BFZICHITBDOORY—HEEE
FHICH(TDITTEER

(mm

KRR FRFEIRFFTEL 13
IV GiR=r

FHEI




Contents

- Introduction to Nuclear Cluster Structures

* Inelastic Alpha Scattering and Nuclear
Transition Strengths

» Cluster Structures in Stable and Unstable
Nuclei
- Search for Cluster Condensed States
- MAIKo Active Target for RI beam experiments
- Neural Network to Analyze MAIKo Data

* Summary



Introduction to
Nuclear Cluster Structures
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Cluster States in N = 4n Nuclel
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Cluster Structure in N #= 4n nuclei

Excess particles might change cluster structure in N # 4n nuclei.

» Excitation energy, width, decay scheme ....

> Cluster molecule with excess neutrons.

> Appearance and disappearance of a correlation.
» Cluster condensation in a boson-fermion mixture.

Excess neutron occupies Cluster structure
o the molecular orbit disappears in nuclei far
One a particle is between the o clusters ?? from stability line ??
replaced with a triton.
a a a o
’ \ P
a t a a a a a — a

118 12¢ 13¢C 14C

Systematic study on the a cluster structure in N # 4n nuclei is important.



How should we excite Cluster States?

Various reactions were devoted to excite cluster states.

Cluster transfer
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Transfer Reaction
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T. Yamaya et al., Phys. Rev. C 42, 1935 (1990).
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® Limitation in energy resolution
® Small cross section
® Complex reaction mechanism



Resonant Capture Reaction

o Nal array

7Li PPAC . ‘
Beam

T T

foil to seal
the gas
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200 mm

® Sensitive above the cluster-emission

threshold only.

H. Yamaguchi, TK et al.,
Phys. Rev. C 83, 034306 (2011).

Differential cross section (mb/sr)

® Coulomb barrier disturbs the reaction

near the threshold
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barrier.
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EO Strengths and o Cluster Structure

52U EO B2 (d. ZEENICHEEZELIE DI S RY —RRE(0)DIMEE D,
T. Kawabata et al., Phys. Lett. B 646, 6 (2007).

Isoscalar EOQ transition: 0+, state in 2C: B(EQ; IS) = 121£9 fm*
AL=0, AS=0, AT=0  Single Particle Unit: B(EO; IS);, , ~ 40 fm4
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BXhEEZ Rt I ISR, Prog. Theor. Phys. 120, 1139 (2008).
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Inelastic Alpha Scattering
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Inelastic Alpha Scattering
and
Nuclear Transition Strengths



Direct Nuclear Reactions

Elastic Direct Reactions

Scattering oy

/

Incident
Wave

/

Compound
Nuclear Reactions

W1

1 step| 2 steps| ...

No Collision

v  Final state is produced in a single
(or a few step) interaction.

v Excite small degree of freedom in
the target.

v do/dQ is directly related to the
difference between the final and
initial states (Matrix elements).

)

n steps Elastic
(n>1) Scattering
1 st Direct
ep Reactions
2 s‘reps®/
E Compound

Nuclear Reactions
n steps
(n>>1)



Effective NN Interaction

Nucleus becomes the most transparent at 100—400 MeV/u

Ep (MeV)
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Franey and Love
Phys. Rev. C 31, 488 (1985). 100 MeV /u
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- Direct reactions are dominant :

around 100—400 MeV/u.
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Optical-model potential for Alpha Elastic Scattering

Optical-model potential has been obtained by a single folding calculation.

