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a b s t r a c t
The radiative capture reaction 12 C(α , γ )16 O has been investigated in the energy range E = 3.3 to 4.5 MeV.
This experiment focused in particular on the cascade transition to the 0+ state at E x = 6.05 MeV in 16 O
and was performed by detecting the capture γ -rays with a NaI detector array at the windowless 4 He gas
target of the recoil mass separator ERNA in coincidence with the 16 O ejectiles. The 6.05 MeV transition
has been considered recently as a component accounting for up to 15% of the 12 C(α , γ )16 O total cross
section at astrophysical energies. The arrangement of the detector array yielded additional information on
the γ -ray multipolarity, i.e. the ratio σE2 /σE1 , and it was found that the 6.05 MeV transition is entirely
E2 in the studied energy range. The results for this transition are analyzed in an R-matrix formalism
and extrapolated to the relevant Gamow energy of stellar helium burning, E 0  300 keV. In contrast
to a previous analysis, the present extrapolation suggests a negligible contribution from this amplitude,
S 6.05 (300) < 1 keV b. Additional data for cascade transitions to excited states at E x = 6.13, 6.92, and
7.12 MeV, respectively, as well as to the ground state were obtained and the corresponding S factors in
the studied energy range are given.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
After stellar hydrogen burning, the core of a star is transformed
mainly to 4 He. Without the core energy production, the center
contracts, and the core temperature, T C , rises. Meanwhile the outer
layers of the star expand and the star develops into the Red Giant
phase. At T C > 108 K the nuclear energy production, due to the
synthesis of three α particles to carbon (triple-α process), becomes
large enough to sustain the temperature of the core. As a consequence, the contraction stops and the helium burning phase is
started. In the ﬁrst stage of stellar helium burning – since the 12 C
abundance is very low – the only active process is the triple-α
reaction, while later after build up of a signiﬁcant abundance of
carbon the 12 C(α , γ )16 O reaction is the dominating process. The
cross section of the 12 C(α , γ )16 O reaction at the relevant Gamow
energy – E 0  300 keV – determines the helium burning time
scale and, together with the convection mechanism, the abundances of carbon and oxygen at the end of helium burning. The
carbon abundance at that stage has important consequences for
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the subsequent evolution of various astrophysical scenarios, e.g.
a direct inﬂuence on type II Supernova (SN) nucleosynthesis [1–
5], the maximum luminosity and kinetic energy of type I SN [6],
and the cooling sequence of CO white dwarfs [7–9]. Thus, an experimental determination of the 12 C(α , γ )16 O cross section in the
relevant energy region in the order of 10% or better will improve
our understanding of the convection processes and remains an important ingredient for the understanding of stellar evolution.
The cross section of the reaction 12 C(α , γ )16 O ( Q = 7.162 MeV)
is dominated by E1 and E2 capture processes into the 16 O ground
state, where the two multipoles appear to be of similar importance
at stellar energies. This energy region is not accessible with present
experimental techniques and an extrapolation to E 0 is necessary.
The cross section σ ( E ) at low energies is typically expressed in
terms of the astrophysical S factor [10] deﬁned for this reaction
as:
√

S ( E ) = σ ( E ) Ee 650.35/

E

(1)

