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Il I.Context
Thesystem: |

Atomes, molecules, neutral or charged:

-v ~ [0.02-10] u.a. (lu.a ~2 10° m/s)
-E ~350eV - 1 MeV

—— not thermal, nor reactive,

nor subatomic ...

Study of electronic processes: J

- Excitation : H* + H — H™ + H*

~Tonisation : H + H — 2H' + e~

- Capture : H" + H — H* + HY

Observables:

total cross sections o(v)
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Study of electronic processes: J

- Excitation : HF + H — HT + H*

“Tonisation : HY +H — 2H' + e~

- Capture : HY + H — H* + HY

Observables:

total cross sections o(v)



I |.Context

Thesystem:

Atomes, molecules, neutral or charged:

- v~ [0.02-10] u.a.
“E ~50eV - 1 MeV

Applications: J

Plasma diagnostics: interstellar clouds /

(lu.a ~2 10° m/s)

tokamaks ...

Development to biological molecules:

hadrontherapy

Study of electronic processes: J

- Excitation : H* + H — H™ + H*

~Tonisation : H + H — 2H' + e~

- Capture : H" + H — H* + HY

Observables:

total cross sections o(v)



I 1. Model

Context, Quantum mechanics: '

Schrodinger equation independent of

time:

I:Itot \Ijtot _ Etot \Ijtot

Semi-classical approximation : '

- Separation of nuclear and electronic

coordinates

- Classical nuclear dynamics: so called

Impact parameter approximation
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- Separation of nuclear and electronic

coordinates

- Classical nuclear dynamics: so called

Impact parameter approximation
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Equation Eikonale : l

[Hey(t) — 10U ({73}, t) = 0



I 1. Model

Context, Quantum mechanics: '

Schrodinger equation independent of

time:

I:Itot \Ijtot _ Etot \Ijtot

| T
\\

Csenicsiaproumoior- |

m with -
- Separation of nuclear and electronic A 1 Z Z

| Ha(t) =Y |-V - = - 2
coordinates - 2 7il |7 — R(t)]
- Classical nuclear dynamics: so called + Z %
Impact parameter approximation isj i |

Rt)=b+7xt



I 11l. Benchmark: the proton —lithium collision

Thesystem | - Two regimes: Fand L

1e-14 ————rr————— e —————rry
The charge exchange process in:
(1291 '
H* + Li(1s°2s") e-15 |
The reasons: J T tet6 |
O
5
- Extensively studied: 3
@ 1e-17
o
= °butnever completely S
2 -
S
. . . g 1e-18 - Theory: *
©  enorina wide energy/velocity range S A Bmolaey (1984
- Good candidate to check: - Bxperiments
1e-19 |- O F. Aumayr and H.P. Winter (1985)
. . | X S.L.Varghese, W. Waggoner, and C.L.Cocke (1984)
° CleCtrOnlc Correlatlon effects * M. B. Shah, D.S. Elliott, and H.B. Gilbody (1985)
| ® R.D. DuBois (1985)
O K E.' D_ull3.o.i§.a|1nd L. .H. '.I'ot.Ju.re.n. .(??85) . L

. 1e-20 —
* frozen core/model potential approx. o1 ! 10 100

Projectile energy (keV/amu)



I IV. 3 electrons non pertubative resolution
[FLai(t) — 0] U ({77}, 8) = 0

U developped on a basis of asymptotic states: U = Z ¢;j(t)®,;({r;}, 1)

with @;({r}, t) = @;({ri})e” ™" x ETF ETF = [[e 177
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[He(t) — 0] ({7i},t) = 0

U developped on a basis of asymptotic states: U = Z ¢;j(t)®,;({r;}, 1)
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For: HT + Li(182281) — H* + Li*
D({r;}) := o™ (1s%2s1), @1 (15°3st), o™ (1s'2s*2pt) ... et



I IV. 3 electrons non pertubative resolution
[FLai(t) — 0] U ({77}, 8) = 0

W developped on a basis of asymptotic states: /- Z c] {’l“z} )
with (I)j({ﬁ},t) - (I)j({r_é})e_iEjt X ETF ETF = He 177

For: HT + Li(182281) — HT + Li*
D({r;}) := o™ (1s%2s1), @1 (15°3st), o™ (1s'2s*2pt) ... et

For: H' 4 Li(1s*2s') — H* + Li*

O({77}) = oM (152)¢H (25), ¢11" (1s'25)¢H (25) ... $TTP



Il V. Description of multi-electronic states

- States are developed on an optimised set of gaussian orbitals:

S({ri}) = ) CijnGi(11)G; (13)Gr (73) Gi(7) = Yy, m, (F)e "

