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Reduced quasifission competition in fusion reactions forming neutron-rich heavy elements
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Measurements of mass-angle distributions (MADs) for Cr + W reactions, providing a wide range in the
neutron-to-proton ratio of the compound system, (N /Z)cn, have allowed for the dependence of quasifission on
the (N/Z)cn to be determined in a model-independent way. Previous experimental and theoretical studies had
produced conflicting conclusions. The experimental MADs reveal an increase in contact time and mass evolution
of the quasifission fragments with increasing (N /Z)cn, which is indicative of an increase in the fusion probability.
The experimental results are in agreement with microscopic time-dependent Hartree-Fock calculations of the
quasifission process. The experimental and theoretical results favor the use of the most neutron-rich projectiles
and targets for the production of heavy and superheavy nuclei.
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The existence and properties of superheavy nuclei provide
stringent benchmarks for theoretical predictions of the nuclear
landscape and our understanding of the nuclear force. With
the production of each new superheavy element (SHE) the
boundaries of the periodic table and chart of the nuclides are
extended [1,2]. In recent years, this has come through the for-
mation of new SHEs using heavy-ion fusion reactions [1,3,4].
Theory predicts that the region around N = 184 and Z =
114-126 will contain the next spherical shell closure [5].
The existence of this “island of stability” is supported by
the observed increase in stability of superheavy nuclei with
neutron numbers nearing N = 180 [1,6]. Further exploration
of this region and synthesis of new neutron-rich heavy
or superheavy nuclei will require increasingly neutron-rich
projectiles and targets [1,3,5,7,8]. Neutron-rich beams from
next-generation radioactive ion beam (RIB) facilities will offer
the first opportunities to explore their use for the production
of new neutron-rich “light” superheavy isotopes and continue
to push to the limits of stability [9-12].

The production cross section for the superheavy evapora-
tion residues (ER) can be defined as

otr = Y Ocap(Ecm, J)Pen(E*, ) War(E*,J), (1)
J=0

where oc,p is the cross section for the projectile and target
to come together (capture) and form a dinuclear system, Pcn
is the probability that the dinuclear system fuses rather than
re-separates in the quasifission process [13,14], and Wy, is
the probability for the fused compound nucleus to survive
against fission. While experiments have, in general, observed
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increased ER cross sections for systems with increased
neutron richness [9,15-19], it is imperative to disentangle the
dependence of each component of Eq. (1) on the neutron excess
to properly assess the opportunities neutron-rich beams may
offer. For example, the increased cross sections observed for
SHESs nearing N = 184 [3,6] have been linked to the increased
compound nucleus fission barriers, and thus Wy, but Pcy may
also benefit from a change in neutron richness.

The largest uncertainty in the predictions for SHE pro-
duction rates is Pcn, estimated to have an uncertainty of
1-2 orders of magnitude [10], owing to the complex nature
of the quasifission process [1,13,14,20-22]. Quasifission
is influenced by many factors, including entrance-channel
mass aSymmetfy [0[ = (Atarget - Apmj)/(Atarget + Aproj)] [21],
fissility of the compound nucleus [23,24], magicity of the
projectile/target [25,26], reaction energy [27,28], and nuclear
deformation [29-31]. Experimental studies have indicated
that quasifission is dependent on the neutron richness of the
compound system, characterized by (N/Z)cn. However, the
previous work led to contradictory conclusions, based on
strongly model-dependent analyses [18,26,32-37]. If quasifis-
sion is reduced in more neutron-rich systems this would result
in increased fusion probabilities and would help compensate
for the decreased beam intensities of neutron-rich radioactive
ion beams.

In this Letter, the dependence of quasifission competition
of the neutron richness of the compound nucleus is analyzed
via measurements of mass-angle distributions which allow for
the characterization of quasifission in a model-independent
way [13,38—41]. To minimize the sensitivity to deformation
and spherical closed shells, we have carefully chosen a set of
Cr + W reactions (Table I) that should show the underlying
dependence of the quasifission competition on the neutron
richness of the isotope being formed through fusion. Between
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TABLE 1. Center-of-mass energy E ., excitation energy E*,
N /Z of the compound nucleus (N /Z)cn, and mass asymmetry « for
each of the systems. Each reaction was measured at E.., / Vg = 1.13.

System E.m(MeV) E* (MeV) (N/Z)en o
0Cr 4 180w 222.6 64.59 1.35 0.565
52Cr + 180w 221.2 59.07 1.37 0.552
HCr + 130w 219.8 56.73 1.39 0.538
S0Cr + 186W 221.0 71.65 1.41 0.576
S2Cr + 184w 220.1 62.40 1.41 0.559
MCr + 182w 221.0 57.57 1.41 0.542
HCr 4 W 218.9 59.03 1.43 0.546
34Cr + 180W 218.3 60.85 1.45 0.55

the most neutron-deficient (*°Cr 4 '3W) and neutron-rich
(*Cr + '8W) systems there is a change of 10 neutrons. The
Cr + W reactions all have the same charge product Z,Z; of
1776 and only 32Cr has a closed shell with N = 28. While
the W targets are deformed their deformations are relatively
similar (8, from 0.254 to 0.225 [42]) and should not lead to any
significant differences between the reactions [31]. By choosing
above-barrier beam energies with constant E. , / Vg (Ec . 1S
the center-of-mass energy and Vp is the Bass barrier [43]) all
orientations are sampled. Finally, the conclusions drawn from
the experimental results are compared to microscopic time-
dependent Hartree-Fock (TDHF) calculations that predict the
mean observables measured in the MADs.

