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The interaction of 175-MeV antiprotons with nuclei is examined within the intranuclear
cascade model. The experimental characteristics of nucleon-antinucleon annihilation and
scattering are used as input, and the propagation of the resultant pions through the nucleus
is treated realistically. The effect of the antiproton-nucleus strong attraction is also includ-
ed. Overall characteristics of antiproton annihilation within nuclei, particularly the large,
well-defined energy deposition, indicate that such collisions constitute a unique laboratory
for the study of nuclei at very high excitations. The calculations also identify promising

experimental observables and triggers.

NUCLEAR REACTIONS 175 MeV antiproton-nucleus scattering and
annihilations. Intranuclear cascade calculations. Nuclei at high excita-

I. INTRODUCTION AND MOTIVATION

There is intense interest in what happens to nu-
clei and nuclear matter at high densities and tem-
peratures.? Unfortunately, the ideal laboratory for
such studies has yet to be found. Indeed, the very
concept of temperature for nuclei (the thermaliza-
tion of a highly excited collection of nucleons) has
little experimental basis to date.’> Collisions of rela-
tivistic and ultrarelativistic heavy ions (RHI) can
possibly provide high local matter densities, but be-
cause of fragmentation due to conservation of longi-
tudinal momentum, the amount of matter available
to thermalize the energy may be small.

Very high energy densities in heavy nuclei might,
however, cause the nucleus, or regions of the nu-
cleus, to undergo a transition from a collection of
nucleons to a quark-gluon plasma. The structure of
the quantum chromodynamics (QCD) vacuum is be-
lieved® to be such that at energy densities a few
times that of the nucleon such a transition might
occur. In addition, the simple first-order phase
transition from a nuclear fluid to a hot nuclear gas
(when the excitation energy E* of the nucleus be-
comes greater than the disassembly energy) is quite
interesting. There exist, in fact, experimental data
that find a plausible interpretation in the latter
scenario.*

In this work we quantitatively verify sugges-
tions>® that low-energy (E; <1 GeV) antinucleon-
nucleus annihilations are possibly the best place to
study nuclei at high excitation. When an antinu-
cleon annihilates on a nucleon within a nucleus, a
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tions.

large number of pions (at low N energies, approxi-
mately five) are produced in a hadron-sized region
and carry away approximately 2 GeV of energy.
The average pion momentum is such that pions are
strongly absorbed by nucleons to form Aj;; reso-
nances. We choose low energies to keep the longitu-
dinal momentum (and possible fragmentation) to a
minimum and to assure that the annihilation region
moves rather slowly through the nucleus (Eﬁz 175
MeV implies that the “fireball” velocity, Bgy, is
0.29). Also, at low energy the annihilation is
predominately into pions, and at 175 MeV there is
no competition from inelastic pion production. The
LEAR (Low Energy Antiproton Ring) facility at
CERN makes this discussion timely. Indeed, we
choose antiprotons and E; =175 MeV (600 MeV/c)
because approved LEAR experiments’ will provide
data for these conditions. One disadvantage of
lower energies is the larger NN cross section and
subsequent surface localization of annihilations in
nuclei. Our calculations confirm earlier observa-
tions® that the strong antinucleon-nucleus attraction
remedies this problem in part and increases signifi-
cantly the antinucleon penetration of the nucleus.

In what follows, we begin with a discussion of pp,
pn, and antiproton-nucleus (p-4) phenomenology.
The intranuclear cascade (INC) approach is out-
lined, and the modifications necessary to consider
P-A collisions are detailed. A broad range of results
is then presented and comparisons are made with
the few existing data. Since the calculations will be
used as “background” in considering high statistics
data to come from LEAR, a discussion of the limi-
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tations of the INC approach and the physics not
contained within the model is aimed at evaluating
the significance of disagreements between data and
calculation. Finally, promising triggers and poten-
tially revealing observables are identified.

