Evaluation of emission contributions from charge-exchange between the
excited states of deuterium with He' during diagnostic of thermal helium gas
beam injection and laser-induced fluorescence
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Emission contributions from charge-exchange of excited deuterium (n = 2, 3) with He' are evaluated in
a 1-D kinetic collisional radiative model (CRM) in order to analyze their effects on the Thermal Helium
Beam (THB) line-ratio diagnostic on ASDEX Upgrade (AUG), and Laser Induced Fluorescence (LIF) He I
density measurements in I'TER. Recent charge-exchange calculations show that cross-sections from excited
deuterium (n = 2, 3) with He' are over 4-orders of magnitude higher than those from the ground state
(n = 1), and occur at very low energies where they are more likely to interact with the thermal He' ions
introduced by ionization of the diagnostic helium gas-puff injection. Higher densities of excited deuterium are
typically present in the Scrape-Off Layer (SOL), Divertor, and Edge regions of Tokamaks, where the LIF and
THB helium diagnostic are typically used for n,,,, and simultaneous determination of electron temperatures
and densities, and where contributions from charge-exchange emission may offset these values if not taken
into account. The analysis presented in this work shows that due to the higher density of deuterium in the
ground rather than in excited states, and the divergent behavior of deuterium and He' density profiles along
the SOL and Edge regions, the deuterium-He " charge-exchange contributions to the helium puff emission
are 3-orders of magnitude lower than those from electron-impact excitation. Similar plasma conditions are
expected in the ITER divertor, with the exception that in the area near the strike-points and targets the
electron temperature is not high enough to excite from the ground state but, deuterium, electron, and He'
densities are high enough to dominate the emission from charge-exchange and recombination. These findings
strengthen the assumption made in the present line-ratio model that helium emission from gas-puff into plasma
is mainly dominated byelectron-excitation. It is also shown that in general, charge-exchange helium emission
is 2-orders of magnitude higher than emission due to recombination. These findings suggest the importance
of including charge-exchange processes as a source of neutrals in ionic fractional abundance calculations in
plasmas, and helium-ash transport modeling in fusion reactors.

by the inclusion of time-dependent collisional radiative
models.*® Recently the THB diagnostic has been up-
graded at AUG?5 to allow measurements of high tempo-

Determination of electron temperatures and densities
using line-ratio spectroscopy on locally injected thermal
helium has been applied in a variety fusion devices such
as tokamaks and stellarators.' 3 The challenge of large
relaxation times of the metastable state of helium in-
trinsic in this powerful diagnostic has been addressed
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ral and spatial resolution electron temperature and den-
sity profiles. This high temporal and spatial resolution
capability covers both the plasma edge and SOL regions,
and allows for determination of critical transport quan-
tities with resolution of turbulent structures, filaments,
and single Edge Localized Modes (ELMs).?

In an effort to continue testing and validating this
powerful diagnostic, forward modeling of helium beam
gas-puff using a 1-D kinetic collisional radiative model,
as well as other synthetic analysis have been previously
developed.”™® In that model, additional atomic processes
present in the edge and SOL regions plasma conditions
such as proton ionization and proton-helium charge-
exchange have been included.’



The forward 1-D kinetic model revealed that elect
impact excitation and ionization are the dominating
lisional mechanisms during the emission and deple
of the helium neutral gas as injected for diagnostic
poses. It also showed that interactions between the
tral helium in the gas-puff and protons were severa
ders of magnitude lower with respect to interactions
electrons, therefore validating the reliability of this |
erful diagnostic tool.*”

Recent atomic charge-exchange (CX) calculations:

excited hydrogen isotopes with He' ions suggest
additional emission from recently formed helium
trals may have to be taken into account in the
ratio calculation to obtain accurate electron densities
temperatures.'’ Excited hydrogen (n = 2, 3) with

CX cross-sections are over 4-orders of magnitude hi
than CX from the ground state (n = 1).1%7'2 This
process also occurs at lower energies where interact
between recently formed low temperature helium ious
and hydrogen isotopes is more likely to occur, particu-
larly in the edge and SOL regions.

