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• Rare isotope Accelerator complex for ON-line experiment
• First heavy ion accelerator in Korea
• Built to study the nuclear symmetry structure, 
• Can produce very asymmetric rare isotopes at E=10 — 100 MeV/u at high 

intensity
• Commissioning starts next year for low energy stable beam sectors - O(10) MeV
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RAON



 clusters in nucleiα
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• Ikeda diagram for  
conjugate nuclei

α

•  cluster structure in 12Cα



Hoyle state in 12C
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The triple alpha process 

• Hoyle state (E=7.65 MeV) hypothesized by Fred Hoyle in 1950s to explain 
the stellar abundance of carbon, and later confirmed by many experiments

• Several literature suggests that the Hoyle state is composed of dilute gas 
state of 3  clustersα



BEC state
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• A macroscopic quantum state formed by correlation 
of bosons at the same ground state

• Nobel winning discovery of BEC state in dilute atom 
gas at O(100)nK temperature 

• Cornell, Kettlerle, Weiman



Theoretical background
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• THSR model  [PRL87.192501 (2001)]
• Tohsaki, Horiuchi, Schuck, Ropke
• Suggests that alpha cluster may retain the 

boson identity if clusters are far separated 
from each other

• Possibly happens for 8Be, 12C and 16O14 Page 4 of 15 R. Smith et al.
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Fig. 1 Contour map of the energy surface E3!(B, b) for 12C. The colour map and contour lines denote the binding energies.
Data and formulation were obtained from reference [9]. The circle represents the minimum in the energy surface and the triangle
marks a saddle point
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Fig. 2 Comparison of the intrinsic nucleon densities of the 8Be ground state calculated using the Brink wave function (left) and
THSR wave function (right). Calculations extracted from reference [26]

The qualitative similarities and differences between the Brink Alpha Cluster Model and the THSR approach
can be seen in Fig. 2, which shows the intrinsic nucleon densities calculated for the 8Be ground state. The
Alpha Cluster Model effectively places !-particles at fixed points in space, giving a 2! dumbbell structure, with
an ! separation around 4 fm. The THSR model also predicts a similar dumbbell structure. However, apparent
stronger repulsion at shorter distances is seen and broad tails appear at larger radii where the Coulomb repulsion
is weaker.

One way to explore the possibility of an !-condensate-type state arising from the THSR approach is to
decompose the calculated Hoyle-state wave function into the single !-particle orbitals. Given that the Hoyle
state has a large volume, the influence of antisymmetrisation between the !-particles should be significantly
weakened. In agreement with this picture, the !-particle occupation probabilities for the ground and Hoyle state
are very different [27]. There is a 70% overlap of the Hoyle state THSR wave function with three !-particles
in the lowest 0s-orbital, meaning that the Hoyle state is well approximated by the ideal Bose gas picture.
Conversely, the ground state of 12C is strongly fragmented across s, d and g levels, consistent with the shell
model. It should be reiterated here that the THSR approach does not advocate that the Hoyle state is a pure
!-condensate; the fact that there is a 30% contribution from other orbitals than the 0s indicates that the Pauli
Exclusion Principle still plays a significant role.

• Saddle point 

• Hoyle state candidate b ~ 1.4 fm, B ~ 14 fm

• Large volume makes 12C dilute alpha cluster 
gas system

The Hoyle Family Page 5 of 15 14
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Fig. 3 Comparison of experimental and calculated inelastic form factors. The solid red line shows the THSR prediction [29], the
solid blue line, shifted to slightly higher values of q , shows the FMD prediction [12]

3 Probing the Charge Distribution

One way to experimentally probe the structure of the Hoyle state is to measure the charge distribution through
inelastic electron scattering [21–24]. As mentioned in Sect. 2, a key prediction of the THSR model is that
an !-condensate-type state only occurs for volumes much larger than that of the ground state. Therefore,
measuring the overlap between the ground and Hoyle states should be a sensitive probe of their structures.

