Evaluation of State-Resolved
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Atomic and molecular data in CR models:
Principle of CR models

Population models

 Predict population densities in dependence of
plasma parameters (T, n,, ground state densities)

» Main field of application: plasma diagnostics

» Low temperature, low pressure plasmas
= collisional radiative models

Collisional radiative models

» Several excited states of the considered atom/molecule
» Balance all relevant exciting and de-exciting reactions
= Needed: extensive data base with reaction probabilities

= Drastically increased complexity for molecules
(electronic, vibrational and rotational excitation)

Critical evaluation of the
— | available data using the
flexible solver Yacora

Error bar of model results directly correlates
with the quality of the used input data

D. Wunderlich CRP Meeting, Vienna, 3.-5.7.2013 1



Atomic and Molecular Data in CR Models:
Outline of the talk

* CR models for light atoms (He and H)
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CR model for helium:
Input and main results

CR model for excited states up to n=4
» Cross sections from Ralchenko
 Optical thickness

Experimental benchmark

» Microwave driven ECR plasma experiment
« T, and n, from Langmuir probe

» Measured population densities:

" n,_,: White light absorption spectroscopy
" Nn,_3: optical emission spectroscopy

Excellent agreement of CR model results
with measured population densities

Y. Ralchenko et al, ADNDT 94, 2008, 603
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CR model for atomic hydrogen:
Different excitation channels

Excitation of atomic hydrogen...

dissociative
recombination
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Huge number of free parameters
— Evaluation needs a lot of time and experience

...and recombining plasmas
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CR model for atomic hydrogen: W
Cross sections for direct excitation

Data from Janev report 07—

« Compilation of recent calculations and _ _
measurements 10?2 L — -

—_ C 1-4 ]
« Low energies (E <40 eV): discontinuity e
= -

between cross sections for 1—5 and 1—6 )
10 F E

- Reason: different primary data sources ; K— =7

(R-Matrix, semi empirical modification of [

Born-Bethe) 10-230 | 2|o | 4|o | 6|0 | 8|0 100
- Solution: fit of rate coefficients E [eV]

e

= Result: excellent agreement of o Y' '

) .. 7L acora _
measurement and model for ionizing 10°F  gn=3 original input :
plasma with known T, and n, L H Meas“reme”t\g{

— - o n=4
S Yacora /H gn_5
g} 10° L modified input B B _
Benchmarked set of rate < 1 Qn6 ]
A : . - ECR disch .
coefficients for direct excitation 0.5 Pa, 10941 in 5%ArHe H; & 7]
[n,=2x10"m" T =456V Ho ]
10-9 I S U W S N SR S SR W | PR
R. Janev et al, JUL-4105, Forschungszentrum Jilich, 2003 12.0 12.5 13.0 13.5
D. Wiinderlich et al, JQSRT 110, 2009, 62 E._[eV]

thr

D. Wunderlich CRP Meeting, Vienna, 3.-5.7.2013 5



CR model for atomic hydrogen: W
Dissociative recombination of molecular ions

Dissociative recombination of H,* 10" P
. : _ Dissociative ]
« Total cross section and branching ratio: Janev >~ ~~ recombination of H; |]

 Extrapolation performed

- For low (E.<0.5 eV) and
high electron energies (E.>10 eV)
= For high (v>5) vibrational excitation in H,*

r—- Janev 1987

—— Janev 2003
107 e '
. Lo . . 0.1 1 10
Dissociative recombination of Hj* T [eV]
. 10-18: T LI | T LI | T LI |
» Total cross section: Janev 5 —
F Dissociative ]
* Two reaction channels: 107 BN recombination of H; |3
- Total (Janev 2003) 3
Hi (v) + e~ »> H+H+H 0L i
Hf(v) + e~ - H, + H* E,
. . . ©O 10-21 3
» Branching ratio: Storage ring (Datz) _
« 2nd channel: quantum state distribution? 10%E
Kulander et al: only n=1 and n=2 for low E, of N
10 0.1 1 10 100
R. Janev et al, JUL-4105, Forschungszentrum Jiilich, 2003 Ee [eV]
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CR model for atomic hydrogen: W
Benchmark at a magnetized plasma expansion

Magnetized plasma expansion at TU/e:

- Cascaded arc, P;,,=6.8 kW

» Axial magnetic field (14 mT, generated by Helmholiz coils)