LIF diagnostic is based on interaction of the laser ra-
diation with plasma and observation of the response sig-
nals (fluorescence). The laser excites allowed transitions
of atoms or ions temporally increasing emission in the
pumping and other lines. Fluorescent signals depend on
the local density as well as, laser parameters and exci-
tation processes such as electron-impact excitation, re-
combination, and charge-exchange. LIF on ITER will
be used to measure neutral helium densities (n,, ;) in
the outer leg of the divertor, where high gradients of
plasma parameters are expected (T, = 0.3—200 eV, n, =
10° — 105 em=3, n,,, = 10° — 10'* em =3, and n,,_,, =
102 5% 102 ¢m=3). Therefore, deuterium/electron—HeJr
CX/recombination emission may be dominant versus
electron-excitation in some spatial points. CX complicate
fluorescent signal interpretation to determine n,, , den-
sity values as additional information about n, and n,,,
densities is needed, when electron densities and tem-
peratures are obtained from the ITER divertor Thom-
son scattering diagnostic to consider only electron-impact
processes. 3

The additional populating CX mechanism for the two
spin systems of helium is illustrated in figure 1. The re-
population of neutral helium by CX is different for the
singlet and triplet systems. These differences influence
the line-ratios, and thus the temperature and density
values that are calculated. The fluorescent signal from
helium neutrals are also a function of the initial popu-
lation in both ground (1'S) and metastable states (2'S
and 238), therefore CX populating mechanisms of these
states affect the LIF n, , density measurements.

In order to quantify the emission from recently formed
neutral helium by CX and compare it to the bulk gas-
puff emission, the previously developed 1-D kinetic CRM
is expanded to include both deuterium CX, as well as
electron recombination with He  ions.”

The model includes the same state-of-the-art R-
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FIG. 1. Grotrian diagram showing the hydlrogen—He+ charge-
exchange process for both, singlet (IS ground state), and
triplet (®S metastable state) spin systems of helium.”

Matrix,** R-Matrix With Pseudo-States (RMPS)!® elec-
tron excitation data used in the previous model.” The
tabulated /interpolated temperature-dependent electron-
ionization rate-coefficients have been replaced by nu-
merically calculated values each time the model is run.
The model uses Convergent Close Coupling (CCC) ion-
ization cross-sections, %7 which are used to calculate
Maxwellian rate-coefficients.>'® The atomic data set of
the Hibrid-Time-Dependent/Independent (HTD/I) he-
lium line-ratio model has also been updated with the
same ionization CCC data.*

The first part of this paper describes the newly calcu-
lated set of deuterium-He CX cross-sections and their
implementation on the 1-D kinetic CRM solution, as well
as the inclusion of electron recombination into the model.

In the second part of this paper, the 1-D model is used
to calculate emissivities along the center of propagation
of a simulated gas-puff using plasma profiles from AUG.
In order to quantify the CX emission contributions from
excited states of deuterium, the population of these states
must be known. A quasi-static equilibrium CRM model
is employed to calculate the population density of excited
states of the local deuterium using plasma profiles from
AUG. The CX emission is then compared to those from
electron-recombination and electron excitation in the he-
lium puff.

In the third part, a brief description of the LIF diagnos-
tic at ITER is presented. The collisional radiative model
is used to quantify contributions of CX and recombina-
tion to initial 2'S and 23S state populations from where
the laser photo-excitation ocurrs using plasma parame-
ters provided by SOLPS calculations.



