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At the intersection of nuclear physics and astrophysics

Heavy ion reactions during carbon burning in massive stars

> M>8..10 My
> core made of oxygen and carbon
> Coulomb well

Nonburning
envelope

Hydrogen-burning
shell
from A. Chieffi et al., APJ 502 (1998), 737

Helium-burning
shell

12C +12C — 24Mg

Copyright ©2005 Pearson Prentcs Hal nc.

12C+160—)28Si
160+160—>SZS

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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At the intersection of nuclear physics and astrophysics

Heavy ion reactions during carbon burning in massive stars

> M>8..10 My
> core made of oxygen and carbon
> Coulomb well

Nonburning
envelope

Hydrogen-burning
shell

from A. Chieffi et al., APJ 502 (1998), 737

Helium-burning
shell

12C+12C—>24Mg
12C+13C—>25Mg
13C+13C—>26Mg
12C+160—)28Si

160 +16 0> SZS

Copyright ©2005 Pearson Prentcs Hal nc.
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At the intersection of nuclear physics and astrophysics

Exit channels of light fusing systems: '2C+'2C

so}- > Q - value
sof- = s > 24Mg: compound nucleus
2.0k 6.72.0% , [ o, #Mgan
3853920, , .
T I T 4 > measure particles
s r “s|2s8 o,
2 g, s > measure gammas
N RGec — on. (2% | ?
ey cascades!
x =0
w
-2.0 = 4
€ L,:fw o > ground state: ayg, po, etc.
TR ez |, .
excited states: ag, a1, a3, ..
o
0:0*
A 4 SNera
-140 "Mq
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At the intersection of nuclear physics and astrophysics

Exit channels of light fusing systems: '2C+'2C

a0 E > Q - value
S = P > 24Mg: compound nucleus
(} = [
2.0 -+ o — — — 4 -
oL ‘ i > measure particles
s
e B g measure gammas
L = 1%
= Foec AN zon0zT ]
% ki cascades!
EI =0 P
2 2t |
L —rF . _
€ Errm— ground state: «g, po, etc.
6 spl Lea\e i .
= ' > excited states: ag, @1, a3, ..
—a0f 1| v
RR
5 + *Nesa
-aof- o
9
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At the intersection of nuclear physics and astrophysics

Exit channels of light fusing systems: 2C+'0
E.m(MeV)

4.921

545
2Ne+2a

foreT |

loo sz 0.424
ZISi+n

2r fa.00s 22
|z 2|
s fos o e
s 15
fosar ]
sk
|16 27 -5.171
AI+p
N
oo
L -8.772
7 2Mgta

1204160
l00_07.46.753
]

X. Fang et al., PRC 96 (2017), 045804
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At the intersection of nuclear physics and astrophysics

Exit channels of light fusing systems: 180+60

2T
0+
8+ Ny Ay
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6+ 2
= =
4 e
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2+ x 2t
] I o* ot
018 & [+F 24
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-24 € 0000 5. 0393
S+n
ot -1.499
3/2
el Lo |
(Ir 8
P+p | .
-7676 ol !
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-9%92
64 o+
*g
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J. Thomas et al., PRC 33 (1986), 1679-1689
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At the intersection of nuclear physics and astrophysics

Exit channels of light fusing systems: 180+60

12
9706 o Ecum (MeV)
20N+
8004 “Nesdet . .0 8 7148 Z;mz
295+ p+d 25, R 1804200 Si+o+n
4636%
* PN
_2510 243l % 199 4 2 Bp. 1
255,434 PNeZC 270, o _o390% 2249488 P+d
-0 388« 3 Mg +5Be
e B, ‘corf0 -lassx Mg+2a = M
ET9
=7 676 &
Eryem
P*p 95924
285,40
-16 540
32g

H. Spinka and H. Winkler, NPA 233 (1974), 456-494
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At the intersection of nuclear physics and astrophysics

Comparing apples to oranges

number of open channels:
> 120+12C: ~ 15
> 1204160: ~ 250
> 1604160: ~ 7000

> high number of states: gamma detection preferred
> 1604160: statistical models employed

> accurate oxygen targets are hard to fabricate: systematic

— focus here on 2C+'2C

Direct measurements of fusion reactions of astrophysics impact

IPHC/CNRS
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At the intersection of nuclear physics and astrophysics
Charged-particle-induced reactions for astrophysics

> reaction rate A: number of reactions per volume and time

a+A—>b+B
A = NagNa(v-o(v))

relative velocity v:

> Maxwell-Boltzmann distribution:

d = 7{(&7’7})2Eexp(—E/kB T)

exponential drop

— T=0.50 GK
.75 GK
T=1.00 GK

08

-

06
Energy

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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At the intersection of nuclear physics and astrophysics
Charged-particle-induced reactions for astrophysics

> reaction rate A: number of reactions per volume and time

a+A—>b+B
A = NagNa(v-o(v))

relative velocity v:

10l > Maxwell-Boltzmann distribution:
—T=050GK 3 B 8m
- T=075GK ] ¢ = (ke T)2 Eexp(-E/kgT)
10 3 T=1.00GK .
F E exponential drop
1 3
e Ly
0 0.2 0.4 0.8 1
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At the intersection of nuclear physics and astrophysics
Charged-particle-induced reactions for astrophysics