* Poource=10% Pa, P, .~8 Pa = supersonic plasma expansion

» Pressure of plasma jet approaches background pressure after =20 cm

= Shock front and transition red plasma — blue plasma

Investigate red and blue plasma
using Yacora for H based on most recent cross sections

Magnetic field

He —

A

. / Ocm 20cm 40 cm
High pressure Low pressure
plasma source expansion chamber
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CR model for atomic hydrogen:

Benchmark at a magnetized plasma expansion

. . . 20— . : . ' ; ' 10%
Input: population densities and plasma B 213 om  2=95 em
parameters -y I I g
1.5F ..l::b
* n,_;: TALIF " g ) '
4. ' 10°
* n,_,: absorption spectroscopy (TDLAS) > 1o} I ""agunas] =
- = R TR S I
* N,s3: €mission spectroscopy - P~ 107 =%
05} . N
» Electron temperature: I = | S {10”
. | = ol
- Fulcher emission (red plasma) I AP T Ha R Py
- Langmuir double probe (blue plasma) 10 20 30 40
Distance from nozzle [cm]
 Electron density: 10" = l .
n32 _ _
- Saha equation (red plasma) 10°F Z‘“;’ em 2‘2‘? cm }
. sf m
= Langmuir double probe (blue plasma) 10°F  w, I |
oefn=S o= I | Overpopulation
= .
& N4 . 1= of n=5 and n=6
é 1013? 7‘.‘ -- B 'l'
o E EEa '51 -
D 107 Mg g gk
.. . . o =gn=7:;
Application of Abel inversion = < otk . "%fs_, ;‘i.. | tiii
3 n= )
10"°F | I ¥4
I Locally resolved plasma parameters I N : L i
1075 10 20 30 40
Distance from nozzle [cm]
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CR model for atomic hydrogen:

Benchmark at a magnetized plasma expansion

Compare experiment with model for red and 0 N
blue plasma B Frperiment Ca
Excellent t O SN H, 3
xcellent agreemen ‘/ —~ 8 Y —Yacora e w
. . e ¢ NN A M
« Correct prediction of overpopulation —et0k Af‘\\\\ w - :
Of n=4,5 and 6 EQ ; \\ A\ \\ﬁ: \Ql :\l ° ]
L \ N N \A =
10" ,‘A"‘ﬁ"“A“-ﬁﬂ—A———A—-.; 3
E A~ \ \ \ SO ]
Mutual Neutralization of H,* and H-: \ NG
\z 13 cm red plasma\ AN
. 10 1 R TG TP T B S
- Two reaction channels: 10 > 3 4 5 6 7 8 9 10
Principal quantum number
+ —_ *
HZ (U) + H - HZ +H 1015 T T T T T T T T T T T T T T T T
+ - * - H
Hy(v) +H” > H; +H 10™ Experiment - & H
Cross sections from Janev and Eerden, 0" ( Vacora - H
. o N - o H 3
respectively. ' . ‘;:/,‘!—-'!\‘ £ ’
CR model = Mixture of both channels P —:i:.ii———m_:ﬁ:i:_\%‘: 2
CQ 1011 A}”Al \\\A\ \\\A .
| b SAL
Influence of Hj* 10"} \ Thal
. . . | z=25 cm, blue plasma - _
+ Needs to be considered in order to fulfill P S i .‘ L
. . 2 3 4 5 6 7 8 9 10
quasl nGUtrallty Principal quantum number
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CR model for atomic hydrogen: W
Benchmark at a tandem type negative hydrogen ion source

Negative ion source prototype for Driver Exf:'g”;‘rf” E":;ag‘f;'r‘]’”
ITER NBI at IPP Garching ’ . >
. . . Extraction
» Plasma generation in driver system
' tiy P
(Pre<100 KW per driver) Cs Oven == @@ i 1 Z?i?a
» Reduce T,: magnetic filter field
© g 0000 Extraction
» Reduce co-extracted electrons: 7Y _ q—  orid
bias voltage (plasma grid against I MaCiRe Grounded
source walls and bias plate) ®0 <
» Conversion of atoms and -
g ——— i
positive ions at caesiated surface / o0 f. X
of plasma grid Faraday  pe o
screen

