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ABSTRACT

Emission contributions from charge-exchange of excited deuterium (n¼ 2, 3) with Heþ are evaluated in a 1-D kinetic collisional radiative
model in order to analyze their effects on the Thermal Helium Beam (THB) line-ratio diagnostic on ASDEX Upgrade and Laser Induced
Fluorescence (LIF) He I density measurements in ITER. Recent charge-exchange calculations show that cross sections from excited deute-
rium (n¼ 2, 3) with Heþ are over 4-orders of magnitude higher than those from the ground state (n¼ 1) and occur at very low energies
where they are more likely to interact with the thermal Heþ 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 diagnostics are typically used for nHeI and simultaneous determination of electron temperatures and densities and where contri-
butions 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 Heþ density pro-
files along the SOL and edge regions, the deuterium-Heþ charge-exchange contributions to the helium puff emission are 3-orders of magni-
tude 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, elec-
tron, and Heþ 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 by electron-
excitation. It is also shown that, in general, charge-exchange helium emission is 2-orders of magnitude higher than the 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.
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I. INTRODUCTION

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.1–3 The
challenge of large relaxation times of the metastable state of helium
intrinsic in this powerful diagnostic has been addressed by the inclusion
of time-dependent collisional radiative models (CRMs).4,5 Recently, the
thermal helium beam (THB) diagnostic has been upgraded at ASDEX
Upgrade (AUG)2,6 to allow measurements of high temporal and spatial
resolution electron temperature and density profiles. This high tempo-
ral and spatial resolution capability covers both the plasma edge and
Scrape-Off Layer (SOL) regions, and allows for determination of critical
transport quantities with the resolution of turbulent structures, fila-
ments, and single Edge Localized Modes (ELMs).2

In an effort to continue testing and validating this powerful diag-
nostic, forward modeling of helium beam gas-puff using a 1-D kinetic
collisional radiative model as well as other synthetic analysis has been
previously developed.7,8 In that model, additional atomic processes
present in the edge and SOL regions with plasma conditions such as
proton ionization and proton-helium charge-exchange (CX) have
been included.9

The forward 1-D kinetic model revealed that electron-impact
excitation and ionization are the dominating collisional mechanisms
during the emission and depletion of the helium neutral gas as injected
for diagnostic purposes. It also showed that interactions between the
neutral helium in the gas-puff and protons were several orders of mag-
nitude lower with respect to interactions with electrons, thereby vali-
dating the reliability of this powerful diagnostic tool.4,7

Recent atomic charge-exchange (CX) calculations from excited
hydrogen isotopes with Heþ ions suggest that additional emission
from recently formed helium neutrals may have to be taken into
account in the line-ratio calculation to obtain accurate electron densi-
ties and temperatures.10 Excited hydrogen (n¼ 2, 3) with Heþ CX
cross sections is over 4-orders of magnitude higher than CX from the
ground state (n¼ 1).10–12 This CX process also occurs at lower ener-
gies where interactions between recently formed low temperature
helium ions and hydrogen isotopes are more likely to occur, particu-
larly in the edge and SOL regions.

Laser Induced Fluorescence (LIF) diagnostic is based on the
interaction of the laser radiation with plasma and observation of the
response signals (fluorescence). The laser excites allowed transitions of
atoms or ions temporally increasing the emission in the pumping and
other lines. Fluorescent signals depend on the local density as well as
laser parameters and excitation processes such as electron-impact exci-
tation, recombination, and charge-exchange. LIF on ITER will be used
to measure neutral helium densities (nHeI) in the outer leg of the diver-
tor, where high gradients of plasma parameters are expected
(Te ¼ 0:3–200 eV; nD ¼ 109–1015 cm�3, nHeI ¼ 109–1013 cm�3, and
nHeII ¼ 109–5� 1012 cm�3). Therefore, deuterium/electron-Heþ CX/
recombination emission may be dominant vs electron-excitation in
some spatial points. CX complicate fluorescent signal interpretation to
determine nHeI density values as additional information about nD and
nHeII densities is needed when electron densities and temperatures are
obtained from the ITER divertor Thomson scattering diagnostic
(DTS) to consider only electron-impact processes.13

The additional populating CX mechanism for the two spin sys-
tems of helium is illustrated in Fig. 1. The repopulation of neutral

helium by CX is different for the singlet and triplet systems. These dif-
ferences influence the line-ratios and, thus, the temperature and den-
sity values that are calculated. The fluorescent signal from helium
neutrals are also a function of the initial population in both ground
(11S) and metastable states (21S and 23S); therefore, CX populating
mechanisms of these states affect the LIF nHeI 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 previ-
ously developed 1-D kinetic CRM is expanded to include both deute-
rium CX and electron recombination with Heþ ions.7