where E is in keV. Since the capture cross sections of the E1 and
E2 multipoles have different energy dependencies, one must have
an independent and precise information on the energy dependence
of each multipole cross section.
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A series of direct experiments with γ -ray detector arrays
(e.g. [11–15]) were carried out in the past years to constrain the
ground state transitions. Additional information can be derived
from measurements of the (α , α )-elastic scattering [16], the β delayed α -decay of 16 N [17–19], and the total cross section with
a recoil separator [20].
In addition to the ground state contributions, cascade transitions have to be considered whereas much less data are available.
The cascade transitions can proceed through a number of 16 O excited states and in particular transitions to the E x = 6.92 MeV
( J π = 2+ ) and 7.12 MeV ( J π = 1− ) have been observed in the
past [21,22].
A more detailed discussion of the various contributions is given
for example in the review of Buchmann and Barnes [23] where
a total S factor of S (300) = 145 keV b is recommended with an
uncertainty range of 25 to 35%.
Recently, the importance of the J π = 0+ state at E x = 6.05 MeV
in 16 O was emphasized [24]. This excited 0+ state decays exclusively by e+ e− transition (E0) to the 0+ ground state and only the
primary γ -ray line can be observed. This component was measured with the DRAGON recoil separator at TRIUMF, Canada, in
the energy2 region E = 2.22 to 5.42 MeV with a high eﬃciency
BGO γ -ray array in coincidence with the observed recoils. The data
have been analyzed with an R-matrix calculation and extrapolated
16
to the astrophysical energy region, S 6.05 (300) = 25+
−15 keV b. This
value is an additional contribution to the S (300) given in [23] and,
thus, a non-negligible part of the total S factor at helium burning
temperatures. Therefore, this cascade transition deserves a further
investigation in order to prove its importance for stellar evolution.
The DRAGON experiment [24] spanned a rather large energy
interval and is, due to the coincidence condition, one of the ﬁrst
reliable γ -ray measurements above E > 3 MeV in 12 C(α , γ )16 O. In
general data at high energies are important for reliable R-matrix
extrapolations to astrophysical energies, but the only existing direct γ -ray measurement at such energies so far was published
in 1964 [25] where a quoted absolute uncertainty of a factor 2
prevents any deﬁnite conclusion. However, the DRAGON measurement [24] suffered from low 12 C beam intensities, the moderate
energy resolution of the BGO crystals, and the limited acceptance
of the separator preventing an independent normalization to the
12
C(α , γ )16 O ground state transition. Some of these issues could
be overcome in the measurement reported here.
2. Experimental setup
The experiment was carried out at the ERNA (European Recoil
Separator for Nuclear Astrophysics) recoil separator at the Dynamitron – Tandem Laboratory of the Ruhr-Universität Bochum, Germany. A 12 C beam intensity of typically 5 pμA in the 3+ or 4+
charge state was used in the energy range E = 3.3 to 4.5 MeV.
Details of the experimental setup are as reported previously [26–
28]. Brieﬂy, a 12 C ion beam emerging from the tandem accelerator
was focused by a quadrupole doublet, ﬁltered by a 52◦ analyzing
magnet, and guided into the 75◦ beam line of ERNA by a switching magnet. A quadrupole doublet after the switching magnet was
used to focus the beam onto a 4 He windowless gas target. The
inner gas cell had a length of 40 mm and an areal density of
4 × 1017 atoms/cm2 . A Wien ﬁlter before the analyzing magnet
and another before the gas target provided the necessary ion beam
puriﬁcation from recoil-like contaminants [29]. The number of projectiles impinging on the target was determined through the elastic

2
All energies are given in the center-of-mass frame except where quoted differently.

Fig. 1. Gamma-ray detection array at the ERNA windowless gas target. In the sketch
the inner chamber is opened and the gas cell is visible. The two WS2000 roots
blowers below the gas target pumping the inner cell are not shown, while for the
next stages the TMH521 turbo pumps are depicted. For clarity, one TMH 521 has
been removed.

