parameterize the low-energy path length for both particles and
nuclei. In fact, Webber & Potgieter (1989) do not make this
substitution. However, this uncertainty only affects very low
energy particles. For instance, the difference between making
and not making our substitution for § leads to a difference of
less than 10% in the path length for kinetic energies above 3
GeV.

All of the path lengths in Figure 3 agree roughly in the
rigidity range 2 GV < R < 50 GV, although the agreement is
worst below 2 GV, possibly owing to large uncertainties from
solar modulation effects. The main uncertainties in these path-
length calculations are due to three sources of error: (1) there
are uncertainties in the measured secondary-to-primary ratios,
(2) the calculations require nuclear cross sections, some of
which are not measured and have to be estimated, and (3) at
low rigidities there are small uncertainties due to the effects of
solar modulation. A comprehensive set of the data on elemen-
tal abundances has been compiled by Garcia-Munoz et al.
(1987), who have used these data to evaluate path lengths and
the path-length distribution function. They find an average
path length which is in good agreement with those in Figure 3,
at least for rigidities 22 GV, where solar modulation effects
are not expected to be too important. They also found evidence
for a depletion of short path lengths, but this was unimportant
for cosmic rays of =1 GV nucleon™?, so we will not include
this effect.

More important, Garcia-Munoz et al. have estimated the
size of the maximum systematic error in average path lengths,
represented in Figure 3 by the heavy dotted lines. The
maximum possible error is roughly a range of +35% from
their best-fit mean value. With the exception of the Engelmann
et al. (1990) result, the path lengths are well within the Garcia-
Munoz et al. error estimates above 4 GV, with the Webber &
Potgieter (1989) value closest to the Garcia-Munoz et al. mean.
Below 2 GV the agreement is not as good. The Webber &
Potgieter path length is close to the estimated upper limit of
Garcia-Munoz et al. and that of Heinbach & Simon (1990) is
close to the lower bound of Garcia-Munoz et al. This is the
regime where solar modulation effects are important, and some
of the extra discrepancy may be due to solar modulation
uncertainties. Thus below 4 GV, we will allow for a larger error
than do Garcia-Munoz et al. in our estimate for total possible
error, partly to cover solar modulation uncertainties and also
to cover uncertainties in the low-energy path-length param-
eterization.

The new path length of Engelmann et al. (1990) differs from
the results of oider calculations, including previous results
from that same group, in several important ways. First, they
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have used new data on helium cross sections (see Ferrando et
al. 1988) to determine the production of nuclear secondaries.
They also have reanalyzed the data from the HEAO 3 experi-
ment with new and more accurate estimates of instrumental
corrections, with the result that the measured boron/carbon
ratios have changed slightly. Both of these effects should be
accounted for in the Garcia-Munoz et al. error estimate, and,
indeed, these two effects alone will not cause the path length to
be larger than the maximum estimate in Figure 3. There are
two more pieces of information included in the Engelmann
calculation which push the path length to a value just outside
the error range. The major effect is that they have included
energy losses from propagation in the ionized component of
the interstellar material (Soutoul & Ferrando 1989), which is
quite important for nuclei (because of the Z? dependence) at
several GeV nucleon™! energy but can be neglected for anti-
protons with greater than GeV energy. To compensate for
these energy losses, the path length at higher energies have to
be slightly increased. Another minor effect is that Engelmann
et al. (1990) have used a slightly higher helium concentration
(10% versus 7% of Garcia-Munoz et al. 1987), which results in
a smaller number of interstellar targets per gram of interstellar
material, implying that a longer path length is needed. We
agree with the approach of the Engelmann et al. calculation,
i.e., that they are using the right ingredients for the best pos-
sible calculation. Thus we ought to use their path length as a
baseline for our calculation and consider an error range about
their calculated value. The errors in cosmic-ray flux measure-
ments from HEAO and uncertainties from unknown nuclear
cross sections have been reduced, so presumably the error
range of Garcia-Munoz et al. is too generous. However, to be
overly conservative, for our upper limit on the size of the path
length we will use the full +35% error range applied to the
Engelmann et al. path length (i.., 1.35 times the Engelmann et
al. value of A). For the lower limit we will use the —35% error
applied to the Tan et al. (1987) path length. This will allow for a
very large range of path lengths to cover any other uncer-
tainties.

