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Neutron Stars

Cumming et al., Astroph. J. Lett. 559, L127 (2001)
Haensel at al., Neutron Stars 1 (2007)

• Accreting neutron stars provide a unique environment for nuclear reactions

• Identified as the origin of energetic X-ray superbursts

• As much energy in ~ 10 hours as our sun in ~ a decade

• X-ray superbursts are thought to be fueled by 12C + 12C fusion in the outer 
crust.

• However, the temperature of the outer crust is too low (~3x106 K) for 12C 
fusion.
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Neutron-Rich Light Nuclei Fusion

Horowitz et al., PRC77, 045807 (2008)
Umar et al., PRC85, 055801 (2012)

• Fusion of neutron-rich light nuclei (ex. 24O) has been 
proposed to heat the crust of the neutron star and allow 
these superbursts

• If valence neutrons are loosely coupled to the core, then 
polarization can result and fusion enhancement will occur
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• State of the art DC-TDHF calculations, which 
follow the collision dynamics, predict a fusion 
enhancement for neutron-rich systems

• Experimental measurements of the fusion cross-
section provide a test of fusion models

• 24O is currently inaccessible for reaction studies 
– instead study 18,19,20,21O + 12C
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Fusion

• Fusion involves the amalgamation of two nuclei into a compound nucleus 
which no longer retains the memory of the identity or structure of the 
colliding nuclei (Bohr independence hypothesis)

• At low excitation, the compound nucleus de-excites by statistical emission 
of light particles (n,p,α)

• Limited information exists on the de-excitation of light compound nuclei 
formed at low excitation 

• Measurement of the energy spectra, angular distributions, and cross-sections 
of fusion products provide a test for statistical model calculations
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Experimental Approach

• The fusion cross-section can be measured by measuring the number of 
evaporation residues relative to incident oxygen nuclei 

• To distinguish fusion residues from beam particles, need to measure:

• Energy of the particle (ΔE/E ~ 2%)

• Time-of-flight of the particle (Δt/t ~ 7%)

Stop time 
Energy 

Start time 

Beam 
Residue 18

O +12
C →30

Si
∗

E∗ ≈ 35MeV

E =
1
2
mv2 m ∝ Et2

Evaporation residues Evaporated particles 

30Si∗ → 28Si + 2n
→ 28Al + p + n
→ 25Mg + α + n
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18O + 12C → 30Si*

US MCP Tgt MCP 

T3 
T2 

~130 cm ~16 cm 

18O beam 

• Elab = 16.25 – 36 MeV; Intensity ~ 105 p/s @ FSU

• Time-of-flight of beam measured between US and TGT MCP detectors

• Elastically scattered beam particles and evaporation residues (ER):

• Time-of-flight measured between TGT MCP and Si detectors

• Energy measured in annular Si detector
Stienbach et al., NIMA743, 5 (2014)
Stienbach et al., PRC90, 041603(R) (2014)
Vadas et al., PRC92, 064610 (2015)
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Energy vs Time-Of-Flight
• Elastically scattered beam

• Scattered beam

• Clear residue island

• Alpha particles

Stienbach et al., NIMA743, 5 (2014)
Stienbach et al., PRC90, 041603(R) (2014)
Vadas et al., PRC92, 064610 (2015)

σ =
NER

NBeam · t · �ER

σ = fusion cross-section
t = target thickness

NBeam = number of incident beam particles
NER = number of ERs measured
�ER = efficiency of measuring ERs
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Fusion Cross-Section

• Measured the cross-section for 
Ecm ~ 5.25 - 14 MeV

• Measured down to the 820 μb 
level, well below prior direct 
measurement of 25 mb
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Comparison to DC-TDHF calculations
• Experimental and theoretical fusion excitation 

functions have different shapes

• At high Ecm DC-TDHF over-predicts the cross-
section due to breakup channels not accounted 
for

• Dramatic increase in experimental cross-section 
relative to DC-TDHF occurs at energies below 
7 MeV

• Increase in the ratio around the barrier can be 
interpreted as a larger tunneling probability         
☞ narrower barrier

• Demonstrates the importance of measuring the 
sub-barrier fusion cross-section
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Intermediate Conclusions
• Extraction of the fusion cross-section in sub-barrier domain has been 

accomplished by direct measurement of evaporation residues using low 

intensity beams

• Measurement of the fusion cross-section for 18O+12C has been made 30 

times lower than previous direct measurements (820 μb level)

• Comparison of experimental cross-section with DC-TDHF predictions 

reveals a difference in the shape of the fusion excitation function 

(ie different barrier)

