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Abstract
Multi-spectral imaging of helium atomic emission (HeMSI) has been used to create 2D poloidal
maps of Te and ne in TCV’s divertor. To achieve these measurements, TCV’s MANTIS
multispectral cameras (Perek et al 2019 Rev. Sci. Instrum. 90 123514) simultaneously imaged
four He I lines (two singlet and two triplet) and a He II line (468 nm) from passively present He
and He+. The images, which were absolutely calibrated and covered the whole divertor region,
were inverted through the assumption of toroidal symmetry to create emissivity profiles and,
consequently, line-ratio profiles. A collisional-radiative model (CRM) was applied to the
line-ratio profiles to produce 2D poloidal maps of Te and ne. The collisional-radiative modeling
was accomplished with the Goto helium CRM code (Zholobenko et al 2018 Nucl. Fusion 58
126006, Zholobenko et al 2018 Technical Report, Goto 2003 J. Quant. Spectrosc. Radiat.
Transfer 76 331–44) which accounts for electron-impact excitation (EIE) and deexcitation, and
electron–ion recombination (EIR) with He+. The HeMSI Te and ne measurements were

a See Reimerdes et al 2022 (https://doi.org/10.1088/1741-4326/ac369b) for the TCV Team.
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compared with co-local Thomson scattering measurements. The two sets of measurements
exhibited good agreement for ionizing plasmas: (5eV⩽ Te ⩽ 60eV, and
2× 1018m−3 ⩽ ne ⩽ 3× 1019m−3) in the case of majority helium plasmas, and
(10eV⩽ Te ⩽ 40eV,2× 1018m−3 ⩽ ne ⩽ 3× 1019m−3) in the case of majority deuterium
plasmas. However, there were instances where HeMSI measurements diverged from Thomson
scattering. When Te ⩽ 10eV in majority deuterium plasmas, HeMSI deduced inaccurately high
values of Te. This disagreement cannot be rectified within the CRM’s EIE and EIR framework.
Second, on sporadic occasions within the private flux region, HeMSI produced erroneously high
measurements of ne. Multi-spectral imaging of Helium emission has been demonstrated to
produce accurate 2D poloidal maps of Te and ne within the divertor of a tokamak for plasma
conditions relevant to contemporary divertor studies.

Keywords: scrape-off layer, multi-spectral imaging, TCV, helium collisional radiative modeling,
plasma boundary physics, tokamak divertor, tokamak diagnostics

(Some figures may appear in colour only in the online journal)

1. Introduction

Solving the plasma exhaust problem is a prerequisite for future
commercial tokamak reactors. Research dedicated to advan-
cing theoretical understanding and computational modeling of
the boundary of a diverted tokamak plasma continues towards
this goal ([1] and references therein). Critical to such pro-
gress are local measurements of Te and ne in the volume of the
scrape-off layer of present-day experiments. However, various
constraints limit the spatial coverage of such measurements.
Generally, the diagnostic coverage of Te and ne in the plasma
boundary is limited to a relatively sparse collection of Thom-
son scattering or Langmuir probe measurements. Thomson
scattering measurements are confined to the one-dimensional
path of their lasers, and Langmuir probe measurements (when
non-invasive) occur at the surface of the vessel. Consequently,
the majority of the boundary volume lacks diagnostic cov-
erage. This is particularly problematic for divertor experi-
ments at the tokamak à configuration variable (TCV)[2–5].
Diagnostic coverage cannot be tuned to an optimal coverage
for all experiments because of the diversity of magnetic geo-
metries explored and the large divertor volume (see figure 1).

These constraints motivate the ongoing development of
imaging techniques at TCV with the high-resolution multi-
spectral cameras deemed the Multispectral Advanced Nar-
rowband Tokamak Imaging System (MANTIS) diagnostics
[6]. These MANTIS cameras employ a polychromator design
allowing them to image up to ten individual spectral lines sim-
ultaneously over the same tangential view of the chamber. The
images are absolutely calibrated, and by assuming toroidal
symmetry, the images are tomographically inverted to create
2D poloidal emissivity maps. Analysis of the emissivity maps
of the several Balmer lines observed byMANTISwas reported
on previously in Perek [7] and Perek [8].

This paper describes the measurement of 2D poloidal pro-
files of Te and ne via multi-spectral imaging of helium lines
(HeMSI) at TCV and the experiments performed to valid-
ate the profiles against co-local divertor Thomson scatter-
ing measurements. To perform these measurements, the abso-
lute brightnesses of 4 He I lines, 728.2 nm (3 1S→ 2 1P),

667.8 nm (3 1D→ 2 1P), 706.5 nm (3 3S→ 2 3P) and 587.6 nm
(3 3D→ 2 3P), and a He II line, 468 nm (4→ 3) were sim-
ultaneously imaged with sightlines covering the entire diver-
tor cross-section. These images were then inverted into pol-
oidal emissivity profiles. Then, the ratios of emissivities at
each point in the poloidal grid were independently regressed to
Te and ne values using a collisional-radiative model (CRM) for
He. The CRM accounted for electron-impact excitation (EIE)
and deexcitation and electron–ion recombination (EIR) with
He+. The atomic rates used in the CRM were taken from the
Goto He CRM (G-CRM)[9–11].

The application of helium line-ratios as a Te and ne dia-
gnostic was first proposed by Cunningham in 1955 [12].
Helium line-ratio spectroscopy (HLRS) has since become an
effective plasma diagnostic and has been utilized in multiple
plasma experiments including: AUG [13, 14],Magnum [15],
PISCES-A [16], W7X [9, 10], TEXTOR [17], LHD [18],
MAP-II [19, 20], H-1 [21], TJ-II [22],MAST [23], Nagdis-
II [24], RFX [25], COMPASS [26], JT-60 [27], and JET
[28]. The work presented here is innovative in that it was the
first application of HLRS in a tokamak which incorporated
2D poloidal emissivity profiles. Traditional HLRS methodo-
logies in tokamaks have utilized a localized He gas puff. The
advantages of the gas puff methodology are that it does not
require the inversion of images and recombination processes
can typically be ignored. However, the methodology is lim-
ited in its spatial coverage and is inherently perturbative.While
HeMSI requires image inversions and consideration of recom-
bination processes, this innovative approach produces 2D Te
and ne profiles with unprecedented spatial coverage. Further-
more, HeMSI requires viewing multiple lines simultaneously
with sufficient resolution to permit inversion. Thus, HeMSI
has only now been made feasible for a tokamak experiment
with the introduction of the MANTIS diagnostics at TCV.

