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Multinucleon-transfer reactions for the Ti+ Nb system at sub- and near-barrier energies
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Target and target-like ejectiles emitted forward from 'Nb-beam bombardment of thin ' Ti targets
were investigated at sub- and near-barrier energies using a magnetic spectrograph. Reaction prod-
ucts from three single-nucleon-transfer and seven multinucleon-transfer channels were observed.
Multinucleon-transfer products were observed with a sharp onset only for those collisions with apsi-
dal distances smaller than about 12.6 fm, while single-nucleon-transfer products were observed
throughout the apsidal distance range studied. Average Q values of the rnultinucleon-transfer-
reaction products are much more negative than the respective optimum values. These results sug-

gest the formation of a neck at subbarrier energies.

I. INTRODUCTION

A number of diverse theories can account, to a similar
extent, for experimentally observed large enhancements
in sub-barrier fusion cross sections. For example,
coupled-channels, ' neck-formation, distributed-barrier,
and direct absorption theories have been used, with com-
parable degrees of success, to analyze the enhancement in

Ni+ Ni fusion cross sections at sub-barrier energies.
This example illustrates that, although necessary, fusion
cross sections alone are not sufficient to assess what really
is the underlying enhancement mechanism.

Although their details vary, these theories share a reli-
ance on interactions between the incident and one or
more outgoing reaction channels to produce the enhance-
ment. Being microscopic, the coupled-channels approach
requires interactions with specific individual exit chan-
nels, such as inelastic and nucleon-transfer. On the other
hand, being macroscopic in nature, the neck-formation
and distributed-barrier theories treat the interactions in a
more global way. Thus, in addition to fusion, detailed
studies of exit channels in general at sub-barrier energies
are very much needed in order to develop a good theoret-
ical understanding of how the enhancement really comes
about. However, only limited experimental data of this
kind exist.

A rare example of such studies is Wolf's report of
deep-inelastic reactions between Ni and ' Sn
sub-barrier energies. Wolf reported significant yields of
products from deep-inelastic reactions at subbarrier ener-
gies, thus demonstrating the presence of many exit chan-
nels that share the incident flux with fusion, even at sub-
barrier energies. However, because of the inclusive na-
ture of the results of this pioneering experiment, informa-
tion about the identity and strength of individual chan-
nels populated is not available. Stefanini et al. investi-
gated transfer reactions for the ' S+ ' Ni systems at
near-barrier energies. There they found diA'erential cross
sections to have bell-shaped distributions around the

grazing angle, which are characteristic of peripheral col-
lisions. Theoretical fusion cross sections calculated in
coupled-channels formalism using transfer strengths
determined from these near-barrier data generally are sa-
tisfactory, even down at sub-barrier energies. However,
the validity of calculated results become questionable at
sub-barrier energies because the transfer strengths may
change with energy. More recently, Corradi et al. inves-
tigated transfer reactions and their eAect on the fusion
for the S+ ' ' Zr systems, but at energies where
fusion cross sections are large (about 100 mb and larger),
not at sub-barrier energies.

We report here the measurement of intensities and en-
ergies of element (Zj and mass (M) identified fragments
from binary exit channels from the Ti+ Nb reaction
in the energy region where the fusion cross section
changes from less than 1 to about 40 mb. Figure 1 shows
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FIG. 1. Fusion cross sections for the ' Ti+ 'Nb system.
Squares and crosses are experimental and calculated results, re-
spectively. Solid curves join the calculated results for single and
distributed barrier cases. See Ref. 8 for detail. The arrows indi-
cate where the measurements reported in this paper were made.
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the fusion cross sections covering this energy range.
Our primary objective was to determine the identity and
strengths of reaction channels that share the incident Aux

with, or compete against, the fusion channel at these
sub-barrier energies.

Observations of multinucleon-transfer products at low
energies have already been reported. ' But, the earlier re-
sults were based on either radiochemical or radioactivity
measurements and the data are correspondingly limited.
Present results are more comprehensive and thus very
amenable to a closer scrutiny.