> reaction rate A: number of reactions per volume and time

a+A—>b+B
A = NagNa(v-o(v))

cross section o(v):
> energy E inferior to Coulomb barrier V¢

sof- E
v Coulomb potential
wf E
3 = | E
>
Eeou ~ ZiZ, g b ek E
(MeV) u e centruga brrer
-40c Coulomb barrier
T " o — apoenia 3
nuclear EI I T
well rlau]
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At the intersection of nuclear physics and astrophysics

Charged-particle-induced reactions for astrophysics

> reaction rate A: number of reactions per volume and time

a+A—->b+B

cross section o(v):
A = NagNa(v-o(v))

> transmission probability:

v Coulomb potential

AV
Eeou ~ ZiZ; Ein ~ kT (keV) d
(MeV) — Ve

nuclear " ' /\ /\ / CPE
\/\/

4

exponential drop

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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At the intersection of nuclear physics and astrophysics
Charged-particle-induced reactions for astrophysics

> reaction rate A: number of reactions per volume and time

a+A—>b+B
A = NagNa(v-o(v))

g Maxwell-Boltzmann Gamow peak:
-2 | distribution Tunneling through . .
5|« exp(-E/KT) Coulomb barrier > reaction takes place at this energy
a = exp(-[ (E¢/E)**] .
2 convolution of:
£ — _
g > Maxwell-Boltzmann distribution: e~E/ks7
Gamow peak > tunnelling probability: e~
AE,
1 § 1
KT Eo Energy

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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At the intersection of nuclear physics and astrophysics

Our tools during this talk

> reaction rate A
> Gamow peak/window
> S-factor:
o
= O eXplenn B «  Schiirmann ef al. (2005)
S(E) = o(E)Eexp(2my) 107
1001
Alo-lﬂ 1 1 1 1 .
> cancel barrier transmission term ; 10° )
O
> display “nuclear structure” — 2
“g 10-1_
&
7]
2L | | | 1
105 1 4 5

2 3
Center of Mass Energy (MeV)

D. Schirmann et al., PLB 711 (2012), 35-40

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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The compound nucleus and the ways in and out

a+A - C* - b+B

> energy E; fully absorbed in compound C
@ @ > particles a and A indistinguishable
N ~
-w? Y
]

y 3
c

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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The compound nucleus and the ways in and out

a+A - C* - b+B

Aligned neutrons
and protons

-
865
\

Paired nucleons

compound

Direct measurements of fusion reactions of astrophysics impact
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energy E, fully absorbed in compound C
particles a and A indistinguishable
particle-hole excitation:

single particle excitation

rotational bands

On the trail towards the astrophysics region of interest

IPHC/CNRS
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The compound nucleus and the ways in and out

a+A - C* - b+B

> energy Ej, fully absorbed in compound C
> particles a and A indistinguishable

particle-hole excitation:
single particle excitation

v

v

rotational bands

1eV>T <1 MeV
isolated states

overlapping widths

vV v VY

continuum

w0
Sactor (MeV b

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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The compound nucleus and the ways in and out

a+A - C* - b+B

2Cay

w0’ 0! 10"
Sactor (MeV b

2C+a

Direct measurements of fusion reactions of astrophysics impact

Sub-Coulomb barrier cross-section determination

v

v

vV v VY

o
Q000
[e]e]e}

energy E, fully absorbed in compound C
particles a and A indistinguishable
particle-hole excitation:

single particle excitation

rotational bands

1eV>Tl <1MeV

isolated states

overlapping widths

continuum

120(% 7)160

resonances at thresholds

On the trail towards the astrophysics region of interest

IPHC/CNRS
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The compound nucleus and the ways in and out
Angular momentum conservation and angular distributions

N. Bohr hypothesis of independence: compound formation and decay are independent
but angular momentum conservation

fusion of spinless particles:

T 3
e < WErTTT T T T T
\ EN "261"2C, 0 ) PNe ]
@ e @ 5 8 E¢ .= 5.00MeV b
5 i
(2}
1=0 1=0 I= 8 o’ E
o ]
> L perpendicular to z © —
O ]
> equal probability + z 2 1
Z
& K58
ool Lo b1y
do Kmax L5L 0" 30° 60° 90° 120° 150° 180°
—= =D aPi(cos(9)), k =0,2,4,.. ANGLE ©p
dQ P

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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The compound nucleus and the ways in and out

Angular momentum conservation and angular distributions
N. Bohr hypothesis of independence: compound formation and decay are independent

but angular momentum conservation

fusion of spinless particles:

=0 =0 =L 1=0 =0 =L

> L perpendicular to z . .
perp - — compound state spin from fusion
> equal probability + z measurements
> normalisation of cross sections:

tS Po(cos(6
(j%) = 3 aPu(cos(®). k = 0,2.4,.. o(cos(0))
k=0

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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The compound nucleus and the ways in and out

Fusion formation and population of compound states

identical 07" particles:

12¢ 412 ¢, 24\gt

0of+0" - 7?7
wave function:

W) =P)space ® [P )spin ® [P)isospin
|)space = Ra(r)Y["(6, ¢)
Y =6, ¢ +x) = ~1'Y[(6. 9)
—-1=0,2,4,.

parity is multiplicative:

Pyg =—1"Pc- Pc

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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The compound nucleus and the ways in and out