It is apparent that antinucleon-nucleus scattering
will be of interest for other reasons, ranging from
the search for baryonium states to more convention-
al nuclear reaction and structure physics.” Our cal-
culations should also be of great utility in these in-
vestigations.

II. pp, pn PHENOMENOLOGY

In Fig. 1(a), we see the energy dependence of the
elements of the pp cross section: oy, 0 an, (annihila-
tion), o (elastic)y and o, (charge exchange,
pp—in). The most dramatic features as compared
to pp [Fig. 1(b)] are the magnitude of o, and the
large annihilation component that exists down to
zero energy. Few pn and 7in data exist, and to the
10% level it appears that Opp =0pn =05, =0y for
Oioty Oel, and o,y The angular distributions for pp
are shown in Fig. 2, along with those for pp for a
few momenta. Note the striking difference in fall-
off with angle. As has been shown,? this has impor-
tant ramifications for Pauli-blocking effects and in-
elastic scattering.

In considering the data, we find little difference
between characteristics of the annihilation from rest
up to 500 MeV. We will generally use “at-rest”
data, as they are more plentiful. Over 97% of the
annihilations are into pions, with less than 3% into
kaons. The total pion multiplicity distribution and
the momentum distribution of ejectiles in pp annihi-
lation are displayed in Fig. 3. Note that the pion
momentum distribution peaks at the point where
the cross section for formation of the Aj; resonance
is a maximum (=~200 mb).

Information concerning the space-time structure
of the annihilation can be gained by examining the
correlation between pions produced in the annihila-
tion. Such “pion-interferometry” experiments'® re-
veal that the annihilation occurs in a volume of ra-
dius ~1.8 fm with a characteristic coherence length
ct~1.5 fm. Thus the annihilation is a fast, well-
localized process. Statistical phase-space models'!
are relatively successful in describing the charac-
teristics of the annihilation products. We, in fact,
use such a model to parametrize the annihilation
characteristics for input to the INC code.
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FIG. 1. (a) Composition of the p-p total cross section
vs beam momentum. (b) The p-p total and elastic cross
sections vs beam momentum. The solid curves result
from the parametrizations used in the calculations [Egs.
(1)—(3)] from the data of Refs. 28 and 29.

III. p-A PHENOMENOLOGY

Few data exist for p-4 interactions. Early bubble
chamber work'? involving a few hundred events re-
vealed some “‘stars” with observed charged particle
multiplicities up to 16. These violent annihilations,
though somewhat rare, indicate that a large amount
of the annihilation energy can be transferred to a
nucleus. More recently, 484 7-light nucleus interac-
tions were studied with a bubble chamber at
CERN.!® These data provide a better but still very
inadequate picture of the effect of antinucleon an-
nihilation in nuclei. The limited statistics inherent
in bubble-chamber or streamer-chamber studies al-
low only a gross view of the features of the interac-
tion. High-statistics counter experiments are neces-
sary before any quantitative conclusions can be
drawn. On the other hand, the bubble/streamer-



2140 CLOVER, DeVRIES, DiGIACOMO, AND YARIV 26

p.p +p
elastic do /dt
Ppoay = 1R GeV/c
10°
000gag p
— 1
s Y .
0o ° —
E 10 ° . P
107
Q
£ 10
10
<
bE 10° ~ Ppeary — 06 GeV/c
101 Dum:?mp
100 T T 1

00 02 04 06 08 10
—t  ((GeV/c))

FIG. 2. The p-p elastic angular distributions at
Peam =0.6 and 1.2 GeV/c vs four momentum transfer
squared. For comparison, the p-p elastic angular distri-
bution is shown at 1.2 GeV/c. The solid curves result
from the parametrizations used in the calculation [Eqgs.
4(a) and (b)] from Ref. 29.

chamber measurements do provide a profile of the
entire (charged particle) event. In this sense the two
approaches are complementary.