1l. KINETIC COLLISIONAL RADIATIVE MODEL

The mathematical solution is expanded from the
already developed 1-D kinetic CRM model.” For the fol-
lowing derivation, ion-impact ionization and He-proton
CX are ignored since it has been shown that those de-
pletion mechanisms are many orders of magnitude lower
than electron ionization.” The solution now includes
additional populating mechanisms for each of the nl
atomic terms:

e Radiative decay: [A,,.; 1/ Ani—mi’]

e Electron-impact excitation/de-excitation:
[qfnl/—m,l/ qu—>ml']

e Electron-impact ionization: [S¢]

CXD]

e Deuterium-He ' charge-exchange: [0,

e Radiative recombination: [afﬁ)]

afnl
ot

nl#ml’

(d)

e Dielectronic recombination: [a,),’]

e Three-body recombination: [ozfz)]

The excited deuterium (n = 2, 3)—He+ CX cross-
sections for each of the two spin systems of helium have
been recently calculated.!’ Including the channels for
each of the spin systems is very important to take into
account when modeling helium emission due to the long
relaxation times of the metastable (See figure 1). In this
work, only the cross-sections for deuterium were used
since it is the main isotope used in AUG and in many
other research reactors. It was found that there are small
isotopic differences in the cross-sections between hydro-
gen, deuterium, and tritium, particularly in the low col-
lision energy region.'”

The cross-sections for both spin systems of helium are
shown in figure 2.

The neutral atoms interacting with a plasma popu-
lating the excited nl-term state are described using the
kinetic equation that includes the atomic collisional pro-
cesses on the right hand side:”

+uv- vfnl = Z [Aml'anl + neq;l'anl] fml/

- {neszl + Z [Anl—wnl/ + neq;laml'] }f”l
nl#ml’
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He
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where n. and n, are the free electron/deuterium den-
sities, and fp;(v,7r,t) is the neutral atom distribution

function in the excited ni-term. The deuterium-He CX
rate-coefficient is described by

cx,, 1 cx
0”0 = = [ @010, (fo-v) £, (). @)

D

with deuterium and He  distribution functions:
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The solution to the kinetic equation is assumed to be
in the form:”

fri(v,r,t) = fo(v)ng(r,t) , (5)

with the density of the ni-state population n,(r,t), a

shifted flow velocity defined as: v, = M+\/vk,Ty/mn,
where M is the Mach number, T,, is the temperature,
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FIG. 2. Charge-exchange cross-sections between deuterium
and He' for the two spin systems of helium: D(nl)—!—He+
— DT +He('S,*S). Recent calculations have shown that there
are isotopic differences in the cross-sections between; hydro-
gen, deuterium, and tritium, particularly at the lower limit of
collision energies.*°
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and m,, is the mass of the neutrals, and v = 5/3 for
helium.”19:

1 2 2
— _( - n) / thy
folv) = 723 o= (v=vn)? /07, (6)

Equation (1) is integrated with respect to velocity to
obtain:”

ot RaCION vnnl = Z [Aml/—ml + neqrenl/ﬁnl} L

€
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Using the definition of deuterium-He  CX rate-
coefficient from equation (2), the generalized CX coef-

ficients (QleXD ) are defined as:

cX

in v (8)

L(v)=n,n

He He+

CXD
oo [ e 0

The generalized CX rate-coefficient is numerically in-
tegrated from”

oo
cxp, 4 9 9 3 Cxp 2
Qu "~ =—=, /v +vi, dvvio,; = (v)e ,
ﬁ D HeT 0

(9)

where the non-dimensional quantity v is defined as a
function of the center of mass energy between the deu-

(

. +
terium and He :

vV =

1 2eE(eV/u) ) (10)
\/U?hD +Ut2hHe+ “

Figure 3 shows the numerically calculated generalized
rate-coefficients using equation (9), the cross-sections
shown in figure 2, and Gauss-Laguerre Quadrature.2’
The ion temperature TH . = 300K was chosen under
the assumption that once the helium puff gets ionized, it
does not have enough time to be thermalized by elastic
collisions before either recombining or receiving an elec-
tron through CX. However, the He' temperature was
varied and showed little change from these values.