1,9,k

2



Il V. Description of multi-electronic states

- States are developed on an optimised set of gaussian orbitals:
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- The big question is : How one can obtain spin adapated states ?
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Il V. Description of multi-electronic states

How one can obtain spin adapated states ? |®) = Z Ci.iklijk)
i,J,k
- With two electrons, the answer 1s straightforward:

Singlet states: | ®) = Zci,j(|ij> + 177)) = Zci,jgl2’ij>

1<J i<J

- Triplet states: ) = ZC’”(W} — |71)) = Zci,jA12|7:j>

1<J 1<J



Il V. Description of multi-electronic states

How one can obtain spin adapated states ? |®) = Z Ciik
1,9,k

- With two electrons, the answer 1s straightforward:

- Singlet states:  |®) = Zci,j(ﬁﬁ + 177)) = Zci,jS12’7;j>

i<j 1<J
- Triplet states: ) = ZC’”(\zﬁ — |71)) = ZCi,jA12|73j>
i<j i<j

= - Reason: spatial and spin parts are separable.

- This no more the case for more than 2 electrons functions...
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ijk)
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= - Reason: spatial and spin parts are separable.

- This no more the case for more than 2 electrons functions...

- Moreover, the notion of spin here is irrelevant, no need of Slater determinants!



I V. Description of multi-electronic states

How one can obtain spin adapated states ? |®) = Z Ciik
1,9,k

ijk)
- With two electrons, the answer 1s straightforward:

- Singlet states:  |®) = ZCZJ(|Z]> + 177)) = Zci,jgl2’ij>

i<j 1<J
- Triplet states: ) = ZC’”(MJ) — |71)) = Zcq;,jfi12|ij>
i<j i<j

= - Reason: spatial and spin parts are separable.

- This no more the case for more than 2 electrons functions...

- Moreover, the notion of spin here is irrelevant, no need of Slater determinants!

- The solution : Young diagrams and tableaux.



I VI. Group theory and Young diagrams

- Young diagrams, for N =3:

Each of them 1s associated with
a given permutation symmetry and,

under the Pauli principle, to a given multipicity
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I VI. Group theory and Young diagrams

- Young diagrams, for N =3:

Each of them i1s associated with
a given permutation symmetry and,
under the Pauli principle, to a given multipicity \

unphysical ~ doublet quadruplet

- For doublet states:
{12113312 N

S12413 - ¢({ﬁ'}) — Z Cijk: 12113§12 \ZJM
LIl & LIC:i<j i<k 1SSk

—_
DO




I VI. Group theory and Young diagrams (2)

Ng
o({ri}) = D Cijx AizSia|ijik)
i<j,i<k
- Do not consider inherent properties of asymptotical states: (i'j'k'|H*|ijk) = 0

(I)TTP

—> existence of sub-symmetries: singlet+doublet, triplet+doublet for states



I VI. Group theory and Young diagrams (2)

Ng
s({ri}) = Y CinA13S1sijk)
i<j,i<k
- Do not consider inherent properties of asymptotical states: (¢'7'k'|H*|ijk) = 0
—> existence of sub-symmetries: singlet+doublet, triplet+doublet for 11 states

- A diagrammatic solution exists,

let’s cut of the primary diagram:




I VI. Group theory and Young diagrams (2)

Ng

o({Fi}) = D Cijr AizSiz lijk)

i<j,i<k

- Do not consider inherent properties of asymptotical states: (¢'7'k'|H*|ijk) = 0

—> existence of sub-symmetries: singlet+doublet, triplet+doublet for 11 states

- A diagrammatic solution exists,

let’s cut of the primary diagram:

and tableaux:

= [1]2] [3
il7l [k
1 p—
3 _
i
2 <

512

A

Ajs

i <ke[l,Nr)? j€[l,Np]

Nt Np

L= 0y jrAisSialijk)

& i< j€e[l,Np)* k€ [l,Np]

i<j k

Nt Np

L D = Z Z C; 5k A13S12A15lik)

<k J




I VII. Conclusion of the theoretical part
|/ — CjTTT (t)gbjTTT({r—%}) —iE;t < ngTT(t) €5 (t) = ETF

+ ZC]TTP(t)¢]TTP({ }) —iE;t > ngTP(t)

TPP —1E;
4+ ZCJTPP { }) iEjt o ngPP(t)



I VII. Conclusion of the theoretical part
o= 3T e TR x e T ) 5(0) = ETE
4+ ZCjTTP(t)¢jTTP({T—»Z_})6—iEjt > ngTP(t)

