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The rate per unit volume for the triple-a reaction (Rolfs and Rodney, 1988):
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r3a et 1ﬂrad exp(_Q3a /kT)




Determining the triple-a rate

12C Carbon production
’-\ (0.04%)

0+ I—lloyle s.tate 7.65 MeV

E2 EO EM decay 0.04%
zZ V¥ 4.44 MeV
a-decay
(99.96%) E2
0+
[ “traditional approach” ] +C

[ I,.q could not be measured directly! }
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Determining the triple-a rate

12C Carbon production
’-\ (0.04%)
0* I—lloyle s.tate 7.65 MeV

E2 EO EM decay 0.04%
il 4.44 MeV
a-decay

T T T

(99.96%) E2
O+

Alburger (1961) @

Seeger etal (1963) —@—

w N " 12
[ traditional approach ] C Hall et al. (1964) 2

Chamberlin et al. (1974) —

o *?

Davids et al. (1975)

Mak et al. (1975) —0—

Markham et al. (1976) —@—

Obst et al (1976) —@—

[ I..4 could not be measured directly! } Ad?pted 4.12(10)x10-4 b

| |

2 3
-4
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Determining the triple-a rate

Carbon production
’-\ (0.04%)

0+ I—lloyle s.tate 7.65 MeV

E2 EO EM decay 0.04%
il 4.44 MeV
a-decay
(99.96%) E2
O+
[ “traditional approach” J C

Only experiment using
maghetic /spec’rr'ome‘rer'

I / T I I
Ajzenberg (1960) p J !

Obst et al (1972)/: o

Alburger (1977) i — @ ——
Robertson et al. (1977) [ @ |
Adopted 6.7(6) x10-4 T
| + 5 s 71 5 o
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Determining the triple-a rate

Carbon production
O s "-\ (0.04%)

ae SBe’ o* I—lloyle s.tate 7.65 MeV
E2 EO EM decay 0.04%

2+

4.44 MeV
a-decay
Ol. (99.96%) E2 —— 1777
ot Fregau (1956) &
N 12 Crannell er al, (1964) —
[ “traditional approach” ] C
Gudden et al. (1965) | &
Crannell et al. (1967) ——
Strehl er al. (1968) —H@—
Strehl (1970) — @
Crannell et al. (2005) @

Chernykh er al. (2010)
Adopted 62(2) peV I

2 3 4 5 6 7 8 9
E ;
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Determining the triple-a rate

12C Carbon production
’-\ (0.04%)

0+ Hoyle state/
e SBe / / Crannel et al NP A785 (2005) 399c \
—_— ‘ EZ EO

Q 4 data sets from different labs
2" ¥ (Darmstadt, Bates-CUA, NIKHEF-K,
a-decay HEPL)
o (99.96%) E2 Chernykh et al. PRL 105 (2010) 022501
0+ O S-DALINAC Darmstadt
O High-resolution low momentum transfer

[ “traditional approach” ] +C experiment
0 Model independent and traditional

I analysis /

Discrepant by 6o
Crannell et al. (2005) @
Chernykh et al. (2010) H@H ]
Adopted 62(2) peV +

1 1 1 1 1
2 3 4 5 6 7 8 9
E ;
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Determining the triple-a rate

Carbon production
’-\ (0.04%)

0+ I—lloyle s.tate 7.65 MeV

E2 EO EM decay 0.04%
il 4.44 MeV
a-decay
o (99.96%) E2
O+
[ “traditional approach” ] +C

oo

Value [O0] | #

Qsq 379.35(20) keV | 0.05 | 6

Tl CR 9048 2 T 0 B

T (E0O)T | 6.7(6) x10° 89 |4

I (E0) | 6.2(2) x10°eV | 3.2 |8
e 3.9(4) x103%eV | 10.3
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Determining the triple-a rate

Carbon production
’-\ (0.04%)

0+ I—lloyle s.tate 7.65 MeV

H E2 EO EM decay 0.04%
, Z ¥ 4.44 MeV
a-decay
o (99.96%) E2
O+
[ “traditional approach” ] C

Value [90]

Qza 379.35(20) keV | 0.05

T/ | 419(11)x10* | 2.7

T (EO)T | 6.7(6)x10® | 8.9

AIM 1: T, /T from pyy measurements I'(E0) | 6.2(2) x10~eV | 3.2

|~ |OOJO |

T., | 3.9(4)x10%V | 103
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Determining the triple-a rate