On the trail towards the astrophysics region of interest
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Fusion formation and population of compound states

identical 07" particles:

12C+12C—>24Mg*
oF+0t - 7?7

wave function:

W) =P)space ® [P )spin ® [P)isospin
|)space = Ra(r)Y["(6, ¢)
Y =6, ¢ +x) = ~1'Y[(6. 9)
—-1=0,2,4,.

parity is multiplicative:

Pyg =—1"Pc- Pc

Direct measurements of fusion reactions of astrophysics impact

This work Previous work
E Ta T 1 E o T Ref.
(MeV) (keV)  (keV) (MeV) (keV)  (keV)

425 04 80 0 425 60-80 (3]
671 35 70 () 3]
580 237 50 0 582 50 [13]
597 90 50 0 597 50 [13]
464 004 40 2 462 60-80 (3]
4865 1.0 80 2 488 80 3]
499 20 100 2 500 60-80  [3]
538 14 80 2 537 60-80  [3]
566 6.0 50 2 564 140 3]

2 56 20 104 [54]

2 56 10 130 [55]

578 038 60 2 58 60 [13]
601 62 50 2 601 70 [13)
629 15 60 2 625 60-80 (3]
628 216 125 (7]

665 11 50 2 664 29 100 [55]
6.63 40 100 (7]

444 60 4 446 60-80 (3]

0.045

575 006 60 4 577 60 [13]
595 15 50 4 592 4 60 3]
5.96 >3 100 (7]

4 594 50 3]

375

460 75 88 [54]

460 4100 [55]

649 04 50 (6) 649 =50 (7]

E.F. Aguilera et al., PRC 73 (

2006), 064601

IPHC/CNRS


https://doi.org/10.1103/PhysRevC.73.064601
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The compound nucleus and the ways in and out

Fusion formation and population of compound states

. . . 102 4
identical 07" particles:
120 +12C—>24Mg* 2 .l ]
A o paterson mod.
ot + 0ot —» 77 & R 7 Mazarais mod.
%F * Present work
o & ~----BPM (PA)
107k wa ——BPM (KNS)
wave function: - - - - -

Ec.m. (MeV)

W) = |¢>space ® |¢>spin ® |¢>isospin

60

|¢’>space = Rn(r) Ylm(Q» ¢) %0

Y(x -6, ¢ +71) = —1'Y(6, ¢) e

—-1=0,2,4,. 520

bﬁ 10

parity is multiplicative: o
/ 4.5 5.0 55 6.0 6.5

Pyg =-1Pc - Pc

Ecm. (MeV)

E.F. Aguilera et al., PRC 73 (2006), 064601
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Near threshold resonances in 2*Mg: “extending the Hoyle paradigm”

> the Hoyle state (1954, 1957)
> a-cluster configuration of 2C

> resonance at 8Be+a threshold

Be c [J Ne Mg

-0 000 OOOC COOCO COOCCO
(728) (1444 T(1996)  (2847)

(716) e (2120
_1404)
© (ol
(a73) ¢
(1393)
®
@31

K. lkeda et al., SPTP E68 (1968), 464475

> excitation of carbon fusion compound:
> 24Mg(a, @’)?*Mg* at iThemba

£ MoV
005 1 152 25 3 35 4

J\ soaall fa M);KAJJ\N\,‘:
= ot I Ll a As

P. Adsley et al., PRL 129 (2022), 102701

> 0t at 13.8 MeV (12C'2C)
0t at 15.3, 15.7 MeV (22'%0)
> isoscalar monopole excitations:

Y. Chiba and M. Kimura, PRC 91 (2015), 061302(R)

> close to threshold of sub-systems (alpha conjugate nuclei)

> challenging to access in direct experiments

Direct measurements of fusion reactions of astrophysics impact

IPHC/CNRS


https://doi.org/10.1143/PTPS.E68.464
https://doi.org/10.1103/PhysRevLett.129.102701
https://doi.org/10.1103/PhysRevC.91.061302
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The beauty (and curse) of light alpha conjugated systems

So there are resonances. What else? — Fusion hindrance

evidenced for Q < 0 systems: > seen alsoin Q > 0 systems

10°ET

‘
E NN 1 > repulsive core:

T
the sudden model

fusion

Present experiment

Potential Energy

10 v Rot.7
o Rel8
10° Coupled channels

1 — C.C.wiha=5fm
sl L I L I I
170 180 190 200 210 2
Epyp (MeV)
t

1 1
Relative distance

b

C.L. Jiang et al., EPJ A 57 (2021), 235

> Pauli repulsion in symmetric systems

oF exp[2x(n-n)]
3
o

E o . .