Beams of %3234Cr were provided by the 14 UD electro-
static accelerator and superconducting LINAC at the Heavy
Ion Accelerator Facility at the Australian National Univer-
sity (ANU). These beams bombarded isotopically enriched
targets of 80182184186y yyith thicknesses ranging from
43-97 pg/cm” mounted on 40-60 11g/cm? carbon backings.
All reactions were measured at E., / Vg = 1.13. Fragments
resulting from fusion-fission and quasifission (collectively
termed fissionlike) were detected in coincidence using the
ANU CUBE detector system [44], which consists of two
large-area, position sensitive multiwire proportional counters
(MWPCs), each with an active area of 28 x 36 cm? [40,44].
The MWPCs covered laboratory scattering angles of 5° <
0 < 80° and 50° < 6 < 125°. From the measured velocity
vectors of the coincident fragments the mass ratio, Mg =
m1/(m; 4+ my) where m; and m, are the masses of the fission
fragments, could be determined [40].

The MADs, showing 6y as a function of My, for a subset
of the reactions are shown in Figs. 1(a)-1(d). The additional
measured MADs are shown in the Supplemental Material [45].
The intense vertical bands around Mz = 0.22 and Mg = 0.78
are from elastic and quasielastic scattering of the projectile and
target. In between these bands, in the region of 0.3 < Mg <
0.7, the fissionlike fragments are observed. Previous work has
shown that the MADs are a sensitive probe of the dynamics
of the quasifission reactions [13,39—41]. The MADs provide a
view of the evolution of the fragment mass as a function of the
rotation of the dinuclear system, which can be used as a “clock”
for the time scale of the reaction [13,39]. In fusion-fission, a
compound nucleus is formed and undergoes fission, which will
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occur on a relatively long time scale (>10720~107¢ 5) with no
memory of the entrance channel and consequently no mass-
angle correlation. An example of pure fusion-fission is shown
in Fig. 1(e) for a '>C + 2%8Pb reaction at E., / Vg = 1.13. In
comparison, quasifission, expected to occur on a shorter time
scale (< 10729 s), will exhibit a mass-angle correlation when
the dinuclear system separates within the first half rotation of
the system. This correlation is a model-independent indication
of quasifission and is clearly present in the MADs from the
Cr 4+ W reactions [Figs. 1(a)-1(d)] [40].

As the (N/Z)cn of the system increases, from left to
right in Fig. 1, the mass-angle correlations evolve, showing
the dependence of quasifission on the neutron richness of
the system. In the more neutron-deficient systems [Figs. 1(a)
and 1(b)] an enhancement in the fissionlike fragments near
the mass of the projectilelike and targetlike fragments is
observed at forward and backward angles, respectively. This
indicates fast time scale quasifission in which the dinuclear
system separates quickly without a large amount of mass
transfer. These features are diminished for the neutron-rich
reactions [Fig. 1(c)-1(d)], where the MADs show an increased
production of mass symmetric fragments (Mg = 0.5). This can
be seen most clearly in the projected mass ratio distributions
[Figs. 1(f)-1(1)]. Independent of any fit, there is a clear tran-
sition to narrower quasifission mass distribtuions, indicating
more mass equilibration resulting from a longer sticking time
with increased (N /Z)cnN.

To quantify this behavior, a Gaussian function, with mean
fixed at Mg = 0.5 and width (o.yp) allowed to freely vary,
was fitted to the fissionlike component over the range of
0.35 < Mgy < 0.65. The experimental distributions were well
reproduced by the fitted functions [shown as the solid red
lines in Figs. 1(f)-1(i)] [44,46-50]. The width of the mass
distributions expected for pure fusion-fission (o) can be
estimated from a simple statistical approximation as og =
/T /k, where T is the scission point temperature and k is
the stiffness parameter taken as 0.0048 MeV/u2 [14,31,51].
These Gaussian functions are shown by the blue dashed
lines in Figs. 1(f)-1(j). The mass distribution from the
12c 4 208py reaction, where fusion-fission is expected, is
well reproduced. In comparison the mass distributions from
the Cr + W reactions are severely underestimated by the
fusion-fission calculation, consistent with a strong quasifission
component.

Upper limits for Pcy from each reaction were estimated
from the mass widths using Pcn = 0fr/0exp [31] and are shown
as afunction of the (N /Z)cn in Fig. 2(a). The least neutron-rich
system has a maximum Pcy of ~25%, while the most neutron-
rich system exhibits a significant increase with Pcxy = ~45%.
A smooth linear increase of Pcn with increasing (N/Z)cn
is observed. These results indicate that quasifission can be
suppressed (and fusion enhanced) by increasing (N /Z)cn and,
therefore, strongly promote the use of neutron-rich projectiles
in SHE fusion reactions.

