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The cross sections for the production of charged pions and protons from the annihilation of 608-
MeVl c antiprotons on "C, Y, and 'U are presented. The sources of pion and proton emission
are inferred from the rapidity distributions of the data. The results are compared to and seen to be
in good agreement ~ith intranuclear-cascade calculations.
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The behavior of nuclei at extremes of density and
temperature is, despite much recent effort, still rela-
tively unknown. The best means of inducing such ex-
tremes and the most reliable signals from which to
infer the nature of the excited system are still hotly de-
bated. Intermediate- and high-energy nucleus-nucleus
collisions, '2 though quite complex, deservedly attract
much attention in this context.

We report here the first results from a series of mea-
surements undertaken to explore another possibility,
namely, the annihilation of low-energy antiprotons in

nuclei. The antinucleon-nucleon annihilation pro-
cess is well localized in space and time, and generally
results in the production of five pions, each with an
average momentum near that of the 5 resonance. An-
nihilation studies on nuclei at modest incident antipro-
ton momenta assure that the nucleus is not fragment-
ed by the transfer of linear momentum, and that only
the annihilation energy is given to the nucleus. Mea-
surements of antiproton annihilation in nuclei thus
offer a way to study the response of the nucleus to the
deposition of 2 GeV of well-defined and localized en-
ergy. In addition, one can ask if the presence of nu-
clear matter itself modifies the free antinucleon-
nucleon annihilation mechanism in any way. Recent
evidence for a change in confinement scale in nuclei~

indicates that the latter is not totally unlikely.
The measurements were made with a beam of 608-

MeV/c antiprotons from the CERN Low-Energy An-
tiproton Ring (LEAR), using the CALLIOPE magnet-
ic spectrometer. The CALLIOPE spectrometer, the
design and performance of which are described else-
where, ' is operated with a pole gap of 12.7 cm and a
field of 1.2 T. The target sits at the center of the mag-
net. Six detector modules, each containing two planes

of (x,y) position-sensitive gas proportional chambers,
a hE/time-of-flight scintillator, and a threshold
Cherenkov detector, s surround the pole at radii of 48
to 55 cm. The total angular acceptance is approximate-
ly 400 msr, distributed rather uniformly from 0' to
+ 180'. Light charged particles can be identified and

momentum analyzed over a range from 120 to 1200
MeV/c with a resolution of dp/Ji2=15%/(GeV/c).
The rather continuous angular acceptance of CAL-
LIOPE allows reliable extraction of total cross sections
for relatively isotropic processes such as low-energy
antiproton-nucleus annihilation and is particularly im-
portant for the construction of complete invariant
cross section versus rapidity plots (in contrast to a lim-
ited number of fixed-angle measurements).

Given the inherent complexity of antiproton annihi-
lation on nuclei, we undertook to calculate it within
the intranuclear-cascade (INC) framework; i.e., fol-
lowing annihilation on a single nucleon, the interaction
is assumed to proceed as a series of incoherent wN,
NN, and /J. N interactions. Pion-nucleon interactions
are treated in the isobar model with use of an energy-
dependent width for the delta. The calculations
presented here are described in detail by Clover er aI.9

%e note only that, in light of recent antiproton-
nucleus elastic-scattering measurements, ' the present
calculations have been done with a value of 75 MeV
for the real part of the antiproton-nucleus optical po-
tential as opposed to 250 MeV in Ref. 9.

In Fig. 1 the angle-integrated pion momentum dis-
tributions (da./dp) are presented versus laboratory
momentum. To obtain these data, the double-
differential cross sections are interpolated over the
small angular regions missed as a result of the
mechanical spaces between detectors and then in-
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FIG. 1. The angle-integrated inclusive momentum distributions for m and protons from 608-MeVie antiproton annihila-

tion on ' C and U. The solid histograms are the data and the dashed histograms represent the INC calculations. The second
dashed curve in the upper left frame represents the momentum distribution of pions from antiproton-proton annihilation at
the same momentum.

tegrated over angle. The solid histograms are the data,
while the dashed histograms represent the INC calcu-
lations. Also shown is the free P +p sr+ + X
momentum distribution at the same incident antipro-
ton momentum. 9 One notes that, above 300 MeV/c,
the antiproton-nucleus data are similar in shape to the
free antiproton-nucleon distribution, reflecting non-
interacting pions from peripheral annihilations (these
we will call "primordial" pions). Also present is a
yield of lower-momentum pions containing both the
pions that have interacted, formed deltas, and reap-
peared with lo~er energies, and the backward going
(in the N-N center-of-mass frame) primordial pions
that appear in the laboratory at lower momenta as a
result of the Lorentz factor (P-=0.54). The INC cal-
culations reproduce this structure quite well for all tar-
get masses for both m+ and m . The pion spectra
versus target mass show a slight increase in yield of
the lower-momentum pions as A increases, due simply
to a larger interaction probability for the primordial
pions. The m spectra exhibit similar agreement with
the INC calculations. In Table I, the integrated total
cross sections for m+ and m production are given
along with the predictions of the INC calculations.

The angle-integrated proton momentum distribu-
tions are also shown in Fig. 1. The slope parameters
Tz (MeV) obtained by a fit of the momentum distribu-
tion in the region of momentum greater than 500
MeV/c with an exponential of the form d rJ/dE

TABLE I. Total pion-production cross sections and pro-
ton slope parameters To [do./dE = Co exp( —F/To) ] for
608-MeV/e antiproton annihilation on '2C, 9Y, and SU.

