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Outline

> Nuclear reactions
— Optical model
— Direct reactions
— Compound reactions
» Resonant, statistical (Hauser-Feshbach)
> Astrophysical reaction rates
— Reaction network
— Definition of reaction rates
— Relevant energy window (Gamow window)

— Stellar Modification of reaction cross sections
» contribution of excited target states to the stellar rate

— Reciprocity of stellar rates

» Considerations regarding rate determinations for light and
heavy nuclides
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X-ray burst (RXTE)
4U1728-34

B Mass known

[ Half-life known
[ ] nothing known

Supernova (Chandra,HST,..)
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Typical plasma temperatures and nuclear energies

« Hydrostatic burning:
 H-, He- (s-process), C-burning: 0.01 — 0.3 GK, neutrons 1 — 90 keV,
protons few 100 keV, alphas few MeV
« Late burning stage (Ne-, O-, Si-): up to few GK

* Explosive:
* ply-process: 2 — 4 GK, neutrons 200 — 400 keV, protons < 6 MeV,
alphas < 14 MeV
* rp-, vp-process: 1 — 2 GK, protons < 4 MeV, alphas < 10 MeV
» r-process: 1 GK, neutrons 100 keV
» Others see talk by Pignatari

S-process

AF E g
rp- processf L

Note: r-process, rp- , and vp-process

involve reaction equilibria, individual cross
: ) I - r r-process

sections are not important! (see later) = stable

measured
= FAIR




Have to consider:

« What are the astrophysically relevant interaction
energies (given plasma temperature)?

« What type of reaction mechanism dominates for
given nucleus at energies corresponding to the
stellar plasma temperature?

» Astrophysical modifications of the usual (nuclear
physics) cross section?
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= (p,p) elastic

P, Instead of protons you may
incident Compound use neutrons or alphas
in this figure!

= (p,p') inelastic

—= (p,d) pickup

— (p,n) charge exchange

Fig. 1.2. Depiction of the processes that are typical of proton-nucleus nteractions.
(Adapted from P. E. Hodgson, 1971.)




Optical model potential

incident plain wave (talk by F GunSing)
outgoing particle :
VAVAYA / W current jou in
scattered / /" direction dQ
radial wave Vi

do = 2= 1240
Jinc

jout
. | o | o :
fios = 5 (Vg — V) posertal il incident particle
current Jjinc
— outgoing radial wave

234
Conservation of probability density gives:  ¢(Q) = M
inc

'/

i

C]J"E A2

Radial time-independent Schrodinger equation for partial wave

2 mr-

(l + 1)h2]

d’u,  2m o
+ E — Ve(r) —

Effective interaction potential for

Vnuc(r):Vcoul(r)+VfRe(r)+Wf|mag(r) scattering with real and imaginary
part (optical potential)

Interaction potential can be identified with a refraction index.
With real potential: flux conservation in elastic scattering; with imaginary potential:

flux is lost from elastic scattering channel (absorption factor e’X," in solution).
This is comparable to loss when shining light on opaque “crystal ball”, therefore

“optical model”



Decomposition of cross sections

compound-reaction compound
i -elastic theo

compound-formation (exp)
L IR o
reaction elastic (exp)

» Not all of these can be directly measured.
« Absorption by imaginary potential (optical model) gives split between reaction
and elastic (scattering) c.s.; scattering is used to determine optical potential, but:
o also “elastic” may include “compound-elastic”
o does not necessarily define reaction mechanism
« Direct and compound reactions can be distinguished experimentally by angular
distribution of reaction products.
o Compound can be isolated resonances or many unresolved, “statistical” res.
» Depending on projectile energy one reaction mechanism may dominate.



Reaction Mechanisms
Regimes:

1. Overlapping resonances:
statistical model (Hauser-
Feshbach)

2. Single resonances: Breit-
Wigner, R-matrix (RGM,
GCM in light nuclides)

Without or in between
resonances or at high
energy: Direct reactions
(DWBA, potential model)
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Reaction Mechanisms |1

Capture via Formation of Compound State

k¢
Projectile

Target Compound state Final state

Direct Capture

Projectile

A+a—-B+y
A ... target nucleus
a ... projectile

B=A ®a ... residual nucleus
Final state

dc:=

2 | oplozxata )| =S[dR b asOzmixaf




Basic reaction mechanisms involving stronq or electromagnetic interaction:

Example: neutron capture A+ n->B + 7y

|. Direct reactions (for example, direct capture)

direct transition into bound states

>n A+n

ll. Resonant reactions (for example, resonant capture)

Step 1. Compound nucleus formation Step 2: Compound nucleus decay
(in an unbound state)

Sn A+n




For example, a resonant A(n,o))B reaction:

Step 1: Compound nucleus formation Step 2: Compound nucleus decay
(in an unbound state)

>n A+n

C B+a

C B

For resonant reactions, E, has to “match” an excited state (but all excited states
have a width and there is always some cross section through tails)

But enhanced cross section for E, ~ E,- S,



Direct reactions - for example direct capture:

a+tA->B+y
Direct transition from initial state [a+A> to final state <f| (some state in B)

ooz -|(f|H|a+A) -R(E)

geometrical factor Interaction matrix Penetrability: probability
(deBrc_)in_e wave length element (nuclear for projectile to reach

of p_role_ctlle - “size” of structure, overlap _the targ.et nucleus for
projectile) between initial and Interaction.