As Webber has emphasized, many of the previous calcu-
lations of the p/p ratio were done at a time when estimates of
the path length were somewhat smaller than the path lengths
in Figure 3, at least in the energy range covered by the Golden
et al. (1984) measurements (4—13 GeV). For example, in 1981,
the best current value of the path length (Protheroe 1981) was 7
(R/4 GV)~°%* g cm ™2, which decreases to 4.8 gcm ™2 at 10 GV.
This is nearly a factor of 2 below the most recent estimates of
escape path length. Thus we conclude that it is important to
use modern values of the path length (as pointed out by
Webber & Potgieter 1989) in calculations of the antiproton
flux. Further discussion of the results will be postponed until
after a derivation of the nuclear factors in the next section.

2.3. Nuclear Factors

In this section we consider the effect of nuclei in the cosmic
radiation and the interstellar medium. The flux of antiprotons
at a given energy will have the value where p production is
balanced by p escape (eq. [4]):

wr, RM, g
JAE;) = ——=— I | 2228 j(E)E; . 9
R b LT
Here J; is the flux incident particles of type i, 7, is the residence
time in the Galactic disk, the leftmost sum is over the types of
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(incident) nuclei present in the cosmic-ray flux, and the right-
most sum is over the nuclei (targets) in the ISM; m; and p; are
the mass density of nuclei in the ISM, and 6,7, is the cross
section for production of antiprotons resulting from the colli-
sion of nuclei i and T. The factor of 2 in front of the integral
accounts for the production of antineutrons, which quickly
decay into antiprotons. We would like to rewrite this in terms
of an incident spectrum of primary protons colliding with
hydrogen targets and treat the presence of heavier nuclei in
cosmic rays and the ISM as a multiplicative “enhancement”
factor e.

First we rewrite this equation in terms of parameters more
convenient for the calculation of this factor €. We scale p; and
J{E;) in terms of abundances relative to hydrogen:

pr_prmypu_ (nr
Ny

Pu
—. 10
1smM My (10

The next factor is the incident spectra. The ratios of fluxes of
heavier nuclei to protons in the cosmic rays is roughly constant
(Simpson 1983) above a few GeV nucleon™?, and this is the
range of importance for p production. Thus the incident flux of
all cosmic-ray species can be written approximately as pro-
portional to the incident proton flux at a fixed energy per
nucleon:

JAE,), (11)
CR

np(Ei)

where the subscript CR indicates these abundances are the
abundances in the cosmic rays. Our differential p spectrum

equatlon now apears as
( )
CR ”H

doir.;
X J —dEL_B J(E)AE, . (12)
p

Ji(Ei) = ’:

2vt, py

CR ISM ni
B = Tt ey = & (n')

IsM

We evaluate any dependence of the cross section on the inci-
dent energy per nucleon at the value of the incident proton
energy in equation (12). The ratio of cosmic-ray abundances
therefore must be evaluated at the same energy per nucleon.

In order to compute the flux of antiprotons produced, we
need the cross section for p production from nuclear collisions.
While the cross section for pp — p has been fairly well mea-
sured, the cross sections for heavier nuclear are not. A theoreti-
cal model of the scaling of the production cross section exists
called the “wounded nucleon” model (Bialas, Bleszynski, &
Czyz 1976), which seems to describe nuclear collisions quite
well. It is successful at predicting pion and kaon multiplicities
in proton-nucleus collisions (Brick et al. 1989) at high energies
(200 GeV protons on nuclear targets), and, more important for
the cosmic rays, in helium-helium collisions at energies
(s)*/*> =31.5 and 44 GeV nucleon™! in experiments at the
CERN ISR (Akesson et al. 1982; Faessler 1984). We here
assume that the wounded nucleon model also correctly relates
the p multiplicity in nuclear collisions to that in pp collisions,
although this remains to be experimentally tested. The basic
idea is that in a nuclear collision, an incoming nucleon can
strike more than one nucleon on its way through the nucleus,
and that each struck nucleon contributes a multiplicity equal
to half that of an independent nucleon-nucleon collision. The
number of wounded nucleons is found by averaging the
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nuclear shapes over impact parameters and dividing by a
proton diameter. The multiplicitly of produced particles in a
collision between a nucleus with A nucleons (nucleus A) and a
nucleus with B nucleons (nucleus B) is given by (Bialas et al.
1976)

