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e Nuclear Excitation Processes 1n Plasmas
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=S Thermodynamic Equilibrium

e Jons, electrons and photons are at thermodynamic equilibrium
T=T. =T =T
e Nuclear populations are not . Boltzmann law does not apply
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&0 Radiative excitation and de-excitation
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Transition rate (s)

Radiative excitation and de-excitation
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G. Gosselin, P. Morel, Phys. Rev. C70, 064603 (2004)
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ntum lomb Excitation
p— Quantum Coulomb Excitatio

e PWBA Approximation

— Plane wave : works well at high energy

e DWBA Approximation

— Distorted wave function : works well over the whole energy domain

— Radial equation can be solved by two methods

» Exact solution (only with an unscreened potential)
 WKB method

 Radial exact solution d’e, [h E— 21y (r)- W”)}W =0

2 2 )
— Hypergeometric functions dr h r
— Numerical evaluation very difficult for low energies

 WKB Method

— Approximate radial equation resolution
— Solution by Langer
* Asymptotic solutions  Bessel functions
* No divergence at turning point
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Inelastic Electron Scattering
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Internal Conversion / Electronic Capture
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e Internal conversion / NEEC

 Internal conversion coefficient

7\‘IJCf - TJZ —J;
7\‘};1: TJIfCAJ
e Internal conversion rate in laboratory
we Log?2 27t 2
e =i \ (vio.[Hw0,)| p, (E,)
Ji =T

 NEEC cross section in laboratory
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GNEEC (E) r>
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NEEC cross section
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ceo Relativistic Average Atom

e Thomas-Fermi-Dirac model

— The atom lies in a spherical box whose radius 1s
dictated by density

— Average atom : mean value of binding energies
and occupation numbers

— Relativistic : necessary for heavy nuclei internal
conversion calculations

B. F. Rozsnyai, Phys. Rev. A5 (1972) 1137
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Macroscopic transition rates

e Excitation rateAE: NEEC

€

_2Jf+@og2g(Eb)fFD(Er)[1—fFD( )]{el’f(c \fj erf(cf H

A, =
2J/+1/ T},

A =J 6 e (E)v. f(E)P(E — AE)dE

e [

Calculated with Average Atom wavefunctions

/\,d—J e I oJF(C T AL JUC
AE

L OL(T og 2 B ) E. | ) E,
Ay = TJY_>J g(Eb)fFD (Eb)[l frp (Er)]|:ef((5\/§j ef(ﬁ\/?}}
Principle of detailed balance fulfilled (Boltzmann)

G. D. Doolen, Phys. Rev. C18 (1978) 2547
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¢

Internal Conversion Coefficient
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Transition Rate (s *)
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= NEET 1n plasma

[ P

AE AE+6

Nucleus Atom

e Resonant phenomenon
— Energy mismatch : 0
— Quantum selection rules (spin, parity)

M. Harston, J. F. Chemin, Phys. Rev. C59 (1999) 2462
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=y  Coupling Matrix Element

J, J, L
= 4mom | Oy + 1 1
R, () )/ Xj L*[( 2L+1 ”]2 5 5 0

Nuclear Transition Energy Atomic Matrix Element

"B(EL)

nKin,K,

Nuclear Matrix Element

Expression nearly 1dentical to Internal Conversion matrix element
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en NEET Transition Rate

* Summation over every configuration

NEETpT ZPPT (8 )

e Statistical envelope

2T e 207
A N (p’Te): . Dlpl ‘ ‘

P. Morel, V. Méot, G. Gosselin, D. Gogny, W. Younes, Phys. Rev. A60, 063414 (2004)
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Thermodynamic profile of a laser
&0 ,
induced plasma
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w3 Non LTE NEET rate : ?’'Hg

1/2 81105 ) 565 keV

}.M 14E2 e Dirac-Fock model
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= 201Hg NEEJET rate for N1-P1 transition
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Self consistent average atom model SHAAM

WEET (0, T, ) = 1 e

e Screened Hydrogenic Average Atom Model

— LTE / non-LTE atomic physics calculation (p, T, T,)
— Charge state distribution

0

— Mismatch variance o

— Average electronic shell populations
e Relativistic Average Atom Model

— Relativistic but only LTE

— Wave functions

— Binding energies
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NEET Excitation Rate (5_1]
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Total Excitation Rate



ETL Excitation Rates
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Lifetime (s)
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The s-process (slow neutron capture) makes most
eSd nuclei with A>56 via (n,y) is massive stars

S-process conditions
kp,T=8, 30 keV
® =107 /cm?es
p=50-100 g/cm?

______
e

p-process

§-process s
81 Ph zl -‘**';;.|

rp-process

Z

Lee Bernstein, LLNL

s-process path near Tm

5.025 keV
4.8 ns

N

172T'm

S-process branching provides a sensitive measure of stellar conditions
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NIF Experiment
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Requires hydrodynamic path optimization
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Astrophysics Application
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In collaboration with P. Mohr, Diakonie-Klinikum, Schwabish-Hall
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=0 Stellar Transition Rate

e Indirect transition through intermediate state (IMS)

A (T) = CZ n, (EIMS,i ) T)r:s (EIMS,i ) T)

2 * *
2] ms T 1( Thc ) FIMS—)IOWKFIMS—mighK

[ (E...T)=|ocEME =
R e

%k k
Divs stowk T FIMS%highK

e Width enhancement

— Induced photon emission
— NEEC/IC
— Electron Inelastic Scattering
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Excitation Enhancement

o u: Low-K (4,4%,57.4) > 5 (839 keV)
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Laser Experiment

 Hg ions 1n flight

— Highly 1onized

. — Atom 1n fundamental state
+. Hg 1ons

— Lifetime governed by IC

e How far can we detect them ?

— MCDF calculations £ V(1)

— IC coefticients . Lifetime

Detector
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Lifetime (s)

ISOMEX/MCDF Calculation (CEA Bruyeres-le-Chatel)
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=0 What we have done

 LTE modelization of excitation processes
— Radiative
— NEEC
— NEET (when atomic transitions overlap)
— (e,e’) (unscreened potential)

* Non-LTE
— NEET with SHAAM

* Experimental proofs
— (p,n) reactions in plasma
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e What we are trying to do

 LTE modelization of excitation processes
— NEET (when atomic transitions do not overlap)
— Multi1 Atom plasmas
— (e,e’) (screened potential)

e Non-LTE
— NEET with MCDF

e Future experiments
— Isomer decay in plasma
— Lifetime variations in plasma
— Isotopic and/or 1someric ratios modification in Tm
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Thank you for
your attention

Questions are
welcome
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