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np~BOA~TCR TeopeT~4eCKOe ~ccneAOBaH~e ynpyroro pd ~ p <NN>-+Ndpac 
ceRH~R c noM~b~ MOAen~ Kp3A*~ ~ B~nK~Ha. Ce4eH~R p<NN>-+ Nd 4YBCTB~­
TenbH~ TOnbKO K nOBeAeH~~ BOnHOBOH $yHK~~~ OTHOC~TenbHOrO AB~*eH~R 
<NN'> Ha Man~x paccTORH~Rx. Kea3~ynpyr~H A(p, Nd)B npo~ecc on~c~eaeT 
CR c y4eTOM p<NN >-•Nd aMnn~TYA· 

Pa6oTa B~nonHeHa B na6opaTop~~ RAePH~X npo6neM OH~H. 
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V6gh L. 

On the Elastic pd and Quasifree A(p,Nd)B 
Scattering at Intermediate Energies 

E2 - 12369 

Elastic pd andp <NN> -+Nd scattering at backward angles has been 
studied within the one-pion-exchange model. The p<NN>--Nd amplitudes 
depend on the small distance behaviour of the ' NN> relative wave 
functions only. The ~p.N~B quasifree scattering fS described in 
terms of the p<.NN'- •Nd amp I i tudes. 

The investigation has been performed at the Laboratory of 
~uclear Problems, JINR. 
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The Cragie-Wilkin model 11- 31 assuming the one-pion­
exchange (OPE) mechanism describes rather satisfac­
torily the large angle pd elastic scattering near 
660 MeV proton energies. The pd elastic differential 
cross section due to the OPE diagrams shown in fi­
gure 1 is proportional to the pp ~ d rr + cross section. 
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Fig. l.The OPE triangle diagrams. 

The pd elastic analysing power is determined by that 
of the pp~drr+ reaction in such a way that they 
should be equal. The Cragie-Wilkin model affords 
a good fit to the pd backward elastic scattering 
over a wide range of energies and angles 131. Recent 
measurements have given further confidence to the mo­
del. Confirming the results / 4•51 the data / 6/ on n d 
elastic scattering at extremely backward angles over 
the incident energy range of 200-800 MeV show a strik­
ing shoulder in the excitation function for neutron 
energies of 300-600 MeV. This shoulder can be ex­
plained in the OPE model by the resonance character 
of the pp ~ d7T+ process, and the nd excitation func­
tion can be fitted assuming a one-nucleon-exchange 
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like background 121. A strong similarity has been found 
between the analysing power data for pd elastic scat­
tering and those for p p ~ d rr + reaction in the reg ion 
of 590-720 MeV / 7 ,8 /, These experiments suggest that 
the main contribution to the P d elastic cross sec­
tions at backward angles in the 550-750 MeV proton 
energy region is given by the OPE mechanism, and t .he 

background terms are not too important. The analysing 
power measurements / 7,9/ show that the OPE diagram no 
longer dominates at energies lower than 500 MeV and 
higher than 1 GeV. 

The different versions of the Cragie-Wilkin model 
contain information on deuteron structure in different 
ways. Kolybasov and Smorodinskaya~1 expressed the dpn 
vertex of the OPE diagrams in terms of the lj; d ("f) deu­
teron wave function, and the cross section depends 
rather sensitively on the small distance behaviour of 
lj;d (f). The pd~pd differential cross section can be 
expressed as follows ('h =C ::1): 

dapd->pd 3 a 2 2 2 E2 +ID 2 2 Spp !PI 3 
-"dn;-- = T 4-; F' (k )---ir<ro1 +f 21 )-~d Tct-1 -2 

= (f~1 +fff1 )A2(spd'upd 

f e£ 1 = 
oo -yr de lj;de(r)(1+yr)je

1
(p3 r)dr, 

dapp-> drr+ 

dQ 0 
(1) 

G
2

/4rr=14.7, F'(k 2) is the Ferrari-Selleri factor 1 101 

The invariant k 2 , s pp , Spd , u pd , I pI , I d I symbols 
and the relation between cos¢ and cosO with the cosO 

fixed prescription are defined in IJ/. m is the nuc­
leon mass, E 2:T2 + m is the energy of outgoing proton, 
the T 2 kinetic energy can be expressed by k.2 as 
T 2 = k2 / Md , M d is the deuteron mass. A 2 (s pd, u pd ) 
is defined by the equation. y2= T:/(1+T 2 /m)2+11 2/(1+T/m), 
11 is the pion mass. This y 2 differs from the y2 
used by Kolybasov and Smorodinskaya, where its first 
term had a wrong minus sign. 
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I (1~+ 'T2 /m)-d0 / 21, where d 0 is. the initial deute-

ron and p2 the outgoing proton momentum. This p 3 
is not relativistic invariant and we use the invari­
ant P3= 11(1 +T~m)(Tff+k2 ) 1 1 2 prescription. 

