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THE HOYLE STATE OF 12C
NUCLEUS IN THE 14N(𝛾, np)3𝛼 REACTION

The distributions over the excitation energies of the systems of two and three 𝛼-particles in the
14N(𝛾, np)3𝛼 reaction have been analyzed. In the 2𝛼-particle distribution, a channel of the 8Be
nucleus formation in the ground state is revealed and resolved. For the events corresponding to
this channel, a distribution of events over the excitation energy of three 𝛼-particles is plotted. A
maximum is found in the near-threshold 3𝛼-particle region, which can correspond to the Hoyle
state of 12C nucleus. Events corresponding to the partial channel of the 14N(𝛾, np)12C*(0+)
reaction with the subsequent two-particle decay 12C* → 𝛼 + 8Be(0+) are separated, and the
energy and angular distributions of 𝛼-particles at each decay stage are analyzed. The channel
of 12C nucleus formation in the Hoyle state in photonuclear reactions has not been identified
earlier.
K e yw o r d s: photonuclear reactions, 4𝜋-detector, ground state of 8Be nucleus, Hoyle state
of 12C nucleus.

1. Introduction
The Hoyle state of 12C nucleus (HS) with 𝐸0 =
= 7.65 MeV and 𝐽𝜋 = 0+ plays a special role in
nucleosynthesis; in particular, it governs the elemen-
tal composition of the Universe [1, 2]. Calculations
performed in the framework of the shell model do
not reproduce the internal structure of the HS [3],
and the proximity to the 𝛼-particle threshold al-
lows the HS to be taken as an ideal candidate for
studies in the framework of the 𝛼-cluster nuclear
model. The HS is believed to exist as a system of
three 𝛼-particles, but a wide set of other geometric
configurations were considered in numerous theoreti-
cal studies [4–9].

Immediately after its experimental discovery, it was
assumed [4] that the HS could be a linear chain
of three 𝛼-particles. According to this hypothesis,
the HS could be the first element of the rotational
odd-positive band. However, this hypothesis was dis-
carded experimentally in work [5]. According to the
predictions of the algebraic cluster model, the 𝛼-
particles in the HS are located at the vertices of
an equilateral triangle [6, 7]. In this case, each of
them is expected to possess almost the same en-
ergy. In the framework of fermionic molecular dynam-
ics, the HS is simulated as the triangular configura-
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tion 𝛼 + 8Be [8, 9]. It was also suggested that the HS
can be a nuclear analog of the atomic Bose–Einstein
condensation [10], in which the 3𝛼-system is suffi-
ciently diffusive for the bosonic origin of the 𝛼-particle
to dominate. The simulation of a no-core lattice using
the chiral effective field theory [11] predicts that three
𝛼-particles have to be located at the vertices of an
obtuse triangle. Despite huge differences in their for-
mulations and predicted HS structures, each of those
models can successfully explain various experimental
observations.

The body of experimental studies of HS is rather
large [12–16]: various reactions with various detec-
tion systems were analyzed. A specific feature of the
events responsible for the HS formation is the cir-
cumstance that all three 𝛼-particles are confined in
a narrow geometric cone. Therefore, detectors capa-
ble of simultaneously detecting several particles, but
under restricted geometric conditions, were mainly
selected for the experiments. The reactions of elas-
tic scattering of deuterons and 𝛼-particles [12–15]
were mainly used to analyze the energy correla-
tions between 𝛼-particles. Certain energy distribu-
tions of 𝛼-particles were assumed to testify to cor-
responding structural features of the HS. In partic-
ular, the decay of three 𝛼-particles with the same
energies is related to the 𝛼-condensate structure,
whereas the decay with two energy-equal particles
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is related to the long-discussed linear-chain struc-
ture. At the same time, the supposed direct relation
between the energy distribution and the structure
was disputed in work [15], where it was suggested
that only the accurate measurement of the energy
distribution on the Dalitz plot can provide a sensi-
tive test of structural models. Furthermore, in work
[16], angular distributions were also added as the an-
alyzed variables of the almost medium-free reaction
(the 𝛽-decay of 12N).