41.3cm

Investigate ionizing and recombining
plasma using Yacora for H
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CR model for atomic hydrogen: W
Benchmark at a tandem type negative hydrogen ion source

lonizing plasma in the Driver 10
» Good agreement of model with OES ‘/

« T, and n, agree reasonably well
with Langmuir probe results

F— Wmﬁm of
‘ Drlver plasma ‘ measurement

and calculation

l -1,360

-0,2800

* Relevant excitation channels: = m: — 08000
Direct excitation and dissociative TIEL SN0 T
. . 1,610
excitation |P=T0 KW, p, =0.8 Pa|
10" —
Recombining plasma in the e T
expansion region 107 — ———
. FH Driver plasma | ]
* In some cases no f|t.of model to e T 121 6V, n=1310"m” ]
measurements possible at all o SN ‘
£ 107 RN E
= NG H ]
Influence of gradients in the plasma s | L :f\ H, Fulcher
parameters (caused by magnetic filter?) § - [ FromH™" . N K Veasurement |
” : @ FromH " g~
New IPP test facility ELISE: combine e b T R cacuaion
OES with tomography for obtaining [ P._70KW, p, 0.8 pa“-.‘ N\H,
locally resolved emission O e o Tar T 110

Excitation energy [eV]

D. Wunderlich CRP Meeting, Vienna, 3.-5.7.2013 11



Atomic and Molecular Data in CR Models:
Outline of the talk

« CR model for H, and the used input data
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Reaction probabilities for molecular hydrogen: W
CR model for H,

20 - Large number of excited states
] H*
2 . o
18+ « Electronic excitation
16 - Singlet system Triplet system "
d N . EE—
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Reaction probabilities for molecular hydrogen: W
CR model for H,

20 - Large number of excited states
J H +
18 2  Electronic excitation
_ Singlet system Triplet system . . . .
16
| — e— « Vibrational excitation
] LT 0 A
129 EF'y; cm, "?——>
—_ E B1Z+ aEg
> 10 Y
)
g
6 -
.
4 == o
1 —— 17 o
24—
0—- —gi n=1 v512
v=8
v=7
v=6
—_— v=5
> 15 v=4
.2. v=3
LUl v=2
v=1
144 v=0
o’m,
13
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Reaction probabilities for molecular hydrogen: W
CR model for H,

00 Large number of excited states
J H +
18 2 » Electronic excitation
_ Singlet system Triplet system . . . .
16 | e - Vibrational excitation
149 = Goe AR DT, T o N=3 . ve a
| Bl Gk DL I, S, » Rotational excitation
129 EF'y; cm, "2
> 104 B,
o,
g

0- o e =1 iz
5 16+ 3:950 14.4 -
S 5l %
o, =
" v 14.2 .
— v=1 ;‘ %
Needed: 14— ,
| d'l, L J=4
Probabilities for all reactions 14.0- £
. . . 13 =0
interconnecting all excited states | =0)
13.8-
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Reaction probabilities for molecular hydrogen:
Cross sections for electron collision excitation

Literature: 102 ¢ e . ———
L [} . . j— 3 E
« Only few vibrationally or rotationally S | - . Excitation X'y —C'Tl, | ;
resolved data
- Excitation from the ground state: 10 ;
- Contradictions between cross sections NE
from different data sources R P ——
- Most excited states of n=2 and n=3: | T oo vt trsasurrmons ]
too few reliable data | W Ghung 1978 (Galoutaton \I
. | | — Lee 1982 (Calculation) h
= States of n>3: no reliable data W Lima 1983 (Calculation)
10-23 | ! | 1 | 1 | 1
- Excitation between excited states: 10 20 ESO[GV] 4050 60 70 8090100
= Almost no reliable data
» Two ,data sets” up to n=3
= Miles (1972, semi empiric)
- Janev (2003, summary of recent More reliable data for optically
measurements and calculations) allowed transitions (e.g. impact

parameter method) than for
forbidden transitions
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Reaction probabilities for molecular hydrogen:
Cross sections for electron collision excitation

Literature: 107 . : —
« Only few vibrationally or rotationally
resolved data .
107

 Excitation from the ground state:

Recommendation Janev 2003
Recommendation Miles 1972
B Khakoo 1986 (Measurement)
Shemansky 1985 (Measurement)

B Arrighini 1980 (Calculation)
- m- Celiberto 1999 (Calculation) .