Excluding a few exceptions to be noted, HeMSI
was shown in the experiments to produce good agree-
ment with Thomson scattering for ionizing plasmas:
5eV⩽ Te ⩽ 60eV and 2× 1018m−3 ⩽ ne ⩽ 3× 1019m−3

in majority helium plasmas, and 10eV⩽ Te ⩽ 40eV and
2× 1018m−3 ⩽ ne ⩽ 3× 1019m−3 in majority deuterium
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Figure 1. Magnetic reconstructions from three TCV discharges.
They illustrate the wide-range of magnetic geometries explored at
TCV and the amount of plasma volume in the boundary that goes
without Te and ne diagnostic coverage.

plasmas. For deuterium plasmas with Te < 10eV, HeMSI
significantly overestimated Te according to Thomson scatter-
ing. This deviation from agreement was consistent with reports
from other helium–hydrogen plasma experiments [19, 29–33],
and suggests that the CRM is omitting key processes in this
regime. Lastly, HeMSI measurements intermittently diverged
from those of Thomson scattering in the private flux region,
and the root of this sporadic disagreement is not currently
known.

This paper is organized into the following sections.
Section 2 gives an overview of helium collisional-radiative
modeling, how line-ratios are mapped to Te and ne measure-
ments, and the sources of atomic rates. Section 3 details the
MANTIS diagnostics. Section 4 provides a qualitative descrip-
tion of the He, He II and C III images observed byMANTIS at
TCV. The C III line is included as it will be used to confirm that
the plasma is an ionizing plasma in the future when HeMSI
is used apart from Thomson scattering. Section 5 describes
the series of discharges used to validate HeMSI measure-
ments against Thomson scattering measurements. Section 6
explains how the data from Thomson scattering and HeMSI
were consolidated in order to facilitate their comparison and
their presentation in this work. Section 7 presents and dis-
cusses the HeMSI and Thomson scattering measurements and
the results of their comparison. Finally, section 8 summarizes
the results and concludes the paper.

2. Helium CRM

A CRM describes the evolution of atomic or molecular state
populations within a background plasma. In diagnostic applic-
ations, CRMs are used to forward-model atomic emissions

from plasma parameters, including Te and ne, so that they
may be determined by fitting the predictions to spectroscopic
measurements. Collisional-radiative modeling originated in
Bates [34], and has since been thoroughly described in several
works. The general theory of CRMs is presented in Fujimoto
[35] and Summers et al [36]. The original derivation of meta-
stable resolved He CRMs was first given in Fujimoto [37].
More recent explanations of the helium CRMs can be found in
Goto [11], Muñoz-Burgos et al [38], and Zholobenko [9, 10].

Quantitatively, a CRM is a system of first-order differ-
ential rate equations. The helium collisional model utilized
in this work accounts for: radiative decay (Ai→j), EIE and
deexcitation (qei→j), electron impact ionization (Sei ), three-body
recombination (αi), radiative recombination (βi), and dielec-
tronic recombination (βdi ). The three recombination processes
will be referred to collectively as electron–ion recombination
(EIR). The system of equations defining the He CRM is given
in equation (1), and a description of each term in equation (1)
is given in table 1.

dni
dt

=
∑
j ̸=i

(Aj→i+ neq
e
j→i)nj−

∑
j<i

Ai→j+
∑
j ̸=i

neq
e
i→j+ neS

e
i

ni

+ nHe+ne(αi+βi+βdi ). (1)

A key result of collisional-radiative modeling is that the pop-
ulations of many excited states can be approximated as resid-
ing in a quasi-static equilibrium (QSE) with the background
plasma, i.e. dni

dt = 0. In regards to equation (1), QSE means
that the population of such an excited state becomes solely
a function of Te, ne, nHe+ , and the populations of ground and
metastable helium states. The timescale, relaxation time, for
an atomic state of helium to reach QSE is given by [35]:

τ irelax =
1

(
∑

j<iAi→j+
∑

j ̸=i neq
e
i→j+ neSei )

. (2)

In this work, all excited states including metastables will be
assumed to be in QSE. The metastable state 23S cannot decay
through a radiative dipole transition and is the slowest to relax.
Therefore, τrelax, which is defined here as the relaxation time
for all states, is given by

τrelax ≡ τ 2
3S

relax =
1

(neqe23S→j+ neSe23S)
. (3)

In regards to HeMSI and following from equation (3), the
criterion for QSE to be applicable to neutral helium traversing
the divertor is:

λ
pol
(Te,ne)

vHe
<< τrelax (4)

where λpol(Te,ne)
is the length scale in the poloidal plane over

which Te and ne vary, and vHe is the velocity of the helium
atoms. In this work, helium atoms are assumed to be at the tem-
perature of the walls, ≈ 300K. Figure 2(a) depicts the relax-
ation time and the average distance traveled in the poloidal
plane by helium atoms at 300K in one τrelax interval. In the

3
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Table 1. Description of parameters included in equation (1).

ne Electron density
Te Electron temperature
nHe,He+ Neutral He, or He+ density
ni Density of the ith He atomic state
qei→j(Te) Electron impact (de-)excitation rate coefficient from ni to nj
Sei (Te) Electron impact ionization rate coefficient from ni to He+

αi(Te,ne),βi(Te),βdi (Te) Three-body, radiative, and dielectronic recombination rate coefficients
Ai→j Einstein spontaneous emission coefficients (Ai→j = 0 for i⩾ j)

Figure 2. (a)): Relaxation time, τrelax, and the average distance traveled in the poloidal plane during that time, λrelax, by neutral helium
atoms at 300K and in a 1.4 T magnetic field. (b)): Ratio of PECRecom to PECExcit as a function of Te at 5× 1018m−3.

context of TCV, λpol(Te,ne)
≈ 2 cm, and ne > 2× 1018m−3 along

the leg of an L-mode plasma. Therefore, looking at figure 2(a),
an assumption of QSE for the metastable helium states is jus-
tified for the plasmas analyzed in this work.

Setting dni
dt = 0 for all but the 11S state, equation (1) simpli-

fies to:

n(p) = r0(p)nenHe+ + r1(p)nen(1
1S) (5)

where p indexes an excited state of helium, the r0(p) and r1(p)
are coefficients determined by Te and ne, and n(X) denotes the
number density of species X.

The emissivity produced from the ni → nj transition (with
units photons

s·m3 ) is given by:

ϵi→j(t) = Ai→jni(t). (6)

Combining equations (5) and (6) yields:

ϵHei→j = Ai→jr1(i)nHe(11S)ne +Ai→jr0(i)nHe+ne. (7)

Adjusting the notation going forward, the Aijr(i) terms
are relabeled as photon emissivity coefficients (PECs) in
accordance with the terminology of Summers et al [36], and
it is assumed that nHe ≈ nHe(11S). Thus, equation (7) becomes:

ϵHei→j = nHenePEC
i→j
Excit + n(He+)nePEC

i→j
Recom. (8)

Equation (8) shows that Helium emission is driven by two
processes, EIE which corresponds to the nHenePEC

i→j
Excit term

and EIR which corresponds to the n(He+)nePEC
i→j
Recom term. In

this work, it will be assumed the EIE emission dominates.
Motivation for this assumption is seen in figure 2(b) wherein
it can be seen that:

PECRecom

PECExcit
<< 1 (Te > 2eV). (9)

It is assumed in this work that nHe+ is not large enough to over-
come the disparity between PECRecom and PECExcit. Therefore,
the emissivity of He I line can be approximated as:

ϵHei→j ≈ nHenePEC
i→j
Excit. (10)

2.1. Fitting data to forward model

Measurements of Te and ne are inferred by matching the
observed relative intensities of He I lines to CRM predictions.
Using equation (10), the line-ratios can be expressed as

rab =
ϵa
ϵb

≈ PECa
Excit

PECb
Excit

. (11)

4
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Table 2. References to the two CRMs and the rates they employ.