An important consideration when characterizing the de-
pendence of quasifission on (N /Z)cy is to clarify the balance
between changing the fissility of the compound nucleus and
the mass asymmetry in the entrance channel. A decrease in
mass asymmetry is expected to increase quasifission, while a
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FIG. 1. (Color online) Measured MADs for systems >°Cr + '8W, *Cr +'30 W, 22Cr +'3 W, and **Cr +'% W are shown in (a)—(d),
respectively. The contour scale (z axis) of each MAD is scaled to match the maximum fission fragment yield. The black crosses in (a) and (d)
are the results of TDHF calculations at various impact parameters from b = 2.5-5 fm. Panels (f)—(i) show the projected mass ratio distributions.
The solid red line represents a Gaussian fit over the region from 0.35 < My < 0.65. The dashed blue line is an estimate for a pure fusion-fission
mass distribution. The mass resolution can be seen from the width of the elastic scattering peaks which are presented (scaled by 0.09) in (f).
Panels (e) and (j) show the MAD and mass distribution for '>C + 2°®Pb, where no quasifission is present.

decreased fissility has the opposite effect [21,22,28,31,52,53].
Therefore, when the neutron number of the projectile is
increased (e.g., neutron-rich RIB) both the mass asymmetry
and fissility of the system decrease producing opposing effects
which must be disentangled to understand the (N /Z)cn depen-
dence of quasifission. This discrepancy has led to conflicting
conclusions from experiments relying heavily on theoretical
models which predict either the fissility or mass asymmetry
to be the dominant influence for quasifission [20,23,24,36,54—
59]. For example, Vinodkumar et al. [34] and Sahm et al. [32]
both reported decreased Pcy with increased (N/Z)cn for
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FIG. 2. (Color online) Upper limits of Pcy extracted from the
measured mass distributions of each system as a function of (a)
[(N/Z)cn, bottom axis; xcn, top axis], and (b) mass asymmetry,
o.

Sn + Zr reactions, while Lesko et al. [33] and Liang et al. [35],
measuring Sn+Ni systems, found the opposite trend. The
measured Pcn upper limits are shown as a function of fissility
[inversely proportional to (N/Z)cn] and mass asymmetry in
Figs. 2(a) and 2(b), respectively. An overall correlation of Py
with the mass asymmetry is not present indicating that the
strong increase in quasifission with decreasing «, obtained
in many previous works [21,36,56-59], is not seen in these
measurements. Thus, the decreased fissility associated with
the increasing neutron richness of the system has a more
dominant role in the quasifission process than the change
in mass asymmetry. The 3-°234Cr + 80W reactions, shown
as the top three points in Fig. 2(b), provide an example
where the increased neutron number of the projectile reduces
the mass asymmetry (which would be typically associated
with increased quasifission), yet a strong increase in Pcy is
observed, owing to the increasing neutron richness of the
projectile.

Recently, the TDHF theory was proposed as a framework
to provide a microscopic description of the quasifission
process [41,60-62]. The *°Cr + "8'W (most neutron-deficient)
and >*Cr + "W (most neutron-rich) reactions were sim-
ulated within the TDHF approach [63]. The evolution of
the many-body system was examined as a function of time
for different impact parameters b. Both quasifission and
fusion (defined here as contact times exceeding 35 zs)
were observed. Examples of the density contours from the
quasifission and fusion reactions are shown at the top of
Figs. 3(a) and 3(b), respectively. In the quasifission reaction
[Fig. 3(a)], it is clear that the projectile and target form a
rotating dinuclear system that eventually reaches a scission
point. In comparison, a compact mononucleus [Fig. 3(b)] is
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FIG. 3. (Color online) TDHF results for the (a) mass ratio, charge
ratio, and (b) contact time as a function of impact parameter for the
0Cr + W and 3*Cr + "W systems. In the upper right corners
of each panel, characteristic density contours are shown depicting
quasifission (top, >*Cr + %W at b =3 fm) and fusion (bottom,
0Cr + 80W at b = 0 fm) events from the TDHF calculations.

formed with no indication that the system will re-separate in
the events classified as fusion. Fusion occurs primarily from
collisions with the side of the W nucleus, which leads to more
compact configurations [29,44]. To investigate the competition
between quasifission and fusion, we performed calculations
where the projectile collides with the side of the target.

