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ABSTRACT

By uss of the modsl of the nusleon-antinucleon interaction propoeed
by Ball and Chew, a ealoulation of the complex phase shifts at 50 and 260
Mav hes been made. The values of annihilation, elas@icmScatteringﬁ and
charge-exzhange @fnss soctions, and the angular distributions f@f P=p axed
P=n sléstic seaﬁtering.are obtained, A comﬁarison with the ﬁxperiﬁental
data showa ressonsble agresment., Finally, the perameters of an o?ﬁi@alm
model potentisl for antinucleon intarecﬁioﬁ with complex nuclel are pro-

gented,
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A-model of the nueie@naantinunleon interaction atlint@rmediata anergiaa

hag been preaentad recently by Ball and Ghew (herea“ter rafﬁrrsd ta ae I)

‘They used the Gartenhaus® snd Signall and Marshak® potentiels, with a "black

central hole" to account for‘the snnihilation, and their WKB calemletion of
. : s

‘the cross sections and engular distributions” at 140 Mev haa proved te be in

good agreem@nt with experiment.

In view of thia success ve have extended the calaulation 10 50 end 260
Mev, to cqvag the ranga vhers experimentsl data have begqma availabia°§ He
hove essumed that these tvo energles are the extreme points between which the

model shmuld be remsonably velid. A% higher energles the details of ma anni-

_hilation boundary condi&xon bsgons more imprartant and & partiasl peaetﬁﬂti&n

of the higher wagas ean b@ expacted., reducing iherefor@ the diffra@ti@n

s@a@teriﬂgo AY enargi&a lower than 5@ N@v %he WEVS lsngth @f hh@ ineident

| perticle becomes of the aame oxrder as the wave lemgih asso@ia%@d wi%h ihe

barrﬁerv and the WKB m@thodvef @alcuiaﬁinn breaks down.

The transmission seefficients and the real phase shifts ere given in
Table T. - | _f |

We heve modified the singlatmiéatopicmapin; éinglatmspin poterntial

by cutting off the large repulsive central region; aince this potential pzﬂa

duces an ‘unphysical bound etmte in the NN syat@m°3 Fﬁr this resson,

Tbis work was pvrfcrmed under tmp ausniees of the United ”taiaq Atomic
Energy Cormission.

'? - . -
Supported in part by Netional Sclence Foundation smé in part by the
University of Celifornia Hadiation Laborat@ryk

E A wisitor from the frgentine ﬁvmy
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TABLE 1

Phase shifts (%) and transmission coefficients (T = 1 - R2)

State T & T & T S
3,1
p
A 1 1 1
35 1
X 1 1 1
3p,1 o -19° 0 ~41° C =54°
31)11 0 0 0 0 o ~15°
3p1 1 1 1 .
2 — —
3 ?1 0 0 o ~17° 0 =23°
3 1 0 0 0 0 0 ~18°
3p 1 0 o 1 . 1 .
3
3 1 0 0 0 0 0 ~12°
< 2 AN CEY CMe Ckf @O e JEC S My s WA I SV awe WD M @b N GUE WD ASE M NS GEE R GV SDW SR CEE MAIE CHE G OO TR
3p 1 0 0 0 0 0 10°
.
3P03 c  -10° 0o -13° 0 4P
3s 3 1 . 1 1
1 — —
3p 3 1 1 1 e
1
0 ? © 0 o -13° c =29°
1
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TABLE T {conto)