G-CRM A-CRM

References describing CRM [9–11] [38]
Ai→j source [39] [40]
qei→j(Te) source [9, 10, 41] [42]
Sei (Te) source [9, 10, 41] [41, 43]
αi(Te,ne),βi(Te),βdi (Te) source See reference within [37] [42, 44]
Includes effects of magnetic field Yes No

In these HeMSI validation experiments, 4 He I lines,
728 nm, 706 nm, 668 nm, and 587 nm were observed. The fit-
ted Te and ne were determined by performing a least squares
regression between the measured He I line ratios and the pre-
dictions of the CRM being scanned over the Te and ne para-
meter space, i.e.:

(Te,ne)fit = argmin
∑
i

(
1− robsi

rmodel
i (Te,ne)

)2

. (12)

2.2. Sources of atomic rates

The efficacy of collisional radiativemodeling is constrained by
the accuracy of the atomic rates. Two different helium CRM
codes which utilize different sources of atomic data were used
in the analysis of the HeMSI measurements. The first code
[9–11] has been dubbed the Goto code (in reference to Goto
2003 [11]) in the literature and will be denoted as G-CRM.
The second code [38] makes use of cross-sections and compu-
tational routines available from the atomic data analysis struc-
ture (ADAS) database and will be denoted as A-CRM. Table 2
summarizes the data sources implemented by these codes. G-
CRM uses EIE and ionization cross-sections from Ralchenko
et al [41] for states n⩽ 4, uses scaling laws for 5⩽ n⩽ 20
[9, 10], and assumes that states 21⩽ n⩽ 26 are described by a
Saha–Boltzmann equilibrium. A-CRM implements EIE cross-
sections from Ballance et al [42] but ionization cross-sections
from Ralchenko et al [41]. For completeness, it is noted that
G-CRM accounts for the mixing of singlet and triplet atomic
states by a finite magnetic field and A-CRM does not account
for a magnetic field. However, the effects of the magnetic field
at TCV’s 1.4 T field are negligible.

The predicted line ratios of excitation-driven emission for
31S→2 1P
31D→2 1P , i.e. Lrt(

728nm
668nm ), and

33S→2 3P
31D→2 1P , i.e. Lrt(

728nm
668nm ), by G-

CRM at B= 1.4T and by A-CRM are shown in figure 3. Dir-
ect comparisons of G-CRM at B= 1.4T to A-CRM and to G-
CRM at B= 0 are shown in figure 4. As will be discussed in
section 7, G-CRM was found to produced Te and ne measure-
ments in good agreement with those of Thomson scattering,
whereas A-CRMwas found to systematically overestimate the
temperature. The root of this overestimation by A-CRM is
that A-CRM predicts Lrt( 728nm706nm )’s that are ∼20% smaller for a
given Te than what is observed and predicted by G-CRM. Due
to this disparity in performance, only HeMSI measurements
produced with G-CRM are presented in section 7 and are the
focus of this work. Both codes are noted here as both are still

employed frequently in plasma research. For works employ-
ing and related to G-CRM, see [9–11, 18–21, 24, 27, 31–33,
37, 45–62] and for those employing, and related to A-CRM,
see [13, 14, 38, 42, 63–68].

3. MANTIS spectral cameras

The MANTIS diagnostics are high-resolution multi-spectral
cameras. Each MANTIS diagnostic implements a polychro-
mator design that filters light through the repeated reflection
of the light by band-pass filters, which have pass-bands of
∼1.5 nm. Light which passes through a filter is imaged onto
a CMOS detector. An original ten-channel diagnostic was
described in Perek et al [6], and an additional six-channel sys-
tem has since been installed. Both systems have toroidally
tangential views of TCV. The six-channel system views the
plasma from the mid-plane and the ten-channel system views
the plasma from 0.450m below the mid-plane. Figure 5 illus-
trates the installation of the MANTIS cameras on TCV and
examples of images taken from both systems. In this work, the
16 camera detectors operated at 200 frames per second with 12
bits of dynamic range and the pixels were square in shape. The
gain and exposure times were adjusted dynamically to avoid
overexposure.

For HeMSI, two He I singlet lines, 728.2 nm (3 1S→ 2 1P)
and 667.8 nm (3 1D→ 2 1P), two He I triplet lines, 706.5 nm
(3 3S→ 2 3P ) and 587.6 nm (3 3D→ 2 3P ), and a He II
line, 468 nm (4→ 3), were observed. During the course of the
experimental campaign, a single Phantom fast-camera [69],
which can image the whole lower divertor at a 150 kHz framer-
ate, was introduced in place of the standard camera to observe
the 587 nm (3 3D→ 2 3P ) transition. The Phantom camera’s
sensitivity was not calibrated at the time of writing. Discharges
conducted after the installation of the fast-camera only use the
668, 706, and 728 nm He I lines for the Te and ne fits.

3.1. System calibration

The absolute brightnesses of the images are calibrated using an
integrating sphere coupled to a broadband lamp. The spectral
radiance of the broadband light at the output of the integrat-
ing sphere, the transmission of the band-pass filters, and their
respective uncertainties are assumed to be known from the data
provided by their manufactures. The uncertainty in the radi-
ance of the lamp was given as 3%. The filters’ transmission
profiles were provided at 0.05–0.1 nm increments about their
band-passes with each transmission having an uncertainty of

5
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Figure 3. Contour plots of Lrt( 728nm706nm ) and Lrt(
728nm
668nm ) for EIE driven emission for G-CRM at B= 1.4T and A-CRM.

< 1%. Note that these specifications detail how the filters per-
formwithin the optical layout ofMANTIS, a converging beam
of light with 2.3◦ half-cone angle about an average angle of
incidence of 3◦.

When observing a brightness source with MANTIS, the
counts per second measured by a pixel, pi, is related to the
radiance of the source by:

pi =
ˆ
Ω

ˆ
A

ˆ
ν

αi(ν)B(ν)f(ν)dνdadω =ΩiAi

ˆ
ν

αi(ν)B(ν)f(ν)dν

(13)

where Ai is the area of the sphere viewed by the pixel, Ωi is the
solid angle subtended by the aperture of the optics about the
area being viewed, αi(ν) is an efficiency coefficient incorpor-
ating the quantum-efficiency of the detector and transmission
of the optical system, f(ν) is the transmission of the band-pass
filter, and B(ν) is the radiance of the source. B(ν) and αi(ν) are

assumed to be constant about the center-wavelength, νo, of the
1.2 nm wide band-pass of the filter. Therefore:

pi = αi(νo)B(νo)ΩiAiF (14)

F≡
ˆ νo+δν

νo−δν

f(ν)dν. (15)

The calibration factor γi for the pixel is then defined as:

1
γi

≡ pi
B(νo)F

=ΩiAiαi(νo). (16)

Now, instead of a broadband source, assume a monochro-
matic source of light, Lm(νo), is input into the system. The sig-
nal per second on the pixel, pmi , is then:

pmi = α(νo)ΩiAiL
m(νo)f(νo). (17)

6
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Figure 4. Ratio of predicted line-ratios from G-CRM at B= 1.4 to A-CRM and G-CRM at B= 0.