) | 20(0,00) Single folding by phenomenological aN interaction.
Rl E,= 388 MeV U, (r)= [ dFp () ([F =7].0,())
g | > GS densities are taken from
5 i 12C: py,: Electron Scattering
% i Assumption: pg,= Pon
R "B: py,: Electron Scattering
pOn(llB) - pOp(12C)

f » Two choices of aN interaction to fit do/dQ2
R V(7= 7|ou) = - (1+ /J’Vpo(r’)z/3)exp(—‘l7—i’"2 /aj)
C} [

% L —iW(l+/3Wp0(r’)2/3)exp(—‘z7—F’Z/afy)
s Density-independent
g . V' =16.9 MeV, W =11.7 MeV,
s a, =a, =2.09 fim, B, =B, =0
Density-dependent
V' =36.6 MeV, W =247 MeV,

a,=a,=190fm, g =6, =-19

Experimental data are

reasonably well described. "~ BEDIZOHIC Dl ZAWLD



Transition Potential for Alpha Inelastic Scattering

» Transition potential is obtained by a single folding model.

aVﬂf-fﬁpﬁw»
00, (r")

&Q00=fd?&&@{%if—?ﬂp&ﬂ»+pdﬂ)

» Transition densities
Taken from electron scattering if available.

R o i) an ol =[98 o

If not, taken from macroscopic model.

5p0(r) =-a, (3+r%)po(r), A=0
(Spl(r)=—\//§1R 3?2%+10r—§<7’2>%+8(f'j—;+4%) o (r), A=1
(5,0/1(1") = —5/1%/)0 (r), A=2

EREEDIRBIBHERBEEBIRIT DL S (TRD D,
(BULLF, ERZBIRITDELICRO T, ERBEZRET Do )



Transition Strengths

Transition strength ...
Square of matrix elements for the transition operator

2

B(O) « ‘<Jfo 0]sM,)

N

O : Transition Operator
Average over the initial m-states and sum up over the final m-states.

2

. 1
BO,)=— <JM,
(/1) 2Ji+1M,-,;f,# S

A

0,

JM,)

Wigher-Eckart theorem
Definition by Edmond

1 (J M Au|J M) <
2J, +1 M;f,# 27, +1

. 2
2Jf+1) <Jf 0, Ji> ;%{<JiMiﬂﬂ‘Jfo>2 ? Orthogonality

2J. +1
(27:+1) of C.G. coeff.

1
A
J o)) S
(2Ji+1)(2Jf+1)<f Al 2
B(OA._ f)_ZJf+1
: Sy

Strength for the inverse reaction are
easily obtained by multiplying "weight
factor”.

B(O,;f —1i)




Wigner-Eckart theorem

Dependence of matrix elements on projection quantum number is quite simple.
(J M Au|J M) <

J2J, +1 Jl’>

The dependence is entirely contained in the C. G. coefficients.
Double-bar matrix elements (Reduced Matrix elements) are independent to m.

~

0,

A

0,

<Jfo

M, )=

Jy

Transitions are allowed only when the angular momentum are conserved.
Otherwise, the C.G. coefficient becomes zero.

Two different ways of the normalization

Edmond's style Satchler's style
A IMAulJ MY, . A )
<Jfo 0, JiMl.>=< ’ \/% / ><Jf 0, Jl.> <Jfo‘OM‘JiMi>=<J1.Mi/1u‘Jfo><Jf HOAHJI.>
S

Nuclear Structure, A. Bohr and B. R. Mottelson

Direct Nuclear Reaction, G. R. Satchler
OXBASH, B A-__]_3TOWH Nuclear Models, W. Greiner, J. A. Maruhn
[RFZAE &, = BERER, MAEFR

RFIZMER, \ RS

This seminar, T. Kawabata
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Electric transition operators  <—Act on protons only

3

4 7 7
0(E0)=62rk2, O(El)=e2rle, 0(E2)=ez,/kzyp...
k= k= k=

1 1 |

2

N

A 1
Electric Transition Strength B(0,) = (2], +1)‘<Jf 0, Ji>
1 2|
BlEA)= M E
( A) 2J +1 p( A) e 5p§(r)=—ao(3+rdi)pé’(r), A=0
r

M, (EO)= \/Efépg (r)rdr

5pp(r)=—5 i,0;"(r), Az2
M, (EA)= fép;’f (r)r*** dr

B(EA)EBIRI DL IICEBBEE (ay, 0,) DIiREZRD D,



How do we obtain B(EL) and B(ML)?

