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Motivation ADAS-E

ADAS for fusion in Europe

@ CXRS is used for plasma diagnostic (Ti, density, rotation...).

@ Very accurate cross sections are required to adequately model the
impurity density in plasmas.

@ A wide range of energies is needed for cover thermal and neutral
beam CX.

@ Using different methods we can give cross sections data in a wide
range of energies.
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Different methods for B>+ + H calculation ADASEU
Calculations peformed
/ ! N\
Quantal Semiclassical Classical
capture Yes Yes Yes
ionization No(Yes*) No(Yes*) Yes
excitation No(Yes) Yes No(Yes)

Energy interval (keV/amu)
B3t +H(1s) 0.01< E<1 0.25< E <28.58 35.97< E <1000

BS+ +H(2s) 0.01< E<1 0.25< E <15.41 19.50< E <1000

*: incluing pseudostates
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Theoretical Methods
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Molecular Quantal Method ADASEY

Common Reaction coordinate
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Molecular Quantal Method ADASEY

Common Reaction coordinate

@ Electronic and nuclear motion are described by quantum
mechanics.

N I O
v(r,§) =% > efff’(@)qbf

HV = EV {
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Molecular Quantal Method ADASEY

Common Reaction coordinate

@ Electronic and nuclear motion are described by quantum
mechanics.

E’(r’ R) = R+lS(r, R)
H\IJ:E\U s(r’R) = f(r,ﬁ)r*%fz(raR)R
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H\IJ:E\U s(r’R) = f(r,ﬁ)r*%fz(raR)R

W(l’, 5) = ZJ \UJ(I‘, E) = ZJ Zk X%(&)q)k(r? f)

F. Guzman (ADAS-EU) Developments in CX data 7/22



Molecular Quantal Method ADASEY

Common Reaction coordinate

@ Electronic and nuclear motion are described by quantum
mechanics.

§r.R) = R+1s(r.R)
HY = EV s(r,R) = Kr.R)r—\f(r.R)R

w(rv €) = ZJ \UJ(’-’ 5) = ZJ Zk X%(€)¢k(r7 6)
@ {d,} are Born-Oppenheimer eigenfunctions for R=¢.
Helec(r, §)Pk(r, &) = Ex®Pi(r,§)
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Molecular Quantal Method ADAS-EY

Common Reaction coordinate

@ Electronic and nuclear motion are described by quantum
mechanics.

§r.R) = R+1s(r.R)

HY = EV s(r,R) = Kr.R)r—\f(r.R)R

V(r,€) =, W/(r€) = X, Xk xi(€)®x(r.€)
@ {4} are Born-Oppenheimer eigenfunctions for R=¢.

@ Cross Section to the state j from the initial state i

71 = 5 Sy(2d + 1)]6y — S
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Semiclassical Method ADASEY

Eikonal approach At big impact energies (E > 250eV /uma) nucleai
motion can be approach by straight trajectories:

R(t)=b+ vt

gt —
AT Z=
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Semiclassical Method ADASEY

Eikonal ecuation

Electronic motion is described by W(r; t) that is solution of the
eikonal equation:

(ov(r;t)
’( ot

r) = HgV(r; t)

Hg is the electronic Hamiltonian:
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Theoretical Methods Semi-classical

Semiclassical Method ADAS-EY
OEDM

V(r;t) is expanded in molecular orbitals (exact, variacional):

N t
Y(r, t) = VA Z aj(t)®;(r; R)exp [—i/ Ej(t/)dt/}
J

with U=CTF.
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Semiclassical Method ADASEY
OEDM

V(r; t) is expanded in molecular orbitals (exact, variacional):

w(r, ’U(rR)Za i(F; Rexp[ / E(t) dt’}

with U=CTF.

