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The prominent side peak observed in nuclear reaction data induced by massive heavy
ions such as Ar, Kr, and Xe is observed to be dominated by quasielastic processes and
these processes are interpreted theoretically in terms of the distorted-wave Born ap-
proximation (DWBA). Variations of peak location with energy and projectile mass and
charge are well reproduced by sample DWBA calculations for particle transfer. Quantal
and classical contributions to the angular widths are discussed.

The appearance of total reaction cross sections
induced by massive heavy nuclei with single-
peaked angular distributions centered approxi-
mately at the grazing angle has stirred a great
deal of interest recently.!”® However, in sever-
al sets of data where the angular distributions
are displayed as a function of the energy loss of
the projectilelike fragment, there is a character-
istic progression from a narrow single-peaked
angular shape for the lowest-energy-loss data,
broadening for increasing energy loss, to a rel-
atively flat, forward-peaked angular shape for
the most deeply inelastic collisions.”*% Thus,
there is experimental evidence indicating that the
observed side peak in massive-heavy-ion reac-
tions is strongly connected to the lower-energy-
loss reactions rather than to deep inelastic proc-
esses. At any rate the quasielastic contributions
to the sharpness of this peak are crucial and it is
the purpose of this Letter to interpret the angular
distributions in the quasielastic limit in terms of
the distorted-wave Born approximation (DWBA).
Several sets of calculations will be presented cor
responding to “°Ar on 2%2Th,! ¥Kr on %°*Pb,? and
136Xe on 2°Bi.® The calculations indicate that the
side peaking observed with projectiles even as
heavy as Xe show qualitative similarity to angu-
lar distributions produced, e.g., by the reactions
208pp (160, 15N)?*°Bi® and **Mo(**C, *C)*Mo ’, which
are well understood in terms of DWBA. Never-
theless, with the great increase in mass and
charge of the projectiles, new features emerge
even in quasielastic processes. Our main inter-
est here is in the angular distributions of the fi-
nal reaction products as a signature of the reac-
tion mechanism, and thus absolute magnitudes of
calculated cross sections will be ignored. The
DWBA calculations will be for one-proton trans-
fer to specific final states and should be consid-
ered as sample or typical angular shapes to be
compared with quasielastic data summed over

many final states. Since the projectile velocity
is relatively low in all these experiments, the
second-order recoil approach® could be used to
calculate the DWBA cross sections reliably and
relatively quickly, considering the large scatter-
ing momenta involved.

We begin by considering a case for which the
quasielastic reaction data has been well separat-
ed from deep inelastic events, the @ =0 bin of
the 288- and 379-MeV ***Th(**Ar,K) data of Ar-
tukh efal.! Cross sections are calculated as
232 (%9Ar, #K)?**Ac going to the ground state of
both outgoing nuclei. The single-proton bound
state was assumed to be 1d,,, for /K and 2d,,
for ?%'Ac, allowing L transfer values of 0, 1, 2,
and 3. However, the calculated angular shapes
were insensitive to angular momentum transfer
and so only L =0 computations are shown. The
strongly absorptive optical potentials of Birke-
lund et al.® obtained from the elastic scattering
Z3B(©Ar, Ar) at 286 and 340 MeV were utilized
for the distorted waves. The results of the DWBA
calculations are shown compared with data in
Fig. 1. At both 288 and 379 MeV the angular
width is quite well reproduced by the calculations,
but it was necessary to change 7, from 1.131°
to 1.25 fm to have the peak angle agree with the
data.

Several reasons might be offered for the shift
forward of the angular peak of the data from what
is predicted from optical parameters. The most
obvious is the fact that the DWBA calculations do
not include the effect of Coulomb excitation or de-
formation of the target nucleus. Moreover, the
impossibility of separating all quasielastic con-
tributions from the elastic scattering data could
affect the 7, obtained in the optical-model fit.
Small @ and L differences of states included in
the energy bin of the data have little effect on the
calculated position or shape of the peak. For ex-
ample a 10-MeV change in @ for the 379-MeV
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FIG. 1. DWBA calculations of *2Th(4Ar, 41K)?%1Ac
(g.s.) L =0, one-proton transfer at 288 and 379 MeV
compared with data of Ref. 1 for **Th(*Ar,K), ¢ >~ 10
MeV.

calculation corresponds to a change in peak angle
of less than a degree.