Depends on projectile
Angular momentum |
and Energy E

h h final state,

A= B - >mE independent of E)

oo =|(f|H|a+ AR (E)

E




Penetrability: 2 effects that can strongly reduce penetrability:

1. Coulomb barrier

[
»

A2 Coulomb Barrier V, for a project_ile with Z, and
= a nucleus with Z,
=
Q
S
~

| >

B r

leZ
or

~ .2(:|-/3—_|_'A2]-/3)

Example: 12C(p,y) V=3 MeV

Typical particle energies for light nuclei in astrophysics are kT=1-100 keV !
Therefore, all charged particle reaction rates in nuclear astrophysics
occur way below the Coulomb barrier — fusion is only possible
through tunneling



2. Anqular momentum barrier

Incident particles can have orbital angular momentum L

Classical: D Momentum p
A g Impact parameter d
7=0 i

In quantum mechanics the angular momentum of an incident particle can have
discrete values:

L=\I(I+1) 7 With And parity of the
wave function: (-1)’

For radial motion (with respect to the center of the nucleus), angular momentum

conservation (central potential !) leads to an energy barrier for non zero angular
momentum.

Classically, one needs the radial kinetic energy to overcome the central potential,
but if d != 0 then there is an increasing amount of “non radial kinetic energy”,
which one needs to supply as well (at z=0 for example, K_r=0, but of course K != 0)



Energy E of a particle with angular momentum L (still classical)

LZ
b= 2mr?
Similar here in quantum mechanics:
|(| +1)h2 u : reduced mass of projectile-target system
V' - 2 ur Peaks again at nuclear radius (like Coulomb barrier)

when combined with nuclear potential

Or in MeV using the nuclear radius and mass numbers of projectile A, and
target A,:

V. [MeV] =12 10+D)

AA, | pus, aus
(Al Azj(Al o



Direct reactions — the simplest case: s-wave neutron capture

No Coulomb or angular momentum barriers: V,=0
V=0

s-wave capture therefore always dominates at low energies

But, change in potential still causes reflection — even without a barrier
Recall basic guantum mechanics:

Incoming wave transmitted wave

Reflected wave

Potential

Transmission proportional to . / E




Therefore, for direct s-wave neutron capture:

Penetrability B (E) oc \/E

1 1
Cross section: O oC T Or O C—

V

LERL [ R AL

Wiescher et al., 1989
Imhof et al., 1959
Blackmon et al. 1996 ]
Lynn et al. 1991

Nagai et al., 1991
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Direct reactions — neutron captures with higher orbital angular momentum

For neutron capture, the only barrier is the angular momentum barrier

The penetrability scales with

F)I (E) 57 E1/2+|

and therefore the cross section is

|-1/2

for 1>0 cross section decreases with decreasing energy (as there is a barrier present)

Therefore, s-wave capture in general dominates at low energies, in particular at
thermal energies. Higher |-capture usually plays only a role at higher energies.
What “higher” energies means depends on case to case - sometimes s-wave is
strongly suppressed because of angular momentum selection rules (as it would
then require higher gamma-ray multipolarities)



Example: p-wave capture in 4C(n,y)>C

Depending on barrier penetration, cross section can
have different energy dependence:

E.. 0l 0.2 0.3
NEUTRON ENERGY E, [MeV]

(always s-waves in incident channel)



Resonant Reactions

If in the energy range reachable by the incoming projectile there is an excited state
(or part of it, as states have a width) in the Compound nucleus then the cross section
will have a resonant contribution.

If the center of the state is located in this energy range, then:
» The resonant contribution to the cross section tends to dominate by far
* The cross section becomes extremely sensitive to the properties of the resonant state



Reaction: 1+ T = C =—» F+2 With: Projectile 1
Target nucleus T
Compound nucleus C
For capture 2 is a yray and F=C Final nucleus F
Outgoing patrticle 2

C C=F
S,: Patrticle 1 separation energy in C.

Excited states above S; are unbound and can decay by emission of particle 1
(in addition to other decay modes).

For capture, S; = Q-value

E, . Energy needed to populate the center of a resonance state

Reminder: Center of mass system e

Laboratory system




A Real Example

These are not just
single-particle

0.7y{an')

12.57 (T=3/2) 610

states but also N o -yl 5720 sos Y2
configurations from NSeetr f 3 BUen 11456 pgggmmeiniil- 920 Qo Thresh T

10.325 14 10.25°10.331— - .03
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Example:

DIRECT CAPTURE

3/2- 24Mg (p.7)

[T
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Resonance contributions are on top of direct capture cross sections




... and the corresponding S-factor

S-FaCtOI‘Z 224Ikov % ] I . LN I B L D S B B
S(E)=0Ee>™, L |
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The cross section contribution due to a single resonance is given by the

o(E) =7k

Usual geometric factor

656.6 1
—————barn
E

Spin factor:

2J, +1

w =
(23, +1)(2J, +1)

1_‘11_‘2
(E—E ) +(T/2)

oC Fl Partial width for decay of resonance
by emission of particle 1
= Rate for formation of Compound
nucleus state

o Partial width for decay of resonance
2 by emission of particle 2
= Rate for decay of Compound nucleus
into the right exit channel

['=T+T',+...Total width (including all energetically
possible channels) is in the denominator as

a large total width reduces the relative probabilities
for formation and decay into specific channels.




