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Cross sections measured for single neutron transfer reactions in 238U + z38U collisions at sub-Coulomb energies are qualitatively 
reproduced using a simple semi-classical formula. 

A few years ago Wirth et al. [ 1 ] published single 
neutron transfer cross sections for 238U + 238U colli- 
sions. The radiochemical technique used enabled data 
to be obtained at energies well below the nominal 
Coulomb barrier. It was therefore surprising that the 
semi-classical analysis in ref. [ 1 ] did not give a good 
description of the measurements. Two theoretical 
papers tried to explain the data in terms of prolonged 
contact times [2 ] or by deviations from Rutherford 
trajectories due to the well-deformed structure of 238U 
[ 3 ]. Another set of experiments was carried out to 
determine whether sequential fission could explain 
the discrepancies; but this effect was judged to be 
small [4]. Additional radiochemical transfer reac- 
tion measurements have been made for 238U + t97Au 
and ~ 97Au -I- 197Au collisions [ 5 ]. A preliminary anal- 
ysis of the 238U+ 197Au single neutron transfer data 
obtains a consistent semi-classical description [5]; 
which makes the previous result for 238U + 238U ap- 
pear even more unusual. There have also been recent 
reports of an anomalous behavior of  sub-Coulomb 
single-neutron transfer cross sections for 58Ni+Sm 
collisions when the Sm isotope is deformed, but not 
when it is spherical [ 6 ]. 

We undertook a new analysis of the 238U + 238U data 
with the original aim of looking for similar types of  
deformation effects as have been discussed recently 

for the case of two-particle transfer reactions [ 7 ]. We 
have found, however, that a simple semi-classical 
analysis, without including deformation, does give a 
good overall description of the low energy 238U + 238U 
transfer data. We emphasize this in the present com- 
munication by showing the results obtained with an 
analytic formula. The concepts behind the formula 
have already been discussed in the literature (see in 
particular ref. [ 8 ] ). 

We start from the following amplitude for the 
transfer reaction from the state i to f and leading to 
the center-of-mass scattering angle 0: 

T~,(O)=a~,')(O, e x P ( h  f d t W ( t , ) f c ( O , .  (1) 

Here fc is the Coulomb scattering amplitude and W 
is the absorptive potential which describes the loss of 
flux from the elastic channel. The absorptive poten- 
tial is integrated along the Rutherford trajectory 
which leads to the angle O. Similarly, the first-order 
amplitude for the transfer process is given by an in- 
tegral along the same trajectory; namely, 

+cx~ 

i f ( i ) a ~ , l ) ( 0 ) = -  ~ dtFc~(t) exp - ~ Qr, t , (2) 
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where Ff~ is the formfactor for the transfer and Qn is 
the reaction Q-value. 

The integrals along the trajectory can be carried out 
by exploiting the exponential behavior of Fn and W 
at large distances and by making a parabolic approx- 
imation to the trajectory. Thus we first write 

Kn(t)=Foexp ( r(t)--Rf~,af / (3) 

W(t)=Woexp( r(t)-Rw).aw (4) 

Then we expand 

r(t) =ro + ½i:ot 2 , (5) 

where 

Z1Zze2 (1 + 1 ) 
ro= 2 E c ~  sin ( 0 / 2 ~  (6) 

is the distance of closest approach and 

ZIZ2e 2 
i~o _ ,ur2 (7) 

is the radical acceleration at the turning point. In this 
way one obtains 

1 +oo 2~_aw 
I dt W ( t ) =  W(ro) (8) 

N] h2i:o 

and 

• /2 ar exp ( a~l'(O)=--14~:~oFfi(ro) ~ ] .  (9) 

Thus, taking the square of the absolute value of eq. 
( 1 ), we obtain the transfer cross section in terms of 
an analytic function times the Rutherford scattering 
cross section, 

an(O)= ~ Fn(ro) 2 

× exp(-afQ-----~' + 2 2/~_aww(ro))aRuth(O ) . 
h2/~o N/ fi.2Vo 

(10) 

It may be noted that eq. (9) neglects the angular mo- 
mentum, mass and charge transferred in the reac- 
tion. Corrections for such effects can be made by us- 
ing an effective @value [8 ]. Notice also that in the 

expression of ~:o we have neglected the contribution 
of the orbital angular momentum. This is quite small 
for the back angle we are interested in. In the above 
derivation we have also neglected the effect of the nu- 
clear interaction on the relative motion of the two 
ions. In the case under study this approximation 
should be relevant only at the highest energy where 
its effect is also masked by the imaginary potential. 

