Absolute recombination rate coefficients
for open f-shell tungsten 10ns
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Max Planck Institute for Nuclear Physics
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Fusion plasma
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Fusion tokamaks

Confining Plasma Using Magnetic Fields

: Transformer coll
Vertical

field coils

field coil

Plasma current Plasma Magnetic field line
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Fusion tokamaks

"~ ALCATOR: Bostan, USA
~ ASDEX: Garching, D

- ASDEX Upgrads: Barching, D
0 I-D0: San Diega, WA
ISAR 1: Garching, D
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LHD: Toki, Japan
TFTR: Princeton, USA
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6
n: particle density temperature 7' (10° K)

T: plasma temperature
T: energy confinement time
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Fusion tokamaks

High-energy plasma damages
walls of vacuum vessel

Choice of wall materials is critical
for practical reactor operation.

Need to absorb high thermal loads

1. Low-Z materials

C

Be
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2. High-Z materials
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Fusion tokamaks

High-energy plasma damages
walls of vacuum vessel

Choice of wall materials is critical
for practical reactor operation.

Need to absorb high thermal loads
1. Low-Z materials

C  fuel retention via
hydrocarbons

Be
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2. High-Z materials
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Fusion tokamaks

International Thermonuclear
Experimental Reactor (ITER)

~ 4 x bigger than JET

first plasma: 2019

power output: 0.5 GW
" consumption: 50 MW

1. Low-Z materials
C fuel retention via
hydrocarbons

Be

2. High-Z materials
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Tungsten 1n fusion tokamaks

“Divertor”

2. High-Z materials
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Energy loss by HCI line radiation

e.g., Ne** (injection into ITER: 0.5%)
— 70 MW of radiation loss (total 300 MW)

highly chargef ion (Ne®*)
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Energy loss by HCI line radiation

e.g., Ne** (injection into ITER: 0.5%)
— 70 MW of radiation loss (total 300 MW)

High charge states of tungsten
are even better coolants!
[Piitterich, Nucl. Fusion 50 (2010)]
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Tungsten 1n fusion tokamaks

measured emission spectrum from W#*
(core plasma at ASDEX-Upgrade)
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[ Whiteford, PhD Thesis,
University of Strathclyde, UK (2004)]
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Tungsten 1n fusion tokamaks

recombination
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impact ionisiation

Charge states are in equilibrium
of electron recombination and impact ionization.
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[Piitterich, Nucl. Fusion 50 (2010)]
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Tungsten 1n fusion tokamaks

Ge-like W *2 As-like W+

“ADPAK + ADPAK | 1 12.945nm "A‘dhﬁk':{fﬁkﬁ L. 1312inm Tonization + recombination rates
. 13.896 .
" from ADAS do not agree with data.

r CADW +
modif. ADPAK; k48

Corrections and empirical scaling factors
to recombination rate coefficients were
needed.

relative abundance

., W2 - W3* could not be disentangled:
W+ ADPAKY, | H . 1 o« . .
. ] Lo ... no visible lines
‘ ' CADW + ADPAK, ... no reliable rate coefficients
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Tungsten 1n fusion tokamaks

Ge-like W *2 As-like W+

R R R R R
ADPAK + ADPAK -} 12.845nm ADPAK + ADPAK . 13.121nm

Ionization + recombination rates

relative abundance

relative abundance

- CADW + ALt
‘ i lees W
modif. ADPAK gl LTI, ~
L e it

from ADAS do not agree with data.

Corrections and empirical scaling factors
to recombination rate coefficients were
needed.

“d

Recombined ion

Recombined ion

F corr

Recombined ion

Xe-like W20+

A T-like W2+
1 Te-like W22+

Sb-like W23+
Sn-like W2*+
In-like W2+

Cd-like W26+
Ag-like W27+
Pd-like W28+
Rh-like W29+
Ru-like W30+
Te-like W3

Mo-like W32+
Nb-like W33+
Zr-like W34+
Y-like W3+
Sr-like W36+
Rb-like W37+
Kr-like W38+
Br-like W39+
Se-like W40+
As-like W4+
Ge-like W42+
Ga-like W#+*

1.62
1.62
2.25
2.15
2.05
1.76
1.76
1.10
1.33
0.34
0.26
0.45

Zn-like W44+
Cu-like W+
Ni-like W#0+
Co-like W47+
Fe-like W43+
Mn-like W49+
Cr-like W20+
V-like W21+
Ti-like W22+
Sc-like W23+
Ca-like W4+
K-like W>>*

angled:

ents

Fusion 50 (2008)]

[Piitterich, Phys. Control

Te [8V]
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Tungsten 1n fusion tokamaks