The model includes the same state-of-the-art R-matrix,14

R-Matrix with Pseudo-States (RMPS)15 electron excitation data used
in the previous model.7 The tabulated/interpolated temperature-
dependent electron-ionization rate-coefficients have been replaced by
numerically calculated values each time the model is run. The model
uses Convergent Close Coupling (CCC) ionization cross sections,16,17

which are used to calculate Maxwellian rate-coefficients.5,18 The
atomic data-set of the Hybrid-Time-Dependent/Independent (HTD/I)
helium line-ratio model has also been updated with the same ioniza-
tion CCC data.4

The first part of this paper describes the newly calculated set of
deuterium-Heþ CX cross sections and their implementation on the 1-
D kinetic CRM solution as well as the inclusion of electron recombina-
tion into the model.

In the second part of this paper, the 1-D model is used to calcu-
late 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 the excited states of deuterium, the popu-
lation 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 emis-
sion is then compared to those from electron-recombination and elec-
tron excitation in the helium puff.

In the third part, a brief description of the LIF diagnostic at ITER
is presented. The collisional radiative model is used to quantify

FIG. 1. Grotrian diagram showing the hydrogen-Heþ charge-exchange process for
both singlet (1S ground state) and triplet (3S metastable state) spin systems of helium.7
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contributions of CX and recombination to initial 21S and 23S state
populations from where the laser photoexcitation occurs using plasma
parameters provided by SOLPS calculations.

II. KINETIC COLLISIONAL RADIATIVE MODEL

The mathematical solution is expanded from the already devel-
oped 1-D kinetic CRM model.7 For the following derivation, ion-
impact ionization and He-proton CX are ignored since it has been
shown that those depletion mechanisms are many orders of magni-
tude lower than electron ionization.7 The solution now includes addi-
tional populating mechanisms for each of the nl atomic terms:

• Radiative decay: ½Aml0!nl/Anl!ml0 �
• Electron-impact excitation/de-excitation: ½qeml0!nl=q

e
nl!ml0 �

• Electron-impact ionization: ½Senl �
• Deuterium-Heþ charge-exchange: ½rCXD

nl �
• Radiative recombination: ½aðrÞnl �
• Dielectronic recombination: ½aðdÞnl �
• Three-body recombination: ½að3Þnl �.

The excited deuterium (n¼ 2, 3)-Heþ CX cross sections for each
of the two spin systems of helium have been recently calculated.10

Including the channels for each of the spin systems is very important to
take into account whenmodeling helium emission due to the long relax-
ation times of the metastable (see Fig. 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 hydrogen, deute-
rium, and tritium, particularly in the low collision energy region.10

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

The neutral atoms interacting with a plasma populating the
excited nl-term state are described using the kinetic equation that
includes the atomic collisional processes on the right hand side7

@fnl
@t
þ v � rfnl ¼

X
nl 6¼ml0

Aml0!nl þ neq
e
ml0!nl

� �
fml0

� neS
e
nl þ

X
nl 6¼ml0

Anl!ml0 þ neq
e
nl!ml0

� �� �
fnl

þ nDq
CXD
nl ðvÞ þ ne aðrÞnl þ adnl þ nea

ð3Þ
nl

h in o
fHeþðvÞ;

(1)

where ne and nD are the free electron/deuterium densities, and
fnlðv; r; tÞ is the neutral atom distribution function in the excited nl-
term. The deuterium-Heþ CX rate-coefficient is described by

qCXD
nl ðvÞ ¼

1
nD

ð
d3v0jv� v0jrCXD

nl ðjv� v
0jÞfDðv0Þ; (2)

with deuterium and Heþ distribution functions

fDðvÞ ¼
nD

p3=2v3thD
e�v

2=v2thD ;

fHeþðvÞ ¼
nHeþ

p3=2v3thHeþ
e
�v2=v2thHeþ ;

(3)

and thermal velocities

vthD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTD

mD

s
;

vthHeþ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTHeþ

mHeþ

s
:

(4)

The solution to the kinetic equation is assumed to be in the
form7

fnlðv; r; tÞ ¼ foðvÞnnlðr; tÞ; (5)

with the density of the nl-state population nnlðr; tÞ, a shifted flow

velocity defined as vn ¼ M
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ckBTn=mn

p
, where M is the Mach num-

ber, Tn is the temperature, and mn is the mass of the neutrals, and
c ¼ 5=3 for helium7,19

foðvÞ ¼
1

p3=2v3thn
e�ðv�vnÞ

2=v2thn : (6)