The evolution of the mass ratio My, charge ratio Zg, and
contact time with impact parameter are shown in Fig. 3.
Extensive mass/charge transfer towards symmetry (Mg = 0.5)
and long contact times (>10 zs) [13,40] are observed for
events with b = 2.5-3.0 fm, characteristic of quasifission
reactions. A clear (N/Z)cn dependence is observed in the
TDHF calculations, with the neutron-rich system exhibiting
an increase in the mass/charge transfer and contact time of the
quasifission process relative to the neutron-deficient system.
The difference in the evolution of the two reactions is depicted
in Fig. 4, which shows the scaled mass quadrupole moment,

Ba(t) = (41 /3) %‘I’g), with Ry = 1.2A'/3. The instantaneous
0

mass quadrupole moment is calculated by diagonalizing the
mass quadrupole tensor and picking the eigenvalue corre-
sponding to the symmetry axis. Some instantaneous density
profiles are also shown on the figure. While the initial stages of
the reaction are similar, the rate of elongation of the dinuclear
system is much faster for the neutron-deficient system, leading
to a shorter contact time. These observations show that the
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FIG. 4. (Color online) Scaled mass quadrupole moment $,, as a
function of time from the TDHF calculations of the **Cr + '$oW
and *°Cr 4 "W systems at b = 2.5 fm. Select density contours are
shown along each trajectory.

neutron-rich system remains in a compact configuration much
longer, which is expected to lead to an increased Pcy value.
The TDHF results are also shown on the MADs in Fig. 1 and
display the mass-angle correlations expected from quasifission
reactions.

In summary, systematic mass-angle distribution measure-
ments for Cr + W reactions were performed to isolate
the dependence of quasifission on neutron richness. The
characteristics of quasifission show a strong dependence on
the N/Z of the compound system. The MADs indicate an
increase in the time scale and a decrease in the strength of
the quasifission channel for the more neutron-rich systems.
These results demonstrate that the decrease in fissility gained
from increasing the neutron content of the projectile outweighs
the associated decrease in the mass asymmetry of the system.
These conclusions are in agreement with microscopic TDHF
calculations, which show increased interaction times and
fusion cross sections for the most neutron-rich system relative
to the most neutron-deficient system. These outcomes strongly
support continued exploration of TDHF as a microscopic tool
for studying low-energy heavy-ion reaction dynamics and
encourage the use of the increasingly neutron-rich projectiles
in future SHE reactions, including the consideration of using
exotic neutron-rich radioactive ion beams.

ACKNOWLEDGMENTS

The authors are grateful for the high quality beams
provided by the staff at the ANU accelerator facility. This
work is supported by the National Science Foundation under
Grants No. PHY-1102511 and No. I1A-1341088, by the
U.S. Department of Energy under Grant No. DE-FGO02-
96ER40975 with Vanderbilt University, and the Australian Re-
search Council Grants No. DP110102858, No. DP140101337,
No. FL110100098, No. DP130101569, No. FT120100760,

041602-4



REDUCED QUASIFISSION COMPETITION IN FUSION ...

and No. DE140100784. This material is based upon work
supported by the Department of Energy National Nuclear
Security Administration under Award No. DE-NA0000979.
This material is based upon work supported by the

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 91, 041602(R) (2015)

U.S. Department of Energy, Office of Science, Office of
Nuclear Physics, under Contract No. DE-AC02-06CH11357.
This research used resources of ANL’s ATLAS facility, which
is a DOE Office of Science User Facility.

[1] J. Hamilton, S. Hofmann, and Y. Oganessian, Ann. Rev. Nucl.
Part. Sci. 63, 383 (2013).
[2] S. Hofmann and G. Miinzenberg, Rev. Mod. Phys. 72, 733
(2000).
[3] Y. T. Oganessian et al., Phys. Rev. Lett. 109, 162501 (2012).
[4] Y. T. Oganessian, J. Phys. G: Nucl. Part. Phys. 34, R165 (2007).
[5] M. Bender, K. Rutz, P.-G. Reinhard, J. A. Maruhn, and W.
Greiner, Phys. Rev. C 60, 034304 (1999).
[6] Y. T. Oganessian et al., Phys. Rev. Lett. 104, 142502 (2010).
[7] M. Bender et al., Phys. Lett. B 515, 42 (2001).
[8] W. Nazarewicz et al., Nucl. Phys. A 701, 165 (2002).
[9] S. Hofmann, Prog. Part. Nucl. Phys. 46, 293 (2001).
[10] W. Loveland, Phys. Rev. C 76, 014612 (2007).
[11] R. Smolanczuk, Phys. Rev. C 81, 067602 (2010).
[12] V. V. Sargsyan, A. S. Zubov, G. G. Adamian, N. V. Antonenko,
and S. Heinz, Phys. Rev. C 88, 054609 (2013).
[13] J. Toke et al., Nucl. Phys. A 440, 327 (1985).
[14] B. B. Back, Phys. Rev. C 31, 2104 (1985).
[15] 1. Dragojevic et al., Phys. Rev. C 78, 024605 (2008).
[16] Y. T. Oganessian ef al., Phys. Rev. C 64, 054606 (2001).
[17] Y. T. Oganessian et al., Phys. Rev. C 87, 034605 (2013).
[18] C. Wang, J. Zhang, Z. Z. Ren, and C. W. Shen, Phys. Rev. C 82,
054605 (2010).
[19] J. F. Liang et al., Phys. Rev. C 75, 054607 (2007).
[20] V. 1. Zagrebaev, Phys. Rev. C 64, 034606 (2001).
[21] A. C. Berriman et al., Nature (London) 413, 144 (2001).
[22] R. Yanez et al., Phys. Rev. C 88, 014606 (2013).
[23] W. Swiatecki, Nucl. Phys. A 376, 275 (1982).
[24] S. Bjgrnholm and W. Swiatecki, Nucl. Phys. A 391, 471
(1982).
[25] M. Itkis et al., Nucl. Phys. A 787, 150 (2007).
[26] C. Simenel et al., Phys. Lett. B 710, 607 (2012).
[27] M. B. Tsang et al., Phys. Lett. 129, 18 (1983).
[28] B. B. Back et al., Phys. Rev. C 32, 195 (1985).
[29] D. J. Hinde et al., Phys. Rev. Lett. 74, 1295 (1995).
[30] K. Nishio, H. Ikezoe, S. Mitsuoka, K. Satou, and S. C. Jeong,
Phys. Rev. C 63, 044610 (2001).
[31] C.J. Lin et al., Phys. Rev. C 85, 014611 (2012).
[32] C. Sahm et al., Nucl. Phys. A 441, 316 (1985).
[33] K. T. Lesko et al., Phys. Rev. C 34, 2155 (1986).
[34] A. M. Vinodkumar et al., Phys. Rev. C 78, 054608 (2008).
[35] J. F. Liang et al., Phys. Rev. C 85, 031601 (2012).