Ge-like W *2 As-like W+
rrrprrTrTrrTY YT R R R L I

"AHPHR'JAE:\'riAE o 12.8450m PAL szt lonization + recombination rates
oW - 1 T N from ADAS do not agree with data.

modif. ADPAK," Jkigfi 1) i !
F I { i 1

Corrections and empirical scaling factors
to recombination rate coefficients were
needed.

relative abundance

Recombined ion  Feoy  Recombined ion  Feoy  Recombined ion  Foo  fangled:

Xe-like W20+ 0.97  Mo-like W32t 1.62  Zn-like W4 0.47
A IL-like W2+ 1.07  Nb-like W33 1.62  Cu-like W™+ 0.39

1 Te-like W22+ 1.17  Zr-like W34+ 2.25  Ni-like W#0+ 1.78
Sb-lil . . .60
-, Experimental data and/or reliable
mik theory of W7 recombination rate coef. .99

Cd-lil .96
Api are needed. o5

Pd-like W23+ Se-like W40+ 1.33  Ti-like W22+ 0.94
Rh-like W29+ As-like W4+ 0.34  Sc-like W3+ 0.95
Ru-like W30+ Ge-like W42+ 026  Ca-like W4+ 0.97
Tc-like W31+ Ga-like W# 0.45  K-like W>* 0.98

ents

relative abundance

Fusion 50 (2008)]

[Piitterich, Phys. Control
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Recombination in Electron Coolers

from
accelerator

Electron cooler
ion storage ring

* m/qg-selection

» de-excitation of 1ons

electron cooling
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Cooler 1s “designed” for v =0
— E_, can be very small (meV!)

1 2
ECOHNE mev

products
R >
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reaction rate coefficient

a = (o(v)v)

collision velocity v = |v.—v | > 0
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Recombination in Electron Coolers
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Dielectronic Recombination

N
o

——
F Fe'™ +e — Fe'®" +vy 15}

1119 2522p5(2P1/2)n1 6f,gh ]
CoU U errnnimm | 252 ﬂnl
20... e P

6p 6d

—
)]

—
o

10 16 20 257

10... ZSZPB(ESI/Z)HI |
Eor B R |-

(&)

Rate Coefficient (107° cm?® s7%)
[Savin, ApJ 489 (1997)]

=}

FR T S T (N T WS T TN SN U TR TR WA G TN SN S N AN SN S TSN N S S N S RS R !

20 40 60 80 100 120 140
Center of Mass Energy (eV)

L L — T 1 T T
30 . . : ‘ .

a) Experiment

i (a) P . Fe'* + ¢ — Fe2* + v

[ Atﬂ-ﬂ‘f] [ A{q-'l J"]"

OO 2 4 6 8 10 12 7
—n=9 [«10 (11...0 | 1 ETETimimm | 252p3(BD3/2)n1 series :
Lo UETTe | 2s2p*(%P Jnl

« Series

M
7%
p
T
&y
Z,
=
(]
A4
o
o)
L
=
ja—
=
~
W
Z
k._k
5
Z,
<
—
R
e
<
=

— prominent “Rydberg-resonances”
for ions with simple valence shells
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Recombination in Electron Coolers

TSR (MPIK) 1988 - 2012
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W18+ W19+ W20+, W21+
9 b

/ bz
166 ... 208 MeV [

MPIK tandem accelerator
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Recombination of W', W 'W2* and W?>!*
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WB(410) |
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Recombination of W', W 'W2* and W?>!*

—————r——T————T———r——rr—r—r——r—r—r—] 3.0 r—r—————p—
preliminary  \W18+(4f10) - preliminary  \W19+(4f9) 4

104

Very high (~ 10° cm®s™) rec. rate coefficients below ~ 40 eV

Resonant structures, but no individual lines

Rate coef. (10 cm3s™)
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1004 i
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Rate coef. (10 cm3s™)
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W2o+(4f8)
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Rate coef. (10 cm?3s™)

0.00

rRR hydrogenic
2 . 2 [

[Schippers, Phys. Rev A 83 (2011)]
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Lifetime (s)
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Examples: W' (4/1%) and W2 (4/*)

FS excitation energy (eV)

Fine structure excitations (Cowan):

W' (gl: 4d" 41 '° [ ): 105 levels

W20 (gl: 4d" 4f° 7F,): 292 levels
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Examples: W' (4/1%) and W2 (4/*)
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[Schippers, Phys. Rev A 83 (2011)]

W20 (gl: 4d" 4f° 'F ). ~T-10°




W2(41%): Plasma rate coefficient

107 TSR
W2{|+
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Ll
Lol

convolve with
Maxwellian

Lol

L, 1 I.II|II.I|

Rate coefficient (cm? s™)
S
=]
[Schippers, Phys. Rev A 83 (2011)]
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Rate coef. (10 cm?3s™)