Equation (1) is integrated with respect to velocity to obtain7

@nnl
@t
þ vn � rnnl ¼

X
nl 6¼ml0

Aml0!nl þ neq
e
ml0!nl

� �
nml0

� neS
e
nl þ

X
nl 6¼ml0

Anl!ml0 þ neq
e
nl!ml0

� �� �
nnl

þnD
ð
d3vqCXD

nl ðvÞfHeþðvÞ þ nenHeþ

� aðrÞnl þ adnl þ nea
ð3Þ
nl

h i
: (7)

Using the definition of deuterium-Heþ CX rate-coefficient from
Eq. (2), the generalized CX coefficients (QCXD

nl ) are defined as

nD

ð
d3vqCXD

nl ðvÞfHeþðvÞ ¼ nDnHeþQ
CXD
nl : (8)

FIG. 2. Charge-exchange cross sections between deuterium and Heþ for the two
spin systems of helium: D(nl) þ Heþ ! Dþ þ He(1S,3S). 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.10
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The generalized CX rate-coefficient is numerically integrated
from7

QCXD
nl ¼

4ffiffiffi
p
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2thD þ v2thHeþ

q ð1
0
d��3rCXD

nl ð�Þe
��2 ; (9)

where the nondimensional quantity � is defined as a function of the
center of mass energy between the deuterium and Heþ

� ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2thD þ v2thHeþ

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eEðeV=uÞ

mu

s
: (10)

Figure 3 shows the numerically calculated generalized rate-
coefficients using Eq. (9), the cross sections shown in Fig. 2, and
Gauss-Laguerre quadrature.20 The ion temperature THeþ ¼ 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 electron through CX.
However, the Heþ temperature was varied and showed little change
from these values.

Choosing the propagation velocity axis of the gas-puff along the
radial direction vn ¼ vnr̂ , Eq. (7) is expressed as

@nnl
@t
þ vn

@nnl
@r
¼
X
nl 6¼ml0

Aml0!nl þ neq
e
ml0!nl

� �
nml0

� neS
e
nl þ

X
nl 6¼ml0

Anl!ml0 þ neq
e
nl!ml0

� �� �
nnl

þnHeþ nDQ
CXD
nl þ ne aðrÞnl þ adnl þ nea

ð3Þ
nl

h in o
;

(11)

which can now be written in terms of the collisional radiative matrix
and the charge-exchange/recombination coefficients

@nnl
@t
þ vn

@nnl
@r
¼
X
nl 6¼ml0

Cnl;ml0nml0 þ Cnl;nlnnl þ nHeþR
CXD;r
nl : (12)

The nondiagonal elements of the matrix (gains) are represented
by

Cnl;ml0 ¼ Aml0!nl þ neq
e
ml0!nl; (13)

and the diagonal elements (losses) by

Cnl;nl ¼ � neSenl þ
X
nl 6¼ml0

Anl!ml0 þ neq
e
nl!ml0

� �� �
: (14)

The charge-exchange/recombination coefficients are defined as

RCXD;r
nl ¼ nDQ

CXD
nl þ ne aðrÞnl þ adnl þ nea

ð3Þ
nl

h i
: (15)

Using the method of integration along characteristics,7 Eq. (11) is
reduced to

dnnl
ds
¼
X
nl 6¼ml0

Cnl;ml0nml0 þ Cnl;nlnnl þ nHeþR
CXD;r
nl : (16)

This equation is written in terms of the collisional radiative
matrix form for a N total number of populated nl-terms

dn1
ds
dn2
ds

..

.

dnN
ds

0
BBBBBBBBBB@

1
CCCCCCCCCCA
¼

C1;1 C1;2 … C1;N

C2;1 C2;2 … C2;N

..

. ..
. . .

. ..
.

CN;1 CN;2 … CN;N

0
BBBBBB@

1
CCCCCCA
�

n1

n2

..

.

nN

0
BBBBB@

1
CCCCCA

þ nHeþ

RCXD;r
1

RCXD;r
2

..

.