The cross sections with Hulthen and realistic Reid 
soft-core, Reid hard-core/ 11/ and Bressel-Kerman-

. I I .... Wentzel 12. deuteron wave functions as lj; d (r) are 
presented in figure 2. The experimental points for 
582 MeV proton energies are taken from/13/ and the 
pp ... drr+ experimental cross sections used in the 
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Fig. 2. The pd elastic cross section 
due to the OPE diagram with Hulthen 
(1), Reid soft-core (2), Reid hard­
core (3) and Bressel-Kerman-Wentzel 
(4) deuteron wave functions. The expe­
rimental points are taken from 1131. 5 



calculation are from1 141. The cross sections calcula­
ted with realistic wave functions agree well with 
experimen~ at backward angles, the 10-20 percent 
deviations in their values are due to the differences 
in the wave functions within 1fm. The C=2 components 
of the wave functions give a contribution about 10 
percent to the cross sections. The basic approximation 
in derivation of cross section formulae (1) is the 
peaking approximation, that is, the pp~ctrr+ amplitu­
des are replaced by their value at zero relative pn mo­
mentum in the deuteron. The effect of this uncertain­
ty may be estimated to be 20 percent in cross section 
in this energy region. The effect of background is 
hard to estimate, its neglection at backward angles 
may give another 10 percent contribution to the 
cross section~/ .As there are other smaller approxi­
mations in the model, too, we are not able to select 
among the accepted deuteron wave functions. 

The fpp 1 integral strongly depends on the small 
distance behaviour of the deuteron wave functions. 
As, for example, for T 2 =60 MeV y =0. 74 fm -l and 
T 2 =100 MeV y=0.80 fm-l,respectively,the cross 
section in this region is determined by the ljJ ctf( r) 
wave function values for r S 1.5 fm. For example, at 
small distances the Hulthen wave function has larger 
values than the realistic wave functions and these 
differences give about a factor of two in the cross 
sections in figure 2. The cross section has been 
evaluated also with Hulthen wave functions cut off 
at different r c distances (for r .S r c 0 Cf) = 0, for 
r~rc 0(r) is equal to the normalized Hulthen 
function) . Figure 3 shows the drastic decrease of the 
calculated pd cross section with increase of rc from 
0 to 1.5 fm. ' A Hulthen wave function with a hard 
core radius of o. 5-0.6 fm may fit pd ... pd experimental 
data. 

The dependence of elastic pd amplitudes on the 
short range part of the initial deuteron wave function 
makes it possible to study the short range part of 
the < n p > and <n n > two nucleon wave functions 
inside the nucleus. Considering the isospin invarian-
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Fig.3. The pd elastic cross section evaluated with 
the Hulthen wave function cut off at different rc . 

ce, formula (1) can be extended for the calculation 
of the p <NN> -•Nd cross sections, where the <NN > pair 
has isospin t with projection I' · For example, the 
sum of the two diagrams in figure 1 is coherent only 
for <np > pairs with t=O. Assuming identical space 
wave functions this gives a factor of 9 for the 
a(pd~pd)/a(pd ... pd) ratio, where dis the singlet 
deuteron. The extension of the formalism for <NN > 
pair with arbitary j angular momentum and s spin is 
straightforward, too. The general p <NN> ... N d cross 
section formula valid for the <NN > nucleon pair with 
t v j 8 quantum numbers is the following 

p < NN>~Nd 
da 

--- = n dO tv 
<ll 

[ L u c 112 112 j e; s e -112) 2 r ;a 
f LL-1 

+ 

(2) 

+ U(112 1/2jE;sE+112) 2 fe~+ 
1 

]A
2

(spct•upd ), 
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where e are the orbital momenta corresponding to the 
parity of the given state, U(j 1 j~j 3 ; j 12 j 23 ) is the 
Jahn coefficient 1151 noo=1, n 1o =1/9, n 1_ 1 =2/9. If the 
bombarding particle is a neutron we are able to 
investigate the <pp> and <pn > pairs. Formulae (2) 
is valid for the calculation of the n < NN > ... Nd cross 
sections if noo =1, n 1o=1/9, and n 11 =2/9. 

