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THE ANNIHILATION OF LOW-ENERGYANTTPROTONS IN NIJCLEI

R. M. DeVries and N. J. DiCiacomo

Physics Division
Los Alamos National Laboratory
]-”~ Alamos, NM 87545 US,$.

INTROD(ICTION

We discuss the effect of antiproton annihilation within nuclei
from the perspective of realistic intranllclear ca~car!e c~lculntions
( INC) . The results indicate a si~nific.ant ener}:y deposition for n
class of annihilations that are shown to occur relatively clcep wit}-
in the nucleus. In addition, promising expcrimcnra! observtiblcs
and triggers are identified. The calculations are especially rrl-
evant to LEAR antiproton-nuclclls expcrimentsj parlicu~arly PS 167.
This experiment is described here and possible fuLurr invcsti~ntions
are suggested.
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energy densities a few times that of the nucleon (% l(iO MeV/fm3)
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 becomes greater than the
disassembly energy) is quite interesting. There ;xi:;t, in fact,
experimental data that find a plausible interpretation in the
latter scenario.(4)

ecent calculations(5) that quantitatively
‘e ‘Ummariye ‘?%~7$ ~hat ~o~-energy (EPverify suggestlona < 1 GeV) antinucleon-

n~cleus annihilations are possibly the best place to study nuclei
at high excitation. When an antinucleon annihilates on a nucleon
withf.n a nucleus, a large number of pions (at low energies, approx-

imately 5) are produced in a hadron-sized region and carry nway
approximately 2 GeV of energy. The average pion momentum is such
that thqy are strongly absorbed by nucleons to form Ad3 resonances.
We choos~ low energies to keep the longitudinal momentum (and pos-

sible fra~:lentntion) to a minimum and to assure that the annihila-
tion region moves rather slowly through the nucleus (EP = 175 Xev
implies ~XN, the “fireball” velocity, ia 0.29). Also, at low en-
ergy the annihilation is predominately into pions, z.nd ~r 175 !le\’
there ia no cc.~petition from inelastic pion production. One disad-
vantage of lo!er energies is the larger RN cross section and
subsequent ~urf~ce localization of annihilations in nuclei. ~~lr

calculations co,’firm earlier obqerva~ions(a) that tt,e strnnr,
ant inucleon-nuclels attraction re~-dies this problen in part and
increases signific~ntly the anr,inucleon pen~tration of the nllclplls.

Thu input fi?! clath, the llf~ model nnd the moclifirntioas fsr the
intranuc]enr casade {ode lSARE1.(qJl(~) are described in Ref. ‘,.
Suffice il to say her= thnt clnzreful, realistic l“{C cnlclllatinns
wore perf~rm~~ for ?75 Irv ~ + Cl asall intcr,lctione.
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Here

(1)

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 alrernate d~finitions
which might, for example, subtract only the energies of “primordial”
pions inEq. (l).

B) Do the antiprotons penetrate a significant distance into
the nucleus before annihilating? This point is necessarily related
to A) and will be addressed in that context.

C) h’hat are the general observable characteristics of an~i-
proton annihilations in nuclei?

D) i!hat are the characteristics of the higl~ energy clcpositiun
event 6? Can they be easily distinguished from surface annihila-
tions via an experimental tri~ger?

E) The INC calculations are based on the ass!l~ption that
nothing unusllal is occurrinq. Can we, then, identify experi::.unttnl
quantities that may reflect the presence of der,recs of fr~c!nr, not
included in the calcule.tions?

Ener~y Deposition

In Figs. la and b, we see the clistritlution of ,Innihilatirln
events versus Edep for lZC, and 23s1!, respcctit”~lv. T’lr ~rror !)ars
arc statistical, To understand these results, recall Lh,nt t~lr ;,ion
crIn transfer encrflv to t}le nucleus in two ways :

w+N+A ?;1)
~ +N+ N + ; + n .

IT+NAA
A+N+N+;.

m,)
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respectively. (Recall that for fiti annihilations one gets on the
average five pions, each with total energies of approximately 4f)f)

MeV.) The really striking result here is that for ~rnihil~jions
on 23eU, over 55% o: the events result in Edep > ~ CeV! For C,
75% and for 238[1, g% of the annihilations reSUlt In ~dep > Ebind

where Ebind ~ 8A MeV.

Figure 2 Shows Edep versus the radius of annihilat;~n. The
bars reflect the distribution of events, not statistical errors.
The crossed arrows indicate average values. As we expect, the
large Edep annihilations occur deeper within the nucle~’s.