II. EXPERIMENT DETAIL AND RESULTS

A. General

The experimental arrangement is the same as that of
our previous study of the Ti+ Zr reaction. ' BrieAy,
target and target1ike ejectiles emitted forward from the
bombardment of thin (about 30 p, g/cm ) Ti targets by

Nb beams were first magnetically analyzed and then
detected by a hybrid position-sensitive gas detector,
which was placed near the nominal focal plane of the
magnet. Isotopic content of the target is 98.2%%uo Ti,
1.5% Ti, and a trace amount ( (0.2% ) of Ti and Ti.
Ejectiles emitted in 10' & 0 & 20' angular range were in-
vestigated at bombarding energies of 283.1, 291.2, 297.2,
302.0, and 306.9 MeV. The corresponding c.m. angular
range and energies are 140'—160' (for elastics) and 99.0,
101.8, 103.9, 105.6, and 107.3 MeV. A Si(Au) detector,
placed at 32' relative to the beam direction, monitored
scattered beam and target recoil intensities. The monitor
count and the integrated beam current were used to ob-
tain absolute values of cross sections.

B. Identification of ejectiles

Using the heavier collision partner as projectiles result-
ed in energetic ( (220 MeV) ejectiles, which resulted in
good AE and E resolutions. Typical Z spectra, obtained
from AE —E plots by projecting onto an axis determined
by using a simple expression AE ~E, are shown in Fig. "''.

Subsequent to Z selection, the M selection was eft'ected
from either E vs pB or E vs pB /&E plot. Here E is the
ejectile energy and B is the m~anetic rigidity (note that
pB/&E is proportional to &M /q, where q is the ionic
charge). Representative VM /q spectra are shown in
Fig. 3. Both the Z and &M /q resolutions were good
enough for unambiguous identification of all significant
peaks. The Ti peaks seen in the 101.8-MeV spectrum
[Fig. 3(a)] are due to about 1.5% isotopic contaminants
present in the target. The strength of Ti peak seen in
Fig. 3(b) exceeds 1.5%, indicating a contribution from
the Ti~ Ti two-neutron transfer reaction to the peak
at the higher energy. The presence of this contaminant
peak materially aided the calibration of &M /q disper-
sion. Elastic scattering results from a thin 'V target at
the lowest bombarding energy were also helpful for the Z
and &M /q calibrations.

Nuclides that are definitely from the Ti+ Nb reac-
tions are titanium (Z =22) isotopes M=48, 49, 50, 51,52;
vanadium (Z =23) isotopes M =51,52, 53; chromium
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FIG. 2. Typical Z spectra at two energies obtained from
AE —E plots assuming AE ~ E.

(Z=34) isotopes M=52, 53, 54. It is noteworthy that,
whereas the titanium isotopes are distributed around the
initial mass M=50, the vanadium and chromium iso-
topes are heavier than M=50 and 51, respectively. This
shows that whenever a situation calls for both proton and
neutron transfer, the neutron's direction of transfer is the
same as that of the proton: i.e., the proton and neutron
never go opposite ways. Of these 11 nuclides, only

' 'Ti and 'V, all of which result from single neutron-
or proton-transfer reaction, were observed at E & 103.9
MeV.

C. Energy spectra

Energy spectra of reaction products were obtained
from E vs &M /q plots by projecting two central &M /q
peaks onto the E axis and summing the results channel
by channel. Spectra obtained in this manner for two
representative energies are shown in Figs. 4 and 5. The
energy scale was established by equating the pulse height
of the Ti peak at the lowest bombarding energy, where
the peak is the sharpest, to the energy calculated assum-
ing elastic collision. For reference, the locations of the
ground-state —ground-state transition (Q ) are indicated

gg

by the vertical lines. We note the following characteris-
tics from these and other energy spectra: (a) Single
skewed peak with low-energy shoulder but centered or
nearly centered around g dominates the incident and
all single-nucleon-transfer channel spectra; this peak is
narrower and more symmetric at the lowest bombarding
energy [see Figs. 4 and 5(a)]. (b) A broad bump, located
away from g by as much as —10 MeV, characterizes
energy spectra of all exit channels that require transfer of
one or more protons, plus one or more neutrons, hereaf-
ter termed multinucleon-transfer channels, [see Figs. 5(b)
and 5(c)]. (c) The difference between the average and the
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simultaneously for all relevant channels for most runs.
Observed q dependence of intensities agrees well with
that of Sayer, " and the summed intensity of these charge
states exceeds 90% of the total for the Ti (Z=22), V
(Z =23), and Cr (Z=24) isotopes. However, in order to
free the results from variations in detection efficiency that
can arise due to "edge" eftects, we used only the counts
from two central peaks in the reaction strength or yield
consideration. Yields determined in this manner can be
converted to absolute cross sections after correcting for
the charge-state dependence. This step is shown below.
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FIG. 4. Energy spectra of the reaction products shown in
Fig. 3(a). The heavy vertical lines show the positions of Qss.