The qualitative features observed in the quasi-
elastic *°Ar-induced reactions are also observed
in calculations of typical one-particle transfer
contributions to the reaction cross sections for
84K r on **®Pb ? and '*Xe on *°°Bi.®* Figure 2 shows
the results of calculations of 2°°Pb(*Kr, ®*Br)**°Bi
compared with the combined quasielastic and
deep inelastic data of Vandenbosch, Webb, and
Thomas at 494, 510, and 718 MeV. The compar-
ison is striking; it suggests that the peak in the
reaction angular distribution is well described as
a direct quasielastic process of the type one is
familiar with from data from less-massive heavy-
ion projectiles. Of course the comparison is
complicated by the fact that there are many chan-
nels both quasielastic and deep inelastic in the
data. However, the fact that such peaks are
quasielastic connected in the data is indicated by
similar 712-MeV data of *Kr on **°Bi of Huizen-
ga and co-workers®* where the peak in the angu-
lar distribution is quite pronounced for final
states with little energy loss, while the most
deeply inelastic events show no peak in the angu-
lar distribution. The qualitative difference in
shape between the calculation and data seen in
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FIG. 2. DWBA calculations of *®*Pb(¥Kr, ®*Br)**°Bi
at 494, 510, and 718 MeV compared with the ¥Kr+2%pb
data of Ref, 2, which data include both quasielastic and
deep inelastic reaction products. Calculations are for
L =0 transtions to a 3~ state in 2°Bi. Optical potentials
for the 494- and 510-MeV calculations were V=50 MeV,
ry =1.178 fm, a,=1.1 fm, w=2.5 MeV, 7, =1,282 fm,
and ay =0.33 fm (Ref. 10), For the 718-MeV case, V
=50 MeV, 7, =1.129 fm, a, =1.1 fm, W =32 MeV, 7
=1.211 fm, and ayp=0.43 fm were used (see Ref. 10).

Fig. 2 at 718 MeV may then be understood. While
the side peak is dominantly quasielastic, the for-
ward rising or orbiting part of the angular shape
is due to the more complicated deep inelastic
process which we make no attempt to describe
here theoretically.

Figure 3 shows a calculation of **°Bi(***Xe,
137Cs)?°®Pb compared with the reaction cross-sec-
tion data at 1130 MeV. Again the peak of the com-
bined quasielastic and deep inelastic reaction da-
ta is well described by a typical DWBA calcula-
tion for particle transfer. As in the other cases,
the calculation using fitted optical potentials
peaks at several degrees back of the data, prob-
ably for the reasons previously mentioned. Again
there is some indication from the similar 1120-
MeV Xe on Ta data'! that the side peaking is most
pronounced in the quasielastic components.

At this point it is interesting to consider possi-
ble spreading of the quasielastic peak in the angu-
lar distribution due to the fact that reactions to
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FIG. 3. DWBA calculations of 29Bi(!36Xe, 137C5s)%08pp
at 1130 MeV compared with the combined quasielastic
and deep inelastic ¥¢Xe +20%Bi reaction data of Ref. 3.
Calculations are for an L =1 transition to final ground
states. Optical parameters are V=8.47 MeV, W=6.95
MeV, 7,=1.30 fm, and a=0.44 fm (Ref. 3).

many final states are summed (incoherently) in
the experimental cross section. What we noted
for the Ar reaction, that small changes in @ val-
ue have negligible effect on peak angle, turns out
to hold a fortiori for Kr and Xe projectiles. In
these reactions of Coulomb-dominated trajector-
ies, the grazing angle can be approximately re-
lated to the interaction radius and the energy of
the system through the Coulomb formula for dis-
tance of closest approach

R =(Z,Ze?/2E)(1+csc36).

If one assumes that above the Coulomb barrier,
due to strong absorption, the interaction radius
for quasielastic processes is approximately in-
dependent of energy, then one has an approxi-
mate relationship between the energy and scatter-
ing angle

E/Eba.rrier ~ %(1 + CSC%G)
or, conversely,
6=2csc” 1(ZE/Ebarriel' -1).