12C Carbon production
(0.04%)
-~ 8Be 0* I—lloyle s.tate 7.65 MeV.
== E2 EO EM decay 0.04%
il 4.44 MeV
a-decay
o= (99.96%) E2
O+
12
[ “traditional approach” ] C

ol

[ AIM 2: from direct measurement of

the EO and E2 transitions

J
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Value [O0] | #

Qsq 379.35(20) keV | 0.05 | 6

Tl CR 9048 2 T 0 B

T (E0O)T | 6.7(6) x10° 89 |4

I (E0) | 6.2(2) x10°eV | 3.2 |8
e 3.9(4) x103%eV | 10.3
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pyy Measurements to determine I', /T

Badriah Alshahrani’ s thesis (ANU)

2c(p.p)'2c*(7.653)  TOTAL CROSS SECTION

T I 2 3 4 6 s w0 - 15 20

- 2C(p.pYY)
< Ppeaks at 10.5 MeV

(mb) 50}

RICE
N

6 1 14 18 22 26 30
o2 o8 O ¢ . ABOVE THRESHOLD (rl_w)

85 9.0 95 10.0 105 1o 15
E ag (MeV)

Davis and Bonner, Astrophys. J. 166 (1971) 405.

I',,o/T from pyy/p rates

Oslo Cyclotron Laboratory
Q12 days, ~5 nA

Q 6.0E+9 events (total)

0 2.56(5)E+8 (E*=7.65 MeV)
O 28Si(p,p'yy) for calibration
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SiRi - particle detection
64 AE(130 pm)-E(1550 um)

M. Guttormsen, et al.
NIM 648 (2011) 168

0* Hoyle state Run at 10.7 MeV to get
L T

E2  EO 7.65 above the energy

- Y ~ threshold in AE
4.44

E2
0f W 3

CACTUS - photon detection
26 5" by " NaI
M. Guttormsen, et al.

Phys. Scr. T32 (1990) 54




pyy Measurements to determine I', /T
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pyy Measurements to determine I', /T
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0* Hoyle state

E2 EO
2+

E2
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2C(p
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4.44
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pyy Measurements to determine I', /T
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0* Hoyle state

E2 EO
2+

E2

[ 28 2

2¢(p,p') @ 10.7 MeV

7.65

4.44

Gates:
Q p(7.65)
3 y—y coinc.

T~

LI 1 l | I D I R l | N | [ | [N (O O l | A |

500 1000

[ Time difference ]
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S ol
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0 1 1

[ Summed g-energy [MeV] ]




pyy Measurements to determine I', /T

= 0* Hoyle state
1. E2 Eo
= B2

10 O+i 2

Tibor Kibedi , Dep. of Nuclear Ph

12¢(p,p’) @ 10.7 MeV Cates:

765 % J p(7.65)
40 O y—y coinc.
30F

444
20

10E

LI 1 l | I D I R l | N | [ | [N (O O l | A |

‘ -1000 -500 0 500 1000
1 [ Time difference ]
E [MeV]
gof T T 12C(pp") @ 10.7 MeV
) 7.654 | |
Obst & Braihtwaite PRC 13 (1976) 2033
PROTON-GATED GAMMA SUM-ENERGY SPECTRA % 40 - 1st escape ]
S
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ﬂ%%w 444032 | @R ||”‘
7 ' = '
/ ST U M ™ U |
— PR ) s s o ° T 2 3 4
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Determining I', /T

X

7.65 7.65 4.98 4.98
[&] _ Ng3g®  Nsingles €178 _ €320 _ Wi
— \4.98 7.65 7.65

I Nozo N W20

singles €4.44 €321

Detector efficiency (¢) and angular correlation
(W) from Penelope simulation

O pyy triple coincidences

O Gates: proton energy, DE-E 2D
("banana”); TDC time difference;

12C 285i
r,/r=0.0004| | r,r=1
0" 7.65
]
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Determining I', /T

12 28q,;
ry/r:o.co004 Fy/gzll [&]7‘65 _ Nost | Noingtes . €170 €520 Wi
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preliminary

6 7

4.07(22) x 107*
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Determining I', /T

12
C r 1765 7.65 N 498 . E 498
' /T'=0.0004 14 020 singles 1.78 3.20 020
L - T = 498 X N\ 7.65 X 11765
0* 7.65 020 singles €444 €321 020
[ ]
3.21 E2

2+ V4.44

_’(.