D. Reaction product yield

The strength of the magnetic spectrograph was set to
position the strongest &M /q peak or peaks of the in-
cident channel in the center of the detector for all runs.
With this procedure, four charge states were covered

g.s.-g.s. Q value generally increases with increasing num-
ber of nucleons transferred [see Figs. 5(b) and 5(c) and
Table I).

It is possible that some of the nuclei originally pro-
duced by multinucleon-transfer reactions are so highly
excited that they may evaporate nucleons and become
lighter, e.g. , Cr~ Cr+n or V+p. However, there
is no evidence for the presence of evaporation bumps
[e.g. , Figs. 5(b) and 5(c)j. Accordingly, all eleven nu-
clides enumerated above are primary reaction products
from such binary reactions as Ti( Nb, Cr) Y,' Ti( Nb, V) Zr, etc.

Angular distributions of quasielectric cross sections are
shown in Fig. 6. As shown in Ref. 10, quasielastic cross
sections o.„„which are the sum of cross sections from all
observed exit channels, including the incident channel,
are convenient quantities for defining transfer probabili-
ties, since they represent the totality of incident flux
shared amongst the reaction channels, excluding the ab-
sorbed portion. (In addition, the resolution was not ade-
quate to isolate elastics cleanly. ) The incident channel
contribution to the quasielastic cross sections is 90% or
more at all energies except the highest. Thus, even
though we used elastic-scattering relations to transform
quasielastic cross sections and angles from the laboratory
to the center-of-mass system, the results are accurate
enough for the purposes at hand. Besides, transforma-
tion factors (e.g. , the Jacobian) are nearly the same for all
channels, owing to the quasielastic nature of the reactions
and to the adoption of the reversed-kinematics technique.
Only Ti ejectiles were observed at the lowest (99.0 MeV)
energy; the yield of Ti at this energy and at 0=140' was
assumed to result from pure Rutherford scattering (i.e.,

do, /do„=l).
The value of der, /do. ~ is close to one in the angular

range studied for the three lower energies. This indicates
little absorption of incident Aux into fusion and other
unobserved channels. The cross section ratio, however,
begins to drop markedly with angle starting at about 148'
at the highest energy, indicating the onset of severe ab-
sorption at this particular angle and energy. The max-
imum absorption is 43%%uo, which is still much less than the
quarter-point absorption (75%).

Angular distributions of reaction products for two
representative exit channels are shown in Figs. 7 and 8.
Results for other exit channels are similarly devoid of
structures. Average Q values, given in Table I, were used
for laboratory-to-c. m. transformations. Absolute cross-

TABLE I. Q values for E, = 107.3 MeV and 0, = 14' results.

Reaction

Qss (Me V)

Q,p, {MeV)
Q'

p (MeV)

( "Ti,4'Ti)

—3.4
0

—5

(50T 52T )

—2.6
0

—4

{50Ti 52@)

+0.7
+2.1
—9

(50Ti 52C

+3.1

+4.0
—5

( 50Ti 53V)

+2.0
+2. 1
—7

(50T1 53Cr)

+3.1

+4.0
—9

( 50Ti 54Cr)

+6.0
+4.0
—8

'Q, s =g.s.-g.s. Q value.

Q, ~, =optimum transfer Q value. Values are obtained using Eq. 3.5.7 of Ref. 13, with r; =rf = 12.6 fm.
'Q „=most probable Q value.
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section values for these relative results can be obtained
using the normalization factors given in Table II.

