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One-nucleon transfer reactions are known to yield valuable information about nuclear 
structure. At moderate energies the experimental observables such as differential cross 
sections and analyzing powers are usually well represented by the Distorted Wave Born 
Approximation (DWBA) theory. However, at intermediate energies the description of the 
data by the DWBA is far from satisfactory, particularly for (p,d) reactions. Using this 
theory it is possible in principle to extract the spectroscopic factor for each transition. 
However, the absolute magnitude of the theoretical cross section, and hence the absolute 
spectroscopic factors, are often subject to large errors. These errors primarily arise from 
the large uncertainties associated with the main ingredients in the DWBA: i) the distorted 
waves in the entrance and exit channels, ii) the target form factor, and iii) the projectile 
form factor. The present study was aimed at reducing these uncertainties and extracting 
the spectroscopic factors with comparatively small errors. 

The 87~r ($ ,d )86~r  reaction was investigated at an incident proton energy of 94.2 MeV. 
Outgoing deuterons were detected with the QDDM magnetic spectrometer with an overall 
energy resolution of -70 keV. Angular distributions of both differential cross sections and 
analyzing powers were obtained for 32 peaks up to an excitation energy of 5.5 MeV. A 
typical (p,d) spectrum is shown in Fig. 1. The peaks extracted were consistent at all angles, 
and indeed confirmed by a recent K600 test of the same reaction with -40-keV overall 
resolution. Optical-model parameters for both entrance and exit channels were obtained 
from fitting the elastic scattering data measured to 90' (protons) and 120' (deuterons) on 
8 7 ~ r  and 86Sr respectively at appropriate energies. 

It has been established that the biggest uncertainty in the extracted spectroscopic 
factor arises from the target form factor, determined by the bound-state wave function of 
the transferred nucleon. The target form factor is usually generated from the standard 
well depth (WD) method where the depth of the potential, of Woods-Saxon (WS) shape, is 
varied to match the separation energy of the nucleon. Although the WD method generates 
the correct tail of the bound-state wave function asymptotically, it does not take into ac- 
count the residual interaction which splits energy levels of one and the same configuration. 
An approximate account of this residual interaction has been given by   us tern' and ~ a e , ~  
where the bound-state wave function is generated by introducing a peak at the surface of 
the WS potential, and the strength of this surface peak is varied to match the separation 
energy of the bound nucleon. This method, known as the surface peak (SP) method, simu- 
lates the effects of the residual interaction by reproducing the tail of the bound-state wave 
function correctly in the asymptotic region. In both methods the bound-state geometry of 
the potential well must be known accurately in order to obtain the right magnitude of the 
predicted cross section. It is known that a 1% change in the bound-state radius parameter 
(to) causes about a 12% change in the predicted cross section. Thus the geometry of the 
bound-state potential plays a very crucial role in predicting the magnitude of the tail of the 
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Figure 1. Semilog plot of the deuteron energy spectrum, using one proton spin orientation, 
for the 87~r(p ' ,d)86~r  reaction at a bombarding energy of 94.2 MeV at Blob  = 8'. The 
positions of peaks corresponding to states in 86Sr are indicated by their excitation energies 
in MeV, and the solid curve indicates the fit to the spectrum obtained with the fitting 
procedure. Some of the peaks between 2.6 and 5.5 MeV include contributions from the 
13.84% of 8 8 ~ r  in the target. 
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bound state wave function, which in turn determines the cross section. In this regard, the 
root-mean-square (RMS) radius measured to an accuracy of 1% from magnetic electron 
scattering3 serves as an important ingredient. The measured RMS radius of the 1gelz neu- 
tron orbital is 4.792 fm. Using this RMS radius, the bound-state potential was constructed 
and used in both methods. For other orbitals, as there were no measured RMS radii, the 
RMS radii from Hartree-Fock calculations scaled with the lggl2 RMS radius were used. 