Ll SO ) > density of states in 2*Mg

w0 )

/L
1080 85 90 95 100 105
E (MeV)
C.L. Jiang et al., PRL 93 (2004), 012701

Direct of fusion reactions of physics impact IPHC/CNRS
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The beauty (and curse) of light alpha conjugated systems

Sub-Coulomb barrier cross-section determination

On the trail towards the astrophysics region of interest
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So there are resonances. What else? — Fusion hindrance

evidenced for Q < 0 systems:

G expl2n(n-ng)]

10°ET

T
ESNi* N

v Rel.7

T — C.C.wiha=5fm

Present experiment

1.8
Coupled channels

E g (MeV)

Nl I L L I
170 180 190 200 210 2
V)

100

EY 9
E (MeV)

C.L. Jiang et al., PRL 93 (2004), 012701

Direct

of fusion reactions of physi

105

impact

> S-factor develops maximum

> deep sub-barrier energies

system

atic:

> 4-parameter phenomenological model

40

——E*™P =[0.495 £ /(2.33+580/0)]*"

]
2T A1+

160476G;
28614305

Lo @1

24Mg+308i

G. Montagnoli et al., PRC 97 (2018), 024610

IPHC/CNRS


https://doi.org/10.1103/PhysRevLett.93.012701
https://doi.org/10.1103/PhysRevC.97.024610
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The beauty (and curse) of light alpha conjugated systems

Low-lying states contributing to sub Coulomb barrier fusion

Coupled Channel calculations:

10° .
2
10°

10" ¢

o (mb)

102+

40(‘:1 + %Zr

(a) 1

Chel -oene ]
Ch-28
Ch-84 ——

107

85 90

95 100 105 110 115
B, (MeV)

H. Esbensen et al., PRC 93 (2016), 034609

nucleus b

B.B. Back et al., RMP 86 (2014), 317-360

Direct measurements of fusion reactions of astrophysics impact

o]
Q000
[e]e]e}

first excited state:

> 40Ca: 3.4 MeV

%7r: 1.6 MeV

light nuclei:
12C: 4.4 MeV
160: 6.0 MeV

On the trail towards the astrophysics region of interest

stiff nuclei (closed shell configuration '€Q)

low fusion cross sections

broad S-factor maximum (if exists)

IPHC/CNRS


https://doi.org/10.1103/PhysRevC.93.034609
https://doi.org/10.1103/RevModPhys.86.317
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The beauty (and curse) of light alpha conjugated systems

Low-lying states contributing to sub Coulomb barrier fusion

Coupled Channel calculations:

3
10 — . e
1025 « 12c41%C(Becker) v '°C+ '°C(Trentalange)

2 10k

10 1% = '2C4+C(Dayras) o '2C+'°C(ND)
10" 0y +%7¢ 10'F
2 ) ~10%F
E 0t @ 1 g 10k
° © 10*F
10! 1 SE
107
02 | Ch-1 - 1 10°F
Ch-28 107
o i Ch-84 —— 10°F

8590 95 100 105 110 115 402 L
E,,, (McV) 25 3 35 4 45 5 55 6 6.5
m.
E;m. (MeV)
H. Esbensen et al., PRC 93 (2016), 034609 "
M. Notani et al., PRC 85 (2012), 014607
2 2 > stiff nuclei (closed shell configuration '6Q)
2* 3

> low fusion cross sections

s pucust > broad S-factor maximum (if exists)

B.B. Back et al., RMP 86 (2014), 317-360

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS


https://doi.org/10.1103/PhysRevC.93.034609
https://doi.org/10.1103/RevModPhys.86.317
https://doi.org/10.1103/PhysRevC.85.014607
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The beauty (and curse) of light alpha conjugated systems

Sub-Coulomb barrier cross-section determination

On the trail towards the astrophysics region of interest
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Low-lying states contributing to sub Coulomb barrier fusion

o (mb)

Coupled Channel calculations:

Oy +%7¢

(a) 1

Ch-1 -
Ch-28
Ch-84 ——

85 90 95 100 105 110 115
B, (MeV)

H. Esbensen et al., PRC 93 (2016), 034609

2 2 2 23 2
2 3 2 3
2* kN 2t 3

o o
nucleus a nucleus b

B.B. Back et al., RMP 86 (2014), 317-360

Direct measurements of fusion reactions of astrophysics impact

10"

10"

S* (MeVb)

10"

LB

T

T

2C+ 12C(Becker) v

2C+3C(Dayras) * ’C+'C(ND)

{H ‘xiifﬁi # Hi
i it i

3c+ C(Trentalange)

1 g g & ¥
i i’ix‘ igiig & ‘?‘h

v

i

o

253 35T A A TS 556 65

Ecm. (MeV)

M. Notani et al., PRC 85 (2012), 014607

> stiff nuclei (closed shell configuration '60)

> low fusion cross sections
> broad S-factor maximum (if exists)

IPHC/CNRS
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https://doi.org/10.1103/RevModPhys.86.317
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Which is the right approach: gamma or particle measurement; thin or thick target?

Direct cross section measurements

> projectiles: high intensity accelerator

OCC)) ~ det > target:
O ’ O O foils (~ 200 nm): moderate heating
prol backings or graphite/oxides: cooling essential
> detectors:
o(E) = M CAQ € )
Noroj/t - Near/ A particle: AQ ~ 30 %, e = 100%

gamma: AQ ~ 20 %, e = 2%

« background

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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Which is the right approach: gamma or particle measurement; thin or thick target?

Direct cross section measurements

> projectiles: high intensity accelerator

OO / det

> target:

O ) O % foils (~ 200 nm): moderate heating
prol backings or graphite/oxides: cooling essential
> detectors:
U(E):%-AQ-E . o _ o
oroj/t + Ntar particle: AQ ~ 30 %, e = 100%
gamma: AQ ~ 20 %, e = 2%

> beam impurity

> target purity (H20) « background

> primordial, 4°K

> cosmic

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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Which is the right approach: gamma or particle measurement; thin or thick target?

