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'Nucleosynthesis in the Universe

All chemical elements were synthesized
by nuclear reaction§\starting from protons and neutrons.
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Triple Alpha (3 a) Reaction

The 3 a reaction proceeds via 3a resonances in '2C.

2+
9.84 MeV 3_2

64 MeV : >
764 Me 3.87 MeV

0, r, SBe(2+))+a
7.65 MeV - /37 Mev 5 7.27 MeV
(HOYIG state) SBe(gos_)_l_a 3(1
I
! , Most of 3a resonances decay back to 3a,
L 444 Mev—LYY 2" 4 tiny fraction of them

radiatively decay to g.s.

[,/ — decay to 3«
[,/ — decay to '2C(g.s.)

ry/T of the
Hoyle state

v 0+, Iy is a key parameter
g5 e to precisely determine the 3a rate.




Triple Alpha Reaction at High T

(M. Tsumura, Y. Takahashi, Y. Honda, et al.)



Triple alpha reaction at High T

First stars are massive and
temperature reaches T4 ~ 5.
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C. Angulo et al., Nucl. Phys. A656 3—187 (1999).

3a rate at high T is quite uncertain
because [ , for the 2+, and 3-; states
were unknown.

Large Impact on Heavy element
abundance by v p process,

S. Wanajo et al., Astrophys. J. 729, 46 (2011).
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'Recent Update on the 2+, state

New data on the 2+, were published.
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‘ Y -decay probability of the 3, state

[/ of the 3, state is very small, only its upper limit was reported

3-, in 12C Total width y-decay width \FelleclBaelsEblTAY  Direct y-decay

1 T r, r,T to the g. s.
Lower limit 0.31(4) meV 9.1 X 10 taken from

34(5) keV (e,e’)
Uppelr\limit 28 meV (26 C. L) 4.1 X 107 1
\ /\
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[D. Camberlin et.al., Phys. Rev. C 10, 2 (1974).]



Possible strength of
isospin forbidden E1 strength

3, in 120 Total width |  y-decay width y-decay probability

I T, /T
Lower limit 0.31(4) meV 9.1 X 10°
34(5) keV
Upper limit 28 meV 26 C. L) 4.1 X 107
= [P. M. Endt, Atom. Data Nucl. Data Tab. 55, 171197 (1993).] 31
i ] E1
- T IS 1
n | -+ b
o L ’
Q ] 10 20 30 40

Mass Number
S~ 1036 W.u. around A ~ 12

100%
‘ IVE1 decay by isospin-symmetry breaking

(a cluster dissolution)
Typiecal value: ' , ~ 15 meV 3 a rate could be

(~ 2 meV in NACRE)

enhanced at High T!
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Experimental procedure

Using the inverse kinematic reaction H('2C, '2C p), recoil protons and
scattered '2C will be measured simultaneously instead of r -rays.

V-d@CCly pr‘ObiIIITy rV / r 0 a_decay events
Ty Number of y-decay events Hydrogen
I Number of all excited Lareet
umber ot all excited events » -
<
Number of all excited events % 12C Beam
Ex in 12C is determined from the - Y,
: Q
energy and angle of the recoiled proton. = S —
Number of y-decay events 3 Hydrogen
The scattered '°C should be detected &= Target
in coincidence with the recoiled proton. «

» Thin solid hydrogen target. 12C Beam
~ » Recoll proton detector.




'Experimental Setup

The experiment was performed at the cyclotron facility in RCNP.

Recoile proton detector

Gion (Si+GAGG telescope).

Double-sided Si strip detector
GAGQG scintillator 5

ount the number o
he all excited event

A solid H target is
bombarded with
) 12C beam.

Gion

0\355

g
%] 250 MeV

CygsTebiy €7 12C beam
Scattered '2C detector 2.8H Solid
ydrogen
o 12C Targe

Anti-coin between Grand Raiden
2 scintillators spectrometer

—12C trigger | | > Drift Chambers

%ﬁ‘m‘n—&—}ﬂ-ﬂn‘nﬁ
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Imm
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 Gion Recoi proton counter

Gion = GAGG based light ion counter telescope

AE/E Decay Light
(FWHM) time output

@662 keV (ns) (photon/Me

2
Csl(Tl) 4.5 ~6% ~1000 ~56000
GAGG(Ce)  6.63 5-6% 88 65000
- " GAGG

(Gd3A|2Ga3O] 2)

APD
Wrapped by 65-um ESR film (3M)

| v Double sided Si strip (16 x 32) detector
v18 x 18 x 18 mm3 GAGG x 24




' Solid Hydrogen Target (SHT)

Develop SHT

to suppress background. g
Target H/Contaminant §
. ©

SHT 3.913 4- «23.4 &
CH, 0.167 2

S

* Include gas-sealing Aramid film (4 um x 2)

Thickness should be thinner than
0.5 mm for AE, < 250 keV.