There are no useful elastic scattering data for p-4
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FIG. 3. The momentum distribution of pions emitted
in p-p annihilation at rest (X) along with the results of
the phase space model (histogram) used in the calcula-
tions (see text). The inset shows the p-p at rest annihila-
tion pion multiplicity distribution (Ref. 31) used as input
for the p-A calculations.

scattering. Early bubble-chamber work!* did pro-
vide a crude estimation for p-'>C averaged over a
broad incident energy range, but poor beam quality
has prevented careful measurement. Thus, there is
little knowledge of the p-A optical potential.” What
is known comes from the study of antiprotonic
atoms!® and the examination of j-A reaction cross
sections.!® The strong annihilation channel makes
the scattering quite diffractive. The very strength
of the absorption makes the problem of treating the
scattering with standard optical model techniques
quite difficult. In addition, there appears to be a
very strong attraction between antinucleons and nu-
clei. It is known that for pp and pn scattering, the
strong attraction stems from the G-parity reversed
two pion exchange part of -the force.!” For p-A
scattering, however, the attraction is not easily
determined, given the lack of elastic scattering data.
Calculations'® predict a variety of strengths and
ranges for the real part of the optical potential. The
question awaits LEAR elastic-scattering data for
resolution. For our work we take guidance from
antiprotonic atom data and recent p-4 absorption
cross section data analyzed within the model of Ref.
8, and assume a real potential of depth 250 MeV
and a range that follows the matter density. This
strong attraction is very important in allowing the p
to penetrate further into the nucleus. We will dis-
cuss this effect quantitatively in Sec. VII B.

IV. THE INTRANUCLEAR CASCADE MODEL

The INC approach is quite well documented,'’
and we present here only those considerations
relevant to p-A interactions. We have modified the
nucleon-nucleus/nucleus-nucleus INC code ISABEL
of Yariv and Fraenkel.”®?! ISABEL is the state-of-
the-art version of a model that has proved quite
successful in describing most aspects of hadron-
nucleus collisions over a broad incident energy, tar-
get mass, and projectile mass range. It is a timelike
Monte Carlo program that allows for interactions
between cascading particles.?! It treats pion-
nucleon (7-N) interactions in the isobar model and
includes an energy dependent width for the delta.?
The nuclear momentum distribution is assumed to
be a Fermi gas within the local density approxima-
tion (LDA). Depletion of the Fermi sea as the in-
teraction proceeds is taken into account via
isospin-dependent slow rearrangement.?! The nu-
clear density distribution is simulated by a step
function distribution. There is no refraction for
outgoing pions or protons, but the antinucleon is re-
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fracted as it passes through the nucleus.

The successes of this approach are well docu-
mented.’*=2> It is perhaps the least model-
dependent way in which to quantitatively determine
what should happen in nuclear collisions under the
assumption that the interaction proceeds as a series
of incoherent hadron-hadron collisions. Of particu-
lar relevance to the p-A energy deposition is
ISABEL's ability to reproduce m-A scattering. The
calculations reproduce the inelastic 7 scattering
data and, most importantly, the “true” absorption
data adequately for all observables considered here.
Correlation measurements for 7-4 and presumably
for p-A require a more realistic description of the
nuclear momentum distribution in terms of shell
model wave functions.?? Also, the lack of a realistic
real optical potential for the pions introduces inac-
curacies when comparison is made to exclusive final
state measurements such as, again, correlations.

Another question concerns the nucleon mean free
path (mfp) in nuclei. We have calculated 800 MeV
proton +*’Ca inclusive proton spectra with ISABEL
and found good agreement with the data of Ref. 24.
This has been verified by more extensive calcula-
tions.”® It must be noted that there is some contro-
versy over “measured” versus calculated mfp’s for
nucleons in nuclei.?®?’ The INC mfp’s range be-
tween 3 to 5 fm, depending on energy, while some
“measurements” appear to give 5 to 7 fm. Howev-
er, the interpretation of the data and the extraction
of a mfp is not straightforward.?’ For the purposes
at hand, we feel that the ability of ISABEL to repro-
duce pion-nucleus, nucleon-nucleus, and nucleus-
nucleus inclusive proton spectra makes the exten-
sion to p-A interactions valid. The physics, after all,
is the same once the annihilation-produced pions
scatter and create energetic nucleons and pions.

