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Antideuteron-nucleus absorptive cross sections for intermediate to high energics are calculated us-
ing an ion-ion optical model. Gocd agreement with experiment (within 15 percent) is obtaired in
this same model for P-nucleus cross sections at laboratory encrgies up to 15 GeV. We describe «
technique for estimating antinuclevs-nucieus cross sections from NF data and suggest that further
cosmic ray studics 10 seacch for antideuterons and other aatinuclei be undertaken.

The search for antimatter in the form of cosmic ray an-
tinuclei is an intriguing and speculative endeavor. Cer-
tainly, with prescnt experimental capabilities, producing
particles heavier than antiprotons in the laboratory is dif-
ficult at best. Indeed, the qucstion as to whether or not
ane should even search for antinuclei in cosmic rays has
tesen addressed from several different perspectives. One
point of view,! for example, 2rgnes that theoretical abun-
dances, estimated from empirical observations, of antinu-
clei with Z >3 are negligible. Although the extreme rani-
ty of antinuclei events may reflect nonconservation of
baryon number in our universe, the purpase of this paper
is not to address these issues but, rather, to provide a cal-
culational procedure for determining whether or not an
antinucleus has interacted with a nucleus. To do this we
calculate antinucleus-nucleus tota! and absorptive cross
sections utilizing an optical potential model®’ of nucleus-
nucleus scattering as described below. Numerica! results
for d nuc'cus. are presented to illustrate the predictions.
Since experimenta! data for antinucleus nucleus collisions
are nonexistent, predictions for p-nucleus cross sectiors
are made, comparcd to avai'able experimenta! da’y, ard
arc found to be in geod agreement (within 15 percent;.
Comprehensive iabulaticns of the predicted antinucleus-
nucleus cross sections are published elsewhere.*

For the scattering of composite nuclei, a general
multiple-scattering theory (neglecting three-body interac-
tions) has been developed by Wilson.® The series reduces
1o the usual Watson form when the projectile is elementa-
ry. Through the use of the impuise and closure arproxi-
mations, = simple, folded, optical model potential v de-
rived’ as

W(I)=A;Ar f d’zpr(z)
)(fd’yppi'x +v+2)ley), (1)

where e is the NN Kkinetic energy in the c.m. frame, y is
the NN relative scparation, pr and pp are the 1arget and
proiectile number density distributions normalized to uni-
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ty, fle,y) is the encrgy-dependent comstituent-averaged
two-nucleon transition amplitude obtained from scattering
experiments, and Ap and A are the projectile and target
atomic numbers, respectively. With no renormalization »

* parameter adjustments, this optical potential has been pre-

viously used in a Wentzel-Kramers-Britlouin (WKB) for-
mulation to obtain excellent agreement with experimental
elastic scattering differential, reaction, and total cress sec-
tion data at energies lower than 25 MeV/nucleon.® More
often, however, this optical pot-ntial approximation is
used within the context of an cikonal formalism to predict
nuclcon-nucleus, deuteron-nucleus, and aucleus absors ‘ive
(inelastic) cross sections to within 3% for energies higher
than 80 MeV/particle and to within 10% for lower ener-
gies.>>7 From cikonal scattering theory, the absorption
(reaction) <ross section is

Gun=2r [~ [1—exp{—2ImX(b)])* db , v
where the complex phase function is (with =1)
Xo)=—2k~" [ vtbakz, &)

with k the projectile momentum wave number and b
denoting the impact parameter. The seduced potential is
then obtained from the optical potential as

Ux)=2mApAr(Ap+ A7) 'W(x), 4)

where m is the nucleon mass. With’n the eiknna! context,
this model is similar to the comparable, bui alternative,
Glauber iheory formalism which has beer. extensively
developed by Franco and collaborators.® Aside from the
improvecd convergence to the exact multiple-scattering
series by the Wilson approximation® (due to differrnces in
higher order terms), the Wilson propagator® also includes
target recoii and terms to order k.

