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PROTON AND PION SPECTRA FROM PROTON-PROTON INTERACTIONS AT 10, 20, AND 30 BeV/c*
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The secondary proton and pion spectra from proton-proton interactions have been mea-
sured over nearly the entire momentum range and over a wide range of laboratory an-
gles. Most of the data are at an incident-proton momentum of 30 BeV/c.

The proton spectra were transformed into cross sections in terms of p~* and p (*
all in the c.m. system. These cross sections were found to be largely independent
of P

)~

* and an empirical fit was obtained quite similar to one derived by Hagedorn using
a statistical model. The pion spectra were also expressed in terms of Pi.* and P ~~" and
found to be different from the proton spectra by showing a marked dependence on p)~ *.

As part of a proton-proton scattering exper-
iment reported earlier, ~ we obtained spectra
of secondary protons and pions covering a wide
range of angles and momenta. A description
of the wire-plane spectrometer system and

analysis procedure is found elsewhere. ~ Sep-
aration of protons and n+ mesons was accom-
plished with a v-ft-long, freon-filled, thresh-
old Cherenkov counter operating at pressures
between 15 and 35 psi. The efficiency of this
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Figures 1(a) and 1(b) show the measured dif-
ferential cross section, in the laboratory sys-
tem for secondary protons and pions at vari-
ous scattering angles for 30-BeV/c protons
incident on a liquid-hydrogen target. Figure
1(c) shows the proton spectra. for 10- and 20-
BeV/c incident protons. Dekkers et a1.4 have
also measured secondary spectra in this ener-
gy range.

The meaningful role played by P j*, the com-
ponent of the secondary-particle momentum
perpendicular to the incoming momentum, has
been pointed out by several authors. ' ' These
considerations lead us to express our proton
and pion cross sections in terms of P~* and

pll»' (c.m. momentum perpendicular and paral-
lel to incoming momenta) instead of the usual
parameters p* and 0* (c.m. momentum and
solid angle). Figure 2(a) shows the result of
transforming in this way all the data shown
in Fig. 1(a) for p&20 BeV/c, where the prod-
ucts of resonant interactions are not expect-
ed to predominate. Here the differential cross
section d'0/dpz*dp II* is plotted against pz*.
%Ye expected to obtain a series of distributions
corresponding to different values of p *. In-
stead, the rather limited distribution shown
resulted, which includes values f * f0

II
10m

0.2 to 3.0 BeV/c. This suggests that the cross
section for producing these secondary protons
is rather independent of pll*, although some
dependence is noted for points corresponding
to high values of laboratory momenta. The
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FIG. 1. Secondar a iy p rticle spectra from proton-pro-
ton interactions' ns as observed at various angles in the
laborator s sy ystem. (a) Secondary protons for Pa=30
BeV/c. (b) Pions for Pa=30 BeV/c. (c) Secondary
protons for Pa=10 and 20 BeV/c The c. e error bars rep-

y. so ute cross sec-resent statistical errors onl . Ab l
ions are subject to +10% errors, and the eak ine pe in the

a e /c may be an instrumental error. The
curves represent E . (2q. ( ) for the appropriate angles.
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counter was determined by measurements to
be greater than 99'%%uo over the entire range of
P covered in this experiment.

FIG. 2. Proroton spectra transformed into P * and
coordinates. a 30s. (a) 30 BeV/c spectra from Fig. 1(a). (b)

0 d all pll+

20- aud 10-BeV/c data from Fig. 1(c). The curves in

30-BeV/c data.
a and ) are the same maximum-likel'h d— ' ei oo fitsto
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data which were obtained at 20 and 10 BeV/c
[Fig. 1(c)]are plotted in Fig. 2(b) together with
a duplicate of the best-fit curve for the P, = 30
BeV/c data of Fig. 2(a) to show the degree of
energy independence. The curve shown in Fig.
2(a) is a graph of the expression

d (7/dpi+dp II+

= 610pi*2 exp( —Pi*/0. 166) mb/(BeV/c)'. (1)
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The three constants in this equation were ob-
tained from a maximum likelihood fit and their
errors are estimated to be +10%. When trans-
formed into the usual laboratory coordinates,
Eq. (1) takes the form

p' r (E pp-cos~)c c
r

d 0'

610p
dpdQ 2 P

x exp( —p /0. 166) mb/(BeV/c sr), (2)

where Pc and yc refer to the transformation
to the over-all c.m. system. The curves shown
in Figs. 1(a) and 1(c) are Eq. (2) for the appro-
priate angles and energies.