0.00

[Schippers, Phys. Rev A 83 (2011)]
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2 . 2 [
0 50
Collision energy (eV)
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W2(41%): Plasma rate coefficient

10-? IIIIII| I T IIIIII|
TSR W20+

Lol
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Maxwellian
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Rate coefficient (cm? s™)
[Schippers, Phys. Rev A 83 (2011)]
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Much better agreement if
data <47 eV is rejected

—  Suggests that ground term FS
1s neglected in ADAS

Rate coef. (10 cm?3s™)

[Schippers, Phys. Rev A 83 (2011)]
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W=(41%): Updated theories

~ —— AUTOSTRUCTURE

calculation:
[Badnell, PRA 85 (2012)]

TSR data

Rate coefficient (10 cm®s™!)
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lll i iilin
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100

Electron-ion collision energy (eV)
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“Intermediate Coupling (I1C)”

Allows mixing of autoionizing
levels of given J, e.g.,

W20+(7F6) + e

W19+** (2S+1L )

Y N\

W20+ + e W19+_|_ ,y

[Badnell, Phys. Rev A 85 (2012)]

In principle not restricted to
single-electron excitations of
W20+.

— Is actually not “DR” ...
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W=(41%): Updated theories

“Full partitioning”:
[Badnell, PRA 85 (2012)]

TSR data

Rate coefficient (10 cm®s™!)
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Mixes all Al levels in
a broad energy range.

Statistical approach,
compensates for limited
number of states in IC
calculation.

[Badnell, Phys. Rev A 85 (2012)]
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W2(41%): Updated theories

Intermediate Coupling

“Full partitioning”:
2.5 I Y LTS A S / [Badnell, PRA 85 (2012)]

Mixes all Al levels in
a broad energy range.

N
o

Statistical approach,
compensates for limited
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[Badnell, Phys. Rev A 85 (2012)]
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W=(41%): Updated theories

“Chaotic mixing” of

Al states
[Dzuba et al., Phys. Rev A 86 (2012) 022714]
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W2(41%): Plasma rate coefficient

—
TSR W20+

Badnell
(2012)
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convolve with
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Rate coefficient (cm? s1)
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[Badnell, Phys. Rev A 85 (2012)]
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Rate coef. (10 cm?3s™)

0.00

[Schippers, Phys. Rev A 83 (2011)]
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W (4£19): Updated theory

preliminary W13+(4f10) 1

Rate coef. (10 cm3s™)
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W (4£19): Updated theory

Intermediate Coupling

preliminary! [ Spruck, Badnell et al., in prep. | / (IC) result
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W18+(4f10):

Rate coef. (10 cm3s™)

L
preliminary W18+ 1

Updated theory

convolve with
Maxwellian

Claude Krantz - ICPEAC2013
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Fractional abundance

| Spruck, Badnell et al., in prep. ]




WP*and W*'": Work ongoing ...
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Summary

We have measured absolute recombination rate coefficients for
WISt W19 W20t and W21+,

We find very fast recombination at £ ~ few 10 eV. Not accounted
for in ADAS data for any of the charge states.

This enhances the plasma recombination rate coefficient also at much
higher temperatures, where the charge states are abundant in fusion
plasmas.

An updated AUTOSTRUCTURE theory can somewhat explain the
fast recombination by mixing of Al levels ...
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... but can not predict the experiment in every detail yet.

Claude Krantz - ICPEAC2013 Lanzhou, 30th July 2013



M
%
>
)
o
Z,
=
(]
A4
o
)
iy
=
ja—
=
~
W
Z
k._k
5
Z,
<
—
R
>
<
=

Max Planck Institute for Nuclear Physics,

Heidelberg

Arno Becker
Manfred Grieser
Roland Repnow

Andreas Wolf

C. K.

University of Strathclyde,
Glasgow

Nigel R. Badnell

Claude Krantz - ICPEAC2013

Thank you.

SN\
N\

Justus-Liebig University,

Giellen JUSTUS-LIEBIG-

UNIVERSITAT
ﬁ GIESSEN

Kaija Spruck
Dietrich Bernhardt
Alfred Miiller

Stefan Schippers

Columbia University,
New York

o 0,

|
COLUMBIA UJNIVERSITY
iw ThE CITY O Naw Yorx

Michael Hahn
Oldfich Novotny
Daniel W. Savin

Lanzhou, 30th July 2013






M
%
>
)
o
Z,
=
(]
A4
o
)
iy
=
ja—
=
~
W
Z
k._k
5
Z,
<
—
R
>
<
=

Technical challenges:

- low production efficiency
- short beam lifetime (~ few s)

— very low (few nA)
stored 1on current

products
»

~

eCool for~2 s
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