Energy dependence of widths
Partial and total widths depend sensitively on the decay energy. Therefore

!
(they are NOT constants in the Breit Wigner Formula)

2hV

Particle widths: I.=—P '(E )@2 * - see note below
1 R | 1 |

Main energy “reduced width”
dependence contains the nuclear

(can be structure
calculated)

. 21+1
Phot dths: —
prownuigns: T, = B(l) E:

Reduced matrix element

* Our previously defined P,(E)=vP’,(E) — usually width T" is used instead of P,(E)



For particle capture: J=Rel =% For other cases:
E =Q+E,

Typically E, << Q and mostly also E, << S, and therefore in many cases:
O Lhiaiis e NS on E, (especially if it is a charged particle !)
* 1ﬂoutgoing particle has Only on Er

So, for capture of particle 1, the main energy dependence of the cross section
comes from A2 and T,

Particle partial widths have the same (approximate) energy dependence than the

“Penetrability” factor that we discussed in terms of the direct reaction mechanism.



L5

Note:
o(E)=7Al(E)——S——>
(E-E,)*+('/2)
\ )\ )
Y Y

Same energy For E << E, very

dependence weak energy

than direct dependence

reaction

Far from the resonance the contribution from wings has a similar energy dependence
than the direct reaction mechanism.

In particular, for s-wave neutron capture there is often a 1/v contribution at
thermal energies through the tails of higher/lower lying s-wave resonances.

Therefore, resonant tail contributions and direct contributions to the reaction rate
can be parametrized in the same way (for example S-factor)
Talls and DC are often mixed up in the literature.

Though they look the same, direct and resonant tail contributions are different things:

* in direct reactions, no compound nucleus forms
 resonance contributions can be determined from resonance properties measured
at the resonance, far away from the relevant energy range

(but need to consider interference !)



Breit-Wigner Formula

Isolated, non-interfering resonances are described through (partial)
widths of states for absorption and emission of particles and photons:

1+ 0;;) ol
-I-rlJ' II!II_ ;T‘I ]- s

2 2L+ 1)1+ 1) & (E— E,)? + (I,/2)2

Here, we sum over n resonances in the reaction i(j,k)o , each with a
total width I",;:




From Breit-Wigner to Hauser-Feshbach

When having many overlapping, indistinguishable resonances
we can make an average:

) l’,,l'..
E—E)P+ (T, /2)2

/ oo Fj I F.-:-._ )
Joo (E—Ey)?+(I',/2)?

FJ‘ n]-_‘n ! 1 ‘ IIE 27 ‘I'-IJIJ.'.-I--I;L‘.'?'.'.
—_— 5 /)= = | ... = T
(E— E,)?+ (I'y,/2)2 AFE AE T,

', I'
f” 1 gt o
<ZfL M ]fEEn] + (T, /2)? >

n

s

=Y (27 +1)2n

AFE Uyx

D is level

' (Tignd (Totn)
spacing (Pjitn) (Coutin)

':.I I J ,'.lr:::' w [}* 0,.J T ]




Hauser-Feshbach Averaged Cross Section
(Statistical Model)

agi(j,0)ur

g ) f 1 SIEP . I 5
o= I

(2I; + 1)(21; + 1)

plis level
density

Width fluctuation corrections account for non-statistical correlations
between entrance and exit channels; formally:

(B, J,m)) (Lo(E, J, 7))




Level
density

v-strength function

Isospin effects

Ground state
properties

Excited state
properties

Optical potentials

Width fluctuation
corrections



Astrophysical applicability of the Statistical Model
(Hauser-Feshbach)
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Rauscher et al. 1997



Neutron induced reactions

Reactions Far Off Stability

\pplicability of statistical model

T. Rauscher 1997

B Ty>0.0

| Tp»0.04
Tp>0.18 .
T,>0.63 omparison DC and Hauser-Feshbach
Ty>2.5

® T,;>10.0

Proton-induced reactions

T. Rauscher; J. Phys. G 35
(2008) 014026



Relative importance of widths

> Average widths
(=transmission

Ul
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o
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Sensitivity
proton number Z

o
o

sensitivity to change in neutron width

o
N

o
[N}

proton number Z

100 110 120 130 140 150 160
neutron number N
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Astrophysical Definitions

> (Mass)Density [g cm*]: p, 2 p=p
> Number density [cm=]: n.=N./V, 2’ n.=n
> Mass fraction: Xi=pilp, 2 Xi=1
> Abundance: Y;=n:/(oN,), Y:=X/A,,
Y =3 Z/A,
> Plasma temperature: T, [10° K], T [10° K]

> Typical Energy (MB distribution):
E=kT=T4/11.6045 MeV

» S-Factor [MeV b].
S(E)=0ote?™, noo(1/IE)Z,Z,



Reaction Networks |

Reactions I(J,k)m lead to change in plasma composition:
> NN reactions:




Reaction Networks I

\Want density independent measure, interested in changes caused by reactions, not density fluctuations

—> use abundances Y, (n,(t),o(t))=n,(t)/(o(t)N,):

(with M species in the plasma we obtain M equations)



Mass fraction and abundance:;

Mass fraction X; is fraction of total mass of sample that is made up by nucleus of species i

p: mass density (g/cm?)

m;, mass of nucleus of species |
(CGS only "

as atomic mass unit
(AMU)

note: we neglect here nuclear binding
energy and electrons (mixing atomic

and nuclear masses) - therefore strictly
speaking our p is slightly different from

call this abundance Y; the real p, but differences are negligible

In terms of the accuracy needed for densities
in astrophysics

note: Abundance has no units
only valid in CGS

SO with

The abundance Y is proportional to number density but changes only if the
nuclear species gets destroyed or produced. Changes in density are factored out.




