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Previous explanations for the resonance behavior of '2C+'2C fusion at low energies were based
on a non-resonant compound-nucleus background and an additional contribution from a series of
resonances. This separation into ’resonance’ and ’'background’ contributions of the cross section
is artificial. We propose to explain this phenomenon through the impact on the cross section of
the relatively large spacings and the narrow widths of 2*Mg compound levels in the corresponding

excitation-energy region.

PACS numbers: 25.70.Jj, 26.30.-k, 24.10.Eq, 24.30.Gd

According to our current understanding of the late
stages of the evolution of giant stars, large concentrations
of 12C lead to a rapid carbon burning phase in which two
12C nuclei fuse to produce Mg [1, 2]. At present, the
reaction rate for this process can be estimated only by
extrapolating the measured cross sections down into the
region of the Gamow window corresponding to center-of-
mass collision energies of ~2 MeV and temperatures of
~ 0.85 GK. However, this extrapolation is complicated
by the fact that substantial fluctuations (resonances) in
the 2C+'2C fusion excitation function are present be-
low E.,, ~7 MeV and these appear to become more pro-
nounced at the lower energies, e.g., close to the Gamow
window.

The present work is motivated by the astrophysi-
cal importance and the fact that these resonances, and
12C+12C fusion itself, have received considerable exper-
imental attention. Indeed, many different methods have
been used to obtain the fusion cross sections including the
detection of charged particles (a’s and protons) [3-5] and
7 rays [6, 7] emitted from the fused Mg compound sys-
tem [8]. Recently, a method of detecting coincidences be-
tween charged particles and + rays [9] has shown promise
for extending measurements down into the astrophysi-
cally interesting region by providing a strong suppres-
sion of the backgrounds that plague other measurements.
However, until such measurements can be performed, ex-
trapolations to this energy region are necessary in order
to estimate the rate of 2C+'2C fusion for astrophysical
scenarios.

For this reason, it is important to understand the ori-
gin of the resonances and why they are especially pro-
nounced in the 12C+!2C system. In the analysis of their
measurements, Aguilera et al. [10] proposed a descrip-
tion of the excitation function of '2C + 2C in terms
of a non-resonant background, oy, calculated with the
Krappe-Nix-Sierk potential [11] using the Incoming Wave
Boundary Condition (IWBC), and an additional contri-
bution from a series of resonances of Breit-Wigner form,
oBw, with the relation

O fus = Obkg + TBW - (1)

In this description, it is implicitly assumed that the ap-

pearance of resonances provides an additional mechanism
over and above that associated with the normal fusion
cross section, the latter being represented by the IWBC
calculation which assumes that the square of the am-
plitude of an incoming partial wave appearing inside the
fusion barrier (at the incoming wave boundary) leads au-
tomatically to fusion. A more natural explanation for the
resonance peaks in this system has been given in terms
of molecular-resonance doorway states that absorb the
incoming flux and allow for a competition of the decay
strength between complete fusion and re-scattering into
outgoing channels (e.g. Ref. [12, 13]).

In this paper, we will argue that the separation into
‘resonance’ and 'background’ contributions to the cross
section is artificial and unproven. We will show that,
compared to the neighboring systems (}2C+!?C and
BC4+13Q), the 2C+!2C system exhibits a cross section
deficit at energies below E.,, < 7 MeV and that this
deficit is reasonably explained by a paucity of Mg com-
pound states into which the system can fuse below this
energy threshold. The observed resonance structure is,
therefore, expected to be associated with the distribution
of 12C+12C parentage strength among compound nuclear
levels or, at lower excitation energies, with the individual
levels themselves.

Previous papers have made similar observations.
Almqvist et al. [14] suggested that the resonance struc-
ture observed in '2C+'2C may be due to the low exci-
tation energy available in the 2*Mg system, but Erb et
al. (from the same collaboration, [15]) concluded that,
apart from the narrow resonances, the average energy
dependence of the 2C+'2C system can be described ad-
equately by the IWBC model calculations of Christensen
et al. [16]. However, in this case, no attempt was made
to simultaneously reproduce the excitation functions for
all three C+C systems in a self-consistent manner.

