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1328n 4+%7Zr reaction: A study of fusion enhancement/hindrance
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Capture-fission cross sections were measured for the collision of the massive nucleus '*2Sn with *°Zr at
center-of-mass energies ranging from 192.8 to 249.6 MeV in an attempt to study fusion enhancement and
hindrance in this reaction involving very neutron-rich nuclei. Coincident fission fragments were detected using
silicon detectors. Using angle and energy conditions, deep inelastic scattering events were separated from fission
events. Coupled-channels calculations can describe the data if the surface diffuseness parameter, a, is allowed to
be 1.10 fm instead of the customary 0.6 fm. The measured capture-fission cross sections agree moderately well
with model calculations using the dinuclear system model. If we use this model to predict fusion barrier heights
for these reactions, we find the predicted fusion hindrance, as represented by the extra push energy, is greater
for the more neutron-rich system, lessening the advantage of the lower interaction barriers with neutron-rich

projectiles.
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I. INTRODUCTION

In fusion reactions induced by neutron-rich radioactive
nuclei, one expects to observe a lowering of the fusion
barrier, relative to that observed in reactions induced by stable
nuclei with smaller neutron to proton ratios. This is simply
a geometrical effect due to the greater size of the n-rich
projectile. In addition, in the synthesis of heavy nuclei with
n-rich projectiles, one expects a higher survival probability of
the completely fused system due to its lower fissility and the
lower excitation energies.

In a series of first-generation studies of fusion induced
by n-rich, intermediate mass radioactive projectiles, one
has observed lower fusion barriers and enhanced fusion
cross sections at a given excitation energy for the n-rich
projectiles compared to similar reactions induced by stable
beams with lower N/Z ratios [1-5]. For several of these
systems [1,3,4], the reduced excitation functions (formed by
scaling the observed cross sections by the fusion radii and the
center-of-mass beam energies by the deduced fusion barriers)
are the same within experimental uncertainties, indicating no
new physics is involved. For two of the systems [2,5] there is
evidence of a lowering of the fusion barrier and a cross section
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enhancement bigger than that suggested by a simple scaling.
In all systems, the observed lowering of the fusion barrier is
larger than that predicted by the Bass model [6] although some
controversy exists for the 32388 + 208Pb system [7]. In general,
coupled-channels calculations are not able to reproduce the
observed lowering of the fusion barriers and other explanations
in terms of neutron transfer and/or flow are invoked [5,8—10].

In all of these systems, one does not generally expect
significant fusion hindrance because Z,Z, < 1600. ForZ,Z, >
1600, it is believed that fusion hindrance effects become
prominent [11,12]. Fusion hindrance generally takes the form
of an extra energy that must be supplied to the fusing system to
drive it from the contact point inside the fission saddle point.
This energy is loosely referred to as the “extra-push” energy
although the formal definition [12] of this energy is that it
is the “extra-extra push energy.” Evaporation residue (ER)
cross section measurements [13-22] with massive projectiles
(A ~ 100) have clearly established the occurrence of fusion
hindrance with an extra energy needed to cause fusion. This
fusion hindrance was explained successfully by the extra push
model developed by Swiatecki er al. [12,23].

Studies by Sahm et al. [13,14] for the *0~%Zr 4 12*Sn
reactions showed an unexpected result. As the fusing system
became more neutron-rich (decreasing fissility), the fusion
hindrance, as measured by the extra push energy, increased in
contradiction to predictions of most theoretical models (see
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FIG. 1. (Color online) (a) Simulated coincident events for the reaction of 600 MeV '>*Sn with **Zr assuming the fragment detectors are at
30 & 10°. The events arising from inelastic scattering with Q0 = —40 MeV and symmetric fission are shown. (b) The same plot as (a) except
the points represent the measured data for the reaction of 600 MeV '>*Sn with **Zr with gates applied to isolate the symmetric fission events.
From Ref. [24]. (c) The same plot as (a) except the points represent the measured data for the '32Sn + ?°Zr reaction with gates applied to isolate

the symmetric fission events.

