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PARTICLE PRODUCTION BY 10-30 Bev PROTONS INCIDENT ON Al AND Be~

W. F. Baker, R. L. Cool, E. W. Jenkins, T. F. Kycia, S. J. Lindenbaum, W. A. Love, D. Luers,
J. A. Niederer, S. Ozaki, A. L. Read, J. J. Russell, and L. C. L. Yuan

Brookhaven National Laboratory, Upton, New York
(Received June 21, 1961; revised manuscript received July 12, 1961)

High-energy secondary particles produced by
the nuclear interactions of 10-30 Bev protons
have been investigated at the Brookhaven alter-
nating gradient synchrotron (AGS). ' This experi-
ment was carried out with aluminum and berylli-
um internal targets (according to availability) at
production angles of 44', 9', 13', and 20'. The
momentum of the particles in a beam was selected
by magnetic deflection and the velocities deter-
mined with focusing, gas Cerenkov counters. '
The momentum acceptance and angular divergence
of the beams were fixed by scintillation counter
telescopes. Typical values of these parameters
were bp/p = +2% and bQ = 2 x10 ' steradian. The
ratio of quadruple coincidences (S,S,SsC) to triple
coincidences (S,S,S,) corrected when necessary
for Cerenkov counter inefficiency gave the rela-
tive abundance of the particle of selected mass in
a beam.

Most of the data were taken with the machine
operated at 29.5+ 0.5 Bev with an average intensi-
ty of -4x10"protons per pulse accelerated each
2.4 seconds. Measurements were also made at
AGS energies of 25, 20, and 10 Bev, at which en-
ergies the machine can be operated at 2.0-, 1.6-,
and 0.8-second repetition periods, respectively.

Figure 1 shows the momentum distributions of
protons, r+ and m mesons, corrected for w decay
between the target and the final scintillator in or-
der to represent the pion-production rates at the
target. A rough correction has been made for the
number of decay muons counted as pions. This
correction was less than 5

%%d
of the measured pion

intensity for beams of momentum )4 Bev/c. The
muon contamination increased rapidly with de-
crea.sing momentum below 4 Bev/c; at 2.5 Bev/c
the contamination was -12%%uc and at 1.25 Bev/c it
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FIG. 1. The momentum spectra, (a) of 7t mesons and protons for 30-Bev incident proton energy, and {b) of ~
mesons for 10- and 20-Bev incident proton energies. The ordinate is the number of particles per steradian per
Bev/c per circulating proton. The dashed portions of the 4g' spectra indicate the regions where the correction
due to fringing field effects exceeds 159o of the measured value of d2N/dpdfI ~
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was -40%. The curves are normalized to the num-
ber of circulating protons in the AGS which has
been calibrated by electrical methods to an ac-
curacy of about 25%.' The effective target thick-
ness for nuclear interactions was measured by
radiochemical methods for both Al and Be tar-
gets. ' The efficiencies of the targets have been
estimated by Courant. ~ For Al the effective tar-
get thickness was 37+ 7 g/cm', and for Be it was
21+ 3 g/cm', corresponding to an efficiency for
each target of -50%. Thus, 2 xd'N/dpdQ approxi-
mately represents the number of particles pro-
duced per inelastic interaction with the target
nucleus per steradian per Bev/c. Fluctuations
in target efficiency may have been as much as
+10%.

Of the four beams measured, the magnetic field
of the AGS strongly influences only the trajectory
of the nominal 4—,

"beam. Thus in this beam the
actual production angle varies from 34' for nega-
tive particles of momentum 6 Bev/c to 5—,

"for
positive particles of momentum 2 Bev/c; the pro-
duction angle is 4.7' for very high momentum (i.e. ,
-20 Bev/c) particles of either sign of charge. '
The fringing field of the AGS and the beam colli-
mator combine to reduce the effective solid angle
seen by the counter telescope. Corrections for
these effects have been applied to the measured
data; the dashed portions of the 4—,

"curves indi-
cate the regions where these corrections exceeded
15%. Figures 2 and 3 and Table I show the ratios
of the intensities K+/m+, K /rr, and p/m, meas-
ured in each beam at various momenta. The ratios
measured experimentally have been corrected for
K and m decay between the target and the final scin-
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FIG. 2. The production ratios at the target of
K /m, K /w, and p/m at various momenta, at 44'
production angle. The ratios have been corrected
for K and 7I decay between the target and the fina1.

scintillator and for muon contamination.

Table I. The production ratios at the target of K+/7t, K /w, and p/m at various momenta for production angles
of 13' and 20'. The AGS internal energy =30 Bev. The ratios have been corrected for K and 7t decay between the

target and the final scintillator and for muon contamination.

Production
angle Target

Momentum
(Bev/c)

Production ratio, at target
K /~

13' 3.0

6.0
9.0

0.27 +0.02

0.29 +0.05
0.31 +0.04

0.062 +0.010
0.048 +0. 010

0.013 +0.002
0. 014+0.002
0. 013 +0. 007

20' 1.25
2. 5
3.0

0.027 +0.012
0.230 +0.012

0.012 +0.005
0.088 +0.009
0.088 +0.010

0.0051 *0.0015
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tillator so that the values plotted represent the
production ratios at the target.

