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AB.'>'l'RACT 

By us,., of' thta Inod4lll of the nuoleon=antinucleon intftra.ction propo!led 

by Ball and Ch«.n£9 a calculation of the complex phase shifts !At 50 and 260 

Mav has been madea The values of annihilation~ ~lastic=scattaring~ and 

charge=emha.nge crosa sectic:map and th.0 angular distributions for ~p and 

j)=n elesti~ scattering nre obta.ined., .A comparison with the experimental 

model potential. for antinueleon intarsctifln wlth complex nuclei are pro~ 

r.entedo 
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NUCLEO}\l.,.AN'l'INUGLEON . SCATTEfU!,JG* 

Jrunas So Ballt and Joae Ro Fulco~ 

RsdistifJl1 Laboratory . 
Uni.versity of Calif'omia 

Derkelq@ California 

Jullr 30t 1958 

. 
A model of the nu.oleon=antinucleon intera.c·tion at intermediate energies 

1 . . . 
has been presented recently by Ball and Chew (hereafter rafarrsd to as I)o 

They used the Gartenhaus2 and Sign~ll and Marshak) potential.s 9 . wtth a ~lack 

Gtmtral hole" to accauut f'or the annihilation~ and their WKB ce.lcul.ation of 

. the cross sections and angular distributions4 at , 140 Mev ha.a proved ·to be i.n 

good 8{,7TI98ment 'ld.th experiment, 

In viow or tlrl..s success we have extended .the calculat,ion to 50 e.nd 260 

Mev9 to c~var the range \fheN experiments~ data h.av~ be~ome available} We 

have assumed that ·these tvo energies ars the extreme points batwcen which the 

model should be reasonably vslido At higher energies the details of the anni= 

. hll.ation boundary oondi·ti.on ~ more imp.r•;rtant and e .~tial panetration 

of the higher mrwes eM. be_ expectoo :; redu~ing therefor~ tbltl diffra@tion 

a«!!atteringc, At energies lover than 50 Mev ·the wave lgngth or tb~ incident . . 

barTiert> and tbte~ WKB rn.t111thod of ©alculation braaks dew., 

Thll1l tr~nsmissio:n ;rsoaf'ficients and the real phase shifts a.re givan in 

We have modi.fied the ainglet=isotopie~pspin ~ single't=spi11 pOtf,ilrttiAl 

by cutting off the lar.ge repulsive central region; since this potential pr-o.,., 

duces an "Unphysical. bound sta.te in the N=N system) F_or th:ts reason 9 

~· 

This "Work was p!l~l"ff.n-nted under the auspices of tha United Statas Atom:l.G 
J$1e:rgy . Conm.ssion <· 

-t 
Supported in part, by ~!e.ticnal Sci£mce Foundation and ~.n part by th<ii: 
Uni.verd.·ty of C~<Li.f'o:rn:la ltsdlatill)n Laboratoryc. 
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TABLE I 

Phase shifts (b) and transmission coefficients (T a l .,. R2) 

