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1. Why 2+

2 in 12C?  
The Structure of the Hoyle State 
Stellar Helium Burning (Formation of 12C) 

 
2. The HIγS Facility: Real Photons 2 < Eγ  < 40 MeV 
      Iγ  ~ 5x108 γ /sec 
      ΔE ~ 2% 
 
3. The Detector: Optical Readout TPC (O-TPC) 
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Why Search For 2+2 in 12C 
The Structure of the Hoyle State, 1953?
1.  Deformed three alpha state?
     Rotational band built on it, Morinaga, 1956?
     Linear Alpha Chain, Brink 1966?
2.  Spherical, Low N limit of BEC? 
     Alpha Condensate?
     Efimov State?

3.  2+2 Predicted e.g. Descouvemont & Baye
     at 9.11 MeV; B(E2: 2+    gs) = 2 Wu

4.   2+2 Included in NACRE compliation
      x15 at T > 3 GK (Beyond Hoyle)

5.   2+2 Not Observed in beta-decay

6.   2+2 Observed in 12C(p,p’) and 12C(α,α’)



+ + +

                         arXiv.org > nucl-th > arXiv:1103.3940v1

B
(E

2) = ? 1.
6 

W
.u

Hoyle State (7.654 MeV): Low N Limit of Alpha-Condensate in 12C

12C



Descouvemont and Baye; PRC36(1987)54
     Deforemed 2+2 at 9.11 MeV in 12C
       B(E2: 2+2 → gs) = 0.5 - 2.6 W.u.
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contribution to this asymmetry and this observable therefore also
provides a sensitive test of the nuclear structure of the populated
states.

The β -decay of 12 N and 12 B to unbound states was measured in
two recent experiments [4,5] focusing on the existence of 0 + and
2+ unbound states in the vicinity of the threshold. These tran-
sitions are di�cult to measure because the branching ratios are
small, and the states break up into three α-particles leading to
complicated decay spectra. In [4,5] the 9–12 MeV region was de-
scribed as an interference between the 7.654 MeV 0 + state and
a higher lying 0 + state around 12 MeV, and no evidence was
found for population of a low lying, astrophysically signi�cant 2 +

state. The method applied in [4,5] excluded measurement of the
7.65 MeV �rst unbound state in 12 C due to the low energy cut-o�,
and therefore the interference pattern could not be fully measured.
These experiments also could not provide GT strengths to the iden-
ti�ed states due to lack of absolute normalisation.

On the theoretical side, there have been signi�cant advances
in the description o� ow-energy nuclear structure with the ad-
vent of ab initio methods, such as Green’s function Monte Carlo
(GFMC) [6] and the no-core shell model (NCSM) [7] . In a recent
NCSM study [8] potentials from chiral perturbation theory (ChPT)
were applied for the �rst time in the mid- p shell including three-
nucleon forces (3NF). This provides a promising and long awaited
bridge between nuclear structure and the underlying theory, QCD.
12 C is near the upper limit of the applicability of these gen-
eral approaches; its ground state energy has been calculated with
GFMC [6] , while NCSM can also provide excited states and a range
of observables [7,8] . Realistic nuclear potentials with 3NF tend to
have a much stronger spin–orbit (SO) interaction which is impor-
tant for mixing cluster and shell-model like structures, hence, GT
transitions provide a sensitive test of these calculations. The ex-
istence of cluster structure in the low energy states of 12 C has
also led to many studies using various built-in correlations; from
three-alpha calculations to methods capable of combining cluster
structure and shell-model like structure [9,10] . This cluster struc-
ture makes the description of 12 C a particular challenge for ab initio
methods.

The purpose of this Letter is to provide high precision experi-
mental GT strengths to states in 12 C above the 3 α break-up thres-
hold at 7.275 MeV, including the 7.65 MeV state. We use two com-
plementary experimental approaches to determine these branching
ratios. The results are compared with new state of the art NCSM
calculations as well as with existing calculations using other theo-
retical approaches.