Since the electromagnetic interaction is fully understood, the only unknowns in describing this type of
reaction are the nuclear transition charge and current densities. In such experimental measurements, an elec-
tron impinges on a 12C target, populating the Hoyle state. From the cross section and electron momentum
distribution, the transition form factor is determined, which provides a clean measure of the overlap between
the ground state and the Hoyle state. In electron scattering, the theoretical scattering amplitude due to a point
charge is easily evaluated, but must be modified by the form factor for scattering from a finite distribution of
charge. The form factor is simply the 3D Fourier transform of the charge distribution, and is given as

F(q) =
!

eq·r/h̄"(r)d3r. (5)

Analyses of such data are unfortunately not model-independent. Since the E0 monopole interaction depends
on the penetration of the incident electron into the nucleus, the plane-wave Born Approximation is fairly
inaccurate. Therefore, to determine reduced transition probabilities, as defined in the Born Approximation, the
measured inelastic cross sections are converted as
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where the K 2(E0, q) factors are determined by comparing the plane-wave Born Approximation with Distorted
Wave Born Approximation (DWBA) calculations. Despite small q , the influence of higher moments introduces
an intractable systematic uncertainty in the measured form factors. Experimental measurements of the derived
form factors for transitions from the ground state to the Hoyle state are shown in Fig. 3. Five sets of inelastic
electron scattering data, from four different laboratories, were globally analysed in reference [28], covering a
range in q from 0.27 to 3.04 fm!1.

To interpret the experimental measurements, theoretical models are required that can describe both the
ground and Hoyle states of 12C, since their overlap must be evaluated. Both the THSR [29] and FMD models
[12] calculate the ground and Hoyle state wave functions, each indicating that the Hoyle state has a radius larger
than that of the ground state by a substantial factor. Green’s function Monte Carlo (GFMC) calculations [30]
also well reproduce the inelastic form factor. The THSR and FMD models are compared with experimental
data in Fig. 3. The GFMC calculations [30] could not be plotted for comparison on the same scale. The THSR
and GFMC fit the data extremely well, whereas the FMD calculations do not. However, the FMD and GFMC
calculations underbind the Hoyle state by 2–2.5 MeV relative to the ground state. On the other hand, the THSR



Branching ratio 

8

• Kokalova, Itagaki, von Oertzen, Wheldon in PRL 96,192502 (2006)
• Relative BR can be a signature of the alpha condensation 

• If they are in the BEC, so all alpha share the 0s state, the BR is 
determined only by the phase space and Coulomb barrier 

• BR (12C -> 3  ) < 10-4 —> Very challenging! α

14 Page 6 of 15 R. Smith et al.

wave function calculates an excitation energy much closer to the experimental value of 7.65 MeV. In reference
[31], using Volkov No. 2 forces, an excitation energy of 7.73 MeV was obtained, 250 keV above the calculated
3! threshold.

Based on the excellent fit to the experimental data, it appears that the THSR model well describes the
structures of the ground and Hoyle states of 12C. Remarkably, this excellent fit is obtained with no tuneable
parameters. The close agreement with GFMC and FMD approaches demonstrates that the approximate !-
condensate nature of the Hoyle state, predicted by the THSR model, also arises naturally in these other ab
initio approaches. It should be mentioned here that the experimental searches for a Hoyle state equivalent in
16O have never utilised the form factor as a way to confirm the nature of this state.

4 Precision Break-Up Measurements

The form factor for inelastic electron scattering is a clear, albeit not model-independent, way to measure the
overlap between the Hoyle state and the ground state of 12C. The THSR !-condensate model describes this
experimental observable very well. However, only so much weight can be given to a single observable.

Precision break-up measurements of the Hoyle state into three !-particles should provide a complimentary
way to determine the nature of this state. In 2006, Tz. Kokalova and colleagues [32] concluded that the branching
ratios for various decay channels of a nuclear state could provide direct signatures for !-condensation. The
decay of a possible !-condensed state will consist of a variety of decay modes. For example, the 0+6 resonance
in 16O at 15.1 MeV, which has been proposed as a Hoyle state analogue, can decay through the following
channels:

16O0+6
! 12C0+1

+ ! (7)

! 12C2+1
+ ! (8)

! 12C0+2
+ ! (9)

! 8Be0+1
+8 Be0+1

(10)

! 8Be0+2
+8 Be0+2

(11)

! 8Be0+1
+8 Be0+2

(12)

! ! + ! + ! + !. (13)

For the Hoyle state, the only open channels are:

12C0+2
! 8Be0+1

+ ! (14)

! 8Be2+1
+ ! (15)

! ! + ! + !. (16)

If the decaying nuclear state is an !-condensed state, all of the !-clusters occupy the same 0s orbit. This
means that any partitioning of the nucleus into subsystems, which are also !-condensed states, is possible,
and should be equally probable. Therefore, in the case of 16O, channels (9), (10) and (13) should be equally
probable, since these decays proceed through proposed !-condensed states in 12C and 8Be. This means that the
experimentally measured channel widths/branching ratios will be determined only by the phase space available
for each decay and the penetrability through the Coulomb barrier. By the same argument, in the case of 12C,
the sequential decay (14) and direct 3! decay (16) should be equally probable, since the 8Be0+1

is thought to
be an !-condensate. Therefore, their corresponding relative decay widths should be entirely calculable from
phase space and Coulomb barrier penetrabilities.