V. MODIFICATION OF ISABEL
FOR p-4 INTERACTIONS

For antinucleons of kinetic energy Ty (GeV), the
following parametrizations were employed:

o¥¥(mb) =exp[4.5485 exp(—0.0601 InT5)] , (1)
oY¥(mb)=exp[4.6052—1.0365 exp(0.380 InT)] ,
)

o =™M(mb)=4.40/1/Ty , 3)
40 _
at =e”, (43.)

b=12.94+439.03 exp(—2.075Py,,) , (4b)

where ¢ is four momentum transfer (GeV/c)? and
Py, is the laboratory antiproton momentum in
GeV/c. These parametrizations result from fits to
data of Refs. 28 and 29 and appear as the solid lines
in Figs. 1 and 2. They are valid for 100 MeV
<T5;<3GeV.

When an annihilation occurs, the characteristics
are determined from the input at-rest multiplicity
distribution of Ref. 30, distributed in charge ac-
cording to the statistical phase space model of Or-
fanidis and Rittenberg,!' and distributed uniformly
in phase space, conserving £ and p. The results
reproduce the distribution®! shown in Fig. 3. This
model also yields a good description of the various
annihilation branches (see Fig. 1 of Ref. 11). Use of
the at-rest multiplicity and annihilation final state
distributions limits the code to a range of T; <500
MeV.

Because of the very strong attraction between p’s
and nuclei, care was taken to assure that the poten-
tial gradient at each refraction “shell” in the calcu-
lations was small. The far periphery of the nucleus
was included by using 16 step regions and extending
the last shell to 3.5 fm beyond the sharp cutoff ra-
dius of the nuclei considered. This latter fact is im-
portant for such a strongly absorbed projectile. The
input characteristics were checked by calculating pp
and pn reactions with the code.

VI. SOME CAUTIONS AND LIMITATIONS

No evaporation calculations were performed, so
the proton spectra below ~40 MeV are not shown.
Lack of nuclear refraction for pions and protons
makes calculation of exclusive observables such as
correlations unreliable, and thus they are not dis-
cussed in the present work.

It is interesting to note that the strong forward
peaking of do/dt results in most elastic and charge
exchange pp,pn events being Pauli blocked. The
calculated p inelastic spectrum is then quite sensi-
tive to the details of the nuclear Fermi distribution.
The Fermi gas model is known to be inadequate in
the nuclear surface,’? so the inelastic p-4 scattering
calculated via the INC using the Fermi gas model is
unreliable. It is possible?® to remedy this, and we
are in fact pursuing this in conjunction with im-
provements that will allow us to also examine corre-
lations.

It is important to realize that, in these calcula-
tions, a more realistic treatment of pion-nucleus op-
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tical effects would only increase the energy deposi-
tion. The calculations should, if anything, underes-
timate the energy deposition.

VII. RESULTS

We have calculated 17 500 cascades for 175 MeV
F+"2C and 19000 for 5+2*%U. These two target
nuclei represent a compromise between cost and the
desire to investigate the mass dependence of j an-
nihilation on nuclei.

In examining the results, we concern ourselves
with the following questions:

(a) Is there a large energy deposition E 4, a signi-
ficant fraction of the time? Here

N
Egep=my+ms+T5— 21 E, , &)
i=
where the sum includes all (N) pions that exit the
nucleus. This definition has the advantage of being
intuitively simple. It represents a lower limit when
compared to alternate definitions which might, for
example, subtract only the energies of “primordial”
pions in Eq. (5).

