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He |l as a proxy for D |
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« He atomic data, C-R models and edge transport simulations are of interest in their own right.
« He ll can also be used as a proxy for D | — what is learnt for He Il can inform the analysis of D I .

* He is to be used for the first non-nuclear phase of ITER, is used in JET, occurs as ash in DT
plasmas and is used as a minority gas in various ICRH heating schemes.

« The atomic physics of H-like He (He Il) is similar to D |, but more tractable — in particular heavy
particle rates are more easily calculated, since the collisions are with ions rather than neutrals.

« The plasma behaviour of He Il is similar to D I.

« However, He Il avoids the complexities resulting from D molecules allowing the atomic physics
to be investigated.

* A new He atomic database, the Culham He Model (CHEM), is described (Lawson et al. 2019, J.
Phys. B, 52, 045001).

« A Collisional-Radiative model is derived from the CHEM database and is applied to EDGE2D-
EIRENE edge transport simulations.

* In particular low temperature / high density simulations are considered — these have a shortfall
in the simulated divertor radiated power.

* Finally questions regarding comparisons of the He Il and D | line intensity ratio measurements
with theory are raised.
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CHEM database for He I

]
~
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Continuum \ \,\ \ \| \ \ : _ _
The CHEM database for He Il includes atomic data for
the main populating channels in a hydrogenic species :-
4f F . o o
4d D72 4f F 1. Electron collisional excitation and deexcitation
n=4 —\ / 4d 20¥2 ap P/ :
4p zps/z’ 45 25372 et+tAe>A"+e
1/2 1/2 . . . T T
l gz 3d :Ds/z , 2. Heavy particle collisional excitation and deexcitation
n=3 aE g: 2'%3/2’ 3 Py a(d,p,t)+A €> A*+a (d,p,t)

A* > A+ hyv

l
‘B 3p 2P"//"; 3. Radiative decay

— 2p 2P3/2 4. Direct electron collisional ionization
2s s

) 2p P'/2 . o
j 1/2 5. Radiative recombination

e + Azt 5 Azt 4+ hy
6. Three-body recombination

2
1s 'S‘/2

«  The most recent atomic data is used covering a temperature range of 0.2 — 30 eV with particular
attention being paid to the lowest temperature data.

- J-resolution is used for the spectroscopic levels (n = 1-5), n-resolution for n < 16.

«  Heavy particle collisional rate coefficients were generated for this database.

Spectroscopic nomenclature nI 2s+1 Lj
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He |l atomic data
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«  Transition probabilities are available via the NIST database from :-
Wiese and Fuhr, 2009, J. Phys. Chem. Ref. Data 38, p565

Data should be reliable and more accurate than collisional data.

. R-matrix electron collisional excitation rates from :-

Aggarwal et al., 1991, J.Phys. B, 24, p1757
L-resolved, 15 level (n=1 to n=5), 0.43 — 8.6 eV, no fine-structure transitions.

Callaway, 1994, ADNDT, 57, p9, (ADAS 97)
L-resolved, 15 level (n=1 to n=5), 0.5 eV — 10 keV, no fine-structure transitions.

Kisielius et al., 1996, AA Supp. Ser. 118, p157 (IRON project)
j-resolved, 16 level (n=1to n=4), 0.137 — 1.72 eV, with fine-structure transitions.

Ballance et al., 2003, J.Phys. B, 36, p3707
L-resolved, 15 level (n=1 to n=5), 1.0 — 86.2 eV, no fine-structure transitions.

Aggarwal et al., 2017, Atoms, 5, p19
j-resolved, 25 level (n=1 to n=5), 0.34 — 21.7 eV, with fine-structure transitions.

Hamada et al., 2010, ADNDT, 96, p9
j-resolved, 25 level (n=1 to n=5) 0.86 — 8.62 keV, only fine-structure transitions.