36] G. Adamian et al., Nucl. Phys. A 678, 24 (2000).

37] G. N. Knyazheva et al., Phys. Rev. C 75, 064602 (2007).

38] R. Bock et al., Nucl. Phys. A 388, 334 (1982).

39] R. du Rietz et al., Phys. Rev. Lett. 106, 052701 (2011).

40] R. du Rietz et al., Phys. Rev. C 88, 054618 (2013).

41] A. Wakhle et al., Phys. Rev. Lett. 113, 182502 (2014).

42] S.Raman, J. C. W. Nestor, and P. Tikkanen, At. Data Nucl. Data
Tables 78, 1 (2001).

[43] R. Bass, Nuclear Reactions with Heavy Ions (Springer-Verlag,
New York, 1980).

[44] D. J. Hinde et al., Phys. Rev. C 53, 1290 (1996).

[45] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevC.91.041602 for the additional mass angle
distributions.

[46] E. Prokhorova et al., Nucl. Phys. A 802, 45 (2008).

[47] E. Williams et al., Phys. Rev. C 88, 034611 (2013).

[48] D. J. Hinde et al., Phys. Rev. Lett. 100, 202701 (2008).

[49] L. M. Itkis et al., Phys. Rev. C 83, 064613 (2011).

[

[

[

[
[
[
[
[
[
[

50] M. Itkis et al., Nucl. Phys. A 734, 136 (2004).

51] B. B. Back et al., Phys. Rev. C 53, 1734 (1996).

52] D. J. Hinde, M. Dasgupta, and A. Mukherjee, Phys. Rev. Lett.
89, 282701 (2002).

[53] A. Y. Chizhov et al., Phys. Rev. C 67, 011603 (2003).

[54] B. B. Back. et al., Rev. Mod. Phys. 86, 317 (2014).

[55] G. Adamian, N. Antonenko, and W. Scheid, in Clusters in
Nuclei, Vol. 2, Lecture Notes in Physics, Vol. 848, edited by
C. Beck (Springer, Berlin/Heidelberg, 2012), pp. 165-227.

[56] N. V. Antonenko et al., Phys. Lett. B 319, 425 (1993).

[57] N. V. Antonenko, E. A. Cherepanov, A. K. Nasirov, V. P.
Permjakov, and V. V. Volkov, Phys. Rev. C 51, 2635 (1995).

[58] J. Blocki, H. Feldmeier, and W. Swiatecki, Nucl. Phys. A 459,
145 (1986).

[59] G. G. Adamian, N. V. Antonenko, and W. Scheid, Phys. Rev. C
68, 034601 (2003).

[60] C. Simenel, Eur. Phys. J. A 48, 152 (2012).

[61] V. E. Oberacker, A. S. Umar, and C. Simenel, Phys. Rev. C 90,
054605 (2014).

[62] C. Simenel, in Clusters in Nuclei, Vol. 3, Lecture Notes in
Physics, Vol. 875, edited by C. Beck (Springer International
Publishing, Berlin, 2014), pp. 95-145.

[63] A. S. Umar and V. E. Oberacker, Phys. Rev. C 73, 054607
(2006).