1 (Ao 5; B : 1
Bag = E < OB, inel + GpA,lnel)npp == Waph (13)

pp °
O AB, inel 0 4B,inel 2

Where 04p inei(0,a,ine) 18 the total inelastic cross section for a
collision between nucleus A and nucleus B (between a proton
and nucleus A) and n,, is the mean multiplicity of a pp colli-
sion. The terms inside the parenthesis are respectively the
number of wounded nucleons in nucleus A and nucleus B, and
wyp is the total number of wounded nucleons.

It is also necessary to account for the fact that the nuclear
cross section is larger than a proton cross section. Thus we
write

1 o

iT,inel
Oir-p =S Wir — Oppsj
2 O-pp,inel
1 Opp—rp
= :«2— (Az o-pT,inel + ATapi,inel) G ’ (14)

pp,inel

where A;, Ay are the atomic numbers of the incident and target
nucleons. The crucial assumption here is that the momentum
distribution of produced antiprotons has the same shape in
nuclear collisions as in pp collisions. The inelastic p-nucleus
cross sections are measured, and analytic fits can be found for
them (Letaw, Silberberg, & Tsao 1983). Hereafter we will drop
the “inel” subscript from the cross sections and note that all
cross sections which appear will be the inelastic cross sections.
Using the scaling for the cross sections, then, we have

CR ISM i
VT, Pu m\| (nr
2E (LG

E— _———
THEp Ao, (1 +1./t) T F \n,
Oir | A0,z
o — | —EE=B J (E)E_, (15
X Wit o_ppJ‘ dEI', p( p) P ( )

ISM

where A, = my/o,,is a proton interaction length in hydrogen.
In order to get a numerical prediction for the p flux, we need
numerical values of t, and the average py seen by cosmic rays.
Information about these parameters is contained in the “path
length” described in the previous section. One then usually
makes some assumptions about the type of material through
which the cosmic rays must pass. For example, Webber &
Potgieter (1989) use a path length determined by assuming that
the ISM is 100% hydrogen. Thus their escape length is A =
vpy 7.. Garcia-Munoz et al. (1987) assume that the interstellar
medium is a mixture of 93% hydrogen and 7% helium; thus

A = vlpi + pHT. = 1.300p}T, . (16)

We will calculate the p enhancement factor due to heavier
nuclei in two scenarios: that of a pure hydrogen ISM and a
hydrogen-helium mixture. We will ignore all elements heavier
than helium in the ISM. This is consistent, even though we
include these heavier nuclei in the cosmic-ray flux, because the
escape path lengths are derived using these assumptions.
Including the heavier elements in our calculation would be
correct only if we had escape times derived with the same ISM
composition. We expect that including the heavier elements in
the ISM would change p production but would also alter the
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required escape time in such a way that the two factors would
cancel somewhat.

2.3.1. Pure Hydrogen Interstellar Medium

The formula for the equilibrium spectrum of antiprotons
simplifies in the case of a pure hydrogen ISM to

2,
(A, + Ao,
where we have defined the escape path length in hydrogen as

do, _ -
d’gi £ J(dE,)dE, ,

THE7) = (17)

H _
'Ie =0T Pu >

and €' is the nuclear enhancement factor in a hydrogen ISM:
CR ( & )
i np

n;
x ()
This sum is evaluated term by term in Table 1, with the result
that

1 G CR

Iy _ v

- w;
P
CR 2 app i

m (18)

CR

ip *

l=120.