Other fusion systems in the same mass range exhibit
smooth fusion excitation functions and astrophysical S
factors, as illustrated in Fig 1. Here, the astrophysical
S factor is given by S(E) = oFEexp(27mn), and 7 is the
Sommerfeld parameter. Focusing on the C+C systems, it
becomes clear that the resonance structure appears only
in the 12C+12C case; the systems 2C+'3C and '3C+13C
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FIG. 1: Comparisons of the S factors for four fusion systems.
The data for systems in (a) - (d) are taken from references
[3-7], [17, 18], [19, 20] and [16, 21, 22], respectively.

both show smooth S factors as a function of the center-
of-mass energy, E.,,. In a recent paper [23], Esbensen
et al., analyzed the three C+C fusion systems in terms
of Coupled-Channels (CC) calculations with M3Y poten-
tials augmented with a repulsive core meant to include
the effects of nuclear incompressibility [24] required to
explain the hindrance of heavy-ion fusion at extremely
low energies [25, 26]. Using a consistent set of chan-
nel couplings and ion-ion potentials, these authors ob-
tain quite accurate descriptions of the data for 12C+13C
and 13C+13C, but the 2C+'2C system exhibits a clear
cross section deficit, especially in the resonance region
of E¢ < 7 MeV (Fig. 1). Here, the measured S-factor
data fall substantially below the calculations and only the
resonance peaks reach the predicted values. The system
12C4160 is also included in Fig. 1, since this system and
1604160 exhibit similar, but less pronounced, resonance
structures at low energies.

In this paper, we suggest that the observed suppres-
sion of the average cross section, or S factor, at energies
below E.,, < 7 MeV in '2C+'2C finds its origin in the
relatively large spacing D and narrow widths I' of the
levels in the ?*Mg compound system populated in the
fusion process. In this view, the fusion process is sim-
ply blocked or hindered at energies between compound
states of the appropriate spin and parity. A similar sit-
uation occurs for slow neutron capture on heavy nuclei,
where the compound level structure is clearly visible in
the cross sections of (n,fission) processes [27]. For es-
sentially all heavy-ion fusion reactions, the height of the
Coulomb barrier, Vg, and the fusion @ value are such
that it is impossible to reach the low excitation ener-
gies where this effect would manifest itself. The effect is,
therefore, never taken into account in heavy-ion fusion
models, which assume that complete fusion occurs with
100% probability once the potential barrier has been tra-
versed. Thus, it is typical and appropriate to employ the
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FIG. 2: Total level densities for 2*Mg, 2*Mg, and 32S as a
function of the excitation energy U; the curves are calculations
described in the text.

IWBC to estimate the probability that fusion occurs for
a specific partial wave.

For the 2C+'2C system, several factors conspire to
make the paucity of compound levels an effect to consider
in the fusion cross section. First, the fusion @ value for
this system is smaller than that for the two other C+C
systems considered here, leading to relatively low exci-
tation energies in the fused Mg system relative to the
Coulomb barrier. Secondly, because Mg is an even-
even system, the level spacing at a given excitation is
increased because of the pairing gap, and thirdly, since
the entrance channel is comprised of identical spin-zero
nuclei, only states with positive parity and even spin in
24Mg can be populated. These three factors result in a
substantial reduction by more than an order of magni-
tude of the effective compound-nucleus level density for
this system relative to, e.g., 2C+13C.

