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A quantal method is presented to investigate the spatial development of inelastic scattering

cross sections in heavy ion reactions.
208pp + 2BY(0*,2%, ... ,407).

The abstract of a recent Letter! promises to demon-
strate that ‘“direct one- or two-particle transfer reactions
are capable of probing nuclear structure in the I ~20 #
region for rare earth nuclei and 30 7 for actinide nuclei.”
In this paper we develop a theoretical method to investi-
gate the angular momentum development of the wave
functions in the specific spatial region where particle
transfer takes place. We find that the 2°®Pb-+ 2¥U at the
Coulomb barrier does not probe nuclear structure in the
I =30 #i region via one and two particle transfer to any
significant degree. But to make our demonstration we
must first discuss how the inelastic cross section devel-
ops spatially in a quantal coupled channels calculation.

For the sake of simplicity we consider only the orbital
angular momentum partial wave / =0. This allows us to
compute the quantal cross sections for the backward
scattering trajectories in question. Our method can be
generalized for forward scattering angles by the semi-
classical identification
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but we will not consider that generalization in this pa-
per.

Consider our case of a spherical projectile scattering
on a deformed target, e.g., °Pb+2%¥U(0%,27F,...,
4071). We only consider the strongest excitations: those
of the ground state band of the target. Then in a con-
verged solution of the coupled equations one has a set of
scattering wave functions indexed by the state of the tar-
get nucleus, ¥ _o(r). The scattering amplitude, a’, in a
given channel may then be obtained by matching the
wave function solution with the incoming and outgoing
(Coulomb) wave functions, H, outside the range of the
coupling,

Y _olr >0 )=8,0H; (r—o)—alyHif (r—). (1)

Note that the outgoing scattering state orbital angular
momentum must be equal to the particular bound state
angular momentum I. Thus the / =0 case has the sim-
plifying feature that there is only one channel per bound
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Application is made to the case of 1120 MeV

state in the coupled channels calculation.

In the case where the semiclassical idea of a trajectory
has validity, we may then simply write the cross section
at 180° (in units of the Rutherford scattering cross sec-
tion) as

ol(180°)=|al, |*. )

Note that we use a quantal definition for the quantities
al,,. We also assume that much of the essential quan-
tum nature of the calculation will not be destroyed by
the / =0— 0= 180" identification.?

To investigate how the o/(180°) develops along a tra-
jectory, we propose the following ansatz: Define quanti-
ties al, (r) and af (r) at every radius from the classical
turning point outward,

Yl _o(r=al (nNH (r)—al (nNHF(r) . 3)
Then in a semiclassical sense we may look at the devel-
opment of the cross section as it comes in toward the
turning point,

alrn=akrn|?, 4)
and then back out,
oluwr=lal,(r|?. (5)

Of course, if the ansatz has complete validity, then at
the turning point, r,, we should find

Oin(r) =0 gulr) (6)
as the flux in each channel reflects from the barrier.

We have implemented solutions for af,(r) and al,(r)
in the quantum mechanical coupled channels code
Quicc.* Inside the matching radius at which nuclear
effects become negligible, Eq. (3) and its derivative are
matched numerically to obtain a/ (r) and a?,(r). Out-
side the matching radius (in the region where only
Coulomb excitation takes place) we note that the cross
sections may be conveniently written in terms of the ra-
dially Vvarying coefficients actually used in the
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code,*C;(r) C/H(r):
Ul _o(P)=Cy(r) (1 —=Ci(rhi(r) . 7

Outside the matching radius the regular and outgoing
homogeneous optical model wave functions may be writ-
ten in terms of the Coulomb wave functions and the
homogeneous scattering amplitude 7;,

fitn="Hi (N—mHf (1], (8)
hit(r)=Hp(r), 9)
so that
¢{=0<r>=éc,(r)H,~<r)
_ c,+<r)+én,c,(r) H*(r), (10)
and
oh(n=11C/(r|?, (11

2

ol (r= , (12)

c,+(r)+én,c,(r)

in terms of quantities already available in the computer
program.

Application is made now to the case calculated classi-
cally by Guidry et al.' which is near the upper limit of
possible high spin excitation via inelastic heavy ion reac-
tions: 2®Pb+ 23U at a bombarding energy near the
Coulomb barrier. The bombarding energy of 1120 MeV
corresponds to a distance of closest approach of
1.5(A4,7°+ A7) as assumed in Ref. 1, which in this
case equals 18.18 fm. The effects of nuclear distortion
and deformation are included in addition to Coulomb
excitation. Optical model parameters, reduced Coulomb
excitation transition elements, and nuclear deformation
parameters are taken to be the same as those of Guidry
and collaborators.!’

