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Basics of terrestrial fusion?
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» Plasma-material interactions limit performance in present non-DT experiments



PMI strategy is evolving thru ITER towards DEMO reactor

Divertor chamber

ITER (> 2020 uses multtmatl walls

Pulses ~ hundreds of sec

_ ~Be Main chamber wall{O0m?)

&% | Low Z + oxygen getter

~W Baffle/Dome (00m?)

Funnels exhaust wivertor chamber

Low erosion, long lifetime

~ C Divertor Target 50 m?) (Graphite)
Minimize high-Z impurities
(which lead to large radiative losses)

DEMO (> 203():
ASteadystate, power flux 40 MW/m?2
AHot walls (3600C )

ARefractory metals
ANeutron irradiatiori4.1MeV (~ 100dpg

Parameter range inaccessible in present devices
F valid extrapolation needed!




Atomic physics for magnetically
confined fusion: Where does it meet the
planetary science?

- 17 Mev per d+t fusion in : i

(> 50 mil. K); 80% transferred by n to Li o e = B
blanket which fuel t; ~ 20% carried by a, - ~ ~O
1/ 4 supports the plasma, rest needs to be @ + = Q%
exhausted by e, p, a via atomic inelastic )
processes: = ENERGY  Sue

- SOL plasma ( 50- 300 eV), absence of
neutrals and molecules, electron - impurity ion
processes, radiative plasma cooling

Divertor region, 50 - 1 eV, 1014-15¢cm3, Planetary science is in
H, H, dominant, He, He*** , impurities; a lower, partially overlapping
neutral particle transport, helium removal, [SYion aliedlizlon.ShEroies,
recombination, collision with surfaces:
Key for thermal power exhaust problem



Guiding principle:

If Edisonhada needleto find in a haystackhe would proceedat
once with the diligence of the beeto examinestraw after straw
until he foundthe objectof his searcle | wasa sorry witnessof
such doings, knowingthat a little theory and calculation would
havesavedhim 90% of his labor. -y
I Nikola Tesla, New York Times, Octob#®, 1931 ¢

LET US THINK!!

Shootingdataat randomapproachto a large categorief atomic
data for fusion (excited states, moleculess ) is becoming

prohibitively slow and costly, programmaticproblems,funding
problems

Need clearly to identify the problems, data needed and
s accuracy



What are the requirements for of the computer simulation
and modeling of the atomic data?

Model validation i s uswually defined to
computerized model within its domain of applicability possesses a
satisfactory range of accuracy consistent with the intended

me a

application of the mod&d/9)d ( Schl e:

Comparison with experiment :: qualitative toward quantitative
Calculation needs to mimic the experiment as close as possible

Model verification 1 s often defi ned as

code of the computerized model
Code testing against simple models; Overlap of different adjacent time and spatial
scales by various methods

Uncertainty quantification science tries to determine how likely
certain outcomes are if some aspects of the system are

not exactly know.

Here: Model parameters may vary between different instances

of the same object for which predictions are sought.
Example: Monte -Carlo approach to trajectories over the surface

oens



In fusion plasma

1. Typical for the divertor region is formation of the molecules, particularly H,, H,*,
hydrocarbons (if carbon facing plasma material), vib-rote x ci t e d , met al s

2. Huge increase of the cross sections (as n* for charge transfer) necessitates
electronically excited atomic and molecular states!!!

3. Vibrationally resolved collisions for volume plasma recombination schemes MAR

and MAD for hydrogen and hydrocarbons; For infrared emission plasma
diagnostics; For CR models of H2/D2 plasma.

4. High rotational temperatures of hydrogen molecules indicated!!!
5. Tritium codeposition in tokamaks (with carbon, with tungsten around grain boundaries, t00)
closely linked with the plasma chemistry relevant molecules in plasma.

6. EXAMPLES from carbon chemistry

MAR: H;(v)+H"—H;+H and HI +e—H-+H Molecular Assisted Recombination
MAD: H(v)+H"—H;+H and Hi +e—H+H"+e Molecular Assisted Dissociaton
MAI @ H;(»)+H"—H, +H and Hj +e— H"+H"+2e Molecular Assisted Tonization

10—15, MAD i
p+HM—H+HE

Py, 81 Hf -H+H

1018

1017}
MAR MAD\

1018 ng=10"m® —o— .

rate coefficient [m¥s]




Why does fusion/plasma need accurate atomic physics theory?