UCRL-£36:5

260 May

50 Mey 1O Mey
State . 5. ST ) T, 8
3p 2 0 3° 1 = 1 ——
2 | |
3p 3 0 0 0 6% o. 1°
T2 >
3 2 0 0 0 0 0 «28°
mu%m@m- e @s mm e Wn on O W e e cm e mm&-mmnmm‘wu‘mv'cé*o;';_mu-—rnm;
%o, o 0. 0 2* 0 8°
3 h) 0 o 0 0 3°
con 2 e rP BT TR e W WD G e QM (W ot O CTR RS €s WR ;1& - e e mD me em o om o o e e am cam e o
3p 3 0 0 0 0 c - 0
m é A RO MFE CUC AR EEh we (B GIY SN RS ROR ORE €T ST IS OB ANB MR W 4NE Wi W KEn Wme  ers arp  tenp onm , mms s eon wem
ig 1 : S 1 1 .
O . >
lD;" 0 11° 0 6° .o -10°
"t 0 o 0 6° 0 - 6°
g 4 o 0 C Ke! ¢ 39
3 . .
ig ? 1 : 1 1 —
0 L
1p 3 0. «1° 1 _— 1 N
l . =
tp 3 0 0 0 o0 3°
2
1F33 0 0 0 0 0 «1°
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th@ S tfﬂnsmiasion'coeffieient at 140 Mev has beem changed frbm that
given in I, and is now consistent with the values at 50 and 260 Msﬁo This
state is of such a smrll statiétical weight that the éhange in the cross
sections is negligible.

The total annihilation and scattering cress sect;ons ars given in Table II,

A comparison with the experimental data avallable up to now is shoun in
Fig. 1. The agreemsnt is fairly good, except for the value of the thsgreti@al
annihilation ecross section at 260 Mev, which seems %o be too smalio .Howéver9
byballowingvpartial transmigsion of the most strongly attractive effectivs
potentiélss we have obtained larger values of this cross section. Va;ious
possiblé modifications and their results are shown in Teble III.

The angular distributions are plotted'in Figso 2 to 7, For their
calculation u§ ﬁa?e usedrthé'method described in Reference L. 4 e@mpari%
son with the experimentel data at 133 and 265 Mev is also given.

The general agreémént of the thaory with experiment in thls energy
ranges seems reasonably good in view of ths crude nature of the potentisl
_deséription of the'm;ﬁ-interaciion and the approximations mads imn our
caleuiationso Our main conclusion is that no long-rangs annihilation
interzetion is required byvthe eﬁistihg experimental facts; thevofﬁinary
picn=exchenge force appesrs to be sufficiently atiractive on the average
to produce the obsgerved annihilaiiom cross seetions at intermediats energieéc_
: Ii is also resssuring that this model leads to only & small chargeoexchémg@'
.cross section, as required by experiment. In fact, omsimay’say that in its
predictions our model behaves mot tco differently from a black absorbing
sphers of radius approximstely equal to the pion Compton wave leﬂgﬁh; That

it should do so, however, appsars to be an sccident, follewing from the

deteiled nature of the pion-exchange force,

~
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Hres
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Cross sections (mb) for nucleon-antinucleon

interacilons at different energies

G&btal - 232 ‘184

° - 91 93
Flastic Scattering _

o ,
Absorption 110 9%

o
Charge Exchange 31

140 Mew
168 148
B
74 69
21,

pF B
113 101
58 64
40 37
15 J—
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TABLE IXII

The effect of partial trasnsmission on_psﬁ_écattering at 260 Mev l ®
States modified  Cross Sections {mb) «
3 3.1 . | .

3D3 Fk ' O‘Total ' anXastic Odbs. Eeoh.

T = 0.5 T=0 118 61 4 13

T=0 T 3 0.5 118 56 L5 17

T = 0,5 T= 58 50 15

0.5 123

R g
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|OPTICAL-MODEL POTENTIAL
"An optical model for the scattering of nucleons by nuclei has baen '.

6,7

proposed and developed by meny sutiwrs. °’ Teo apply it to ths antinucleon-

- - nucleus—systemwe have followed the method of Riesenfeld and \'Ja*l’.scnmg‘7 sultably

modified to account for the annihilation prpgésso
' The optical-model potential is then given (in units where h = ¢ = P

pis the 7 meson mass) by

- s o
o 2 [T ™ 7] £ 0 7 [V 1 %) 2GF @D,

where

3
e s [f(oﬂ ’
1 1 4 . | s I s I
Re Y £(0)] = -3~ ' (21 +1) (2F+1) R gin 2 ©
Y. ] - 3%k 'Iéwo S%O %Q , ' J)?Q Js_g ?
3 x 30~
= T =k
vc:( %% P(O)] Hoad °
_ 3 1
YSR"#- i Vsa m';;;\g Z;? £ (O) )
; 1 3
z(c)»m’:-—- = =2- (21 +1) (23 Fl)K—(a 'JQ“J 24 J»9ﬂ>.=