Penetrability

The annihilation probability versus annihilation radius is
given i? Figs. 3a and b. The sclid curves are calculations for a
real ~+A attractive potential of VR = 250 FleL’1 while the dashed
cUrVeS represent VR = 0. The effect of the potential is to move
the average annihilation radiu~ farther into the nucleus by approx-
imately 0.5 fm in each case. For both 12C and 238U, on the ord~r
of 40% of the annihilations occur inside the nuclear half-density
radius. An appreciable fraction annihilate even further inside,

[—
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Fig. 2,
,,. .

::;ri;edepnsition ‘gee Eq’ 1? ‘r”m Fan’~l’~llat l”” ‘n”cU versus radius at which the cinnlhlltillon occurs.

Thf! hnrn rcpresrnt the distribiltion of evunts. The cross
llrrows i~dir~te avera~e values. The avoraxu aunihilatioll
rndii are, npprnximntcly eq{,nl to tl)c nuclenr sharp clltoff
radii (1,12H A]/3) within i.2 fm.
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Table I

Total reaction cross sections (OR) for E~ = 175 MeV. VR is the
strength of the (attractive) real optical potential. The shape
follows the matter distribution.

F +’zc F +2381J

UR (VR = 250 MeV) 535 mb 2705 mb

OR (VR, = O) 420 mb 2290 mb

interesting things are predicted to happen (7) uhen hi~h enerey
densities occur in nuclear matter.

In this section we present pion and proton an~ular energy and
multiplicity distributions for impact param~ter-averared annihila-
l.i~n~.-. ‘rotal reaction cross sections are also presented. .411
angles and energies are in the lab frame.

In Table I, the total reaction crciss sections are precented.
The r@aCtiOtI Ci-OSS sections (OR) are Riven for [’R = O and 250 ?!eV.
The OR are, as expected, larger for the more attractive Dotential
and increase as Az/3, which should be the case for stron:ly absorbed
projectiles.

Table 11 qiv~s average multiplicities for pions, protons and
neutrons for ~p at rest, P+ ‘2C, p+238 u Rt 175 ?lc\’, aIIr! R-A (Iip]]t

nuclei] at 75Cl MeV. Note that on the nveraf!.e,z:;e pion is totally
absorbed by ‘iC and two pions are absorbed by C. The fi-A data
are at n higher energy where inelastic-Tl production is possible,
thus thu ~n~l+> is slightly larger than for ~p at rest. The fi-A
cnl,> is nlmnst twice that for ~+ ‘2C prinlaril} due co the fact tl~aL
o(lr calculations do not include (SIGW) evaporation. If one es:]::l-
ines the data of Ref. 11 and exclurics protons hrl,lw % L(J ?le\’, thun
<np> = 1.



Table 11

Averqze multiplicities from ~-p and ~-.’. annihilations. The *
indicates reSUltS Of preSellt CalCUlqtiC)n6 with EE = 175 ?!e~ and \’R =.

~p At Rest

5.0

1.5

1.5

2.0

---

---

4.1 2,9

1.1 0.7

1.4 1.1

1.6 1.1

1.0 ?.9

1.1 5.7

--- -- -

1.59 + .~6

- -- ---

- -----



In Figs. 4a and b, the energy-integrated-angular distributions
f6r T+ and H- are presented. The isotropic nature of the scatter-
ing, particularly for 23aU, underscores the uniqueness of the low
energy ~+A interaction. unlike high energy A-A collisions, there
is no projectile fragmentation to carry off momentum and energy.

The decrease in dU/df~ at small angles is due to the attenuation of
most forward-going pions by the bulk of the nucleus. The angle-
integrated-energy spectra are shown in Figs. 5a and b for T+/n- and
in Figs. 6a and b for protons and neutrons. The pion distributions

have two components, a broad !]ump centered at about 300 MeV and a
sharp peak at = 100 MeV. The lowest energy pions are essentially

totally absorbed.
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Fig. 4. a) The energy integrated an~:ular dis:ribu~ions for n~
(versus lab angle) which result from ~ + C, 23d\l
annihilations. b) The same for n-.
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text) and the Coulomb effects at low T.