Thus the resulting p flux will be 20% larger than if the
cosmic rays were pure hydrogen. The cosmic-ray abundances
in Table 1 were taken from the review article by Simpson

(19)

COSMIC-RAY SECONDARY ANTIPROTONS

179

energy abundances, since the threshold for p production is
about 6 GeV nucleon. ™1
2.3.2. Mixed Interstellar Media

Here we consider an ISM composed of 93% H and 7% He.
Again we write the p flux as

20M do,, .5
JAE;) = - M EPZP J (E YIE, , 20
W59 =G, e, J ag, JAEMEs,  (C0)
where 2M = 1.30vt¥p¥ and
1 R /n 1 ; ;
M — (—') = I:wi,, Jip 4 T (i') w,-a] .2
130 T \n,/ |cr 2 Opp  Opp \Mu/1sm

Here t is the escape time determined by allowing the cosmic-
ray nuclei to propagate through a mixed ISM. The 1.30 in
equation (21) is from the presence of helium (see eq. [16]).
Equation (21) can also be written in a simpler way:

1 [, 007
‘1.30(6 +093°€ )

where we have used the definition of € from the previous
section and now similarly define

M

22

CR
(1983), with the exception of helium, which was taken from He _ n 1 0uw_S(m
I : €= Z Wie - z my, . (23)
Webber et al. (1987). We note that it is important to use high- T\ k2 T, TN |
TABLE 1
NUCLEAR CONTRIBUTIONS TO €y AND €y,

Nucleus A; v? n/ny | cR® m,° €yt my* €ued
1 1 1 1 357  3.57
127 0042 357 0.150 12,6 0.53
1.28 23 x 1074 6.1 0.0014 22 0.005
1.39 12 x 1074 717 0.0009 22 0.004
1.48 3.6 x 107* 9.0 0.0032 32 0.011
152 12x 1073 99 0.0119 36 0.043
1.58 32 x 1074 114 0.0036 40 0.013
164 10x 1073 129 0.0129 47 0.047
173 23x1075 15 0.0003 52 0.001
1.76 1.7 x 1074 16 0.0027 55 0.009
1.82 36 x 1073 18 0.0006 62 0.002
1.86 42 x 1073 19 0.0008 64 0.003
1.92 38 x 1073 20 0.0008 71 0.003
194  17x107% 21 0.0036 73 0.012
2.00 1.0 x 1073 23 0.0002 80 0.001
2.02 33x 1073 24 0.0008 82 0.003
2.08 8.0 x 107¢ 26 0.0002 90 0.001
2.16 14 x 103 29 0.0004 100 0.001
214 11x107% 29 0.0003 98 0.001
216  22x107°% 29 0.0006 100 0.002
224 5.6 x 107¢ 32 0.0002 111 0.001
2.28 1.5 x 1073 34 0.0005 118 0.002
2.32 7.8 x 1076 36 0.0003 124 0.001
2.34 1.5 x 1073 37 0.0006 126 0.002
2.38 1.1 x 10~ 39 0.0004 133 0.002
2.39 1.1 x 107# 40 0.0044 135 0.015

* The cross sections used in the calculation of the number of wounded nucleons were
taken from Letaw, Silberberg, & Tsao 1983, except for the helium cross sections, which
were found in Faessler’s 1984 review of CERN ISR experiments.

® The helium abundance at greater than a few GEV energies is derived by Webber
Golden, & Stephens 1987, which (within errors) agrees with the result of Seo 1991. For the
heavier elements we use the abundances for energies of 1-2 GeV from Simpson’s 1983

review article.

e e 1 1
Antiproton multiplicities are defined as m,, = 30,,w,/6,,and m;, = 36,,w,/c,,.