Thermonuclear Reaction Rates

Definition: Number of reactions per volume and time
between two components of the stellar plasma:

dn; = nig(V; Jd°v,

The velocity distribution

depends on the particle statistics and can be derived from
thermodynamics.



Particle Statistics

Occupation probabilities of states with energy E and chemical potential sz

Fermi distributions with u=5 and kT=5, 0.5, 0.05, 0.005

Fermions

Bosons

Maxwell - Boltzmann

Low p + high T, -u/kT—-00 , then MB applies (H-, He-burning).



Reaction Rate (MB)

Number of reactions per time and volume

o* ... Stellar cross section, see later.

Angle brackets denote reactivity (rate per particle pair): cross section
times relative velocity averaged over velocity distribution.

Often, kinetic energy is used instead of velocity (same result).



Relevant Energies — Gamow Window.

for charged particle reactions, this Is the reactivity (rate per particle pair):

<ov>= \/7 (kT)-?”Zja(E)Ee‘ﬁdE \/7 (kT)‘?”ZIS(E)e(‘/— ij

Ee b/\/—S(E)

e—bE"%

T= 003GK

10°

10°°

102

10% magnified)

Probability (arb. units)

Note: relevant
Cross section

| | in tail of M.B.

: - |/ Ve—A>4-10 kev distribution,

{ ,’ | \\ much larger than
} | \ KT (very different

/ \ L ——
ET=~1-3kev Eo—-15 ~30 kev ¢ from n-capture !)



,,Gamow peak* for neutrons

T=0.015 GK
kT=0.0013 MeV

MAXWELL - BOLTZMANN
DISTRIBUTION

o exp (-E/KT)

/ GAMOW PEAK

TUNNELING

/l/fa:..////////////m,..-

Eq ENERGY

T=0.3 GK
kT=0.026 MeV

G86T Asupoy % sjloy

T=5 GK
kT=0.43 MeV

AN
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Iliadis 2006
kT=30 keV

Probability (arb. units)

Energy (keV)



Eg=0.09 Mev

Ul QI8 0Z2 03 09 8.7 10 15
Temperature [GK ]

The Gamow window moves to higher energies with increasing temperature — therefore
different resonances play a role at different temperatures.



Some other remarks:

 If a resonance is in or near the Gamow window it tends to dominate
the reaction rate by orders of magnitude

* As the level density increases with excitation energy in nuclei, higher
temperature rates tend to be dominated by resonances, lower
temperature rates by direct reactions.

» As can be seen from the equations for resonant rates,

For p-capture this is due to the exp(E/KT) term [',(E) (Penetrability) !

As E =E,-Q one needs accurate excitation energies and masses !



» sum of direct transitions to the various bound states
» sum of all narrow resonances in the relevant energy window

» tail contribution from higher lying resonances

<OV>= D <OV >pe g + D <OV >

+<ov>

Res: tails

ME ASUREMENTS

LOW - ENERGY
™~ TAIL OF BROAD
RESONANCE

(Rolfs & Rodney)
ONRE SONANT

._...-" _—’——_’___N______‘—-
aieesneseess PROCESS

d INTERACTION ENERGY E

are possible (constructive or destructive addition) among
» Overlapping resonances with same quantum numbers

« Same wave direct capture and resonances



LLimitation of Gamow peak concept

Narrow resonances can also be important below the Gamow window when width of
exit channel smaller than width of entrance channel!

- . T=3.5 GK
o g 0
§ % 0.2} l
£ Ve
s z< | .
z L
;
3 <
o P
&
.“ k2 ol
3 4
? 3
w _ AS
& No barrier 2
. V -
§ penetration =4
2 factor for g
0
Vv

g gammas! B
a

................. ;

Energy (MeV) Iliadis 2006



Revised Gamow peaks for intermediate and heavy
target nuclides

The peak 1s not symmetrical around Eq but, nevertheless, 1s
often approximated by a Gaussian function,

widéh) uded textbook forputal Easy to see, for
where 7. —SkD —SEO/(kT)] 1s the_pae® example, with
> (n,p) or (n,a)
reactions...

Ep = 0.12204(ua Z7 Z5T5 )

A =0.23682(uaZ1 Z5T5)°.
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FIG. 6. Comparison of actual reaction rate integrands F and
Gaussian approximations of the Gamow window for the reaction
19Tm(e,y)'Lu at T = 2 and 5 GK. The integrands and Gaussians

FIG. 5. Comparison of actual reaction rate integrand F and
Gaussian approximation of the Gamow window for the reactions|
2 : st 2 2%q; -

*Mg(a,y)*Si at T = 2.5 GK and *Al(p,y)*Si at T = 3.5 GK. have been arbitrarily scaled to yield similar maximal values. While
The integrands and Gaussians have been arbitrarily scaled to yield the shift is small for Ty = 2, it is about 5 MeV at Ty = 5. Also, the
similar maximal values. asymmetry of the integrand can be clearly seen at 7o = 5.

> revised energy | R —
windows can be shifted
by several MeV

> Important to know
because experiments
measure at the
detection limit

— can relevant energy E [MeV]
Wi ndOW be reaChedr) FIG. 9. Comparison of the actual reaction rate integrand F and|

he Gaussian approximation of the Gamow window for the reaction
12Sn(p,a)®In at T = 5 GK. The two curves have been arbitrarily

(arb. units)




TABLE I. Effective energy windows By —
given plasma temperature 7. Also listed is the energy E, of the
maximum in the reaction rate integrand and its shift § relative to the
standard formula. The latter is § = EO

of the Gamow peak E for charged-particle-induced reactions and
6 = Ey — Eyp relative to the maximum of the MB distribution at Eyp

for neutron-induced reactions. This table lists only a few examples.
The full table is available from Ref. [7].