Proton and neutron ener?,v spectra
featureless. The slopes can be assoc:
or slope parameter To,

du
1= exp (- T/T ) .

dE
o

(12)
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The n+ rapidity plots are shown in Figs. 7a and b, We see that
a large component of the pion spectrum emanates irom the target

(y=o) ■ There is, however, a component that has y = - 0.4 E’-om 12C
and y= - 0.6 from 238U. These correspond to “backsplash” Oions,
or those which move backward with little attenuation after the
annihilation. These rapidity distributions are q’~ite tifferent
from heavy ion collisions, which generally have protons, n(!utrons,
and piona associated with fra~ments having projec~ile, tal)gct and

(sometimes) center-of-mass rnpidities. The lack of fra~ml!ntation

in F-A annihilations is quite apparent here.
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Cha:acter of Large ~dep Annihilations—

Assuming that nothing unusual is occurring, the method f6r en-
ergy deposition is pion scattering and absorption. The Iarf!e Edep
annihilations will perforce hapFen deepez within the nucleus. In
Fig. 8, we see the 11+ angle integrated energy spectra for various
radii of annihilation. A broad distribution cen:ered at % 200 Me’:
corresponds to “primoriinl” pions, mostly from peripheral annihila-
tion. A lower energy pe~k arises as annihilations occur deeper
within the nucleus. These “thcrma?ized” pions seem to result from
small Rar,n, large Edep annihilations. Thus examination of those
events with an excess of low-energy pions should pfove intcresLlng.

Another large Edep indicator is the pion and proton multiplic-
ity. These can be seen in FiR. 9. There is, as one might expect,
a ~artiqularly strong correlation between the num!~er of prntnns

cjet.ted And the energy transferred to the nucleus. Similarly, thcr,:

is an inverse correlation for the p!ons. Nt,te that t!lc !Iars ill

Fig. 9 indicate the distrih~ltion of events, not slltistical errors.

Another pos~ibilitv centers on tllc crhscrvntioll, R3.IP carli~’r

with reference to Fig, 7, conce.rn:nj~, “!)acl<splasht’ pinns. T]I(I ] ,’II”k

of such pinns could indicnte a rolritively rlocp ,~nnihilntinn.

It would be srvncwhnt di~nppointin?. if Lhe clatflni’rItOl t!’.:i:~t

WC1l with t;lcsc calculations. (’)IIP mi~llt hope that a si;:nific17nl

n(lmher of annihilations would leilil to now phenmnen,n sllch n~ LIIIISLS

cnvinion~d by Rafelski,(l~) where the fil~nihilntien fircljall “RIT.lLG”
nrarhy nuclcons to form a qunrk/F,l~~on pl;Inm,Im If Sllc!l (!I*I”I’4’I’F Oi

frrrdnm nrr indeed open, how mi~ht these new cl)t7nn(’!s III rcflcrL1’l!

in lhp obsorvables disr~lsscd hrre?
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EXPERIWNTAL ASPECTS

Our experimental arrangement for PS 187 is very similar to the

system with which we have been takin data on proton and heavy-ion

induced pion production on nuclei. (135 This Systeril is de~i~ned to
be as broad ranged as possible as one never kncws “a priori” where
new (i-e., non-INC predicted) phenomena will s“now up. Thus we have

aimej to cuver the angular re~ion 0°~9 :180° and c.neru region 50

<Tn < 5f)0 ~fev, with similar momentum ranges for protons and kaons.
Since wc are particularly interested in observing correlat~~ns
between particles (especially like pions) we require a reasonable’
larpe., solid angle and mulLi,parLicle detecticn cap~bility.

The “Cailiope” device is illustrated in Fig. 10b* A beam passes
through the tar~et aL the center of the (81-cm diam, 7.5-cm flap)
circular mar,netic field operatrd at two different magnetic field
settings, produced particles are deflected and detected in six
arravs placed at the edEe of thr POIP faces. Each detpctnr arrnv
cons-ists of two X-Y position-determining planes follc~w’?~l by a 1/2-

in-thick scintillation cletcctor and a novel Cherenkov detector. (14)

This army provides particle momentum (assumini; charge of ~e) ener:?::
10s<, times of Cligllt, nnd Cherenkov light :~ieid (pnrticulnrlv \tse-
ful as a pion trip?,et). Thusl redundant particle identification
occurs, An effective solid nny,le. of ahollt 1 sterarlian in a plfinnr
~.,.,~nlctr\~ allr,Js us ?:0 ~tlrforrn the inclusive .Ind e:<clllsive [~ti.Is-
uromc,lt: of intererit and to compare the r~:i[!lts dirrctly with t!~~
]:;C f-lle~llncions.
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