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Stellar Nucleosynthesis

8
e Stellar evolution determined by 1
mass & o°
e Massive enough stars will fuse 5
elements to iron peak @ 10%}
e Determines elemental g .
abundance in the universe 2
e Studies relevant to: 10°}
o Astrophysics- stellar
evolution 195
o Biology-source of carbon B
o Nuclear physics- molecular
states 106 L i 1 I A
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Reaction Rates

e Energy available from thermal motion

e T~15x10°K (eg our sun) ——kT ~ 1keV
o During static burnings kT << E _,

e Charged Particles —— Coulomb barrier

e Reactions occur via Tunnel effect

tunneling probability | P« exp(-27n) |

o(E)= ¢ exp(-2mn) S(E)

%{_/H_I

non-nuclear origin  nuclear origin
STRONG energy =~ WEAK energy
dependence  dependence

ASTROPHYSICAL S(E)-FACTOR

Images provided by S. Courtin
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Carbon-12 + Carbon-12

E.(MeV)
———
Z 6 -
7
w 7
e~ 7
1 BRh
22
gy
BE 7 4
%
mm%
Ly -
mz% 3 -
2
2 -
1 4
13.930
12 12
c+ C |
1
I
|
2
1
|
34
\
|
1
-4
|
1
-5

e

A\)

™

451 7
7166 = pudl| 4776 224 9 i oz
R 4432 2t 23
722 0 {og Py Mg+ n

3915 12 pg
} 3846 52 P
5785 2 Jag 3678 37| Py
5622 7 | % Pg
2391 Rzl B
4247 7 Yo a 3097 77| P2
440 512 Py
Q ¥ P
23N
. +
1834 2 o, a+p
c 0*
20 fo
Ne+c‘
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Compound Nuclear Reactions

FACTOR

RELATIVE SI(E)

and Resonances
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Fusion Hindrance

e heavy-ion fusion hindrance at 10°

L [ [ l [T [
extreme sub-barrier energies has 102 64Nj + A"‘Ni (@ ~ 4 (b) L E, =
" [Q=-48. eV 1 - i
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10' |- % — L
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Experiments: The STELLA Apparatus

Goals:

e Make direct cross section measurements of
carbon burning reaction rates

e Challenge: relevant cross sections are well
below nanobarn level

e Background suppression: measure
coincidences between emitted charged
particles and gamma rays

Key Aspects:
e Rotating targets
e High efficiency particle and gamma
detection system
e Nanosecond timing
e Employment of coincidence technique

12C +12 C Y ZONe* +a
RE 26 RN Ly

26 4 d 50" 4
P04 H 5 0-H °

Two S3 type detectors: Front-most S3 is
denoted S3F (forward) and the rear-most
S3B (backward).

Resource: “The STELLA apparatus for particle-Gamma
coincidence fusion measurements with nanosecond timing”,
22/2/2018, M. Heine, S. Courtin, et. al
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Experimental Setup

e J1cm x 3mm pixel

Ohmic side sectors: surface

e Junction side strips:recombine for total
energy

e S3test bench:
e Placement of triple alpha source

- 2.5cm +/- 1mm from detector

6 point mesh for collimation

T= 25C, allows for time stable measurements

Measurement time 1-2 days
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The Signal

e Junction side left
e Ohmic upper
right

o J1+J2, fitting
gives resolution
e Fitting ohmic

— energy calibration

e Source position:
run 1, x=16.6mm,
y=14mm

e |ower rh side, Q2

Junction 1
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Energy [keV]

Energy Calibration
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Using parameters from ohmic histogram fitting and values from nudat for energies

Establish: offset, slope
Apply to data

Energy Calibration
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Double gauss fitting procedure

| N — [ %7 ndf 10.16/ 12
: " — 0 33.86 + 52.37
e Compared to single gauss fittin 1000 P
P g9 J I 239 Pu 41Am | P 5762+ 68.3
procedure - p2 33.68 + 28.48
e Contribution of secondary peaks 800l— § p3 88.12+ 70.14
for Plutonium most significant - j gg i)
e Overall, single gauss fitting _ i o
procedure yielded better fitting 600— ; 7
results ot .
c = g .
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o r ; -
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Procedure

Fit Ohmic side, Junction side, and combined plot for energy resolution comparison
Repeated procedure for 3 positions

Plot and fit the energy difference and the time difference at junctions for each position
Calculated the spatial resolution from the time domain and energy domain

14



Correlation between ohmic side and total junction side

“Combined plot”

Features:
e Peaks associated with
triple alpha source
e Line corresponds to
energy loss, same for both sides

Before entering detector

e Along junction axis peaks

May fail to hit sector
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] x2/ndf  3577e+07/4434
p0 511+100.2
p1 1.503 + 0.008002

25000

Fitting of correlation
plot and projection plot
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Energy Resolution by Source Position

Side

Junction

Junction

Junction

Ohmic

Ohmic

Ohmic

run/peak

1/2

2/2

3/2

1/2

2/2

3/2

Americium peaks compared
Small fluctuations in relative resolution on junction side
Ohmic side generally better