F. Transfer probability

Since our interest lies in the sub-barrier region, where
interactions take place at relatively large internuclear
separation distances, probabilities and apsidal distances
are more appropriate quantities for ensuing discussions
than are differential cross sections, energies, and angles.
The differential cross section for transfer channel i at a
particular energy E and angle O, (der/doQ; )(E, O), can
be transformed to the corresponding transfer probability
P [D(E,O)]=(do /do, )(E, O), where (do/dQ, )(E, O)

=g, (der/d0, . )(E,O) is the quasielastic cross section and
D(E, O) is the apsidal distance of the incident channel, or
the distance separating the incident nuclei at the turning
point of the classical orbit. P(D) simply gives the proba-
bility for the unabsorbed portion of the incident Aux go-
ing into the exit channel at apsidal distance D. Our pre-
vious report' contains a more detailed discussion of
P (D) and how D is calculated in the presence of nuclear
forces.

Transfer probabilities for the Ti~ 'V and Ti~ Ti
single-nucleon-transfer reactions are shown vs D in Fig.
9. The straight lines that accompany the experimental

results give the theoretical trends as predicted by the tun-
neling theory (see Ref. 10). Overall, experimental results
do increase exponentially with decreasing D in a manner
characteristic of the tunneling process. Because of the
preponderance of elastic yields, deducing reliable results
for neutron-transfer channels is dificult. Thus, the

Ti~ Ti results shown in this figure are rather limited
and only an estimate of P-2. 5%%uo for D (12.2 fm was
obtained for the Ti~ 'Ti channel.

P vs D plot for the Ti~ "Cr channel is shown in Fig.
10. The yield of Cr was not observed at D =12.8 fm
and larger. Yields were too weak for reliable values of P
for the Ti~ ' V and ' Cr transitions separately, but
reliable values for combined channels could be deter-
mined readily. P vs D plots of the + V and Cr
combined channels are shown in Fig. 11. Except for the
smaller magnitude, these results are similar to the Cr
results shown in Fig. 10.

Although the intensities of the Ti~ Ti and
Ti~ Ti, 2n-transfer channels are not too different

from the intensities of other multinucleon-transfer chan-
nels, due to the presence of impurities and the preponder-
ance of elastic yield, only rough estimates can be made:
P —1% for D & 12. 1 fm for these 2n-transfer channels.

Notice how large the probabilities for the
multinucleon-transfer channels (Figs. 10 and 11) are, rela-
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FIG. 7. Angular distributions of "V from the ' Ti~ "V, 1p-
transfer reaction. Error bars show statistical errors only. See
Table II for the factors needed for absolute cross sections. Sys-
tematic error is insignificant.
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tive to the single-nucleon-transfer probabilities (Fig. 9).
For example, the probability for transferring four nu-
cleons is nearly half as large as the probability for
transferring a single neutron or proton in the 11.8 —12.6
fm range.

11.8 12.0 12.2 12.4 12.6 12.8 13.0 13.2 13.4

D (fm)

FIG. 9. Transfer probability versus apsidal distance for the
' Ti~ Ti and ~"V reactions. Errors shown are statistical er-
rors only. See text for detail. Upper limits only are shown for
the lowest energy (99.0 MeV).

III. DISCUSSION

The most salient feature observed in this experiment is
the appearance of a multitude of reaction products from
a variety of multinucleon-transfer reactions at about
D = 12.7 fm. Probabilities relative to single-nucleon-
transfer channels are simply too large for the
multinucleon-transfer products if they are to result from
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TABLE II. Factors for converting results of Figs. 7 and 8 to
cross sections in mb/sr. Values of conversion factors are subject
to up to +10% systematic error (mainly due to normalization
uncertainties).

0.1

t
11.8

I I I I I I

12.0 12.2 12.4 12.6 12.8 13.0 13.2 13.4
0 (fm)