Figure 1 of Ref. [24]). In a previous experiment, we measured
the capture-fission cross sections for the near symmetric
reactions between the massive nuclei '?*Sn and *%Zr for center-
of-mass energies from 195 to 265 MeV [24]. The measured
capture cross sections agreed quite well with calculations using
the dinuclear systems (DNS) model [25]. This model also
predicts a fusion barrier height for the '?*Sn 4 *°Zr reaction
of 208.8 MeV [26], in stark contrast with the barrier height
for this reaction of 216.3 MeV from the Bass model [6] and
a barrier height of 2411“2 MeV deduced from the evaporation
residue (ER) measurements of Sahm et al. (We note though
that a previous measurement by the same group [27] for the
closely related '?*Sn + **Zr reaction gave a deduced fusion
barrier height of 219.5 £ 3 MeV compared to the value of
238J_r§ MeV deduced by Sahm et al. [13,14]. Thus there are
considerable uncertainties in fusion barrier heights deduced
from evaporation residue measurements by using statistical
models to correct for the fission component of the cross
section.)

In this work, we report an extension of the previ-
ous measurement of the capture-fission excitation function

(for the '**Sn + %7Zr reaction) to the '32Sn+ %°Zr reac-
tion in an attempt to further clarify the role of fusion
hindrance/enhancement in very neutron-rich fusing systems
where fusion hindrance might be expected.

II. EXPERIMENT

The measurements were carried out at the Holifield Ra-
dioactive Ion Beam Facility (HRIBF) at Oak Ridge National
Laboratory [28] with !'32Sn beams in the energy range
400-600 MeV and having intensities of the order of 4 x
10° pps. A set of microchannel plate detectors (MCPs) [29]
separated by about one meter were placed ahead of target
to get the timing information for the beam. An enriched
%7r (85.25%) target having a thickness of 380 pug/cm?® was
mounted in the middle of the scattering chamber.

The '32Sn + %°Zr experiment was carried out using two
different methods as explained in [24]. In the first method,
four double-sided silicon strip detectors (DSSDs) of thickness
300-500 um were used for the detection of fission fragments.
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These detectors had an area of 5 x 5 cm? and provide energy,
position, and time information for the detected fragments.
These four silicon detectors were placed at a distance of
12.64 cm from the target covering an angular range of
20°—40° on either side of the beam. The detectors were
calibrated using a 22Cf source. Elastic scattering with lower
beam energies was used for time of flight calibration. The
use of inverse kinematics focuses the reaction products
forward, with the expected full momentum transfer fission
fragments having a folding angle of ~70°-80°. An ion
chamber [30], was placed behind the scattering chamber to
monitor the energy and number of beam particles and the beam
purity.

In the second method, an annular silicon detector was used
for the detection of fission fragments. The detector had 48
concentric strips on one side and 16 pie-shaped sectors on the
other side. The detector was placed at a distance of 2.9 cm away
from the target at 0°. The annular segmented strip detector [31]
had a nominal thickness of 300 ym, an inner radius of 11 mm,
and an outer radius of 35 mm. Events were defined as
coincidences between hits on the strips. The annular detector
was calibrated using elastic scattering of a '*Te beam from a
gold target. The first setup had a calculated efficiency of 2% in
detecting coincident fission events, and for the annular detector
the efficiency was 7.1%. In comparing the two methods, one
notes that the second method offers the advantages of higher
count rates reducing the statistical uncertainty in the results,
whereas the first method offers time-of-flight measurements
leading to better discrimination against nonfusion events.
The same setup was used for measurement of '**Sn + *°Zr
reaction. A detailed description of that experiment and the
data analysis is given in Ref. [24].

Most of the data were taken using the first setup with the
individual silicon strip detectors. In this setup, the angles
of the two coincident fragments (6; and 6,), their time-
of-flights, and their respective energies (E; and E;) allow
a complete reconstruction of the binary process. The raw
coincident experimental data can contain contributions from
elastic scattering, inelastic scattering, and fusion-fission. To
understand how these events can be separated, we show, in
Fig. 1(a), a simulation of the expected coincident data for
600 MeV '24Sn + %Zr, for a pair of detectors at +30° with
respect to the beam and angles representative of the real
detectors (£10°). Elastic-scattering events are effectively cut
out of the data by these angle cuts. Inelastic-scattering events,
such as the Q = —40 MeV events shown, can be detected but
give energy (E) vs. mass (M) correlations that are different
from those of symmetric fission events. Gates can be set on
the E vs. M plots to isolate the symmetric fission events
[Fig. 1(b)]. In Fig. 1(c), we show the same gates but for the
1328n + %7Zr reaction.

