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Physics motivation

| Clustering near decay thresholds
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Physics motivation

Clustering inBe
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| ACTARTPC

e Resonant elastic scattering reaction “He(®He, 8He)*He -> population of 1?Be states
o 8Hebeam at 1.8 MeV/u, and ACTAR TPC filled with *He gas

128x128 -> 16 384 pads
pad plane - anode Siwall
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Experimental setup

ACTAR TPC

e Resonant elastic scattering reaction “He(®He, 8He)*He -> population of 1?Be states
o 8Hebeam at 1.8 MeV/u, and ACTAR TPC filled with *He gas

128x128 -> 16 384 pads
pad plane - anode , Siwall
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Experimental setup

Resonant elastic scattering: “He(3He,®He)*He

ACTAR

“He gas

vertex

8He energy (lab): 1.4

Corresponding E*(*?Be) : 13.0
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Experimental setup

| Resonant elastic scattering: “He(3He,®He)*He

Siwall
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Analysis

| Particle identification
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Analysis

Angular distribution

MeV resonance 12.4 MeV resonance
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Analysis

R-Matrix fit
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Analysis

R-Matrix fit
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R-Matrix fit

Analysis

Spin 4+ 3-
Ex [MeV] 11.9(1) 12.4(1)
[(*He+%He) [keV] 205(29) 295(53)
(®*He+°He) [keV] 25(21) 9(12)
[(11Be+n) [keV] 24(19) 100(18)
[(1°Be+2n) [keV] 5(2) 26(13)
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Interpretation

Dimensionless Reduced Widths (6?)

The experimental width depends strongly on: Experimental width extracted from the R-matrix fit
e Coulomb barrier Tt
. . B
e Centrifugal barrier = =
sp
® Resonance energy )

Single-particle width

Two states with identical internal structure

can have very different I just because of
barrier effects Penetrability factor (Coulomb + centrifugal barrier)

|

2
0-<K1-—+ weak cluster structure Tsp = 2 P(E) v2,
6%~1 — strongcluster structure

‘Wigner reduced width (theoretical maximum)
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Interpretation

0% of different channels : 4* state

channel 62

“He+8He 0.86(12)

He+°He 0.24(20)
1Be+n 0.001(1)

e dominant “He + 8He structure
e minor *He+°He mixing



Interpretation

0% of different channels: 3 state

e 124MeV-3:

channel B2

“He+8He 0.21(2)

*He+°He 0.02(3)
UBe+n 0.01(1)

$0%<1 —» possible missing channel



Interpretation

0% of different channels: 3 state

e 124MeV-3:
channel B2
“He+8He 0.21(2)
*He+°He 0.02(3)
11Be+n 0.01(1)
>He+’He 0.88(30)
SBe+4n 0.49(40)

3 124 > 12.23 5He+7He
0 e e mm e 12.15 “Be+4n
Ot——=—=——=-=== 12.07 20 +4n
Pt e 11.90 °He (g.s) + °He(2+)

® °He(3/27)+’He(3/27): 3" obtained with L=1
® %Be(0%)+4n: 3 requiresL=3
(L=3 for all the other channels)
—» Lower orbital momentum favors >’He+’He cluster structure.
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Interpretation

Comparison with theory and Outlook

26.58—— 6+ ,, 5. .
20.30— 2+ 20.46—— 6+ (4] Outlook:
14.9 6+
578 3. e future Gamow Shell Model
15.01—— 2+ calculation* with °He+’He
13.8—— 1- 12.58 5. 12.4 — 3-
[3] 11.3 2+ .
9.94 0+ 570 , 10.26—— 3- 10.8 0+ e experiment to measure
. + .
8621 *He+’He (*He + °He + 2n)
6.69 0+ 7.1 0+
4.94 2+ SM—1-
[2]
2.99 2+ a0l L, 27 1-
0 0+ 0 0+ 0 0+
2024 2001 .
Kravvaris et al. Descouvemont et al. Adopted experimental levels
ab-initio calculations GCM calculations
4He+8He - ®He+%He - ""Be+n ‘He+8He - °He+%He [1] Alburger et al. (1978), Imai et al. (2009)