Method 1

Taken from the decay width or life time of excited states.

Width and life time = h_ ian Note difference in life time (7))

T t1/2 Gnd half |If€ (1'1/2).
2L+1

21 L E

Width and BEL), B(ML) T =37+ Ded 2( Ll B(EL))
L[@r+yn] \7e

b= 10724 cm? 2 (| 2041
_ Sl + Db ( r | B(ML)|
Lf@rL+nn] (e

Units of B(EL) and B(ML)  B(EA):e*fin®  B(MA): ™! [e*fim®]

2 2
Convenient Physical he=197.3 MeV-fm, — = l U = eh
Constants he 137.0° Y (2Mc
¢t =" _1440 MeV - fm
137.0

|1 2x938.3 MeV

Mz_ ehc 2_ 197.3 MeV - fm
Mol ame?

2
) e’ =0.01105 e*fm?



Method 1

Taken from the decay width or life time of excited states (Cont'd).

Width and B(EL), B(ML)

LCED _ 1.59x10" E’B(E1)

T(E2)

=1.22x10°E B(E2)

T(ES) _ 5 67x 10°E]B(E3)

7
T(E4)

=1.69x10™E B(E4)

Weisskopf Units

BW (EA) =

1 3
4xb" \ 3+ L

2
10( h ) ~0347 <1

mcR

T(MA)
T(EA)

T(EA)  T(MA) 1

)R“, B,(MA) =

(A+1)(22+3)(A+4)| ne

B(EA): e*fm?t, B(MA): u?,fm?t-2

LM _ 1.76 10" E’B(M1)

T(M?2)

=1.35x10"E’B(M?2)

7
TM3) _ 628 10"E]B(M3)

T(M4)

=1.87x10°E B(M 4)

— Maximum transition strengths
by a single particle transition.

10 3 R
ab* '\ 3+ L

B(EL) is stronger than B(ML).

T(EA+1) T(MA+1) A(A+1) A+3

~8.6x10°4"7>1

ER B(EL) is much stronger than
B(EL+1).



Method 2

Taken from electron scattering

£, (@) (dg)/o
‘En(Q)P:;(;‘”) |E(/1,Q)|2+Z[%(%) + tan ( )

17 (4, q)| + |FM<z,q)|2]

Longitude Transverse
> 4m q* q’ 5 i
Coulomb part (L 20): |[F.(ALq)| =—; 7 B(EA)|1- R, (CA)
part ( o | 2 [(24+1)1] 2(24.+3)
: > 4r g7 A+1 g  A+3 P2 ’
>1):  |F,(hqf =2 2 B(M A |1- M
Magnetic part (L 2 1):  |F,(49) Z e ] (M2) 2073 Ael Ry (M2)
At small g R,.. Transition radius

Electric part (L 2 1): F,(A59)) = /1:{1((]) E(%9)

EO: Purely longitude
Electric (L 2 1): Longitude + Transverse
Magnetic (L 2 1): Purely Transverse

do/dQ at various E,, q, 6 gives B(EL) and B(ML) values.



pA(r) (fm ™)

do/dQ
=

(mb/sr)

p—

ES S E*EH’J*E’*”

Transition Densities
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Discrete States in Mg

Discrete states in 2Mg were well reproduced by the single folding model.