ZS 5; E 5; thi for a

— Ej relative to the location

Target Reaction T

(GK)

En

(MeV)

~

A

(MeV)

Eq

(MeV)

Mg (a,y) 2.5
27 Al (p,y) 3.5
Ca (ar,y) 2.0
4.0

(n,y) 5.0

(n,y) 3.5

(a0, ) 3.5

(n,a) 5.0

(@y) 35

(a0,y) 2.0

5.0

2.36
1.47
3.62
4.66
1.20
1.00
10.07
9.54
11.97
9.20
13.20

1.05
1.12
1.39
1.9¢
1.20
1.00
3.44
4.16
399
2.94
4.27

1.66
0.65
2.85
3.56
0.13
0.15
8.08
6.92
9.90
7.61

Rauscher, PRC 81, 045807
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FIG. 1. Shifts § (MeV) of the maximum of the integrand relative

to F, of the Gaussian approximation as a function of the target charge

Z for (p,n) reactions at two temperatures. Almost no shift is observed
.
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FIG. 2. Shifts § (MeV) of the maximum of the integrand relative

to E, of the Gaussian approximation as a function of the target charge

Z for (o, n) reactions at two temperatures. Almost no shift is observed
at Ty = 1.0 and shifts reach a few mega—electron volts for 7o = 5.0.



Rate ofireaction through a lar:oW. resenance

NETfe Y AEER S [ << AE

In this case, the resonance energy must be “near” the relevant energy range
AE to contribute to the stellar reaction rate.

Recall: g 1 = _E
S WJ‘G(E)EG deE
mp (KT)™ g

and M
(E-E,)" +(T(E)/2)’
For a resonance assume:

E

M.B. distribution [I(AES=-Bl constant over resonance [QI{SESXOI(=
All widths T'(E) constant over resonance  JM{(SESIN(=N)

constant over resonance




Then one can carry out the integration analytically and finds:

For the contribution of a single narrow resonance to the stellar reaction rate:

~11.605E [MeV]

N, <ov>=154-10"(AT,) 2 wy[MeV]e '

cm®

S mole

The rate is entirely determined by the “resonance strength”

3 2J. +1 I
(2J,+1)(23; +1) T

wy

Which in turn depends mainly on the total and partial widths of the resonance at
resonance energies.

Oftery I'=17+1, ,ihenfor I <<I,——T =T,

[ <<I,—>I ~I;

r
And reaction rate is determined by the srmaller width !



Rate for broad resonances or
non-resonant reactions

Often (for example with theoretical reaction rates) one approximates the rate
calculation by assuming the S-factor is constant over the Gamow Window:

S(E)=S(E,) o= ée-b’fE S(E)

Then one finds the useful equation:

1/3
ZfZSARJ

—4.2487(
T9

lez
AT,

(Ag reduced mass number A;A,/(A+A))

N, <ov>=7.83-10° (

j S(E,)[MeV barn] e




]

1)
¢ s}

¢ s}
7p)




Energetics in Nuclear Reactions

HF: <ri/ <[>
IC: rﬁ/

tot

Level density in
Gamow window
determines reaction
mechanism

Astrophysical complication: thermal excitation!
C=A+Fx




Thermally excited target nuclerl in the stellar plasma

Ratio of nuclei in a thermally populated excited state to nuclel in the ground state
IS given by the Saha Equation:

2
2
8
@
b=l
|
=
=
o
9
a,
2
S
g
—
o
&=

Ratios of order 1 for E,~KT

» Only small correction for:
* light nuclei (level spacing several MeV)
* Gamow window at low energy: at low T
* LARGE correction, when
* low lying (=100 keV) excited state(s) exist(s) in the target nucleus (heavy nucler)
 temperatures are high (explosive nucleosynthesis)
* the populated state has a very different rate

The correction for this effect has to be calculated. Importance often underestimated...




Stellar rate and stellar cross section

MNaTlA

NaTl A

R | (EYP(E,T)dE = —Y——R*
1+ 8qa /0 T B)RET) 1+ 8,4 Stellar rate

R*(T) A ¥ + wi Ry + woRs + .

E, /(KT
W PE T IERw, = (2], "‘1)9 Ml Goizmann weights

The asured cross section o, determines R,

20+ 15— E, i
)J()-i-l

Stellar reactivity.

E - E; .
( ) Stellar cross section

.-v",ia""‘_}j (£ — Ez)

Weight of
excited state

Using pop. fact. as measure of importance
underestimates impact!

T. Rauscher, Int. J. Mod. Phys. E 20, 1071 (2011)



Effective weights states

By shifting energy scales of MB distributions to g.s. energy,
weights are modified (Fowler 1975).




Reaction Rate (MB)

E#e (E’ +EQ )/(kT)}dEﬂ]

EA/(kT)}d _ norm J‘Geff Eo —EA/(kT)dEO

stellar reactivity



Simplification of Stellar Rate

MB distributed projectiles act on every excited state, have to do a weighted sum:

<O\/>1a x 1 Z I g_AGAaElue (Eﬂ+8A)/(kT) dE/u

norm
Gy % O,

Z O Eéot g _EQ /(KT) dEO

Gnorm I - gA

with effective cross section

Effective cross section sums over all accessible
excited states x4, vin initial and final nucleus!