[2] Iwasaki et al. (2000)
[3] Freer et al. (1999), Saito et al. (2007)
[4] Freer et al. (1999), Freer et al. (2001)

* Nicolas Michel, Marek Ploszajczak 13



Conclusion

: 3 124 ) 7
e Compatible with 12.1 MeV (27) by Yang !om=mmmmmm- 12.23 8E|e:4:|e
et al. but # spin assighment 8: """"" g ég 206+ 4n
e Compatible with stat dictedby T TTTTTTOT |
ompatible with states predicted by . 113 2 e o m e o 11.90 ¢He (g.s) + SHe(2+)

Descouvemont et al. (GCM) and
Kanada-En'yo et al. (AMD)
e strong“He+8He molecular structure 0 101 O'=========- 101 °He +°He
® mixing with °He+%He

0'—=======- 8.96 “He +°8He
12.4MeV - 3
® Notyet measured, predicted at different
energies 1B 4
e Candidate for°He+’He exotic molecular ~ _ ~—77777=°77 3.17 e+n
structure 12 Be
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Interpretation

0% of different channels : 4* state

channel 62
“He+8He 0.86(12)
No °He from the ®He+%He channel is
6116
He+He 0.24(20) —» observed in the data. Maximum
undetected 62in ACTAR TPC: 0.28
11Be+n 0.001(1)

e dominant “He + 8He structure
e minor *He+°He mixing



Resonant elastic scattering
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Analysis : tracks reconstruction
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#

| Selection on charge profile

‘He(®He,’He)*He
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#

| Selection on charge profile

12C(8He,8He)12C

slice_px_of hPad

. T T T —— {Entries 228
14000 : : : : ‘ Mean 50.59
Std ng 27.11

12000 e .......... , ,,,,,,,, T S S

oy ACSICIVCHE, SRS SR JUS SHW) WSS, S ST

8000 :._ 444444 ....... R | T ...................... B reone oy T A

6000_—' ,,,,, | I N ..

4000 __ ............. ) I SN IV O SRSV, . e

i B,

2000



#

Selection on the angular correlations
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#

Comparing Elight from beam track vs light track + Si
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#

Comparing Elight from beam track vs light track + Si
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#

Excitation energy reconstruction

RP + DE(®He) E., + DE(*He)
vertex + eIigh’( Evertex % eIigh’[
Ebeam Ebeam

Ex GCM Ex 0CM

Figure 11.46: Reconstruction diagram of £/, and 6. The parametersin purple, RP,DEand 6, ..,
are reconstructed from the tracks in ACTAR TPC. RP is the reaction point and DE the energy loss
in ACTAR TPC. The parameter in blue is measured in the silicon detectors (a) Reconstruction
using the reaction point (b) Reconstruction using the silicon energy.
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Excitation energy reconstruction
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Figure 11.47: Excitation energy of 12Be, projection from angle 130 to 140°, ACTAR TPC filled with
700 mbar of gas. (a) Excitation energy reconstructed from the reaction point in ACTAR TPC. (b)
Excitation energy reconstructed from the silicon energy.

|1


#

Energy resolution
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Figure I1.51: Excitation energy of the scattered #He in MeV. (a) Experimental data for 700 mbar
in ACTAR TPC after background removal. (b) Simulation obtained with o(Si) = 50 keV, o(0) =
0.40rad, and o(epeam) = 250 + 10 keV.

From equation 11.17, we deduce the resolution of the excitation energy of 1?Be:

Mapre

— 83 + 3 keV. (1.18)

E} =o(e X
O'( 1236) a(ebea77l) m4H6+m8He
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Energy resolution
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Figure I1.51: Excitation energy of the scattered #He in MeV. (a) Experimental data for 700 mbar
in ACTAR TPC after background removal. (b) Simulation obtained with o(Si) = 50 keV, o(0) =
0.40rad, and o(epeam) = 250 + 10 keV.