This permits the measurement of Lm(νo) via the calibration
factor, γi, i.e.:

γi
f(νo)

pmi = Lm(νo). (18)

3.2. Inversion of the images

The emissivity of a plasma, ϵ(⃗r), has dimensions of ( photonss· m3 ).
The counts per second recorded by a pixel, pi, is related to the
emissivity, which is assumed constant in time, by:

pmi = f(νo)α(νo))
ˆ
Ω

ˆ
T

ˆ
A

ˆ
l
ϵ(⃗r)/(4π)dΩdAdl

= f(νo)α(νo)ΩiAi

ˆ
L
ϵ(⃗r)dl (19)

where l is the length along the pixel’s line-of-sight. In integrat-
ing over dω and da it has been implicitly assumed that plasma
emission is isotropic, and that the rays are pencil thin, i.e.

ϵ(⃗r) is constant for a given value of l. Applying the system
calibration:

γi
f(νo)

pmi =

ˆ
L
ϵ(⃗r)dl. (20)

When inverting the images, ε is assumed to be toroidally
symmetric, i.e. ϵ(⃗r) = ϵ(r,z). By discretizing in the poloidal
plane, equation (20) becomes

bi ≡
γi
f(νo)

pmi =
∑
j

ds(i,j)ϵj (21)

→ b⃗= K · ϵ⃗ (22)

where K(i,j) = ds(i,j) is the geometric transfer matrix. This mat-
rix represents the length of the ith ray subtending the jth voxel.
For the tomographic inversions performed in this work, the
images were down-sampled by a factor of 4 (factor of 2 along
the detectors’ rows and columns). The software Calcam was
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Figure 5. (a) Display of the poloidal cross-sections of the magnetic configuration used in the experiments and the TCV vessel. The top plot
displays the whole vessel cross-section, while a magnification of the divertor region is shown below it. The dotted black lines in the
magnified divertor drawing indicate the different positions through which the outer divertor leg was swept. The modification of the vessel’s
profile due to the baffle is shown in blue. Also indicated on the cross-section are the poloidal locations of the MANTIS cameras, Thomson
scattering volumes, and spectrometer lines of sight. (b) Drawing of TCV and the MANTIS cameras. (c) Example images, which have been
normalized, from three helium lines taken during the experiments, and a synthetic view produced from the calcam software [70].
(d) Number of pixels whose line of sight intersects a given triangle of the inversion grid.
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used to register the cameras’ positions and create the geo-
metric transfer matrices [70]. The down-sampled images each
contained approximately 105 pixels, whereas the inversion
grid was constructed of 14 549 triangular cells. Therefore, the
reconstruction problem was over-determined and no external
regularization was required to reconstruct the emissivities. In
figure 5(d), the number of down sampled pixels whose line of
sight traverses a given polygon in the inversion grid is shown.
As the K(i,j)’s were large and non-sparse matrices, calculating
the pseudo-inverse of the K’s for the purpose of inverting the
images was unfeasible. Instead of using the pseudo-inverse,
the SART algorithm [71] was used to iteratively solve for ϵ⃗.

4. A qualitative description of the multi-spectral
images and emissivities

In order to better contextualize the HeMSI measurements,
a montage of He I, He II (468 nm), and C III (465 nm)
images (all simultaneously imaged with MANTIS) and their
inversions over the course of a density ramp are shown in
figure 6. The C III line is displayed because it is a low-
temperature indicator. It sharply transitions from emitting to
non-emitting for TCV densities, ne ≈ 1× 1019, at Te ≲ 8eV
[5, 72]. In section 7, it will be shown that HeMSI produces
accurate measurements for ionizing plasma conditions. The C
III line can be used to validate this criterion when HeMSI is
applied independent of Thomson scattering in the future. Note
that the plasma equilibrium in figure 6 differs from that used in
the validation experiments (see figure 5), and was chosen for
this qualitative description because it shows a larger portion of
the plasma boundary.

During the start of the density ramp in figure 6, 0.7s< t<
1.1s, all lines emit along the whole length of the divertor leg
with emission concentrated along the separatrix and common
flux region. As the density is increased, the helium emission
in the common flux region progressively diminishes down-
stream. This change coincides with the retraction of the C III
and He II emission fronts from the outer target towards the X-
point implying Te is falling downstream. While the emission
of the He I lines in the common flux region recedes with fall-
ing Te, He I begins to emit within the private flux region. From
t> 1.3 s, a new He II emission front emerges from the target
moving towards the X-point, while the emergent He I emission
front in the private flux region travels cross-field towards the
separatrix. The disappearance and reemergence of emission
fronts suggest that different atomic processes are producing
each front.

As will be shown in section 7, HeMSI gives good agree-
ment with Thomson scattering measurements for the He I
emission produced during 0.7s< t< 1.1swhen the plasma can
still be described as ionizing. However, when Te < 10eV in
deuterium plasmas, as it is for t> 1.3, the helium CRM’s pre-
dictions of the 728 nm to 706 nm line-ratio diverge from the
observed line ratios. In section 7, it is shown that this emis-
sion at low Te cannot be explained by EIE or EIR indicating
the existence of competing processes outside the CRM. Note

that non-ionizing majority helium plasmas were not observed
as the helium plasmas would disrupt before a sufficiently low
Te could be reached. If a scenario with significant EIR were
reached, the 468 nm He II line would have been used to con-
strain the amount of He I emission driven by EIR.

5. Experimental setup

A series of L-mode plasmas with the same single-null mag-
netic geometry (see table 3) was performed to compare HeMSI
measurements to divertor Thomson scattering measurements.
See [73] for information on the divertor Thomson scattering
system. In order to maximize the spatial cross-coverage of
both diagnostics, the plasma geometry was shaped such that
the outer divertor leg of the separatrix was nearly parallel
to the Thomson scattering laser’s path. During a discharge,
the plasma was brought to a specified value of line-averaged
density. While maintaining this specified density, the posi-
tion of the outer target was moved between discreet points
about the Thomson scattering laser’s path. This sweep pro-
duced 2D profiles of Thomson scattering Te and ne measure-
ments. The 2D HeMSI measurements were acquired during
the entire shot. The cameras operated at 200Hz with expos-
ure times dynamically adjusting between 0.2ms to 5.0ms to
prevent saturation. Divertor spectrometers which viewed the
divertor leg were utilized for the purpose of cross-checking
the MANTIS measurements [74]. The emissivity profiles
measured by MANTIS were found to accurately predict the
brightness observations of the divertor spectrometers. Fur-
thermore, the divertor spectrometers confirmed that there was
negligible spectral contamination within the MANTIS fil-
ters’ spectral bands. A poloidal cross-section displaying the
magnetic equilibrium and diagnostic coverage is shown in
figure 5.

