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Single neutron transfer induced by massive heavy ions
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Quasielastic pickup and stripping reactions have been measured for the reaction s6Kr+2osPb at 695 MeV
with a magnetic spectrometer. The angular distributions observed for single neutron pickup are analyzed
with the distorted-wave Born approximation, which accounts well for the absolute differential cross sec-

tions. Quasielastic transfer reactions account for about 20% of the total reaction cross section.

Recently, the first high resolution measurement of elastic
and inelastic scattering of very heavy nuclei, specifically

Kr+ Pb, was reported. ' The present paper addresses
another aspect of the same experiment, namely, transfer
reactions to low-lying states, with special emphasis on the
single neutron pickup reaction. One proton transfer data for
lighter targets with 5 Fe projectiles have recently been re-
ported as have one neutron pickup data from Cl, Ti,
and Ni reactions at 6—7 MeV/nucleon on Pb. While the
distorted-wave Born approximation (DWBA) underpredict-
ed the absolute one nucleon transfer cross sections of Refs.
2 and 3 by factors from 2 to 4, the present DWBA analysis
is able to account for both the shape and absolute cross sec-
tion of the one neutron pickup channel. The total quasie-
lastic transfer cross section is found to be roughly 20% of
the total reaction cross section.

Kr ions were accelerated to 695 MeV in the Gesellschaft
fur Schwerionenforschung UNILAC, momentum analyzed
in a 180' magnetic deflection system and focused onto
a = 40 p, g/cm2 2csPb target. The outgoing ions were
momentum analyzed and identified in a magnetic spectrom-
eter. Further experimental details can be found in Ref. 1.
Despite an energy resolution = 1.5 MeV, discrete states in
the single nucleon transfer reactions could not be resolved
(see Fig. 1), as both final nuclei were odd mass, and the
density of states in their mutual excitation was too great.
As a result, the transfer data reported here are summed
over approximately 10 MeV in excitation energy.

Yields for each isotope were corrected for charge state
distributions and converted to the center of mass system.
The angular distribution for the Kr single neutron pickup
reaction is shown in Fig. 2. Two striking features of the an-

gular distribution are the narrow width [ —5' full width at
half maximum (FWHM)] and the large peak cross section
of = 380 mb/sr. The cross sections for the Kr channels
have uncertainties of =20%, while the uncertainties in
non-Kr channels are about twice as large, not taking any ac-
count of reaction fragment evaporation effects.

The Kr channel was chosen for a detailed analysis over
the equally strong 85Kr channel, because there is little parti-
cle decay into 8 Kr, since the two neutron Kr pickup chan-

nel is very weakly populated. Evaporation calculations show
that at excitation energies over 8 MeV there may be appre-
ciable ( ) 15%) neutron decay out of the 8'Kr channel, with
a subsequent loss of strength at the highest excitations. The
estimated loss of Kr strength in the first 10 MeV of the
spectrum of Fig. 1 is less than 5%. 8 Kr will suffer from
both feeding and loss. The one proton transfer channels
were weaker by a factor of 2—3 and the statistics did not al-
low a detailed analysis. The sum of all the transfer cross
sections (one and two nucleon) at the common peak angle,
amounted to = 1.3 b/sr.

We made use of two codes for the DWBA calculations,
the exact finite range code pTOLEMY4 and the second order
recoil code sRc.5 Two DWBA calculations for different final
states in the Kr channel are shown in Fig. 2. The curves
shown were calculated with the code SRc, but similar calcu-
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FIG. 1. Energy spectrum of 7Kr in charge state 31 from the one
neutron pickup reaction 20sPb(s6Kr, 87Kr)207Pb. The laboratory
reaction angle is 33', corresponding to the data point of the next
larger angle beyond the maximum in the angular distribution (see
Fig. 2). The absolute excitation energy scale is not accurately deter-
mined in the experiment; the scale shown with the figure has been
moved 1.1 MeV to the left relative to the nominal spectrometer
calibration, in order to make the onset of counts coincide with ~„
=0 MeV.
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FIG. 2. Summed one neutron pickup data compared with two ar-
bitrarily normalized DWBA calculations. The dotted line is for the
transition leading to the (

&
) (g.s.) in ~o7Pb and the ( z

)+ (g.s.)
in a7Kr. The solid line is for the transition to the ( z ) (2.34 MeV)

state in Pb and to the ( z
)+ (2.52 MeV) state in Kr.

lations performed with PTOLEMY gave practically identical
shapes (even including the small bumps in the forward
direction). The peak position and shape of the angular dis-
tribution is well reproduced, using the %oods-Saxon poten-
tial parameters of Ref. 1 of V=40, 8'=25, a=0.S, and
r0= 1.32. The sensitivity to the optical parameters is small.
A potential with a larger diffusivity of 0.65 and rp=1.29
gives equivalent fits. Very slight changes (see Fig. 2) are
observed in the position of the peak as a function of excita-
tion energy and angular momentum transfer. The fact that
the angular width is much narrower than with lighter mass
systems is a consequence of many more partial waves con-
tributing to the cross section.