RCXD;r
N

0
BBBBBB@

1
CCCCCCA
: (17)

This system is solved by diagonalizing the CRM matrix, solving
the uncoupled first order differential equation, and expressing it in
terms of the matrix eigenvalues and eigenvectors4,7

nnlðrÞ ¼
XN
c¼1

Vnl;c

XN
i¼1

V�1c;i niðroÞe
1
vn

kc r�ro½ �
�(

þnHeþðroÞ
RCXD;r

i

kc
e

1
vn

kc r�ro½ � � 1
� 	
)

; (18)

where the electron-excitation contribution to the nl-state population is
represented by the left-side term inside the brackets, and both CX and
recombination contributions are represented by the right-side term
inside the brackets. From Eq. (5), the final solution of the helium neu-
trals distribution function is given by7

FIG. 3. Generalized charge-exchange rate-coefficients for the two spin systems
of helium [D(nl) þ Heþ ! Dþ þ He(1S,3S)] calculated using Eq. (9), and
THeþ ¼ 300 K.10
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fnlðv; r; tÞ ¼ foðvÞ
XN
c¼1

Vnl;c

XN
i¼1

V�1c;i niðroÞe
1
vn

kc r�ro½ �
�(

þnHeþðroÞ
RCXD;r

i

kc
e

1
vn

kc r�ro½ � � 1
� 	
)

: (19)

III. BEAM EMISSIVITY ANALYSIS IN AUG

The solution of the kinetic CRM is used to calculate emissivities
along the center of a simulated expanding gas-puff injection on the
midplane for three lines of helium (667.8, 706.5, and 728.1 nm) that
are typically used in line-ratio diagnostics.7 These emissivities are

FIG. 4. Poloidal cross section of electron and atomic-and molecular neutral deuterium density (upper row) and temperature (lower row) computed by the 3D transport code EMC3-
EIRENE21 for AUG H-mode discharge 30 701 at 3.2 s. A separatrix density of 3.2� 1013 cm�3 was assumed at a heating power of 5.2MW of which 1.6MW was radiated by impurities.
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calculated as the gas is injected from the wall into the plasma. The
plasma parameters on the midplane are obtained from generated 2-D
profiles using the EIRENE Monte Carlo transport code.21 These 2-D
profiles are shown in Fig. 4.

The total deuterium density is calculating by assuming that the
D2 molecules are completely dissociated and added to the monoatomic
deuterium. The calculation requires the knowledge of the Heþ ion
density profiles. In order to estimate these ion profiles, the 1-D kinetic
CRM model without recombination and CX is used with the assump-
tion that every ionization will only remain as Heþ7 and will not
undergo a further ionization to He2þ. Figure 5 shows the estimated
deposited Heþ ion density from the helium gas-puff injection using
the plasma profiles along the midplane of AUG.

The excited nl-term deuterium populations needed 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 data15 and electron-ionization CCC data.16

This data-set has also been employed in emission calculations from
the deuterium neutral beam.22 Figure 6 shows the calculated deute-
rium ground and excited populations along the midplane of AUG.

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

The results from Fig. 7 clearly show the dominance of the CX
emission vs recombination. A direct comparison between the two pro-
cesses can be clearly made where both electron and deuterium densi-
ties are equal (radial location r¼ 4 cm). It can be appreciated that the
contribution from CX to the emission is about 2-orders of magnitude

higher than contributions from recombination. The total calculated
emissivity that includes electron-excitation, CX, as well as recombina-
tion is also shown.

By comparing the results shown in Figs. 5–7 it can be concluded
that although CX contributions to the emission are 2-orders of magni-
tude higher than contributions from recombination, they are still 3-
orders of magnitude lower than electron excitation. By looking at the
ion/neutral density profiles shown in Fig. 5, it is clear that while the
density of deuterium is higher near the wall and decreases drastically
further into the plasma, the Heþ ion density is low near the wall and
drastically increases further into the plasma. Since deuterium-Heþ 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 excitation even though the excited state
deuterium cross sections are 4-orders of magnitude higher than those
from the ground state.10 Another factor that decreases CX emission is
that most of the deuterium is concentrated in the ground state in com-
parison to the excited population as shown in Fig. 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 (nHeI) in the outer leg of
the divertor.26 A laser beam is injected into the plasma, and the laser-
fluorescent signals are collected through the gap between divertor cas-
settes (Fig. 8). The measurements will be made simultaneously in 24
different spatial locations to provide the nHeI distribution along the
laser beam. The LIF will work in conjunction with the divertor

FIG. 5. Ionization modeling of the helium
beam gas-puff as it penetrates the
plasma.7 The 1-D kinetic CRM model is
used to calculate the density of Heþ

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 Fig.
4 projected along the midplane 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 temperatures
and densities together with the density of
deuterium are used in a quasi-static CRM
to calculate the nl-excited population den-
sities 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 ne � nD.