State 

50 Mey __ 

..J'.... ...L 

l 

__ ·- 'U,.O Mev 
__'L _§_ 

l 1 

~-~~~~----~--~----~~~---~-----------

3s 1 
1 

1 l 1 

3p l 
l c -19° 0 -410 0 -54° 

.3n l 
1 

0 0 0 0 0 =15° 

------------------------------------
3p l l 1 l 

2 

3D 1 
2 

0 0 0 ""'17° 0 =23° 

3F 1 
2 

0 0 0 0 0 =18° 

------------------------------------
0 0 1 1 

0 0 0 0 0 l ... o 
=..::. 

~~~~----~-----------------------~--~ 
0 0 0 0 0 

--~-----~~--------------------------
0 0 0 

~--~-----------------~------------~~ 
3s J 1 l 1 

1 

3p J 1 1 l 
1 

Jn3 0 0 0 =1.30 c ~;29° 
1 ------------------------------------

I'· 

""' 
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- a:Jboc:Ao# ~~t ce:not::=:m=-cr..::tz? ·-S::W:UC::C:¥~ 

·, " 

-~~ _,.j,Q,_}I\gv __ ~~ 

State --'!'.... _L J_ ~ .='L.. ...,§._ 

., 

3p 3 
0 ·:/' '1 l 

2 --
3o .3 0 0 0 60 0 11° 
'2 

JF 3 
0 0 _··o 0 0 .m28° 

2 - - --~--..~., - - --- -- - .... - -- - - - Nl!l"""' -- . ..,. .. ..,; . .,... ....... _ -- r"" -
0 '0- -_. 0 -0 

3F J 0 0 0 0 --· 0 3° 
3 ' - ' . 

------------------------------~-------
.3F 3 

4 
0 0 0 -0 0 0 

------·~-----------------------~----
18 1 1 1 1 

0 

lD l 0 
2 

.. 0 =10° 
'. 

0 

lD 1 0 
2 

; 

60 0 0 _0 

lF 1 
3 

0 (, 0 -- . 0 .30 

15 3 l l 1 
0 ·. 

lp 3 
1 

0. '1 '1 

1 3 
D2 0 0 0 .30 

(J =10 



~5= 

tha 1s0
1 transmission coefficient at 140 Mev has been changed from that 

given in I 9 and is no-w consistent with the values at 50 and 260 I"hhvo This 

state is of such a small statistical weight that the change in the cross 

sections is negligible o. 

The total annihilation and scattering cross sections are given in Table II~ 

A Comparison with the experimental data available up to now is sho~n in 

Figo lo The agreemsnt is fairly good" except for the value of the thaoreti~al 

annihilation cross section at 260 Mev, which seems to be too smallo However9 

by allowi11g partial transmission of the most strongly attractive effective 

potentials 11 we have obtained larger values of this cross sectiono Various 

possible modifications and their results are shown in Table IIIa · 

The· angular distributions are plotted in Figso 2 to 7o For their 

calculation we have used the method described in Reference 4o A eompari= 

son vith tha experimental data at 133 and 2£>5 Mev is also given., 

The general agreement of the th~)ry 'With experiment in '(:,hi a e11ergy 

range seems reasonably good in view of the crude nature of the potential 

description of the ~N interaction and the approximations made in our 

calculationso Our main conclusion is that no long=rangs annihilation 

interaction is required by the existil1g experimental facts; the ordinary 

pion=exchange force appears to be sufficiently attractive on the average 

to produce the observed annihilation cross sections at intermediate energiasc 

' 
It is also reassuring that this model leads to only a small charge=exchauge 

cross section, as required by experimento ln fact 9 one ~y say that in u.s 

predictions our model behaves nt;>t too differently from a black absorbing 

sphere of radius approxi.ma.tely equal to the pion Compton wave langtho That 

it should do so 11 ho,.;ever 11 appears to be an sccident" following from the 

detailed nature of the pion-exchange forGso 

... 
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TABLE II 
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TABLE III 

boW W --.. ----~-----=---

-------------------------~=-u-~~-------~S--A~#a--=--M---~---------=-----

The effect of partial transmission on p.;j5 acat.tering at 260 !~v 

States modified Cross Se(')tions (mb) · 

%3 JF 1 a: a- 0":' <:J-" 