= Contradictions between cross sections <
from different data sources

= Most excited states of n=2 and n=3:
too few reliable data

- States of n>3: no reliable data

- | Excitation X1Z;;—>C1Hu
10-23 I ] \ ] \ ] \ L.
10 20 30 40 50 60 70 8090100

» Excitation between excited states:
- Almost no reliable data w1
» Two ,data sets” up to n=3
= Miles (1972, semi empiric)
- Janev (2003, summary of recent More reliable data for optically
measurements and calculations) allowed transitions (e.g. impact

parameter method) than for
forbidden transitions
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Reaction probabilities for molecular hydrogen:
Cross sections for electron collision excitation

Literature: 107 . : ——— T
; Excitation X1Zg—>h325

» Only few vibrationally or rotationally
resolved data

 Excitation from the ground state:

= Contradictions between cross sections <
from different data sources

= Most excited states of n=2 and n=3:
too few reliable data

= States of n>3: no reliable data al — Recommendaon Wies 197 | | | |
- Excitation between excited states: © o 20 40 50 60 70 8050100
- Almost no reliable data w1
» Two ,data sets” up to n=3
= Miles (1972, semi empiric)
- Janev (2003, summary of recent More reliable data for optically
measurements and calculations) allowed transitions (e.g. impact

parameter method) than for
forbidden transitions
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Reaction probabilities for molecular hydrogen: W
Compare available cross sections

Use Janev or Miles. Excitation to states with n>3?

T T T T 4 T T T T T L |
" Excitation of singlet states s N Excitation of triplet states
10 Janev a 10 N
N\
\\ . \\ N
@ 107 \ i 2 g ' Janev i
crE Miles o °, = \
£, N - \
\
T 10-17 \\\ _ CICJ 10'17 . \\ =
Q0 ‘e IS Miles ® 3
(&] \ [
= \ D
— o
[ \
g 10" A 3 S 10"k |
o 2
T T
T jo L 2 107 E 3
: Rate coefficients at T =3 eV 1 L Rate coefficients at T=3eV
10% : : S ——— 107 : ——
1 2 3 4 5 6 780910 20 1 2 3 4 5 6780910 20
Principal quantum number n Principal quantum number n
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Reaction probabilities for molecular hydrogen:
Compare available cross sections

Use Janev or Miles. Excitation to states with n>3?

» Scaling used in the Sawada CR model (based on H-like He)

T 7 1 T T T 1
s Excitation of singlet states s N Excitation of triplet states
10 Janev a 10 N
\ W
\ - \ \\
@ 107 | \ i 2 g . aJanev 4
© Miles @ 3 = \ 3
é N - \\
\\
— B ‘ C : \
C 17 » ] () 17 _
o 10 ‘e N 7 o O Miles '@ N
() \ * 4= E Y
y— \ \ “— [
HG_.) \ \’ 8 r \\
-18 A N | -18 | ' 3 _
S 10 * o 10k e E
\ ] u
e \ © ', Sawada
g ~® . Sawad o I N
10-19 L ’ awada 10'19 _E_ ” _E'
: Rate coefficients at T =3 eV L Rate coefficients at T =3 eV
102 . e, . A | 10? . e, . R |
1 2 3 4 5 6 780910 20 1 2 3 4 5 6780910 20
Principal quantum number n Principal quantum number n
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Reaction probabilities for molecular hydrogen:
Compare available cross sections

Use Janev or Miles. Excitation to states with n>3?

» Scaling used in the Sawada CR model (based on H-like He)

T 7 1 T T T 1
s Excitation of singlet states s N Excitation of triplet states
10 Janev a 10 N
\ W
\ - \ \\
@ 107 | \ i 2 g . aJanev 4
© Miles @ 3 = \ 3
é N - \\
\\
— B ‘ C : \
C 17 » ] () 17 _
o 10 ‘e 3 7 o O Miles '@ N
() \ * 4= E Y
y— \ \ “— [
HG_.) \ \’ 8 r \\
-18 A N | -18 | ' 3 _
S 10 * o 10k e E
\ ] u
e \ © ', Sawada
g ~® . Sawad o I N
10-19 L ’ awada 10'19 _E_ ” _E'
: Rate coefficients at T =3 eV L Rate coefficients at T =3 eV
102 . e, . A | 10? . e, . R |
1 2 3 4 5 6 780910 20 1 2 3 4 5 6780910 20
Principal quantum number n Principal quantum number n
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Reaction probabilities for molecular hydrogen: W
Compare available cross sections