Typical fusion excitation function into low-count acquisition runs

sub barrier 2C+'2C:

T T T T
= H
5
8
£
© * from Aguilera et al.
A from Becker ot al
from Spillane et al.
— STELLA beams
I L L I L E|
2 4 6
E, [MeV]
x10°
[ T T T ™7
600 - — measurement
E — physics E
. 500F — background 3
) £ E|
S ao0f E
o F ]
s} E E|
5 %0
2
> 200
100
T

T
06 08 1 14 16 18

12
E [MeV]
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Which is the right approach: gamma or particle measurement; thin or thick target?

Typical fusion excitation function into low-count acquisition runs

e 120,124 )
sub barrier “C+'*C: > physics: 0.6 MeV, 1.7 MeV
T T T T .
1 well defined peaks, +30 gates
S
= 10
5o Ve
E 10 An‘
° 10 & * from Aguilera et al.
A A from Becker etal.
10 from Spillane et al.
10 — STELLA beams
10 -
0 iy ‘ ; : )
Eq [MeV]
x10°
o ; ; i g
600 — measurement ]
F — physics ]
= 0 — background
g 400; é
[8) E 3
5 300
2
> 200
100
0 ;

0.6 0.8 1 12
E [MeV]
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Which is the right approach: gamma or particle measurement; thin or thick target?

Typical fusion excitation function into low-count acquisition runs

sub barrier '2C+'2C: > physics: 0.6 MeV, 1.7 MeV

T T T T

well defined peaks, +30 gates
SETI N

o [mbarn]

* from Aguilera et al.
A from Becker etal,
from Spillane et al.
— STELLA beams

4
Eq [MeV]

T T T T
—— measurement
— physics
— background

Yield [Counts]

12
E [MeV]

T
1 14 16 18

Direct measurements of fusion reactions of astrophysics impact

IPHC/CNRS
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Which is the right approach: gamma or particle measurement; thin or thick target?

Typical fusion excitation function into low-count acquisition runs

sub barrier '2C+'2C: > physics: 0.6 MeV, 1.7 MeV

!j/‘.'ﬁ - well defined peaks, +30 gates
/L" S > background: 1.46 MeV

background model: linear, exponential

o [mbarn]

* from Aguilera et al.
A from Becker etal,
from Spillane et al.

—— STELLA beams
. | |
0
E, [MeV]
T T T 3
—— measurement
— physics E
— — background
) E|
g ]
5 3
[=3 |
o, ]
S 3
2
I~
=
12 14 16 18
E [MeV]
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Which is the right approach: gamma or particle measurement; thin or thick target?

Typical fusion excitation function into low-count acquisition runs

sub barrier '2C+'2C: > physics: 0.6 MeV, 1.7 MeV

!j/‘.'ﬁ well defined peaks, +30 gates
Fan

-~

> background: 1.46 MeV
background model: linear, exponential

* from Aguilera et al.
A from Becker etal,
from Spillane et al.
— STELLA beams

-

4
E, [MeV]

T T T T ™3

600 — measurement |

— physics E|

— 500 — background

2 3]

5 ]

3 400 E

9‘ ]
o 300

2

> 200

=
5]
3
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Which is the right approach: gamma or particle measurement; thin or thick target?

Typical fusion excitation function into low-count acquisition runs

sub barrier '2C+'2C: > physics: 0.6 MeV, 1.7 MeV

T T T T

!j/‘.'ﬁ - well defined peaks, +30 gates
/L" S > background: 1.46 MeV

s
5
3 T )
E il background model: linear, exponential
© R * from Aguilera et al.
B A from Becker etal.
from Spillane et al.
—— STELLA beams
2 4 5 6
E .y [MeV]
140 T T T T
—— measurement
120 — physics
100 — background

Yield [Counts]
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Which is the right approach: gamma or particle measurement; thin or thick target?

Typical fusion excitation function into low-count acquisition runs

sub barrier '2C+'2C: > physics: 0.6 MeV, 1.7 MeV

T T T T

* from Aguilera et al.
A from Becker etal,
from Spillane et al.
— STELLA beams

10? |

well defined peaks, +30 gates

> background: 1.46 MeV
background model: linear, exponential

o [mbarn]

> statistical uncertainty
> tails of background contributions

4
Eq [MeV]

— measurement
— physics
—— background

Yield [Counts]

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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Which is the right approach: gamma or particle measurement; thin or thick target?

[e] e}
Q0000
[e]

Sub-Coulomb barrier cross-section determination

On the trail towards the astrophysics region of interest

o]
Q000
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Typical fusion excitation function into low-count acquisition runs

sub barrier 2C+'2C:

o [mbarn]

T

10? |

& * from Aguilera et al.

A A from Becker etal.
from Spillane et al.

— STELLA beams

4
Eq [MeV]

Yield [Counts]

— measurement

— physics
—— background

Direct measurements of fusion reactions of astrophysics impact

> physics: 0.6 MeV, 1.7 MeV
well defined peaks, +30 gates

> background: 1.46 MeV
background model: linear, exponential

> statistical uncertainty
> tails of background contributions

IPHC/CNRS
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Which is the right approach: gamma or particle measurement; thin or thick target?