In order to quantify the effect of the discrete nature of
compound levels in Mg, we estimate in the following the
average spacing, (D), and total width (I'), as a function
of spin, J, and excitation energy, U. The level density,
p=1/D, of a large range of systems has been studied by
Tljinov et al. [28]. The total level densities p+ for the
three systems relevant for the present study are found
in Fig.2. These data are taken from a compilation by
Beckerman [29]. The density of levels of specific spins
and parity is given by the relation

(2] + 1)e~U+1/2)*/20°
40327
where 02 = 0.088aT A%/3 is the spin cutoff parameter,

T = /U/a the nuclear temperature, and p(U) is defined
as

p(U,J7) = p(U), (2)

T exp2valU
pl0) = Y2 DIV ®)
12 ql/4Us/

The level density parameter, a, was taken from fits
to the values given in Table IT of Ref.[28]. Clearly, as
demonstrated in Fig. 2, these average curves describe the
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FIG. 3: The experimental widths of J=0T, 2%, and 4™ levels
in 2*Mg are shown as open symbols. The solid black line and
the shaded region represent the estimated average trend and
range above U >13 MeV. The average level spacings, D, for
levels of spin, J™ = 07,2" and 4T are given as blue, red, and
green curves, respectively. The corresponding center-of-mass
energy, Eem, for ">C+'2C fusion is given on the top. The
energy, F/, at which I' = Dy is indicated by an arrow.

experimental level densities well, including in the energy
region of interest in this work.

The other characteristic of the compound levels that
comes into play is their width I' ;. There are no detailed
comparisons in the literature between direct experimen-
tal measurements and calculations of I'; for lighter sys-
tems. For such systems, decays from the compound nu-
clei to residual nuclei may not be well described in terms
of statistical properties. In the following discussion, we
will therefore use experimental values of level widths for
24Mg from the NNDC compilation, Vanhoy and Davis
[30-32], as shown in Fig. 3 for J = 0, 2 and 4. The
spread of experimental I ; values, e.g. for J = 2 is more
than one order of magnitude around U = 13 MeV, just
below the '2C+'2C threshold energy. Resonances with
higher spin are not included since they are not signif-
icantly populated at energies below ~7-8 MeV. From
these values, we construct an approximate, J-averaged
I" band as shown by the shaded region in Fig. 3, in
comparison with the corresponding average level spac-
ings obtained from Eq.(2) for J = 0,2 and 4.

The energy, E,;, at which the average level width,
fJ:072)4, equals the average spacing of J = 0 levels,
Dy, is indicated by the arrow in Fig. 3. Around and
below this energy, it is expected that the fusion cross
section is reduced relative to the one obtained from the
CC(M3Y+rep), IWBC calculation. In recent work, No-
tani [18] and Esbensen [23] discussed the issue of discrete
compound resonances and their effect on compound-
nucleus formation cross sections in '2C+!2C. Vanden-
bosch [33] also studied the origin of oscillations in the
120412C fusion cross sections (higher momentum com-
ponents) at energies higher than those investigated in
this work and stated that ”if there are not overlap-
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FIG. 4: Calculations of the S factor corresponding to
12C412C fusion cross sections for the Woods-Saxon poten-
tial (blue curve), CC(M3Y+rep) IWBC (dashed black curve)
and Eq. 5 (solid black curve) including the range of I' val-
ues indicated in Fig. 3 (shaded region) are compared with
experimental values from Refs. [3-6].

ping compound states of the relevant angular momentum
(Ty/Dy > 1), fusion will not compete successfully with
direct reaction processes”. Haas and Abe [34] have dis-
cussed this issue as well in relation to the onset of higher
angular momentum transfer with energy. In an earlier
publication, Moldauer [35] analyzed the issue of partially
overlapping resonances within the context of R-matrix
theory and obtained an average reduction factor of

PJ =1- eXp(—27TFJ/DJ). (4)

Based on this analysis, we therefore suggest that the av-
erage fusion cross section be given as

o= ZaéCPJ, (5)
J

where the summation includes the possible compound-
nuclear spins, J= 0, 2, 4 ..., 0l is the CC(M3Y+rep),
IWBC cross section for partial wave, L = J [23], and
Pj accounts for the correction for the level-density ef-
fect. The results are illustrated in Fig. 4 and they show
that the non-overlapping behavior of the compound lev-
els in Mg needs to be considered for 2C + '2C fusion
at E., < 7 MeV. It is well known that weaker reso-
nance structures persist at higher energies in this system
as well as in '2C+'60 and '50+'60, see Fig. 1. These
cross section fluctuations are likely associated with Eric-
son fluctuations, or at even higher energies, the effects of
molecular resonances come into play.