He®(r; R) = Ej(R)®(r; R)
Coupled equation system:
ou

VU)? + —
5! )+6t

dagt(l‘) _ Zaj(t)(<¢k

o) (o o)
/
- i<d>k <t>,->) exp {—i/ot(Ej(t’)—Ek(t'))dt’}
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Theoretical Methods Semi-classical

Semiclassical Method ADASEY
OEDM

V(r;t) is expanded in molecular orbitals (exact, variacional):

w(r, fR)Za exp[ /E (t dt’}

with U=CTF.
He®(r; R) = Ej(R)®(r; R)
Coupled equation system:

Din.C.
0 1 ou
_ 3% o, ! 2, Y.
ol l&t ‘¢,>+<d>k 2(VU) + T d>,>+

da(;i(ft) — Zj: a;(t) <<¢k

¢k‘f%v2ufvu-v

q>,->> exp {4/0'(5,-@/) - Ek(t’))dt’}
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Theoretical Methods Semi-classical

Semiclassical Method ADASEY
OEDM

V(r;t) is expanded in molecular orbitals (exact, variacional):

N t
U(r, t) = VA Z aj(t)®;(r; R)exp [—i/ Ej(t/)dt/}
J

with U=CTF.
He®(r; R) = Ej(R)®(r; R)
Coupled equation system:

CTF~V2

”
Hy —i— —(VU)? +

0
o firor o)

ot
o)) o[- [ (E) - Et)ar|
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Theoretical Methods Semi-classical

Semiclassical Method ADASEY
OEDM

V(r;t) is expanded in molecular orbitals (exact, variacional):

N t
\U(r, t) _ eI'U(l',R) Z aj(t)CDj(r; R)exp |:—I/ Ej(t/)d[’/:|
i

with U=CTF.
He®(r; R) = Ej(R)®(r; R)
Coupled equation system:

ou
(VU)2 +oF q>,> +

Hy —i

= 2ao((w

i

i( o
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Theoretical Methods Semi-classical

Semiclassical Method ADASEY
OEDM

V(r;t) is expanded in molecular orbitals (exact, variacional):

N t
Y(r, t) = YA Za,-(t)d),-(r; R)exp [—i/ E/-(t/)dt/}
i

with U=CTF.
Hei®(r; R) = Ej(R)®(r; R)
Coupled equation system:

au
VU? + —
2( T

S Zao((o

- i
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Semiclassical Method ADASEY
OEDM

V(r; t) is expanded in molecular orbitals (exact, variacional):

w(r, ’U(rR)Za i(F; Rexp[ / E(t) dt’}

with U=CTF.

He®(r; R) = Ej(R)®(r; R)
Coupled equation system:
ou

VU)? + —
5! )+6t

dagt(l‘) _ Zaj(t)(<¢k

o) (o o)
/
- i<d>k <t>,->) exp {—i/ot(Ej(t’)—Ek(t'))dt’}
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Semiclassical Method ARASEY.,.
AOCC
V(r; t) is expanded in atomic orbitals:

N N

t
W(r,t) = a(t)d;(Nf(R. rexp {—f/ Ej(f/)df'] =Y a(t)x(r.t)
j j
with f ETF,

where:

<—;V2 + Vp> ok = Exdx projectile

(—;v%r Vt> ¢;i = Ej¢; target
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Theoretical Methods Semi-classical

Semiclassical Method ADAS-EY
AOCC

V(r; t) is expanded in atomic orbitals:

N N

t
W(r.t) =Y a(t)é(r)f(R. r)exp {—i / E,-(t’)dt’] =3 g(t)x(r. 1)

J J
with f ETF.
coupled equation system:

5 dagt(t) (xjlxw ) = ak(t) <Xj

k k

0
Hy —i—
el lat’Xk>
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Semiclassical Method ADASEY

Cross Sections

oB(v) =2r [|aB(v, b, t — c0)|2bdb.

nim nim
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Semiclassical Method ADASEY

Cross Sections

JA’B( =2r [ \a

nim

v, b, t — oc)[2bdb.

n/m

Sj[? = Pj(b) = |a(v, b, t — o0)|?
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Classical CTMC
Classical CTMC Method ADASEY
E > 25keV/amu

Electronic motion is described by a statistical distribution of N punctual
charges that do not interact:

p(r.p,t) = % 314 8 (r = (1) 8 (P — py(1))
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Classical CTMC
Classical CTMC Method ADASEY
E > 25keV/amu