In the second part, where an annular silicon detector was
used, time of flight information was not available and only
gates on energy and angles were used to extract fission
events. In Ref. [24], this setup was used for beam energies
of Ej, =500 and 570 MeV. After publication, these data
were reanalyzed primarily due to an error that was found in
the detector efficiencies used. The resulting corrected capture
fission excitation function for the '>*Sn 4 %°Zr reaction is
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FIG. 2. (Color online) Corrected excitation function for the
1245n + %7Zr reaction.

shown in Fig. 2. The corrected data was used in all comparisons
of the data measured in this work with that of Ref. [24].

III. RESULTS AND DISCUSSION

A. Capture cross sections

In Fig. 3 we show the measured capture-fission excitation
function for the '32Sn + %°Zr system. Also, the measured cross
sections are listed in Table I. In Fig. 4, we show the previously
measured [24] capture-fission cross sections for the **Sn +
%7r reaction as well as the '¥2Sn + %°Zr reaction.

In the interest of clarity, we review briefly some concepts
regarding cross sections and energetics for these reactions
before discussing the results. For reactions involving massive
nuclei, such as the one studied in this work, the capture cross
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FIG. 3. (Color online) Excitation function for '3?Sn+ %Zr
capture-fission reaction. The one-dimensional barrier penetration
model prediction is shown as a dashed line. The predicted capture
and fusion cross sections predicted by the DNS model [25] are shown
by solid and dotted lines, respectively. See text for details.
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TABLE I. The measured capture reaction cross sections for
1328n + %7Zr. The errors are purely statistical.

Ecm. (MeV) o (mb) Ecm (MeV) o (mb)
193 82+ 17 229 171 £54
201 177 £96 239 162 £ 46
208 148 £76 250 121£29
218 204+ 111
section, Ocapure, Can be expressed as

Ocapture = OER + ogF + OFF, €))

where ogRr, ogr, and opp are the evaporation residue cross
section, the quasifission cross section, and the fusion-fission
cross section. In lighter systems, where fission and quasifission
are negligible, we have

Ocapture = OER = Ofusion- (2)

In reactions forming heavy nuclei like the '¥2Sn + %Zr —
228Th reaction, the survival probability of the evaporation
residues is small, and thus ogr ~ ub, whereas ocspure 15
~10-300 mb. Thus we will neglect ogr in our discussions
and we have

Ocapture = OQF + OFF = OQF + Ofusion- 3)

It is difficult, but not impossible, to separate fusion-fission
events from quasifission events by means of the observed mass
and angular distributions [32-34]. However, with the current
generation of radioactive beam facilities, the experimental
uncertainties in separating quasifission and fusion-fission
events due to statistical uncertainties related to the lower
beam intensities do not permit meaningful separations of these
components for reactions induced by radioactive beams.

For the reactions studied in this work, we can identify
certain characteristic energies, such as the interaction barrier,
Bin, the energy required to bring the colliding nuclei into
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FIG. 4. (Color online) Comparison of the capture fission exci-
tation functions for the '*2Sn + %Zr (solid squares and line) and
1248n + %7Zr reactions (open circles and dashed line). The lines are
to guide the eye through the data points. See text for details.
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contact; the fusion barrier, Bjyon, the energy required to
bring the colliding nuclei inside the fission saddle point; the
thresholds for various evaporation residue channels, such as
the threshold for the 17 out reaction, the 2n out reaction, etc.,
and the “extra-push” energy (more formally the “extra-extra
push energy” [12]), the energy required to drive the system
of the colliding nuclei from the contact configuration inside
the fission saddle point. We also note the “Bass barrier,” a
summary of a semiempirical compilation [6] of fusion barrier
heights for reactions involving lighter nuclei. The frequently
used calculations for treating collisions of this character are
coupled-channels calculations that are calculations of the
“barrier-crossing” cross section, i.e., the capture cross section.
(In systems with no fusion hindrance, the capture cross section
is the fusion cross section, so the barriers deduced in such
calculations are taken to be fusion barriers.)