4.44 E2

Detector efficiency (e) angular correlation (W)
from Penelope simulation

:

Alburger (1961)
Seeger et al. (1963) —@—

12¢

Hall et al. (1964)
Chamberlin et al. (1974)
Davids et al (1975)

Mak et al (1975)
Markham et al. (1976)
Obst et al. (1976)
Present work (2016)
Adopted: 4.12 (10)

. State Nozo(PW) Nsingles
7.654 (12€) 529(23) 2.56(H)E+8
° 498 (85i) 2617(B1) 3.13(6)E+5
>—|.—|
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Angular correlation of the 3.21 - 4.44 MeV E2

cascade

12¢
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Angular correlation of the 3.21 - 4.44 MeV E2

cascade
12¢ Munich et al., PRC 93 (2016) 065803
FY/F:O.OOO‘]- 12B B- decay, yy with GAMMASPHERE
0* l7.65 [ N,,,=529(23) cts ] [ N, =58(9) cts
3.21 E2 100_12C | | | 14.439 | 10.; MeV plonuC‘ |
2+ 444 | PYY coincidencesr ul
| 3.215 3
4.44 E2 g o ’ %,
© a0 : E
i ° 4
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e O ey Ry s
Gamma energy [MeV]
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= £ 002
3
50 o 1'2[%egreésso] 180 0275 -05 coos.(oo) 05 1.0
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Determining the triple-a rate

Carbon production
’-\ (0.04%)

0+ I—lloyle s.tate 7.65 MeV

E2 EO EM decay 0.04%
2y 4.44 MeV ﬁ
a-decay
(99.96%) E2
O+
_ “traditional approach” | +C Out of the ~0.047%

r (E2) = 98.5%

I (E0)= 15%
r(E2)= 0.088%
I'ce(E2), I'e(EQ) ~O

[ AIM 2: from direct measurement of ]

the EO and E2 transitions

Tibor Kibedi , Dep. of Nuclear Physics, ANU, Canberra




Determining the triple-a rate

Carbon production
’-\ (0.04%)

0+ I—lloyle s.tate 7.65 MeV

E2 EO EM decay 0.04%
2 V 4.44 MeV
a-decay
(99.96%) E2 ﬁ
0+
12C Out of the ~0.04%

I (E0)=15% [In‘rer'nal pair}
" ' conversion
I (E2)=0.088%

AIM 2: from direct measurement of o (E2)=8.765E-4
the EO and E2 transitions

Tibor Kibedi , Dep. of Nuclear Physics, ANU, Canberra




ﬁ;{%ﬁ Measuring electron-positron pairs

Uy g

i ;
I PRy ik f
> S

» e -e* particles share the available kinetic energy: E.
Ein=E4+TE=E, -2 my? Eo &
Need to observe both particles @

»  Pair emission rate: function of Z, E,, E,, ® and multipolarity; Born approx.

180 .
I'_(EO) ~ p*(E0) x Q (EO
160 7.654 MeV EO in 12C <(E0) ~ p*(EQ) x €, (EQ)
f 2° E.= E.
140 x10)
120 5 esep ~ 600
100
. 15
@ 80 |
40
05
20
0 0
1.0 2.0 3.0 40 5.0 6.0
Eey [MeV]
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(ﬁ;{%ﬁ Measuring electron-positron pairs

TRy, e VR
p gt [
[ _guiprsy |

» e -e* particles share the available Kinetic energy:
Ein=E4+TE=E, -2 my?

Need to observe both particles

E.

Eov @

£y

»  Pair emission rate: function of Z, E,, E,, ® and multipolarity; Born approx.

180

o 3.2148 MeV E2 in '°C

140

120

40

20

05 1.0 1.5 2.0
Ee, [MeV]
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a,(E2) =T, (E2)T,(E2)
E.=E.
O5ep = 30°

W, (EO) ~ p2(EO) x| Q,(EO)

W,(E2) = T,(E2) % a,(E2)

ICC
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TRy, e VR
p gt [
L g |

ANU pair spectrometer

Acceptance angles: 15.9°-46.9 °

Efficiency - singles (swept):

- singles (fixed):
Efficiency - pairs:
(simulated)

Spectrometer response
from simulations

(a) 7.654 MeV EO in '2C

detected pairs

0O, [deg]

Tibor Kibedi , Dep. of Nuclear Physics, ANU, Canberra

0.5%
3.0%
0.0935% (3.21 MeV E2)
0.0618% (7.65 MeV EO)

Array of six Si(Li)
Thickness: 9 mm
Area: 236 mm?2
FWHM = 2.5 keV
Semikon GmBh

Absorbers made from HeavyMet
Density: 18 gr/cm3

Minimum path for photons: 8.2 cm
1 mm thick low Z skin
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OFe(p,py) @ 6.9 MeV

Tomas Eriksen PhD

singles gammas (CS hpGe)

O+

2+

stable

Counts

600

400

200

Lee Evits, Electric monopole transition strengths in
stable Nickel Isotopes (talk on Wednesday)

