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A model is presented which accounts for the shifts in the energy levels of a transferred
nucleon due to the proximity of the colliding ions during the reaction process. Including
these shifts through an effective @ value in a distored-wave Born-approximation formal-
ism leads to dramatic improvement of the calculated angular distributions for the reac-

tions induced by 56-MeV %0 on “8Ca.

The angular distributions calculated in the con-
ventional distorted-wave Born approximation
(DWBA) for heavy-ion—induced transfer reactions
often predict much too low a cross section at for-
ward angles or, if the experimental angular dis-
tribution is bell shaped, a grazing peak at too
large an angle.'”® These forward-peaked or for-
ward-shifted experimental angular distributions
are correlated with the overall @ value (and
matching) of the reaction,®i.e., with the differ-
ence in binding energy of the transferred nucleon
from its initial state with binding energy E; to its
final state with binding energy E;; Q=E;-E;.

It is the purpose of this Letter to demonstrate
that an important correction exists to the conven-
tional DWBA analysis for these reactions. This
correction accounts for the shifts in the initial
and final energy levels of the transferred nucleon
from their asymptotic values (E; and E,) due to
the perturbation introduced by the proximity of
the colliding ions during the transfer process. A
model, based on a molecular-orbital approach,*
will be employed to include this correction in a
DWBA calculation of the transfer reactions in-
duced by the scattering of %0 on *®Ca at 56 MeV.

Empirical attempts to improve fits to data have
yielded valuable insight into the nature of the mod-
ification required of the DWBA. One approach?®
arbitrarily increases the diffuseness (a,) of the |

a(projectile) +A(target)< r

b(a+p) + B(A +h), pickup
o

real part of the exit-channel distorting potential
so that trajectories that skim the nuclear surface
are focused to more forward angles. This proce-
dure, when applied to one-nucleon transfer reac-
tions, leads to an exit-channel distorting poten-
tial that is state dependent, with large increases
in a, required for transitions populating highly
excited states. For two-nucleon transfer reac-
tions, a single increase in a, often improves the
fits for many transitions. A second approach®
employs distorting potentials that are weakly ab-
sorbing in the nuclear surface so that trajecto-
ries that contribute to the forward cross section
are not attenuated. These empirical procedures
prove the efficacy of modifying the exit-channel
relative motion through an appropriate change in
the exit-channel distorting potential.

A state dependence in the exit-channel distort-
ing potential arises within the molecular-orbital
model because the energy levels of the trans-
ferred nucleon are a function of the separation
(R) of the colliding ions. To lowest order, an
effective @ value results which depends on the
point of transfer, and departs from its asymp-
totic value (the @ value of the overall reaction).
This effective @ value can be incorporated into
the usual DWBA equations of motion by viewing
the transfer process A(a, b)B as the creation of
a particle-hole (p-h) pair with respect to a refer-
ence state, namely, the entrance channel (a+A4):

. (1)

b(a+h) + B(A +p), stripping

The effective @ value becomes Q.¢¢(R)=E} - E ,+ AQ(R), where E,, and E, are the binding energies of
the particle and hole as defined by the shell-model wave functions for the isolated nucleus about which
the p or h is bound as R~ =, AQ(R) is the molecular-orbital correction to the energy difference Ey,
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—E,. For pickup, this correction is due to the
interaction of p with A, and h with a:

AQ(R) = (n|Vy o [0 =(p|Vy, 4lp). (2

In the calculations that follow, the effective @
value was included in the DWBA calculations of
the transfer process by using, as equations for
the relative motion,

[TR + Uref(R) - Ec.m.](pent- e1(+) (R) =0’
{TR' + Uref(R,) (3)
- [Ec.m. + Qeff(«R’)]}(Pexit(-)(R') =0

for the entrance (elastic) and exit channels; each
reaction channel now is considered an elementary
(p-h) excitation with respect to the reference
state. Furthermore, AQ(R) can be interpreted
as the correction necessary to relate the exit-
channel distorting potential to the entrance-chan-
nel elastic potential in the DWBA. Thus these
exit potentials are nof simply related to a poten-
tial that describes elastic scattering.

For all the reactions considered in this Letter,
the R dependence and the velative stvength of
AQ(R) can be well represented by the matrix ele-
ment

AQR)[f @r,d®r 1 p oF JonFEUF, +R = Fr), (4)

where p is the spherically averaged single-par-
ticle (or -hole) density around its respective cen-
ter (a or A) and is calculated from a Woods-Sax-
on wave function corresponding to a binding ener-
gy E, or Ep; v is a residual interaction. v is
taken as a Gaussian interaction with a range of

1 fm. The calculations are not sensitive to this
choice, however, and results similar to those de-
scribed below were obtained with a zero-range
interaction. (Recall that in the shell-model de-
scription of nuclei, the first-order correction to
the excitation energy of a p-h state is a similar
matrix element.)

Since an adequate theory of the effective inter-
action for valence nucleons in a molecular-orbital
model does not exist, the absolute strength of the
matrix element, Eq. (4), was adjusted (through
the residual interaction) to produce the required
AQ necessary to fit the *®Ca(*0, 1'0)*’Ca ground-
state transition. The AQ(R)’s for all other tran-
sitions are then completely specified by the cor-
responding p and h densities. Hence, a single
strength pavameter characterizes all the reac-
tion channels considered in this Letter. The
AQ(R) at R=9.3 fm, approximately the strong

absorption radius, is given for each of the transi-
tions in the figures. The relative size and the
radial behavior of AQ(R) from Eq. (4) depend
critically on the magnitude and exponential decay
(binding energy) of the p and h densities at the
nuclear surface. The increase in AQ for the
excited-state transitions (3~ of *°Sc and " of Q)
reflects both the decreased binding energy and
the extra radial node of the single-particle orbi-
tals (2p,/, and 2s,/,) associated with these states.
In this manner, densities with greater radial ex-
tent produce more diffuse optical potentials, thus
enhancing the forward scattering compared to
potentials used in conventional DWBA calcula-
tions which neglect this effect.