Sub-Coulomb barrier cross-section determination

[e] e}
Q0000
[e]

On the trail towards the astrophysics region of interest
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Typical fusion excitation function into low-count acquisition runs

sub barrier 2C+'2C:

10? |

o [mbarn]

* from Aguilera et al
A from Becker etal

from Spillane et al.

— STELLA beams

4
Eq [MeV]

Yield [Counts]
s

— physics

— measurement

— background

Direct measurements of fusion reactions of astrophysics impact

physics: 0.6 MeV, 1.7 MeV
well defined peaks, +30 gates

background: 1.46 MeV
background model: linear, exponential

statistical uncertainty
tails of background contributions

few counts statistic

> background fluctuations

IPHC/CNRS
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On the trail towards the astrophysics region of interest
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Which is the right approach: gamma or particle measurement; thin or thick target?

Brainstorming measurements in the astrophysics region of interest

astrophysics region of interest: NORM=10 —— Spilane otal
» 8-1 0 Mo 1'5 i 0-3 Mev NORM=0.98 Aguilera et al.

1018 curv. pot. pockets Becker et al.
= High and Cujec
» 25 M, : 225+ 0.5 MeV 3107 oot
5
810"
> strong fluctuations of the excitation function @

— increase of reaction rate 10"
> extrapolations uncertain
> experimental resolution needed
> possible fusion hindrance with broad maximum
— ceasing of reaction rate
? phenomenological model suited
> low cross sections of stiff nuclei
— decrease of reaction rate
> beam intensities of a few ppA
data taking of weeks
background suppression
low count statistics

A. Diaz-Torres et al., PRC 97 (2018), 055802

vyvy

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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Which is the right approach: gamma or particle measurement; thin or thick target?

Brainstorming measurements in the astrophysics region of interest

astrophysics region of interest: wol %
> 8.10 My : 1.5+ 0.3 MeV ==l
> 25 My : 2.25+ 0.5 MeV @} e

oo,
e, ez

A
s
Revec M rou. i |

> strong fluctuations of the excitation function
— increase of reaction rate
> extrapolations uncertain
> experimental resolution needed
> possible fusion hindrance with broad maximum <o} \
— ceasing of reaction rate + 3 1 "neea
? phenomenological model suited
> low cross sections of stiff nuclei
— decrease of reaction rate
beam intensities of a few ppA
data taking of weeks
background suppression
low count statistics

39 32"
o 32

“Navp

c.m. ENERGY (MeV)
T
= 1

vyvvyy
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Pioneering experiments and complementing setups

Charged particle measurements by Becker et al.

KOLLIMATOREN

T 1T T

E¢ .= 5.00MeV

1%,y ) Ne

On the trail towards the astrophysics region of interest
o

Q000

[e]e]e}

2° 60°

ANGLE 6,

DIFFERENTIAL CROSS SECTION (ub/sr)

.
90°  120° 150°  180°

ALUMINLA- FaRADAY- > Ecm =2.8-6.3MeV
ABSCHIRMUNG .
> I=1-5puA
> targets: 8-30 ug/cm?
> position granularity
> wide angular coverage
> resonance spectroscopy
H.W. Becker, diploma thesis (1978) > branching 12C+1ZC
1ZC+1ZC.
. E.m =5.7MeV, 8, =30°
o TRt P el
w0k \ pevrg g B proToNS 4

H.W. Becker et al., ZPhys 303 (1981), 305-312

Direct measurements of fusion reactions of astrophysics impact

IPHC/CNRS


https://doi.org/10.1007/BF01421528
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Pioneering experiments and complementing setups

Sub-Coulomb barrier cross-section determination

On the trail towards the astrophysics region of interest
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Charged particle measurements by Becker et al.

s ||

KOLLIMATOREN

L e I m s s S

124 12, 20,
C(7C.ap) Ne
E¢ m.=5.00MeV.

Koo =

DIFFERENTIAL CROSS SECTION (ub/sr)

I §
b.ma.s,a
o bl I L L -
o 3° 60" 90" 120° 150° 180°
ANGLE 6,

H.W. Becker et al.

Direct of fusion reactions of physi

ALUMINIUM -
ABSCHIRMUNG

— _/4_ B

ZPhys 303 (1981), 305-:

TARGET (45

H.W. Becker, diploma thesis (1978)

Ecm =2.8-6.3MeV
I=1-5puA

targets: 8-30 ug/cm?
position granularity
wide angular coverage
resonance spectroscopy
branching '2C+'2C

vV Yy Y vV VvV VY

120+160.

N
&
3
T

P56

E |
g 150 v ‘1 Km H
8 100Z It f |'| - , p;\ ,J w { P(n>=13) +a0 ‘
50— | A 'b
0kl \"' ‘\"’w A
1 2 5 6

312

impact

E,(7Al) [MeV]
X.Fang et al., PRC 96 (2017), 045804

IPHC/CNRS


https://doi.org/10.1007/BF01421528
https://doi.org/10.1103/PhysRevC.96.045804
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Pioneering experiments and complementing setups

Charged particle measurements by Becker et al.