G norm

normalized partition function



(234 +1)(2J, +1) k_f\ao_w
(23 +D)(2J, +1) k2, ™

Reciprocity relation

DIOCI

Lab cross section; no reziprocity w

iLyf stellar rates

(in general :oh, =D ohn j
14



Reciprocity relation

Reciprocity again!!

or

But: unmeasureable!



—&p [(KT) - From Saha

—ek I(KT) L
— gaC — equation;

_Na _ e _
N/tft Zgze—ez’/(kﬂ G,(T) G(T) is
y7i

partition
function

Stellar cross section
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ReC|prOC|tv tion

S, « gA
JZ JZ
............................ 'O‘Aa E Pioh, = E f— O,
y7i

Stellar @ V's section

L (58 e el oo e,

norm
GA y7i gA

1 IN _ 1
= [ 98 Bl g

= norm norm
GA yZi gA GA

Stellar rates obey reciprocity! This implies thermal equilibrium in BOTH nuclel A, B!

=
jngf Ege EA/(kT)dEX




Stellar cross section

Prerequisite:

Fast thermal
equilibration in all
channels!

Fulfilled in most
cases, unless there
are isomeric states.

(Similar for photodisintegration)

Always determine rate in direction of positive Q,, , to maximize g.s. contribution and
numerical errors. For numerical stability in reaction networks, forward and backward

rates have to be computed from ONE source!




Nucleus-Photon Rate

With Planck distribution of photons:

Connection to capture rate by detailed balance:

P s /WG(T)(;MJ Q/<GV>
a7 2J _+1 G, (T)\ 2772

1

An



Nuclear Partition Functions

GO(T)_ZJ—+1 Z(ZJ +1)e Y

max

+ j Z(2J+1)e %T,O(&‘,J,ﬂ')d&‘

G, (or G™™) is normalized to the g.s. (2J,+1). PF is proportional to number of
different configurations at given temperature T. Corrections due to loss of nucleons
to the continuum may apply at T > 10.




Reciprocity in Stellar Rates

Some considerations:

> Detailed balance: thermalization required
— Problematic for nuclel with Isomeric states
— e.g., 2°Al, 1%9Ta

— Use “internal” network to follow all particle and photon
transitions between states in a nucleus

> ONE source for forward and reverse reaction In
network for numerical stability and proper equilibria
— Usually direction of positive Q value (“Q-value rule”)

> Photodisintegration in lab tests only few transitions,
better use capture and compute reverse rate




Ground state contribution to stellar rate

X =

*0.S. contribution (X)

e gives g.S. contribution to
stellar rate

=1 at T=0
 confined to 0<=X<=1
« monotonically decreasing to O

 Uncertainty scales with G,
and is related to X:

e u=(1-X)u’

T. Rauscher, ApJLett 755, L10 (2012) Rauscher et al, Ap. J. 738, 143 (2011)

g.s. contribution X

j o (E)®,,, (E,T)dE
R G j " (E)®,,, (E,T)dE

-

stell=. enhancement fac:or

1860s(n,gamma)
1860s(n,alpha)

Partition function G, related to g.s. population



Table 4.1: Comparison of ground-state contributions *X O for selected A -+ neutron <> C + Y
reactions at 7 = 2.5 GK. Reactions are identified by the target nucleus A of the neutron
capture reaction.

20 *X ¢y A *X Xy X *X oy

0.771  0.00059 "W 0.0788 0.00049 0.0396 0.0018
0.98  0.00034 34Re 0.0148 0.00021 0.0815 0.00035
0.875 0.0061 86Re 0.0356 0.00024 0.0433  0.00043
0.992 0.0043 '350s 0.0318 0.00016 g 0.066 0.00084
0.737 0.0028  '39Pt 0.0537 0.000069 g 0.551 0.0088
0.0914 0.0012 “'Pt 0.0541 0.00011 0.719  0.0059

Note: all these captures have positive Q-values (Q-value rule!)




Importance of y-energies

Contribution to
cross section (rate)

Rel. contribution to rate

A photodisintegration experiment would only measure transition from/to g.s.!
Not suited to directly constrain the reaction rate!
g.S. contribution much larger in capture direction.



Ground-state contributions to
S-Process neutron capture?

X directly also gives the
maximally possible
reduction in (theory)
uncertainty by
experiments!

* Nuclides from
KADOoONIS

* (n,7) at KT=30 keVV

Black squares are
nuclei for which error
cannot be reduced by

20 40 60 80 100 120 140 160 180 200 220 N RMNERUEIREOE

mass number

Rauscher P. Mohr, I. Dillmann, R. Plag; ..
Ap. 1. 738 (2011) 143, G, known for s-process conditions!
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Underestimation of excited state contribution to
neutron capture rate when using SEr

6- _t kgT=30keV

r ol L ol MMAM

| _t  kgT =280 keV
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(target nuclel along stability)
Rauscher, EPJA 58, 214



Coulomb enhancement of g.s. contribution

It Is usually assumed that
Xeorn= Koy @Nd therefore a
measurement of the

forward reaction will be

This is relevant for reactions close to the dripline closer to stellar cross
P but also for all photodisintegration reactions in section.
g Intermediate and heavy nuclei! However,

g S. contribution than their photodisintegration will be suppressed
counterparts (exception to the Q-value rule). even when they are
favored by spin selection.
Thus, for reactions with
different Coulomb barriers
In the channels, an
Inversion is possible!