The projectile form factor was generated using the Reid soft core deuteron wave 
function, including both S and D states of the deuteron. 
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Standard DWBA calculations with these ingredients gave a poor description of the 
data. Therefore, as a next step, distorted-wave calculations using the adiabatic approx- 
imation were carried out. In this approximation the deuteron optical potential obtained 
from elastic scattering was replaced by an adiabatic potential constructed from individual 
optical potentials of protons and neutrons at half the energy of the deuteron. This approxi- 
mation improved the description of the data to some extent. Fig. 2 shows the experimental 
data of both cross section and analyzing power for five different spin transfers observed in 
this particular reaction compared with the adiabatic approximation predictions. 
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Figure 2. Angular distributions of differential cross section and analyzing power for five 
different transitions in the 87~r ($ ,d )86~r  reaction at 94.2-MeV bombarding energy. The 
curves are the results of adiabatic approximation calculations as described in the text. 



The spectroscopic factors extracted for these five different transitions are listed in 
Table I, which also shows a comparison with the results of previous work. The result of 
Ref. 4 for lgg12 pickup is considerably larger than our result, basically due to the different 
bound-state parameters used in their analysis. However, a reanalysis of their data with our 
bound-state prescription gave results consistent with ours. Furthermore, the spectroscopic 
information (ax) obtained from magnetic electron scattering for the lgg12 orbital is related 
to the extracted spectroscopic factor from the (p,d) reaction by Eq. (3a) of Ref. 5. 

Table I. Spectroscopic Strength G for Neutron Pickup in 8 7 ~ r  

a Present experiment. 
Ref. 4 
from the re-analysis of data of Ref. 4 

Table 11 lists the values of a s  obtained from magnetic electron scattering5 and com- 
pares them with the results of the present work and other previous transfer reaction studies. 
The results obtained from a reanalysis of the (d,t) data of Ref. 4 is in good agreement with 
magnetic electron scattering results. A value of 0.63 from the present experiment is lower 
compared to the electron scattering result because in the present investigation we had left 
out the strengths of. some states which were supposed to contain the isotopic contaminant. 
However, analysis of the K600 test data taken recently on both 8 7 ~ r  and 8 8 ~ r  is under 
way, and a more accurate value will be published as soon as it is available. 

Table 11. a x  for lgglz orbital. 

Expected 

a Ref. 5 and references therein. 
Present experiment. 
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In a recently published report'-2 on the '1%n(d,p)'17~n reaction, it was found that 
the current model of transfer reactions is particularly poor for well-matched 
j, = 4, - transitions. This model, based on the distorted wave formalism, treats the 
deuteron scattering wavefunction adiabatically3 (to include the effects of S-wave breakup), 
includes non-locality  correction^,^ and contains both the deuteron S- and D-states through 
a finite range calculation. The dynamics of (d,p) reactions produced by 80 MeV deuterons 
makes the reactions coplanar (the neutron orbital angular momentum lies preferentially in 
the plan defined by the asymptotic deuteron and proton momenta) and far-side dominated, 
at least insofar as the model calculations are reliable. These dynamics make sufficiently 
large differences among the various spin-dependent reaction amplitudes that only two are 
significant away from OO. This leads to redundancy relations among the spin observables 
that may be used as a test of the coplanar and far-side dominant features of the distorted 
wave model.5 

In the case of the j" = ;+ transition in "GSn(d,p)'17~n, only the deuteron vector (Ay) 
and tensor (Ayy) analyzing powers were available, so only the relationship 
Ayy = -2 - 3Ay could be tested. Although significant deviations were observed beyond 
the small ones present in the model calculations, it was noted that much of the model dif- 
ference from this calculation arose from the deuteron D-state. This raised the possibility 
that the remaining differences could be due to similar contributions from deuteron chan- 
nel tensor optical potentials or stripping from D-wave breakup states, neither of which 
is included in the model calculation. These same model calculations also showed that 
the relationship 3 p  + 1 = -2A,, connecting the deuteron tensor analyzing power with 
the outgoing proton polarization was relatively free of these complications. To make a 
useful precision measurement, it is best to measure the analyzing power in the time- 