It should be noted that experimental works mainly
concern reactions of the type A(a,b)12C* with
charged incident particles. There are practically no
studies aimed at researching the HS in photonuclear
reactions invoked by the electromagnetic interaction,
although the properties of the latter have been stud-
ied well in detail. In photonuclear reactions rather
than in reactions under the influence of neutrons and
charged particles, it is easier to distinguish the ef-
fects of nuclear structure from the mechanisms of its
excitation. A gamma quantum introduces a low mo-
mentum into the nuclear system, which allows the in-
teraction between nucleons and cluster substructures
to be studied at short internucleon distances. Howe-
ver, for example, earlier, the experimental resolution
of the HS in the reaction 12C(𝛾,3𝛼), which is inverse
to the (𝛾,3𝛼)12C* one, was complicated because of a
specific kinematic configuration.

In this work, the 14N(𝛾,np)3𝛼 reaction has been
studied at energies up to the meson threshold. The
experiment was carried out using a track 4𝜋-detector
(a diffusion chamber in a magnetic field 1.5 T in
strength). The chamber was exposed to a beam
of bremsstrahlung photons with a final energy of
150 MeV. A low density of the medium in the cham-
ber and the application of the magnetic field allowed
the kinematic parameters of all charged particles to
be measured in wide energy and angle intervals. The
chamber operated in a mode that made it possible to
visually distinguish single- and double-charged parti-
cles by comparing the ionization density and the track
width after measuring its curvature radius. The work-
ing area of the diffusion chamber was photographed
with the help of a two-lens stereo camera.

The selection technique and some results obtained
for this reaction were reported earlier [17]. The mul-
tiparticle reaction character made it possible to elim-
inate the uncertainty associated with the kinematic
conditions of HS registration. In this work, we present

Fig. 1. Distribution of events over the excitation energy of
two 𝛼-particles (𝑎). The ground state of the 8Be nucleus (𝑏).
Distribution of events over the excitation energy of the system
of three 𝛼-particles (𝑐)

the energy and angular distributions of 𝛼-particles in
the partial channel of the 12C nucleus formation in
the Hoyle state.

2. The Channel of the 8Be
Nucleus Formation in the Ground State

The excitation energy for a pair of 𝛼-particles was
determined according to the formula

𝐸𝑥(𝛼𝛼) = 𝑀 eff(8Be)− 2𝑚𝛼, (1)

where 𝑀 eff(8Be) is an effective mass equal to the total
energy of a pair of 𝛼-particles in their rest coordinate
frame, and 𝑚𝛼 is the mass of 𝛼-particle.

The distribution of events over 𝐸𝑥(𝛼𝛼) is shown
in Fig. 1, 𝑎 (here, the histogram step was taken to
equal 0.25 MeV). Since 𝛼-particles are indistinguish-
able, a preliminary selection of 𝛼-particles forming a
pair as a result of the 8Be nucleus decay is impos-
sible. Therefore, all possible combinations of 𝐸𝑥(𝛼𝛼)
were calculated for every reaction event, and all ob-
tained values are presented in the figure.

The experimental distribution was compared with
the phase distribution

𝑓(𝐸𝑥) ∝ 𝐸
3
2𝑘−

5
2

𝑥 (𝐸max
𝑥 − 𝐸𝑥)

3
2 (𝑛−𝑘)−1, (2)
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where 𝐸max
𝑥 is the maximum energy in the system

of two 𝛼-particles, which is equal to the total energy
of the system in the center-of-mass coordinate frame
minus the reaction threshold. In our case, 𝑛 = 5 and
𝑘 = 2. The phase distribution was calculated for the
bremsstrahlung beam by summing up the distribu-
tions obtained for narrow intervals, where the energy
of 𝛾-quantum was assumed to be constant. The area
under the phase curve was normalized by the number
of events per each interval. The resulting phase distri-
bution is shown in Fig. 1, 𝑎 by a dashed curve. The
difference between the experimental and phase dis-
tributions, especially at 𝐸𝑥 < 0.25 MeV, allowed us
to conclude that excited states of 8Be nucleus were
formed in the considered reaction.

