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Stages .of stellar nucleosynthesis
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Hellum-Burning in red .gianits

« Main reactions:

Energie

3 » “C+y ¢

Ny
12 16 4He§ —

C((X; )/) O 4% / 12 (_Y_S_S_'Energie
. 12c/1°0 abundance ratio
‘“He */ 0
« Further burning states

* Nucleosynthesis in massive stars

Cp. Hammache: *2¢(a,y)*®0in massive star stellar evolution 5



Gamow-Peak

Maxwell-Bolzmann tunnelling through | « Fusion reaction below Coulomb barrier
distribution Coulomb ler kT ~15keV@T = 2 - 108K
ez exp(-E/KT) e exp(-vEe/ E )

« Transmission probability governed by
tunnel efffect

Gamow peak
« Gamow-Peak E,

« Convolution of probability distribution

relative probability

> Maxwell-Boltxmann

» QM Coulomb barrier transmission

i
fﬁ;ﬁm

KT E, energy < Depends on reaction and temperature

Cp. Marialuisa Aliotta: Exotic beam studies in Nuclear Astrophyiscs 6



S-Factor

e Nonresonant Cross section

« e — Factor = probability to tunnel through Coulomb barrier

v = velocity between the two nuclei
a = fine structure constant

Z1,Z, = Proton number of the nuclei

* S(E) = Deviation Factor from trivial model



Gamow-Peak-for-%C(a,y) %0
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« Gamow-Peak (T = 2 - 108K)
2

1 3
EO:<§b-k-T> ~ 300 keV

e k =Bolzmann constant

e h = T[(XZ]_ZZ\/ Z‘UCZ
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« Gamow Width
A= 4,/EykT/3

reduced mass

o‘u:




Lross section
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* Precise low-energy
measurements required
>MAGIX@MESA

 Direct measurements never
done @Eq;y < 0.9 MeV

10—18 ] | ] ] Lo |
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Cp. Simulation of Ugalde 2013
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S(E) [keV*barn]

Measurement .of S-Factor

100 ¢

10 |

0.1

I J

Roters 1999 ——+— 1
Dyer 1974 +——><—
Assuncao 2006 % ]

Kunz 2001
QOuellet 1996

Redder 1987 —&—

0.5

1.5

2
Ecm.[MeV]

2.5

3.5

Approximate S(300 keV)

 Buchmann (2005)
« 102 — 198 keV-b

« Caughlan and Fowler (1988)
e 120 —-220keV-b

« Hammer (2005)
* 162 + 39 keV-b



Measurement at MAGIX@MESA

- Time reverted reaction *°0(y, a)**C

» Cross section gain a factor of x 100

* Inelastic e™ scattering on oxygen gas

* Measurement of coincidence (e”, a)

»suppress background
»a-Particle with low energy

« High Luminosity



Jdnverse Kinematik
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Cp. Simulation of Ugalde 2013 12



Simulation



Jdniroduciion

« MXWare (see talk Caiazza)
* Monte Carlo Integration
 Fix Beam Energy

» Target at Rest

» Simulation acceptance 4n



Kinematik

« Momentum tfransfer
q> = —4EE’sin2§
« Photon Energy

WZ_MZ_qZ
2M

VvV =
with

2
* W2 =(p, +pp)
invariant mass of photon and oxygen

« M = Oxygen mass

* Inelastic scattering cross section

d?o 4a2E'?

+ Momentum framsfer
= -HEE i
+ Photon Energy

Wb~
M

V=
with
W= ()
invaricnt mass of phofon and oxygen

+ M = Oxygen moss
+ Inelostic scattering cross section

do datp"

nE ¢ 2

Wy(g%v)- cos® (g) + 0, (g%v)-sin’ (gﬂ

0 6
— 2 i 2 Z 2 . Qin? | —
d0dE [WZ(q ,V) * COS <2>+2W1(q ,V) - sin <2>]




Mirtual Photon-flux

Relation beween structural functions and the transversal / longitudinal part of the virtual photon cross section oy, g;,

-1
W, = 4:204 or W, = 41:204 (1 — Z—z) (o, + o7) with k = WZZI_WMZ
So we get
d’o I'(or + €0y)
dQdE’
with
/ 2 2 -1
= e = (1-2 5 (5))