3500 [- 24Mg(ogoc’) V=13.1MeV, W =8.8 MeV, a =5.03 fm*
I 24 . 24 .
3000 @ 0, = 0.0° Mg(a,a) | Mg(a,o)
I = | 10 L 6433 MeV (03) | ... 7.349MeN (23)
S 2500 - ~Fe@ |Z ' : .
ﬁ F 2 P
> 2000 3 T8 |, . L
a | Y ~| oo I & + F
A o o + ) 1
@] -’ £
Q i g ;
1000 - S ~
G -
500 - v S 10 :
g :
oLk X ) .% ) a 48 N 11N 1 I
6 8 10 14 16 18 %} 2 Mg(o00) 0 UMe(o,00)
Excitation Energy (MeVj B 0 2 7.616 MeVa(3 iy 8.358 MeV (33
10’ 24M(aa) ‘-d : ‘\‘\\\\\\\\E\\\\\\www\\\\
[ E 24 ) E 24 Y
R Eﬁmﬁmv ; Mg(,a) - Mg (o)
§ o 0 - 9.004MY (25) | 9.305 MeV (03)
10’ ; i
A
S’
5
— =30
10

0 5 10 15 20 25 30
0__(deg)

cm



Multipole Decomposition Analysis
7LD 7IERMESELOAEN /R (IBRITAENE S & (CHEBVBIIR &85,

24 ) AL=0 -
Mg(a,a) — 4C L 3 013 3 g
 EWSR100% __ Ar—3 6r + -: A IAY P VR
102\ N — AL=3 i |z de ©
_ A AL=4 4 3 a7l &l
& i )
5 l
E 10 i
g I
5 A
| I
E = 388 MeV 2
E=15.1 MeV =
10 - ‘ ‘ ‘ ‘ ‘ ‘ =
0 2 4 6 8 10 12 14 Q
0,,, (deg) \rg
(=)
S — » L ~
AT ERET BDCLBBEFMDANE. =
15}
do ™ do £
T 7T\ calc &
= =Y AN (A7) ”
=
84
10% “Mglo,a) #Mg(a,a) + #Mg(a,a')
—_ E, =388 MeV | E =388 MeV | EJ~ 388 MeV
& E=16.9 MeV | >\ E~199 MeV% E=27.1 MeV
E 10 :
g I i
3
o A 0
o s 0 o s T T o s T T

0., (deg) 0, (deg) 0, (deg)
— Sum —— AL=0  AL=1 —— AL=2 -~ AL=3 ALO 4 Excitation Energy (MeV)



Cluster Structure
inh Stable Nuclei

Search for
Cluster Condensed States



Cluster Gas-like States in '2C
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ACS and Symmetry Energy

If o condensed states universally exist in various nuclei ...

— Establish a condensed phase as a conformation of the dilute nuclear matter
— Might appear on the surface of neutron stars

— Energy and width of ACS give an insight to the dilute nuclear matter.

20

50 > i

> _

E. L
40 E 15 - —_ 2 MeV
. o s — 4 MeV
- = —_— 6 MeV
é 30 c>6 s — 8 MeV
< 5 - w/ Clusters 10 MeV
ol s 10f —— 12MeV
\VJ/ > - 14 MeV
‘6 — — 16 MeV
sn g - 18 MeV
g - — 20MeV

» Sk

1 1 1 TG ’

0 =
0.0 0.5 1.0 1.5 2.0 5] sters
Density p/p, g
0 14
-5 4 -3 2 -1 0
ACS foCCTS 10 10 10 10 10 10

density n [fm]
S. Typel ez al., Phys. Rev. C 81, 015803 (2010).

macroscopic natures of nuclear matter.



a Condensed States in Heavier N = 4n Nuclei

P D 7 R EIREEFELWVMRICEB W T HEBNICEETDIDH ?
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) 215 Ar
IBSREVIC(E. KDELVX (A<40) = ng A ey
(CBM'CE??E?’%(‘.’.%?EU?E"{’L 310 28G; eV
Z 1 /- 32M
TL\D, = Mg 5 eV
o g5 WNe w7, “SMey
CX-C( FB?@%EEE%EgljJ O>6 12C 160./' 4 MEV
REMODI—OVFEAH 5 01 70 23;01\@
M 0. = V— . . . '
@ 2 o Mev, Ty 0 12
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Decay of Alpha Condensed state in 2°Ne