101.8
103.9
105.6
107.3

0.71
0.86
1.17
1.08

0.45
0.52
0;53

FIG. 10. Transfer probabilities for the ' Ti~' Cr reaction.
Errors shown are statistical errors only. Upper limit only is
shown for the lowest energy (101.8 MeV).
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a well-established, low-energy transfer mechanism, name-
ly successive nucleon tunneling: based on measured 1p-
and 1n-transfer probabilities, the probability for transfer-
ring three or more nucleons is less 0.03% in the entire D
range. One might argue that, if, for example, populated
by cluster tunneling (rather than by successive tunnel-
ling), the probability for a particular channel can be as
large as the observed values, since such an alternative
transfer process is not related to single-nucleon-transfer
processes. Even so, it is highly unlikely that all seven ob-
served multinucleon-transfer channels happened to be
populated by such mechanisms. Nor is it likely that the
magnitude of resulting probabilities for seven different
channels would be similar, even if the alternative mecha-
nisms did prevail. Furthermore, as shown in Table I, the
average Q values are much too negative relative to the
corresponding optimum transfer Q values for the
multinucleon-transfer products to result from the con-
ventional mechanism. A thorough discussion of Q value
dependence of I' can be found in Ref. 12.

The binary nature and the variety of exit channels pop-
ulated and the damping in the kinetic energies are very
reminiscent of characteristics one associates with the
more familiar deep-inelastic reactions (see Ref. 13, for ex-
ample). In a typical deep-inelastic reaction, the forma-
tion of a quasimoleculelike configuration follows the ini-
tial hard contact between the incident nuclei; and it is the
subsequent decay of this configuration (which favors

channels where some nucleon, energy, and angular
momentum were transferred) that populates binary exit
channels. The kinetic energy is damped by the friction
that accompanies the nucleon transfer while in the quasi-
molecular configuration (see Swiatecki, ' for example).

Based on these close parallels between the present and
the deep-inelastic reactions just noted, it is very tempting
to associate the onset of the multinucleon-transfer reac-
tions with the beginning, or early phase, of deep-inelastic
reactions. And the observation of deep-inelastic events at
sub-barrier energies for the Ni+Sn systems supports
this association. There are, however, outstanding
differences in circumstances of these reactions which
counter or weaken this association. Foremost among
these circumstances are the energy regime and the angu-
lar range. Deep-inelastic reactions typically occur at
above barrier energies, but the present reactions were ob-
served at sub-barrier energies; products from deep-
inelastic reactions are confined to a narrow angular range
near the grazing angle, but the present observations were
restricted to large back angles. The difference in energy
regimes implies a hard contact and a relatively small in-
ternuclear separation for deep-inelastic reactions versus a
softer touch and larger separations for the sub-barrier re-
sults; the difference in angular range pertains to peri-
pheral versus more central collision.

A simple mechanism that gives a qualitative account of
this as well as the fusion experiment can be found in
low-energy neck formation theories, ' when they are ex-
tended to include binary decays. In these theories, a neck
forms during a head-on collision between heavy ions at
sub-barrier energies as the collision partners approach
the turning point, where they are separated by a certain
critical distance. But the neck configuration eventually
leads to either coalescence or reseparation, since it is not
stable. Coalescence enhances fusion, reseparation boosts
binary reactions.

A vital link connecting the above-described neck for-
mation to quasielastic reactions was first suggested in
Ref. 3 by Stelson. In Refs. 3 and 8, fusion cross-section
data for projectiles ranging from ' 0 to Ni were ana-
lyzed with the distributed-barrier model, where the
fusion barrier is a distributed quantity with a well-defined
threshold and mean. It was found that the threshold en-
ergy required is closely correlated with the separation en-
ergy of the least bound neutron of the projectile or target.
Based on this finding, he suggested that neutron-transfer
reactions precipitate the neck formation in the following
manner. The mechanism for transferring the least-bound
neutron switches from tunneling to free flow beginning at
the internuclear separation distance where the tunneling
probability first becomes 100% and thus saturates. The
saturation occurs once the overlap of the neutron shell-
model potentials for target and projectile becomes
sufhcient that the barrier between them is lower than the
energy of the least-bound neutron, thus permitting free
flow of the neutron, at the threshold energy.

The fusion threshold determined from measured cross
sections (shown in Fig. 1) for the present system is 102.4
MeV and the corresponding distance where the neutron
free flow can begin is 12e6 fm. As can be seen in Figs. 10
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and 11, the onset of multinucleon-transfer reactions also
occurs near this distance. The similarity of these dis-
tances is consistent with neck formation being the under-
lying cause of enhancing, or boosting, of both
multinucleon-transfer and fusion reactions and supports
the suggestion that the neutron-transfer process is the
catalytic reaction. In this connection, we note, in pass-
ing, that experimental results (fusion cross sections and
the sum of transfer probabilities) indicate the neck
configuration is as likely to reseparate as to coalesce near
the onset, or threshold.