Choosing the propagation velocity axis of the gas-puff
along the radial direction v,, = v, 7, equation (7) is ex-
pressed as:
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FIG. 3. Generalized charge-exchange rate-coefficients for the
two spin systems of helium [D(nl)+He — D*+He('S,%S)]
calculated using equation (9), and TH . = 300K."°

annl 8nnl
ot +Un or - Z , [Aml/—ml +n€q2@l’ﬂnl]nml,
nl#ml
B {nesil + Z [Anl—wnl/ + nequl—»ml'] }nnl
nl#ml’
cX 3
+n {nDin P 4 [al) + ad, + neal)] } : (11)
[
that can now be written in terms of the collisional ra-
diative matrix and the charge-exchange/recombination
coefficients:
onp Oonp cx ) .r
8; + v a: = Z , Cnl,ml'nml' —+ Cnl’nl’nnl + nHe+ Rnl P . (12)
nl#ml

The non-diagonal elements of the matrix (gains) are

represented by
Cnl nl — — {ne Zl

+ § : [Anlaml/ + neqyell—wml'] } : (14)
J l I
C’nl,mll = Aml’ﬂnl + neq:n,l/*)nl ’ (13) i

The charge-exchange/recombination coefficients are
defined as

4

and the diagonal elements (losses) by R, =n, QZZXD + ne [af:l) +ad, + neafl)] . (15)
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This equation is written in therms of the collisional
Using the method of integration along characteristics,” radiative matrix form for a N total number of populated

equation (11) is reduced to nl-terms:
dn CXpy,r
# 01’1 01,2 Cl,N ny R1CXD .
% 02’1 02)2 . CQ)N Nno R2 D
= . + nHE+ (17)
d;;\f CN71 Cna2 ... CNJ\/ Ny szo""
[
This system is solved by diagonalizing the CRM ma-  tion, and expressing it in terms of the matrix eigenvalues
trix, solving the un-coupled first order differential equa- and eigenvectors:*”
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where the electron-excitation contribution to the ni- tributions are represented by the right-side term inside
state population is represented by the left-side term in- the brackets. From equation (5), the final solution of the
side the brackets, and both CX and recombination con- helium neutrals distribution function is given by”

J

1 CXD,r L
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I1l. BEAM EMISSIVITY ANALYSIS IN AUG The total deuterium density is calculating by assuming
the D molecules are completely dissociated and added
to the mono-atomic deuterium. The calculation requires

The solution of the kinetic CRM is used to calculate  knowledge of the He' ion density profiles. In order to
emissivities along the center of a simulated expanding  estimate these ion profiles, the 1-D kinetic CRM model
gas-puff injection on the mid-plane for three lines of he-  without recombination and CX is used with the assump-
lium (667.8, 706.5, and 728.1 nim) that are typically used  tjon that every ionization will only remain as He+,7 and
in line-ratio diagnostics.” These emissivities are calcu-
lated as the gas is injected from the wall into the plasma.

The plasma parameters on the mid-plane are obtained

from generated 2-D profiles using the EIRENE Monte

Carlo transport code.?! These 2-D profiles are shown in

figure 4. The excited nl-term deuterium populations needed

will not undergo a further ionization to He . Figure 5
shows the estimated deposited He' ion density from the

helium gas-puff injection using the plasma profiles along
the mid-plane of AUG.
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FIG. 4. Poloidal cross-section of electron and atomic-and
molecular neutral deuterium density (upper row) and tem-
perature (lower row) computed by the 3D transport code
EMC3-EIRENE?! for AUG H-mode discharge 30701 at 3.2
s. A separatrix density of 3.2 x 10'® ¢m ™ was assumed at a
heating power of 5.2 MW of which 1.6 MW were radiated by

impurities.

to quantify the charge-exchange are calculated using
a quasi-static equilibrium collisional radiative model
that employs state-of-the-art electron-impact excitation
RMPS data,'® and electron-ionization CCC data.'® This
data-set has also been employed in emission calculations
from deuterium neutral beam.?? Figure 6 shows the cal-
culated deuterium ground and excited populations along
the mid-plane of AUG.

Both He' ion and excited deuterium densities from
figures 5 and 6 are used to calculate emissivity profiles
for electron recombination and and deuterium-He' CX
in order to compare them to the total emissivity as shown
by figure 7.