forward reaction
Q>0

g.S. contribution:

MB population:

transition probability:



Stellar Reaction Rates

When assessing iImpact of nuclear physics or planning
experiments, pay attention to:

> Relevant energy range!
— simple Gamow peak formula NOT correct!
— Incorrect in some text books

> Stellar modification of the rates
— Many additional transitions from excited states!
— NOT simple Boltzmann factor!
— Incorrect in some text books

> Ground state contribution of the measured
reaction

— Photodisintegration rate never good for direct
measurement

Review: Rauscher, Int. J. Mod. Phys. E 20, 1071 (2011)



Keep In mind

There Is a fundamental difference In reactions acting in nucleosynthesis of light
nuclei and heavier nucler (A>30) stemming from differences in Coulomb barrier,
level density and stellar plasma temperatures:

» Light nuclides: Low level density, large level spacings, low Coulomb
barriers, low synthesis temperature.
« Few transitions contributing, g.s. contribution large
« Experiments may be able to probe all contributing transitions and
constrain stellar rates
» Heavier nuclides: Large level density, small level spacings, high
Coulomb barriers, high temperatures in nucleosynthesis site (perhaps
except for s-process), large contributions of the excited target states to
the stellar rate, unstable nuclei.
« Lab measurement can only constrain a fraction of the stellar rate by
c.S. measurement and only a fraction of the relevant transitions (if
C.S. measurement not feasible)
« Experiment can be used to test and improve certain features of
reaction models or predictions of nuclear properties
« The majority of reaction rates has to come from theory (prediction of
resonance properties problematic if individual resonances are
important).




AAS | 10P Astronomy

Essentials of
Nucleosynthesis

and Theoretical
Nuclear Astrophysics

Thomas Rauscher

An American Astronomical Society and IOP Publishing partnership

O10P |ebooks

AAS-IOP ebook series
|OP Publishing, July 2020

ISBN: 978-0-7503-1149-6 (e-book)
ISBN: 978-0-7503-1150-2 (print)

Contents (summary), 2 parts in 1 volume:
» Part 1: Essentials
» Basic definitions, equations of
state, stellar structure, nuclear
physics and reactions, stellar
effects on cross sections,
astrophysical reaction rates,
reaction networks and reaction
equilibria
» Part 2: Nucleosynthesis
» Stellar evolution, hydrostatic and
explosive burning, origin of the
elements beyond Fe, Big Bang
nucleosynthesis, Galactic
Chemical Evolution

https://iopscience.iop.org/book/978-0-7503-1149-6

https://store.ioppublishing.org/page/detail/Essentials-of-

Nucleosynthesis-and-Theoretical-Nuclear-
Astrophysics/?K=9780750311496



https://store.ioppublishing.org/page/detail/Essentials-of-Nucleosynthesis-and-Theoretical-Nuclear-Astrophysics/?K=9780750311496
https://store.ioppublishing.org/page/detail/Essentials-of-Nucleosynthesis-and-Theoretical-Nuclear-Astrophysics/?K=9780750311496

Additional links/references

The text book shown on the previous slide and references therein:
» Details on nuclear physics as well as astrophysics; covers all theory aspects of
nuclear astrophysics topics of the school.

See also the references given on the slides.

Further textbook references:
« lliadis, Nuclear Physics of Stars, 2"d edition, Wiley 2015
* Krane, Introductory Nuclear Physics, Wiley & Sons 1988
« Blatt & Weisskopf, Theoretical Nuclear Physics, Springer 1988
» Hodgson, Gadioli & Gadioli-Erba, Introductory Nuclear Physics, Clarendon 1997
« Satchler, Direct Nuclear Reactions, Clarendon 1983
« Glendenning, Direct Nuclear Reactions, World Scientific 2004
* Frobrich & Lipperheide, Theory of Nuclear Reactions, Clarendon 1996
« + those given in other talks.

Sensitivity plots (for cross sections + reactivities) and g.s. contributions (for reactivities)
can be found by selecting a reaction at https://nucastro.org/reacs .

Publication list: Many publications for specific reactions and applications to astrophysics
can be found at https://thomasrauscher.ch/pubs.html .



https://nucastro.org/reacs
https://thomasrauscher.ch/pubs.html

What | have no time to talk about
In detail

» Other types of reactions: decay, fission, ...
« Screening of reactions in the plasma

« Simplifications of reaction networks



Electron screening

The nuclei in an astrophysical plasma undergoing nuclear reactions are
fully ionized.

However, they are immersed in a dense electron gas, which leads to some shielding
of the Coulomb repulsion between projectile and target for charged particle reactions.

, compared
to reaction rates for bare nuclel.

The Enhancement depends on the stellar conditions

R 1fto
E=0"Y i i i il e e T
U

Shielding potential (attraCtive,
so <0)



For weak screening, each ion is surrounded by a sphere of ions and electrons
that are somewhat polarized by the charge of the ion (Debeye Huckel treatment)

More positive ions
(average change

lon under of charge distribution
. . due to test charge)

consideration

(test charge) More electrons

R
Debye Radius

Exp: Quicker drop off
due to screening

Thus, complete screening for r>>R .



Reaction Equilibria

At high temperatures and/or densities, reaction equilibria can be attained. They
simplify the network equations and can be used to speed up the calculations.