In the present case where there are identical even 
nuclei in the entrance channel one must add the ex- 
change amplitude Tr,(zt-O) to eq. ( 1 ) and then take 
the modulus squared. The experiments in ref. [ 1 ] ac- 
tually sum over many final states, in which case the 
interference terms between the direct and exchange 
amplitudes should average to zero. Thus we have used 
the averaged, symmetrized expression 

(a~ym (0 ) )  = crn (0) + en (Tr- 0) ( 1 1 ) 

in order to compare to the data of ref. [ l ]. 
The slope parameter ar of the transfer coupling for 

a given transition can be accurately obtained from the 
neutron binding energy. The value of af= 1.942 fin 
corresponds to the ground state 238U (238U, 239U )237U 
reaction. We have used af= 1.825 fm in fitting the data 
of ref. [ l ], where many states are summed together. 
Furthermore, because of the many final states, we 
have used the optimum Q-value for single neutron 
transfer, which is zero. Since the number of states 
populated by the reaction also depends on the bom- 
barding energy, we have adjusted the coupling 
strength parameter Fo for each case. The radius pa- 
rameter Rf is arbitrary. We have let Rf= 1.2(A 11/3 "+ 
A~/3) fm in order to have a convenient scale for Fo. 
The values are Fo = 1.65, 1.65, 1.85, 2.0 and 2.0 MeV 
for the five energies Elab= 5.05, 5.36, 5.65, 5.85 and 
6.07 MeV/nucleon, respectively. The diffusivity of 
the absorptive potential was fixed at aw=0.6 fro, 
which is typical for heavy-ion collisions, and we let 
Rw=Rf. The value Wo= - 4 5  MeV was determined 
by fitting the backward angle data for E~ab=5.85 
MeV/n. The results of the calculations are shown by 
the solid curves in figs. l a - le .  The dashed curves 
correspond to Wo = 0. 

We note that the analysis in ref. [ 1 ] made compar- 
isons to unsymmetrized calculations. To allow for the 
symmetry, the four data points closest to 0= 90 ° were 
reduced by approximately 50%, 25%, 9% and 3%, re- 
spectively [ 1 ]. Since here we are comparing to sym- 
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Fig. 1. Angular distributions for single neutron transfer reactions in 238U + ~38U collisions at the five energies indicated in parts (a)-  (e). 
The curves are calculated with the analytic formula and parameters given in the text. The dashed curves correspond to setting the ab- 
sorptive potential equal to zero. The data points correspond to those given in ref. [ 1 ] (see text). 

metr ized  calculat ions ,  we d iv ided  the first four for- 
ward angle data points  shown in ref. [1 ]  at each 
energy by 0.5,  0 .75,  0.91 and 0.97,  respect ively,  in 
order to construct  fig. 1. 

It is apparent in fig. 1 that a good overall  agree- 
ment  with the data is obtained.  It may  be noted  that 
the effect o f  the absorption is negl igible  at the lowest  
two energies.  At the highest  two energies where  the 
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Fig. 1 (continued). 

absorption is quite pronounced,  one should consider 
the agreement as being qualitative since here the ef- 
fect of the nuclear attraction should also be taken into 
account. 

In fig. 2 we show the calculated angular distribu- 
t ion for 238U+ 197Au at E, ,b= 5.54 M e V / n  using di- 

rectly eq. (10). The parameters used to determine this 
fit are generally consistent with the ones above, but 

their detailed significance cannot be ascertained since 
the cross sections from ref. [5] are quoted in arbi- 
trary units. 

We conclude that the semi-classical formalism gives 
a good description of the low-energy single-neutron 
transfer reactions for 238U + 238U collisions measured 

in ref. [1]. The simple analytic formula which we 

have used is quite helpful in getting an overall view 
of such reactions. 

This work is partly supported by the US Depart- 
ment  of Energy, Nuclear Physics Division under  con- 
tract W-31-109-ENG-3 8. 

238UJr.197Au 

ELAB=5.54 MeV/n 
. . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  i . . . . . . .  

References 

'E 

80  100 120 140 160 180 

8 

Fig. 2. Angular distribution for single neutron transfer reaction 
in 238U+ 197Au collision at the indicated energy. The data points 
are from ref. [ 51. 
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