(b) Do the antiprotons penetrate a significant dis-
tance into the nucleus before annihilating? This
point is necessarily related to (a) and will be ad-
dressed in that context.

(c) What are the general observable characteris-
tics of antiproton annihilations in nuclei?

(d) What are the characteristics of the high ener-
gy deposition events? Can they be easily dis-
tinguished from surface annihilations via an experi-
mental trigger?

(e) The INC calculations are based on the as-
sumption that nothing unusual is occurring. Can
we, then, identify experimental quantities which are
most likely to reflect the presence of degrees of free-
dom not included in the calculations?

Although we present our results from our partic-
ular perspective, we include as much information as
space permits. Thus, investigators with other in-
terest in p+A annihilations should find relevant re-
sults of the calculations in one of the sections
below.

A. Energy deposition

In Figs. 4(a) and (b), we see the distribution of an-
nihilation events versus Eg, for C and **U,
respectively. The error bars are statistical. To
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FIG. 4. (a) Probability of p annihilation in '2C vs en-
ergy deposition (Ey,) where Eg, is defined in Eq. (5).
(b) The same quantity for *%U. The bars represent the
standard deviation of the distribution.

understand these results, recall that the pion can
transfer energy to the nucleus in two ways:

T+N—A,

- (6a)
A4+N—->N+N+7
T+N—A,

- (6b)
A+N—-N+N .

In (6a), the A scatters about, distributing energy to
the nucleons from which it recoils. In (6b), the 7 is
“truly absorbed,” i.e., the total energy of the pion
(m,+T,) is given to two (or more) target nucleons.
The latter process is quite efficient at depositing en-
ergy in the nucleus. The cross section for (6b) is, as
noted earlier, significant and energy dependent.
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Process (6b) is visible as a threshold effect in Figs.
4(a) and (b). The energy deposited by (6a) is rather
smoothly distributed, while the absorption of one,
two, three, . . ., pions is manifest as steps in Eq, on
the order m,. In Fig. 4(b), for example, we see a
relatively large probability of all pions being ab-
sorbed (2000 < E4ep, <2100 MeV). The next lower
interval (1900—2000) has few events because E g,
must drop by at least m, (140 MeV) if one pion es-
capes. The increased probability for
1800 < E 4, < 1900 reflects the *“one escaped pion”
events, and similar structure occurs when one pion
is absorbed.

The peaks in Egye, at 400 MeV for '*C and 1000
MeV for 238U indicate that the average number of
pions absorbed is 1 and 2, respectively. (Recall that
for NN annihilations one gets on the average five
pions, each with total energies of approximately 400
MeV.) The really striking result here is that for an-
nihilations on 2*¥U, over 55% of the events result in
Egep>1 GeV. For '°C, 75% and for *U, 3% of
the annihilations result in Eg, > Eping Where
Ebind ~8A4 MeV.

Figure 5 shows Eg4, versus the radius of annihi-
lation. The bars indicate the standard deviation
from the mean, not statistical errors. The crossed
arrows indicate average values. As we expect, the
large E 4, annihilations occur deeper within the nu-
cleus.
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FIG. 5. Energy deposition [see Eq. (5)] from p an-
nihilation in '>)C and 2*U vs the radius at which the an-
nihilation occurs. The bars represent the width of the
distribution of events. The crossed arrows indicate aver-
age values. The average annihilation radii are approxi-
mately equal to the nuclear sharp cutoff radii (1.128
A7), within 0.2 fm.

