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While mass transfer reactions axe the main tool by which we study the levels of 
unstable nuclei, the Distorted Wave Born Approximation used to model the reaction is 
often inadequate to the task, compromising the value of any spectroscopic information 
generated. In the case of (d,p) reactions, this difficulty is often traced to the treatment of 
the scattering wavefunction in the deuteron entrance channel. Much of the deuteron flux 
goes into breakup, and coupling from the elastic channel to the breakup states is large 
enough to seriously modify the scattering wavefunction. 

The most promising technique for trea.ting the full complexity of the deuteron entrance 
channel involves coupled discretized conti~luum channel (CDCC)  calculation^,'^^ but cur- 
rent calculations do not yet include an adequate treatment of the spin degrees of freedom. 
Thus they cannot be compared usefully with experiment. More practical calculations have 
been made with the adiabatic which treats coupling only into relative S- 
wave n-p states. Comparison at intermediate energies with angular distributions of cross 
section, vector (Ay) and tensor (Ayy ) analyzing power for the Sn(d,p)117Sn reaction 
showed, however, that adiabatic calculations are inadequate to represent the general fea- 
tures of the data for some cases,3 in particular for transitions with j = t -  112 coupling. 
Further theoretical investigation of the nature of the adia-batic calculations shows that they 
are dominated by flux that flows around the far side of the nucleus from the detector, and 
that the bound neutron orbit is coplanar with the asymptotic deuteron and outgoing pro- 
ton m ~ m e n t a . ~ l ~  These properties lead to angular distributions that are predicted to show 
little structure, and reveal simplifying relationships that should exist among several of the 
reaction spin ob~ervables.~ Neither of these is experimentally observed, and the oscillation 
pattern in the angular distributions of the spin observables indicates interference between 
comparable flux travelling on both sides of the nucleus. In a detailed investigation of the 
nature of the missing near-side a ,m~l i tude ,~  much of its strength was obtained from nearly 
central deuteron-nucleus collisions in which the neutron and proton separated with large 
relative momentum. 

The adiabatic approximation assilmes that the breakup states are degenerate in en- 
ergy with the deuteron entrance channel, which emphasizes states with low n-p relative 



momentum. This approximation was relaxed in a development by Amakawa, et  al., called 
the quasi-adiabatic approximation.6 While the restriction to S-wave n-p states still exists, 
variation in the n-p center-of-mass energy is allowed. We have extended their treatment 
to include nucleon spin-orbit forces consistently. 

In a three body model, the deuteron scattering wavefunction $,, with spin projection 
ud satisfies the Schrodinger equation 

where Hnp is the n-p relative Hamiltonian, TR is the n-p center of mass kinetic energy 
4 

operator, and U(r ,  R) is the spherically-averaged sum of the neutron and proton optical 
potentials. Dividing the deuteron wavefunctio~l into breakup and elastic parts yields an 
inhomogeneous equation for the breakup piece 

CDCC calculations2 indicate that the elastic source term in Eq. (2) is well represented by 
the elastic portion of a standard adiabatic model, which we extracted from the three-body 

I 

adiabatic wavefunction by projecting out the deuteron bound state wavefunction + z d ( ~ )  

The n-p relative Hamiltonian is also replaced with an energy, which in the adiabatic 
approximation would have taken on the deuteron bound state energy, -Q. In the quasi- 
adiabatic approach, we estimate this energy from the expectation value of the Hamiltonian 
for the three-body adiabatic wavefunction 

which is evaluated for each term in a partial wave expansion of the transition amplitude 
of the rea9ction. The deuteron scattering wavefunction then becomes the sum of the elastic 
term from the adiabatic three-body model and the breakup term from the inhomogeneous 
three-body equation (Eq. (2)). 

Measurements7 made previously for the " ~ n ( d , ~ ) ~ ' Z n  ground state transition (J" = 

512- )  with 88.2 MeV deuterons were compared with adiabatic and quasi-adiabatic calcu- 
1a.tions. The results for the cross section and three spin observables are shown in Fig. 1. 
The quasi-adiabatic calculation now contains most of the oscillation pattern present in the 
data, and absent in the adiabatic calcula,tions. We do not expect detailed agreement since 
the quasi-adiaba-tic calculations were made in zero range, and do not include the effects 
of stripping from the deuteron D-state. These axe a paxt of the adiabatic calculation, and 
comparing those calculations with and without the D-st ate contribution shows that the 
differences at large angle in Ay and small angle in Ayy originate with this change. 