The maximum at 𝐸𝑥 < 0.25 MeV in Fig. 1, 𝑎
is shown in a narrower interval in Fig. 1, 𝑏 by cir-
cles calculated with a smaller step – 15 keV. Statis-
tical errors are also indicated by vertical bars. Fit-
ting those data using the Gaussian distribution (the
solid curve in Fig. 1, 𝑏) gave the peak position at
𝐸0 = 0.096 ± 0.005 MeV and the half-height peak
width Γ = 0.064 ± 0.011 MeV. From spectromet-
ric measurements [18], it is known that the ground
state (GS) parameters of 8Be nucleus are 𝐸0 =
= 0.092 MeV, Γ = 5.57 eV, and the quantum num-
bers 𝐽𝜋 = 0+. The maximum positions (the exper-
imental value and the value obtained in work [18])
coincide within the error limits. Therefore, the con-
centration of events around an energy of 0.1 MeV can
be explained by the formation of 8Be nucleus in the
GS. Because of an insufficient energy resolution and
a low statistical reliability, the accurate determina-
tion of the GS parameters was not a task of this ex-
periment. The experimentally observed width of state
had an instrumental origin.

Only one of three possible 𝛼𝛼-combinations gives
the main contribution to the observed maximum, and
events in which one of the 𝛼-particle pairs corre-
sponds to the formation of 8Be nucleus in the GS can
be reliably identified. For events with several possi-
ble combinations in this energy interval, the pair for
which the 𝐸𝑥-value was closest to 𝐸0 = 0.092 MeV
was selected as the resonance one. The relative con-
tribution of the partial channel 14N(𝛾, np)𝛼 8Be0 was
20.85%. The 𝛼-particles corresponding to the forma-
tion of 8Be in the GS were denoted as 𝛼2 and 𝛼3,
whereas the 𝛼 particle accompanying 8Be nucleus was
denoted as 𝛼1.

3. Excitation Energy
of the System 𝛼 + 8Be0
For the channel of the 8Be nucleus formation in the
GS, the excitation energy of the 3𝛼-particle system
(𝛼1 +

8Be0 → 3𝛼) was determined using the formula

𝐸𝑥(3𝛼) = 𝑀 eff(3𝛼)− 3𝑚𝛼, (3)

where 𝑀 eff(3𝛼) is an effective mass that is equal to
the total energy of three 𝛼-particles in their rest co-
ordinate frame. The distribution over 𝐸𝑥(3𝛼) is pre-
sented in Fig. 1, 𝑐 in the form of a histogram with
a step of 0.5 MeV. The distribution demonstrates a
structure with a few maxima.

The experimental distribution was compared with
the phase one calculated via formula (2) with 𝑛 = 5
and 𝑘 = 3 (the dashed curve in Fig. 1, 𝑐). The dif-
ference between the experimental and phase distri-
butions may testify to the formation of the excited
12C nucleus. The position of the first maximum, at
𝐸𝑥(3𝛼) < 8.0 MeV, agrees with the data of work
[19] concerning the narrow 0+ state of 12C nucleus
with 𝐸0 = 7.654 MeV, which is called the Hoyle state
(HS) in the literature and plays a special role in as-
trophysics. The resonance width observed in this ex-
periment has an instrumental origin.

The events corresponding to the partial channel of
HS formation are separable so that the reaction is re-
duced to the three-particle one, 14N(𝛾, np)12C*, with
the identification of 𝛼-particles in two-particle pro-
cesses

12C* → 𝛼1 +
8Be0 → 𝛼1 + 𝛼2 + 𝛼3.

The application of the 4𝜋-detector in the experiment
and the identification of the sequential two-particle
decay channel made it possible to analyze the an-
gular and energy distributions of 𝛼-particles at each
decay stage. The relative HS yield in the reaction
14N(𝛾, np)3𝛼 equals 11.77% of the number of events
in the partial channel of the 8Be nucleus formation in
the GS.

4. Energy and Angular
Distributions for the Channel of the 12C
Nucleus Formation in the Hoyle State

In Fig. 2, 𝑎, solid circles are used to exhibit the de-
pendence of the number of events on the escape an-
gle of 12C nucleus, Θ(12C), in the center of mass
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coordinate frame for the reaction in whole. Hereaf-
ter, the circles are drawn in the middle of the his-
togram steps, and vertical bars mark statistical er-
rors. The quantization axis in the reaction system was
directed along the 𝑂𝑋 axis. The figure demonstrates
that the HS yield is strongly asymmetric, with a max-
imum at 61.74 ± 3.75∘ and with a half-height width
of 42.74 ± 7.53∘ (in Fig. 2, 𝑎, the solid curve is the
fitting Gaussian function). Such information can be
useful for planning further experiments and selecting
optimal geometric conditions.