In order to determine whether the D%BA can account for
the observed strength, calculated peak cross sections for
various combinations of states in Kr+ Pb are shown in
Table I. The form factors were calculated for a %oods-
Saxon well of radius R =1.253' ' and diffusivity a =0.65
fm. The states of 'Pb are those strongly excited in one
neutron pickup from 'oaPb (Ref. 7) and the s'Kr states those
observed strongly in a6Kr neutron stripping processes (Ref.
8). The full shell model strength was assigned to the lowest
such state of a particular spin and parity. Results of the cal-
culations are shown for the peak angle of 44' (c.m. ) in
Table I. All listed calculations not marked by an * were per-
formed with PTGLEMY. In a few cases of small cross sec-
tions and large angular momentum transfer the calculations
were done with the second order recoil code sRc. The nor-
mal parity transitions calculated with this code (marked by
*) are expected to have an uncertainty of at worst 35%

TABLE I. D%'BA cross sections calculated at the 44' peak with parameters listed in the text. Full spectro-
scopic strengths are assumed. Angular momentum transfers are listed in parentheses next to calculated cross
sections in mb. Cross sections with an ' were calculated with sRc; all others were calculated with pToLEMY.

For each initial and final state J is listed with energy of excitation (MeV) in parentheses.
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based on comparison of a number of sRc runs with the list-
ed PTOLEMY calculations. Some of the allowed angular
momentum transfer cross sections were not calculated and
are missing from the table because it seemed obvious that
their contribution would be small. The calculated peak
cross section summed over all channels in Table I is 387
mb/sr which should be compared to the observed cross sec-
tion of 380 mb/sr. The uncertainty in the calculation is
roughly 35% mainly reflecting the uncertainty of the form
factor geometry. (When the bound state radius was reduced
to 1.20, a sample cross section was reduced by 35%.) The
calculated centroid for the expected excitation spectrum
from Table I is 2.2 MeV which is only a little less than the
observed centroid =2.6 MeV. The division of excitation
energy between 87Kr and 2o7Pb from Table I is

(E ( Kr))/(E ( Pb)) =1.2/1. 0 (MeV/MeV)

i.e., very far from the thermal equilibrium partition of
87/207 = 0.42.

The rest of the transfer channels have not been analyzed
in such a detailed manner. The total peak cross section
summed over all transfer channels is 1.3 b/sr corresponding
to a total cross section integrated over the bell shaped angu-
lar distributions of roughly 700 mb. The analysis of Ref. 1

determined a reaction cross section of 3.2 b so the quasi-
elastic transfer channels account for roughly 22% of the
reaction cross section. The one neutron pickup cross sec-

tions reported in Ref. 3 were 160, 250, and 265 mb for pro-
ctiles of 37Cl 48Ti, and 58Ni on 2osPb, respectively, corre-

sponding to 9%, 18%, and 18% of the total reaction cross
sections. In the present case of 6Kr on Pb, the energy in
the c.m. system is 5.7 MeV/nucleon, the same as for Cl
above, and the one-neutron pickup cross section was = 200
mb or 6% of the total reaction cross section.

In the present analysis, we have ignored two-step proc-
esses. As shown in Ref. 1, the Kr inelastic cross section
to the 1.56 MeV 2+ state is comparable to the elastic cross
section near the grazing angle of 33' lab. Thus, the projec-
tile, when it appears at the ' 'Pb surface, is as often in its
2+ state as in its ground state. While this will affect the
analysis of any single transition strongly, it is not likely to
change the summed cross sections substantially, as the
DWBA calculations show a very modest dependence on Q
value. The present result, some~hat in contrast to the work
of Ref. 3, gives confidence that the simple ideas of grazing
collisions treated in a distorted-wave Born approximation
may suffice to understand the main features of quasielastic
heavy-ion data.
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