4 Totals: € = 1.20; €, = 4.28.
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We have evaluated "¢ in Table 1 and found it to have the
value of

e =428 . 24)
Thus the total nuclear factor for this mixed medium is

o 120+ (0075)4.28) 152 _
1.30 1.30

This is 3% lower than that of a pure hydrogen ISM, but we
would expect that this difference will be compensated by a
larger value of M compared with A%. To see this effect for
antiprotons, just note that for the same ISM mass density we
count the helium as weighing the same as four protons.
However, the yield (in secondary production) of those helium
atoms is somewhat less than the yield of four protons, i.e.,

1.17. (25)

1 =
TWpa Ope = 3.570,, ,

so that the helium counts as only 3.57 protons in terms of
secondary yield. Thus, to give the same p yield, the cosmic rays
would need to stay confined in the Galaxy for a 3% longer
time.

™ 093+007(4) L03
1, 093 +0073.57)

A similar lengthening of path lengths has been seen for second-
ary nuclei as well (Ferrando et al. 1988). This difference is small
compared with other uncertainties in the calculation, and we
can ignore for now the ISM composition assumed when path
lengths are determined.

We estimate the error in our value of € to be no more than
about <10%. The accuracy of our calculation depends on the
elemental abundances, the p-nucleus cross sections, and the
precision of the wounded nucleon model. For helium, the
major contributor to €, all of these ingredients are known very
well. Thus, even if we make an error of 50% in our helium
contribution, we change € by (0.5 x 0.15)/1.20 x 100% = 6%.
If we were to make an error of a factor of 2 in the heavier
element contribution, this would change € by less than 5%.
Thus we do not expect that our value of € will change by more
than 10% with new measurements.

We make another conceptual error by assuming that nuclear
cross sections for antiproton production scale as a purely
multiplicative factor independent of energy relative to the pp
cross section. In fact, we expect the energy distribution of
heavy nuclei produced antiprotons to be somewhat different
from that of a pp collision. More precisely, we know that, in the
center of momentum/nucleon frame, the rapidity distribution
of produced antiprotons is asymmetric, whereas the pp colli-
sion distribution is symmetric. This means we should expect
that cosmic-ray protons colliding with an ISM nucleus will
produce antiprotons with a lower average energy than a
proton-proton collision with the same energy per nucleon.
Similarly, a cosmic-ray nucleus colliding with an ISM proton
will produce antiprotons with a slightly higher average energy.
One expects this fact to have little effect on the p energy spec-
trum because the average p momentum is shifted only slightly,
and heavy nuclei make up only a small fraction of matter. We
have explicitly evaluated this effect for a case where we ignored
elements heavier than helium in the cosmic rays and the ISM.
Using a Monte Carlo program, we calculated the energy dis-
tributions of antiprotons in a proton-helium collision. We
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found that the average momentum of the antiprotons changed
by +5% (—5%) in the laboratory or Galactic frame of refer-
ence, when the helium atom was the projectile (target). The
result of including this effect was that the p/p ratio changed by
~1%. Thus we feel we can simply scale the proton-proton
collision cross section without making appreciable errors.
2.3.3. Comparison with Other Calculations

Our value of 1.20 for € is not too far from earlier determi-
nations; for example, Szabeleski, Wdowczyk, & Wolfendale
(1980) (who considered only helium nucleus contributions)
found 1.25, and Orth & Buffington (1976) found 1.34. The Orth
& Buffington value differs from ours mainly in the calculation
of the multiplicity enhancement factor. Although the pro-
cedures for calculating multiplicities are somewhat different,
the basic disagreement is as follows. In our model, each
“wounded ” nucleon is responsible for one-half of the yield in a
pp collision (thus in a pp collision we have half the yield from
the target and half from the projectile). Orth & Buffington
assume that each participating nucleon yields four-fifths of a pp
collision, so their multiplicities are considerably larger than
ours. These multiplicities were used by Webber & Potgieter
(1989), along with cosmic-ray nuclear abundances which are
somewhat larger than the ones used here, to get a nuclear
enhancement factor of € = 1.59.