Discharges were conducted for majority deuterium and
majority helium plasmas. In deuterium plasmas at TCV, there
is sufficient He emission for HeMSI due to the use of a helium
glow between shots to clean the vessel. Nevertheless, for the
validation experiments, additional helium was seeded during
the ramp to the target density to increase the signal strength.
Observing plasmas of both species was important for investig-
ating the importance of different atomic mechanisms. Several
works have reported photon-excitation, which is not accounted
for in this work, as a factor in observed discrepancies between
measurements and He CRMs’ predictions [13, 18, 33, 50–
52, 54, 75]. A majority helium plasma should exacerbate this
effect if it is significant in the TCV divertor. It was found that
HeMSI gave similar results for ionizing deuterium and helium
plasmas supporting the decision to neglect photon-excitation.

Benchmarking discharges were performed for both toroidal
field directions. The two field-directions engender distinct ne
and Te profile shapes about the separatrix [76, 77]. Observing
plasmas in both field-directions tested whether HeMSI could
resolve the changes in profiles. In this work, ‘forward-field’
refers to a discharge in which Bt is directed clockwise when
looking from above (∇-B drift favorable to H-mode), and
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Figure 6. Montage of He I, He II, and C III images and emissivities during a density ramp of deuterium plasma. The color scale for each
individual image and inversion is arbitrary. See section 4.

‘reversed-field’ refers to a discharge in which Bt is directed
counter-clockwise (∇-B drift unfavorable to H-mode).

During the experimental campaign, divertor baffles were
installed and removed periodically [3, 78, 79]. The change
to the vessel’s poloidal cross-section due to the ‘long’ low-
field-side baffles is shown in figure 5. The presence of
baffles increased the neutral compression within the divertor
[3, 78, 79]. A gas injection system was also installed into the
low-field-side baffle, and used to produce a localized gas puff
of helium into deuterium plasmas. Localized gas puffs allowed
the application of the HeMSI technique under conditions in
which the need for an inversion was removed. The results from
this methodology are reviewed in section 7.3. As expected, the
puff and inversion methodologies produced similar agreement
with Thomson scattering. A difference in the results of the
twomethodologies would have implied an error in the applica-
tion of HeMSI. Thus, the results from both methodologies are
shown to demonstrate that the two applications are consistent
with each other.

6. Comparison methodology

To facilitate the comparison between the Te and ne measure-
ments fromHeMSI and Thomson scattering, all measurements
were parsed into a discrete (ρ,Z) bin with ρ defined as:

ρ(ψ) =

√
1− ψ

ψo
(23)

where ψ denotes the poloidal magnetic flux such that ψ= 0
at the separatrix and ψo is the flux at the magnetic axis.
Both sets of measurements were spatially and temporally aver-
aged within these (ρ,Z) bins. Each co-temporal set of HeMSI
images generates a set of Te and ne measurements spanning
the whole (ρ,Z) space of interest. However, successive Thom-
son scattering measurements were required to discern Te and
ne profiles for comparison with the inherently 2D HeMSI
results. Therefore, only the time-averaged Thomson scatter-
ing and HeMSI measurements were compared. The data were

10



Nucl. Fusion 63 (2023) 036021 B.L. Linehan et al

averaged over time intervals in which n̄e was held constant.
The temporal variationswithin theHeMSImeasurementswere
driven primarily by sawtooth oscillations in the core plasma.
This variation was negligible compared to the spatial gradients
of Te and ne. The binned profiles were used to compare the
two measurements. In order to present these comparisons, the
HeMSI and Thomson scattering measurements are presented
together in 1-D plots versus a ρ axis. In these plots, the error
bars assigned to the HeMSI measurements correspond to the
average absolute deviation within each (ρ,Z) bin such that the
width of the error bar is two standard deviations of the average
value.

Examples of HeMSI profiles compared to Thomson pro-
files are shown in the bottom two panels of figure 7. The
steps of averaging the data for the comparison are illustrated
in figure 8. The top two plots in figure 7 display the time-
averaged 2D HeMSI measurements. In section 7, the results
from other discharges will be presented in the same format as
figure 7.

6.1. Sources of uncertainty

As noted in section 6, the error bars assigned to the HeMSI
measurements represent the variance, precision, of the meas-
urements. This assignment neglects the uncertainties associ-
ated with the relative calibration of the images, inversion of the
images, and the atomic data used in the CRM. These uncer-
tainties, which were taken to be either negligible or unfeas-
ible to quantify, are discussed here. Note that this work is
motivated to a large degree by complex uncertainties such
as those associated with toroidal asymmetries and the atomic
data. The comparisons of HeMSI with Thomson scattering
gauge whether these uncertainties are of a magnitude to inhibit
HeMSI. The striking agreement observed between HeMSI
and Thomson scattering in many scenarios suggests that these
uncertainties are encompassed within the scatter of the data.
However, cases of systematic disagreement between Thomson
scattering and HeMSI do exist, so the neglected uncertainties
will be revisited in section 7.

6.1.1. Uncertainty of brightness measurements. As stated in
section 3.1, the source used to calibrate the MANTIS cameras
has an uncertainty of approximately 3% associated with its
absolute magnitude. Therefore, the relative brightness meas-
urements have an uncertainty of less than 3%. The scatter in the
relative brightness measurements dominates this uncertainty.
Thus, the uncertainty associated with the relative calibration
is negligible.

6.1.2. Uncertainties of image inversion. The uncertainty of
the inversion process arises from three components: the cam-
era’s spatial registration, the resolution of the camera and
inversion grid, and the validity of toroidal symmetry.

A spatial calibration was performed for each camera on
every discharge. After the registration, the images were down-
sampled by a factor of 4 before being inverted. Downsampling
the images diminishes any misalignment that remained after

the manual registration at full resolution. The registrations
were observed to be highly accurate, so the uncertainty of the
registration is taken to be negligible.

The downsampled images contained approximately 105

square pixels and the triangular inversion grid had 14 549 cells
with a median side length of 8.5mm. The resolution of the
camera is considered sufficient, but the analysis could benefit
from a finer inversion grid. However, this analysis was per-
formed in MATLAB on a single CPU, so extending the grid
was computationally prohibitive at the time of writing. Con-
sequently, the size of the inversion grid cell may obscure the
sharp falloff in emission when going from the separatrix to the
private flux.