Ortho-para convertor
— Enhance thermal conductivity
of the solid hydrogen.

[Y. Matsuda, M. Tsumura, T. Kawabata et.al/,
J. Radioanal. Nucl. Chem. 305, 897--901 (2015).]

Target cell

0.5 mm-thick

Citini >




' Results

x 104

W Singles event
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Gamma Decay Probability

Y -decay probability is given by

I',  #of y decay events y 1
I  # of singles events  geo. eff.

Geometrical efficiency should be estimated by MC calculation.

O+ 1+ 3

Geo. Efficiency 0.117(2) 0.186(9) 0.229(3)
[,/ Previous 4.16(11)x104 2.21(7)x10-2 Unknown
[,/ Present 4.3(8)x104 2.6(7)x10-2 1.3(8)x10-6

The present results are consistent with
with the previous result on the O+, and 1+, states.

[, for the 3-, state is
larger than the previous upper limit [8.2 x 107 (20)].
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\ Triple Alpha Reaction Rate

Triple reaction rate was calculated using the measured I ./ r

Ni(63 V) (X 107 cm6m01'23'1)

05 NACRE Present
Z 3 3
i [, =2 meV [, =44 meV
0.4
1
0.3
m
&
0.2 z
3
= 2 0% + 3; (Direct only)
=10
0.1 ‘ 05+ 3; (Directonly) + 25 %
: = Present (05 + 3; +2)) 2
O I ) ) ) ) 3 T ;_—-y——:——r“x I T : I I L | %
0 2.5 5 75 10 B | T

The 3a rate is partially restored, and consistent with NACRE...
M. Tsumura, T. Kawabata et al., Phys. Lett. B 817, 136283 (2021). 15



Triple Alpha Reaction
via the Hoyle state

(K. Sakanashi, S. Tsuiji, et al.)



\ Hoyle state ~ the 0+, state in '2C

The Hoyle state is the most important state in the 3 a reaction,
but its width is recently controversial.

Previous measurements are
classified into two types.

g Ne
- Recommended value by Ref. [10] + Datal
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References

A new striking data has been

reported from r detection.
T. Kibédi et al., Phys. Rev. Lett. 125, 182701 (2020).



Y Detection by T. Kibédi et al.

New data reported by T. Kibédi et al.
is much larger than the currently accepted value.

E —p 4447444 4 T. Kibédi et al., Phys. Rev. Lett. 125, 182701 (2020).
T S | 12 ) —
TS T R R .C.(p,p +27) @. E, = 10.7 MeV
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New data: [ 59/ =6.2(6) x 104 Ey [MeV]
Accepted Value: 4.16(11) x 104 50% larger than the accepted value!!



'New Experiment@IFIN-HH, RO

Q@ +12C—>q’+'2C+ v @E, = 25 MeV Data acquisition system

Time information,
Waveform, and Pulse height

Si: Charged particle [|[ROSPHERE: r-ray DAQ PC
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’ (FPGA) |---- T
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Triple Alpha Reaction at High Density
~ On going experiment with MAIKo+ ~

(T. Furuno, K. Himi, T. Doi et al.)



Triple Alpha Reaction Rate at high o

Only de-excitation by gamma decay was considered so far.

Exothermic inelastic ™
scattering with
background particles A

should be considered at
high density environment.

120

Enhancement Factors R

o =106 g/cm3
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M. Beard et al., 1

Phys. Rev. Lett. 119, 11701 (2017).
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: 727
I, *Be(g.s.)+a

30

: I, /T of the 0, state I, <,

~ 4.4x104

g.s.

12(: v
12C(Hoyle)(n,n’)12C(g.s.) might

0%,

enhances the triple alpha reaction
rate by a factor of 60—100.

- 0.5

Need to determine the cross sections.



