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Motivation

@ Impurity concentration afects negatively the fusion power density.
@ CXRS is used as plasma diagnostic for Ti and density.

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

@ 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

Calculations peformed

1 l L1
Quantal Semiclassical Classical
capture Yes Yes Yes
ionization No(Yest! No(Yest! Yes
excitation No(Yes) Yes No(Yes)
Energy interval (keV/amu)
B5*+H(1s) 0.01=E <1 0.25<E [Z8158 35.97 CEI<1000
B5* +H(2s) 0.0l=E <1 0.25<E [15141 19.50[EI<1000

Clincluing pseudostates
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Molecular Quantal Method

Common Reaction coordinate
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Molecular Quantal Method

Common Reaction coordinate

@ Electronic and nuclear motion are described by quantum
mechanics.
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Molecular Quantal Method

Common Reaction coordinate

@ Electronic and nuclear motion are described by quantum
mechanics.

&(r,R)
s(r,R)

1
R+Hs(r,R)

HY =EY f(r,R)r — Lf2(r, R)R
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Molecular Quantal Method

Common Reaction coordinate

@ Electronic and nuclear motion are described by quantum
mechanics.

&r,R) = R+ﬁs(r,R)
s(r,R) = f(r,R)r —3f3(r,R)R

w(r.¢) = LIJ!(r,i) = }(E)Cbk(f,i)

J bk Xk

HY =EY

@ {®} are Born-Oppenheimer eigenfunctions for R=¢.

Helec (1, €) P (1, €) = Ex Py (r, €)
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Molecular Quantal Method

Common Reaction coordinate

@ Electronic and nuclear motion are described by quantum
mechanics.

&r,R) = R+s(r,R)
s(r,R) = f(r,R)r —if3(r,R)R

W, ¢) = qJ!(r,E) = }(E)Cbk(r,i)

J bk Xk

HY = EY

@ {®} are Born-Oppenheimer eigenfunctions for R=¢.

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

—

—
0 = kllz J(2J + 1)|6ij - Sl‘“z
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Theoretical Methods

Semiclassical Method

Eikonal approach

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

R(t)=b+vt
Aq+ \V; Z=wt
A .‘, > >
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Semiclassical Method

Eikonal ecuation

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

1

ov

0 =
at’ E =He|‘~|-’(l‘;t)

WY(r;t) is expanded in molecular orbitals (exact, variacional):
— AU R) 1 . D- = DEI
W(r,t) =V a(t)®;(r;R)exp —i Ej(tYdt

with U=CTF.
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Semiclassical Method

Cross Sections

Coupled equation system:

i flof
day (1) > -f ‘

dt

j
fi . 1 . fl« »
— i qakt—5 C2Ul- (U@ exp —i
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Semiclassical Method

Cross Sections

Coupled equation system:

At i
) g fi . .
day () =< . 0« ‘1 au:
= () OgiHe — i@ + by + — P
i () PiHer = i ) k5 (DDF + —=2 )

i
fi . 1 . fl« »
— i cpk:—5 C2Ul- U exp —i
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Semiclassical Method

Cross Sections

Coupled equation system:

CTE [
Lfi L 5. # = ﬂLIaU‘ il
ai(t D Hy —i—c® + D= +— D
j ]() k‘ el FTH j I<L2(|IjiZ at « j
fi . 1 . fl« » Z, —
- q:k:—E CU- UL exp —i (@Y — Ex (P
. : 0

day (t)
dt
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Semiclassical Method

Cross Sections

Coupled equation system:

fi fl i fl
da(ty _ ><_ 7 : 9 i1 au:
o = . aj(t) mk:Hel_lathj + ¢ki§(mj+ﬁi®i
J
fi . 1 . fl« » Z, —
R CZUl- [ exp —i O(EJ-(t'ﬁ—Ek(t'ﬁ)dtD
| {z }
CTF [
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Semiclassical Method

Cross Sections

Coupled equation system:

da (t) 9 fl f

dt

j
fi . fl« » Z

- CDKE—%IEI— L9 exp —i I(Ej(t@—Ek(t%)th'

| '

DS : a: Py U
ai(t Dy iHg) —i—c D + D= + O
() keHer —igrc k‘2(|I’1ig FTRR

Phase
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Semiclassical Method

Cross Sections

Coupled equation system:

fi fl  fi fl
>x : a: ‘1 U
ai(t) O iHg—i—® + ® = + 0 +
B R T k5 (CDF + =2
fi . 1 . fl« » Z, —
- i qakt—5 C2Ul- (U@ exp —i  (§(tY - Ex(tHat"
: : o

day (1)
dt

Cross Sections:

||
ofP(v) =2m [ai>(v,b,t - oo)|?bdb.
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Semiclassical Method

Cross Sections

Coupled equation system:

fi flof
day (t) >< i :

dt

I
fi . fl« » Z

— i d)kg—% C2ul— IIEI@l exp —i Ot(Ej(t'ﬁ—Ek(t'S)dtD

Cross Sections:

—

i
’ . L0 ¢ 1 U
N Oy Hey —i-c® + Dy + — O
i) Ot —io O k5 (CDF + =2

nim nim

||
o>Bwv)=2n [a2B(v,b,t - oo)[2bdb.