+ 3T (00T (e x TR (1)
J

ot
- matrix sizes in non adapted basis for N = N = 14, (N +Np)° ~ 5 108

- matrix sizes in adapted basis (N (N2-1)/3 + Nt2Np + N Np(Np+1)/2)? ~ 3 107

[He—iglllf:() = Mec=:15¢



I VII. Conclusion of the theoretical part
o= 3T e TR x e T ) 5(0) = ETE
4+ ZCjTTP(t)¢jTTP({T_;'})6_iEjt > 8jTTP(t)

+ 3T (00T (e x TR (1)
J

[He—iglllf:() = Mec=:15¢
ot

- matrix sizes in non adapted basis for N = N = 14, (N +Np)° ~ 5 108

- matrix sizes in adapted basis (N (N2-1)/3 + Nt2Np + N Np(Np+1)/2)? ~ 3 107

t— o0

0ij(v) = lim 277/ cj(v,b,t)[*bdb

— OO0



Il 11X. Results, global processes

10_14 L ! L ! L ! L
Comparison to experiment: J _
10715 |
Very good agreement ‘
with experiment !
(\g 10716 simple capture
2 excitation
g
£ 1077 F
2
2 [
o S 107° §
i _
-19 | |
10 7 double capture g
10_20 raaal L L1l L TRy L MR Ve L L
0.1 1 10 100

Energy (keV/amu)



I 1IX. Results, valence and inner-shell components

10_14 L ! L ! L ! L
Decomposition into sub-procs: J
Inner-shell capture §
becomes dominant over ;
valence above N’E“ 10716 L valence capture
80keV/amu S valence excitation
=
o
= 1077k ...
% N
w [ = mner capture
N -
g . 18 : e
= o 10 . nner excitation
10_19 2 Rt N NP
10—20 | | |

0.1 1 10 100
Energy (keV/amu)
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I 1IX. Results, global processes (2)

Comparison to 1e simulations J

Electronic correlation
effects are weak!

—> (Quasi one-electron
system.

Cross section (sz)

1071 g

10715 |

10

10717

10718

16 |

.....

simple capture

excitation

0.1

Energy (keV/amu)

1 10 100
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I 1X. Results, inner-shell processes

Comparison to 1e simulations J 107" 3

le model fails to reproduce
inner excitation.

simple capture
|

excitation

-18 |
N; 10
le model fails to reproduce S )
second peak at 2keV. g
—> Signature of 3 1077 F
multielectronic processes. Z
: 5
[ 10720 E
21 L

0.1 1 10 100

Energy (keV/amu)



I X. B electronic density temporal profile

5 t=-3289 as

E=4keV/u

E=80keV/u





I XI. Two steps model forinner shell processes

nnershell captue | inner-shell excitation |
D e | & s
H# T4 4 T
Li H i H [.i H i H
= NN « \
e ST # T
i H i H [.i H i H




I XI. Two steps model forinner shell processes

Inner-shell capture J Inner-shell excitation J

= W — - W —
s R #
ILi H ILi H i H ILi H

L=
4 T
i H i H

And then what?

15bis



I XIl. Two-steps models final confrontation

How one can be proove which

Q _/:T_ + + mechanism 1s the good one?

4 T4 )




I XIl. Two-steps models final confrontation

A\
==

%—}

N
“k +

% /™

—

How one can be proove which
mechanism 1s the good one?

Answer : Fordid intermediate transitions

- This mechanism is forbidden without
valence capture channels.

- This mechanism 1s forbidden without
mner-shell excitation channels.

16



I XIl. Two-steps models final confrontation

7\ N\
-T—: i -T——_i—

4 T4 )

Forbidden without valence capture
channels

Va"
o K
| — - p— —
# T+
Forbidden without inner-shell excitation
channels

IC Cross section (cm2)

IE Cross section (sz)

10—17

10—18

107"
1070
107"
10718
1071

10—20

T

I I

T T T

LLLL

w/out I[IE ———

w/out VC ———

0.1

Energy (keV/amu)
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I XIl. Two-steps models final confrontation

/N AN\
+: — 4=

4 T4 /7

Forbidden without valence capture
channels

IC Cross section (sz)

IE Cross section (sz)

107"

10—19

10—20

10—17

10—18

10—19

10—20

T

I I

T T T

™

w/out [IE ————

w/out VC ———

0.1

Energy (keV/amu)
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I XIIl. Conclusion

M

M

Highly effective and easy to use
Young diagrams.

Code implementation check
thanks to the proton-lithium
benchmark

Quasi one-electron model for
p" - Livalidated

‘Two steps mechanism analogy in
inner-shell processes highlighted

[

]

Development beyond 3 electrons
(In progress)

Hybride approach using model
potential and several active
electron

17
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