Time Inverse Reaction

Direct measurement of '2C(Hoyle)(n,n’)'2C(g.s.) is impossible.
— Time inverse reaction should be measured.

| +I NEU'II'RONS
Astrophysical Reaction g LT
N 100? e 2 © %
Thermal 2C  Fast Neutron® | i~
Nuetron _— Q o wQ\gS-* HS
«( ﬁ > = 2 .
(< 100 kev) (~ 8 Me\/) % : : 2> HS \
> 0 5 R 10 15 20 25 30
: : o, (MeV)
- IT'me Inverse Reaction M. Beard et al., PRL 119, 112701 (2017).
erma
Neutron t2C Fast Neutron However,
), - measurements of low-E
= (~8Mev)  Neutrons or alpha
(< 100 keV) particles are not still easy.

d Stat .
Hoyle State  Ground State > MAIKo Active Target



Cross section (mb)

Recent Data from TAMU

Recently, Texas A&M group published new data.

J. Bishop et al., Nature Comm. 13, 2152 (2022).
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\Test Measurement with MAIKo+

Test measurement was carried out at OKTAVIAN, Osaka.

O MAIKo+ TPC Ay . GEMHu-PIC,
v' Two images of 2D-projected trajectories.
v Sensitive Volume 30 x 30 x 30 cm3
v |C4H1o(]0%) + H2 @100 hPa

O BC-501 Liquid Scintillator
v Determine the neutron flux.

’H Beam | 1ritium

Target
| 300 keV D+T—>a+n (14 MeV)

T. Doi, Master Thesis, Kyoto University (2020).
K. Himi, Master Thesis, Osaka University (2023).
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Track Images BCFS
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\ Eye-Scan Analysis

Enerqy (MeV)

Two track images were analyzed by human eyes.

68K events (30% of (C:nA;
total) by 14 people I
v" Number of trajectories _
v' Scattering point [
v Stop positions |
. a 100 hPa
2'5? isoC,H;4(10%)
2.0; +H, (90%)
1.5F
1.0
0.5}
00 50 100 150 200 250 300

Range (mm)

vvvvvvvvvvvvvvvvvvvvvvv

{ Slde Vlew |

I X

v Reconstruct 3D trajectories
- Ranges — Kinematic energies
- Emission angles

v' Eye-scan efficiency must be
examined by “dummy data”.
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' Eye-Scan Efficiency

8 scanners analyzed the simulated data.

Ave. 10+1.4%

Ave. 4.4+0.32%

iC4Hq0 + Ho works better

than iC4Hq0 + He

12%
10%
8%
6%
4%
2%
0%

as the detection gas.

Ave. 26+3.4%
Ave. 29+2.3%

0%

5%

10%
15%
20%
25%
30%
35%

100 hPa for the Hoyle state (7.65 MeV)

iC4H1o + H2
iC4H]o + He

| | T

Mr. H MrF Mr.S Dr.F Mr.| Mr. M Dr. AProf.K

I E . ,

W -
el

450 hPa for 3 (9.64 MeV)

(\r
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\ Excitation-Energy Spectrum

Yields (Counts/50 keV)
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Yields (Counts/50 keV)

\ Excitation-Energy Spectrum
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Cross Section v .. u=

Niarget ... BAEEH=YDCIZEHIDE (f8/cm?)

» (mb) Noeam ... AETEHEFE (1)
" Niarget Npeam € | € - TRE-BRATEIE (%)
MAIKoT AREEREHERL T
En =14 MeV . 100 hPa isoC,H,(10 %) + H, (90 %) IR E (£H910F5 180
Y o(mb)
18 48% + 0.5 (stat.) + 0.1 (sys.)
2.65 < 10 6.5 x 108
177 21% + 5 (stat.) + 1 (sys.)
K. KondobIZ kA METE 8.9 mb . 69 mb
K. Kondo et al., J. Nucl. sci. Tech. 45, 103 (2008)
MAIKoT A FEE& 14 + 6 (stat.) +2 (sys.) mb
49 + 10 (stat.) + 11 (sys.) mb
KIEDRE DIBEAHVINE L)
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Summary

We are experimentally studying triple alpha
reaction rates at various conditions.

= At high temperature,
Rare gamma-decay mode of the 3-; state.
= At normal temperature,

Puzzle about the radiative-decay width of the
Hoyle state.

= At high density,

Neutron inelastic scattering exciting the Hoyle
state.