2. Experiments

In the �rst approach we use the reactions 12 C( p, n)12 N and
11 B(d, p)12 B and the Isotope Separation On-Line (ISOL) method to
produce low energy beams of 12 N and 12 B and implant them in
a thin carbon foil in the centre of a large solid angle, segmented
Si detector array, which permits measurement of the energy and
momentum of each α-particle emitted in the decays. These mea-
surements were carried out at the IGISOL facility of the Jyväskylä
Accelerator Laboratory (JYFL) [12] . The detector array consisted of
three Double Sided Silicon Strip Detectors (DSSSDs) in a horseshoe
formation. Each detector has 16 × 16 strips on an active area of
50 × 50 mm 2 and a thickness of 60 µm. The DSSSDs were cal-
ibrated using both online and o�ine sources. O�ine 148 Gd and
241 Am sources were used for the energy calibration, and an online
source of 20 Na produced in the reaction 24Mg( p, nα )20 Na was used
both to test the energy calibration, but also to check the energy
loss in the foil and detector dead layer [13] . A Ge-detector was in-
cluded in the measurements to make it possible to extract absolute

Fig. 1. Decay spectra for 12 N and 12 B from the two experiments. The branching
ratio per bin, which is determined by two complementary methods in the two ex-
periments, is shown as a function of 3 α energy.

branching ratios and log f t values by using the known branching
ratio to the 4.44 MeV state of 12 C and counting the number of de-
tected 4.44 MeV gamma-rays. The same experimental method but
without the Ge-detector and only two DSSSDs has previously been
used in experiments at JYFL and at CERN-ISOLDE, but never mea-
suring both 12 N and 12 B in the same setup [4,5] .

In Fig. 1 triple-alpha spectra for the decay of 12 N and 12 B are
shown. These have been constructed by adding the energy of three
detected α-particles, correcting for detection e�ciency, and bring-
ing to an absolute scale using the data from the Ge-detector. Note
that the detection e�ciency is strongly dependent on the kine-
matics of the break-up. Hence decays via the 8Be ground state and
decays through excited states in 8Be are separately corrected for
detection e�ciency; see [14,15] for details. More than 90% of the
decays of the 8–12 MeV region are via the ground state of 8Be
while for the 13–16 MeV region the fraction of decays via excited
states in 8Be is higher.

The second approach for measuring branching ratios is based
on implanting the 12 N and 12 B nuclei in a detector. This experi-
ment was performed at the Kernfysisch Versneller Instituut (KVI),
Groningen. At this facility beams of 12 N and 12 B were produced
using the same reactions as at JYFL, but in inverse kinematics. The
separator of the TRIµP facility [16] �ltered the beam for contam-
inants and defocused the beam to match the surface area of a
48 × 48 strip detector with an active area of 16 × 16 mm 2 [17,18] .
With a detector thickness of 78 µm, α-particles from the decay of
a nucleus implanted in the centre of the detector will deposit all of
their energy inside the detector. The advantage of the implantation
technique is that the number o� mplanted 12 N and 12 B nuclei can
be counted, and the triple-alpha sum energy is measured directly.
It is also possible to probe the spectra at very low energies, be-
cause detector deadlayer e�ects are avoided. The drawback is that
the information about the correlations between the emitted parti-
cles is lost when only the sum energy of the emitted α-particles
is measured.

The resulting decay spectra for 12 N and 12 B are also shown in
Fig. 1 . In this case the ordinate is simply the fraction o� mplanta-
tions having a subsequent decay in the same pixel of the detector.

The absolute normalizations of the JYFL data and KVI data are
in good agreement in the region of overlap. The KVI data extend to

S. Hyldegaard et al.; Phys. Let B678(2009)459.
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FIG. 2. (Color online) 12C excitation energy spectrum measured
at θlab = 28? . Contaminants from 16O (O) and 13C (C) are indi-
cated. The red line corresponds to line shapes including the broad
10.3 MeV 0+ , 10.84 MeV 1− , and 11.83 MeV 2− states, i.e., without
an additional 2+ contribution included.

is the dominant contribution at this excitation energy. There is
agreement across the range of excitation energies in the 10?
and 28? data, indicating, as expected, that at these angles it is
the broad 0+ state that dominates. The 16? data give a clear
indication of an extra component above 9 MeV.

To attempt to characterize the enhancement observed in
Fig. 3, the 16? spectrum has been compared with peak
components corresponding to the 9.64 ( = 42 keV), 10.84,
and 11.83 MeV states. The extraction of the broad 0+ strength
is complicated. Here, the 0+ line shape was extracted from the
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FIG. 3. (Color online) Three excitation energy spectra measured
at θlab = 10? (blue), 16? (red), and 28? (black). The three spectra
have been normalized to the area of the 7.65 MeV 0+ peak. The
continuum part of the data at 10? and 28? has approximately the
same magnitude, whereas the 16? data show an enhancement close
to 9.6 MeV, which is evidence for an additional component in
the excitation energy spectrum.
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FIG. 4. (Color online) 16? data. The blue solid line and red dashed
lines correspond to line shapes with and without the 2+ contribution
included. In both cases, the broad 0+ strength is fixed by the yield at
8.4 MeV and the strengths of the peaks at 9.64, 10.84,, and 11.83 MeV
adjusted to fit the data. Note that the curve that omits the assumed 2+

strength does not fit the data. The shaded region corresponds to the
R -matrix-generated 2+ line shape. The data points with associated
error bars correspond to the calculated excess yield between 8.8 and
10.6 MeV from 16O contaminants in the target from measurements
with carbon and Mylar targets at 200 MeV. The background strength
does not account for the observed excess yield in the present data.