Tibor Kibedi , Dep. of Nuclear Physics, ANU, Canberra
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{Qw E2
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Transition energy K (Fe) [keV]
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1500
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%Fe(p,p'y) @ 6.9 MeV

Tomas Eriksen PhD

54 T T T T T T
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Tibor Kibédi , Dep. of Nuclear Physics, ANU, Canberra Wi n (E0) = p*(E0) X QO ”(EO)




EO transitions around N=Z=28 nuclei

54,56,58F o

Energy systematics

6000
E* [KeV] :
5000 :

Iron Z=26
4000
3000

2000 | 23

03
[ 2]
|
|

0 I
22 24 26 28 30 32 34 36 38 40 42
Neutrons

EO strengths (preliminary)
103 p3(EO)

54Fe 56Fe

<250 3.2(11)

23(8)  500(200)

1000

0, -0
O3_01

Tibor Kibedi , Dep. of Nuclear Physics, ANU, Canberra

Counts

80000

60000

40000

20000

800

600

400

200

56 o~ T ~ 1 ~ T N N l\.l I T 1 ]
Fe u W £ W L Uy o (a) gamma-rays |
r 5 @ s S S % ~ ““Fe(p,p) @ 6.7 MeV ]
' 5 S K fgg U gy :

— SUN RN Rggg é <
DDA [Te
= C§ o™
(sp)
L 54
(*) "Fe
| 1 | | 1 | 1 |
| | ~ T ~ | I ~ | | | |
= o= u‘; Y (b) electrons
< o3 ki N XIS 21A-174A
I - = + 0 S99 7]
o N lo)) (@]
- LS = 0 | &
o wm = o — L
i S = > + il
~ -
e o " = o
N v © g
i © ]

N I
LI "
i o't (c) pairs |
. N= N o B
| Field stepped ks - Y8 ]
— ™ = O
2.885 A N Noo g Sum
+ ~Now® ot o
- 4351 A — U X s W .
S | =1 32 5
4.049 A o |3 e
- % ~N o llRe) =
| 1 Il | 8 i 1
500 1000 1500 2000 2500 3000 3500 4000

Transition energy [keV]



12C(p,p 7)'2C* pair measurements
(2015-2016)

Q 2C(p,p') @ 10.5 MeV, 2 mg/cm? target, 500 nA
0 4-6 days experiments
O Magnetic field set for E* ~ E

O Counting at each field according to expected
yields: 1000(3.21E2); 25(4.44E2); 50(6.05EOQ,
160); 250(7.65E0)

12
Stable **C 0 hpGe detector to monitor bombardment

Estimated rates Q Singles measurement, but sum coincidence helps

4.439 E2 =1 1.32E-3
3.215E2 1.1E-4 9.2E-8
7.654 EO = 1.6E-6

Tibor Kibedi , Dep. of Nuclear Physics, ANU, Canberra



12C(p,p 7)'2C* pair measurements
(2015-2016)

12C(p,p‘) at 10.5 MeV |

O 4

+ L 12
0 7.654 00
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4 - i
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5000 |- N .
<
x4 L/\xmoo
O | | | | |
3 4 5 6 7 8

Transition energy [MeV] 2163(260) cts

Tibor Kibedi , Dep. of Nuclear Physics, ANU, Canberra



12C(p,p 7)'2C* pair measurements

(2015-2016)
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12C(p,p 7)'2C* pair measurements

(2015-2016)
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The radiative width of the Hoyle state

from pair measurements
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I (E2)/T (EO): 0.030(12)
EO to E2 ratio: 33(13)

expected: ~18

o (E2): 8.765E-4 (BrIcc)
I .(EO): 6.2(2)E-5 eV (adopted)
[.qq: 0.0022(9) eV




Summary and Outlook

Preliminary results
d 529(23) pgg triple coinc.
O From pgg measurements:

Traditional ———— Q G,/G: 4.07(22) E-4
’STeeger etal (1963)——@—— Q Grad : 00038(4) eV
P erat (978 M 0 2163(26) 7.654 MeV EO pairs
GbsEchal (1975) — B Q 407(155) 3.215 MeV E2 pairs
— Markham etal. (1976) +———@——— O From pair measurements:
Robertson et al. (1977) —— Q Gp(EZ)/Gp(EZ): 33(13)
Q G, : 0.0022(9) eV
Freer eral (2014) —@—
pYy (ANU-Oslo, 2016) e O Recommended
~pair (ANU, 2016) PY (Fr'eer' and Fynbo, Pr‘og. in Part. and
| | | Nucl. Phys. 78 (2014) 1)
S— 2 rfad LIS Goq : 0.0037(4) eV

Q "Traditional” vs. "Direct” method

a 1/1,(EO) 8.9% uncertainty
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