From equation 11.17, we deduce the resolution of the excitation energy of 1?Be:

Mapre

— 83 + 3 keV. (1.18)

E} =o(e X
O'( 1236) a(ebea77l) m4H6+m8He
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#

| Angular distribution
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#

Bayesian analysis

Bayesian R-matrix Inference Code Kit (BRICK [1]) published in 2021

6 x 102

—— Extrapolation

5 x 102

o
X
[
o
N

S-factor (MeV b)

3x102{(

¢ ACTAR angle_130.000000_140.000000_700.dat

2.8 3.0

[1] https://github.com/odell/brick.git

3.2
Energy (MeV)

3.4

3.6

3.8

Analysis

Spin 4+ 3-
Ex [MeV] 11.9(1) 12.4(1)
[(“*He+%He) [keV] 205(29) 295(53)
[(*He+°He) [keV] 25(21) 9(12)
[(11Be+n) [keV] 24(19) 100(18)
[(*°Be+2n) [keV] 5(2) 26(13)
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S5He+7He measurement
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theoretically 10 possible measured counts but :

e °He+’He (4He + 6He + 2n)

e Only 22% of events can launch a trigger

e Among a lot of contamination events and only
1% of events recorded

-> very few chance to see one >°He+’He, none found
inthe data
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#

| S5He+7He measurement
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o 8He->8Li->%Be->2a
o Only 1% of ACTAR pad event recorded
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#

| R-Matrix fit

only “He+8He channel “He+8He and 'Be+n channels
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#

| R-Matrix fit

only “He+8He channel “He+8He and 1°Be+2n channels
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#

| R-Matrix fit

only “He+8He channel “He+8He and °He+%He
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#

Is the 5He+7He channel a problem for AZURE2?

5He and 7He are treated in the fit as effective
two-body channel constituents (like stable
particles), with a fixed threshold energy.

In reality both are unbound resonances with large
widths (5He: I = 648 keV; 7He: T = 160 keV) ->the 2°
"5He+7He threshold" is not a sharp energy but a

broad region. This unbound nature is not explicitly  0*
built into the standard R-matrix treatment.

Given the relatively small extracted width for this
channel and its associated uncertainties, the
approximation is not expected to significantly affect
the present results.

If a more precise description were required: an
extended R-matrix formalism including sequential
decay, or a dedicated few-body approach.

11.3

10.1

12.07 20+ 4n
11.90 ®He (g.s) + °He(2+)
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#

No measured 6He

< 9 2
é I
8 8
h | 92 Lum-/:_ . 7
channe : -
6 :,'IIE-D;- —6
- . |
“He+3He 0.86(12) b g s
A o ]
4 1|'|-:b-. 14
*He+°He 0.24(20) S &
2} 2
1i
1
1Be+n 0.001(1) i
Og‘ill !' l|2lll :13 41' llslll 6] 7] IISIIIII9 0
Eg” [MeV]

e dominant *He + 8He structure

e minor ®He+°He mixing No °He from the ®°He+°He channel is observed in the data

Maximum undetected 82in ACTAR TPC:0.28

<«


#

No measured 6He

As introduced in the previous section, we observe a state at £_ = 11.9 MeV in '?Be for the
“He(®He,®He)*He reaction, corresponding to approximately 100 counts. Assuming this state is

the predicted 4" state calculated at 11.99 MeV using the Generator Coordinate Method (GCM) [43],

we can interpret the absence of °He+°He events in light of theoretical and experimental con-
straints.

According to the GCM calculations, the partial width ratio between the ®He+°He and *He+*He
decay channels is:

r
_SHet+bHe ., g 07 (11.30)

Lape sne
while our experimental measurement yields a ratio of ~ 0.12.
Combined with simulations that estimate a detection efficiency ratio of:

.~ 0.47, (11.31)

the expected number of ®He+°He counts is:

N, ’;’{""’SH 100 x 0.07 x 0.47 ~ 3 counts (GCM ratio). (1.32)

Using our experimentally extracted ratio instead:

N, "}’;"I‘SH ~ 100 x 0.12 x 0.47 ~ 5 counts (experimental ratio). (1.33)

Such low count rates could easily fall below detection thresholds or be excluded by background
subtraction, pile-up effects, or event selection criteria, which explains the absence of a clear
®He+°He signal in the data.
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#

No measured 6He

e 124MeV-3:
channel B2
“He+8He 0.21(2)
*He+°He 0.02(3)
UBe+n 0.01(1)
>He+’He 0.88(30)
8Be+4n 0.49(40)