FIG. 7. Calculated electron-recombination
and deuterium-Heþ charge-exchange
emissivities along the midplane of AUG.
The total emissivity due to electron-
excitation is also shown on the bottom
plot for comparison purposes.
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Thomson scattering diagnostic (DTS) by employing common laser
injection and signal collection optics.13 The local electron temperatures
and densities (ne and Te) in the observation points measured by the
DTS27 will be used to determine nHeI densities from the fluorescent
signals using a dynamical collision-radiative model.5

Spectroscopic schemes for measuring nHeI densities are based on
laser excitation of allowed transitions between the metastable singlet
21S or triplet 23S state and the 31P or 33P state (lines 501.6 and
388.9 nm), and the observation of fluorescence in the 31D ! 21P
(667.8 nm) or 33D! 23P (587.6 nm) transition (see Fig. 1). The fluo-
rescent signals depend on the initial populations of the 21,3S and 31,3P
states as well as the relaxation time of the terms.

SOLPS calculations28 for ITER #1514(DT) scenarios provide
expected plasma parameter distributions (ne, Te, nHeI, nHeII, nDI) as a
function of poloidal cross section. The parameters are interpolated
into the observation points for this analyzed scenario (Fig. 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 21,3S excited states are calculated by assum-
ing quasi-static approximation and show a strong dominance of
charge-exchange and recombination vs electron-impact excitation in
the first (lower) observation point (Fig. 10). Near the divertor wall, nDI
is comparable with ne, and about three-orders of magnitude higher
than nHeI; the electron energy (Te � 1 eV) is lower than the threshold
energy to excite the atoms from the ground 11S (DE13S!23S ¼ 19:8 eV
and DE11S!21S ¼ 20:6 eV). Thus, near the wall, charge-exchange and
recombination processes dominate the emission. In the second obser-
vation point, Te is about 9 eV, which is enough to excite the helium
atoms from the ground to the 21,3S terms more efficiently than CX
and recombination.

Contributions of CX and recombination should be taken into
account in nHeI measurements near the outer target of the ITER diver-
tor, where Te is only a few eV. For Te > 5 eV, electron-impact excita-
tion from the ground state dominates over CX and recombination.
Therefore, LIF measurements of nHeI in the observation points where
Te > 5 eV requires only ne and Te values obtained from DTS, without

the need of knowing nHeII and nH,D profiles that are required for CX
and recombination calculations.

V. CONCLUSIONS

Recent calculated deuterium-Heþ CX cross sections from excited
states have shown to be 4-orders of magnitude larger than those from
the ground state.10 These cross sections together with electron recom-
bination have been implemented as source terms in a 1-D kinetic

FIG. 8. LIF and DTS diagnostics scheme in ITER. FIG. 9. Plasma parameter distributions along the laser beam interpolated for
SOLPS run #1514(DT). The numbering of the observation points is ordered upward
from the bottom.

FIG. 10. Populations of the 21S and 23S states along the laser beam for SOLPS
#1514(DT) run with and without considering CX and recombination (top). Ratio of
populations between 21S and 23S states calculated with and without CX and
recombination (radiative, 3b, and dielectronic) (bottom).
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collisional radiative model for helium gas-puff into plasma in order to
quantify and compare emission contributions from electron-
excitation, CX, and recombination.7,10 Three helium emission lines
typically used in diagnostics have been chosen in this analysis (667.8,
706.5, and 728.1 nm).

The results shown in this calculation reveal that although 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 excited states as shown in Fig. 6, and
second, the divergent behavior of both deuterium density and Heþ ion
along the profile into the plasma. Deuterium densities remain higher
near the wall and decrease abruptly by several orders of magnitude to
the interior of the plasma, while the Heþ ion density shows the oppo-
site 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 Fig. 5).

Contributions of CX and recombination to LIF diagnostic of
helium densities in the ITER divertor is negligible for spatial points
where electron temperature Te > 5 eV. Based on SOLPS plasma
parameter distributions analyzed in this work, only in the nearest
observation point to the outer target is where Te � 1 eV, and where
CX and recombination (radiative, 3b, and dielectronic) are the main
populating mechanisms to the 21S and 23S states where the diagnostic
laser pumps from. Electron-impact excitation dominates the popula-
tion and emission over CX and recombination in the other 23 observa-
tion points, and only ne and Te values provided by Thomson
scattering are required to obtain nHeI profiles from fluorescent signals.

It is concluded that due to the small contributions that both CX
and electron recombination make, electron-excitation dominates the
emission. These results assure confidence on the current line-ratio
diagnostic model where electron-excitation emission is assumed to be
dominant,4 and recombination effects are eliminated by emission
background subtraction.7,23 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 trans-
port studies in fusion reactors24 and helium removal in tokamaks.25
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