As with the previous measurements of the '?*Sn + *°Zr
reaction [24], attempts to describe the assumed capture
excitation function with a simple one-dimensional barrier
calculation are not successful. A one-dimensional barrier
penetration calculation model calculation is shown in Fig. 3 as
dashed blue line. The parameters used for the potential in this
calculation are those used in the coupled-channels calculation
(see below) assuming a surface diffuseness parameter of
0.63 fm and assuming “no coupling.” For above-barrier
energies in the '32Sn + %Zr reaction, the capture cross section
is significantly less than that predicted by the one-dimensional
barrier penetration model, as observed for the 1249 4 %7y
reaction. Also there is an enhancement for below-barrier
energies compared to the one-dimensional model. In some
reactions involving unstable nuclei, this situation is the result
of projectile breakup. However, given the relative stability of
the projectile and target nuclei, that possibility does not seem
likely in this case.

The results of a coupled-channels calculation [35] are
shown in Figs. 5 and 6. Along with the measured cross sections,
we show two different coupled-channels calculations, one with
the diffuseness parameter, a, set at its “customary value” of
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FIG. 5. (Color online) Comparison of the measured and calcu-
lated capture fission excitation functions for the *2Sn + *Zr reaction.
See text for details.
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FIG. 6. (Color online) Comparison of the measured and calcu-
lated capture fission excitation functions for the '?*Sn + *°Zr reaction.

0.63 fm and the other with a larger value of this parameter of
1.10 fm. In the calculations for the 32Sn + %Zr reaction, the
form of the nuclear potential was taken to be of a Woods-Saxon
type with Vo = 125 (MeV), ro = 1.18 (fm). The 2% and
3~ inelastic excitations of the target (E,; = 1.751 MeV
and E;_ = 1.897 MeV, deformation g, = 0.08, 83 = 0.27
[36,37]), and no excitations of the projectile were allowed.
For the '?*Sn + %Zr reaction, the nuclear potential was taken
to be Vy = 108 (MeV), rop = 1.18 (fm) with inclusion of the
same excitations of the target nucleus but also including ex-
citations of the projectile (E>+ = 1.132 MeV and and E3_ =
2.614 MeV, deformation B, = 0.122, 83 = 0.1532 [38,39]).
The values of the nuclear potential V; used in these calculations
were adjusted to produce the best fit to the data. Neutron
transfer channels were neglected in the calculation because
they have negative Q values and thus do not play a role
in this reaction. The deduced barrier parameters for the
1328n + %7Zr reaction are V, = 192.2 MeV, R, = 12.9 fm,
and hw = 1.7 MeV, whereas for the '*Sn + %°Zr reaction,
the deduced barrier parameters are V, = 203.5 MeV, R, =
12.5 fm, and hw = 2.0 MeV. The deduced capture barriers
thus differ significantly from those suggested by a recent
semiempirical prescription [40] of interaction barriers of 206.8
and 209.1 MeV. In going from the '?*Sn + 6Zr reaction to the
1328 4+ 97r reaction, the deduced interaction barrier shifts
downward by 11.3 MeV.

The need for a large value of the surface diffuseness
parameter, a, to fit data for heavy systems has been noted
before as well as its correlation with neutron-richness [41-43].
(The value of a needed in this work to fit the data is less than
the predicted value of @ = 1.5 from the systematics of this
parameter [42,43].) Suggestions to explain this effect include
departure of the real nuclear potential from the Woods-Saxon
form or as being the result of the occurrence of fusion
hindrance.

The deduced interaction barrier heights in this work are
compared to other estimates of this quantity in Table II. Neither
of the semiempirical estimates [6,44] correctly reproduces the
magnitude of the interaction barrier height or the change in
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TABLE II. Comparison of various estimates of the interaction
barrier heights.

Reaction Expt’l. (CC) DNS (MeV) Swiatecki et al. [44]
1328n 4 %67 192.2 192.3 214.8
12481 4 %Zr 203.5 204.4 217.8

barrier height with increasing neutron-richness of the reacting
system. A semiempirical correlation [2] of interaction barrier
heights with (N — Z)?>/A also underestimates the observed
lowering.