In order to apply Egs. (1)—(4) to antinucleus-nucleus
collisions, several assumptions, other than the applicabili-
ty of the underlying composite-particle multiple-scattering
formalism, are necessary. First, we assume that the num-
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ber density distribution for an antinuclens is identical to
that of its “normal™ aucless counterpart. Hence, aside
from the overall siga of the charge distribution, the an-
tinuclad charpe distribution parameters and funactional
forms arc assumed (0 be idertical 10 those of the corre-
sponding nuclcar species. We then extract (he number
densitits p, frem the corresponding charge dersitics pc
obiaimed from clectron scatiering cxpeniments, by assum-
ing that

p;_-(r)=f,},¢(r'p,(r+ rd’r, (5

wlere the nucleon charge distribution is takea to be the
wsual Gaussiaa form

Pdr)=32urki Napl — 3 N2r},) , (4
with a nuclcor r0! mem-square ckarge radius set oqual
to the proton value’ of 0.87 fau.

For clememtary grojectiles, swbstituiion of (6) imto (5)
yiclds a delta fuaction for p,. For au la or antinucla

with 4 <20 we use an harmonuc vacillator form o o a3

2
pclr)=pe |1 47 -:~I iap(—r‘/-‘). V)
-

where the charge distribution parameters y and a are list-
od in Table 1. Inserting (6) ond (7) into {5) yicids

palri=1oga’ /8’1 + 3y /2)—ya’/ts?)
+{ya®r? /16 jeapl — 22 /45T , 8
where
s2:=(a?/4)—(rp/6) . v

For aecl+i or antinuclel with 4 > 20 we choose a Wood's-
Saxom form

TABLE L. Nuclear charge distribution parameters from clec-
trom scatieriag data.

y HW) a HW)
Muclews Distribution® or t ImXWS) or R (fmXWS)
b 1 | HW o 1] |
‘He HW 0 1.33
i HW 037 LN
*Be HW 0.611 L.191
ug HW sl 1.69
2c HW 1.247 1.649
N HW 1.291 .79
%o . HW 1.544 1.833
®Ne wSs 2.517 274
YAl ws 2.504 308
“Ar ws 2.693 147
®Fe ws 2611 3971
“Cu ws 2.50% 4.20
8¢ ws 2.306 4.004
“as ws 2.354 5.119
Ing, wSs 2.621 5.618
o 2 wSs 2416 6.624

“The harmecc well (hs,; Lstribution is used for 4 <20 rad
the Woody-Sa on (WS) distribution for 4 ;- 20.

pe=pol 1 +exp{lr—R)/c]} !, (10

where R is the half-density radius, and the surface dif-
fuseness ¢ is related to the charge skin thickmess £,
through

=44 (13}

Valucs for R aad ¢, are also listed in Tablc 1. lncnmg
(&aﬂ(l(‘sw'S)yneHs.aﬁume”pl:fm a
aumber density p, that is of the Woods-Saxon form with
the same R, but different overall rormalization oy and
sur{ace thickness. The latter is given (in fm) by

ia=5.08ry | I{(38—1)/3-P]]) ", 12
where
B=c.p[2.54rn/1.]) . a3

In all cases the densitics are normalized to waity.
For the antinucicon-aucicon (NN) traasition amplitude,
7, we ascume a form

fley)= [f I o e Nale)+i[2uB(e)] 37

Xexpl —y2/2Bte)] . 14

which is obtained by taking the Fourier transform of the
usual wuclear amplitede.”® In Eq. (14) 0, is the NN total
cross section, ale) is the real-to-imaginary ratio of the for-
nldmplmade.ndl(e)nstheNNslopepumdu
Witk this choice for the 'wo-body amplitude we effective-
ly treat antinu leus-aucicus scaticring as a purcly comple-
mymtoudm—m:dunmmag. Values for
Oy a1c perametrized in terms of the incident particle
momentum P by

O =(61.2 mb)+(53.4 mbGeV/c)/P
—PmbGeV/e), as)

which is ¢ modification of the expressior. given in Ash-
ford er ol."' 10 extend the cross secticas to 15 GeV.
Valezs for the slope parameter, dugh yed in Fig. 1, wese
taken from the Paris NN potential'? and from Block and
Cahn."’ Values of the parameter a are not presented for
these resul’s since only the imaginary part of the trans-
tion amplitude is used to cakulate absorption cross sec-
tions. Details of the values used for the total cross serction
estimates are found in Ref. 4. _

Predictions for p-nucieus and d-nucleus absorption
croas sections are displayed in Figs. 2—4. Also plotted in
Figs. 2 and 3, for comparison, are data from various ex-
perimental measurements.* =" Clearly the agreement be-
tween theory and experiment is good since the maximum
cross section diff=rence for any of these results is less than
1S percent. Typical differences between theory and exper-
iment are § percent. Figure 4 displays predicted d-nucleus
asbsorptive cross sections for the range from 50
MeV/nucleon 1o 15 GeV/nucleon. These are provided in
the event that techniques for producing antideuterons in
the laboratory may become available in the future. Simi-
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TIG. 1. NN slope parasacter valucs wsod ia the present work. The crosses are our intcrpolation.

