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abstract : 
Nucléon transfer reactions between heavy nuclei are characterized 

by the classical behaviour of the scattering orbits* Thus semiclassical con
cepts are well suited for the description of these reactions. In the present 
contribution the characteristics of single and multinucleon transfer reac
tions at energies below and above the Coulomb barrier are shown for systems 
like 5n + Sn, Xe + U and Ni + Pb. The role of the pairing interaction in the 
transfer of nucléon pairs is illustrated. For strong transitions the coupling 
of channels and the absorption into more complicated channels is taken into 
account in a coupled channels calculation. 

Talk presented at the XXII-Winter Meeting on Nuclear Physics, Bormio, Italy, 
January 1984. 
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I. Semiclassical Aspects of the Transfer Reactions. 

In a typical collision of heavy nuclei A %A,% 100 (Z « SO) the 
motion of the centers of the nuclei is very accurately described by classical 
orbits (1). This fact is due to the large values of the Sonmerfeld parameters 

Z Z e 
0,16 Z. Z 2 (E/u)"1/2and the wavenumber (1) 

* W ,1/2 
_ [ 2 / » - E C M \ <2) 

Here Z., A. and Z-, A. are the charges and masses of the two nuclei, u is the 
reduced mass and E _ and E/u are the center of mass energy and the energy per 
nucléon (» E/A • E~„/JI) < For large values of the parameters I» and K pro wi 4 
( J » 1 ; K » 1) the nuclei move on hyperbolic orbits characterised by the 

R m i n - I (1 + , , ) (3) 
m i n K sin 9/2 

We plot all quantities as function of the overlap parameter dQ, 
d * S. . /(A- + A« ), With this approach it is possible to compare 
different systems and to ensure that the incident energy is low enough to 
avoid any overlap (d (180°))at values d 0 < 1.40 fm. 
For small changes of the relevant parameters (E„„, masses and charge product) 
during the transfer process the scattering orbit stays almost undisturbed 
and the differential cross section is given by the product of three factors, 
dS/dftC© - 6* <6). P t(«) F(Q) (4) 

The factor F(Q) is introduced in order to correct for the 
dependence of the cross section on the Q~value, the changes of the reduced 
mass and the charge product, and also on the angular momentum transfer L. 
Generally a steepdecrease of the cross section is observed as function of 
Q-value (fig.1) or changes of tyand K. For larger changes, for example also 
of L, the final scattering angle will be different from the initial value 
defined by the parameters of the incident channel (2). In fig. 1 the 
dependence of the cross section on Q-value is illustrated;the curves have 
been obtained by a quanta1 calculation (DWBA, code Ptolemy (3)). For a 
change of E-. by 1% (% 3 MeV) the cross section has decreased by a factor 
2 (for L - 2 transfer). The mass transfer has a smaller affect ; actually 
the reduced mass and the charge product barely change for symmetric systems. 
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For the elastic scattering the average elastic scattering in 

the initial and final channels is taken. In view of the experimental dif

ficulties to acchieve high energy resolution»quasielastic channels can only 

be separated if they differ from the initial channel by a change of mass and/ 

or charge. The definition of the elastic and quasielastic transfer channel 

is thus done over a range of excitation energies of the final products which 

sums all single particle strength and/or low lying E2 and E3 strength (see 

ref.4 for a discussion of this approach). 

Except for energies well below the Coulomb barrier, the absorp

tion from the elastic channel due to other channels is quite important 

(deeply inelastic and fusion processes) and has to be taken into account 

explicitly by a damping (or survival) factor. ïhe total absorption is obser

ved as a deviation from the Rutherford cross section £»(© 

€T (» - €£(© (1- pa(») (5) 

and P (0) stands for the absorption probability. An example is given in fig.2 

;e of , 2 0Sn + , 1 2Sn. 

All expressions given for the cross sections are first order 

pertubation results. The modifications introduced by strong transitions with 

probabilities larger 0,1 will be discussed in sect. IV. 

The transfer probability is given by the overlap function of the 

nuclei in the initial and final states. 

-eo 

(6a) 

(6b) 

The integral of the function f.(K.) along the scattering orbit has 

to be taken. This form factor can be rather precisely parametrisized by a 

Hankel function with some normalisation Nt(e-g„ ref. 5). 

' (7) jtM = A ê" / A R 

for R > 1.35 (A, 1 / 3 + Aj , / 3)fm 
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The decay constant is given by the expression?*» « (Zf*x ^ S * H ^ 

for the bound particles, x, with reduced mass u x and effective binding 

energy E B x . 