Answering the general question: What is the sensitivity of the plasma modeling
to the uncertainty of atomic data

For these kind of data (vib-rot-elec excit.,isotop.):
*Experiments difficult:
Impossible? Missing !
*Quality theoretical data: Sparse !

H*+H, is the most fundamental ion-molecule system
We should know all about it

4. How to validate theory with experiments (and vv)?

Also:

D. Coster etal, D. Reiter etal, H. Summers et al, others?



REMINDER:

Overview of reactive heavy -particle
processes we are interested In this CRP

Special stress on molecules
Challenging in the environment of reduced funding



P+ H (n€) = Excitation, lonization, Charge transfer

Three body diatomic association

H+H H* -H T HL (V)
- H+H, (V)

H(m)+ H(n) > Exc; excit. exchange, ionization
H+H(n)—> H,(v)+e,n>2 Associative ionization
e LT Sy e ]—]2 (v) Three body diatomic association



p+H - H(n) H Exc
p+H - p +H & |on
- H+p €

With protons
Recombination
- H;(V)+e by capture

H+H—->H+H
> H+H+e

ELECTRON TRANSFER

—> H,(v)+e



p+H,(V) - p H,(V)

p+H,(V) - H +H)(V)  Charge transfer
p+ H2(v) -H H H

R o s
p+H,(v) - p HH,(nV)

Exc elec vib



H+HZ(v) - H 4,V
H+H(V) - p (V)
H+H;(v) - p +H M



H +H, (V) - H (V) e
H+H,(v) - H (V)

H+H,(V) - H +H H

H (V) + Hy(v) - Hy(V") +H (V™)
H +H, (V) - H, #H H




Hy (V) + Hy(V) - H(v) +H

.|.
H 3 Series of interesting reactions:

DE, DR, branching ratios with electrons

D, DCT with H



p+He - H +He

- p+He

- p+He () +¢
p+He - p +He( n)

- p+He"

- p+He " +e



Processes with vibrationally and
rotationally excited hydrogen molecules

What can we do here

Vibrational done in good extent!

Rotational analysis is missing though is an easier one (in comparison to electronic
Excitations) in presence of supercomputers!!!



WHAT HAS BEEN DONE WITH VIBRATIONAL RESOLUTIC
AComprehensive QM calculations of cross sections,

fon the fAisame footing?o

#0.5-100 eV collision energy

Rt _z(ni) hHE +H2( /1‘7)’ i,p 6-14 (E;;C
HT4H,(v) 2 H(1S) +H(0,), 0 0-14, 1 G=1¢ [ o
H " + _2(Vi) aalilk H,7 0=14. EXC
sl T e T B /1 8-19 Cij
H + —%(\4) W +-|+2(nf)’ 1 8-19,n =14 DISS
1+H,(v) 8 H +H " H,n 0=19. ASSOC
A HEH e S (S =T =1

+ : ASSOC
SR ) ‘|+H2(nf)’/? H0-19

+ENERGY&ANGULAR SPECTRA (DISS)



HOW? NOT ROTATIONAL DYNAMICS INCLUDED?

By understanding the underlying physics FIRST
(What to expect?)

The approximation:
Place of events: H;* Sudden approximation for target

: rotations (IOSA): gfrozen
Two lowest electronic surfaces

IOSA :g"frozen"
Fragments of H ;*(H,,H,*H,H")

H Geometry

mixed diss.
continuum

Hy' (1) +H(1s)

Potential energy (eV)
H

e A e | 8 and, similarly,
i M, e for H+H,*
Ha(X"sg")
4L PR e "
i 0
.V
5 e | | |

R (a.u.)
Cross sections averaged overg

Angular average of the cross section!!!



NgB sl Jdiiv e Tl Silge lid” - "Onl=SEh- Vi I 6 g esngism Ogs evc: Udive. :
Two-electronic, strongly coupled potential-surfaces of H;*; Reactive

~_config 2

~__config 1

r
ONPI_O®OWO

Violent coupling (CT)
Need trans to diabatic
representation

Reactive at very large r for large 2
Need large config space (40 a.u.)
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VIBRONIC REPRESENTATION:

Physics in direct channel

Dissociation

n=5

Lz

Charge transfer

g=85

10.0

Extensively rich

Dissociative continuum discretized

ANe describe both electronic and
nuclear motion quantum -
mechanically

ASolve resulting Schr ddinger
equation by expanding in diabatic
vibrational basis

ASeveral hundreds states to
converge