4.1 Carbon-12

Much experimental effort has been devoted to measuring the 3! direct decay width of the Hoyle state in recent
years [33–37]. The current section focuses on the data of reference [35], first published as a letter in 2017,
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Theoretical background
Brief history of  
BEC hunting

BEC BEC



Previous result 1 - PRL 108, 202501 (2012)
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• O.S. Kirsebom et al (2012)
• 11B(3He, d) at E = 8.5 MeV
• Silicon Strip telescope 

• Position resolution : 2 - 3 mm 

• Observed 3  + deuteron 

• Result: BR (3 ) < 10-3 

α
α



Previous result 2 - PRL 113, 102501 (2014)
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• Tohoku group (Itoh, et al) in 2014

• 12C(12C, 3 )12C 

• CYRIC beam: 12C4+ at E = 110 MeV
• Double-sided silicon detercor 

• resolution ~ 35 keV

• BR (3 ) was measured to be ~ 10-3 

α

α



Previous result 3 - PRL 119, 132502 (2017)
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• Birmingham group (Smith, et al) in 2017

• 12C(4He, )3  

• 40 MeV 4He2+ beam at Birmingham cyclotron 
• DSSD 5x5cm2 , resolution ~ 35 keV
• Counted 24000 Hoyle state events 

• BR (3 ) < 4.7*10-4 

α α

α



Previous result 4 - PRC 102, 041303 (2020)
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• TexAT group (Bishop, et al)
• Beta-delayed charged-particle 

spectroscopy of 12N 
• produced from 3He(10B, 12N)n 
• using 11 MeV/u 10B beam 

• BR (3 )  < 4.3*10-4α



Theoretical background
Low Energy LAMPS Experiment

BEC BEC

Superconducting magnet
• B = 1.5 T
• diameter = 60 cm

Active-Target TPC
• 4He or Isobutane targets 

E-field 

beam

Helium gas

α

B-field 

α



AT-TPC prototype
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Prototype Ver.1 
• 256ch readouts (8 * 32 rectangular) 

• Beam test using 100 MeV proton beam (KOMAC) and 
cosmic muons

!
"



Detector test with cosmic muons
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BDC2

BDC1

SC1

SC2

Goal is to measure the tracking 
resolution of AT-TPC  

* BDC (Beam Drift Chamber) will 
provide the accurate muon 
position as reference  

cosmic 
muon rack
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Detector test with cosmic muons
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ML approach
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ML approach
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ML approach

• Used 500k events  
Geant4 MC 
simulation for training

• Optimization was 
done for batch size, 
drop out ratio, 
number of CNN 
layers, etc.

• Still investigating to 
fully utilize CNN for 
track reconstruction

SEJONG UNIVERSITY
33 2021 자연대학술제

3) Conclusion
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Result

Define	the	track	angle

X-Y plane 

Resolution = 300 um

Y-Z plane 

Resolution = 230 um

• Resolution of intercepts in xy and yz plane
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Comparison with the traditional method

• The result is very promising.  We were able to enhance the tracking resolution by 
30% by undergraduate research program for 12 months! 



Plan
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To measure BEC in 12C, we need ...  
• High event rate for low energy light nuclei beams 

• High resolution for  tracking using ML approach  
• Angle, curvature, dE/dx  

Near future (2021 - 2022) 
• Finalize prototype performance study with 256 ch. 
by 2021.FALL  

• Development of 1024 ch. TPC by 2022.SUMMER 
• Development of circular TPC with 4k channels 

Far future (2023 - )  
• 2023.SPRING  - Construction of nominal detector 
(4 - 5 k channels) 

• 202X.YYYY     - Experiment with RAON beams from 

α

BE BEC

Active-Target TPC
• 4He or Isobutane targets 

E-field 

beam

Helium gas

α

B-field 

α
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3) Conclusion