041602-5


http://dx.doi.org/10.1146/annurev-nucl-102912-144535
http://dx.doi.org/10.1146/annurev-nucl-102912-144535
http://dx.doi.org/10.1146/annurev-nucl-102912-144535
http://dx.doi.org/10.1146/annurev-nucl-102912-144535
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/PhysRevLett.109.162501
http://dx.doi.org/10.1103/PhysRevLett.109.162501
http://dx.doi.org/10.1103/PhysRevLett.109.162501
http://dx.doi.org/10.1103/PhysRevLett.109.162501
http://dx.doi.org/10.1088/0954-3899/34/4/R01
http://dx.doi.org/10.1088/0954-3899/34/4/R01
http://dx.doi.org/10.1088/0954-3899/34/4/R01
http://dx.doi.org/10.1088/0954-3899/34/4/R01
http://dx.doi.org/10.1103/PhysRevC.60.034304
http://dx.doi.org/10.1103/PhysRevC.60.034304
http://dx.doi.org/10.1103/PhysRevC.60.034304
http://dx.doi.org/10.1103/PhysRevC.60.034304
http://dx.doi.org/10.1103/PhysRevLett.104.142502
http://dx.doi.org/10.1103/PhysRevLett.104.142502
http://dx.doi.org/10.1103/PhysRevLett.104.142502
http://dx.doi.org/10.1103/PhysRevLett.104.142502
http://dx.doi.org/10.1016/S0370-2693(01)00863-2
http://dx.doi.org/10.1016/S0370-2693(01)00863-2
http://dx.doi.org/10.1016/S0370-2693(01)00863-2
http://dx.doi.org/10.1016/S0370-2693(01)00863-2
http://dx.doi.org/10.1016/S0375-9474(01)01567-6
http://dx.doi.org/10.1016/S0375-9474(01)01567-6
http://dx.doi.org/10.1016/S0375-9474(01)01567-6
http://dx.doi.org/10.1016/S0375-9474(01)01567-6
http://dx.doi.org/10.1016/S0146-6410(01)00134-X
http://dx.doi.org/10.1016/S0146-6410(01)00134-X
http://dx.doi.org/10.1016/S0146-6410(01)00134-X
http://dx.doi.org/10.1016/S0146-6410(01)00134-X
http://dx.doi.org/10.1103/PhysRevC.76.014612
http://dx.doi.org/10.1103/PhysRevC.76.014612
http://dx.doi.org/10.1103/PhysRevC.76.014612
http://dx.doi.org/10.1103/PhysRevC.76.014612
http://dx.doi.org/10.1103/PhysRevC.81.067602
http://dx.doi.org/10.1103/PhysRevC.81.067602
http://dx.doi.org/10.1103/PhysRevC.81.067602
http://dx.doi.org/10.1103/PhysRevC.81.067602
http://dx.doi.org/10.1103/PhysRevC.88.054609
http://dx.doi.org/10.1103/PhysRevC.88.054609
http://dx.doi.org/10.1103/PhysRevC.88.054609
http://dx.doi.org/10.1103/PhysRevC.88.054609
http://dx.doi.org/10.1016/0375-9474(85)90344-6
http://dx.doi.org/10.1016/0375-9474(85)90344-6
http://dx.doi.org/10.1016/0375-9474(85)90344-6
http://dx.doi.org/10.1016/0375-9474(85)90344-6
http://dx.doi.org/10.1103/PhysRevC.31.2104
http://dx.doi.org/10.1103/PhysRevC.31.2104
http://dx.doi.org/10.1103/PhysRevC.31.2104
http://dx.doi.org/10.1103/PhysRevC.31.2104
http://dx.doi.org/10.1103/PhysRevC.78.024605
http://dx.doi.org/10.1103/PhysRevC.78.024605
http://dx.doi.org/10.1103/PhysRevC.78.024605
http://dx.doi.org/10.1103/PhysRevC.78.024605
http://dx.doi.org/10.1103/PhysRevC.64.054606
http://dx.doi.org/10.1103/PhysRevC.64.054606
http://dx.doi.org/10.1103/PhysRevC.64.054606
http://dx.doi.org/10.1103/PhysRevC.64.054606
http://dx.doi.org/10.1103/PhysRevC.87.034605
http://dx.doi.org/10.1103/PhysRevC.87.034605
http://dx.doi.org/10.1103/PhysRevC.87.034605
http://dx.doi.org/10.1103/PhysRevC.87.034605
http://dx.doi.org/10.1103/PhysRevC.82.054605
http://dx.doi.org/10.1103/PhysRevC.82.054605
http://dx.doi.org/10.1103/PhysRevC.82.054605
http://dx.doi.org/10.1103/PhysRevC.82.054605
http://dx.doi.org/10.1103/PhysRevC.75.054607
http://dx.doi.org/10.1103/PhysRevC.75.054607
http://dx.doi.org/10.1103/PhysRevC.75.054607
http://dx.doi.org/10.1103/PhysRevC.75.054607
http://dx.doi.org/10.1103/PhysRevC.64.034606
http://dx.doi.org/10.1103/PhysRevC.64.034606
http://dx.doi.org/10.1103/PhysRevC.64.034606
http://dx.doi.org/10.1103/PhysRevC.64.034606
http://dx.doi.org/10.1038/35093069
