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Abstra·ct 

A semi-quantitative discussion is given which suggests that finite-

range effects should be large in second order particle-transfer calculations 

when the first order term is large. The results of a full finite-range 

58 ' 58 calculation for Ni(p-d,d-n) Cu, which support the semi-quantitative 

argument, are presented. 

TWo-step processes through reaction channels have been successful in 

explaining many phenomena. The most 

pancy in the population of high spin 

striking example has been the discre-

3 states in ( He,t) reactio~s [1]. Further, 

the mechanism has successfully explained the L=l angular distributions seen 

in (3He,t) reactions to anti-analogue states [2]. For (p,n) processes, 

however, a large renormalization of the direct charge exchange term is needed 

in o~der to successfully fit shapes and magnitudes of angular distributions [3]. 

. ' 
The calculations have used the zero range approximation which while adequate 

for single-step transfer reactions can be misleading when used in multistep 

reactions. It is the purpose of this paper to show that finite-range effects 

are large in multi-step reactions when the direct or one-step transition is 

large. To do this we will demonstrate for the (p-d,d-n) case that the first 

order finite-range correction evaluated by the local energy approximation 

has a magnitude comparable to the zero range two-step calculation. Secondly, 

a model calculation is presented wpich quantitatively demonstrates the 

necessity of a finite-range theory for the multi-step term in a specific 

·example. 

Since most calculations for two-step processes have been done with the 

zero-range approximation, one has neglected finite range correction terms 

which for (p,d) or (d,n) reactions are small. The first order correction 

merely renormalizes the transfer form factor by an operator 

0 9 ' p 0 , ~ .. ('\ n 0 !/ 0 
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where the Laplacian operators operate on the center-of-mass coordinates of 

the deuteron, proton and neutron, respectively. The parameter, R, is the 

finite range parameter extracted from the deuteron relative wavefunction and 

has a value of approximately 0.63 fm. This operator is evaluated by using 

Schrodinger's equation to evaluate the Laplacian by 

where E is the energy of the particle and U is its interaction potential. 

Thus the form factor is modulated by a multiplying function 

F(r) 
mm 

= 1 + 2 _E_.!!. 
~~ 

This correction tends to be small since E_- E- E gives the binding energy 
1J P n 

of the deuteron and there is considerable cancellation between the three 

interaction potentials given by UD-U -U • However, in the two-step reaction, 
p n 

the deuteron in the intermediate state can be considerably off the energy 

shell and this correction will no longer be small. Evaluating the first order 

correction term by operating with the kinetic energy operator on the inter-

mediate state deuteron function, Gn(lb,R' D}' which satisfies 

-h
2 

~ 2 G(R_ R' ) - (E -U) G(R ,R'D) - 5(R-R'D)' 2mn D --u' D - D D -l) -1) 

one obtains the first term on the right which is contained in the usual finite-

range correction term while the 5-function gives the off-shell corrections. 

The 5-function will collapse the two-step term into an equivalent one-step term 

which acts as a zero-range potential. By accounting for all the factors we 

find, for the deuteron ground state, that the off-energy shell part of the 

correction term is equivalent to a zero-range potential with a strength of 



\ 

- 3 -

Here the factor 3 results from the spin of the intermediate deuteron and D 
0 

is the zero-range transfer strength. The orbitals representing the trans-

ferred particles must then couple in~ &De fashion as for inelastic scatter-

ing to give the angular momentum transfer between the initial and final 

nuclear states. Hence the selection rules and formfactor scaling will be 

similar to the direct transition. Thus, if the direct transition strength is 

small or is forbidden, the correction term should also be small. This 

has been shown to be the case .for a first forbidden (p,t) reaction (4]. 
I 

The off-shell correction :term for the case of a (p,n) transition to. an 

analogue state corresponds to a Yukawa potential of range 1.0 fm and strength 

of about 20 MeV. This strength is to be compared with the zero-range two-

step (p-d,d-n) transition which compares to an attractive V potential of 
'r 

strength -13 MeV [ 3]. Thus the first-order finite range correction to ~~e. 

two-step amplitude is larger and opposite in phase to the zero-range term. 

Since the first ·order correction term is larger than the main term, one must 

consider the higher order correction terms or, alternatively, perform the 

calculations in finite-range. 

The specific example chosen to demonstrate quantitatively the finite-

. 58 . 58 
range effects is the react.ion N1(p-d,d-n) Cu. A full finite-range calcula-

tion was performed using the method outlined in ref. [4]. The deuteron was 
I 

described by a Hulth~n wavefunction. Optical potential and bound state 

parameters are shoWn in table 1. A comparison of the zero-range and finite-

' range cross-sections is shown in fig. 1. These results have no physical 
'. 

relevance since the direct (p,n) term is not included. They do, however, 
\ 

illustrate the point being made here. Namely, the finite-range (p-d,d-n) 

cross-section is smaller than the zero range result by about a factor of three. 

'· \.. 
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Thus, the large renormalization of the direct term in ref. [3] required to 

fit data is explained, in part, by the use of a zero-range theory. 

Comparison of the zero range and finite range calculations shows that 

the amplitudes for the finite-range case are reduced by a factor of about 

1/~ from the zero range ones. Thus, the finite range (p-d,d-n) calcula

c 
tion is equivalent to a charge exchange potential of strength V ~ -8 MeV, 

'T 

which then would require a direct charge-exchange strength of about 28 MeV 

instead of the value of 33 MeV given by ref. [3]. Since the first order 

correction to the zero-range result over-estimates the actual correction 

by a large factor, the higher order correct~ to the zero range result are 

also important and the range expansion to obtain finite range corrections to 

the zero range result is poorly convergent in the sequential transfer case. 

The same problem of off-shell finite range effects in the sequential 
i 

3 transfer reaction ( He-a.,a-t) also occurs. In this case the zero-range 

potential which represents the first order off-shell correction is given by 

v c 
'T 

= D 2 mnm3 
0 h. 2 

m4 

for a value of D 2 ~ 23 Mev2-fm3 • 
0 

In the case of this reaction, the off-

shell finite range effects are even more pronounced and must be considered 

carefully for allowed reactions. 

In conclusion, we must caution against use of the sequential transfer 

calculations when these are performed in zero range. These calculations to 

states that are nearly forbidden in a direct transition, however, are reliable. 

/ 
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Figure Caption 

Fig. 1 The two-step differential cross-sections with arbitrary overall 

normalization. The dashed curve shows the zero-range result and 

the solid curve shows the finite-range result for a model calcula

tion for 58Ni(p-d,d-n)58cu to the analogue state transition. The 

single-particle orbital involved was the 2p
312 

state. 

~ (j ~ . -
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Table 1 

Optical potential and bound state parameters. 

; Oetical Potential Parameters 

Projectile v r a 4WD r a r 
v v w w c 

. (MeV) (fm) (fm) (MeV) (fm) (fm) (fm) 

p so. 1.17 0.7S 40. 1.32 O~S6 1.2S 

d 100. 1.17 0.7S 80. 1.32 O.S6 1.2S 

n so. 1.17 0.7S 40. 1.32 O.S6 1.2S 

Bound State Parameters 

Orbital r a X VD v v 

2P3/2 1.17 0.7S 2S. 60.6 
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