The <NN>relative wave functions inside the nucleus 
can be extracted from different nuclear models. Using, 
for example, the shell model it is convenient to ap­
ply as basis the harmonic oscillator wave functions 
(HOWF) while using the Talmi transformation 1 16 / the 

product of two single particle HOWF can be expanded 
by the products of HOWF depending on the relative 
and c.m. coordinates. 

The higher the P, the smaller the fff~~ integrals, 

as with increasing r the innert region of the integ­
ral becomes empty due to the small distance behaviour 
of 1/Je (r) and the je -1 (p 3 r) Bessel functions. We 

+1 

have calculated the r@+l factors using HOWF with 
n =0 radial quantum number as functions of the 
harmonic oscillator length parameter r 0 . The results 
for r 0 values corresponding to a wide region of 
nuclear masses are shown in figure 4. It can be seen 
that the f 2ee,... 1 values are essentially larger for 
f =0 than thot~ for £ -f- 0. The picture remains the 
same for different n values, too. Therefore, the 
f > Ocomponents of the same weight as that for f=o can 
be neglected. However, the £ dependence of f~e~l 
shown in figure 4 does not contradict the fact that 
the deuteron wave functions give a relatively large 
f=2 contribution. Namely for the free np interaction 
the strongly attractive tensor force with s = 1, e even 
compensates the repulsing effect of the centrifugal 
potential. In the average potentials which determinr 
the single particle wave functions the tensor forces 
are concealed. 

In order to study the < NN> pairs inside the nucleus 
the investigation of A(p, Nd)B quasifree scattering 
may be a useful tool. A description similar to that 
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Fig.4. The f~ 1 factors calculated with 
harmonic oscillator wave functions depen­
dence on the r 0 harmonic oscillator length 
parameter. 

applied for A(p,p 'd)B quasifree knockout reaction / 17 / 

seems to be applied for this case, too. The main 
difference between the two description is that we do 
not project out the deuteron states from the nuclear 
wave function and we do not take the free pd ... pd 
cross section from other sources. We may de describe 
the A(p,p 'd)B cross section in the given energy 
and angle range directly in terms of the calculated 
p < pn > ... pd amplitudes. 
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For the description of the A(p, Nd)B reaction we 
closely follow the treatment of Chant and Roos /18 / ~ 
They give a formalism for distorted-wave impulse­
approximation calculations of quasifree cluster 
knockout reactions. Not identifying the deuteron 
with the initial <NN> cluster our formalism becomes 
a little more complicated. Neglecting the amplitudes 
with P > 0 relative <NN> orbital momenta the A(p, Nd)B 
cross section contains the pp ... drr + cross se·ction in 
separate form. Using the symbols of formula (1) and 

(2) we obtain: 

d 
pA-->N dB k k , , A , A* a 2 N d atv a tv aa tL aL a L 

----------= A (spd'upd)-- ---- H ~,ntJ 01 f01 SBA ~TBA TBA' 
dO<l> kpENN aa A 

tL ( 3) 

The kN, kd, k P momenta and the ENN energy are taken 
in laboratory system. L with projection A is the 
relative angular momentum of <NN> and the B residual 
nucleus and all the other quantum numbers necessary 
to specify the given state are denoted by a. The T CSI;.A 
distorted momentum distribution function and the 
additional H phase space factor are defined in / 18 / , 

scsa2L can be given by the SaLst spectroscopic 
factor / 18 / 

8aa 'tL = C 2 ~ S 1/2 S 1 /~ , 
BA 

8 
aLst a Lst 

b~t SaLst now relates to the <NN>pair with s spin, 
t isospin and with £=0 relative orbital momentum. 
Cis the (TB NBtv TAN A) Clebsch-Gordan coeffitients, 
TA(projectionNA) and TB (projection NB) are the 

isospin quantum numbers for the target and residual 

nuclei, respectively. 
For the nuclei containing two or three extra nucle-

ons outside the closed shells the calculation of 
cross section (3) is relatively simple. Studying 
large-angle N-d coincidence experiments for very 
light nuclei /19 / or those with good energy resolution, 
the reactions on the extra nucleus can be separated. 
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The determination of the spectroscopic factors of 
<NN> pairs with e =0 is relatively simple for extra 
nucleons. The distortion effects are relatively small 
at higher energies and ~~Acan be calculated in eiko­
nal approximation. Using different <NN> relative wave 
functions, information for t{l (r) in the region of 
small r ( r :5 1. 5 fro) can be obtained by fitting the 
(3) cross section formula to the experimental data. 
Such investigations may give new information on NN 
interactions inside the nucleus. 

I would like to thank J.Er~, B.Z.Kopeliovich and 
L.I.Lapidus for helpful discussions. 
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