scattering yield observed in two collimated silicon detectors located in the target chamber at 75◦ with respect to the beam axis.
After the gas target, the separator consisted sequentially of the following elements: a quadrupole triplet, a Wien ﬁlter, a quadrupole
singlet, a 60◦ dipole magnet, a quadrupole doublet, a Wien ﬁlter, and the  E–E recoil detector. Finally, several steerers, Faraday
cups, and slit systems were installed along the beam line for diagnostic purposes.
The experimental procedures were basically identical to the
measurement of the total cross section of 12 C(α , γ )16 O with this
setup reported in [20]. The ERNA separator had full angle and energy acceptance along the length of the gas target for the 16 O
recoils, i.e. emitted from ground state and cascade transitions of
12
C(α , γ )16 O, over the entire energy range of the present experiment [28]. The γ -ray detection system was similar to the conﬁguration used for the 3 He(α , γ )7 Be measurement [30] described
in [31]: 6 identical 3 × 3 NaI detectors. The NaI detectors were
oriented perpendicular to the beam axis with a front face distance
of 60 mm and 3 detectors on each side of the windowless gas target, as shown in Fig. 1.
The data acquisition was based on a mixed FAIRVME bus [32].
The spectra of the NaI detectors and the  E–E telescope were controlled on-line, while the raw data were saved event-by-event on
hard disk for an off-line data analysis.
3. Data analysis
The trigger of the acquisition system was based on the signal from the end-detector. Therefore, only γ -ray events in coincidence with recoil-like signals have been acquired. The selection of the appropriate  E–E region for the 16 O recoils set further strong constraints on the identiﬁcation of γ -ray events from
the 12 C(α , γ )16 O reaction. The background from accidental coincidences between γ -rays and recoil events in this  E–E region was
estimated from γ -ray-recoil coincidences of the 12 C contaminants
in the  E–E matrix. This background was found to be negligible
at E γ > 3 MeV, i.e. the spectra were basically background free.
The γ -ray spectra were energy calibrated separately for each
detector. For this purpose radioactive γ -ray sources, 137 Cs and
60
Co, and the 12 C(α , γ )16 O ground state transition were used. During the course of the experiment the energy calibration was also
checked with the γ -ray lines from the 27 Al(p, γ )28 Si reaction. Both
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Fig. 2. Comparison of the γ -ray spectra at E = 4.2 MeV (ﬁlled circles) with the results of the ﬁt for the different contributions: total = black line, 6.05 MeV transition =
light gray shaded area, 6.13 MeV = red line, 6.92 + 7.13 MeV = lower black line, ground state = dark green line, background = dark shaded area. The lower panels
2
2
show the analysis with the 6.13 MeV cascade amplitude ﬁxed to zero (χred
= 2.33), while in the upper panels this amplitude is a free ﬁt parameter (χred
= 1.06). In each
row the upstream (left), central (middle), and downstream (right) detector pairs are shown. For clarity, the transitions to 6.92 and 7.12 MeV are displayed together, although
they have been ﬁtted separately. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this Letter.)

calibrations were found to be in good agreement. Different energy
binnings of the raw spectra were tested and a ﬁnal bin size of
100 keV was selected as a good compromise between energy resolution and statistics per bin. No systematic effect on the analysis
was observed. After calibration the spectra of the detector pairs
facing each other on both sides of the beam line were summed
and three spectra could be analyzed per energy data point, called
in the following downstream, central, and upstream spectrum, respectively.
The analysis of the γ -ray spectra was based on a GEANT4 [33]
simulation. The GEANT4 simulation included the experimental
setup with the NaI detectors and the target chamber. The origin
of the simulated γ -ray events was distributed along the beam axis
according to the measured gas pressure proﬁle [34]. The simulated
γ -ray energies were calculated from reaction energy, recoil energy
loss, and Doppler shift effects. The experimental detector energy
resolution (8% at E γ = 1 MeV) was used to extract a realistic spectrum. However, the total energy resolution was mainly determined
by Doppler shift. A set of simulated spectra was created for each
energy and included primary and secondary transition through the
6.13, 6.92, and 7.12 MeV states in 16 O. In order to take into account
the angular distribution of each transition all simulated spectra
were calculated independently for the three detector pairs. Since
a constant primary to secondary ratio of 1 was maintained in the
analysis 5 scaling parameters had to be ﬁtted for each transition.
This analysis procedure is based on the fact that the present setup
is suitable for an angle integrated measurement of the cross section as has been shown previously [31]. The ground state transition
and the transition to the 6.05 MeV 0+ state – primary only – were
treated differently since a strong angular distribution is expected.
E1 and E2 angular distributions have been simulated separately
allowing for an adjustment of the E2/E1 ratio through the scaling parameters. At energies above E = 4 MeV interference effects
in the angular distribution were included and calculated according to Barker and Kajino [35] using phase shifts from [16]: again
the E2/E1 ratio and the absolute strength were determined experimentally. The effects of γ –γ angular correlations are expected to