Figure 2, 𝑏 shows the differential cross-section
𝑑𝑁/𝑑Θ in the rest coordinate frame of the system
𝛼1 + 8Be. The results are depicted as hollow trian-
gles. At this decay stage, the 𝛼-particle and 8Be nu-
cleus have the quantum characteristics 𝐽𝜋 = 0+. The
obtained results were fitted with a linear function (the
solid line), and it was found that its slope almost
equals zero within the error limits. This fact made
it possible to conclude that the quantum character-
istics 𝐽𝜋 = 0+ is also valid for 12C nucleus, which
agrees with the data of spectroscopic studies for the
Hoyle state.

Figure 2, 𝑐 illustrates the dependence of the param-
eter Θ12 on the parameter Θ13, which are defined as
the separation angles between the 𝛼1-particle and the
𝛼2- and 𝛼3-particles, respectively. In the rest coordi-
nate frame of 12C nucleus, the sum of all separation
angles has to equal 360∘. In the framework of the clus-
ter model with the 𝛼-particles located at the vertices
of an equilateral triangle, the events must be con-
centrated near the point with the coordinates (120∘,
120∘). As can be seen from the figure, the experi-
mental results do not confirm this assumption. Most
likely, the data demonstrate the obvious dominance
of the 𝛼1 + 8Be configuration, where the 𝛼2- and
𝛼3-particles with a small separation angle correspond
to the formation of 8Be nucleus. It is also worth not-
ing that the distribution has a certain cone-like shape
(the solid lines in Fig. 2, 𝑐 mark the corresponding
cone boundaries) that expands toward large angles.

The relative energies of 𝛼-particles were deter-
mined as the ratios

𝜀id =
𝑇id

𝑇0
, (4)

where 𝑇0 is the sum of the kinetic energies (𝑇 ) of
𝛼-particles, and id = 1, 2, 3 is the 𝛼-particle identi-
fier. In the literature, owing to the identification un-

Fig. 2. Event distribution over the escape angle of the 12С
nucleus in the Hoyle state (𝑎), dependence of the differential
cross section on the escape angle of the 𝛼1-particle for the
𝛼1 + 8Be0 system (𝑏), and correlation between the divergence
angles between the 𝛼1- and 𝛼2-particles (Θ12) and the 𝛼1- and
𝛼3-particles (Θ13) (𝑐)

certainty, it was adopted to enumerate the 𝛼-particles
according to their energy sequence 𝑇1 > 𝑇2 > 𝑇3. In
our experiment, where the 𝛼1-particle could be reli-
ably identified, this assumption about the energies of
𝛼-particles was verified, and it was found that, re-
ally, the 𝛼1-particle mainly possessed the maximum
energy (it was not the case only in 1.2% of events
and observed at low HS excitation energies). Two 𝛼-
particles composing 8Be nucleus in the GS were also
sorted with respect to their energies.

Figure 3, 𝑎 demonstrates the distributions of the
number of events over the energy differences 𝜀𝑖 −
− 𝜀𝑘, where 𝑖 and 𝑘 are indices enumerating the 𝛼-
particles. It should be noted that the distributions
over the energy differences between the neighbor
pairs – these are 𝜀1−𝜀2 (hollow triangles) and 𝜀2−𝜀3
(hollow squares) – are concentrated near the thresh-
old value, with the maximum positions at 0.2. At
the same time, the distribution over the difference
𝜀1 − 𝜀3 (solid circles) extends from 0.15 to 0.55, with
the maximum at about 0.5. Thus, for example, in the
direct mechanism case (without the formation of a
transient excited 8Be nucleus), these values are ex-
pected to be at a level of about 0.33 (if the particles
equally share the decay energy) or there arises a max-
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Fig. 3. Event distribution over the difference between the
relative energies of 𝛼-particles (𝑎) and Dalitz diagram for the
12С nucleus in the Hoyle state (𝑏)

imum at 0.67 (if one 𝛼-particle escapes in the opposite
direction to other twos).

The experimental data in Fig. 3, 𝑎 are compared
with the result of Monte Carlo simulation [13] per-
formed in the assumption of 100% sequential decay
(the solid curve). One can see their qualitative coin-
cidence, including the predicted maximum value.

