RR fo24)28

PUBLICAGOES

ANPBP/P-193 s

S ——— \ /

INCLUSIVE ANNIHILATION OF ANTIPROTONS ON

T. Frederico, B.V. Carlson and R.C. Mastroleo

Instituto de Estudos Avangados, Centro Técnico Aeroespacial
12231 Sfio José dos Campos, SP, Brasil

L. Tomio
Instituto de Fisica Teérica, Universidade Estadual Paulista
Rua Pamplona 145, Sdo Paulo, SP, Brasil

M.S. Hussein
Instituto de Fisica, Universidade de Sdo Paulo

Julho/1989



Inclusive Annihilation of Antiprotons on Deuterium

T. Frederico®, B. V. Carison” and R.C. Mastroleo
Instituto de Estudos Avancados
Centro Técnico Aeroespacial
12231 Sao José dos Campos, Sao Paulo, Brasil
L. Tomio®
Instituto de Fisica Tedrica,
Universidade Estadual Paulista,
Rua Pamplona 145, SP, Brasil

M.S. Hussein®
Instituto de Fisica,
Universidade de Sao Paulo,
20516 - Sao Paulo, Brasil
13 Jun 89

— s b

" _p sad in part oy the Conselhio Nacional de Desenvoivimento Cientifico e Tecnoiégico CNPq, Brasil




Abstract

The inclusive anniniiation of aatiprotons or ceuterium it cacuialed Wil.in a three-socy
model. At very low antiproton energies (E, < 2.2} eV’ ) structuze is vuserved ia the cnergy
spectra of emerging protons at forward angies. The theory can be easiiy ex:ended to izzer

antiproton energies.



i3 TeCeil Duper. Lasia auu landvt discussed Lie nuciear quasi-bounu statcs of V¥ N
SYSlemMS aDC assessed lheir importance in antinucieon-nucieus aynamics. In particular, the
s&evance ol tiree-vody effects was empiasized ia counectiou with the iheoretical possibility
tba: some \-aucieus quasi-bound states cowsd be of suificientiy small decay width w0 be
ouservabie®). Latta and Tandy investizated the relevance of an explicit three-body descrip-
tion of the .\.V.V systerz using the Faddeev equations and concentrated their attention on
iZe pupely auc.eal guasi-bound states. No attempt was made to calculate scattering ob-
servadies woica may de of great importance in assessing the effect of VN correlations in
~N-zucieus scasiering.

The purpcse of the present daper is 1o develop an exact three-body descriptioa of the
antiproton-deuteron inciusive anniniiation process in the proton or neuiron final channel,
2amely,
prD— ’; +;\; (1)
when X and Y cepresent anything. In developing the theory for the inclusive cross sec-
tion of (1), we rely heavily on recent theoretical development of nuclear inclusive break-up
seactions®. Tor the purpose of compieteness, we present below the derivation of the cross-
secton.

We use a zocreiativistic description of the three-body .V system and denote the Hamil-
tonian oy H

H=T+U,.1-L',,-:-P;. (2)
where T is 1oe iinetic energy operator. Usq is the p—n opticai potential, U;, the 5~ p optical
poteatiai agc 1., :ne (real; 2 — n poential. The antiproton-nucieor optical potentiais have
ag imaginary Jast 10 iase inio account toe flux iost 1o annibilation.

Within t2e tnree-Dody formaiism, we can write the matrix elemen: containing an asyinp-

otic proon i3 :ze fAnal staze as
Figpef: =<@pf ' Voa + Uyg i v" > (3

where we save cenote Dy . ail aatiproion-neutron final siazes, inciucing those in which they



bave apaiiiiatec. We can then immediately write the InCiusive proton C:oss-scciion as

J‘Gh‘ 2 . .- Ly
&,dE' - E;P\Enz; qu,tf} =

2x f , - - . ,
Z B <V Ut Vou |Gf ><Gf Vi + Uyl 9" > HE- £, E}) ()
wkere E,(Ej) is the proton {actiproton-neutron) nal energy, E is the initiai energy, 2 E, ) is
the proton density of states ang t; is the initial veiocity of the antiproton iz the lub system.
We now identify the sum over j—n final with the imaginary party of the 5—n propagaior
to obtain

fo, 2 R 3, . o
d!l,d'-E" = fw,’(E')< v’ ib#?v’, Iq,) IMG”(E- Iq:) <4y V,' -U" i vt > (-7)

Standard two-body manipulations now permit us to rewrite ImGj, as
ImGpe = (1+Gh GL)ImGopa(l + Upa Gpa) + CLW,nG} (6
where

W, = L_"'."_[_?:z -
- = 21 Ls}
is the imaginary part of the aatiproton-neutron optical potential. The firs. terin in equazion
(6) describes scattering in which both the antiproton and neutron coatinue o exist in the

final state.

The second term describes the fux lost from the incoming channei wiica tere corresponds
solely to annihilation. We can thus identify the inciusive antiproton-neuzzon aaniziiation
cross-section with the contribution of this term :o the inciusive proton cross-sectioc. e
have

J" ing 2 . f ' - . - - » » . ,
dﬂ‘;E = fw,P(Ep) < UL+ Vi) Gin ;G5 > Win <55 GalLip = Vo) 1 47 > (8]
t duted

As the entrance channei is that of the aatiproton and deuteron the exax: three-body

wave function satisfies the homogeneous Lippniann-Schwinger equation
fvT> = Goailpp=Vmjiv™ > \9;

We can thus reduce the expression for the aatiproton-neutron anuiniiation cross section
to

—_—ln —_—— g P &> W 7wt i
MdE, = TaE S B2 Wn<gieT> o



A SUREAC eXPression CAll Of GEIIVEC W08 LuC LuCiuive DCULTUL. Clusy WCLivl JUC W pIotoit
AULPIOWR ALdLINALOR.