On the trail towards the astrophysics region of interest

o]
Q000
[e]e]e}

ALUMINUM- FARADAY- > Ecm =2.8-6.3MeV

ABSCHIRMUNG com . =1 A
STRAML l l =1-5pu

Achse > targets: 8-30 ug/cm?
25mm  25mm e .
KoLimaToren > position granularity
> wide angular coverage
> resonance spectroscopy
H.W. Becker, diploma thesis (1978) > branching 2C+'2C
i —
EL 617, a1 PNe 1604160:
z E¢ = 5.00MeV T T T
g ALPHAS
2 'Y oor : fae 7
<] . v 1%
g u R
g 50 -~ -
oo

é bm:a.s,a ° > | st o
l\f \n‘- - 0o 60
< o 2 60" 90" 120" 150°  w80° E COUNTER CHANNEL

ANGLE 6,

H. Spinka and H. Winkler, NPA 233 (1974), 456494

H.W. Becker et al., ZPhys 303 (1981), 305-312

Direct measurements of fusion reactions of astrophysics impact

IPHC/CNRS
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Preamble and useful definitions
0000000 000
Q00 0@000
[e]e]e} O

Pioneering experiments and complementing setups

Gamma measurements by Spillane et al.

HP Ge

target

v

Ecm =21 -4.8MeV
| =40 puA
1 mm thick graphite target

v

v

subtraction of yields

close 2 geometry
normalised to Becker et al.

vV v VY

Direct measurements of fusion reactions of astrophysics

collimator

resolution granularity (HP Ge)

resonance at E.,,, = 2.14 MeV

impact

Sub-Coulomb barrier cross-section determination

Counts per Channel Counts per Channel

Counts per Channel

Counts per Channel

On the trail towards the astrophysics region of interest

(o]
0000
000
120,120
C+'“C:
E=475MeV
12000 440 [py] 4000 1634 [0]
9000 A 3000
6000 2000
3000 451 ["1] 1000 \
0 0
420 430 440 450 460 1620 1640 1660 1680
E, (keV) E, (keV)
E=375MeV
800 800
600 600
400 | 400 \“"‘»
200 200
0 0
420 430 440 450 460 1620 1640 1660 1680
E, (keV) E, (keV)
E=275MeV
80 40
60

2o W

0
420 430 440 450 460

30

20 M

10 biﬂ
0

1620 1640 1660 1680

E, (keV) N E, (keV)

600

o Mm A At ;g \A\M‘ N J

200 fg d \“ }JW’VW%WM/\
0

0
420 430 440 450 460
E, (keV)

1620 1640 1660 1680
E, (keV)

T. Spillane et al, PRL 98.(2007),-.122501

IPHC/CNRS


https://doi.org/10.1103/PhysRevLett.98.122501
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Pioneering experiments and complementing setups

Gamma measurements by Spillane et al.

12G,12G:
50 E=2.15MeV )
45 Raw Spectrum
HP Ge u - 40
35
collimator 0 %
target g 2
20
15
> Ecm =21-48MeV 1
> | =40 puA Z _______
> 1 mm thick graphite target 2 | Background Subtracted
subtraction of yields -
> resolution granularity (HP Ge) P q L i
3 ‘dl o m
> close 2r geometry °© iy U”’“ Ll H“
> normalised to Becker et al.
> resonance at E.,. = 2.14 MeV [
20 Peak Region

1625 1630 1635 1640 1645 1650 1655 1660
E, (keV)

T. Spillane et al., PRL 98 (2007), 122501

Direct of fusion reactions of physics impact IPHC/CNRS
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Pioneering experiments and complementing setups

Conventional measurements: '2C+'2C state of the art

.

10" T T T

t Aguieractal.t)
Becker et al. ()

E

) (MeVb)
A

S(E

Spilane etal. )

A
W Mazaraks et al. (p)
L}
= Fower

Hindrance

5Emﬂweil)
G. Fruet, PhD thesis (2018)

particle or gamma measurements

accelerator calibration

normalisation: target thickness

oscillating structure

uncertainties in astrophysics region of interest

extrapolations

vVYyVvYVvYyYVvYyy

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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Pioneering experiments and complementing setups

Conventional measurements: '2C+1'80 state of the art

§ 1x10% ]
3 1 = DDBEEDJJD ]
] hAo T % ﬁ%‘ﬁ?u ]
g S
%] I Christensen 1977 < Patterson 1971 T
2 Cujec 1976 -+ Gasques 2007 4
- = Jiang 2007 — R-matrix
® Present ® Present-Coincidence
1x1019 P B A D
X10= 5 4 5 6 7

Ec.m. [MeV]
X. Fang et al., PRC 96 (2017), 045804

> particle or gamma measurements

> overlapping states (+ two-particle decay channels)
> many-body decays

? S-factor maximum

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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Pioneering experiments and complementing setups

000
[ele]e]e] ]
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Sub-Coulomb barrier cross-section determination

o]
Q000
[e]e]e}

Conventional measurements: '®0+'60 state of the art

100
x10%4

40.