• Demonstrates the importance of measuring the fusion cross-section 

below the barrier
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Residue Angular Distribution
• Residue angular distributions are 

bimodal

• Recoil considerations suggest that 
the residues measured at large 
angles are associated with α 
emission, and small angle residues 
are associated with nucleon 
emission

• Small angle component is reasonably 
well described by statistical model 
calculations, but the large angle 
component is significantly 
underpredicted

Vadas et al., PRC92, 064610 (2015)
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Residue Energy Distribution

• Coincident measurement of 
evaporation residues and α 
particles demonstrates that the 
low energy component is 
associated with α channels

EVIDENCE FOR SURVIVAL OF THE . . . PHYSICAL REVIEW C 92, 064610 (2015)
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FIG. 2. (Color online) Angular distribution of evaporation
residues in the laboratory frame for different bombarding energies for
18O + 12C. Solid symbols depict the experimental angular distribution
while the solid and dashed curves indicate the angular distributions
predicted by the statistical model codes EVAPOR and PACE4, respec-
tively. The model angular distributions have been normalized to the
experimental data over the angular range 4.3◦ ! θlab ! 11.2◦.

evaporation residue and consequently produce an angular
distribution that is peaked at larger angles. While the small
angle component of these distributions is reasonably well
described by the statistical model codes, the large angle
component is significantly underpredicted.

The energy distributions of evaporation residues are shown
in Fig. 3 for different incident energies. It should be noted
that the distributions presented correspond to the energy
deposited in the silicon detector. As the atomic number of
the residues is not known the energy measured in the silicon
detector has not been corrected for the energy loss in the
target or the entrance dead layer of the silicon detector. If one
assumes, consistent with statistical model calculations, that
the evaporation residues are predominantly Si and Al nuclei,
then this energy loss correction is typically of the order of
1 to 1.5 MeV. At the five higher energies a clear indication
of a bimodal distribution is observed. Qualitative examination
of the shape of these energy distributions indicates that the
total distribution is dominated by the yield of the high energy
component. This observed distribution can be well described
by the sum of two Gaussians as shown by the two Gaussian
fit indicated by the dashed line. For Elab ! 20 MeV only a
single component distribution is observed corresponding to
the higher energy component present at higher beam energies.

One possible origin of the two component nature of the
energy distributions visible in Fig. 3 is different de-excitation
pathways for the excited 30Si nucleus, namely α emission
as compared to nucleon emission. This conclusion is also
consistent with the angular distributions observed in Fig. 2.
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FIG. 3. Solid symbols depict the distribution of deposited ener-
gies in the Si detector for evaporation residues at different bombarding
energies. Open symbols correspond to the same quantity for which
evaporation residues are coincident with α particles. Open symbols
have been scaled by a factor of two for clarity. The dashed line
corresponds to a two Gaussian fit.

To investigate if this hypothesis is correct, we constructed
the energy distribution of evaporation residues selected on
the coincident detection of an α particle in the angular
range 4.3◦ ! θlab ! 23◦. The results are presented as the
open symbols in Fig. 3. All the residue energy distributions
coincident with an α particle are single peaked with maxima
at ESi = 6−9 MeV. The fact that the α gated residue energy
distributions are peaked at essentially the same location as
the mean value of the low energy component and have
comparable widths, provides strong evidence that the low
energy component in Fig. 3 is associated with α emission.
The reduction of the average energy of the evaporation residue
is understandable since the α particle is detected at forward
angles hence the recoil imparted to the evaporation residue
lowers its energy.

A quantitative perspective of the trends associated with the
low and high energy component is examined in Fig. 4. In
the upper panel of the figure one observes that for both the
high energy (open triangles) and low energy (open squares)
components the average laboratory energy of the residue,
〈ESi(ER)〉, increases essentially linearly with the incident
energy Ec.m.. As expected, the trend for the total distribution
(filled circles) follows that of the high energy component since
the yield of the high energy component dominates the yield of

064610-3

Vadas et al., PRC92, 064610 (2015)
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Direct Measurement of α Particles

• Experimental α angular and energy 
distributions are reasonably described 
by EVAPOR statistical model 
calculations

Vadas et al., PRC92, 064610 (2015)

EVIDENCE FOR SURVIVAL OF THE . . . PHYSICAL REVIEW C 92, 064610 (2015)
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FIG. 6. (Color online) Energy of α particles in the center-of-mass
frame for different bombarding energies. The solid (red) line depicts
the prediction of the statistical model code EVAPOR. The predictions
have been normalized to the experimental ones in the energy range
shown.

to the data. The general trend observed is that the differential
yield of α particles, dN/d", decreases slightly with increasing
angle. This forward peaking can be understood as being due
to the center-of-mass momentum of the compound nucleus.
The measured angular distributions are in relatively good
agreement with the EVAPOR predictions as evident in the figure.