Use Janev or Miles. Excitation to states with n>3?
» Scaling used in the Sawada CR model (based on H-like He)

« Extrapolation based on formulae suggested by Janev!?:

o(X* > NA,) = <&)3 (AE"’“) -o(X1 - NoA,) o(X' - NAy) = (ﬂf <AE"’°> -o(X1 - NoAy)

N AE )y N AE
' T T ] i M T ]
5 ] Excitation of singlet states \ | | N ] Excitation of triplet states \ 7
1078 Janev a E 10 N E
= F \ =
\\ F \\\ .
\ ~—
» 107 ' E o2 107 | adanev 3
E Miles @ '\ = \
— \
:. \ {\ R _E \\ s
c 47 | N\ _ [} -17 S <
I e Ty 5 Miles'® T~ B
O F = *
% : \\ Qo A \ 8 F o h \ A A 4
Q 10™ L A ~ “° 2 - | o 10"k \\o > A Janev i
© F N © : - ¢ extrapol.
0] A o' o ® <\ Sawada
-— ~o Q
cccs 19 | oA \8?8 Sawada T el b\o : ]
107 F Janev & ) . 107 F ¢ Mies 3
: extrapol. 2 A Miles 3 E extrapol.
- Rate coefficients at T =3 eV \A\A extrapol. - Rate coefficients at T =3 eV
10-20 N N N N N N A\ 10’20 " " " " " " PR |
1 2 3 4 5 6 780910 20 1 2 3 4 5 6 78910 20
Principal quantum number n Principal quantum number n

D. Wunderlich CRP Meeting, Vienna, 3.-5.7.2013 15



Reaction probabilities for molecular hydrogen:
Benchmark available cross sections

Compare CR model results with experiment
» Calculations based on Miles or Sawada

» Higher excited states (n>3): Janev scaling

Better agreement between model
and experiment for the (outdated
and semiempiric) Miles data

10”7 3 T T T 3 10°® 3 T T T
ik ] o’ .
[ Mile ' — iy
J Strong que&hipg
10%F 107k Weak quenching
= - k. Strong quenching
= T ]
< £
EO) 109 E /\3 108 3
: -
= o
< [
10" Measurements - 10°F Measurements
* Hydrogen i * Hydrogen ]
Deuterium ] Deuterium 1
¢ Hydrogen 4 Hydrogen |
10-11 ] \ ] 1 L 10-10 L | 1 L
1 2 4 5 1 2 4 5

3
T [eV]
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Reaction probabilities for molecular hydrogen: W
Benchmark available cross sections

CR models on Miles and Janev data 1.0 — e —
- Differences in population densities Helicon plasma source
: : : 0.8 |- A T 100% H,, 250 W -
directly mapped onto diagnostics results i T o
= Model almost not usable for T 06 AN JTanev i
. . .. <3 M A --A
diagnostics in its current status = 1 Al
< 04 T \ -
.. 1 ]

Miles
0.0 b—— ' Lo '
0.2 1 10 20
Needed: Pressure [Pa]
New or extended cross section data base for H.:
« Complete

» Consistent
* Including vibrational (and rotational) levels

Perform — as far as possible — calculations
on the missing reaction probabilities
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Reaction probabilities for molecular hydrogen:
Franck Condon factors and Einstein coefficients

Prepare extension of cross section database 20.0 :
Collect and prepare eigenvalues of electronic
wave functions (=potential energy curves) 180 .
= Vibrational eigenvalues a3
— Vibrational wave functions S ]
c
= Franck Condon Factors =
... for H, and H,* (and its isotopomeres) 5 0
E . — -
12.0 | -
| \ | \ | \
0 2 4 6° 8
Internuclear distance [A]

v
v | [ 0 1 2 3 4
0 | 4.76E-01 3.17E-01 _ 1.36E-01  4.82E-02  1.54E-02
1 | 3.75E-01 2.73E-02 2.07E-01 1.96E-01  1.12E-01

2 1.26E-01 3.32E-01 2.93E-02  5.59E-02 1.51E-01
3 2.10E-02  2.53E-01 1.75E-01 1.15E-01 6.82E-04
4 1.56E-08 6.44E-02  3.22E-01 5.91E-02 1.49E-01