The assumption of toroidal symmetry is necessary for this
analysis, and violation of this axiomwithin the cameras’ views
will produce artifacts in the inversions. Quantifying the effects
of toroidal asymmetries on the HeMSI measurements is a non-
trivial task. The possibility of toroidal asymmetries arising in
the bulk plasma are acknowledged, but estimating their mag-
nitude is beyond the scope of this work.

The surface of the vessel is toroidally asymmetric. Thus,
light emitting from the surface of the vessel produces toroid-
ally asymmetric features in the images. The ability to resolve
these features in the image makes their discussion tractable.
Emission from the surface can be caused by reflected light, or
plasma surface interactions such as at the target. The signific-
ance of reflections was estimated by observing the signals of
pixels whose lines of sight only traverse the far common flux
region. The signals of these pixels were assumed to be domin-
ated by reflected light.

To mitigate the effects of reflections the HeMSI analysis
was constrained to a narrow region about the separatrix of the
outer-leg, 0.98⩽ ρ⩽ 1.05. This region spans from 1 cm into the
private flux region to 3 cm into the common flux region. For
ionizing plasmas, the effects of reflections will be negligible in
this region since the plasma’s emission dominates. For the case
of a non-ionizing plasma, reflections are non-negligible. How-
ever, in such cases, the flux aligned emission structures along
the leg appear to still be sufficiently resolved. An explanation
of this could be that the vessel’s illumination is sufficiently
symmetric about the torus such that the inversion is able to
disentangle the emission of the plasma from reflections at the
wall. Examples of inversions of non-ionizing plasmas can be
viewed in figure 6 for t⩾ 1.4.

The surface of the strike point is toroidally asymmetric, so
plasma surface interactions at the strike-point produce artifacts
in the inversion. However, in this work, Thomson scattering
measurements were compared to HeMSImeasurements at loc-
ations which were at least 5 cm away from the vessel. Thus,
the artifacts produced via emission from plasma surface inter-
actions at the target have a negligible effect on the region of
comparison.

Relevant to this discussion is Carr et al [80] which repor-
ted on the effects of reflections on spectral image inversions in
tokamaks. In this work, the CHERAB software [81] was used
to perform inversions of spectral images from JET with and
without accounting for reflections. It was found that a signific-
ant amount of reflected light originates from the strike-point,
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Figure 7. Discharge #1. Reversed-field helium plasma with n̄e = 8× 1019m−3 and an unbaffled divertor. HeMSI evaluations are shown
with and without inclusion of 587 nm line.

and this light can have a strong effect on the region immedi-
ately surrounding the target. However, the effects of reflections
were negligible in the rest of the poloidal plane (see figure 12

in [80]). Furthermore, Carr 2019 reports on analysis performed
on JET, a metal wall tokamak, and notes that reflections will
have a smaller effect on a carbon wall tokamak like TCV. In
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Figure 8. Depiction of data shown in figure 7 before and after averaging. The top row displays HeMSI measurements from a single image
between −0.5⩽ z⩽−0.4 in blue. The Thomson scattering measurements acquired during the entire leg sweep in this spatial range are
shown in red. The second row shows each HeMSI measurement within −0.5⩽ z⩽−0.4 that was collected during the leg sweep. The last
row shows both measurements binned onto a single ρ axis with bin sizes of δρ= .001. The error bars were estimated from the
standard-deviation within each bin.
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future works, reflections can be incorporated into the HeMSI
analysis like they are in Carr 2019 to remove artifacts and bet-
ter resolve areas of weaker emission.

6.1.3. Uncertainty of CRM. Uncertainties in the atomic data
are not provided in the CRM codes discussed in this work,
G-CRM or A-CRM. Therefore the effects of uncertainties in
the atomic data are not quantified. Nonetheless, uncertainties
in atomic rates can produce large uncertainties in the inferred
Te and ne [68]. This conclusion is evident in the differences
between line-ratio predictions from G-CRM and A-CRM (see
section 2.2 and figure 4). A benefit of this work is that it
provides a direct test of these CRM codes with He I meas-
urements that have been decoupled from line-integral effects
and independent Te and ne measurements from Thomson
scattering.

7. Results and discussion

The principal conclusions of this work are as follows. First,
when employing G-CRM, HeMSI demonstrated consistently
good agreement with Thomson scattering at the separatrix and
in the common flux region, but intermittent agreement in the
private flux region for:

• majority helium plasmas
∗ 5eV⩽ Te ⩽ 60eV
∗ 2× 1018m−3 ⩽ ne ⩽ 3× 1019m−3

• majority deuterium plasmas
∗ 10eV⩽ Te ⩽ 40eV
∗ 2× 1018m−3 ⩽ ne ⩽ 3× 1019m−3.

For deuterium plasmas with Te < 10 eV, HeMSI overestim-
ated Te with respect to Thomson scattering. This overestima-
tion was due to the measurements of Lrt( 728nm706nm ) which were
2 to 3 times larger than would be expected for Te < 10 eV.
However, in this colder regime, the HeMSI measurements of
ne remained in good agreement with those of Thomson scat-
tering. Disagreements in the private flux region were char-
acterized primarily by an overestimation of ne by HeMSI.
This overestimation was driven bymeasurements of Lrt( 728nm668nm )

being 2 to 3 times lower than expected.
To elaborate on these results, HeMSI and Thomson scatter-

ing measurements from six individual discharges are presen-
ted (see table 3). The discussion of these discharges follows
in sections 7.1.1–7.1.6 with each emphasizing a salient fea-
ture of the HeMSI measurements. After presenting these indi-
vidual discharges, the HeMSI measurements will be shown in
aggregate as functions of Te and ne Thomson scattering meas-
urements. This method reveals how the accuracy of HeMSI
changes with local plasma conditions. Lastly, the HeMSI
measurements from a localized gas puff into a majority deu-
terium plasma are demonstrated to be consistent with the
measurements produced by inverting entire images.

7.1. Individual HeMSI poloidal maps compared to Thomson
scattering

Two types of figures will be referenced in the following discus-
sion of individual discharges. The first, which was described
in section 6, directly compares 2D profiles of Te and ne
from HeMSI and Thomson scattering. The second compares
observed line ratio profiles Lrt( 728nm706nm ) and Lrt( 728nm668nm ) against
synthetic profiles constructed by forward modeling the Thom-
son scatteringmeasurementswithG-CRM. This comparison is
shown for−0.5m⩽ z⩽−0.4m for five discharges in figure 16.

7.1.1. HeMSI accurately reproduces Thomson scattering
measurements for both deuterium and helium ionizing
plasmas. Discharges #1 and #2 were majority helium
and majority deuterium discharges, respectively. Although
the species differed, both discharges were performed in the
reversed-field configuration, without baffles, and had similar
Te and ne profiles. In figures 7 and 9, the HeMSI measurements
from both discharges are seen to be in excellent agreement
with the Thomson scattering measurements. In discharge #2,
Thomson scattering and HeMSI agree in both the common
and private flux regions over the ranges of 10eV⩽ Te ⩽ 40eV
and 2× 1018m−3 ⩽ ne ⩽ 5× 1018m−3. Similar agreement is
also observed in #1 over the ranges of 10eV⩽ Te ⩽ 20eV
and 1× 1019m−3 ⩽ ne ⩽ 1.5× 1019m−3. However, in #1, the
Thomson scattering measurements were only collected in the
common flux region.