2.4. Results: Interstellar Predictions

We now combine the most extreme values of parameters,
using estimates of maximum possible error to show the range
of p fluxes and p/p ratios expected for antiprotons produced
purely as secondary particles. We summarize these results in
Figure 4 where we plot a band of predicted values which is
allowable given our estimates of the error, and the geometric
mean value in that band. The errors are more than a factor of 2
from the geometric mean value. For the high extreme bound of
our error we have used the high bounding interstellar spec-
trum, the Engelmann et al. (1990) path length multiplied by

1 E T T T T T 11T ﬁ - T T L [ T T T LI |§
e N —— error bounds 4
L * i
DN L e median value ]
i
0 A= — | —
o E 3
ot .
% - .
\LZ - 4
P
2 .01 rd —
: ]
@ = K / 7
3 r 1
8 - / i ]
. / ) X
2 i /| AN 1
2, / ; \
001 |- 7 / " —
F § H ..‘\_ E
C RV I Lol bl S L
A 10 100

Kinetic Energy (GeV)

F1G. 4—Interstellar p flux and the maximum possible error estimated from
combining uncertainties in the ingredients of the antiproton calculation as
described in the text. We have drawn a curve corresponding to the geometric
mean value between the minimum and maximum errors. No solar modulation
is done. We have plotted the corresponding interstellar p flux upper limits for
the PBAR ( filled hexagons; Salamon et al. 1990) and LEAP experiments (open
hexagons; Stochai 1990; Streitmatter et al. 1989) and measured flux values
from Bogomolov et al. (1987 [triangles]) and Golden et al. (1984 [squares]), as
given by Perko (1992), who demodulated the antiproton and proton fluxes
independently.
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1.35 (to add the 35% maximum error estimate of Garcia-
Munoz et al. ). For the lower bound, we take the lower proton
bounding spectrum, and use the path length of Tan et al. (1987)
multiplied by 0.65 (again for the maximum error estimate). To
each of these bounds we then have added an additional 10% to
account for uncertainties in the value of the antiproton pro-
duction cross section? at energies 10-100 GeV. This gives us a
wide range of error for the p flux. We have not included errors
in the nuclear factor, which we expect to be <10%.

3. COMPARISON WITH DATA

In order to compare our interstellar values with data at 1
AU, one must include the effects of solar modulation, which
can be quite different for particles of opposite charge signs. For
example, recent studies (Tuska 1990) have shown that the ratio
of the proton to electron fluxes can vary by as much as a factor
of 2 at an energy as high as 6 GeV. One way to handle this
effect is to calculate the different modulations empirically by
using a separate force field solution for each charge sign (Perko
1992). One fits solar modulation parameters for protons and
electrons at the epoch of interest, and then modulates the p and
p fluxes accordingly. By assuming the Ip & Axford (1985) elec-
tron and proton interstellar spectra (with -a normalization
much closer to that of Webber & Potgieter 1989), Perko (1992)
has found modulation parameters appropriate for the time of
each of the p/p ratio measurements. Then, by demodulating
each measurement, he arrives at the corresponding p fluxes in
interstellar space. These data are plotted in Figure 4. One can
see that the p fluxes are consistent with the error range of our
secondary p predictions, except for some of the Golden et al.
measurements, which are well above the maximum predicted
error, despite our generous allowances for errors in our param-
eters.

We can make another test of our predictions. Perko (1992)
has also given modulation parameters for the force field
approximation that can be used to modulate the calculated
interstellar antiproton spectrum to 1 AU for comparison
directly with measured p/p ratios. This is done in Figure 5 for
the epoch of the Golden et al. measurements. To find the error
range in this figure, we use primary p bounding spectra which
are designed to maximize errors in the p/p ratio (as seen in Fig.
2). (The details of how these bounding spectra are determined
can be found in the Appendix.) Once again we see that some of
the Golden et al. measurements are higher than the extreme
upper limit of our predictions. We must caution, however, that
the modulation parameters depend on assumed interstellar
proton and electron spectra, hence the conclusions of this
treatment are somewhat model-dependent.