The results from figure 7 clearly show the dominance
of the CX emission versus recombination. A direct com-
parison between the two processes can be clearly made
where both electron and deuterium densities are equal
(radial location r = 4 ¢m). It can be appreciated that the
contribution from CX to the emission is about 2-orders
of magnitude higher than contributions from recombi-
nation. The total calculated emissivity that includes
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FIG. 5. Tonization modeling of the helium beam gas-puff as it
penerates the plasma.” The 1-D kinetic CRM model is used

to calculate the density of He' deposited along the profile
as the helium puff gets ionized. This is done in order to
quantify both charge-exchange and recombination emission.
The figure also includes the plasma parameters from figure 4
projected along the mid-plane of AUG that are used during
these calculations, as well as the location of the Last Closed
Flux Surface (LCFS).
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FIG. 6. Calculated deuterium ground and excited population
densities along the mid-plane of AUG. The plasma tempera-
tures and densities together with the density of deuterium are
used in a quasi-static CRM to calculate the nl-excited popula-
tion densities that are needed to quantify the charge-exchange
emission. Notice that most of the deuterium remains on the
ground state while the population of the nl-excited are orders
of magnitude lower. The electron density is also included as
a base of comparison between CX and recombination, since a
direct comparison can be made when n. ~n,.

electron-excitation, CX, as well as recombination is also
shown.
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AUG. The total emissivity due to electron-excitation is also
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By comparing the results shown in figures 5, 6, and
7 it can be conclude that although CX contributions to
the emission are 2-orders of magnitude higher than con-
tributions from recombination, they are still 3-orders of
magnitude lower than electron excitation. By looking at
the ion/neutral density profiles shown in figure 5, it is
clear that while the density of deuterium is higher near
the wall and decreases drastically further into the plasma,
the He' ion density is low near the wall and drastically

increases further into the plasma. Since deuterium-He "
CX is directly proportional to the product between their
densities, the divergent behavior between the two profiles
causes the CX emission contributions to be lower than ex-
citation, even though the excited state deuterium cross-
sections are 4-orders of magnitude higher than those from
the ground state.!'® Another factor that decreases CX
emission, is that most of the deuterium is concentrated
in the ground state in comparison to the excited popula-
tion as shown in figure 6.

IV. CHARGE-EXCHANGE AND RECOMBINATION
CONTRIBUTION TO ITER LASER-INDUCED
FLUORESCENCE

The purpose of the ITER laser-induced fluorescence
diagnostic (LIF) is to measure neutral helium densities
(n,.,) in the outer leg of the divertor.?6 A laser beam is
injected into the plasma and the laser-fluorescent signals
are collected through the gap between divertor cassettes
(Figure 8). The measurements will be made simultane-
ously in 24 different spatial locations to provide the n,,,
distribution along the laser beam. The LIF will work in
conjunction with the divertor Thomson scattering diag-
nostic (DTS) by employing common laser injection and

signal collection optics.'® The local electron tempera-
tures and densities (n, and T¢) in the observation points
measured by the DTS?7 will be used to determine n,,,
densities from the fluorescent signals using a dynamical
collision-radiative model.”

Inner target

Outer target

r//s
N

'\H’ ‘ Upper chords

Lower chords

st . .
1" observation point Laser beam

FIG. 8. LIF and DTS diagnostics scheme in ITER.

Spectroscopic schemes for measuring n,,_, densities are
based on laser excitation of allowed transitions between
the metastable singlet 2'S or triplet 23S) state to the
3P or 33P state (lines 501.6 and 388.9 nm), and the
observation of fluorescence in the 3'D — 2P (667.8 nm)
or 33D — 23P (587.6 nm) transition (See figure 1). The
fluorescent signals depend on the initial populations of
the 21:3S and 3'3P states, as well as the relaxation time
of the terms.

SOLPS calculations®® for ITER #1514(DT) scenarios
provide expected plasma parameter distributions (n., T,
Nyors Norrs Mpy) @s a function of poloidal cross-section.
The parameters are interpolated into the observation
points for this analized scenario (Figure 9). This data-
set is used to estimate contributions to both singlet and
triplet 2S term populations from charge-exchange and
recombination (radiative, 3b, and dielectronic).