In Table I, some of the relevant parameters are given
for neighboring collision systems. Here, the center-of-
mass energy, Ey, at which I'g = Dy, are listed along
with the corresponding excitation energy, U,. The fu-
sion @-value, the Coulomb barrier and the expected value
of T'/D for compond-nucleus states populated at the
Coulomb barrier are given as well. Table I shows that
the effect of non-overlapping compound levels is expected
only for the 12C+12C system. The cross-over point, E,, is



TABLE I: The fusion @Q value, the center-of-mass energy FEq
at which I' = Dy, the corresponding excitation energy, Uy,
the Coulomb barrier V. and the I'/D at the Coulomb barrier
are listed for five light heavy-ion systems. Here, Eg4, U, and
(I'/D). are all given for the lowest J for the compound system.

System [Q(MeV) E,(MeV) Uy(MeV)[V.(MeV) (I'/D).

2C 4+ 2C| 13.934 7.3 21.2 6.66 0.7
2c 4 13¢) 16.318 —1.1 15.2 6.56 120
BC 4+ 13C| 22.465 -85 14.0 6.48 2210
2C + 0] 16.765 1.8 8.5 8.45 12
60 + 90| 16.542 0.8 17.3 10.76 94

negative for the other two C+C systems such that fusion
always leads to strongly overlapping compound levels in
the Mg compound nucleus. For 2C+160 and 60+10,
E, is 6.6 and 10 MeV below the Coulomb barrier, respec-
tively, and it is therefore unlikely that the weak cross sec-
tion fluctuations seen in these systems [16] are associated
with this effect.

In conclusion, we suggest that the appearance of strong
resonances and the suppression of sub-barrier fusion
cross sections in 12C + '2C is associated with the non-
overlapping nature of the compound states in 2*Mg at
the relevant excitation energies. Below a center-of-mass

energy of ~ 7 MeV we estimate that the widths of the
compound states are smaller than their average spacing;
i.e., ['/D < 1. Thus, the probability to find an available
compound state is less than unity. The '2C + 2C system
is rather unique in this respect because of its small fu-
sion Q value and the symmetry property in the entrance
channel. The fact that these effects are not observed in
neighboring systems, such as 2C + 13C, 13C + 3C, is
shown to be consistent with this explanation. The effect
of the non-overlapping compound states is expected to
play an important role when extrapolating the measured
fusion cross sections to the region corresponding to tem-
peratures of ~ 0.85 GK occurring in explosive carbon
burning during the late stages of giant stars. Compared
to extrapolations based on coupled-channels calculations
using the incoming wave boundary conditions, the effect
of non-overlapping compound resonances will lead to the
requirement of higher densities and higher temperatures
in order to achieve ignition.

This work is supported by the US Department of En-
ergy, Office of Nuclear Physics, under Contract No. DE-
AC02-06CH11357 and DE-FG02-87ER-40316, and the
NSF under Grant No. PHY-0758100 and PHY-0822648.
The authors thank X.D. Tang, M. Hussein, and A. Kar-
pov for valuable discussions.

[1] C.E. Rolf and W.S. Rodney, Cauldrons in the Cosmos
(The University of Chicago Press, 1988).

[2] C. Ritossa, E. Garcia-Berro, I Iben, Astrophys. J. 460
489 (1996).

[3] L.J. Patterson, H. Winkler, and C.S. Zaidins, Astrophys.
J. 157, 367 (1969).