D. Wunderlich CRP Meeting, Vienna, 3.-5.7.2013 18



Reaction probabilities for molecular hydrogen:
Franck Condon factors and Einstein coefficients

Prepare extension of cross section database 1
. . 0
Collect and prepare eigenvalues of electronic 4L
wave functions (=potential energy curves) 2|
0 : >3l
= Vibrational eigenvalues N
= Vibrational wave functions °
= Franck Condon Factors o
OX
... for H, and H,* (and its isotopomeres)
2.0x10
Collect and prepare dipole transition matrix — 15107
(72}
elements =
_ _ o < 1.0x10
= Einstein coefficients
5.0x10°

Ve 00",
23
v | [a 0 1 2 3 4 L t5 g
0 | 241E+07 1.66E+06 9.27E+03 7.75E-02  5.62E-02 V(a32+) 7 g 9 0
1 | 1.53E+06 2.07E+07 3.26E+06 2.97E+04 2.82E+00 9
2 | 1.07E+05 2.84E+06 1.74E+07 4.80E+06 6.23E+04
3 | 8.40E+03 3.19E+05 3.89E+06 1.43E+07 6.24E+06
4 | 5.87E+02 3.64E+04 6.22E+05 4.64E+06 1.15E+07
U. Fantz, ADNDT 92, 2006, 853
D. Wiinderlich, ADNDT 97, 2011, 152
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Reaction probabilities for molecular hydrogen:
New cross sections for ionization

Literature: virtually no data for ionization of 3.0x10°
excited states in H,

Test case for cross section calculations based

2.5x10° |
on the Gryzinski method. Two possible reaction
channels:
. . 2.0x10° |-
Non-dissociative §
Hy(p',v') + e~ > Hf (22, v") + 2e~ i
L. 1 5x10° F
. . . Ll
Dissociative
H,(p',v') + e~ —» H (2 ,E") + 2e~ > H+ H* + 2~ 1.0x10° |- _
Hy,(p',v')+e” > HI (X} E") +2¢e~ > H+H" + 2e~ - o
5.0x10* |- 4
O O " 1 " 1 " 1 "
0 1 2 3 4 5

_ _ Internuclear distance [A]
Needed for calculation of cross sections:

1..11
Franck Condon factors ¢?,7,, and...
D. Winderlich, Chem. Phys. 390, 2011, 75
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Reaction probabilities for molecular hydrogen:
New cross sections for ionization

III E T

Franck Condon densities @/, for 10°f [v=0 ]
transitions H,—H,* ol
— E 3
Most publications: oé-function-approximation: E 10°F ;
= 10°k ]
-1 sF 3
p'! O 10°F ~2 :
Qp p,,dE” = (—dU (r)) l/)p & 2 10} oS :
12 E ~ 3
dr =rtz;) (E") v p (EII) 107 r N X 1
1078 !' Pr\esent calculation - ‘!
10-9 ) 1 — - ‘Bl—fL{mtlior: aeproxirlnatiorr . V=13 ]
1.4x10° 1.6x10° 1.8x10° 1.4x10° 1.6x10° 1.8x10°
-1
More appropriate calculation based on wave AE [em ]
functions from TrabiMo: w0 b~ vl AN o
r v=0 :
10°k ]
11 2 2[1 / n 2 — 107k ]
QPP dE" = = |z/ﬂ’, (WP, (r)dr| dE” — 0
v'E h [(E"—Ef )" v 5 13_95 H,(X'£: (v))—H( 5
~— !' AXY 5
o 10°f V=2 ]
8 10° r
107 ]
Full set of FCD for H, and H,* 10° T Y ]
10-9 i . —lafunctlon appro><|mat|0n ) ) ]
2x10 3x10 4x10° 2x10° 3x10° 4x10
D. Wiinderlich, Chem. Phys. 390, 2011, 75 AE [em’]
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Reaction probabilities for molecular hydrogen: W
New cross sections for ionization

H2(X1): Comparison with existing data D. Winderlich, Chem. Phys. 390, 2011, 75

(experimental and theoretical)
» Perfect agreement for non dissociative process ‘/
 Dissociative ionization:

= Very good agreement with experiment /
= Previous calculations:
simplified theoretical framework