No ®He from the °He+°He
channel is observed in the data
Maximum undetected 62 in
ACTARTPC: 0.04
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#

Comparison with literature

SHe + ®He channel

11.8 (0+)
2007 it
Charity et al. \vgs g
11.7 (2+)
2014 4L
Yang et al. (7777%7777]
1.7 (2)
e 0D
Vukman et al. L 7
‘He + ®He measurement
1999 121 (4+) 13(?)
Freer et al.
2007 122(2)
Charity et al. 12V1 (;dﬂ
2014 7777, 7797
777/¥7774
Yang et al. 121 (44
2022 LA
7779777 ]
Vukman et al.
11.9 (4+) 12.4 (3-)
Present [r%/} II: //m
experiment > Gz

Figure 11.72: Review of previously reported states of *2Be in the literature, compared with the
two resonances observed in the present work in the excitation energy range £ = 11.6-13 MeV.
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#

Comparison with theory

11.9 (4+) 12.4 (3-)

(% 7, P4
Pres_ent % e 4
experiment

theoretical calculation

2001 11.17 (5-) 12.01 (4+) (a)
Kanada-En yo et al. :

2001 11.119 (24) 12.%5 (3-) (b)
Kanada-En yo et al. '

2001 11.99(4+) 12.58 (5-)
Descouvemont et al. . .

2008 11.611 (0+4) 12.219 (04) 13.117 (24)

Ito et al. ' ' '

.+ 15.69 (4+)15.78 (3-)
2024 —i

g 1
Kravvaris et al.

Figure 11.74: Review of the predicted states of }2Be compared to the two new levels observed in
this work. See details on theoretical works in text.
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Rotational bands

e Collective excitations in deformed nuclei

_ h?
Ej=Eo+2J(+1)

with I: moment of inertia — measure of deformation

T bond
e Clustered nuclei — deformed — rotational motion
e Neutron-rich systems:
o grorbitals: compact/triaxial
o o orbitals: elongated/prolate

-> Rotational bands reveal shape, deformation, and cluster structure in nuclei

o bond

Interpretation
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Rotational band in 1?Be

15

|

/\ Present

—O— GCM theory
® Freeretal.
B Bohlen et al.

40

adapted from P. Decouvemont, D.Baye / Physics Letters B (2001)

60

J(J+1)

-> 4+ part of the
molecular band
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Rotational band in Be isotopes
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Rotational band in Be isotopes
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(a)

Rotational bands in 1?Be

J(J+1)
AMD+VAP Tanigushi et al. (2025)
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Interpretation

?Be cluster structures: 8He+*He and ®He+°He
configurations.

Ground state (0,*): Dominated by ®*He+*He
clustering.

Highly excited states (0,*): Band shows
*He+°He cluster resonance.

N = 8 magic number breaking: Ohw-2hw
configuration inversion in “Be.
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(a)

Rotational bands in 1?Be

J(J+1)
AMD+VAP Tanigushi et al. (2025)
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Interpretation

K=0" band: 8He +*He cluster resonance, Parity
partner of the ground band K=0,*

K=1" band: Molecular-orbital structure,
valence neutrons occupy 1T and o orbitals
around the 2a core
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Rotational band in Be isotopes

14

® ®Be: #2/20 = 0.596 +0.011 MeV "
%Be: #2/20 = 0.600 =+ 0.001 MeV
» Be: #2/20 = 0.614 +0.081 MeV

12

E, (MeV)

10

Neutron number

a'88a

(o))
||\‘\II‘|\|‘|||’\|\‘III‘I\I|II

JJ+1)

-> Confirms that a-cluster cores coupled with valence neutrons generate collective rotational excitations in

neutron-rich Be isotopes (*°Be, **Be), extending the rotational behavior observed in the pure a-a system of éBe. P
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Rotational band in Be isotopes s

14 10 Be - ¢
~ " %Be: #%20=0.189 +0.022 MeV :
. ?Be: $2/20 = 0.900 +0.141 MeV -
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Ex (MeV)
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J(J+1)
-> Difference in rotational parameters highlights the strong influence of valence neutrons on nuclear

deformation and rotational dynamics. P
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Rotational band in Be isotopes

E, (MeV)
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