Having established that the α angular distribution is
consistent with statistical decay from the compound nucleus
and plays a non-negligible role in the de-excitation of the
fusion product, we directly examine the energy spectra of these
emitted particles. Shown in Fig. 6 are the energy distributions
of α particles detected in the angular range 4.3◦ ! θlab ! 23◦.
To facilitate comparison with a statistical model, the energy
of the α particle has been transformed into the center-of-mass
frame of the system and the resulting distributions are shown
in Fig. 6 along with the EVAPOR predictions. As is evident in
the figure, the statistical model provides a reasonably good
description of the measured energy distributions of emitted α
particles.

In order to make a more quantitative analysis of the
measured distributions and provide more detailed comparison
with statistical model codes, we extract the first and second
moments of the distributions presented in Fig. 6 and examine
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FIG. 7. (Color online) Top panel: Average energy of α particles
in the center-of-mass frame as a function of the available energy in
the center of mass (solid circle). The solid (red) line represents the
average energy predicted by the statistical model code, EVAPOR. The
dashed (blue) line represents the average energy predicted by PACE4.
Bottom panel: Widths, σ [Ec.m.(α)], associated with the mean values
shown in the top panel.

the dependence of these quantities on Ec.m. in Fig. 7. In the up-
per panel of Fig. 7 one observes that 〈Ec.m.(α)〉 increases with
increasing incident energy, Ec.m., both for the experimental
data and the model predictions. For reference, the excitation
energy, E∗, of the compound nucleus is displayed on the scale
above the top panel. The error bars for the experimental data
are defined by the statistics of the measurement. The results of
the EVAPOR and PACE4 calculations are presented as the solid
and dashed lines, respectively. The overall increasing trend
of the first moment, 〈Ec.m.(α)〉, observed in the experimental
data is reasonably reproduced by both models. EVAPOR is
in better agreement with the experimental data than PACE4,
which slightly overpredicts 〈Ec.m.(α)〉 at all energies by
approximately 0.5 MeV. This deviation between PACE4 and the
experimental data increases with increasing Ec.m.. While for
the lower energies the statistical model predictions lie within
the statistical uncertainties of the experimental measurement,
for the two highest incident energies the statistical uncertainty
is less than the deviation between the PACE4 model predictions
and the measured values. Presented in the lower panel of
Fig. 7 is the dependence of the second moment of the
energy distributions, σ [Ec.m.(α)] on Ec.m.. The experimental
widths increase from 1.2 MeV at the lowest energies to
2.2 MeV at the highest Ec.m.. In the case of the second
moment, good agreement between the PACE4 predictions and
the measured widths is observed. In contrast to the PACE4

064610-5
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α Cross-Section

• As Ec.m. increases:

• α emission becomes an increasingly 
important channel in the de-
excitation process

• The measured σα increasingly 
deviates from statistical model 
predictions

• σα exhibits the same Ec.m. dependence 
as σfusion 

• σα = Pα.σfusion

Vadas et al., PRC92, 064610 (2015)
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Alpha Emission Probability
• Pα increases with increasing Ec.m. and is enhanced in the 

data relative to EVAPOR

• Same features evident in other O + C systems

EVIDENCE FOR SURVIVAL OF THE . . . PHYSICAL REVIEW C 92, 064610 (2015)
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FIG. 9. (Color online) Comparison of the measured α emission
cross sections (closed symbols) with the statistical model codes
EVPAOR (solid red line) and PACE4 (dashed blue line). The total fusion
cross sections are shown as the open symbols.

The dramatic increase in the relative cross section for α
emission with excitation energy and the underprediction of
the statistical model codes is emphasized in the top panel
of Fig. 10. For the lowest values of Ec.m., α emission
comprises approximately 25% of the fusion cross section.
This fraction increases rapidly becoming essentially unity
by Ec.m. ≈ 14 MeV. Over the same energy interval EVAPOR
only predicts an increase in the relative α emission from
≈10% to 20%, as shown by the solid line. From Fig. 9 it
is clear that the result for PACE4 would be essentially the
same. The discrepancy between the experimental data and
the statistical model predictions is twofold. Not only do the
statistical model calculations underpredict the magnitude of
the relative α particle emission, but they underpredict the rate
at which α particle emission increases with Ec.m..