107 ¢ . ———— —— 107 . — — —————
i : Fo g A i, : fad 8 Crowe 1973 via x;
| Non dissociative Pbp 1988 s ] Dissociative e %
g ; A amcy1/973 . 3 @ Crowe 1973 via °x;
rowe E 3 4
o Straub 1996 0O & Celiberto 1990 via ’x; |
- ¢ Celiberto 1990 9 ® © Celiberto 1990 via ’s;
10 10 O Straub 1996 total E
N|—| N'_|
£, E,
© ©
102" | 102
102 10%
10 10
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Reaction probabilities for molecular hydrogen:
New cross sections for ionization

Construct set of ionization cross sections g V=17 3
- H,(c’I)
for H, 107
« First five non repulsive electronic states:
10 &
= Vibrational sublevels considered
= All dissociative and non-dissociative 0 L
channels
102
£
10" F
10% &
10 &
107
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Reaction probabilities for molecular hydrogen:
New cross sections for ionization

- - - - -17 T T™TTTT7TT T T™TTTT7TT T T T T T T
Construct set of ionization cross sections 107 ' ' NI
for H, i i
107° n=4
« First five non repulsive electronic states: n=3
- Vibrational sublevels considered “c 107 n=2
= All dissociative and non-dissociative o
channels 1021 =1
» Electronically excited states with n>2: [ Singlet system | /
. . -21 R | T I Y PR A T
- Gry2|nsk| formula 10 0.1 1 10 100
- Vibrational sublevels neglected E, [eV]
. N . 10 T T T T T T
- Disagreement with data previously used 10
in models

Most accurate existing set
of theoretical ionization

- - = Sawada CR model
cross sections for H,

——— New data

10-13 N N NP | N N M

1 10 100
T_[eV]
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Reaction probabilities for molecular hydrogen: W
Apply Gryzinski method for collisional excitation?

10-20 L T T T T T M T
[ ‘ Excitation from ground state into Z: states... ‘

Gryzinski calculations for excitation of H,

 Original Gryzinski integral
(not the simplified GBB formulation)

- -

Factor 1.4~ = - -
Shape OK—___ | X' 5B

« Benchmark by comparison with ¢ “e 107} 3
suggested by Janev o oo Absoe e Ok i BH
= Highly variable agreement
- Situation worse for forbidden transitions

(e.g. excitation into triplet system) 0k P —
= Allowed transitions: E, [eV]
impact parameter as alternative. 10—
But' hlgh relevance Of trlplet |eve|S (OES) [ | Excitation from ground state into IT  states...
—————— F_ac;)r—2.3_————-——~-
Shape OK X'5c'
Semiempiric methods not appropriate for :
molecular excitation.
Needed: new, complete and comprehensive
set of quantum mechanical calculations o
60 80 100
E, [eV]
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Reaction probabilities for molecular hydrogen:
Extension of the model to deuterium

Evaluation of available data o g % T . 7
: : _. 8f e | g i _
» Only few vibrationally resolved data > 6t s > | (E\ 1
available for H, and D, = o0 | I
. . B | T
(main exception: 0 :
impact parameter calculations for ol : I
optically allowed transitions) = % |
& L D i
« CR model for D, urgently needed o %9 % o o8
. . . . I H T >
(example: isotope effect in dissociation 2 06l % ? : % g 108 T
. . . . < 2 =
and electron extraction in negative ion 3 © oD, | g 0.1 =
sources) SO0t ©  m gy U g oD ™™
8] - [ ] [ ] |
. . o I 2
* Interim solution: Wo.2r | 102
vibrational splitting of data by Janev N R A PO

i o] i i .PRF=40 kW 70 kW 70 kW z=9 14 19
(or Miles?) by means of Gryzinski method o o o

» Long-term solution:

Comprehensive set of cross
sections for both isotopes

D. Wunderlich CRP Meeting, Vienna, 3.-5.7.2013 25



Atomic and molecular data in CR models:
Conclusions and outlook

State resolved reaction probabilities for CR models

 Flexible solver yacora: models for H, H,, He, ...

» Error bar of results is correlated with the quality of the used input data:
= He: excellent quality of input data for models /

= H: very good results of model possible /
Negative ion source for ITER NBI: observed issues explainable by
gradients of plasma parameters?

- H,: Existing data basis not sufficient
First steps towards an improved data set have been done

More efforts needed, especially based on
sophisticated quantum mechanical calculations

Outlook
 Increased modeling efforts for Deuterium

» Rotational excitation (neglected up to now)
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