http://dx.doi.org/10.1038/35093069
http://dx.doi.org/10.1038/35093069
http://dx.doi.org/10.1038/35093069
http://dx.doi.org/10.1103/PhysRevC.88.014606
http://dx.doi.org/10.1103/PhysRevC.88.014606
http://dx.doi.org/10.1103/PhysRevC.88.014606
http://dx.doi.org/10.1103/PhysRevC.88.014606
http://dx.doi.org/10.1016/0375-9474(82)90065-3
http://dx.doi.org/10.1016/0375-9474(82)90065-3
http://dx.doi.org/10.1016/0375-9474(82)90065-3
http://dx.doi.org/10.1016/0375-9474(82)90065-3
http://dx.doi.org/10.1016/0375-9474(82)90621-2
http://dx.doi.org/10.1016/0375-9474(82)90621-2
http://dx.doi.org/10.1016/0375-9474(82)90621-2
http://dx.doi.org/10.1016/0375-9474(82)90621-2
http://dx.doi.org/10.1016/j.nuclphysa.2006.12.026
http://dx.doi.org/10.1016/j.nuclphysa.2006.12.026
http://dx.doi.org/10.1016/j.nuclphysa.2006.12.026
http://dx.doi.org/10.1016/j.nuclphysa.2006.12.026
http://dx.doi.org/10.1016/j.physletb.2012.03.063
http://dx.doi.org/10.1016/j.physletb.2012.03.063
http://dx.doi.org/10.1016/j.physletb.2012.03.063
http://dx.doi.org/10.1016/j.physletb.2012.03.063
http://dx.doi.org/10.1016/0370-2693(83)90719-0
http://dx.doi.org/10.1016/0370-2693(83)90719-0
http://dx.doi.org/10.1016/0370-2693(83)90719-0
http://dx.doi.org/10.1016/0370-2693(83)90719-0
http://dx.doi.org/10.1103/PhysRevC.32.195
http://dx.doi.org/10.1103/PhysRevC.32.195
http://dx.doi.org/10.1103/PhysRevC.32.195
http://dx.doi.org/10.1103/PhysRevC.32.195
http://dx.doi.org/10.1103/PhysRevLett.74.1295
http://dx.doi.org/10.1103/PhysRevLett.74.1295
http://dx.doi.org/10.1103/PhysRevLett.74.1295
http://dx.doi.org/10.1103/PhysRevLett.74.1295
http://dx.doi.org/10.1103/PhysRevC.63.044610
http://dx.doi.org/10.1103/PhysRevC.63.044610
http://dx.doi.org/10.1103/PhysRevC.63.044610
http://dx.doi.org/10.1103/PhysRevC.63.044610
http://dx.doi.org/10.1103/PhysRevC.85.014611
http://dx.doi.org/10.1103/PhysRevC.85.014611
http://dx.doi.org/10.1103/PhysRevC.85.014611
http://dx.doi.org/10.1103/PhysRevC.85.014611
http://dx.doi.org/10.1016/0375-9474(85)90036-3
http://dx.doi.org/10.1016/0375-9474(85)90036-3
http://dx.doi.org/10.1016/0375-9474(85)90036-3
http://dx.doi.org/10.1016/0375-9474(85)90036-3
http://dx.doi.org/10.1103/PhysRevC.34.2155
http://dx.doi.org/10.1103/PhysRevC.34.2155
http://dx.doi.org/10.1103/PhysRevC.34.2155
http://dx.doi.org/10.1103/PhysRevC.34.2155
http://dx.doi.org/10.1103/PhysRevC.78.054608
http://dx.doi.org/10.1103/PhysRevC.78.054608
http://dx.doi.org/10.1103/PhysRevC.78.054608
http://dx.doi.org/10.1103/PhysRevC.78.054608
http://dx.doi.org/10.1103/PhysRevC.85.031601
http://dx.doi.org/10.1103/PhysRevC.85.031601
http://dx.doi.org/10.1103/PhysRevC.85.031601
http://dx.doi.org/10.1103/PhysRevC.85.031601
http://dx.doi.org/10.1016/S0375-9474(00)00317-1
http://dx.doi.org/10.1016/S0375-9474(00)00317-1
http://dx.doi.org/10.1016/S0375-9474(00)00317-1
http://dx.doi.org/10.1016/S0375-9474(00)00317-1
http://dx.doi.org/10.1103/PhysRevC.75.064602
http://dx.doi.org/10.1103/PhysRevC.75.064602
http://dx.doi.org/10.1103/PhysRevC.75.064602
http://dx.doi.org/10.1103/PhysRevC.75.064602
http://dx.doi.org/10.1016/0375-9474(82)90420-1
http://dx.doi.org/10.1016/0375-9474(82)90420-1
http://dx.doi.org/10.1016/0375-9474(82)90420-1
http://dx.doi.org/10.1016/0375-9474(82)90420-1
http://dx.doi.org/10.1103/PhysRevLett.106.052701
http://dx.doi.org/10.1103/PhysRevLett.106.052701
http://dx.doi.org/10.1103/PhysRevLett.106.052701
http://dx.doi.org/10.1103/PhysRevLett.106.052701
http://dx.doi.org/10.1103/PhysRevC.88.054618
http://dx.doi.org/10.1103/PhysRevC.88.054618
http://dx.doi.org/10.1103/PhysRevC.88.054618