larly, the possibi ity of observing antinuclel in cosmic rays
raay also comtribute to the usefulness of this collision
modcl. Indoed a primary cosmic antitriton cvet was re-
ported at the 18th Intermational Cosmic Ray Confer-
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FIG. 2. Theoretical P-nucicus absorption cross sections as a
function of ir<ident kinetic energy. Experimentsal values were
obtained from Refs. 14—16.

ence.'” Cross sections for antinuclews-aucieus collisions
up 10 Fe-Pb are tabulated in Ref. 4. For all collision
pairs, the cross sections, as in Fig. 4, are smouth curves
displaying no complicated structure. For optical moded
calculations, however, this is not entirdy unexpected since
it merely reflects the averaging nature of the calculation
and the smooth fuactional dependencies of the input NN
data
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F1G. 3. Theoretical p-Pb absorption cross sections as a func-
tion of incident kinctic energy. Experimental values are taken
from Refs. 15 and 16.
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FIG. 4. Theoretical predictions for d-suciews sheorptive crass
sections as 8 function of incider( kimetic caergy.

We have also performed an saalysis to imvestigate the
seasitivity of owr prodictions to the magaitude of the slope
parasmcicr. This was dome by recalculating astiproton-
and Fe-nucleus cross sections for the cases where the NN
slope parameters are taken in & rather ad hoc fashion as
2Bi¢) snd B(e)/2. These slope peramecier ranges arc
displayed in Fig. 5 alomg with the Brookhaven measure-
ments.!" As saticipated, we found that collisions involv-
ing light nucla arc far more sensitive (o changes @ the
slope paramcter than collisions involving heavy aucle,
especially at Jower energics. For instance, with an as-
sumed slope parameter of 28, we find that o, at 100
MeV/nucieon, increases by 21% for H-C (629 mb vs 520
mb), but on'y by 10% for p-Pb (2528 mb vs 2303 mb).
For Fe-Pb at 100 McV/nucleon, the incresse is 6% (5886
mb vs 5542 mbl. At IS5 Gev/aocikeon, the increases for
these same collision pairs are 13%, 7%, and 4%, respec-
tively. If the slope parameter is halved (10 0.5 B), we find
that o, for the _ame three collision pairs decreases by
13%, 6%, and 4% at 100 MeV/nucleon, and by 9%, 4%,
and 3% at 15 GeV/nocleon. Clearly these absorption
Cross sections are not very scasitive to large changes in the
slope parameter.

In summary, we have employed a simple oplical model®
from nucleus-nucleus scattering theory 20 intcrmediate en-
ergy antinucleus-nucieus collisions. The only new inputs

to complete the calculations are the experimental
NN dlastic scattering parameters (total cross section, elas-
tic siope parameters, and real-to-imaginary ratio of the
forward scattering amplitudes). For the energy range con-
sidered hereiz (109 MceV/nucleon to 15 GeV/nucleon), the
cikonal {ormalism is certainly adequate. Although these
methods could be extended to even lower energics,” other
more suitable methods'® are currently being implemented
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FIG. 5. Range of NR slope sarameters used ia the cross sec-
tioa scasitivity stedics. The cxperissental vaiues ave taken from
Brookhaves messerements (Ref. 11).

clsewhere. We have included charge exchange only as it is
included in the determination of the Paris NN siope pe-
rameters. We have not considered pion propagation <f-
fects in the target nucleus, two-body correlation functions,
and have ignored possibly important spin and isospin ex-
citatiors of the target.”” Nevertheless, we find that the
model gives rather gend agreanent with available
Poucleus data at intermadiate energics and expect that
the predicted d-nucleus absorption cross sections are
reasonably accurate (certainly within 15 percent). While
#c realize that the production of enough antideuterons in
the laboratery (LEAR for exampie) to produce a beam is
in the distant future, the production of such a beam could
open up new aress of research since, for example, high
temperatures in nuclear matter, may be achievable™ with
antideuterons of momentum greater than 2 GeV/c. For
now, cosmic ray studies to offer the best chance
for detecting and studying d and antiruclel interactions
such as the reported antitriton event.!’
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