[4] D.G. Kovar et al., Phys. Rev. C 20, 1305 (1979).

[5] H.W. Becker, K.U. Kettner, C. Rolfs, and H.P. Trautvet-
ter, Z. Phys. A 303, 305 (1981).

[6] L.J. Satkowiak, P.A. DeYoung, J.J. Kolata, and M.A.
Xapsos, Phys. Rev. C 26, 2027 (1982).

[7] M.D. High and B. Cujec, Nucl. Phys. A 282, 181 (1977).

[8] There has recently been some controversy about the
possible existence of a new resonance at F., = 2.14
MeV. This resonance, with cross sections reaching
1.5 nb, was first observed by studying the v rays
from the ?®Na evaporation residues, see T. Spillane
et al., Phys. Rev. Lett. 98 122501 (2007). How-
ever, a subsequent measurement using the charged-
particle technique by the same collaboration gave a
preliminary cross section of only about 25 pb, see J.
Zickefoose, Thesis, U. Conn., (2011) or www.lsw.uni-
heidelberg.de/nic2010/talks/Strieder.pdf. These data are
not discussed in the present paper.

[9] C.L. Jiang et al., Nucl. Instru. Meth. A 682, 12 (2012).
[10] E.F. Aguilera, et al., Phys. Rev. C 73, 064601 (2006).
[11] H.J. Krappe, J. R. Nix, and A.J. Sierk, Phys. Rev. C 20,

992 (1979).
[12] B. Imanishi, Phys. Lett. B 27, 267 (1968).
[13] A. Diaz-Torres, Nuclear Structure and Dynamics II, July

9-13, 2012, Opatija, Croatia.

[14] E. Almqvist, D.A. Bromley, and J.A. Kuehner, Phys.
Rev. Lett. 4, 515 (1960).

[15] K.A. Erb et al., Phys. Rev. C 22, 507 (1980).

[16] P.R. Christensen and Z.E. Switkowski, Nucl. Phys. A
280, 205 (1977).

[17] R.A. Dayras et al., Nucl. Phys. A 265, 153 (1976).

[18] M. Notani et al., Phys. Rev. C 85, 014607 (2012).

[19] S. Trentalange et al., Nucl. Phys. A 483, 406 (1988).

[20] J.L. Charvet et al., Nucl. Phys. A 376, 292 (1982).

[21] J.R. Patterson et al., Nucl. Phys. A 165, 545 (1971).

[22] B.Cujec and C.A. Barnes, Nucl. Phys. A 266, 451 (1976).

[23] H. Esbensen, X.D. Tang, and C.L. Jiang, Phys. Rev. C
84, 064613 (2011).

[24] S. Misicu and H. Esbensen, Phys. Rev. Lett. 96, 112701
(2006); Phys. Rev. C 75, 034606 (2007).

[25] C.L. Jiang et al., Phys. Rev. Lett. 89, 052701 (2002).

[26] C.L. Jiang, B.B. Back, H. Esbensen, R.V.F. Janssens,
and K.E. Rehm, Phys. Rev. C 73, 014613 (2006).

[27] E. Migneco et al., Nucl. Phys. A 112, 603 (1968).

[28] A.S. Iljnov et al., Nucl. Phys. A 543, 517 (1992).

[29] M. Beckerman, Nucl Phys. A 278, 333 (1978).

[30] http://www.nndc.bnl.gov/nudat2/adopted-searchi.isp

[31] J.R. Vanhoy, E.G. Bilpuch, C.R. Westerfeldt, and G.E.
Mitchell, Phys. Rev. C 36, 920 (1987).

[32] C.A. Davis, Phys. Rev. C 24, 1891 (1981).

[33] R. Vandenbosch, Phys. Lett. B 87, 183 (1979).

[34] F. Haas and Y. Abe, Phys. Rev. Lett. 46, 1667 (1981).

[35] P.A. Moldauer, Phys. Rev. 157, 907 (1967).