B. Speculations about fusion barriers

As stated earlier, we have measured capture cross sections
in this work. The direct measurement of fusion cross sections
requires the separation of the quasifission and fusion-fission
components of the capture cross sections, which is not feasible
with the current generation of radioactive beam facilities.
However, for many purposes, such as heavy element syntheses,
we need to know the properties of the fusion cross sections in
these collisions. What should we do?

One solution to this problem is to measure evaporation
residue cross sections, which is difficult given the microbarn
cross sections for these reactions, and deconvolute from them,
by means of a statistical model calculation, the de-excitation
processes leading to evaporation residue formation and thus
the fusion cross sections (10-100 mb). The statistical model
must be capable of meaningfully extrapolating microbarn cross
sections to millibarn cross sections, a difficult task as shown by
the disagreements between such deductions by the same group
[13,14,27] using different statistical models for the '>*Sn +
94Zr reaction.

We have chosen another alternative to make this extrap-
olation to the fusion cross sections, i.e., to extrapolate from
the capture cross sections to the fusion cross sections, which,
at least, involves cross sections of similar magnitude. We do
this extrapolation using the dinuclear system model. The DNS
model [45-47] treats the evaporation residue production as
a three-stage process. A molecule-like dinuclear system is
formed after overcoming the interaction barrier in the first
stage. The transformation of the DNS into a more compact
compound nucleus (CN) in competition with quasifission takes
place in the second stage. In the third phase, emission of
neutrons and charged particles cools the CN. This model was
successful in reproducing evaporation residue cross sections
for 1°0 + 2%4Pb and '*#Sn + *0Zr systems [45].

Calculations by Giardina et al. [25] using the DNS model
for capture cross sections in the '32Sn + %Zr reaction are
shown in Fig. 3 as a solid red line. The predictions of this
model for the fusion cross sections for this reaction are shown
as a dotted line. Because the DNS model calculations agree
reasonably well with the observed capture cross sections
for the 132Sn + %°Zr and '2*Sn + %°Zr reactions [24] and the
evaporation residue cross sections [13,14] for the '?*Sn + *°Zr
reaction, it is reasonable to speculate that the interaction and
fusion barrier heights for these reactions are those predicted
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by the DNS model. For the '32Sn 4+ °°Zr reaction, the deduced
(DNS) interaction barrier height is 192.3 MeV, whereas
the fusion barrier height is 201.8 MeV. Similarly, for the
1248 + %7r reaction [24], the deduced interaction barrier
height is 204.4 MeV, whereas the fusion barrier height is
208.9 MeV. (The values of these barrier heights are deduced
from the calculations by a 1/E plot of those portions of the
data that depend linearly on 1/ E.) The Bass barrier heights for
these reactions are 213.8 and 216.3 MeV, respectively.

One immediately comes to several conclusions. The de-
duced fusion barrier heights from the DNS model for the
reactions induced by neutron-rich radioactive beams (201.8
and 208.9 MeV) are substantially below the Bass barrier
heights. A similar trend has been observed for the fusion barrier
heights, deduced by an analysis of quasi—elastic scattering, for
reactions leading to the synthesis of the heaviest elements with
n-rich stable beams [48]. We take the definition that “extra-
push” energy is the difference between the interaction barrier
height and the fusion barrier height. This definition of the extra
push energy is consistent with the original work of Swiatecki
and Bjgrnholm and Swiatecki [12,23]. Both the '**Sn + %°Zr
and 132Sn + %Zr reactions show positive extra push energies
(fusion hindrance) of 4.5 and 9.5 MeV, respectively, as deduced
from the DNS model. (Refs. [12,23] would have estimated
these energies as 10 and 7 MeV, respectively). Some but not
all of the advantage of using neutron-rich radioactive beams is

PHYSICAL REVIEW C 78, 054608 (2008)

predicted by the DN'S model to be lost due to fusion hindrance
in the Sn + Zr system.

IV. CONCLUSION

The capture-fission cross section for the '32Sn 4 %Zr
system was measured and compared with '2*Sn + %Zr system.
The interaction barrier heights for these systems decrease
with increasing neutron-richness of the projectile. Coupled-
channels calculations can describe the data if the surface
diffuseness parameter, a, is allowed to be 1.10 fm, instead of
the customary 0.6 fm. The fusion hindrance, as deduced from
the DNS model, is greater for the more neutron-rich system,
lessening the advantage of using neutron-rich projectiles.
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