ACS decays via ACM in lighter nuclei by emitting low-energy o particles

oa condenseii state J7 = O 4 o condensed state (0%,) in 160
several MeV @@@ Candidate at E, ~ 15.1 MeV

a few MeV
. 19.17 MeV

4a+a

i 16.86 MeV '°Ne+n

Y. Funaki ef al., Phys. Rev. Lett. 101, 082502 (2008) .
Y. Funaki, Phys. Rev. C 97, 021304(R) (2018).

15.1 MeV ?

@

4.73 MeV '°0O+a
10 + a

Low-energy decay particle measurement
in coincidence with alpha inelastic scattering.

11.98 MeV '°C+8Be
11.89 MeV/ \ZC-I-CH'CI

alpha inelastic scattering at 0°
is useful to excite O* states.

0,; g.s.

ZONe



cross section (mb/sr/MeV)

150

50

Experiment

Experiment was performed at RCNP, Osaka

Background-free measurement at extremely forward angles

50

*Ne(o,0)
O = 0.0°
E, = 389 MeV

20
black : ~ Ne gas target
red : empty cell

O

Ring
Cyclotron

WS
- 3
7 MV
v L

N-BLP

Excitation Energy (MeV)

RCNP-E402
S. Adachi, Y. Fujikawa, TK et al

(a, a'+a) @ 400 MeV 6= 0° with 2°Ne gas target

510 125 15 175 20 225 25 275 30

superconducting

solenoid magnets

—

f=1Cyclotron




Ultra Thin 2©°Ne Gas Target

20Ne gas
Isotopically enriched 2°Ne gas target ° mén 1
— (as sealing film causes problems
to detect low-energy particles
— Commonly used Alamid film (a
few um) is too thick.

Decay particle o beam

SiNx film (0.1 um) was used to make
2ONe gas target at 14 kPa (89.6 ug/cm?).

SiNx Aramid
Thickness 100 nm 15m

Threshold
energy for o

0.09 MeV 0.51 MeV




Decay Particle Detectors

Si detector array

— 3 layers x 6 segments
1st layer (thin): 65 um 8 strip
2nd & 3rd layers (thick):
500 um or 600 um

— PID by TOF
Limitation in distance from target
Solid Angle 4%




Cross section
(mb/sr/MeV)

Yield (counts)

100

n
o

800 [
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Decay Particle Measurement

Region of Interest: 1—5 MeV above 5 @ threshold
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Decay Particle Measurement
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Highly Excited Region
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SBe Emission Events
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How to Increase Detector Solid Angle

PID by TOF limits distance from target.
Long distance — Small solid angle

Need a new PID method

PSA

. 2
Stopping  dE L AZ

Power : dx E
high
() "
sk AVAAVVN
( proton )

Detector

PSA solves the limitation

from the flight distance.

— Drastically increase
detector solid angle.

=

B)  Pulse Shape Analysis

Charged particles with same E stop at
different position depending on A and Z.

—
>

Pulse Height

Different pulse shape
for each particle

Time

PSA was successfully done for
Heavy ion at E > 100 MeV,

but no result for low-energy o
particle at E < 3 MeV.



PSA using Neural Network

PSA for low-energy light - We tried PSA
particles is not easy. using the neural network.

D, dt, 1st 2nd  3rd =
3He and o '

" Tagged training data
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o E 5 0.7 1.00 Eyymwimuw
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Epoch

Decay particle detector with large angular coverage
will be developed to search for alpha condensed states.