Notice that the grazing angle depends only on the
energy of the system expressed as a ratio of the
Coulomb energy. Clearly a small change (< 10
MeV) in outgoing-channel energy will have rela-
tively little effect on the position of the peak in
the reactions here considered.

In analyzing their @ =0, *2Th(*°Ar,K) data,
Artukh et al.! made use of the simple Strutinsky
parametrization'? of the angular shape to extract
the number of partial waves contributing to the
transfer cross section. In the 288-MeV case the
Al extracted by this procedure was 12 in contrast

to a Al of about 30 in the DWBA calculation of
Fig. 1. To explain why many more partial waves
are contributing to a state of given angular width
here we will refer to an extended Strutinsky®
model originally put forth to explain deep inelas-
tic reactions.

This model is based on Gaussian shapes, and
the angular width of the cross section ¢ is com-
posed of two parts and is given by

£ =(£qz +£'2)1/2'
£,=V2/Al is the quantum mechanical width of the
simple Strutinsky parametrization.'® This width
of angular momenta contributing to a reaction Al
can be roughly related to a width in the radial
contribution to the interaction AR and a local mo-
mentum k, i.e.,

Al=EkAR.

Since the radial width AR has to do with surfaces
and is the same order of magnitude for all reac-
tions, the quantum mechanical width £, varies in-
versely with scattering momentum, and angular
distributions should become quite narrow and
sharply peaked with increasing projectile mass.
However there is another width,

£, =3V2(d6/dl)al,

which arises from the fact that the classical de-
flection angle can change appreciably over the
width (Al) or surface width (AR) contributing to
the angular distribution. Strutinsky called this
effect “dynamic dispersion” and postulated that
it might be caused by the nuclear field in deep in-
elastic collisions.'® In the case here studied the
effect is mostly due to the Coulomb field and ap-
plies to quasielastic transfer.

To continue analysis in this vein, if one as-
sumes a purely Coulomb deflection angle, the
dynamic Coulomb dispersion may be written

£, ~V2nAL/ (12 +1P),

where [, is the grazing orbital angular momentum
and 1 the Coulomb parameter. This turns out to
be a good approximation to describe the 288-MeV
DWBA calculation where the phase derivatives
are dominated by the Coulomb field.'* If one
makes use of the Coulomb expression for &, at
the peak ! of the DWBA calculation then £¢,=6.17°,
which, when combined with the £, =2.70° implied
by the DWBA Al =30, gives £=6.74°. Thus the
dynamics of the angular width implied by the

" DWBA calculation is in sharp contrast to the sim-

ple parametrization of £=£, =6.75° consistent
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with Al =12,

Several general comments can be made con-
cerning the calculations and the data. Most sig-
nificant is that the side peaking seen in combined
quasielastic and deep inelastic reaction data bears
a striking resemblance to typical DWBA calcula-
tions for a quantum mechanical, one-step proc-
ess. Of course no attempt has been made here to
compute absolute magnitudes of cross sections.
Such a calculation would involve a sum of many
DWBA calculations weighted by appropriate spec-
troscopic strengths for the energy, mass, and
charge cuts seen in data. Even such a scheme
might have to be limited to treatment of one-step
processes, while the expectation is that some
multistep processes (at least inelastic excitation
followed by transfer) should contribute to quasi-
elastic data.

Nevertheless, the use of a simple but realistic
quantum mechanical calculation has allowed some
realistic analysis of the angular widths. The fact
that DWBA calculations fall off rapidly in the for-
ward direction indicates that significant orbiting
contributions can be expected only for multistep
or deep inelastic processes at these low veloci-
ties. The width of the peaks observed is to a
large extent determined by the dynamic Coulomb
dispersion &, at lower energies (*°Ar on ***Th at
288 MeV, *Kr on 2°°Pb at 510 MeV, '*Xe on **°Bi
at 1130 MeV), while £, decreases to become com-
parable to the quantum mechanical spreading (£,
=v2/Al) at higher energies (¥*Kr +%°Pb at 718
MeV). The narrowing of the angular peak with in-
creasing energy comes about as a result of the
gradual decrease in importance of the classical
spreading due to the dynamic Coulomb dispersion.
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