Electronic motion is described by a statistical distribution of N punctual
charges that do not interact:

p(rp,t) = 3 o4 0 (r—ri(1) 8 (P — py(1))

l Liouville Equation:

o) o) OHygy 0 OH,
p_ {P’ e/}__l e+ p arel
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Classical CTMC
Classical CTMC Method ADAS-EY
E > 25keV/amu

Electronic motion is described by a statistical distribution of N punctual
charges that do not interact:

p(rp,t) = 3 o4 0 (r—ri(1) 8 (P — py(1))

l Liouville Equation:

o) o) OHygy 0 OH,
p_ {P’ e/}__l e+ p arel

Obtainig the Hamilton Equations:
r/(t) = agﬁg
P =- a1
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Classical CTMC Method

E > 25keV/amu

ADAS-EU o

Electronic motion is described by a statistical distribution of N punctual

charges that do not interact:

p(rp,t) = 3 o4 0 (r—ri(1) 8 (P — py(1))

l Liouville Equation:

o) o) OHygy 0 OH,
p_ {P’ e/}__l e+ p 6rel

Obtainig the Hamilton Equations:
r/(t) = agﬁg
P =- a1

. s Nee.i
PC,e,/'(V? b) - [ dr [ dppcﬁe’i(’:pﬁ’ tmax) - NT;)lz;I

00ei(V) = 21 [y~ dbb P (V.b)
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Classical CTMC Method ADASEY

Initial Conditions

Initial Distributions p(r, p,t — —o0):
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Classical CTMC Method

Initial Conditions
Initial Distributions p(r, p,t — —o0):
@ Microcanonical Distribution:

2|6 |)5/2 2 Z
i) = CSES (£ - - )
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Classical CTMC Method ADASEY

Initial Conditions

Initial Distributions p(r, p,t — —0): T
1_ —
08F ]
06 ]
:
@ Hydrogenic Distribution: 02 .
_ P )
p(r.p) = S, wp™(r. p; E) T 23456
u.a.)
T
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Classical CTMC Method ADAS-EU

Initial Conditions

Initial Distributions p(r, p,t — —0): T T T T

1_ —_

03 —

0,6 -

04l -

02k -

N 1]

123456

u.a.)
@ Continous Distributions AL
Distributions: Gaussian, Rackovic,
Cohen, Eichenauer, etc.

oE) = o)
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B>+ +H(1s) Cross Sections ADASEY
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B>+ +H(1s) Cross Sections

ADAS-EU

ADAS for fusion in Europe
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ADAS comparison

ADAS fo ovom nEurope
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ADAS comparison

Ne'®" + Hand Ar'®* + H

<oV> (cmals)

ADAS-EU

ADAS for fusion in Europe
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New Calculations in AOCC ADAS-EU

ADAS for fusion in Europe
7+
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Figure 1. Total cross sections for CX (full symbols) and ION (open symbols). (a) H(1s) target. Data presented in this work (AOCC@C,
CTMC#0). For reference purposes we show experimental CX data from Meyer ez al (1985) (M) and Dijkkamp ez al (1985) (®) as well as
results from various theoretical approaches: AO+ CX cross sections from Fritsch and Lin (1984) (a), AOCC calculations with
Gaussian-type orbitals (Toshima 1994) (CX><, ION>), CTMC results for CX (¥) from Illescas and Riera (1999), scaled CX data (__...)
calculated with ADAS315 (Foster 2008) and ION () again from Illescas and Riera (1999). (b) H(n = 2) target.

K. Igenbergs et al. J. Phys. B 45, 065203 (2012)
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CTMC results ADAS-EU

ADAS for fusion in Europe

Kr¥*+H
n-partial cross sections for K H(ls)
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Summary ADASEY |

@ Different energy ranges require different theoretical methods. A
wide range of energy cross sections can be achieved by
overlapping different methods in its adequate energy.
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Summary ADASEY |

@ Different energy ranges require different theoretical methods. A
wide range of energy cross sections can be achieved by
overlapping different methods in its adequate energy.

@ Adequate resembling of quantal initial conditions in each situation
is needed for CTMC calculations.

@ Cross sections accuracy is fundamental to obtain impurities
densities by CXRS. There can be big differences between the
different calculations in cross sections.

@ Experimental methods which help in providing recommended
cross sections are needed (next sesion!!) .
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