Pulse shape was acquired by
500 MHz Sampling FADC



Cluster Structures
in Unstable Nuclei



Exotic Structures in Light Nuclei

3a Cluster Chain in 1C Molecular Structures
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Mu-pic based Active target for Inverse Kinematics,
(150")

Cathode
Plate

S

Anode Pixel
d =50 um .
Cathode Strip
CsI(T1) '
i i Anode Strip
Grid Mesh PIC 0-MQ Field Wire
3 - T. Furuno et al, NIM A 908, 215 (2018).
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Event display: scattering event
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Excitation Energy Spectrum in 10C
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Summary

Inelastic a scattering is an useful tool to
examine cluster structures in atomic nuclei.
- EO strength is a key observable.
- Complementary information is expected from the
decaying-particle measurement.

Cluster condensed states in 2°°Ne and 2*Mg
were searched for.

Cluster structures in unstable nuclei are of
interest.

- MAIKo active target is a useful tool to examine
nuclear structures in unstable nuclei.



[RFZDO S RY—EEE
FHICH(TDTTEREM




Contents

- MAIKO7? 2 77« 78 Z= ALV
HeJEn &= ISRIE
- [RFBDEHINSZIBEET DI
- FEUFOLBRBROERZBHIELT
-n + 'Be — 4He + 4He RILZEDRITE
-EmE NCHIFB
NUZIL7ILD 7 RIGERDAIE
_12CICHB TR HH Y VHIETE— RDIER

- e)

(mm




Cluster Correlation and Nucleosynthsis
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Big Bang Nucleosynthesis (BBN)
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Triple alpha reaction rate

First star is massive and
temperature reaches T9 ~ 5

L N"A’CR’E ************** ******************************* [
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Oy, V) (X 10”7 cm6mol‘2s‘1)

N
o
(\9]

[

0o 25 5 75 10

C. Angulo et al., Nucl. Phys. A656 3—187 (1999).

Large Impact on Heavy element
abundance by v p process

Angulo99: Include 3-; and 2+,
CF88: O+, only

S. Wz(l)najo et al., Astrophys. J. 729, 46 (2011).
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Recent Update

New data on the 2+, were published.

b I L @ (a0
ol 30 ¢ E,, = 386 MeV T I N N B
, 08F %20 —_ I
< Z 10| "
g o6l 5 2 0.8
04T 30 ©
I =
02 “'_8 20 | o 06
: 3
0 =
E(12C) (MeV) 0K X
H.O. U. Fynbo et al., 8 9 . al\fl)eV) 12 = 04
Nature 433, 136 (2005). M. Itohetal., ™ ?s
Phys. Rev. C 84, 054308 (2011). "~
- g 0.2
8 é_ (a) = E2 Cross Section Z
i o E1 Cross Section
S 6 %_ | — Fit2* Resonance 0 L)
5‘ ;— “““““ 1~ Resonance
o 4E
v 3 a rate significantly
E ] 63'!’ I{“"; ol | ] 3
80 90 100 110 120 130 140 suppressed at high T.

Ey (MeV
W. R. Zimmerman et al., I(Dhyes. )Rev. Lett. 110, 152502 (2013). HOW abOUt the 3-_' state 2



Recent Update

E, =386 MeV

()
! 30 F
1.0 - L
220 f
" 0.8 - E r
5 o 10 f
goe— s ;
Eof
* oaf gso f
02} %20 f
=t
10 |
E(2C) (eV) 0K

H. O. U. Fynbo et al., 8

E A\
Nature 433, 136 (2005). M. Ttoh et al., % ™Y
Phys. Rev. C 84, 054308 (2011).

X
KRS
SRR

9

= (a)

o (ub)
= N =)

N
I

m E2 Cross Section
o E1 Cross Section
| — Fit2" Resonance

R 1" Resonance

Ey (MeV)

New data on the 2+, were published.
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3 a rate significantly
suppressed at high T.

How about the 3-, state ?



Yy -decay probability of the 3,  state

Difficult to measure the [ /" of the 3, state because it is very small.