The 1NC calculations of these quantities (in parentheses) are
also given for comparison.

T{j

(MeV)

238U

48& + 31
(494)

1240 + 80
(1250)

2000 + 130
(1920)

637+ 41
(664)

1760 + 110
(1820)

3000 + 190
(3050)

88+ 5

(74)
80+ 5

(69)
77+4
(68)

=Coexp( —E/To) are given in Table I. We note a
slight increase in the slope parameter with decreasing
3, reproduced by the INC calculations, which we inter-
pret as resulting from an increase in interaction proba-
bility in heavier nuclei for faster protons in the first
stages of the cascade after the annihilation. We ob-
serve also that the proton slope parameters are similar
to those obtained in 1-GeV/u heavy-ion collisions.
The deviation between the experimental and INC
cross sections at high momenta is attributed to the fact
that the phase-space model used in the INC calcula-
tions underpredicts the yields of high-momentum
pions from the annihilation. 9



VoLUME 56, NUMBER 20 PHYSICAL REVIEW LETTERS 19 MAY 1986

The errors shown in all figures reflect statistical er-
rors, estimated systematic uncertainties due to the in-
terpolation of the double-differential cross sections
over regions where the spectrometer acceptance is
zero, as well as uncertainties in the detector efficien-
cies, solid angles, etc. The overall systematic normali-
zation uncertainties are less than 100/0. The data are
presented with a momentum binning that reflects the
resolution contributions from uncertainties in beam
position on target and inherent wire-chamber resolu-
tion. The lower-momentum cutoffs for pions are
determined by detector acceptance and for protons by
target-energy-loss considerations. The errors shown
for the total pion cross sections include, in addition to
those mentioned above, small uncertainties due to ex-
trapolation to pion energies belo~ those measured,
following the prescription used by us in Ref. 7.

In Fig. 2 the positive-pion and proton invariant cross
sections from ' C and U are presented versus rapidi-
ty (y) for different ranges of transverse momentum
(pT ), in order to allow a more precise identification of
the kinematical sources of the ejectiles. For an an-
tiproton of given incident momentum, for example,
one might expect fast pion emission following peri-
pheral annihilation to be isotropic in the center-of-
mass frame of a system moving with the incident

momentum but with a mass of 2m~ (i.e. , the
antinucleon-nucleon system). Similarly, if the antipro-
ton stops in a heavy nucleus, emission of protons
would be rather isotropic in the target frame. Such
behavior manifests itself as the symmetry of the cross
section about y = 0 in the proton case and about
y =0.31 in the pion case (for incident 608-MeV/c an-
tiprotons). This technique has been successfully used
to identify the kinematic origin of ejectiles after pion
and high-energy antiproton absorption on nuclei, "'2
and can be utilized in the present case to help deter-
mine hove many nucleons participate in the annihila-
tion process and subsequent cascade in nuclei.

The pion rapidity spectra in Fig. 2, shown for
pT ~120 MeV/c and pT & 500 MeV/c, clearly reveal
different kinematical sources; i.e., the latter originate
from the quasifree N-W system (y =0.3) while the
former come from a system involving many more neu-
cleons (y =0) for both light and heavy nuclei. The
INC calculations reproduce this behavior, supporting
the interpretation that the high-pT pions are primordial
(in the sense defined earlier) while the slower pions
result from the transfer of energy to the nucleus via 5
formation, scattering, and decay, losing memory of
their quasifree NN origin in the process.

The proton data are presented in a similar manner in
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FIG. 2. The measured invariant cross section vs rapidity for positive pions with pr «120 MeV/c (histograms a) and
pr ~ 500 MeV/c (histograms b) and protons with pr ~ 330 MeV/c (histograms a) and pr ~ 600 MeV/c (histograms b) from
608-MeV/c antiproton annihilation on ' C and "U. The symmetry of invariant cross sections about y = 0 or y = 0.31 indicates
isotropic pion emission from the target or quasifree antinucleon-nucleon frames, respectively. The dashed curves represent
the INC calculations.
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Fig. 2, but for pT ~ 330 MeV/c and pr ~ 600 MeV/c
(the beam momentum). The low-pr protons clearly
originate from the target system. The high-pT data
show, in addition, some structure at positive y, not
well reproduced by the INC calculations, which could
be due to fast protons from n +N n +N very early
in the post-annihilation cascade or perhaps from an-
nihilation occurring on more than one nucleon. '

Multinucleon annihilation is perhaps unlikely to
manifest itself in the inclusive spectra as a result of the
strong peripheral localization of the annihilation. The
average annihilation occurs near the nuclear surface
where the probability of antiproton overlap with a
number of nucleons is small. Of course, the final-state
distributions of particles and momenta following a
multinucleon annihilation are a matter of speculation.
Recent statistical-model calculations'4 predict en-
hanced strangeness production and a tail of high-
momentum protons from annihilation on two nucleons
[something we may see a hint of in the inclusive spec-
tra (Fig. 2)], but a serious attempt at answering this
question awaits an experimental means to bias against
peripheral annihilations and study the few that remain.

In conclusion, the first high-statistics data for pion
and proton emission following 608-MeV/c antiproton
annihilation on nuclei are presented. The results are
consistent with the view, made quantitative via the
INC calculations, that inclusive proton and pion emis-
sion result primarily from annihilation on a single nu-
cleon followed by a series of cascades similar to those
which occur in pion-nucleus interactions.
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