http://dx.doi.org/10.1103/PhysRevC.88.054618
http://dx.doi.org/10.1103/PhysRevLett.113.182502
http://dx.doi.org/10.1103/PhysRevLett.113.182502
http://dx.doi.org/10.1103/PhysRevLett.113.182502
http://dx.doi.org/10.1103/PhysRevLett.113.182502
http://dx.doi.org/10.1006/adnd.2001.0858
http://dx.doi.org/10.1006/adnd.2001.0858
http://dx.doi.org/10.1006/adnd.2001.0858
http://dx.doi.org/10.1006/adnd.2001.0858
http://dx.doi.org/10.1103/PhysRevC.53.1290
http://dx.doi.org/10.1103/PhysRevC.53.1290
http://dx.doi.org/10.1103/PhysRevC.53.1290
http://dx.doi.org/10.1103/PhysRevC.53.1290
http://link.aps.org/supplemental/10.1103/PhysRevC.91.041602
http://dx.doi.org/10.1016/j.nuclphysa.2008.01.016
http://dx.doi.org/10.1016/j.nuclphysa.2008.01.016
http://dx.doi.org/10.1016/j.nuclphysa.2008.01.016
http://dx.doi.org/10.1016/j.nuclphysa.2008.01.016
http://dx.doi.org/10.1103/PhysRevC.88.034611
http://dx.doi.org/10.1103/PhysRevC.88.034611
http://dx.doi.org/10.1103/PhysRevC.88.034611
http://dx.doi.org/10.1103/PhysRevC.88.034611
http://dx.doi.org/10.1103/PhysRevLett.100.202701
http://dx.doi.org/10.1103/PhysRevLett.100.202701
http://dx.doi.org/10.1103/PhysRevLett.100.202701
http://dx.doi.org/10.1103/PhysRevLett.100.202701
http://dx.doi.org/10.1103/PhysRevC.83.064613
http://dx.doi.org/10.1103/PhysRevC.83.064613
http://dx.doi.org/10.1103/PhysRevC.83.064613
http://dx.doi.org/10.1103/PhysRevC.83.064613
http://dx.doi.org/10.1016/j.nuclphysa.2004.01.022
http://dx.doi.org/10.1016/j.nuclphysa.2004.01.022
http://dx.doi.org/10.1016/j.nuclphysa.2004.01.022
http://dx.doi.org/10.1016/j.nuclphysa.2004.01.022
http://dx.doi.org/10.1103/PhysRevC.53.1734
http://dx.doi.org/10.1103/PhysRevC.53.1734
http://dx.doi.org/10.1103/PhysRevC.53.1734
http://dx.doi.org/10.1103/PhysRevC.53.1734
http://dx.doi.org/10.1103/PhysRevLett.89.282701
http://dx.doi.org/10.1103/PhysRevLett.89.282701
http://dx.doi.org/10.1103/PhysRevLett.89.282701
http://dx.doi.org/10.1103/PhysRevLett.89.282701
http://dx.doi.org/10.1103/PhysRevC.67.011603
http://dx.doi.org/10.1103/PhysRevC.67.011603
http://dx.doi.org/10.1103/PhysRevC.67.011603
http://dx.doi.org/10.1103/PhysRevC.67.011603
http://dx.doi.org/10.1103/RevModPhys.86.317
http://dx.doi.org/10.1103/RevModPhys.86.317
http://dx.doi.org/10.1103/RevModPhys.86.317
http://dx.doi.org/10.1103/RevModPhys.86.317
http://dx.doi.org/10.1016/0370-2693(93)91746-A
http://dx.doi.org/10.1016/0370-2693(93)91746-A
http://dx.doi.org/10.1016/0370-2693(93)91746-A
http://dx.doi.org/10.1016/0370-2693(93)91746-A
http://dx.doi.org/10.1103/PhysRevC.51.2635
http://dx.doi.org/10.1103/PhysRevC.51.2635
http://dx.doi.org/10.1103/PhysRevC.51.2635
http://dx.doi.org/10.1103/PhysRevC.51.2635
http://dx.doi.org/10.1016/0375-9474(86)90061-8
http://dx.doi.org/10.1016/0375-9474(86)90061-8
http://dx.doi.org/10.1016/0375-9474(86)90061-8
http://dx.doi.org/10.1016/0375-9474(86)90061-8
http://dx.doi.org/10.1103/PhysRevC.68.034601
http://dx.doi.org/10.1103/PhysRevC.68.034601
http://dx.doi.org/10.1103/PhysRevC.68.034601
http://dx.doi.org/10.1103/PhysRevC.68.034601
http://dx.doi.org/10.1140/epja/i2012-12152-0
http://dx.doi.org/10.1140/epja/i2012-12152-0
http://dx.doi.org/10.1140/epja/i2012-12152-0
http://dx.doi.org/10.1140/epja/i2012-12152-0
http://dx.doi.org/10.1103/PhysRevC.90.054605
http://dx.doi.org/10.1103/PhysRevC.90.054605
http://dx.doi.org/10.1103/PhysRevC.90.054605
http://dx.doi.org/10.1103/PhysRevC.90.054605
http://dx.doi.org/10.1103/PhysRevC.73.054607
http://dx.doi.org/10.1103/PhysRevC.73.054607
http://dx.doi.org/10.1103/PhysRevC.73.054607
http://dx.doi.org/10.1103/PhysRevC.73.054607



