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The landscape of possible nuclei
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T<2:10"K
— protons and neutrons built up to Li and Be

— inside stars: successive nuclear fusion processes
create elements up to Fe and Ni

hydrogen burning,
helium burning,
carbon burning,
oxygen burning,
silicon burning

-
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or different reactions in explosives environments, e.g. in supernovae



Relevant Processes:

Slow Neutron-Capture-Process s process
Rapid Neutron-Capture-Process r process
Photodisintegration Process p process

— processes according to the isotopic pattern in the chart of
nuclides

1952 Spectroscopy of unstable element Tc as evidence for active neutron-capture nucleosynthesis

1957 Paper “Synthesis of the Elements in Stars” :
successful model of the s process, the classical model.



if nucleus (Z,A+1) produced by (Z,A)+n—(Z,A+1)+y radioactive,
— decay to stable nucleus (Z+1,A+1) in (Z,A+1)—>(Z+1,A+1)+p +v

— Seed Nuclei: “°Fe

— s-process follows path close to the group of stable nuclei

209 1 - .
— “7Bi most massive stable nucleus

dN,(A)

S

dt _<O'V>An (t) s( )+<O‘V>A_1nn(t)Ns(A_l)
=—(0),vrn,(t)N(A)+{(o)r_;von, (t)N(A—1)

_VTnn(t)[_ J(A)(o)A+ N (A- 1)<O_>A—1]

N S(A) number density of the nucleus with mass number A
free neutron-number density nn(t) uniform over the region

<O‘ A% > A heutron-capture rate per particle pair of nucleus A
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+ ‘ — Nucleus A is destroyed by neutron capture
— Nucleus A is produced by neutron capture on (A-1)

A-1 A A+l

®

_A A+1

— Nucleus A is destroyed by neutron capture
— Nucleus A is produced by neutron capture on (A-1)
and subsequent B -decay
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With : T=VT‘[ n (t)dt —>dTt=v, n_(t)dt

dNijf’t) nn(t)VT=VTnn(t)[—NS(A,T)<O'>A+N5(A_19 T)<O_>A—l]
===
stcff’t)=_NS<A,T)<0>A+NS<A—1,T><o>A_1

Boundary Conditions: N¢(56,0)=f N5*(56) and Ng(A>56,0)=0

fis fraction number of the *°Fe seed that are subjected to a neutron exposure

d Nq(t) @]

g <0 for NS(A,T>>: (o), :NS(A_1,T>
dNS(t) (O )a_i

o >0 for NS(A,T)<- (o) _NS(A_LT)




d Ny NS(A,T)<0>ANNS(A_laT)<U>A—1

—

dr — Ng(A ,T){0 ), ~const.

— mass numbers removed from closed neutron shells (A = 84, 138, 208)
— abundance up to: destruction rate ~ production rate

— steady flow along the s-process path
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£ NE (56)

Ty

—7/T
e 0

p(T)=

(p ( T ) d T is the fraction of °Fe seed nuclei having received an exposure in the range between T and T+d T)

p(t)dT=f N:eed(56)[—e_?°]0 = N*(56)

11



(o), 1 NJ(A=1,7))

(0)AN(A,Ty)=

To(0);

(o), and T((0), large
— equilibrium in the neutron capture flow
— (o), N(A,1g)=(0), | N(A-1,7)
— curve {(0),N_(A,T,) is almost constant

(o), and T,(0), relatively small
— the denominator in the above expression becomes relatively large,
producing a step in the distribution of (o), N (A,T,) values

==> Small capture cross section of the neutron magic numbers/closed neutron shells are
bottlenecks for a continuous abundance flow. 12
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2209: (A_56)Ns(AaTo) 209 A
T

f N (56) T f =36 | 1 1
To(0);

average number of neutrons captured per Fe seed nucleus

f fraction of the number of 20 Fe seed nuclei, N seed 56 , that has been subjected to an exponential distribution of
S ] p
neutron exposures