32k 150 §,R,5%1

3 18 I
g4 =
- (J - 1} < - Qmel e J;ngwl >,{, )
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28 B,
ot - J@Q«J*’l\
43+ - - Yy,
( 2 (i Q‘FQE":N ,..-. @. ) 5 / 9

k being the antinucleon momentum in thskcantérmofﬁmass sysbam; 2-&3&4/0£x>
‘a8 defined in Reference 7. . - ’ | | W
» In these Expressigns g"iﬁ the effentiva antinucleon-rucleon cross

section given- by

'5‘"‘:%[‘:0?“ = + G- amj'-{» %B“‘ G- ° S @.ﬂl Bc] »
L pen ~ Pep p-n B :
where ¥ is & factor that takes into account the effset of the Paum
principle upan nu@leons~insida the nuclieus, Thisve fect tends to forbid
evllisions Qi&h small momentum transfar$ ﬁhereby decreasing the ﬁcat%erimg;
in the forward dirsction. .' -
A éalaulatian of the Y factor is‘naﬁ being'eérried oub, ahd.will be
_ pubiishéd in thé néaw future. For the work pvesen*eé here, ve have mad@
an eatimsiion of its velus, for. highnpnergy antinueleonsg by antraduaing
& cutaff angle and ignoring ¢h@ scatﬁarinw withim this angie.
vThe calculated valges of VGI avre large enough o mgka ug beiiéve'
ghat thera@tual valus will nol be very imporiant, Therefore we have
celculeted vCI for the two extreme vaigaa with ¥= 0 end ¥= 1 ag well
as with the cutoff procedure al the higher'energiesc The resulbs are sbo9n
in Table IV, . Using these p@temti&lép Ferpbach et al. are now cérrying out A
an oplical-medel calgui&ti@n of the scattering of antiprotons'from seversal
iight nuclei, '
ACKNOWLEDGMENTS
| We are indebted to Professor Ggoffrey F. Chew far his inveluzble advics

gnd vo Dr, Kenneth M, Weisen for hi‘ help with the onti cal ucdclq
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TABLE IV

UCRI-8365

Optical-model potentisl depths for A = 0.8571

_“-iifziﬁ<ﬁbvfrv'

¥

(Mav) 50 140

V =”:'\$6 @1201 -

CR |
v 3.5 2.9
SR
v wdyo2 1.7
sI 4

=1 90 106
VCI ¥=0 Lo 5350‘7
cutoff i

=3ho8
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FIGURE _CAPTICNS

K-N cross sections as a function of energy.

‘Differential scstiering cross sections in the c.m. system for B-p

(neglecting Coulomb scattering) and DB gt Eiqb = 5C Mav.

Diff@rential scattering croés sectione {in the ¢.m. system) of p-n

and n-p at E E 50 Mav,

lab
Differentigl'scattering cross section (in the c.m. system) of p-n
(neglecting Coulomb scattering) end m-n atinab = 14C Mev, f
Differsntial scattering cross sections (in the c.m. system) of P-n
agd n-p at Elab 2 140 ¥av, |

Differentisl scattering eross section {in the c.m. system} of P=p

{neglecting Coulomb scettering) and nen at B o, 3 260 Mev, |
Differentisl scattering crbssvsections (in the c.n. system) of ﬁ;&

(neglecting Coulomb scattering) and n-p at Eob = 260 Mev,
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sa0b \ ‘ § COOMBES, CORK; GALBRAITH,
LAMBERTSON, AND WENZEL 5
220 % CHAMBERLAIN, KELLER, MERMOD,
SEGRE, STEINER, AND YPSILANTIS
200} - .
‘ E CORK, LAMBERTSON, PICCIONI,
o~ 180F " AND WENZELS
=]
E 160}
2
O 140
: 5
120}
Ty
100} .
a (O 3
O “gol- =
& p-P TOTAL CROSS SECTION
60F
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40F o ,
20F
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1 1 . i 1 1 I 1 1
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LAB ENERGY (Mev)
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