Figure 16’s first two rows contain the measured and syn-
thetic Lrt( 728nm706nm ) and Lrt(

728nm
668nm ) profiles from discharges #1 and

#2. As would be expected from the similar Te and ne meas-
urements, the two sets of observed ratios are similar to each
other across the two discharges and both sets are in agreement
with their synthetic counterparts. This gives confidence that
the CRM correctly describes helium emission in the boundary
of an ionizing plasma.

7.1.2. HeMSI’s sensitivity to Te. The sensitivity of HeMSI
to changes in Te will be highlighted here. During discharge
#3, X2 electron cyclotron heating (ECH) was applied to the
plasma at three different levels of input power, 1800 kW,
1200 kW, and 600 kW. Accounting for the Ohmic heating, the
resultant total heating powers were 1890 kW, 1290 kW, and
820 kW, respectively. This is the only discharge discussed here
that utilized auxiliary heating. For reference, the shots without
auxiliary heating featured approximately 300 kW of Ohmic
heating power. The HeMSI and Thomson measurements for
the three levels of ECH input power are shown in figures 10
(1800 kW), 11 (1200 kW), and 12 (600 kW).

The discreet modulation of the X2 input power gives a
clear demonstration of HeMSI’s Te sensitivity because the
HeMSI and Thomson scattering measurements move in uni-
son with the changing heating power. For example, the peak
temperature drops for both measurements from ∼60eV to
∼40eV when the X2 power is decreased from 1800 kW to
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Table 3. Description of the discharges that are individually presented in this paper. rf denotes that BT is in the reversed-field direction
(unfavorable to H-mode access), and ff denotes that BT is in the forward-field direction (favorable to H-mode access).

Ref # Fuel n̄e(1019m−3) w 587 nm BT Direction Divertor Type Figure

#1 Helium 8 Yes rf Unbaffled 7
#2 Deuterium 2 No rf Unbaffled 9
#3 Helium 2.5 (with X2 heating) Yes rf Unbaffled 10–12
#4 Helium 7 No ff Unbaffled 13
#5 Deuterium 3 Yes rf Baffled 14
#6 Deuterium 6.5 No ff Unbaffled 15

1200 kW. Furthermore, the Te profile is much broader for
the 1800 kW and 1200 kW levels of input power than it is
for the 600 kW level and the other Ohmic discharges. The
−0.6⩽ z⩽−0.5 region in figure 11 (1200 kW) clearly illus-
trates this broadening. In all, the HeMSI measurements accur-
ately resolve the Te profiles about the separatrix for ionizing
plasmas.

7.1.3. HeMSI resolves the effects of changing the Bt direction
on the Te and ne profiles. In the section above, HeMSI was
shown to capture the changes in the Te profile caused by applic-
ation of X2 heating. In this subsection, HeMSI is shown to
resolve changes to the ne and Te profiles resulting from differ-
ent Bt directions. The reversed-field direction of Bt produces a
distinct ne and Te profile shape from the forward-field direction
for sufficiently low temperature [76, 77]. Forward-field dis-
charges have ne profiles that peak at the separatrix, ρ= 1.0, and
their Te profiles fall off in a nearly linear manner going from
the separatrix into the common flux region. For sufficiently
low temperature, reversed-field discharges have ne peaks well
into the common flux region at ρ> 1.01, and their Te pro-
files are concave. The two Ohmic reversed-field shots previ-
ously described, #1, and #2 (figures 7 and 9), exemplify these
reversed-field characteristics. Discharge #4 was performed
in forward-field. As shown in figure 13, HeMSI resolves
the translation of the ne profile while remaining in excel-
lent agreement with the Thomson scattering measurements
in the common flux region. The change in the Te profile is
also resolved by HeMSI, and HeMSI matches the Te measure-
ment from Thomson scattering in the private and common flux
regions.

Comparing the Lrt( 728nm706nm ) and Lrt( 728nm668nm ) profiles for both
field directions in figure 16 reveals stark differences. In the
forward-field case (row 3 and discharge #4), Lrt( 728nm668nm ) linearly
increases from the separatrix into the common flux region
while Lrt( 728nm706nm ) decreases linearly in the common flux region.
In the reversed-field cases (all other rows), Lrt( 728nm668nm ) has a
local minimum in the common flux and a concave Lrt( 728nm706nm )

profile going from the separatrix into the common flux region.
These subtle but resolved changes in the emission profiles and
in the Te and ne profiles establish confidence in the inversion
methodology and spatial resolution of HeMSI. The disagree-
ments observed for the ne and Lrt( 728nm668nm ) profiles in the private
flux region are discussed in section 7.1.5.

7.1.4. HeMSI measurements with baffled divertor . The pres-
ence of a divertor baffle increases the neutral density within
the divertor volume [78]. Nonetheless, HeMSI and Thomson
scattering measurements compared similarly for baffled and
unbaffled conditions. The measurements from discharge #5, a
baffled discharge, are an example of this result. As depicted
in figure 14, HeMSI and Thomson scattering maintain good
agreement in the common flux region and inconsistent agree-
ment in the private flux region in this baffled discharge. This
is consistent with the non-baffled results.

7.1.5. Disagreement between ne measurements in the private
flux region. Inconsistent agreement was observed between
HeMSI and Thomson scattering measurements of ne in the
private flux region. The disagreement was observed in all ion-
izing forward-field shots but not all ionizing reversed-field dis-
charges. For example, forward-field discharge #4 (figure 13)
and reversed-field discharge #5 (figure 14) exhibited this dis-
agreement. Like all ionizing forward-field discharges, the dis-
agreement was seen throughout the whole private flux region
in discharge #4; in the reversed-field case, #5, the disagree-
ment is present in the private flux region for z<−0.4m. On the
other hand, discharge #2 (figure 9) manifests good agreement
throughout the private flux for both Te and ne measurements.

The line-ratio profiles of discharges #4 and #5 are shown
in rows 3 and 4 of figure 16, respectively. Therein, the meas-
urements of Lrt( 728nm668nm ) are seen to be the source of the dis-
agreement. For both discharges, the synthetic Lrt( 728nm668nm ) pro-
files increase as they cross the separatrix going into the private
flux region. However, the observed Lrt( 728nm668nm ) profile in the
forward-field discharge is decreasing at this junctionwhile that
of the reversed-field discharge is flat. Note that the synthetic
and observed Lrt( 728nm706nm ) profiles in both discharges are in fair
agreement.