We generally neglect the 1/©\R dependence, because for o< larger 1 this 

introduces only a small change in slope, forcC1 1 a n d R * 14 fm (do - 1.45) 

of 2 % , The normalisation constant N is taken as an empirical value, which 

has absorbed structural factors, the normalisation of the tail of the wave 

functions, the integration over the effective interaction and the integration 

along the orbits, and this favours transitions with small decay constants like 

one nucléon transfers. 

Examples of the experimentally (6) obtained form factors or Pt(R) 

are given in fig. 3. It has to be emphasized that in all cases of transfer 

processes studied between heavy nuclei, a separation of final states was not 

acchieved. The probabilities thus represent generally the full quasielastic 

spectrum, which is determined by the Q-value window and the distribution of 

single particle strength. 

II. Enhancement of two nucléon transfer due to the pairing interaction. 

In a first order pertubation approach multiple transfer of 

nucleous can be seen as a sequential process, where the individual proba

bilities are multiplied to obtain the final cross section (with appro

priate corrections due to dynamical and phase space factors). 

Ç > - Ç » *B|1<« -P n f i-'«» (8) 

For two-neutron transfer we write (ref. 6) assuming that the factor F(Q) 

is unity 

= 6^(© ( P 1 n )
2 . EF. N 2 ; (9) 

In this expression we have introduced the factor N„, which 

takes into account the phase space of our experimentally defined cross-section 

(tie number of final states, the average spin multiplicity and if we want to 

refer to the original form, £.(R), in expression (6b), factors from the 

integration along the orbit). 
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The enhancement factor EF is defined so as to incorporate all 
effects due to the pairing interaction, which can boost the two-particle 
transfer in two ways : a) transfer of correlated pairs and 

b) by constructive interference of the states 
populated in single nucléon transfer, which act 
as intermediate states for the two neutron transfer. 

The different effects expected due to this enhancement have 
been discussed (for case a) in numerous papers (6,7,8,9). The role of conse
cutive "transfer and its relative strength to the pair-transfer has been discus
sed by Gotz et al. in réf. 10. If we consider transitions leading to low lying 
states (best ground states) the binding energy for each transfered nucléon 
will be the same, the form factor or the total transfer probability of 
n-nucleonswill have a dependence characterised by the exponential 
(e~ n t* ) . The experimental transfer probabilities will thus show an increasing 
slope as function of rainuraum distance,R . .for multinucleon transfer.and very r * rain * ' 
small cross sections (see fig. 3). 

An enhancement of a particular transfer can be deduced from a par-
rallel shift of the measured probability with respect to the predicted value, 
after correction far phase space factors. For a quantitative comparison, in par
ticular for the 4-neutron transfer relative to 2-neutron transfer, a discussion 
of all factors which determine the two cross sections is very important. 

III. Experimental examples. 

Most measurements of nucléon transfer give cross sections for the 
total quasielastic yield. At energies below the barrier these cross sections 
actually correspond to only low lying states. If spectra are measured as func
tion of angle at higher energy it is not evident if the same ensemble of 
states is populated. 

a) Neutron transfer in Sn + Sn collisions. 
120 112 In the system Sn + Sn the one-, up to four-neutron transfer has been 

measured (6). The system has been chosen in a way, that the ground state 
Q-values are all close to zero (t 2.5 MeV). The transfer probabilities 
obtained by dividing the observed yield for each Sn-isotope (111, U 3 , U 4 , 
115 and 116) by the yield for 112 are shown in fig. 3. The slopes correspond 
all to the expected values using ground state binding energies. A clear shift 
of the measured two-neutron transfer probability, with respect to the square 
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(P- ) , the measured one-neutron transfer probability, is observed (by a 

factor 3), As shown in ref. 6 this corresponds actually to an total enhancement 

of EF - 20 - 40, after correction for the different phase space factors 

(number of states, average spin multiplicity). 

In fig. 5 we show the corresponding angular distributions for the 

elastic scattering and the transfer channels. We also show the ratio of the 

total quasielastic cross section, C » relative to the Rutherford scattering. 

For both energies, 4.55 MeV/u and 4.8 MeV/u, up to a certain angle the main 

absorption is in fact due to the transfer channels (only 20 % of SI is missing). 

At larger angles (smaller distances) absorption into other channels becomes 

dominant and the angular distributions fall off. 

b) 1 3 2 * e * 2 3 8 U . 

Total cross section of one and two-neutron transfer have been measured using 

radiochemical techniques by Franz et al. (11) as function of incident energy. 