Spectroscopic nomenclature nI 2s+1 Lj
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Heavy particle collisional excitation rate coefficients

e 71 <« Therewere no published heavy particle rate
- Cross section E coefficients for He Il (or D I).

i 2p 2P4»-2s %S, ), . .
£ 5 * Implemented the method of Walling and Weisheit
f““";‘ a ->Hell (1988), which is a semi-classical approach for
= : ] bound-state excitation in ion-ion collisions
o 2XI0°H E extending the work of Seaton (1964).
© mo,?_ _ « This allows cross sections of p, d, t and a-particle

§ | impact excitation of He Il to be generated (Lawson

SR o e e 5 et al. 2019, J. Phys. B, 52, 045001).
0.1 1.0 10.0 100.0 1000.0
Collision energy (eV)
. Cross section | i 3 o -> Hell i
6x10° 23 281/2'2p 2P3/2_ Sl L
% I ] -~ PSS e
E «->Hell | | d->Hell |
_§ 4x10°F+ - ;é_; E E
§ ! g S Rate coefficients 1
a0 d->Hell™. i = 10 2p 2P4p-2s 234, 3

[ 25 254/5-2p *Pyy, :

k 1 1IO 100 = _1;)00 0.1 1 jO 1 (;.O 100.0
Collision energy (eV) Temperature (eV)

Walling and Weisheit 1988, Physics Reports, 162, pp1-43; Seaton, 1964, Mon.Not. R. Astron. Soc., 127, p191
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lonization and recombination
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Direct collisional ionization, radiative and
three-body recombination rate coefficients
were generated using the FAC code.

Comparisons were made with CCC cross
sections for collisional ionization
(Bray, ‘atom.curtin.edu.au/CCC-WWW’).
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Good agreement was found with the ADAS

radiative recombination rate coefficients.

TTTT

Three body recombination

LB RRLLL | UL |

To levels
2p 2P3,
3d 2Dg),
4f 2F,,
59 Gy

LB RRLLL |

WALl |

TTT

1 10
Temperature (eV)

e
W

Kerry Lawson | Joint IAEA-FZJ Technical Meeting | 29-31 March 2021 | Slide 7

=



R
)
\_
=z

Collisional-radiative population modelling
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Continuum \ \,\ \ \ \ \ ¢ The CHEM database has been used in a C-R
' model for He II.
4 %F *  The electronic energy levels are populated by
- — 4d D72 4f ¥ .. o S
n=4 —\ 7 4d D% ap L2 electron collisional excitation and de-excitation,
l 4p PV 4s 'S radiative decay, ,

radiative recombination,

YK 3d 2035,/.‘,3 3p 2P,/2 ol : -
/ ¢ T& 3s 251/2 and, within an n shell, heavy particle collisional
} 3 P, excitation and de-excitation.

«  The model is derived from rate equations that

P
€
N
©
N
0

2s 25 include these populating channels following the

)?
j 2p Y7 treatment of Burgess and Summers (1976, MNRasS,

174, 345), also described by Zholobenko et al.
(Juel-4407).

«  The model is linear with populations depending on
172 the He Il ion ground state density and the fully
stripped He density.

, 2s+1] .
Spectroscopic nomenclature n| LJ It covers a temperature range of 0.2-30 eV and all

densities of interest.

«  The C-R model is versatile giving all components to the radiated power with different channels
easily switched on and off. Total power and line radiation can be compared with experiment.
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EDGEZ2D simulations
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- The CHEM database and its associated C-R model has been compiled for several
reasons :-

« 1) To check the validity of branching ratio calculations for VUV spectrometer
calibrations.

« 2) To compare with existing databases — for example, the high density behaviour of
some D | and He Il ADAS line intensity ratios is unexpected.

« 3) As acheck on the atomic data being used by edge transport simulations, with
particular focus on EDGEZ2D.

*  How sensitive is the EDGE2D simulation to the atomic data used?
*  Atomic data used in EDGE2D :-
ionization balance + electron power loss
In post-processing —
radiated powers
*  Question particularly relevant for low temperatures / high densities.