Figure 1. Angular distributions of 
the cross section, vector (Ay) and 
tensor (Ayy) analyzing powers, and 
the outgoing polarization (p) fur 
the 66Zn(d,p)67Zn ground state 512- 
transition. The dashed curves repre- 
sent adiabatic calculations; the solid 
curves represent quasi-adiabatic cal- 
culations. 

While the quasi-adiabatic calculatio~i is promising as a way to understand the presence 
of large near-side amplitudes, the lack of detailed agreement prevents a complete evaluation 
of the successes of the method. Another way to examine the calculation is to divide it into 
near-side and far-side amplitudes, according to Eq. (2) of ref. 5 .  This was done for the two 
partial cross sections, 

( d ~ / d R ) ~  = (da/dR)(l - Ayy)/3 ( 5 )  

and (da/df2)-l = (du/dfl)(l - 3Ay/2 + Aary/2)/3 , ( 6 )  

which select out the dominant far-side amplitudes with quantum numbers (m, a, lad) = 
(5/2,1/210) and (512, - 112 1 - I),  respectively. Under the assumption that a single ampli- 
tude dominates each of these partial cross sections, the experimental values can be used 
to determine an empirical (but based on the concept of a single complex-f-plane pole for 
each term) near-side and far-side amplitude by fitting to the form5 

where 

The free parameters of this empirical form (A, a,  a', p,  v ,  I?, T, I", T', A, R, and I?") were 
adjusted to reproduce the experimental partial cross sections with good success, as shown in 
Fig. 2. In particular, the oscillation pattern that arises from near-side-far-side interference 
is well modelled, allowing the relative sizes of the near-side and far-side amplitudes to be 
estimated. 



Figure I. Angular distributions of 
the paxtial cross sections ( d ~ l d f l ) ~  and 
( d ~ / d f t ) - ~  in units of ~ b / s r .  The curves 
were generated using Eq. (6). 

Figure 3 compares far-side and near- 
side a,mplitudes from both the adiabakic 
and quasi-adiabatic calculations with er- 
rors bands for the experimental a.mpli- 

h tudes determined from the empirical fit. 
Good agreement is obtained for the nea.r- a 
side piece of ( d a / d R ) u  in the middle angle 3- 

u 

100 (do/dfi ) - ,  
regions with the quasi-adiabatic near-side 

loo0 O 
amplitude. The near-side amplitude from 
the adiabatic calculation is too small by 
a factor of at least two. For ( d ~ / d R ) - ~  I C \ -I 
there is less difference between the adia- I I 

what larger than even the quasi-adiabatic 
calculation. 

batic and quasi-adiabatic near-side ampli- 0.1 

tudes. Near Z O O ,  the empirical near-side 

Considerable improvement is obtained for the agreement between experiment a.nd the- 
ory for j = e - 1/2(d,p) reactions when quasi-adia8batic deuteron scattering wavefunctions 
are used in the standard distorted wave theoretical model. The improvement comes about 
largely because of better energy sharing between the n-p relative and center-of-mass mo- 
tions for the deuteron. This shift gives rise to a larger near-side amplitude, in better 

- - 

agreement with experiment. 
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amplitude is well-determined and some- 30" 60" 90" 
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Figure 9 .  Angular distributions of the 
amplitudes (m, a, lad) separated into far- 
side and near-side components. The solid 
(dashed) curves show this separation for 
the quasi-adiabatic (adiabatic) calcula- 
tion. These amplitudes have been multi- 
plied by &Z/B to emphasize the linear- 
ity of the far-side component. The far-side 
and near-side amplitudes extracted from 
the pa.rtia1 cross section angular distribu- 
tions of Fig. 2 are indicated by hashed 
regions that span one standard deviation 
above and below each amplitude. The fax- 
side uses vertical hashing and the near- 
side diagonal hashing. For ( d ~ / d C t ) - ~  a 
dash-double-dot line has been a,dded for 
clarity to represent the experimental near- 
side amplitude. 