Increased uncertainty on run three ohmic side

Mean

19909.3

19717.4

19761.7

12884.09

12624.56

12809.46

Uncertainty

1.4

1.2

1.3

1.0

.50

2.8

Sigma

88.62

89.7

94.2

57.20

41.00

52.40
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Uncertainty

1.4

1.2

1.3

1.0

48

3.0

Relative resolution

(4.4520.07)x10~1

(4.55+0.06)x10~1

(4.77+0.07)x10-1

(4.44+0.08)x10-1

(3.25+0.04)x10-1

(4.1£0.2)x10~1



Energy Resolution by Detector Side

Relative resolution

(4.55£0.06)x10-1

(3.25£0.04)x10-1

e Here the Americium peak is shown
e Selected the second run with best measurements
e Ohmic side is better than junction side due to propagation of uncertainties
e Combined plot has best resolution because it contains more information
Side run/peak Mean Uncertainty Sigma Uncertainty
Junction 2/2 19717 .4 1.2 89.7 1.2
Ohmic 2/2 12624.56 .50 41.00 A48
Combined 2/2 15160.33 .64 48.72 .62

18

(3.2120.04)x10~1



Position Resolution

e Calculated a scaling factor from the three positions for time and energy
e Picked with lowest uncertainty
e Applied to data to calculate mean, standard deviation and uncertainties
e Not enough bins for timing fit to be reliable
e Faster DAQ would increase binning
run 3
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18000F— il 4195620.015 0= it 2473
£ p2 2.734 £ 0.011 E Overflow 21
16000 = = 1400 ; Integral 3.478e+04
140001 = 12000 x2 / ndf 340.5/96
- - - po 1647 £11.2
120001 E 1000/ S; 55217
10000— 7 soo:— 5321
8000— - E E
& 3 600— —]
6000— — C 7
E = 400 — —
4000F- - : .
B @ 200 — —
2000 - o 7
:|11‘||||1[|||1||||||1| il ||||11L||-.|I'I|ﬂ||-||h: 07,4—2000‘ é) - ‘2&00‘ ‘40J00‘ ‘60‘00‘ ‘80‘00 -
950 -40 -30 -20 -10 0 10 20 30 40At[ S]O A E[keV]
ns

19



Time domain versus Energy domain

e Agreement within uncertainties on measurements in energy domain
e Better resolution with energy domain
o Best at central position

Run number

Time 1(lower)
2(upper)

3 (central)

Run number

1(lower)

Energy 2(upper)

3 (central)

Sd (mm)

2.18
1.80
1.66

Sd (mm)

1.45
1.41
1.20

uncertainty

.03
.03
.02

uncertainty

+0.02
+0.02
+0.02

Relative
uncertainty
1.38%
1.67%
1.20%

Relative
uncertainty

1.75%
1.41%
1.67%
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Conclusions of Experimental Section

e |n combination with the DAQ, we observe SSE T e ' 360
possible explanations to improve the timing gy Do £ =
resolution - 3

e  With the class A detectors, we do not expect to == E
see marked differences in the timing resolution > 4 —q 4100
when compared with the class B detector. =, 35; ) - 80

e Future Analysis with Class A detectors coming ol - = P
soon S| e M

e Adesired timing resolution of ~30 nanoseconds 25k
therefore depends mostly on a faster data - i
acquisition system. 20_‘ R R v a7
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Outlook: GEANT4 simulations of C12+C12 exit
channels

Timing —— Distinguish alphas from protons iz_ :
e —;
12C iy X2 @l s 2ONe* + 2 o
12C 4 ¥ ! — 23Na.* +p ‘ ._
2F Ny e~ —
12C —-|— d — 13C* _1— P %05 1 polg?‘[r]a.d]é BT

120 H s

Source: Marcel Heine, Pixel calibration, May 7th 2021
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E [MeV]

12C+12C—20Nex*+a,Erel= 2.5 MeV, Isotropic Emission

° r=5 cm, 7%, centered
° AE= 2%
e  Micron Super X31.
° 1. bare distribution
e 2. + acceptance effects
° 3. + detector resolution
T T T T T T 10
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B 3 2
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Source: Marcel Heine, Pixel calibration, May 7th 2021
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Energy Resolution by position:ohmic

12884 09 57. 20 (4 44+0.08)x10-1

11846.48 46.72 (3.94+0.05)x10-1

13358.10 41.54 (3.1+0.1)x10-1

12809.46 52.40 (4.120.2)x10-1



Energy Resolution by position: combined Junction side

run/peak

11
1/2
1/3

2/1
2/2
2/3
3/1
3/2
3/3

Mean

18686.8
19909.3
21078.1
18508.8
19717.4
20882.8
18545.7
19761.7
20927.4

Uncertainty

1.5
1.4
5.7
1.4
1.2
4.0
1.5
1.3
4.5

Sigma

92.7
88.62
96.4
95.5
89.7
95.8
98.0
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Uncertainty

1.4
1.4
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Relative resolution
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Energy Resolution by position: combined Junction + Ohmic side

run/peak

11
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Mean

14435.03

15387.80

16299.15
14230.04

15160.33

16048.93

Uncertainty

.78

.80

2.5
79
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2.3

Sigma

67.55
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Triple Gauss fi
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Mesh

31



cross sections —

S-factors ———

Cross section (b)

S-factor (keV-b)
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Cross section (b)

S-factor (keV:b)
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