The incident energy can also be transformed to R . (180°) and the cross sections w nun 

given in ref. 11 are divided by the Rutherford cross section at 180° to obtain 

the values shown in fig. 6. (a factor to renormalise far the angle integration 

of O~(0) and£l($ has been applied). The data show also the expected behaviour 

of the transfer form factor in spite of the fact that Coulomb excitation 

should give at the minimum distance an average spin in U of 14 J;! 

Generally we find that the absolute probability, to transfer a nucléon bet

ween Fermi levels of nuclei does not depend very strongly on the structure of 

the nuclei. 

c) 5 8Hi * 2 0 8Pb. 

As a further illustration I show in fig. 7 the data of Rehm et al. (12) trans

formed to P t(d 0) ; again we observe the correct behaviour for one and two 

neutron transfer. The deviation of the data from a straight line for large 

distances could be due to changes in the definition (population) of the quasi-

elastic spectra. In this chosen definition of ?C(<L) we obtain for small 

values offf/Sl 0* 0*1), P - values which are close to unity or even larger. 

unity is discussed in the last section. The slope of the transfer form factor 

is well reproduced for the one and two-neutron transfer. Correcting the two 

neutron transfer for the Q-value dependence, the corrected values of P (d ) 

show a parallel shift, which corresponds to an enhancement comparable to the 
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Sn + Sn case (the phase space factors, however, can be very different). 

IV. Coupled channel calculations for the case of one and two neutron 

transfer in Sn + Sn. 

In order to gain some insight into the meaning of quantities used 

in the semiclassical analysis presented in sects I - III, I have done calcu

lations for cross sections as observed in the experiment using coupled chan

nels (in this way the distribution of the flux in the elastic, one and two-

neutron transfer channels is reproduced correctly). In these calculations the 

transfer of mass is neglected, they have been performed using the first order 

vibrational model option in the code ECIS (13) by choosing the relevant form 

factors for the transfer. For the scattering the real potential was negli

gible, an imaginary part was, however, necessary in order to reproduce the 

data for the elastic and transfer channels. This imaginary potential gave 

no absorption without the coupling of the transfer channels. The final values 

of o e /o»(d ) are thus not entirely due to absorption into the explicitly 

observed channels. 

In the calculations 4 channels were introduced (GS, In-strip

ping to 111, 1n-pick-up to113, and the two-neutron transfer channel). The 

strength of the relevant form factors was ajusted so as to reproduce the 

measured cross section in the channels with mass 111, 113. 

From these calculations the same quantities are calculated as 

for the experimental data (see fig. 8). We obtain the correct slope for the 

one-neutron transfer probabilities - and for a given form factor the same 

absolute values independent of the additional absorption introduced by the 

imaginary potential or incident energy (with a small change). It is also 

independent of the absorption due to directly coupled channels. The later 

point is illustrated by the curve marked &= 0,7 (this gives four times 

the cross section and ?t(d )). Only the smallest distances give a deviation 

from the exponential form. 

From these results we can deduce that the quantity g£/Ç" 

does represent the transfer form factor. It does not necessarily represent 

a transfer probability, because it reaches large values close to 1, but 

rather a partition probability, because all channels are influenced by the 

coupling and by the additional imaginary potential. 
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V. Conclusions. 

The semiclassical properties of the quasielastic reactions bet
ween very heavy nuclei allow a rather simple analysis of the cross sections. 
The factorisation of the cross section into scattering, transfer and matching 
factors seems to hold even for situations, where '-he first order perturba
tion approach is not valid. The quantity, ^JV Ç"", (corrected for matching 
conditions) defines a quantity which is closely related to the transfer form 
factor. In some cases it does represent the transfer probability P (R), 
however, in many cases this quantity may represent rather a partition proba~ 
bility (PM , 0 0 ) , for given final channel with mass, M, and charge Z. 

At energies leading to minimal distances where the overlapp at 
the minimum distance is small (d0 > \A fm) the quasi elastic transfer cross 
section? are- the dominant channels. • 

The probability for transfer of a neutron involving all low 
lying single particle states (cross sections with an energy resolution of 
ca.5 MeV), does not depend strongly on the structure of the nuclei involved 
(Sn + Sn, Ni + Pb and Xe + U). The two-neutron transfer is enhanced, relative 
to a simple product of the one neutron transfer probabilities. This enhancement 
is due to the pairing interaction and is most likely due to the constructive 
interference of intermediate states in the sequential transfer process. 
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