There is concern that the simulations are not reaching sufficiently low temperatures —
these are determined by the atomic physics.
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Sensitivity to atomic physics

 Example from a D L-mode simulation

«  The atomic power loss is artificially enhanced
by <4% at temperatures of 10 — 30 eV.

« This is a ‘worst case’, but T, is reduced by up

to X 10 in some cells.

*  Most of these cells have a low density and

Enhancement

therefore do not contribute significantly to P, 4.

*  Necessary to consider the simulation as a

whole.

(For D | see Benda and Houfek, 2018, ADNDT, 119, 303

and Aggarwal et al. 2018, Atoms, 6,37)
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He EDGE2D-EIRENE simulation

simulations are the same.

«  Atomic data for He | from the AMJUEL database (through EIRENE).

although overall there is a reduction in the radiated power.

TEVE - EL. TEMPERATURE
7o . . .51 . 1 L L B )

-1.45—

-1.50

Z[m)

-1.65

-1.70 1~

L VR S I

7N\
«  Comparison of high density He simulations (D fuel ~4%) with JET geometry.
CHEM data used for He Il (T, ~0.2-30 eV) compared with ADAS 96 data; otherwise the
« T, ~2 eV reached in the inner divertor and ~3 eV in the outer divertor in the CHEM case.
« 2 eV is the temperature at which radiation due to recombination becomes important.
* In some cells (T, ~2 eV) the radiated power increases by ~70% for He | and ~40% for He II,
TEVE - EL. TEMPERATURE
= 14 140‘ 514
g 12 P i 1 12
10! ol 10!
8 8
~E 5-1.55~ AE
] 6 ] 6
4 4
5 i ADAS 96 5
0 i | I ] 0

R[m]

JET

§ T T T T N T T T T N T T T S T U T S T T - |
24 25 26 27 28

« NN PR S O o S Ot o Ot N S T T W Y o s I S O W e 0 T B O T U1
24 25 26 27 28
R[m]
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He EDGE2D-EIRENE simulation L))
. n, is found to be somewhat higher in the CHEM simulation.
DENEL - EL. DENSITY DENEL - EL. DENSITY
,,,,,,,,, — O 7%10" Ao e 7%10"
6><10"’:. o 6x10'°:.
5><10'9§' 5x10'9§'
B 1sof — b
4x10" P i 4x10"’%
£ T B g5 41 T i
g > E = ?
3x10" ¢ I 3x10" ¢
L 1.60 !
2)(10Iq 2)(10”
el ADAS 96
1x10" 1x10"
-1.707
........... 0 7_‘,A i) jssen eepiiel v irsriep b s 0
R m] . 24 25 26 A [m] 2.7 28

*  The simulations are not compared with measurements to date.
«  Demonstrates the importance of the atomic physics.

- If the temperature can be lowered further, this will lead to an increase in P,,4 and may
explain the shortfall in the simulated divertor radiation (~30% in He simulations).
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He Il (and D 1) line intensity ratios

(//,":
{
=

« A preliminary analysis has not found agreement between measured and theoretical line
intensity ratios.

*  Not due to sensitivity calibrations — some uncertainty with D but known to +10 % in the
case of He.

«  Does not appear to be due to the errors in the atomic data — necessary to change data
very significantly without acceptable agreement being achieved.

« Ratios similar for both vertical LOS into the divertor and along a horizontal midplane LOS.
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KT7 and KT2 spectrometers

Height [m]

Major radius [m]

R
S
7> }\)}\\
N>
=z

7
(\

The KT7 and KT2 spectrometers use
SPRED instruments.

- KT7 has a vertical line-of-sight, which can be
varied.

- KT7/1 covers 157 A — 1480 A with a spectral
resolution of ~5 A (used for D).

- KT7/2 covers 140 A — 443 A with a spectral
resolution of ~1 A (used for He II).

- The highest time resolution is 11ms, although
20-50ms used routinely.