be small and, therefore, have been neglected in the simulation. The
uncertainty of the simulation for the present setup was estimated
to 5% from comparison of source measurements and GEANT4 simulation [31].
Finally, the simulated spectra of all transitions were combined
in a simultaneous ﬁt to the 3 experimental spectra at each beam
energy. The data were ﬁtted in the region E γ = 3.0 to 7.6 MeV
while at higher γ -ray energies only the integral of the ground state
transition was considered. The Maximum Likelihood method for
binned histograms was used in order to avoid biased results due
to the low statistics of the measurement. Altogether 19 parameters
were ﬁtted in this procedure leading to 125 degrees of freedom
(ndf) in the ﬁt for the bin size used here. The equivalent χ 2 value
was calculated for the best ﬁt to allow a comparison of the results.
The best ﬁt to the experimental spectra was obtained including contributions from all cascade transitions, i.e. through 6.05,
6.13, 6.92, and 7.12 MeV states as well as the ground state. A series of sample spectra at E = 4.2 MeV with the corresponding best
ﬁts is shown in Fig. 2. The sizable contribution of the 6.13 MeV
transition (Fig. 2 upper panels) is in contrast to the results of
the DRAGON analysis [24] where only a sporadic appearance of
this transition with no signiﬁcant inﬂuence was observed.3 We repeated the analysis setting the 6.13 MeV amplitude to zero in order
to compare the present results to the ﬁndings of [24]. The difference between the two approaches, i.e. analysis with and without
a 6.13 MeV amplitude, turned out to be always more than 5 standard deviations of the corresponding χ 2 distribution (ndf = 125).
The effect of the different analysis is demonstrated in Fig. 2, where
the lower panels show the best ﬁt without 6.13 MeV amplitude
2
(χred
= 2.33) while the upper panels include the ﬁt of this con2
= 1.06). From these results we conclude that the
tribution (χred
6.13 MeV cascade transition cannot be excluded from the analysis.
The 16 O structure information from literature [37] do not indi-

3
In fact, it was claimed [24] that the ﬁt at some beam energies could be improved by including this transition in the analysis.
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Table 1
S factor (in keV b) for the γ -ray cascade transitions through the 6.05, 6.13, 6.92, and 7.12 MeV states and the ground state transition. The 6.05 MeV and ground state
transition are split in E1 and E2 contributions (see text). Note only the results for the ﬁts including a 6.13 MeV amplitude are listed here. The quoted uncertainties include
statistical errors and uncertainties arising from the ﬁt. The energy is deﬁned as in [20], i.e. effective energy in the center of the gas target, with an uncertainty of less than
2 keV [36]. The effect of the energy uncertainty on the S factor is negligible. Systematic uncertainties, e.g. from simulation and total cross section measurement [20], are not
included.
E (MeV)

S 6E2.05 ( E )

S 6E1.05 ( E )

S 6.13 ( E )

S 6.92 ( E )

S 7.12 ( E )

E2
S gs
(E)

E1
S gs
(E)