S(E) (MeVb)

statistical models

vV vV VY

?? S-factor maximum

e Spinka
o Spinka
+ Thomas
v Wu

* Hulke
| L |

T T T T
160+ 160 i

—— Hindrance I

6 7

particle or gamma measurements

Direct measurements of fusion reactions of astrophysics impact

8
E (MeV)

C.L. Jiang et al.

overlapping states (+ three-particle decay channels)

normalisation: (oxide or implantation) targets

On the trail towards the astrophysics region of interest

, EPJ A 57 (2021), 235

IPHC/CNRS


https://doi.org/10.1140/epja/s10050-021-00536-2
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Packing list for deep sub-barrier nuclear-physics experiments

Sub-Coulomb barrier cross-section determination

o]
Q000
[e]e]e}

Coincidence experiments capable of low-count acquisition runs

> strong fluctuations of the excitation function

— increase of reaction rate

>

> experimental resolution needed
> possible fusion hindrance with broad maximum

—

? phenomenological model suited

extrapolations uncertain

ceasing of reaction rate

> low cross sections of stiff nuclei

—

vvyyvyy

decrease of reaction rate
beam intensities of a few ppA
data taking of weeks
background suppression

low count statistics

— gamma-particle coincidences

Direct measurements of fusion reactions of astrophysics impact

c.m. ENERGY (MeV)
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On the trail towards the astrophysics region of interest
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Pioneering with 12C+12C

Gamma Particle measurements with Gammasphere at ATLAS (ANL)

> [ =1puA
> thin self supporting target foil
> 47 Ge detector array:
€(440keV) = 9%, €(1635keV) = 7%
> alphas and protons in close geometry

IOIX
B A A s e
12, 12, . ® Present
1017 C+ Cm :Eg:!;leged » Spillane
P <MLL ___ — Hindrance * Zickefoose
Forador Z 106 ===
2
1015
E
DSSD1: 147° <0< 170" B Target Wheel P4
> . . 10I3,
largely improved uncertainty .
> hindrance parameterisation: 102y ST s

E,,, (MeV)
C.L. Jiang et al.,, PRC 97 (2018), 012801(R)

S-factor max.: E.,, = 3.5 - 4.0 MeV

Direct of fusion reactions of physics impact IPHC/CNRS
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Background estimation and low-count statistics

Background dominated data acquisition rates

> n: measurement

> u: physics

10?

z > b: background
<
o
ST -
° — measurement > Ry, Rp: vaUISlthn rates
-:—'_’ — physics
— background ]

b = Ry . Hp * teoine - tacqu
E[Mev] ) ' pu=n->b

> determination of rates in gamma and particle detectors independently
C.L. Jiang et al., PRC 97 (2018), 012801(R)

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS
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Background estimation and low-count statistics

“Conventional” background estimation

10

140 T T T

—— measurement
120 — physics
— background

100

Yield [Counts]

1000 1500 2000 2500 3000 3500 4000 4500
E (Ge) [keV]

o Eotelin ot ottt |
0.6 0.8 1 1.2 14 16 18
E [MeV]
> estimate background (linear, exponential) just outside energy selection gates

> generalise for 2D spectra

> W.P. Tan et al., PRL 124 (2020), 192702

Direct of fusion reactions of physics impact IPHC/CNRS
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Background estimation and low-count statistics

“Conventional” background estimation
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> estimate background (linear, exponential) just outside energy selection gates

> generalise for 2D spectra

> W.P. Tan et al., PRL 124 (2020), 192702
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Background estimation and low-count statistics

Fast timing background estimation
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J. Nippert et al., submitted to PRC M. Heine et al., EPJ Web Conf 260 (2022), 01004

> identical energy gates for gammas and particles

> select background in non coincident timing domain
> ~ 10 ns gamma-particle timing gates

> G. Fruet et al., PRL 124 (2020), 192701

Direct measurements of fusion reactions of astrophysics impact IPHC/CNRS


https://doi.org/10.1051/epjconf/202226001004
https://doi.org/10.1103/PhysRevLett.124.192701

Preamble and useful definitions Sub-Coulomb barrier cross-section determination On the trail towards the astrophysics region of interest
0000000 000 o
Q00 Q0000 [e]e]e] ]
[e]e]e} [e] [e]e]e}

Background estimation and low-count statistics

Statistical significance in low count-rate measurements

> estimate confidence interval of a signal u in a measurement n with background b
pu=n->b

> avoid negative signals (nonphysical)

> limits and asymmetric error bars
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Measured n

G.J. Feldman and R.D. Cousins et al., PRD 57 (1998), 3873
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Atomic beams and targets: electron screening and plasma experiments

Cross-section enhancement in direct measurements

shielding potential between target atoms and partially ionised beam

= &
E Ue = Z1226%/Ra
w
g Eeff = Epeam + Ue
2 < Eeff/ Epeam
9
-t
S s

v R R, R

DISTANCE r
H.J. Assenbaum et al., Z. Phys. A 327 (1987) 461
> effect more pronounced for heavier systems (a+'2C, '2C+'2C)
> experimental relative energies lower in light systems (d + d, d+°He)
> discussion about interpretation of data with light systems:

F.C. Barker, Nuc. Phys. A 707 (2002) 277
G. Fiorentini et al., Z. Phys A 350 (1995) 289-301
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Atomic beams and targets: electron screening and plasma experiments
3 4
Laser Plasma Induced *He(d,p)*He
> mixture of *He and d heated by N
«  LaCognata etal. (THM) 2005
laser pulses 18 Alota et al. 2001 E
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> d+3He undergo *Coulomb S L1}
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2 d+°He > *He +p ]

Ecm. [keV]

D. Lattuada et al., PRC 93 045808 (2016) 045808
> measurement non biased by electron screening

> improve error bars:

1. more precise measurement of the ion energy distribution
2. higher accuracy with particle yields
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