Theswn ol tie tho anmibiialon Cross sections oviousiy satisfies e opiicai theorem for
132 20GY sySeeil. o> asniiiaiion s tae only mechamsin ior tlux absorpiivn wuich caters. In
2his respect. we remuad the reacer :zat the breaxup channel is contained in the three oody
formaism aud i3us voes aot ansoro Hux.

We note that iae formmai expressiog obtained for the cross-seciion is very simiiar w0
that obtained for ke heavy ion dreaxup-fusion one.® The difference between the two is
iimited 0 the piane wave states here iostead of the distorted waves obtained :n the breax-up
fusion expression. Tais is entireiy reasonable, however, as, after annihilation. ikere is simply
notiing leit to disiort tae finai staze wave fuction of the remnaining nuclco:.

Ia te fol.owiag, we will use our formalism to periorm a schematic caiculation of the
:nciusive Droton cross section due 0 the antiproton-neutron annikilation. For tilis purpose,
we will empioy iLe simple s-wave one term separable potentials used by Latta and Tandyi!
and solve the inhomogeneous Faddeev equations corresponding to the antiproton-deuteron
entrance channei to obtain the exact toree body wave {function.

We use :ne sernel subtration method of ref. 4 to soive the integral equations numerically
and restrict our atlention to energies below the deuteron breakup thresioid to avoid the
pumerica: compiscasiors which t3e dreakup channef intsoduces. As in Latta and Tacdy, we
negiec: 12e Louiomd interactioa.

After ienginy bu: straigatforward algebraic manipulations, we obtain for the double

differentia: cross section.

BPine 3T q 3
adE, = 9= Y C

S .
2
¥

. b ] 1

5‘ 3 ryz o NS 321 N8 a2 .
;.“,ouwlsn{a X,ls (ﬂi '3 !Yéls ‘q,t } \11)
where £ is i2e reiative momentum of the initial antiproton, ¢ is the relative momentu:n of
-tae finai zuceon acd ;g is the anniniiation stresght i tne cnansei i which the anniiilated
pair 2ave isuspic 4 aod 5. The ampiitudes are obtained as the overiap between the nucleon-
antiproton sepasap.e notential lcrm factor and the exact three body wave function.

A S . )
Xai3ig) = <gs . v, > {12)

wiere s denotes :xe :otai channei spin. 1/2 or 3/2.
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The wave function normaiizasion is deternuneu OF the enraiue Calihie. Where 1ue ceuleson
wave function is gornalized to unity whaile tie aatiproton piawe wave . wormalized ‘o
§k-#,.

In figure ! we present our pumericai resuits for the angle-integraied proton specizum
ai two antiproton lab energies beiow the deuteron oreaxup theres.xd. I and 3 MeV. Tle
proton relative center-oi-mass energy (£, = 3/i¢° was varied from zero :0 20 MeV. T.e
angular distribution of the emitted proton is shown in Sg. 2 at three protoz reiative cecte:-
of-mass energies, 1, 9 and 17 MeV, for an incideat p lab energy of 3 MeV. The baci-
angie enhancement of the cross-section is a clear indication of tne spectator nature o :ie
emitted proton. Further, there is a cieac structure as small angies notice that small acge
in the present context represents large momentum transier!) observable in the energy range
E, ~10~1TMeV . In order w0 exhibit this siructure more cleasiy. we preseat in fig. 32 ze
proton spectra at three fixed angies, 0°,20° and 10°. We see a cicar minimuin and a sump
at 0° (Ef* = 3MeV). This bump seems to be very sensitive 1o the binding energy of :ze
target as indicated in fig. 3b.

The above feature of the proton spectrum seems to be a genuine three-0dy effect azd
it centainly merits further investigation. We believe that this effect may aiso be preses: in
autiproton-nucleus scattering at iow energies. We have calculaied ihe aaguiar distributioa
of the protons at higher energies (100 MeV) as weil {fixing the antiproton energy at 3 Meb'.
At these higher enesgies, the distribution bevome more and more syuuuetrical about M
indicating the complete loss of memory of the incident direction.

Finally a word about the formalism empioyai in the presen: work. Although we coa-
centrated our discussion a: very low antiproton energies where au exact treatment oi :ze
three-body problem is required, at higher energies, 3 more convenient way of caiculating :ze
cross section would proceed through 2 DWBA treatment of the incideut chaauel. Antiproioz
nuclear (including deuteron) optical poteatials are available for this propose.

Further, corrections to the DWBA inciusive anninilaiion cross-section canz Je generaiew

in a simple and consistent way using the method deveioped in Ref. 3¢ anc 3c.
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Figure Caption

1. Angleintegrated protoa spectira as a function of tire proton reiative center of mass energy.
Full line is for B,““:l MeV. Rmksbtff; are showed by caszed line for £1* =
3;U¢Vandthmfot£'£“=l]lcl"

2. Angular distributivas of ihe speciator proton foc the protoa relative ceater of mass energy
of 1 MeV, 9 MeV and 17 MeVaE;"=3.H¢V.

3. Eoergy spectra of the spectator proton jor Ef* = 3 MeV. The il iine is for 0°, the
dashed line 20° and the dotted line for 40°. In the case (a) the deuteron binding energy
is 2.22 MeV and in case (b), 4.4 MeV.
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