3 4 Total Elastic Absc E:t~:t:":h~ 

....,._ 

T ~ Oo5 T~O us 61 44 13 

Tgo T =: Oo5 118 56 45 17 

T : Oo5 T :: Oo5 123 58 50 15 
......,;,. --~ 

t:an .. l:ilinnm nn ...... ..:,ucwa ::tAL --c::;:::dJJa 
' 

/ 

/ 
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OPTICAI..=MODEL POTENTIAL 

·An optical model for the scattering of nucleons by nuclei has been 

proposed and developed by many aut·bt,rs"' 6o 7 T@ apply it to the antinucleon-

- -. - nucleus-system-we --ha:ve- -rolro-wea-tne-method of Riasenfeld and \~at son» 7 suitably 

'< 

modif~d to account for. the annihilation pr?~esso 

The optical=model potential is then given (in units where h = c g~ = 1; 

p. is the 1f meson mass) by 

where 

1 1 S I 
- _!,. "' ·oo:::: < (2! +- 1) (2J + 1) R =~~ ~- ~ L_ JO 

.J I : 0 S :: 0 J ~ e-" 

V ~ 3 I 
c{ MA' m 

r (o) o 
1 

sin 2 

2" (2I + 1) 
j1'Q.,S:::l 

l I · r( 1 1 21 s ) (2J ·t- 1) \ 1 = R e J 1P ;;r · 
L. J'iJQ:J 



k being the antinuclaon m.omantum in the eenter.,-of=me.ss system; A ~md J (x) 

·as dsflned in Reference 7" 

' In these expressions '0- is the effe~H.ve antinuoleon-nuc:leon cross 

where 'I iJJ e. facto1~ thJ.l.t takes into account the effect of the Pauli 

principle' upon nu4':tleona ·inside the nucleuso This eff'ect tends to forbid 

~oll1.s1o:ns with small m.omemtum transferg; ·thereby decreaai11g the _aee..ttering 

in the forward direction .. 

A calculati.on of the "('factor is nov baing oarr.ied ou.t~ and will oo 

published ,in the near future, For ths Yo::·k presented harell ve have made 

an eati.1ll.Rtion of its valu~ 11 for-high-energy antinuoleons!l by lutrodueing 

a. cu:t;oi'f angle and ignoring tlw scattering \od.thiu this angle., 

The ~8.lcula.ted values o.f' V CI are la.rge ~mou.gh to make us belie"'0 

~hat the actual valus will not l">e very importanto Therefore we b.ave 

calculated V for the two extreme vaJ.uaa with ·'(:;;; 0 and 1(;;;; 1 as "Well 
CI · · 

as vtith the ev.toff proced~ra at the higher energies" The results ai'e shown 

in •rable IV" Using t.hese potentials» Fernba.eh et al" are now carr;fing out 

an optii~nl...:JJiOdel ca.lculn.tion of the scattering of antiprotons from several 

light nuclei., 

ACKNOWLEDGMENTS 

Wa ara indebted to Professor Geoffrey _l" (, Chav for hi.s invaltlab.la advice 

A 



~ ..... 

VCR 

v 
SR 

v 
SI 

VCI 

=10= 

TABLE IV 

Optical-model potential depths for ~ = Oo8571 

\ 
v 

(Mev) 140 

=l2ol 

2o9 

1 .. 7 

(: l lC(, 

l' g 0 5lo7 

')!.. 

-~ 

260 

=l4o8 

5o4 

=lo2 

108 

J8o8 

99 
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Fig o 1" :tt...N cl'IOss sections as a function of energy" 

ll,igo 2o Differential scatt«'$ring cross sections in the Co:rlo system for p..p 

(nagla©ting Coulomb scattering) and n=n at E
1 

b ~ 5C MGvo 
a 

Figo 3o Differential scattering cross sections (in the Como system) of P:,..n 

and ii=p at Elab :;:,; 50 Mev.) 

Figo 4o Differential scattering cross section (in the como system) of P=n 

(neglecting Coulomb scatter,.ng) and. n=n 9.t ~ab ~ l4C Mewo 

Figa 5o Diff~rential scattering cross sections (in the como system) of p=n 

and ii=p at E
1 

s 140 Jllklv o 
ab 

Figo 6o Differential scattering @ross section (in the Como system) of P=P 

(neglecting Coulomb scattering) and n:..n at ~a.b = 260 ¥tev o 

Figo 7o Differential scattering cross sections (in the CoMo system) of iJ.=n 

(neglecting Coulomb scattering) and ~p at Elab ~ 260 Mevo 

.·· 
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p- p CROSS SECTIONS 
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Pure elastic scattering 
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