2
χred

3.30
3.50
3.80
4.20
4.30
4.43
4.50

2.7 ± 0.4
3.0 ± 0.2
3.3 ± 0.5
7.7 ± 2.3
19.1 ± 1.5
1.3 ± 1.3
1.3 ± 1.0

< 0.7
< 0.3
< 0.7
< 0.3
1.8
0.3+
−0.3
2.6 ± 1.9
< 0.6

1.2 ± 0.4
1.2 ± 0.2
1.7 ± 0.3
3.9 ± 0.6
9.9 ± 1.5
6.8 ± 1.1
2.7 ± 0.6

20.4 ± 0.7
2.6 ± 0.3
2.7 ± 0.4
4.8 ± 0.3
10.7 ± 1.3
2.6 ± 0.8
1.1 ± 0.6

1.6 ± 1.1
1 .9 ± 0.3
2 .4 ± 0.4
4 .5 ± 0.3
6.1 ± 1.3
5 .1 ± 0.8
2 .9 ± 0.5

2.1 ± 0.1
2.2 ± 0.1
4.4 ± 0.2
36.2 ± 0.3
193.8 ± 1.0
160.0 ± 0.8
43.3 ± 0.7

< 0.2
0 .2
0.1+
−0.1
0 .3
0.1+
−0.1
0.8 ± 0.8
0 .8
0.5+
−0.5
< 0.9
1.0 ± 0.4

1.21
1.27
1.28
1.06
1.37
1.38
0.99

S 6.13 ( E ) > S 6.05 ( E ). In particular no larger scattering was observed
as one would expect in case the 6.13 MeV amplitude arises from
analysis artefacts.
Note that at energies around E ≈ 5 MeV the primary to the
6.05 MeV state as well as primary and secondary of the 6.13 MeV
transition, respectively, have approximately the same γ -ray energy.
As a consequence in inverse kinematics experiments the different
components cannot be distinguished in the γ -ray spectra due to
the large Doppler shift. Therefore, data points here are questionable and this energy region is almost inaccessible for a precise
analysis of the cascade transitions.
4. R-matrix analysis of the 6.05 MeV transition

Fig. 3. The astrophysical S factor of the transition in 12 C(α , γ )16 O from the present
work. Displayed are the transitions to the 6.05 MeV (E2 only, red ﬁlled circles),
6.13 MeV (purple stars), 6.92 MeV (blue triangles up), 7.12 MeV (green triangles
down) states, and the ground state transition (E2 only, black squares). For comparison the data from [24] are shown (open circles) as well as the total 12 C(α , γ )16 O S
factor from [20] (black line to guide the eye). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this Letter.)

cate a strong 6.13 MeV cascade contribution in the energy region
studied. However, the available experimental data are rather old
and often not published in all experimental details. As a consequence these early experiments might not have the sensitivity to
resolve a 6.13 MeV contribution from the other cascade transitions
and, therefore, it is not surprising that the literature information is
probably incomplete for the present case.
Another important result of the present experiment is that the
6.05 MeV amplitude is almost entirely E2 capture (Table 1) in
contrast to the results of the R-matrix calculation from [24] with
a dominating E1 contribution over the entire energy region. The
published data of [24] reveal no information on the E2/E1 ratio.
However, a strong E2 contribution is in agreement with a recent
theoretical study of the 6.05 MeV transition [38].
The astrophysical S factor data for all observed transitions are
displayed in Fig. 3 and listed in Table 1. In the overlapping energy interval the present 6.05 MeV transition data show a similar
energy dependence with respect to the DRAGON data [24], but
the absolute scale is about 50% lower. This discrepancy is mainly
due to the strength of the 6.13 MeV transition. Indeed, the sum
of the 6.05 and 6.13 MeV amplitude results in S factor values
very close to the DRAGON data. Moreover, the present 6.13 MeV
data exhibit a clear resonance structure around the 2+ resonance
with a smooth energy dependence while the 6.05 MeV transition shows the expected interference structure, e.g. a destructive
pattern on the high energy side of this resonance [24] where