B. Penetrability

The annihilation probability versus annihilation
radius is given in Figs. 6(a) and (b). The solid
curves are calculations for a real 5+ A4 attractive po-
tential of V3 =250 MeV, while the dashed curves
represent Vi =0. The effect of the potential is to
move the average annihilation radius farther into
the nucleus, approximately 0.5 fm in each case. For
both 2C and 2%%U, about 40% of the annihilations
occur inside of the nuclear half-density radius. An
appreciable fraction annihilate even further inside,
although effectively no annihilations occur at the
center (only 3% in >C and 0.01% in 2*®U annihi-
late inside 1 fm). Penetration into regions of max-
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FIG. 6. (a) The probability of 7 annihilation in '2C vs
the radius of annihilation. The solid curve results from
calculations with ¥z =250 MeV, the dashed curves with
Vzr=0. (b) The same for 3*U. The bars are statistical
errors. Note that ~50% of the annihilations occur
within the sharp cutoff radii (7.0 fm for *®U and 2.6 fm
for 2C). The effect of the potential in increasing the §
penetrability is quite apparent.
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imum density is important, however, in that in-
teresting things are predicted to happen® when high
energy densities occur in nuclear matter.

C. General characteristics

In this section we present pion and proton angu-
lar, energy, and multiplicity distributions for im-
pact parameter averaged annihilations. Total reac-
tion cross sections are also presented. All angles
and energies are in the laboratory frame.

In Table I, the total reaction cross sections are
presented. The reaction cross sections (og) are
given for Vi =0 and 250 MeV. The oy are, as ex-
pected, larger for the more attractive potential and
increase as 4273, as should be the case for strongly
absorbed projectiles.

Table II gives average multiplicities ({rn)) for
pions, protons, and neutrons for pp at rest, p+ I2c,
P+2%%U at 175 MeV, and 7-4 (light nuclei) at 750
MeV. Note that, on the average, one pion is totally
absorbed by '2C and two pions by **®U. The 74
data are at a higher energy where inelastic 7 pro-
duction is possible; thus the { n_ ) is slightly larger
than for pp at rest. The -4 (n,) is almost twice
that for 5+ '2C primarily due to the fact that our
calculations do not include (slow) evaporation. If
one examines the data of Ref. 13 and excludes pro-
tons below ~40 MeV, then (n, )~1.

In Figs. 7(a) and (b), the energy integrated angu-
lar distributions for 7+ and 7~ are presented. The
isotropic nature of the scattering, particularly for
238U, underscores the uniqueness of the low-energy
p+A interaction. Unlike high-energy A4-4 col-
lisions, there is no projectile fragmentation to carry
off momentum and energy. The decrease in do/dQ)
at small angles is due to the attenuation of most
forward going pions by the bulk of the nucleus. In
Figs. 8(a) and (b) the proton and neutron distribu-
tions are shown. The pion, and particularly the nu-
cleon angular distributions, indicate that 2**U ther-
malizes the deposited energy better than *C.

The angle integrated energy spectra are shown in

TABLE 1. Total reaction cross sections (og) for
E;=175 MeV. Vj is the strength of the (attractive) real
optical potential whose shape follows the matter distribu-
tion.

p+"c P+
or (VrR=250 MeV) 535 mb 2705 mb
or (Vr=0) 420 mb 2290 mb

TABLE II. Average multiplicities from p-p and p-A
annihilations. Columns two and three are the results of
present calculations with E,=175 MeV and Vg =250
MeV.

Pp at rest n-A 1.4 GeV/c
(Ref. 29) p+12C p+2*U (Ref. 13)
(nyt,0) 5.0 4.1 2.9
(n_i) 1.5 1.1 0.7 1.59+0.06
(n__) 1.5 1.4 1.1 1.2340.04
(n_o) 2.0 1.6 1.1
(n,) 1.0 2.9 2.1240.09
(n,) 1.1 5.7

Figs. 9(a) and (b) for 7+ and 7~ and in Figs. 10(a)
and (b) for protons and neutrons. The pion distri-
butions have two components, a broad bump cen-
tered at about 300 MeV and a sharp peak at ~100
MeV. The lowest energy pions are essentially total-
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FIG. 7. (a) The energy integrated angular distributions
for m* (vs laboratory angle) which result from 4+ '?C,
28U annihilations. (b) The same for 7.
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for protons (vs laboratory angle) which result from
P +'2C, 28U annihilations. (b) The same for neutrons.

ly absorbed. Later, when we look at the pion energy
spectra as a function of annihilation radius, it will
become apparent that the two peaks correspond to
primordial (i.e., relatively unaffected by nuclear
scattering) and “secondary” pions.