4. DISCUSSION AND CONCLUSIONS

After our examination of the factors in the p/p calculation,
we find that, as Webber (1987) had suggested, our updated
calculation agrees with data somewhat better than older calcu-
lations. For example, our mean ratio is up to a factor of 2
larger than that of Protheroe (1981) in the critical 4-10 GeV
energy region. However, the agreement between theory and
observation is still not totally satisfactory. The geometric mean
value of our p/p ratio in Figure 5 is near the 3 ¢ limit of the

2 See, for example, Fig. 9 in the review by Stephens & Golden (1987). We
have determined that the uncertainty in the cross section represented by the
high- and low-valued cross section fits given there yields an uncertainty of
+10% in the p/p ratio.
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F1G. 5—The p/p ratio modulated to its 1 AU value during the epoch of the
Golden et al. (1984) data, here represented by the squares. The filled square is
their combined flux value over the range of their energies. Note that the mean
curve is ~3.5 ¢ from the combined Golden et al. measurement, while the
maximum error curve is ~2.5 ¢ away. To get the error curves we have repeat-
ed the calculation for Fig. 4, except that we have used different bounds on the
primary spectral shape as described in the Appendix. We have included other
data for completeness, although the amount of solar modulation is incorrect
for a proper comparison of these other data with our curve (Bogomolov et al.
1987 [triangles]; PBAR [Salamon et al. 1990; filled hexagons]; and LEAP
[Stochai 1990; open hexagons]).

combined 4-13 GeV Golden et al. value. However, data
binned in smaller energy intervals within this range give a
picture which does not seem so conclusive.

The trend of increasing p/p ratio with energy, apparent in the
individual Golden et al. (1984) points, is somewhat better fitted
with a model which includes distributed reacceleration
(Golden et al. 1984; Simon et al. 1987). There is a great deal of
recent work on reacceleration or distributed acceleration of
cosmic rays, which is summarized in Cesarsky’s (1987)
rapporteur talk at Moscow. Although it is apparently not pos-
sible to account for all cosmic-ray acceleration as distributed
acceleration simultaneous with propagation, some (weak) reac-
celeration is possible. The effect of weak acceleration is to
boost the lower energy antiprotons to higher energy, which
depletes the flux below about 4 GeV, and increases the flux
(with these reaccelerated antiprotons) above this energy.
However, this model will give a worse fit to the Bogomolov et
al. (1987) measurement at lower energies. Also, if reacceleration
were important, one would expect the highest energy Golden
et al. (1984) datum to disagree most strongly with the pure
secondary p flux, yet this point is consistent with purely sec-
ondary antiptrotons. For these reasons we do not feel there is
enough evidence to conclude that reacceleration is required to
explain the p data.

In summary, we have examined the calculation of secondary
antiprotons in the cosmic radiation to look for sources of
error. We find a band of possible systematic error which
brackets our best-guess p fluxes and p/p ratio with a range of a
factor of 2.4 about the central value. Contained in that factor is
a 70% uncertainty in the magnitude of the average path length
of cosmic rays in the galaxy. Another 20% is due to uncer-
tainties in the shape and normalization of the interstellar
proton spectrum.

The effect of heavy nuclei on the production yield of second-
ary antiprotons has been evaluated in terms of the “ wounded
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nucleon model,” which is quite successful at predicting meson
yields and is accurate to about 10% in proton-nucleus colli-
sions. One would have more confidence in the model if it had
been experimentally tested directly for antiproton production,
but these observations are difficult to make. We have not
included any estimated error for the “wounded nucleon
model” in our error bands.

Other uncertainties exist, e.g., uncertainties in the param-
eterization of the p production cross section and asymmetries
in the rapidity distribution of produced secondaries, but these
errors are less than 10%. Thus we do not expect that any other
effects could widen our error bounds in the secondary anti-
proton prediction (using the “leakage lifetime approx-
imation”). We feel that we have been overly conservative in
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allowing very large errors in our upper and lower bounds on
the antiproton flux prediction, and our result is still in conflict
with the Golden et al. measurements. The average of the
Golden et al. result in the 5-13 GeV range is still 2.2 ¢ above
the upper bound of our prediction. We conclude that it is
unlikely that the antiproton-flux implied by the Golden et al.
(1984) result could be explained as being due purely to second-
ary antiprotons

We wish to thank J. Engel, J. Perko, R. J. Protheroe, and A.
Soutoul for useful discussions in the preparation of this work.
We thank the referee for useful comments and providing us
with the Engelmann et al. (1990) reference. This research is
supported in part by NASA under NAGW-1644.