Lower limit 0.31(4) meV 6.7 x 109
46(3) keV

Upper limit 38 meV 20C. L) 8.2 x 107

Previous experiment Difficult to
— I

+4»12C(O(, O(’E‘Q\b) } oNet counts measure::
wf° oleelo Background due to
» T T : 13C contaminants
z~f ' ]
§ i T | ‘ xTotal coumsL
5 of . g :“‘g‘i?o?e“&%kf Use 12C beam
=1 JERWE / not '2C Target !

1
5.6

6.0 - Gl.4 6.8
a PARTICLE ENERGY (MeV)

[D. Camberlin et.al., Phys. Rev. C 10, 2 (1974).]

Direct y-decay
to the g. s.
taken from
ee’
(e,e’) 3-,

From
(e,e’)

100%

y-decay

v__ 0%

No '3C contaminants in '2C beam!!



Possible strength of
iIsospin forbidden E1 strength

Lower limit 0.31(4) meV 9.1 x 107
46(3) keV
Upper limit 38 meV (20 C. L) 8.2 x 1077 _
= [P. M. Endt, Atom. Data Nucl. Data Tab. 55, 171—-197 (1993).] 37
; L ] Elg :
o I e I I 2 From
n | R S R '
oL / j . (e,€)
O o 10 20 30 40
- v Mass Number 2%,
S~ 1036 w.u.around A~ 12
100%
y-decay

Typiecal value: I, ~15meV 3 a rate could be +
(~ 2 meV in NACRE) enhanced at High T! v 0%y




Experimental procedure
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Gion (Si+GAGG telescope).

RPABE:--- Si AU v THREES
IRILF¥—--GAGG crystal.
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12CE— 1% B8

\_ —EEL12CORIF T RILF —
Y NBBR R L < 12C beam
873, 12C Mtk (R NERE X
o 12C
Grand Raiden
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a 1ZIIH 1B E@E

—12C trigger
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Gion Recoil proton counter

Gion = GAGG based light ion counter telescope

B GAGG ... Gd;Al,Gas0,,
Density AE/E Decay Light output

(g/cm3) (FWHM) time (photon/

@662 keV (ns) MeV)
CsI(TI) 4.5] ~6% ~1000 ~56000

GAGG(Ce) 6.63 5-6% 88 65000

Wrapped by 65-um ESR film (3M)

‘ ‘jfi v Double sided Si strip (16 x 32) detector
4! V18 x 18 x 18 mm3 GAGG x 24




Develop SHT

to suppress background. %

>

Target H/Contaminant §

. ©

SHT 3.913 %234 8
CH, 0.167 g

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

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

Ortho-para convertor
— Enhance thermal conductivity

of the solid hydrogen.

0.5 mm-thick

Cini >

[Y. Matsuda, M. Tsumura, T. Kawabata et.al.,

J. Radioanal. Nucl. Chem. 305, 897--901 (2015).] Target cell



Improvement of the S/N

Accidental coincidence events cause serious background.

Tagging counter
NVhat’s accidental coin. event? \ Gion l/ \;\ 120

ECora P o= - €= -beam

X _» & \Sl—y
T o0
arget| @ Grand Raiden spectrometer
He bag
2C beam I2C beam VDC (CH,&He)

K True coin.  Accidental coin./ ———— 1 mm & 10 mm
L]

Plastic Scintilator

B Tagging counter (Gion)
--To remove accidental coincidence events.
B Data reduction gate
m Angular correlation between p and '2C.
B Energy correlation between p and '2C.



Results

x 104

QW Singles event

- g.5. —SHT o
i — Aramid 31'§ 1+1

6000

MeV)

1
b
S
S
S

Yield (Counts/0.

o 4000 |

SRS Y Y
O 2 4 6 8 10 12
Excitation Energy (MeV)

Peak significance: 91%

Y -decay from 3-, was observed !

Chi Square
N oN ~l
S & S

N
-}

Peak Height
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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)
/I Previous 4.4(5)x104 2.21(7)x107%
/I Present 4.3(3)x104 2.6(6)x10-2

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 [ ./ 7
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