While the dramatic increase in the relative α emission cross
section with incident energy and the underprediction of the
statistical model codes, evident in Fig. 10, is remarkable, it
should be noted that a hint of this result was already evident
in the angular distribution of evaporation residues presented
in Fig. 2. As observation of residues at large laboratory
angles is directly related to the emission of an α particle,
the failure of the statistical model codes to reproduce the yield
of evaporation residues at large angles suggests the under-
prediction of α emission. Although the energies of the emitted
α particles are reasonably reproduced by the statistical model
codes and in particular EVAPOR, the models underpredict the
measured α cross section. Moreover, the magnitude of the
underprediction increases with increasing incident energy. At
the highest incident energy measured the statistical model code
EVAPOR underpredicts the measured α cross section by a factor
of approximately five.
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FIG. 10. (Color online) Dependence of the relative α emission
cross section on Ec.m. for several O + C systems (literature data are
taken from Christensen [23], Tabor [24], and Papadopoulos [25]).

To examine whether this underprediction of α decay by
the statistical model is limited to just this reaction or is a
more general feature of similar light-ion reactions we examine
in the middle and lower panels of Fig. 10 the relative α
emission fraction for 16O + 12C [23,24] and 16O + 13C [25].
Juxtaposed with the experimental data are the corresponding
predictions by the EVAPOR model. In all cases the statistical
model clearly underpredicts the experimental data indicating
that the underprediction of α decay is a more general feature
of light-ion fusion reactions.

In comparing the experimental data in Fig. 10 with the
EVAPOR predictions, two features are evident. The first feature
is the observation of an enhanced α emission at the lowest
incident energies. This feature is observed for all of the three
systems examined. It should be noted that the α fraction for
18O + 12C at low Ec.m. is approximately 25%, significantly
less than the 40% observed for the 16O +12,13C reactions.
The second feature is the increase in the α fraction with
increasing incident energy. While the experimental data in

064610-7
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Pα =
σα

σfusion
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To examine whether this underprediction of α decay by
the statistical model is limited to just this reaction or is a
more general feature of similar light-ion reactions we examine
in the middle and lower panels of Fig. 10 the relative α
emission fraction for 16O + 12C [23,24] and 16O + 13C [25].
Juxtaposed with the experimental data are the corresponding
predictions by the EVAPOR model. In all cases the statistical
model clearly underpredicts the experimental data indicating
that the underprediction of α decay is a more general feature
of light-ion fusion reactions.

In comparing the experimental data in Fig. 10 with the
EVAPOR predictions, two features are evident. The first feature
is the observation of an enhanced α emission at the lowest
incident energies. This feature is observed for all of the three
systems examined. It should be noted that the α fraction for
18O + 12C at low Ec.m. is approximately 25%, significantly
less than the 40% observed for the 16O +12,13C reactions.
The second feature is the increase in the α fraction with
increasing incident energy. While the experimental data in
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Pα =
σα

σfusion

• Larger enhancement of 18O + 12C for higher Ec.m. suggests 
neutron emission is overemphasized by the statistical model

• Enhancement could be attributed to the failure of the 
statistical model to correctly account for α cluster 
structure of the projectile/target
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Conclusions

• Statistical model codes underpredict the large angle component of the 

residue angular distributions, suggesting α emission channels are 

underemphasized 

• Direct measurement of σα is larger than statistical model predictions, 

confirming that α emission is enhanced

• This enhancement is also observed for similar systems with well known α 

cluster structure

• These observations suggest that α cluster structure present in the 

projectile and target nuclei persist through the fusion process
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In the Future
• Measurement performed for 19O + 12C at FSU... Stay tuned

• Big enhancement near the barrier (~3) for 19O as compared to 18O

• Future Measurements

• 39,47K + 28Si at NSCL (ReA3, Exp. 15214, Fall 2016)

• 20,21(22)O + 12C at GANIL (PAC proposal submitted)

• 18,19O + 18O at FSU 
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In the Future
• Measurement performed for 19O + 12C at FSU... Stay tuned

• Big enhancement near the barrier (~3) for 19O as compared to 18O

• Future Measurements

• 39,47K + 28Si at NSCL (ReA3, Exp. 15214, Fall 2016)

• 20,21(22)O + 12C at GANIL (PAC proposal submitted)

• 18,19O + 18O at FSU 

Ideas for analysis and future experiments 
to explore clusters welcome

Theoretical calculations as well....



Sylvie Hudan, FUSTIPEN WS @ GANIL, May 2016

Acknowledgments

• Indiana University:

T. Steinbach, J. Schmidt, V. Singh, B.B. Wiggins, S. Hudan, R.T. deSouza

• Florida State University:

S. Kuvin, L. Baby, I. Wiedenhover

• Vanderbilt University: 

A.S. Umar, V.E. Oberacker

Work supported by the US Dept. of Energy under Grant No. DEFG02-88ER-40404