Our pion data do not extend over a sufficient
range of pll* to make a presentation like Fig.
2(a) possible. Instead, we have selected Pz*
=0.18+0.02 BeV/c for which a range of pll*
= 1.0 to p Ip

= 2.7 BeV/c is available and plotted
ojdp&~dpll~ pll* in Fig. 3. Clea»y the p»-

duction cross section for pions is quite depen-
dent on pll*. For comparison the correspond-
ing plots for protons with Pi* =0.18+ 0.04 BeV/
c andP&*=1.0+0.04 BeV/c are included to
show again the high degree of independence
of these secondary particles on pll~.

We wish to point out that our empirical Eq.
(2) is quite similar to one derived by Hagedorn'
using a statistical model for central p-P inter-
actions. Like our empirical expressions, Hage-
dorn's also becomes inexact at high momen-
ta due to the absence of kinematical contraints
in his theory. In addition this statistical the-
ory does not account for the difference between
secondary pions and protons evident in Fig. 3.

It seems useful to view these spectra as orig-
inating from central interactions, as distinct
from the now-well-known peripheral interac-
tions. ' ~" Peripheral interactions are respon-
sible for the structure due to resonant states
seen at high momenta and small angles. Cen-
tral interactions are believed responsible for
the smooth nonresonant spectra seen at large
angles and lower momentum and showing a
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FIG. 3. d2o'/dpi"dp
II
* vs p II

* for pions and protons
over the limited range of Pg* shown in the figure.

fast, approximately exponential falloff with
momentum. At larger angles the pion spectra
also show an exponential falloff, suggesting
a nonresonant interaction. It should be noted
as well that the n+ jm ratio approaches unity
at large angles, indicating a high production
multiplicity and a statistical, nonresonant in-
teraction. With this distinction in mind we did
not attempt to include all the data in the empir-
ical fit, but limited the range to what appeared
to be mainly central spectra; that is, to pro-
tons with laboratory momenta less than 20 BeVjc.

An analysis of the proton spectra is present-
ed in the following Letter.

We are indebted to Professor C. N. Yang
and Professor R. Berber for very helpful dis-
cussions.
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A phenomenological analysis of the proton spectra resulting from inelastic proton-pro-
ton interactions is presented which suggests the existence of a bremsstrahlung-type pro-
cess of pion production for highly inelastic collisions. A relation I po* sins*/0. 4 is
found between the implied average number of produced pions ~, the c.m. angle of scatter
of the proton 8*, and the c.m. incident-proton momentum po~. A simple expression for
the differential cross section for secondary protons yields excellent agreement with data
over a wide range of angle, momenta, and incident-proton momenta.

The preceding article' (herein referred to
as I) presents data on highly inelastic proton-
proton interactions at incident proton momen-
ta up to 30 BeV/c. We present a phenomeno-
logical analysis of these data in terms of a mod-
ified- statistical model. This analysis result-
ed from the observation that the c.m. momen-
tum spectrum for secondary protons scattered
at various angles showed marked similarity
to phase-space momentum distributions calcu-
lated for systems containing two protons and
n pions —i.e., secondary proton spectra at large
(small) c.m. angles resembled phase-space
distributions for systems with large (small)
n. In effect, the angle 8* at which a proton
inelastically scatters in the c.m. system (we
use an asterisk to denote c.m. quantities) seems
to be a sensitive and determining index of the

collision process for nonperipheral interactions.
Since the inferred pion multiplicity n can be
related to 8* as we shall see below, then hav-
ing specified 8*, the details of the proton and
pion-momentum distributions, and perhaps
even the angular correlations, appear to be
described in their dominant features by phase
space.

The multiple-pion production may, for exam-
ple, be a "bremsstrahlung-type" process as
proposed by Lewis, Oppenheimer, and Wouthuy-
sen', and more recently modified by Kastrup, '
to explain elastic proton-proton scattering.
It was, in fact, this bremsstrahlung model that
first suggested to us a relationship between
the proton angle and the pion multiplicity.

Specifically, we take as the differential cross
section for observing a proton scattered into
dQ, * with momentum p, *

dP g dsq g dsq n

dP "dQ ~ c 1 2 0 '(K)'n-1E* h * g *

n
x5 2 *'+m ' 'i'-F. *-F. *-

0 p 1 2 1=1

where (p,~,E,*) and (q;~, 8;*) are the four momenta of the unobserved proton and the ith pion, re-
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