> NSE: Nuclear statistical equilibrium

— all reactions are fast and equilibrated; individual rates need not to be known,
abundances determined by nuclear mass differences

— Sli-burning, ejecta from the innermost parts of a core-collapse supernova or neutron
star mergers

> QSE: Quasi-statistical equilibrium
— groups of equilibrated nuclei, slow connecting reactions have to be known
— O-, Si-burning In massive stars
> Waiting Point Approximation, (n,y)-(y,n) equilibrium, (p,y)-(y,p) equilibrium,
B-flow equilibrium
—  QSE-type equilibria where isotopic, isotonic or isobaric chains of nuclides are equilibrated
—  I-pProcess, rp-process, vp-process

> Steady flow

— Reaction chain operating for extended times; s-process, r-process (between peaks), hydrostatic
burning phases in stars

Reaction rates cancel between forward and reverse reaction — no cross section needed!




Reaction Equilibria

At high temperatures and/or densities, reaction
equilibria can be attained. They simplify the
network equations and can be used to speed
up the calculations.

> NSE
> QSE
> Waliting Point Approximation



Nuclear Statistical Equilibrium |

T, > 4-5: Strong, el.-magn. interactions in equilibrium
= individual reactions not important for abundances:

3 2 \FAD 5
Y(Z’N):Gz,N(pNA)A_l . (Zﬂh j ° KTYnNYpZ

24\ m KT

Y, p--ff€€ neutrons, protons; Y, electron abundance (weak interaction)



Nuclear Statistical Equilibrium I

1. Term p~t: High densities yield heavy
nuclel.

2. Term (1/KT)%2A-1): High temperatures
yield light nuclel.

3. Term ePXT: Always nuclei with high
binding energy B are favored.




Nuclear Statistical Equilibrium: [11

NSE mass fractions afier decay 82s,

Abundances peak at
nucleus with
ZIA=Y,

12 14 16 8%s

12X

Neutron enrichment:
Neutron Enrichment )2 ' - 77 — 1=2Ye




Z (Proton Number)

Z (Proton Number)
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Examples of NSE
distributions from
Interior region of ccSN

Slope determined by Y,

Extension in mass
number is given by p, T

Within region most
tightly bound nuclei are
most abundant

Courtesy of W. R. Hix



Quasi-Statistical Nuclear Equilibrium

Equilibrated groups of nuclei... —_

\

™~

...connected by slow reactions

»Abundances within a group according to
equilibrium equation (no reactions)

»Relative abundances between groups
determined by connecting reactions (model of
connected pools)
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Definition of ,,Waiting Points*

Isotopic chain

[ > » » > [ % % s [ » [ 2 »

»Instantaneous equilibration of (n,y) and (y,n) in each iSO’[OpiCé\
» [-decay of isotope(s) with highest abundance (i.e. waiting point) populates next chain
»,,Path* defined by connecting maximum abundances in each chain




Waliting Point Approximation
Assuming Ay << A, (r-process):
dY iz a/0t = Ayain)Yizasn) — Mo <oV=>pm Yiza)

In (n,y)<>(y,n) equilibrium dY/dt = 0 and

Yza+1/Yza™ M <ovV=>pm/ Ayar)

Applying detailed balance yields:

Y(z,A41) - Gt (A+1j/£27zh2] (A+1)S/T

Yo  2GA L A LkT

Parameters n,, T; r-process path located around S,=2-3 MeV,







Fission: Endpoint of the r-Process

# [-delayed fission O 8BS H
. . N H N ]
8 spontaneous fission e —

®  neutron-induced fission NN E NS SNEN
E 8 8 SENSEGNENSSS SENSSM
SEEEEESEYN SEES
E S N E SENICANSENNSNSSS ESEEEE 1
= EENENEN EEEENS NNIIIIN51=2MC\
H N NNENNSENNNEENENEEEEENE ’
EEEAN N NENENNENNRNENREEEEE
SERNEESEEESNNNSENEEES S
E § SEESESNSSENSES SENEENEEE
E 5§ ESSNSEESSERSSEE B 8 B 8@

N 100

5 ENEEESENSEE E
5 ENSESSENSEEE
EENENENENEE SlekN’
E § NESEEEEEEER -

=% n-drip

150 160 170 180 190 200

n-capture fission (Z,A)beta-decay
. T fission
———

fission barrier

Goriely & Clerbaux 1999

Important to know: fission barriers, fission fragment distribution!
Impact on: fission cycling in r-process, production of rare-earth peak, maximal
extension of r-process production (endpoint)



Decays

« Modification of half-lives in stellar environment:
* Nuclel are thermally excited
* For electron captures:
 Electrons not from atomic K-shell but
from free electrons in the plasma
* For B-:
« At extremely high densities, blocking of
exit channel energies (Pauli exclusion)



Decay Rate




Nucleus-Lepton Rate

In reactions with leptons (electrons, positrons, neutrinos)
their masses are negligible:

Use FD or MB distributions according to density and
temperature conditions.



Importance of nuclear input

> Energy generation
— Evolution and lifetime of stars (+GCE)

— Timescale and time structure of explosive events (eg. Novae, X-ray
bursts, r-process)

> Nucleosynthesis

— Products of stars, explosive events = galactic chemical evolution
— Explain observed stellar and galactic abundances

» Equation of state
— Collapse of massive stellar cores
— Neutron star properties
— Black hole formation

» Strong sensitivity of astrophysics to nuclear properties!!
— Can rule out astrophysical scenario

— (or point to need for improved nuclear physics)
— Different sensitivities of different scenarios/processes