APPENDIX
THE INTERSTELLAR SPECTRA AND THE p/p RATIO TEST

In § 2.1 we consider bounds on the absolute flux of interstellar primary protons which are useful for defining uncertainties in the
prediction of absolute p fluxes. However, the observed quantity is the p/p ratio. This quantity is good because it divides out the
overall proton flux normalization, for which there is a large uncertainty. It is also a better number observationally, because
systematic errors introduced by the detectors cancel. Unfortunately, we will introduce new uncertainties. In order to get p/p ratios at
1-10 GeV energies, one must divide by the proton spectrum, which cannot be measured directly at those energies because of solar
modulation effects. However, we will proceed to quantify the error in the interstellar p/p ratio because the uncertainty here concerns
the proton spectrum shape, whereas the antiproton flux prediction is sensitive to the proton spectrum normalization.

We focus on two aspects of the spectrum which characterize its shape: the high-energy (> 10 GeV) spectral index and the
low-energy (< 10 GeV) flattening of the spectrum. To determine which spectra will yield the highest and lowest p/p ratios in the few
GeV range, one just needs to compare the proton fluxes at several GeV with fluxes in the 20-200 GeV range. Spectra with relatively
large high-energy fluxes will yield high p/p ratios, and spectra with relatively small high-energy fluxes will yield low p/p ratios. The
proton flux at low energies affects the denominator of the p/p ratio. At the measurement energies of several GeV, dividing the
antiproton flux by a low proton flux leads to a high p/p ratio, and dividing by a high proton flux yields a low p/p ratio. The path to
designing spectra which extremize the p/p ratio is clear: for the maximum p/p ratio, we want an interstellar proton spectrum which
has a large flux at high energies and a small flux at low energies. The opposite prescription yields the minimum p/p ratio.

Since the Golden et al. (1984) data are problematic, let us concentrate on extremizing the p/p ratio in the energy range of that data
set. To quantify the uncertainty in spectral shape, we start with a parameterization given in Ormes & Protheroe (1983):

J(R) oc R™T1 + (Ro/R)?] ™12 . (26)

To get our p/p ratio bounding spectra we pushed the spectral index y, and the rigidity scale at which the spectrum flattens, R,, to
extreme values. For our upper-bound spectrum we used y = 2.65 and R, = 4.7 GV. For our lower-bound spectrum, we used
y = 2.75 and R, = 0.47 GV. In Figure 6 we have plotted the resulting spectra along with the published spectral fits (all renormalized
to have the same flux at 8 GeV). These bounding spectra bracket the published fit spectra nicely. In addition, one can fit any of the
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Fi1G. 6.—Same spectra as in Fig. 2, but here normalized at 8 GeV. Higher p/p ratios are found in spectra with the higher fluxes in the 20-200 GeV range. The
“bound spectra ” are designed to bracket a reasonable range of possible interstellar proton spectra.
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1 data sets in Figure 2 with a spectrum whose shape is within the (ratio) bounding spectra, which also appear in Figure 2 with a
different flux normalization to show how they compare with the other spectra.

Calculating the limits on the interstellar p/p ratio might seem to be an academic exercise, since solar modulation will be different
for the antiprotons and protons. However, during specific periods the amount of solar modulation can be the same for both charge
signs. Just such conditions seem to have occurred during the period of the Golden et al. (1984) measurements. In the force field
solutions for the modulation of protons and electrons, Perko (1992) finds that the diffusion coefficients have amplitudes which are
within 10% of each other, independent of rigidity. Under these conditions one can modulate the p/p ratio by merely shifting the
energy dependence (Perko 1987). We have done this in Figure 5, and we reemphasize that this test depends on the shape of the
proton spectrum and thus is slightly different from the interstellar antiproton flux test in Figure 4. The disagreement with the
Golden et al. data is just as strong here as it was in Figure 4.
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