It can be seen from Fig. 1 that, where compari-
sons can be made, the characteristics of the pion
spectra from the beryllium target and from the
aluminum target are almost the same, except
that

(d'N l

I,dpdQ j (dpdQ)

Part of these apparent differences between Al and
Be targets may be due to relative monitoring and
beam normalization errors and to fluctuations in
target efficiency. The ratios K+/s+, K /m, and
p/w can be seen from Figs. 2 and 3 to be insensi-
tive to the difference between an aluminum and a
beryllium target. In view of this insensitivity Of

particle production to target material and from
general considerations based on the optical model,
it appears that an analysis of the data in terms of
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FIG. 3. The production ratios at the target of K /&
+ +

/n, and p/7t at various moments, at 9' production
angle. The ratios have been corrected for K and ~

decay between the target and the final scintillator and
for muon contamination.

a collision of the incident proton with a single nu-
cleon of the target nucleus may be of interest and
may reveal some significant characteristics of
high-energy proton-nucleon interactions.

If one transforms the pion spectra to the proton-
nucleon c.m. system, one finds that the pion spec-
tra exhibit a low-energy peak & 500 Mev/c in the
c.m. system, although the available kinetic energy
= 6 Bev. Furthermore the angular distribution is
peaked in the forward direction. The c.m. angular
and momentum distributions of the pions appear to
be consistent with a limited mean transverse mo-
mentum transfer ~0.5-1 Bev/c.

From Figs. 2 and 3 it is clea,r that the K /v+
ratios are not strongly sensitive to incident pro-
ton energy and tend to increase toward higher K
momenta. For 20-30 Bev incident proton energy,
typical measured values of the K+/w+ ratio vary
from 0.05 to 0.3. On the other hand, the K /m

ratio falls rapidly with decreasing incident proton
energy and also falls rapidly with increasing K
momentum. Typical measured values of the
K /m ratio vary from 0.08 to 0.02. At a given
production angle the K /m and K+/w+ ratios tend
to approach equality at very low momenta. These
results may imply that the production of low-mo-
mentum K mesons occurs predominantly through
K-pair production, while in the production of high-
momentum K mesons associated production
(K-hyperon production) predominates.

For P/m ratios typical values are -0.01-0.015
at low P momenta, falling to -0.001 at high mo-
menta. The p/m ratios are sensitive to the in-
cident proton energy, dropping rapidly at the
higher p momenta when the incident proton energy
is reduced from 30 Bev to 20 Bev. This result is
understandable when one recalls that the p-p
threshold in the c.m. system is 1.88 Bev.

Comparisons can be made between the results
presented here and the results of some investi-
gations' performed at CERN at 25-Bev proton en-
ergy using an Al target. At 6' lab production angle,
three CERNK /z ratios were reported —at 5, 6,
and 8 Bev/c. These data seem to lie reasonably
between our data at 30-Bev and 20-Bev incident
proton energy. Of the four CERN K+/w+ ratios
reported by von Dardel et al. ,

' the ratio at 5 Bev/c
is higher than our result by a factor =1.5. How-
ever, the CERN K+/w+ ratios at 6 and 8 Bev/c
agree reasonably well with our results.

The CERN p/m ratios at 6' lab production angle,
at 6, 8, and 11 Bev/c, are in agreement with our
data, but the CERN point at 16 Bev/c appears to
be higher than the trend of our data. The p/m
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ratios measured at CERN at 16' lab production
angle by Cocconi et al. ' are reasonably consistent
with the trend of our measurements at production
angles of 13' and 20'.

A more complete account of this work will be
published elsewhere.

We wish to acknowledge the invaluable coopera-
tion of the AGS staff and operating crew which
made this investigation possible.

*On leave from Max-Planck Institut fur Physik, Mun-
ich, Germany.

)This work was performed under the auspices of the
U. S. Atomic Energy Commission.
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FAST ATOMIC TRANSITIONS WITHIN p, -MESONIC HYPERFINE DOUBLETS,
AND OBSERVABLE EFFECTS OF THE SPIN DEPENDENCE OF MUON ABSORPTION*

R. Winston and V. L. Telegdi
The Enrico Fermi Institute for Nuclear Studies, The University of Chicago, Chicago, Illinois
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It has been pointed out by Bernstein, Lee, Yang,
and Primakoff, i that the two members F+ =I+ & of
the hyperfine doublet ground state of a p. -mesonic
atom with nonzero nuclear spin I could exhibit
different disappearance rates A+ as a consequence
of the possible spin dependence of the interaction
responsible for muon absorption. In particular,
the now currently favored "universal" V-A inter-
action would lead to A+& A . Bernstein et al. i
made the implicit assumption that atomic proc-
esses inducing transitions between the two states
E+ were negligibly slow. With this assumption,
they predicted that a logarithmic plot of the time
dependence of the electron rates from negative
muons stopped in a monoisotopic target of non-
zero I should exhibit a positive curvature, cor-
responding to the superposition of the two expo-
nentials characterized by A+ and A . Experi-
mental detection of such a curvature could serve

as a proof of the spin dependence of the absorp-
tion interactions but would give no clue to its
more detailed nature.

It was subsequently pointed out' that, at least
for the targets of experimental interest, the as-
sumption of a negligibly slow transition rate be-
tween the two states F+ is not a valid one. It was
shown that the magnetic interaction between the
"core" (=nucleus+muon) of the mesonic atom
and its outer s electrons provides a sizeable con-
version rate R between those two states. An ex-
plicit calculation for the case of »Al' was pre-
sented in reference 2, made under the assumption
that only the 3s (conduction) electrons of this tar-
get would effectively contribute to R. The magni-
tude of R so calculated was comparable to that of
the difference IA -A+I = IAAI. As was empha-
sized in reference 2, this parent-daughter rela-
tionship would lead to a negative curvature in the
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