- Measurements of opacity made using the
divertor (green) view.

- KT2 has a view along the horizontal midplane
and observes 100 A — 1100 A with a spectral
resolution of ~5 A.
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Excellent agreement for C [V

Relative inverse sensitivity (Ph)

JET KT7/2 spectrometer
sensitivity curve

+ from metal line
intensity ratios
X from C IV line
intensity ratios
+10% error bars

JG10.30-4c

JET

E | | | | |
150 200 250 300 350 400

o

Wavelength (A)

o

2\
)
e

7

(//,":
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KT7/2 VUV sensitivity calibrations derived
from Na- and Li-like metal line intensity
ratios that are temperature insensitive

(+).
Points (x) derived from C IV line intensity

ratios lie on the calibration curve showing
excellent agreement between measured

and theoretical line intensity ratios
(Lawson et al. 2011, PPCF, 53, 015002).

C IV atomic data of Aggarwal and
Keenan (2004, Phys. Scr., 69, 385).

C IV a simpler system than He ll or D I.

In tokamaks C IV in the low density limit —
collisions between excited levels can be
neglected (although radiative cascading
included).
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He Il VUV spectrum and line intensity ratios
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Pulse 79205 is a 2.3 T/ 2.4 MA He fuelled Ohmic
density limit pulse run during JET-C.

No evidence of a T, dependence in the line
ratios.

Note — no evidence of opacity in He discharges.

Ratio Measured Theoretical
KT7/2 KT2

256A/304A 0.17-0.19 0.15-0.16 0.28/0.38

243A/304A 0.044-0.052 0.035 0.16/0.31

237A/304A 0.015-0.018 - 0.13/0.19

Theoretical ratios at T, =2.2 eV, n, =103/ 10" cm™
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He Il VUV spectrum and line intensity ratios
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Pulse 79205 is a 2.3 T/ 2.4 MA He fuelled Ohmic
density limit pulse run during JET-C.

No evidence of a T, dependence in the line
ratios.

Note — no evidence of opacity in He discharges.

Ratio Measured Theoretical
KT7/2 KT2
256A/304A 0.17-0.19 0.15-0.16 0.11/0.13
243A/304A 0.044-0.052 0.035 0.047/0.066
237A/304A 0.015-0.018 - 0.028/0.036

Theoretical ratios at T, = 4.4 eV, n,=10'/10" cm™3
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He Il VUV spectrum and line intensity ratios

Intensity (Counts/s)
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Pulse 79205 is a 2.3 T/ 2.4 MA He fuelled Ohmic
density limit pulse run during JET-C.

No evidence of a T, dependence in the line
ratios.

Note — no evidence of opacity in He discharges.

Measured Theoretical
KT7/2 KT2

256A/304A 0.17-0.19 0.15-0.16 0.082/0.075

243A/304A 0.044-0.052 0.035 0.025/0.019

237A/304A 0.015-0.018 - 0.012/0.0061

Theoretical ratios at T, = 8.6 eV, n, =103/ 10" cm™

Ratio

Theoretical ratios temperature and density dependent
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H | VUV spectra and measured line intensity ratios
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Opacity is seen to be important reducing
Ly, by ~55% and Lyg by ~6%.

The T, dependence suggested by all the

theoretical intensity ratios is not

observed.
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Conclusions

(//'

«  The CHEM database for hydrogen-like He (He Il) has been compiled using the most
recent atomic data, paying particular attention to that at the lowest temperatures.

- Data for all significant populating channels is included.

*  Heavy particle collisional excitation and ionization data and radiative and three body
recombination rate coefficients have been generated for the database.

* Acaollisional-radiative population model has been generated from these data.

«  The population model has provided He Il atomic data to EDGE2D-EIRENE He
simulations, a comparison being made with simulations in which ADAS atomic data is
used.

«  The simulations in which the He Il data is from the CHEM database achieve lower
temperatures than those using only ADAS data, demonstrating the importance of
atomic data in determining the simulated temperatures.