Features seen in the energy spectra of single-nucleon-
transfer reactions [see Figs. 4 and 5(a)] further strengthen
the neutron-transfer catalysis scenario. The value of D
for the results shown in Fig. 4 is 12.9 fm, and one expects
"normal" transfer features in these results, since this dis-
tance is beyond that where the neck begins to form.
Single-nucleon-transfer spectra shown in Fig. 4 are nor-
mal in that the average Q values are the same as the op-
timum transfer Q values (see Table I). On the other
hand, D =12.0 fm, well inside the critical distance, for
the results shown in Fig. 5(a); accordingly, one expects
the effects of the neck to be manifested in these results.
The peaks seen in Fig. 5(a) are rather skewed relative to
those of Fig. 4 and their average Q values are shifted
down significantly, indicating the neck contribution goes
to excited transitions.

Although a complete understanding of reactions re-
ported here may be as yet unrealized, certain findings un-
covered in this study can be exploited advantageously.
As an example, consider the shape of Cr and Y nuclei
at the moment of reseparation at some sub-barrier ener-
gy. The average kinetic energy of this exit channel is less
than that of the incident channel, although the Coulomb
repulsion is stronger. In order for this to happen, the in-
ternuclear distance at the moment of separation must
have been larger than the apsidal distance where the neck
first began to form. This increase in distance necessarily
implies that one or both of the exciting nuclei are very
much elongated along the representation direction (pro-
late elongation). We have demonstrated that the

Cr+ Y and other channels can be isolated cleanly, and
they have relatively large cross sections (about l mb/sr).
These channels are quite amenable to fragment —gamma-
ray coincidence studies that provide information pertain-
ing to nuclear shape, energy division (between fragments),
and fast versus slow elongation.

IV. SUMMARY AND CONCLUSION

A multitude of products from binary exit channels that
require transfer of two or more nucleons emerge at large
back angles as the collision partners ( Ti and Nb) ap-
proach each other to a certain, critical apsidal distance.

The Q value is broadly distributed, and its average is
much less than the corresponding optimum value for all
these multinucleon-transfer channels. The value of this
distance is about 12.6 fm, more than 1 fm outside the
Coulomb barrier. This distance coincides with the
closest approach distance in a head-on collision at the ex-
perimental fusion threshold, suggesting a common under-
lying cause for the onset of multinucleon-transfer reac-
tions and the fusion threshold. The energy of reaction
products is distributed around the optimum Q value for
the single-neutron-transfer channels at larger apsidal dis-
tances, but the energy distribution becomes broader at
smaller distances owing to additional contributions.
Thus, unlike the case' where sub-barrier fusion cross
sections are enhanced at the expense of transfer reactions,
transfer cross sections, as well as fusion cross sections,
are enhanced in this experiment.

Qualitatively, the experimental results are entirely con-
sistent with the neck formation theories. But, quantita-
tive comparisons were not attempted since the present
state of neck-formation theories is not amenable to such
comparisons yet. The changes observed in the Q-value
distribution for single-nucleon-transfer channels with ap-
sidal distance support the suggestion made earlier that
the neck formation is precipitated by the transfer of the
least bound neutron of the system. Here again, quantita-
tive comparisons are very much needed to firm up this in-
teresting and intuitively appealing catalytic mechanism.

It would be very interesting to extend the present study
to the deep-inelastic reaction regime. A detailed evolu-
tion of Z, M, and Q-value distributions of reaction prod-
ucts toward traditional deep-inelastic regime observed as
function of increasing energy and angular momentum
from such a study would provide valuable information
pertaining to the separate role played by the tangential,
or rotational, and radial kinetic energy.

Irrespective of mechanisms involved, multinucleon-
transfer reaction products observed in this experiment
emerge with prolate elongation. As we have demonstrat-
ed cross sections for these products are relatively large
and these products can be isolated cleanly, making them
quite amenable for fragment —gamma-ray-coincidence
measurements from which information pertaining to nu-
clear shape, energy partition between fragments, etc., can
be obtained.
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