10? data. In this way, it also includes the known interference
with the 7.65 MeV state. This line shape is also found to
reproduce the data at 28? (Fig. 2). In Fig. 4, this has been
normalized to the region around E x = 8.4 MeV (as suggested
by Fig. 3). As expected from Fig. 3, these components do
not describe the data above 9 MeV. The second line shape,
which does fit the data well, includes an additional component
of an R -matrix prediction for a 600 keV wide 2+ resonance
located at 9.6 MeV. As the resonance is located close to the
L = 2 centrifugal barrier, it has a rather asymmetric shape.
This additional component produces a good description of
the data. Figure 1 also shows the angular dependence of the
yield for three parts of the 12C excitation energy spectrum,
labeled 1–3. In region 1, the trend follows that of the 7.65 MeV
state. In regions 2 and 3, the minimum in the angular distribu-
tions is less evident, indicating an additional component with
a different spin. These three analytical approaches all indicate
that the data are not described by known components.

A further important question is whether there are back-
grounds that can describe the broad features in the present
data. From an analysis of the correlations between the detection
angle and position at the focal plane, it is possible to eliminate
contributions from narrow states that are not kinematically
corrected, e.g., elastic scattering from hydrogen in the target.
Inelastic scattering from the 13C target shows that the peak
close to E x = 7.5 MeV arises from the 7.55 MeV, 5/2−
state. All other contributions at higher excitation energy were
smaller by a factor of 10 (i.e., too small to account for
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Beta Decay Experiments 
12C(p,p’) Experiments 
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Gamma Beams are Ideal: No 0+(gs)  →  0+ 
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uncertainty in the gas temperature are included in the error bars. Also contributing are

small systematic uncertainties from angular cuts and event identification efficiencies, which

vary from point to point. Error bars on the individual data points were propagated to

uncertainties in the resonance parameters. A 20 keV systematic uncertainty in the γ-ray

beam energy is included in the uncertainty of the resonance energy and width.

Although the 2+
2 state in 12C was predicted more than 50 years ago as an excitation

of the Hoyle state [11], it has not been definitively identified until now. Using the inverse

12C(γ,α)8Be reaction has removed background from the overlapping 0+ and 3− states, and

the complete angular distributions possible with the HIγS O-TPC have allowed for extraction

of the E2 component and identification of the 2+
2 state. This has broad implications for the

models of the structure of the Hoyle state [25].

Core-collapse supernovae as well as various other astrophysical scenarios can produce a

dense, helium-rich environment with a temperature well above 109 K. Under these conditions,

states in 12C above the Hoyle state will greatly influence the triple-α reaction rate [6–10].

Fig. 4 shows the triple-α reaction rates calculated for temperatures up to 1010 K. The

NACRE rate includes contributions from the Hoyle state, the 3− state at 9.64 MeV, and a

theoretical 2+ state at 9.12 MeV with Γα = 34 keV and Γγ = 2 meV [26]. The HIγS reaction

rates were calculated using the same formalism and resonances as in NACRE, except the

present experimentally measured 2+ state was substituted for NACRE’s theoretical state.

TABLE I. HIγS measurements of 2+ resonance parameters. Results are shown from fits to both a

single resonance as well as two 2+ resonances. γ2
α/γ2

W is the ratio of the reduced alpha width to

the Wigner limit [39]. B(E2) values are for transitions from the 2+ state to the ground state.

Eres Γα(res) Γγ0(res) γ2
α/γ2

W B(E2)

(MeV) (keV) (meV) (W.u.)

Single
10.11(4) 907(58) 63(5) 0.72(7) 0.44(4)

Res.

Two 9.98(5) 759(61) 47(5) 0.67(10) 0.35(4)

Res. 11.16a 430a 103(31) 0.16a 0.44(14)

a Resonance parameters for a possible 2+ at 11.16 MeV were taken from [27].
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