Sij|? = Pjj(b) = |a(v,b,t - o0)|?
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Classical CTMC Method

E > 25keV/amu

Electronic motion is described by a statistical distribution of N punctual
charges that d irﬁraet: 100 ]

pr.p.) =5 210 r—rj(t) & p—p;(t)
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Classical CTMC Method

E > 25keV/amu

Electronic motion is described by a statistical distribution of N punctual
charges that d irﬁraet: 100 ]

pr.p.) =5 210 r—rj(t) & p—p;(t)

l Liouville Equation:

op — __ — __0p  OHg 0p , OHe
a=—{PHa} =50 S5t 5 or
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Theoretical Methods

Classical CTMC Method

E > 25keV/amu

Electronic motion is described by a statistical distribution of N punctual
charges that d irﬁraet: ]

pr.p.) =5 210 r—rj(t) & p—p;(t)

l Liouville Equation:

op — __ — __0p  OHg 0p , OHe
a=—{PHa} =50 S5t 5 or

Obtainig the Hamilton Equations:

e}
R oH =
nt = o —
o on -
Pi n=- EING) z
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Theoretical Methods

Classical CTMC Method

E > 25keV/amu

Electronic motion is described by a statistical distribution of N punctual

charges that d irﬁraot
prrop ) =§ =10 r—ri(t) 3 p— p,(t)
l Liouville Equation:
p _ dp OHe , 9p  OHe
??—_{paHel}— 7? 0p|+68 arl

Obtainig the Hamilton Equations:

18]
v — 92 —
0= o =
P (t) == 5 -

EIAQ)

]
Pcei(v,b)= dr dppcel(r P, tmax) =

1

Ocei(v) =21 5 dbbPee;(v,b)
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Classical CTMC Method

Initial Conditions

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

Initial Conditions

Initial Distributions p(r,p,t — —oo):
@ Microcanonical Dist‘ribution:

2IE, 5/2 2
p(r.piEo) = GRle8 & — %~
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Classical CTMC Method

Initial Conditions

Initial Distributions p(r,p,t - —oo): L L B B B

0,8 —

@ Hydrogenic Distribution: 0,2 ]

PN L .
pr.p) =" L wip™(r. pi ) 0123456

0,4 ]
02 ]
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Classical CTMC Method

Initial Conditions

Initial Distributions p(r,p,t - —oo): L L B B B

0,8 —

@ Continous Distributions TN
Distributions: Gaussian, Rackovic, r ]
Cohen, Eichenauer, etc. L -

) . 04 E
K, PH__12° ’
p(E) =Ke 2 "TE 0,2 -
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B>* +H(1s) Cross Sections

le—l4E L) B A B ) L B A1) B AL e AR
Fo° . Q:*N; B.ion 3
[ A e Sy g
, Q" * ™, s, ]
le-15- ° S E
E LN k|
2 o E2(B) s, 3
L \ N, ]
Ale-lG; AV E3(B) & =
o E 7/ ). 3
E,/ [ ]
5 L ]
18-17? E
19-18? E2 (SM) 4
E \l"-,‘\ E
L \ 4
\

1e- IR RETT| R vl vl \\w\w\ R

E). 01 0.01 0.1 1 10 100 1000 10(

E(keV/amu)
L.F. Errea, F. Guzman et al. PPCF 48 1585(2006)

F. Guzméan (ADAS-EU) Charge exchange cross sections for. . . 11/16



B>* +H(1s) Cross Sections
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ADAS comparison

B5++ H
n=7 n=7-6
cross sections gef
1e-18 gy O e
£ . 3 "
F 4 1le-08 R , -
le-16- ] Fno= 410%m® / E
i ] ~ [T =3kev S ]
O le-17- . <4 i 1
e TR ] o= Z,=17
S r ] 816-09? 5 \
e} le-18§ E % F ]
le1g- ] \Y I 1
F ] le-10- E
_ 7‘”””\ AR N E 3
le-2 1 10 100 1000 i 1
keV/amu L L]
1 10 100
—ADAS (Ryufuku) E (keV/amu)
--- ADAS (ory-interpolated ryufuku)
--- ADAS (gyt--Gayet data) «— Central ADAS (Ryufuku
-- UAM (F. Guzman) =+ UAM data

F. Guzméan (ADAS-EU) Charge exchange cross sections for. . . 13/16



Other fully stripped ions and CRS diagnostic

ADAS comparison

Nel®* + H and Ar*®* + H

Nelo* +H
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CXRS Densities from QEF

CHEAP Results from ASDEX-U
Shot 19365; BV profile (7-6)

Shot = 19365 Time = 2.750 s
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Radial density profile obtained from
the fitting of calculated intensity for
the transition to the experimental
one using the CHEAP code in
different shots in ASDEX-U.
@ Black: Using ADAS qgef data
set

@ Blue: Using UAM qef data set
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CXRS Densities from QEF

CHEAP Results from ASDEX-U
Shot 19365; NeX profile (11-10)

Shot = 19365 Time = 2.750 s
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5107 1 Radial density profile obtained from

the fitting of calculated intensity for

1 the transition to the experimental

one using the CHEAP code in

E different shots in ASDEX-U.

@ Black: Using ADAS qgef data
set

@ Blue: Using UAM qef data set
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Conclusions

® A wide range of energy cross sections is achieved by overlapping
different methods in its adequate energy.
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Conclusions

® A wide range of energy cross sections is 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 are big differences between the
different calculations in cross sections.

@ Experimental methods which help in providing recommended
cross sections are needed.
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