The proton and neutron energy spectra [Figs.
10(a) and (b)] are relatively featureless. The slopes
can be associated with a “temperature,” or slope
parameter, T:

do/dE « exp(—T/Ty) . (7

For 2U we find T, (proton)=75 MeV, while T,
(neutron)=68 MeV. The corresponding values for
12C are T (proton)=82 MeV and T, (neutron)= 82
MeV. Without ascribing too much significance to
such a simple parametrization, we may compare
these to inclusive proton spectra slope parameters
obtained from nucleus-nucleus collisions.! We find
that T(~80 MeV is observed in inclusive proton
spectra from nucleus-nucleus collisions of approxi-
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FIG. 9. (a) The angle integrated energy distributions
for m* (vs laboratory kinetic energy) emitted in g+ '2C,
28U annihilations. (b) The same for 7~. Note the
“double bump” structure (see text) and the Coulomb ef-
fects at low T.

mately 1 GeV/nucleon laboratory energy.

Figures 11 and 12 show the doubly differential
cross sections for 7+ and protons. The 7~ and
neutron spectra (not shown) are quite similar to 7+
and protons (respectively). Again the isotropy
stands out. The pion spectra reveal an excess of
higher energy pions at forward angles. The source
of the ejectiles is more apparent in a rapidity plot,
so the 71 data are presented as a function of rapidi-
ty and perpendicular momentum in Fig. 13.

The proton and neutron rapidity plots (not
shown) are quite featureless, showing only the iso-
tropy apparent in Fig. 12. The pion rapidity plots
are more interesting. We see that a large com-
ponent of the pion spectrum emanates from the tar-
get (Y =0). There is, however, a component which
has Y~—0.4 from '2C and Y~—0.6 from ***U.
These correspond to “backsplash” pions, or those



2146 CLOVER, DeVRIES, DiGIACOMO, AND YARIV

ANGLE-INTEGRATED ENERGY DISTRIBUTION

PROTON
100 238
u
(a)
10
=
o
= 1
3 12
£ C
- 0.1
o}
0.01
0.001 - T T T T T T ™
0 125 250 375 500 625 750 875 1000 1125 1250
T (MeV)
ANGLE- INTEGRATED ENERGY DISTRIBUTION
NEUTRON
1000
(b)
238
100 U
> 10
o
=
N
0 1
£ 12
0.1
o}
0.01
0.001+

T T T T T 1 T T 1
0 125 250 375 S00 625 750 875 1000 1125 1250
T (MeV)

FIG. 10. (a) The angle integrated energy distributions
for protons (vs laboratory kinetic energy) emitted in
P +"2C, 28U annihilations. (b) The same for neutrons.
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tistical.
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FIG. 15. (a) The impact parameter vs radius of an-
nihilation for p+'>C and (b) 7+ 2*U annihilations. The
bars indicate the width of the distribution of events.

which move backward with little attenuation after
the annihilation. The 7~ rapidity plots (not shown)
are similar to the 7t. These rapidity distributions
are quite different from heavy ion collisions, for
which are generally seen protons, neutrons, and
pions associated with fragments having projectile,
target, and (sometimes) center-of-mass rapidities.
The lack of fragmentation in p-A annihilations is
quite apparent here.

In Fig. 14, we see the multiplicity distributions
for charged pions [14(a) and (b)] and protons [14(c)
and (d)]. Comparison with the free pp pion multi-
plicity distribution (inset Fig. 3) reveals the degree
of pion attenuation for >C and #**U. The proton
multiplicity for 2**U can be quite large. As we shall
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FIG. 16. (a) The angle-integrated energy distribution
binned according to radius of annihilation for protons
resulting from p+23%U and (b) 5+ 2C annihilations.

see, large (n,) is correlated with a large energy

deposition.