Populations of He I 2'3S excited states are calcu-
lated by assuming quasi-static approximation, and show
a strong dominance of charge-exchange and recombina-
tion versus electron-impact excitation in the first (lower)
observation point (Figure 10). Near the divertor wall,
n,, is comparable with n., and about three-orders of
magnitude higher than n,,_,, the electron energy (T, ~ 1
eV) is lower than the threshold energy to excite the
atoms from the ground 1'S (AEsg_0sg = 19.8 eV
and AFEjig 01 = 20.6 €V). Thus, near the wall
charge-exchange and recombination processes dominate
the emission. In the second observation point, T, is about
9 eV, which is enough to excite the helium atoms from
the ground to the 23S terms more efficiently than CX
and recombination.
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interpolated for SOLPS run #1514(DT). The numbering of
the observation points is ordered upward from the bottom.
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FIG. 10. Populations of the 2'S and 23S states along the
laser beam for SOLPS #1514(DT) run with and without con-
sidering CX and recombination (top). Ratio of populations
between 2'S and 2°S states calculated with and without CX
and recombination (radiative, 3b, and dielectronic)(bottom).

Contributions of CX and recombination should be
taken into account in n,_ , measurements near the outer
target of the ITER divertor, where T, is only a few
eV. For T, > 5 eV, electron-impact excitation from
the ground state dominates over CX and recombination.
Therefore, LIF measurements of n,_, in the observation
points where T, > 5 eV requires only n. and T, values

obtained from DTS, without the need of knowing n,_,,
and n,, , profiles that are required for CX and recombi-
nation calculations.

V. CONCLUSIONS

Recent calculated deuterium-He CX cross-sections
from excited states have shown to be 4-orders of mag-
nitude larger than those from the ground state.' These
cross-sections together with electron recombination have
been implemented as source terms in a 1-D kinetic col-
lisional radiative model for helium gas-puff into plasma
in order to quantify and compare emission contributions
from electron-excitation, CX, and recombination.”!°
Three helium emission lines typically used in diagnos-
tics have been chosen in this analysis (667.8, 706.5, and
728.1 nm).

The results shown in this calculation reveal that al-
though helium emission from charge-exchange is 2-orders
of magnitude higher than emission from recombination
it is still 3-orders of magnitude weaker than emission
from electron excitation. This is due to two main fac-
tors: First, although the calculated deuterium density is
significantly higher near the wall, most of the population
remains in the ground state and only a fraction in the ex-
cited states as shown in figure 6. Second, the divergent
behavior of both deuterium density and He' ion along
the profile into the plasma. Deuterium densities remain
higher near the wall and decrease abruptly by several or-
ders of magnitude to the interior of the plasma, while the
He' ion density shows the opposite behavior where it is
very low near the wall, and rapidly increases by several
orders of magnitude into the plasma as the helium gas
becomes ionized (See figure 5).

Contributions of CX and recombination to LIF diag-
nostic of helium densities in ITER divertor is negligible
for spatial points where electron temperature T, > 5 eV.
Based on SOLPS plasma parameter distributions ana-
lyzed in this work, only in the nearest observation point
to the outer target is where T, ~ 1 eV, and where CX and
recombination (radiative, 3b, and dielectronic) are the
main populating mechanisms to the 2'S and 23S states
where the diagnostic laser pumps from. Electron-impact
excitation dominates the population and emission over
CX and recombination in the other 23 observation points,
and only n. and T, values provided by Thomson scatter-
ing are required to obtain n,_, profiles from flourescent
signals.

It is concluded that due to the small contributions
that both CX and electron recombination make, electron-
excitation dominates the emission. These results as-
sure confidence on the current line-ratio diagnostic model
where electron-excitation emission is assumed to be
dominant?, and recombination effects are eliminated by
emission background subtraction.”?3 However, due to
the higher contribution to the neutral helium population
that CX makes compared to electron recombination, CX



must be included as an important source in plasma ionic
fractional abundance calculations, as well as in helium-
ash transport studies in fusion reactors,?* and helium
removal in tokamaks.2?
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