T, mean neutron exposure that determines how rapidly the exposure distribution falls off
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— No(A)(o), values for s-only nuclides
— small number of adjustable parameters
— as long as neutron capture cross section large enough
— fit to s-process only nuclei and to abundances predicted by AGB models
— comparison to solar system s-process components

— no information on specific neutron source reactions

PROBLEM:
description of abundance patterns at and near magic numbers, e.g. s-only '*Nd,
below A = 90 and for stellar models of low-mass AGB stars

— small cross sections
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— Evolved
H

— Separation of shells by thin zone in radiative equilibrium:

Close-up of core region fora 1 Mi
 Asymptotic Giant Branch star

AGB star

Hydrogen-burning
B/ shell

Helium layer

Helium-burning
shell

Carbon-oxygen core
(no fusion) (not to scale)

1<M=<3M, that have already burnt all the H and He in their core to C and O

(~75%*He, ~25%"°C)
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H-BURNING SHELL:

He-INTERSHELL:

He-BURNING SHELL:

T~0.27GK (kt~23 keV)

12C

“N(ex,y) "F(B"v) "O(x,y) *Ne
*Ne(x,n) Mg

~0.0lmb '

11 -3
n <10 cm
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H-BURNING SHELL.:

He-INTERSHELL.:

“Clp,y) "N(B"v)"C(p,y) "N

PC and “N C pocket and "N pocket

T~0.09GK (kt~8keV)
13C 13C(0(,n)160
13C(0(,n)160
13C
13C
~0.1mb"'
n <10°cm™’

==> production of the nuclides in the main s-process component
by pre-existing seed nuclei (mainly Fe)
==> 95% of the total neutron exposure

90<A <209 via neutron capture
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MASS COORDINATE
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H-BURNING SHELL:
~0.6 M,

12C

*C forming "°C
“C(p,y)"N(B" v)"C PC pocket

— repetition of the cycle tens to hundreds of time

— change of the initial CNO abundances at the surface because of the TPs and TDUs

——yp

BUT: A single s process does not satisfactorily explain all the observed Solar System
abundances, e.g. uncertainties in the region of **Pb and "' Bi.
THEREFORE: main, weak and strong s process
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M=>8 M,

production of '“N by the CNO cycles in H-burning phase
— rapid transformation: “N(«,y)""F(87v)"*0(«,y)*Ne

at the beginning of the He-burning phase:
competition between neutron source “*Ne(«,n)*Mg and *Ne(«,y) Mg
— most important neutron poison: Mg (n,y)**Mg followed by *Ne (n,y)” Ne

* Hydrogen Burning I
Helium Burning i
Oxygen Burning i
Carbon Burning

Silicon Burning é

Iron Core
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1) : ”Ne(a,n) Mg
T=0.30GK (kT=26keV), n,=10°cm °, 10* years

— He exhaustion
— carbon burning

2) 12C(12C,H)Mgz3
exposure of part of the material synthesized by the first production
T=1GK (kT=91keV), n.=10" to 10%cm > , 1 year

—s since not all **Ne is consumed, neutron production via *Ne(ot,n)*’Mg continues
(o -particles via "*C("*C,)*’Ne -reaction channel)
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“Ne and °C
56
Fe

PC(x,n) "0 *Ne (a,n) Mg

ISC

process of capturing and hence removing neutrons so that these neutrons will
not contribute to the production of s-process nuclei

relevant reaction:
~ “Ne(a,n)"Mg With “Mg(n,y)*Mg followed by *Ne(n,y)"Ne
— *Mg has large neutron capture cross section

_ 13C(0(,n)160 Wlth 12C<n ,y)BC and 16O<n,)/)170
— '2C no neutron poison because of “C(n,y)"C(«,n)"°0
— '°Q potential neutron poison because of the competition of °O(n,y )"0 (x,n)*’Ne

with °O(n,y)""0(xy)*'Ne
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Mathematical Explanation: (o), N (A, 7))=—

former assumptions : s-process path is unique at each mass number A,
ie. Ag<<A,, or AS>A,

