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Proton production cross sections in proton-nucleus collisions
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The partial cross sections for production of protons in high-energy proton-nucleus collisions are estimat-
ed using the conservation of baryon number constraint on semiempirical cross-section formulas.

NUCLEAR REACTIONS Deduce o- for protons in high-energy proton-nucleus
(6~3 ~ 60} collisions.

Here n is the number density of scattering centers and v is
the beam velocity. This equation effectively defines the to-
tal inelastic collision cross section o-J, and partial cross sec-
tions o-J;. For our purposes an inelastic collision is defined
as changing the mass AJ, or charge of the nucleus. At high
energies other inelastic modes are rare. The total number
of nucleons in the beam is conserved, thus

g —(A~WJ) =0d
dt

Substituting Eq. (1) into Eq. (2) yields the restriction

o JAJ X cr/(/Ag
k

(3)

The partial cross sections for light particle production may
be derived from this expression using known quantities by
rewriting it as

a~A/ — X cr/oA/, .= o(n) + cr('H. ) + 2a (2H) + 3o-(3H)
k )Ak~«6

+3o.( He) +4a ( He) (4)

The unknown cross sections are proportional to the number
of each of the particles created in a nuclear collision. If the

The partia1 cross sections for mass changing, high-energy
nuclear reactions, are of importance in several areas of phy-
sics and astrophysics because they are an essential factor in
charged particle propagation calculations. In particular, they
are used to determine changes in cosmic ray composition in
propagation through the galaxy, excitation of materials (e.g. ,
the lunar surface), and radiation effects and damage due to
charged particles. At energies greater than 100
MeU/nucleon, the principal source of such cross sections
has been the semiempirical formulas of Silberberg and
Tsao. ' These formulas predict partial cross sections for
proton-nucleus collisions when the fragment mass is greater
than 5 amu. In this Brief Report we propose an extension
of the semiempirical formulas to light product nuclei. On
the basis of baryon conservation one may calculate the total
number of nucleons making up light products. The distri-
bution of these nucleons among neutrons and the isotopes
of hydrogen and helium are estimated using Monte Carlo
results and emulsion data. These data allow the partia1
cross sections for protons to be calculated with an accuracy
of 20%-30%.

The change, due to fragmentation, on the number of par-
ticles of type j in a beam of nuclei is governed by

de
Ch

= —crjn vugg+ Xcrj/n vW/

ratio of neutrons to protons is denoted f (n), and others
likewise,

crJA J — g cr /cled g
k BAk«6

cr('H) =-
1 +f (n) +f ('H) +f (3H) +f ( He) +f (cHe)

It appears possible from this result that a large cancella-
tion error occurs in the numerator; however, the error is
small if a substantial fraction of the target is fragmented
into light products. The primary sources of error in Eq. (5)
are the partial cross sections and the fractions f (n), etc. , in
the denominator. If the fractional errors in the cross sec-
tions and the denominator are taken to be e and 5, and as-
sumed to be small and random, then the fractional error in
the proton production cross section is

1/t'2

cr/c A/
JBA «6J

c

cr i~ / X cr /ci~ /c

k BAk«6

We use the method described above to estimate the pro-
ton production cross section in proton-nucleus collisions at
high energies. These cross sections are essentially indepen-
dent of energy between 2 and 100 GeV for target nuclei
with mass ( 60. The total inelastic cross sections are given
by the empirical formula

a-J = 44.9AJ mb

Error in this formula is a few percent and negligible for our
purposes. For partial cross sections we use the semiempiri-
cal formulas of Silberberg and Tsao' at 2.3 GeV. These
cross sections have an estimated error of 35% or less for all
nuclei through Ni.

Light fragment multiplicities have been measured at 24
GeV in an emulsion experiment. ' In collisions with Ag and
Br they found protons, deuterons, and tritons in the ratio
9:3:1, respectively. Roughly 6% doubly charged particles
were found. Monte Carlo calculations' have predicted the
number of light particles evaporated from Cu, Ag, and Ta
targets as a function of excitation energy. In order of de-
creasing abundance the light particles are n, 'H, H, "He,
H, He. The ratios among singly charged particles are again

roughly 9:3:1. The He/'H ratio is about 0.05, while He/'H
is about 15%. It is consistent with these results to take the
n/"H ratio as (3/Z) —l. On the basis of this work we esti-
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We estimate an overall error of 15% in the sum of these
fractions occurring in the denominator of Eq. (5).

%'ith semiempirical partial and total cross sections dis-
cussed above, the proton production cross sections for col-
lisions of protons with various target nuclei were calculated.
The results and associated errors are displayed in Fig. 1. An
interesting feature of these results is the apparent shoulder
in the cross sections in the mass range 40& A (60. To
our knowledge no exact measurements of the cross sections
discussed in this report have been made. Measurements of
cross sections for heavier particles are routinely made for
cosmic ray compositionai studies (e.g. , Ref. 5), and some
limits on light particle production might be drawn from this
data. Experimental tests of our results would provide infor-
mation on systematic errors in the semiempirical cross sec-
tions, These errors are of special interest in the propagation
of ultraheavy cosmic rays.

MASS (0)

FIG. 1. The partial cross section for proton production in col-
lisions of protons with nuclei of various masses for energies
between 2 and 100 GeV.
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