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Outline of this presentation (1): formalism

Difference between:
N,<ov>"and N, <cv >
focus on A" and A'2b for photon-induced reactions

A very simple example:

160(a,v)?°Ne and ?°Ne(y,a)*®0 in the lab and in stars
P. Mohr et al., EPJA 27, s01, 75 (2006)

Reciprocity for time-reversed cross sections
o(1+2-3+y)
SHOP 1609.5.(&0’71)20'\'eZ+ and 20Nez+(71’OLO)16Og.s.

Detailled balance between stellar reaction rates
for photons: N, < 6 v >'(1+2—3+y) and A" (3+y—1+2)
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Outline of this presentation (2): applications

Thermalization of isomers via intermediate states:
180Ta 176|_u 186Re 92Nb
- various scenarios. S-process, pP-process, v-process

Rate of capture reactions between light nuclei from
photodisintegration
- various scenarios: BBN, H-, He-burning

v-induced reactions in the p(y)-process: (y,n), (y,o)

(n,y) rates from (y,n) experiments
- branching points in the s-process

Suggestions for ELI-NP (and other photon facilities)

Peter Mohr Atomki-Workshop Debrecen 2018




« For simplicity:
- discussion restricted to:

160: 0* ground state

20Ne: O* ground state
20Ne: 2t state at 1634 keV

F,, = 1058 keV

f— pe | . 2ONe: 1- state at 5788 keV
O+a appears as resonance Iin

)., = 4730 keV

160(a,y)?°Ne at 1058 keV

- partition functs. neglected:
G(1°0) = G(*°*Ne) = 1.0
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Time scale for thermalization: 2°Ne (0* < 2%)

Fast transition between
O* ground state and 2*:
T, =0.73 ps
I, = 0.63 meV

Time scale for thermalization
IS essentially defined by the
lifetime of the 2* state

First important message of
this talk:

thermalization Is fast,
compared to typical

timescales in stars

(at least for allowed intra-
band transitions; isomers will
require special consideration)
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Some (trivial) definitions...

o Breit-Wigner cross section o(E) In a resonance:
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Reaction rate of 1°0(a

Ep = 1038 keV|

Stellar rate <o v >" is

(0 ot
“0+a
Q,=4730 keV

proportional to total
resonance strength oy
and to expER¥/KT)

0* ground state:
oy’ =0.18wy

2+ excited state:

®y1934=0.82my
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Reaction rate of 2°Ne(v,a)*O: formalism

- Rate A from folding of thermal photons n (E,T) and
photon-induced cross section o(E):

A=cC /n,y(E,y,T)a(Ev)qu,

 Photon (Planck) distribution:
11 EZ

E,T)dE, =
ny (B, T) dE, 2 (he)3 exp (B, /kT) — 1

« o(E) from (narrow) B-W resonance (using reciprocity):
1 (2J1+1)(2J2+ 1)
h (2J3 + 1)
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Reaction rate of 2°Ne(y,a : round state

Fr = 5788 keV Rate from O0* g.s.:

rx—" proportional to partial
0___lo* resonance strength wy®
0 - A and to expEg!/KT)

16
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Reaction rate of 2°Ne(y,a)°0: (b) 2+ excited state

(0
"0+a
0. = 4730 keV

5788

Rate from excited 2*:
proportional to partial
res. strength wy'%3*and

to exp[-Ex-E)/KT]

enhancement by factor
exp(+E,/KT) for excited
state because of lower
transition energ¥y'-E, !
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Reaction rate of 2°Ne(y,a)%0: (c) stellar rate A’

Stellar rate A" from
weighted summation
0 (Boltzmann factors):

"“O+a
0. = 4730 keV
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Reaction rate of 2°Ne(y,a)%0: (c) stellar rate A’

Stellar rate A" from
weighted summation

1 _
DS = (w) [BO exp (

2 L 1634 —(Eg — E3°) —E,%%
(1634) 5 ” AT )5 eXp( iT ﬂ
E E, enhancement Boltzmann
) (BT T\ KT /) suppression

() exp —E7\| exaptycande
kT sachothertt

s (28 s (22)
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Reaction rate of 2°Ne(y,a)%0: (c) stellar rate A’
Stellar rate )" = \lab

proportional to total

0

9040 resonance strength oy
0,=4730keV | B and to expER'/KT)

AINEe = (wy)/(wy%) 2> 1

exact cancellation
between

from lower E, and
Boltzmann

I el _[po _
v =g e () = 5 @) e () e (1)
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Reaction rate of 2°Ne(y,a)%0: (c) stellar rate A’
Stellar rate )" = \lab

proportional to total

0

9040 resonance strength oy
0,=4730keV | B and to expER'/KT)

AN = (oy)/(wy®) =2 1

ratio A'/A2 depends
only on nuclear
properties, but not on
stellar temperature!

“EL\ 1 _E© _
v =g e () = 5 @) e () e (1)
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. 1 —E}Q 1 —EB% —Q)
v =g e () = 5 @) e () e (1)
« Detalled balance between stellar forward (a,y) and

backward (y,a) rates:
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Summary of formalism: three important messages
1) Thermalization is fast

2) Detailed balance between stellar forward and
backward rates (not cross sections!)

3) Significant (often: dramatic!) enhancement for stellar
rates of photon-induced reactions:
AN = (@y)/(wy®) = 1/B° = 1

 lab experiments

 lab experimts.

similar results for non-resonant reactions:
A2 provides only the (typically minor) ground state
contribution
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Gamow-like window for photon-induced reactions

192501t first presentation of a
Gamow-like window:
iy P. Mohr et al.,

\]

N PLB 488, 127 (2000)

" chosen example:

threshold | 192Pt(y, ﬂ)lglpt

¢ (E,T) o(E) (s MeV™)

similar for (y,a) react.
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Conclusion (1): Thermalization of iIsomers

most important:
Intermediate states (IMS) at low excitation energies

typically: lowest IMS for transitions between low-K
and high-K states have intermediate J~

conseguence: branching from IMS to ground state

(with either high-K or small-K) very small (or even
negligible)
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Conclusion (2): capture reactions

essential prerequisite:
dominating ground state branching in capture reaction

alternatively:

ground state contribution sufficiently strong and well-
known from other experiments
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Conclusion (3): (y,n) and (y,a) In the y-process

relevant: heavy nuclei (A > 100)

typically: ground state contribution in (n,y) and (a.,y)
reactions small or even negligible

above arguments also hold for (n,y) rates from (y,n)
experiments (for branching points in the s-process)
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Final conclusion

Significant difference between (y,X) in the lab and
(v,X) under stellar conditions

Reason: thermally excited states in the target nucleus
In the hot stellar plasma

Thank you very much
for your attention!
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