Finally, in Figs. 15(a) and (b), the relationship be-

tween impact parameter (b) and annihilation radius
is displayed. The strong attraction makes R,,, a
more useful variable than b. This is reflected in the
fact that a given R,,, can originate from a broad
range of impact parameters.
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the distinct appearance of two components in the spec-
tra (see text).

D. Character of large E ., annihilations

Assuming that nothing unusual is occurring, the
method for energy deposition is pion scattering and
absorption. The large Eg4, annihilations will per-
force happen deeper within the nucleus. In Figs. 16

and 17, we see the proton and 7+ angle integrated
energy spectra for various radii of annihilation.
The proton spectra are not particularly interesting,
but the pion spectra reveal some structure. This
“double bump” shape is also visible in Fig. 9. A
broad distribution centered at approximately 200
MeV corresponds to primordial pions, mostly from
peripheral annihilations. A lower energy peak ar-
ises as annihilations occur deeper within the nu-
cleus. These “thermalized” pions seem to result
from small R,,,, large E,, annihilations. Thus ex-
aminations of those events with an excess of low en-
ergy pions should prove interesting.

Another large Eg, indicator is the pion and pro-
ton multiplicity. These can be seen in Fig. 18.
There is, as one might expect, a particularly strong
correlation between the number of protons ejected
and the energy transferred to the nucleus. Similar-
ly, there is an inverse correlation for the pions.
Note that the bars in Fig. 18 indicate the standard
deviation of events, not statistical errors.

Another possibility centers on the observation
made earlier with reference to Fig. 13 concerning
backsplash pions. The lack of such pions could in-
dicate a relatively deep annihilation.

E. Deviations from INC behavior

It would be somewhat disappointing if the data
agreed quite well with these calculations. One
might hope that a significant number of annihila-
tions would lead to new phenomena such as those
envisioned by Rafelski,”* where the annihilation
fireball “melts” nearby nucleons to form a
quark/gluon plasma. If such degrees of freedom
are indeed open, how might these new channels be
reflected in the observables discussed here?

Any answer depends, unfortunately, on the decay
characteristics of the unknown “state.” A rapid de-
cay into pions would be difficult to distinguish,
while decay into gamma rays would definitely upset
the (assumed INC) energy balance. The most op-
timistic scenario would have the quark blob living
for >107!° sec and being detected as a strange
charge to mass ratio particle. In addition, the decay
of a quark-gluon plasma into strange particles has
been suggested. >

One might then look for a kaon yield over and
above that expected simply from known p+p—
kaons and pions. We are in the process of calculat-
ing p+A— kaon production for this purpose. Sig-
nificant deviations from the INC predictions could
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indicate the presence of other degrees of freedom.
For example the slope parameters extracted from
Fig. 10 might be different. The isotropy might be
upset if jetlike behavior occurred. Broad range pro-
ton and pion inclusive data are necessary for such
comparisons. The shape of multiplicity distribu-
tions might also be affected.

Production of fragments in p-4 annihilation can-
not be calculated in the present approach. Howev-
er, thought must be given to examination of frag-
ments, perhaps using the techniques of Ref. 4.

VIII. CONCLUSIONS

We have performed realistic calculations of p-A
interactions at low energies within the intranuclear
cascade model. The results indicate that a large

amount of energy can be transferred to the nucleus
in a unique way. The characteristics of the annihi-
lations of p’s within nuclei are quite unlike any-
thing seen in conventional hadron-nucleus and
nucleus-nucleus collisions. These calculations
should provide important background for compar-
ison with data from upcoming LEAR experiments
as well as lending insight into the nature of this fas-
cinating area of nuclear physics.
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