For |q?| = 0 : o, vanish and a7 - ot(y* + 160 - X)

d°c do,

dQ.dE'dQ* Mo

Cp. Halzen & Martin: Quarks and Leptons 16



Jime reversal-Factor

e Direct cross section -> Measurement

« Compare with inverse cross section -> extract the S-Factor

e Calculate time reversal factor



Jime reversal-Factor

Phase space examination under T-symmetry invariance pt ms

Oinf _ QI+1)(R2L+1) D%
ofsi (QI+1)(21+1) |BIf

Spinstatistic: ps Mo P4 My

I=0 for even—even nuclides ( *He, *“C, 1°0) in ground state

(21, +1)=2  for photon.

So we get

160 (y, a)12C) = l(WZ B (mHe + mC)Z) (Wz - (mHe - mC)Z)
R (w7 —m3)(W? = m)

-o(**C(a,v)*°0)

Cp. Mayer-Kuckuk Kernphysik: Chapter 7.3 18



Result.of first simulations

c [barn]
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Nonresonant cross section a(*°0 (v, @) %)

5
+t+

++
+

|||HW‘ ||||IW‘ |||IIW‘ |||IIHW |||Im |||HW‘ |||HW‘ |||IIW‘ |||IIHW |||IIHW |||Im NIl

i

AW [MeV]

Simulation correlate to the results of

Ugalde
41t — Simulation

~ 0.1 mHz Reaction Rate by E, with
L~103* cm2s™1
» Worst case Luminosity (see later talks)

Now simulation with

e”,a —Acceptance needed.



Quitlook
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Simulation

* Finish simulation

»electron acceptance

»a-Particle acceptance

* Preliminary results

»Need measurement on angles smaller than Spectrometer coverage

»0 degree scattering -> New Theoretic calculations



a-Detection

* LOow kinefic energy

>~ 20 MeV

» Needs specialized detector

»Silicon-Strip-Detector

 Choose and Test Silicon-Strip-Detectors in the Lab

22
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Production-factor
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C(a,7)'°0 Multiplier (*CF88)

Waver and Woosley Phys Rep 227 (1993) 65
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Jwo-Body-Reaction

In the center of mass frame *°0(y*, a)*“C

2
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Electron scattering

Cross section inelastic scattering (cp. Chapter 7.2)

d*o <d0>* [ 0
== | — W,(g?%,v) + 2W,(q?,v) tan? | =
ddE’ ~ \dQ) 3y >

With structural functions Wy, W,

And Mott crossection (in this case)

do\’ 4a’E"* (6
E = 2 COS E
Mott q

We get (cp. Halzen & Martin Chapter 8)

d’c  4a’E'? 0 0
_ 2 ). cos2 (2] + 2 2 0. cin2 [ 2
YT oz W,(q*,v) - cos <2)+ Wy(q%,v) - sin (2>]
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Basic .of Simulation

Connection between count rate and cross section

do
N = jA(Q)d—QdQ-deHNBG
Q)
With
L : Luminosity
N : Number of counts
A(Q) : Acceptance (1 full accepted, O not detected)

28
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Monte Carlo.Integration

=

Definition of mean value in volume VV:;
1
(=7 feds
vV

Estimator for mean value: .
1
(F) == ) f@x)
Monte-Carlo Integration: lel
v 4
fV f(x)d X = (f) =~ N;f(xl) i\/—ﬁ\/<fz> _ (f)z

Strategies for numerical improvements:
« Improve convergence 1/V/N
- Improve variance /{f2) — (f)?

29
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LCross section simulafion

=

do
j dQ.dE,.dQ"

dQ,dE,dQ*
Transform (O, E) - (W,1/q?, @) with  detJ = g* ZMM;E,
With Monte-Carlo Integration:
f 9 40 dEdQ*—VZdt 9 wo1/q20,00)
a0, dE,dq WledbedV =g ) det) oo aqr W14 ¢
l
. do
Define w; =V - det] - FTWTRT
So we get
= q* Ag - AW - A H*A*Fdav
©i =4 Gy U AY coso”-Ap™- I 50s
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