Figure 1 shows the development of the cross section
probabilities in each state along the / =0 trajectory. Of
course, at r = the incoming cross section ol =8,
corresponding to only incoming flux in the elastic chan-
nel. Coming in to 8 fm outside the turning point the
probability of the 2*U nucleus being in the 27 state,
o2t is greater than 0.5, but no significant flux is in states
higher than 6. As one follows the distribution of o/
inward, one sees constant movement of flux to higher
states. Most of the excitation in this case is Coulomb in-
duced: The sum of the ¢!, at r = is 0.92, indicating
the small effect played by the complex nuclear optical

potential. Note that the wave function does approxi-
mately reflect at the turning point, with
ol(r,)=ol,(r,). Note also the large amount of

Coulomb excitation that takes place in the region from
the turning point to 4 fm outside it. The most likely
state goes from 10% at 1 fm coming in, to 14" at the
turning point, and to 18* at L fm going out.

A similar calculation at 1200 MeV (corresponding to a
distance of closest approach of 16.96 fm) exhibits less of
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FIG. 1. Development of the cross section for each state

along the ! =0 trajectory for 1120 MeV 2%Pb+ 28U, oy is the
Rutherford cross section. At the turning point there is little
difference between o, and ol,, indicating the dominance of
reflection. The mark for o, points away from that for ol,.
This emphasizes that inside the turning point low spin states
lose a little cross section while high spin states gain a little.

a simple reflection of the wave function at the turning
point. At this energy the total incoming flux at the turn-
ing point is 0.76, while the outgoing flux is 0.62 (the
asymptotic total outgoing flux is 0.51 as compared to
0.92 for 1120 MeV). Thus, non-negligible absorption
(and rearrangement) of flux takes place under the barrier
at this slightly higher energy.

At the top of Fig. 2 the asymptotic cross section is
shown for the various final states at 1120 MeV. Note
that quite a bit of cross section remains in the low spin
states. But the more relevant calculation is at the bot-
tom. To facilitate comparison with the classical calcula-
tion of Guidry et al., we have weighted the cross sec-
tions along the trajectory (as has been done in Ref. 1)
with a transferlike factor “proportional to the square of
a form factor dropping exponentially to L of its value at
the turning point when the ions are 1 fm outside the
turning point.” This weighted integration of flux or
cross sections provides a measure of which states will be
probed by one or two nucleon transfer reactions. Effects
of changing the angular momentum from initial to final
state by the transfer process itself are ignored in both
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FIG. 2. Asymptotic cross section at 180° from the / =0 tra-
jectory for 1120 MeV 2®Pb 4 2**U (top). Comparison of quan-
tal and classical calculations for the same case in which both
have a particle transfer form factor weighting (bottom).

the purely classical calculation and the present calcula-
tion; indeed, under sub-Coulomb conditions it is expect-
ed® that with similar interacting nuclei little change in
angular momentum from initial to final state would
occur—at least for nucleon transfers. Of course, for
lighter heavy ions, changes in angular momentum due to
particle transfer have been well understood for some
time.” However, at present there has been no experi-
mental evidence of either systematic increase or decrease

of the average angular momentum in very heavy ion re-
actions due to particle transfer. In the bottom of Fig. 2
is shown a comparison of the present quantal calculation
with the corresponding classical calculation. The quan-
tal calculation shows a large amount of flux in the low
spin states, with the 10" state being the most likely.
The classical calculation has no flux in the lowest spin
states, with the most likely state being 18 or 20*. The
lack of agreement of the classical calculations (both
quantitatively and qualitatively) with our parallel quan-
tal one calls into question the utility of such a classical
approach.

As has been previously pointed out, the most favor-
able situation for observing particle transfer between the
highest spin states occurs close to the Coulomb barrier.?
At lower energies the Coulomb excitation is weaker and
the closest distance between the two ions is too large to
maximize particle transfer. At higher energies, the graz-
ing angle (at which particle transfer takes place) moves
forward, corresponding to a lower maximum spin state
excited by Coulomb excitation. Furthermore, the effect
of the nuclear inelastic interaction, which comes more
into play above the barrier, is to further suppress the ex-
citation of high spin states. Thus, the beam energy we
have considered for the *®Pb+ 28U case is near optimal
for probing high spin states in particle transfer. The re-
sults of this near optimal case presented at the bottom of
Fig. 2 are clear: We find that, contrary to the classical
calculation, the quantal calculation based on commonly
accepted parameters shows that the 2®Pb+ 238U reac-
tion cannot probe nuclear structure in the I =30 # re-
gion via one and two particle transfer reactions.
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