BUT sometimes: Az;~A

= N,(A,T)(0), = Ap(A) “branching factor”
= = 1 ! —g—
NGA+LT) (o) A(AY)+A, (A

_in2
1/2
neutron capturerate: A,=n,v;{0)
n, : neutron density
v;: mean thermal velocity
(o ): MACS for the radioactive branch point nucleus

B—decay rate: Ay
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©

A A+1 A+2

— path split in two parts at unstable A
— entire path through stable (A+1)

A-1 A A'+1

APPLICATION:

— test of the s-process prescriptions
- providing informations about characteristic physical parameters/constraints:

— branching informations: (n,,T,p)
| NdAtL o), | 2 1-f5 1 In2
’ N(A,T)(0), (O )aVr t (A" fy (O )a vy tp(AY)

—s global fit to the observed Ny (A)(c ), distribution for s-only nuclides (f,7,n,)

26



. . dN —E,
Maxwell-Boltzmann distribution of the neutron energy distribution ?= iE ~yE, exp (ﬁ)

Ay
(o)= ” and approximation (g v)~const. (especially heavy elements)
T

with (o v): product of the average cross section with the average thermal velocity
<UV>=f ove(v)dv
0

2 KT M M, 4 (v v\dv 2
— . = n : dv=—o| = = = =<

fEn o 1 dE, 27
0



characteristic cross section: (o )~100mb

- . g CIN
characteristic thermal velocity v~3-10 Soc
3
-17 €N
— (ov)~3-10 '—
sec
- = 1
=
n (ov)
16 9
10
here ~ sec ~—— years
nl’l nl’l
4 5 -3
T,~10 years , n ~10"cm
23 -3
T, .<lusec , n,~10" cm
7 -3
n ~10 cm

ATTENTION: real energy range 1s from 8keV up to 90keV

— missing experimental data gaps filled by cross section calculations
— extrapolation with methods like R-Matrix method
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measurements of neutron-capture cross sections over a sufficiently large neutron energy rang

induced by energetic particle beams
for example at or

proton beam energy: 800MeV <E <20GeV

5 —1

highest neutron flux: 5-10°s

— 417 -detectors

— Moxon-Rae-type detectors

— PHWT pulse height weighting technique proportionality
(off-line weighting function+Monte Carlo)

PROBLEM: response to neutrons scattered in the sample and background from isotope activity
— solution: absorber shell around the sample
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FRANZ
Frankfurt Neutron Source at the Stern-Gerlach-Zentrum by University of Frankfurt

W,=120keV W, =07MeV  W,=187-21 MeV
P,=24x10W P, =7x10W P =21x10W




Measuring MACS: Activation Method

Karlsruhe 3.7 MV van de Graaff accelerator



A

=¢-N-o-f,

& : time integrated neutron flux

N : number of sample atoms per cm?

o :spectrum averaged neutron capture cross section

f, : factor for variation of neutron flux and for the decay during the activation

y C,=A-K, €, (1—exp (—At,))exp (—At,)

K, :correction factor for y —ray self —absorption
€, - efficiency of the detector
L, :line intensity
t _:duration of the activity measurement

Measured " . . . .
t :waiting time between irradiation and counting

!
Thermal
spectrum for

intensity

kT=25 keV

L] ] L] L

Neutron Energy [keV]

0 20 40 60 80 100 120
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Comparison of the produced neutron

spectrum and a thermal spectrum



— restricted to cases where the neutron-capture produces an unstable nucleus
— good approximation of stellar neutron spectra in laboratory

— simple realization

— great sensitivity

— unambiguous identification of reaction products

— 1nsensitive to the reaction mechanism

==> Activation method represents the most sensitive method for (n,y)measurements in
the astrophysical energy range.
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Uncertainties of the stellar (n,y) cross section for s-process
nucleosynthesis (at thermal energy kT = 30 keV)
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- via abundances of elements with magic neutron numbers
of St, Y, Zr (light s-process elements, )
of Ba, La, Ce, Nd, Sm (heavy s-process elements, )

and  act as bottlenecks for the s-process reaction path
==>

by (high-resolution) spectroscopy, large telescopes

— other neutron capture processes: LEPP light element primary process
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