The 6.05 MeV S factor data have been analyzed in the R-matrix
formalism. The corresponding R-matrix code was developed specifically for an analysis of the 12 C(α , γ )16 O reaction and is based on
an alternative parametrization [39] of the original R-matrix theory [40]. The code can use physical resonance parameters [39] and
is suited to ﬁt simultaneously the direct γ -ray data, the 16 N β delayed α decay, and the (α , α ) elastic scattering, respectively. The
details on the code and further results will be published elsewhere
[41].
In the analysis the ﬁt was restricted to the present 6.05 MeV direct γ -ray data and the l = 0 and l = 2 phase shift data from [16].
The present data predominantly show E2 multipolarity and, therefore, the ﬁt of the γ -ray data was based on l = 2 capture only. This
includes the J π = 2+ subthreshold state, three 2+ resonances at
E = 2.68, 4.36 and 5.86 MeV, a background pole, and direct capture. The resonance parameters, i.e. resonance energy, γ and α
width, were ﬁt parameters except for the narrow 2.68 MeV resonance where a ﬁxed γ width Γγ ,6.05 (2.68) = 1.9 MeV [37] was
used. In general, the resonance energies and α widths are basically
ﬁxed by the l = 2 phase shift. The results of the present ﬁt are in
good agreement with the values published in [42]. The E2 direct
capture contribution is determined by the reduced α width γ6.05
of the 6.05 MeV subthreshold state. This reduced width is strongly
constrained by the l = 0 elastic scattering phase shift and the R0.05
1/ 2
matrix analysis resulted in a best ﬁt of γ6.05 = 0.01+
−0.01 MeV
in perfect agreement with a previous analysis [42]. In the simultaneous ﬁt to capture and elastic scattering data the extrapolated
astrophysical S factor S 6.05 (300) spans a large range. Primarily this
is caused by the insensitivity of the ﬁt to the interference pattern
between DC and subthreshold state. As an example in Fig. 4 two
2
ﬁts with almost identical reduced χ 2 of χred
≈ 0.7 but different
interference pattern are presented together with the present data.
However, tests with all possible interference pattern never resulted
in values larger than S 6.05 (300) ≈ 1 keV b including all uncertainties from the ﬁt procedure. Therefore, we claim an upper limit
of S 6.05 (300) < 1 keV b for this transition. Larger values can only
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Fig. 4. The R-matrix analysis of the 6.05 MeV transition. The ﬁlled circles show the
present 6.05 MeV data (E2 only). The black solid and dashed lines represent two
best ﬁts with identical χ 2 but different interference pattern. The red dotted line is
a R-matrix calculation of the E1 component (see text for details). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this Letter.)

be retrieved with a signiﬁcant larger direct capture contribution
presently excluded by the elastic scattering data. Note the small
E1 contribution in the studied energy region is not in contradiction
with E1 contributions from known 6.05 MeV strengths [37] of two
1− resonances at E = 5.28 and 5.93 MeV and their interference
with the high energy tail of the E x = 7.12 MeV subthreshold 1−
resonance. Fig. 4 shows the calculation where the interference pattern were chosen to maximize S E1,6.05 (300). The strong rise of
the E1 component towards lower energies reported in [24] cannot
be veriﬁed in the present study: the E1 contribution to S 6.05 (300)
remains negligible.
5. Summary
In conclusion, the 6.05 MeV cascade transition in 12 C(α , γ )16 O
was studied with the ERNA recoil separator by means of γ -rayrecoil coincidences, delivering background-free γ -ray spectra in
the energy region above E  3.3 MeV. This energy region gives
strong constraints on the extrapolation of the astrophysical S factor for this transition and an R-matrix analysis of the present data
yielded an upper limit of S 6.05 (300) < 1 keV b. The large S 6.05 (300)
value found previously [24] is excluded by the present data and
R-matrix analysis. We conclude from the present work that the
6.05 MeV cascade transition in 12 C(α , γ )16 O has no astrophysical
relevance at stellar helium burning temperatures.
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