Details of the mechanisms of the Hoyle state decay
into three 𝛼-particles can be studied with the help of
the symmetric Dalitz plot. This technique is partic-
ularly suitable for the geometric visualization of the
decay into three particles with identical masses and
makes it possible to illustrate the population of the
available phase space at three-body decays. If the de-
cay is a true direct 3-particle decay, the distribution of
events in the Dalitz diagram must be uniform. Howe-
ver, as a rule, 3-particle decays occur via resonances,
i.e., the excited particle decays into a resonance and
a particle, and then the resonance, in turn, decays
into two other particles. In this case, the distribution
of events in the Dalitz diagram reveals an essentially
non-uniform structure, with an increased concentra-
tion of events in the region of invariant masses co-
inciding with the resonance masses. The Dalitz dia-
gram is a convenient tool for studying the dynamics
of 3-particle decays.

The Cartesian coordinates for plotting a Dalitz di-
agram can be obtained as follows [15]:

𝑋 =
√
3(𝜀𝑗 − 𝜀𝑘), 𝑌 = 2𝜀𝑖 − 𝜀𝑗 − 𝜀𝑘. (5)

By definition, the sum of the relative energies of three
𝛼-particles equals 1. In our experiment, the contribu-
tion of each component can be evaluated from the
general plot. In Fig. 3, 𝑏, solid circles represent the
dependence when the 𝑋 coordinate was calculated
using the 𝛼2- and 𝛼3-particles. As one can see, the
values are concentrated at (𝑋,𝑌 ) > 0, which provides
an additional criterion for distinguishing a pair of 𝛼-
particles forming 8Be nucleus in the GS. For other
combinations (hollow circles), either of 𝑋 or 𝑌 is neg-
ative. The Dalitz distribution confirms the presence
of a transient excited particle (8Be).

5. Conclusions

Using the track 4𝜋-detector method (a diffusion
chamber arranged in a magnetic field on the way of
a beam of bremsstrahlung photons with the final en-
ergy 𝐸max

𝛾 = 150 MeV), the reaction 14N(𝛾, np)3𝛼
has been studied. The distributions of events over the
excitation energy of 2 and 3 𝛼-particles were ana-
lyzed. For the 2𝛼-particle distribution, a channel of
the formation of 8Be nucleus in the ground state is
revealed and resolved. For the events corresponding
to this channel, the distribution of events over the
excitation energy of three 𝛼-particles is plotted. A
peak is detected in the near-threshold 3𝛼-particle
region, which can correspond to the Hoyle state of
12C nucleus. Thus, a partial channel of the reaction
14N(𝛾, np)12C* with the subsequent two-particle de-
cay of 12C* into 𝛼1 + 8Be0 is distinguished. The en-
ergy and angular distributions of 𝛼-particles at vari-
ous formation stages are analyzed. The angular distri-
butions in the center of 12C nucleus mass coordinate
frame are found to be isotropic, which allowed a con-
clusion to be drawn that the quantum characteristics
of 12C nucleus are 𝐽𝜋 = 0+. It is also shown that the
energy of the 𝛼-particle accompanying the formation
of 8Be nucleus in the ground state is maximum. The
channel of the 12C nucleus formation in the Hoyle
state has not been identified earlier in photonuclear
reactions.
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С.М.Афанасьєв

СТАН ХОЙЛА ЯДРА 12C В РЕАКЦIЇ 14N(𝛾, np)3𝛼

Для реакцiї 14N(𝛾,np)3𝛼 виконано аналiз розподiлiв за
енергiєю збудження 2𝑥 i 3𝑥 𝛼-частинок. В 2𝑥 𝛼-час-
тинковому розподiлi виявлено i видiлено канал утворен-
ня основного стану ядра 8Ве. Для подiй, що вiдповiдають
цьому каналу, побудовано розподiл за енергiєю збудження
трьох 𝛼-частинок. У бiляпороговiй 3𝛼-частинковiй областi
виявлено максимум, який може вiдповiдати стану Хойла
ядра 12C. Видiлено подiї, що вiдповiдають парцiальному ка-
налу реакцiї 14N(𝛾,np)12C*(0+) з наступним двочастинко-
вим розпадом 12C* на 𝛼+ 8Ве(0+), i виконано аналiз енер-
гетичних i кутових розподiлiв 𝛼-частинок на кожному етапi
розпаду. Ранiше у фотоядерних реакцiях канал утворення
стану Хойла ядра 12C не видiлявся.

Ключ о в i с л о в а: фотоядернi реакцiї, 4𝜋-детектор, основ-
ний стан ядра 8Ве, стан Хойла ядра 12C.
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