The success of this approach for one-nucleon
transfer reactions is shown in Figs. 1 and 2,
where the solid lines are DWBA calculations
employing the correction AQ(R) of Eq. (4) in the
description of the exit-channel relative motion,
Eq. (3). The reference potential was obtained by
fitting the elastic scattering of '°0 +“8Ca at 56
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FIG. 1. Angular distributions for the one-neutron
pickup reactions induced by 160 +48Ca at 56 MeV. Solid
lines are DWBA calculations including the effective @
value., The curves have normalized to the data. For
reference, the dashed lines are conventional DWBA
calculations from Ref. 3 with the same normalization
applied.
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FIG. 2. Same as Fig. 1 for one-proton stripping reac-
tion.

MeV. The dashed lines are the conventional
DWBA calculations of Ref, 3. The dramatic
change in the shape of the angular distributions
[with AQ(R) included] for the excited states de-
monstrates the importance of including this ex-
plicit dependence on the valence orbitals involved
in the transfer process.

This model can easily be extended to two-nu-
cleon transfer reactions by viewing the process
as a two-particle, two-hole excitation of the
reference state. The correction AQ(R) for the
(**0, ®0) reaction is completely determined from
the matrix elements used for the (*°0, !"0O) reac-
tion. Figure 3 demonstrates the consistency of
this approach as well as the critical importance
of this correction for two-nucleon transfer.
Similar results hold for transitions populating
the 2% and 4* states of °0.

In summary, a restricted, but crucial, aspect
of the general, molecular-orbital® description of
nuclear reactions has been explored, namely the
R dependence of the single-particle energy levels
as the nuclei are brought into proximity. This R
dependence in a transfer reaction can be incorpo-
rated into an effective, R-dependent @ value o7
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FIG. 3. Same as Fig. 1 for two-neutron pickup reac~
tion.

it can be associated with a state-dependent, exit-
channel distorting potential used in a DWBA [via
Egs. (2) and (3)]. (Again, the exit-channel dis-
torting potential should not be associated with
elastic scattering in the exit channel.) The effec-
tive @ value can significantly alter the relative
motion of the ions and thus angular distributions.
For the case of the scattering of '°O on *¢Ca,
both of which are closed-shell nuclei, the impor-
tant quantity AQ(R) can be calculated as a parti-
cle-hole interaction matrix element. These ma-
trix elements, when they are included [via Eq.
(3)] in a DWBA calculation, substantially improve
the fits to the experimental angular distributions.
The examples considered here, furthermore,
illustrate how the AQ correction becomes increas-
ingly important for the excited-state transitions.
A similar analysis’ using the correction AQ(R)
from Eq. (4) (and the same strength parameter)
has been applied to the reactions initiated by **C
+2%%Ph at 77.4 and 97.9 MeV.® Again, dramatic
improvement over the conventional DWBA is ob-
tained with this model.
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Survival of Fast Molecular Ions Traversing a Thin Foil
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Measured yields and energy distributions of H,* emerging at 0° from the breakup of
2.2-MeV Hj" in 1.5-7-pg/cm? carbon foils suggest that, in traversing a solid at the same
velocity, the lifetime for survival with the original electron is the same for H and H;*.
Seen for the first time is a reversal in the 0° intensity asymmetry between the leading and
trailing H," breakup fragments with changing target thickness which we interpret as the
result of competing wake alignment and enhanced destruction mechanisms.

Recent studies™? of neutral H atoms emerging
from very thin carbon foils bombarded with MeV
beams of H, H,*, and H,* have suggested that an
electron can be bound to a fast moving proton in
solid and that such a system has a lifetime for
survival of (2.0+£0.1)X 10" % s, In a further at-
tempt to understand the implications of such a
lifetime, we have studied the survival of H,".
Like the H atom, H," has only one bound electron
of comparable binding energy but is presumably
more fragile because of the presence of lower-
energy dissociation channels. Rather than meas-
uring the transmission of an H," beam in solid
foils, we observed instead H," fragments from
the breakup of H,*. In so doing we shed addition-
al light on the H,* breakup mechanisms as well
as on the specific effects on molecular fragments
caused by the perturbed electronic density behind
a moving ion. We report here the new observed

features.

In our measurements, a magnetically selected
2.2-MeV H," beam from a Van de Graaff acceler-
ator was collimated to a total angular divergence
of < 0.2 mrad before striking the target consist-
ing of carbon foils with thicknesses ranging from
1.5to 7 ug/cm?®. Fragments of H,* emerging
within a 0.5-mrad cone centered in the beam di-
rection were detected by a high-resolution mag-
netic spectrometer (AE/E ~2x 107%).

Typical energy spectra of H," fragments emerg-
ing at 0° are displayed in Fig. 1 for three target
thicknesses. The two outer peaks correspond to
the trailing and leading H,* fragments of the H,*
Coulomb explosions into H," +H*. Noting that H,*
has a triangular shape,® the H,* here are con-
strained by the detection geometry to be those
whose internuclear axis is perpendicular to the
beam direction. A new feature which has hereto-
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