«  To date measured He Il (and H 1/ D 1) line ratios have not been explained by any of the
theoretical models.
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KTZ2 sensitivity calibrations
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* VUV sensitivity calibrations consist of a relative calibration with wavelength and
an absolute calibration to fix the level of the relative calibration. The absolute
calibration can be obtained using branching ratios from calibrated visible spectra.

—~— ~ 1 T T T T T 1T T T T 1

I KT2 sensitivity calibration (2004). 1 A new analysis involving recently

10" Absolute occuracy of calibrotion ot 312A and 574A is +45% = Compiled C Ill and N IV atomic

':__u? C Error bars give indication of relative error ]
3 - 1 datasets suggest ~x10 lower S-'
N‘g I | atthe longest wavelengths.
~ . . i
= jonl Branching ratios DI 77 _ The§e da‘tasets produceq ,|n the
S 1025.4A 3 previous ‘Call for Analysis
o r ciu i
= - He | . .1 CIll:-KM Aggarwal and F P Keenan,
2 I 574.3A Uncertainty in |
B CIv 237.01& . extending 2015, MNRAS, 450, 1151
: 107F Hell 3424 \ " calibrationto 3 NIV :- K M Aggarwal et al., 2016,
» r long 1 MNRAS, 461, 3997
"C:f i wavelengths ]

' 1 1025.4A/6561.0AD |

o35 ‘branching ratio’ crucial for
200 400 600 800 1000 fixing the long wavelengths
Wovelength (&)

Relative sensitivity Relative sensitivity obtained

from temperature from temperature sensitive

independent line line ratios

ratios

A branching ratio is a ratio of transitions with the same upper electronic state or
level. The intensity ratio is given by the transition probabilities, I; / | ; = A;; | Ay
— no population modelling is required and independent of T..
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Collisional-Radiative Model (1)
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Collisional-Radiative Model for hydrogen-like species
K.D. Lawson

The collisional-radiative model used for hydrogen-like species uses a set of rate equations, which for the rate of change of the
population of the ith level is

dan;

il nEZqij+ZAij+nesi n; + neZqﬁ+ZAji n; + n(af +neaf’)n*

j#i j<i j=i j>i
where ne, n;, njand n* are the electron density, those of the ith and jth levels and the fully stripped ions, ¢ and s are the collisional

excitation and direct collisional ionization rate coefficients, 4 the Einstein spontaneous transition probability and o” and o the radiative
and three-body recombination rate coefficients.

The set of equations can be written in matrix form as

g —Cg .Cig - Cig\ /Mg ay
n | =] Cgu—CiCy no |+ @ |nt,
n c...C —C n a

where g and + represent the ground and fully ionized states. c; is the loss of population from the ith level

€= "ez qij + ZAU + nes;

J#i Jj<i

and ¢;; includes populating channels from level j to level i. Ifj>1i

Cji = neZjS +2Aji

J#i Jj>i

Gi = nez qji

JET

and if j <i

In the recombination term

a; = ne(al” + n.al’).
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Collisional-Radiative Model (lI)
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Excited level populations within the ion reach equilibrium on a much faster time scale than changes in the ionization balance and hence

fli = 0
Rewriting as
<flg) _ (Mg MQy) (ng) + (Ry)n+
0 Mgq Mo /\/ " \Rog) "~
where
Mg = —cg, Mog = (Cig +ot ng)’ Ry = ay,
and
Cgi —C; + -+ Cji n; a;
Cyj Cyj + - —C; n; aj
Therefore,
-1
ng = M, (Mgong + Ron*)
and

. -1 -1
fig = (Mg — MogMg*Mgq)ng + (Rg — MogMg ' Ro)n*.
Defining the effective ionization and recombination coefficients, Seand R.yp, respectively, by
Mg = Seppng + Reppn®

it follows that
_ -1 _ -1
Seff - Mg - MQgMQ MgQ Reff - Rg - MQgMQ RQ'
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