The source of the intermittent ne agreement in the reversed-
field cases and complete lack of agreement in the forward-field
cases for the private flux region is not currently understood.
Thus, the discussion returns to the neglected uncertainties
catalogued in section 6.1. The good agreement between the
measured and synthetic Lrt( 728nm706nm ) profiles in the private flux
region suggests that the error originates with the 668 nm
images. Reflections have been observed to be most promin-
ent in images of the 728 nm line. Consequently, reflections
are unlikely to be the root of this disagreement which appears
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Figure 9. Discharge #2. Reversed-field deuterium plasma with n̄e = 2× 1019m−3 and an unbaffled divertor. HeMSI evaluations did not
include the 587 nm line.

to stem from the 668 nm line. Poor spatial registrations of
the 668 nm camera can also be ruled out because registra-
tion errors would not discriminate between ionizing forward-
field plasmas and reversed-field plasmas. The resolution of the

inversion grid is also not suspected as the Te and ne profiles are
not notably sharper in these instances.

The observation that the discrepancy in the Lrt( 728nm668nm ) ratio
disappears in non-ionizing deuterium plasmas suggests that
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Figure 10. Discharge #3. Reversed-field helium plasma with n̄e = 2.5× 1019m−3 with 1800 kW of X2. HeMSI evaluations are shown with
and without inclusion of 587 nm line.

the cause lies in the modeling of the plasma and/or atomic
physics. However, errors in the atomic rates are not suspected.
The general good agreement in the common flux region pre-
cludes the discrepancy from being solely Te and ne dependent.

However, atomic or chemical processes beyond the CRM can-
not be disregarded. Furthermore, the behavior could be due
to toroidal asymmetries in the plasma volume. Such discrep-
ancies could selectively affect the Lrt( 728nm668nm ) ratio. Filaments
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Figure 11. Discharge #3. Reversed-field helium plasma with n̄e = 2.5× 1019m−3 with 1200 kW of X2. HeMSI evaluations are shown with
and without inclusion of 587 nm line.

could also be the root of the disagreement. Filaments could
cause the brightness of He I lines to significantly differ dur-
ing the exposure time of the images and/or produce toroidal
asymmetries [62].

Opacity is not suspected to play a role. The disagreement
is observed in ionizing forward-field deuterium plasmas. If
opacity were important in these deuterium cases, it would
be even more important in all instances of helium plasmas.
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Figure 12. Discharge #3. Reversed-field helium plasma with n̄e = 2.5× 1019m−3 with 600 kW of X2. HeMSI evaluations are shown with
and without inclusion of 587 nm line.

However, the plasma species had no effect on the conditions
of agreement between HeMSI and Thomson scattering meas-
urements for ionizing plasmas. Violation of the QSE assump-
tion is also not suspected because the Lrt( 728nm668nm ) ratio (a singlet
to singlet ratio) relaxes significantly faster than the Lrt( 728nm706nm )

ratio.

7.1.6. Deuterium plasmas for Te < 10eV. Discharge #6
demonstrates the disagreement observed between HeMSI and
Thomson scattering for deuterium plasmas with Te < 10eV. As
displayed in figure 15, HeMSI greatly overestimates Thomson
scattering’s measurements of Te in the regionwhere Te < 10eV,
i.e, z<−0.4m. However, Te ≈ 10eV for −0.4m< z<−0.3m
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Figure 13. Discharge #4. Forward-field helium plasma with n̄e = 7× 1019m−3 and an unbaffled divertor. Images of the 587 line were not
available in this discharge, so HeMSI evaluations do not include the 587 nm line.

and in this region, Thomson and HeMSI agree for both meas-
urements. The ratio profiles within the region of disagree-
ment for discharge #6 are shown in row 5 of figure 16. These
profiles reveal that in the Te < 10eV regime the measurements

of Lrt( 728nm706nm ) are three times larger than the synthetic ratio.
The larger Lrt( 728nm706nm ) ratios cause the fitted Te’s to be much
higher than the actual Te. This behavior was observed in all
deuterium plasmas with Te < 10eV. However, while the CRM
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Figure 14. Discharge #5. Reversed-field deuterium plasma with n̄e = 3× 1019m−3 and a baffled divertor. HeMSI evaluations are shown
with and without inclusion of 587 nm line.

fails to produce agreement with Te for Te < 10eV, the ne meas-
urements compare favorably with those of Thomson scatter-
ing. This result is due to ne’s strong dependence on Lrt( 728nm668nm )

and weak dependence on Lrt( 728nm706nm ) for ne > 1× 1019m−3.
To investigate this behavior, the discussion again returns

to the neglected uncertainties. Similar to section 7.1.5, one
ratio behaves as expected, while the other deviates; however,
in this case, it is Lrt( 728nm706nm ) that deviates. Thus, the discrepancy
for Te < 10eV appears to be driven by the 706 nm line. Being
driven by only one line, this disagreement is not thought to be
an artifact of the camera’s registration or the inversion process
for the same reasons presented in section 7.1.5.

Again, the behavior appears to stem from incomplete mod-
eling of He I and/or the plasma. As in section 7.1.5, the effects
of toroidal asymmetries and filaments cannot be definitively
dismissed. In regards to the CRM, the occurrence of this
disagreement at lower temperatures suggests that the omis-
sion of EIR from the modeling be revisited. In section 7.2,
this omission is shown to not be the source of the disagree-
ment. Violation of the QSE assumption can also be refuted.
Assume the helium is moving at 10 eV (the ion speed) which
is a temperature 400 times greater than the 300K assumed
in figure 2(a). This temperature increase corresponds to a
factor of 20 increase in velocity. This increase in velocity
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Figure 15. Discharge #6. Forward-field deuterium plasma with n̄e = 6.5× 1019m−3 and an unbaffled divertor. Images of the 587 line were
not available in this discharge, so HeMSI evaluations do not include the 587 nm line.

corresponds to a λrelax = 4mm at ne = 1× 1019m−3 and Te =
10eV. The helium still only traverses a few millimeters in the
poloidal plane before relaxing. Thus, violation of QSE cannot
explain the behavior observed over the region of comparison,
which is 4 cm in width.

However, the answer could also reside in molecular beha-
viors. The results for deuterium plasmas with Te < 10eV
are consistent with the results from other He-H plasma
experiments [19, 29–33]. In these reports, it was concluded
or conjectured that molecular assisted recombination or
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Figure 16. Each row displays line-ratio profiles from a different discharge for −0.5m< z<−0.4m. This presentation shows how the
measurements of helium line ratios compare to the predictions created by applying G-CRM to the Te and ne Thomson scattering
measurements.

molecular assisted dissociation processes were significantly
affecting the He emission. It was shown in [29, 31] that
deuterium can completely quench He+ EIR processes for
1eV≲ Te ≲ 6eV. In [19, 32], the addition of H2 into a helium
plasma was observed to perturb the ratios of singlet to triplet
states, i.e. Lrt( 728nm706nm ), but not greatly perturb singlet–singlet
or triplet–triplet ratios. These results are consistent with the
measurements reported here. Extending the CRM to consider
molecular effects is beyond the scope of this work. However,

it will be shown in section 7.2 that Lrt( 728nm706nm ) remains sensit-
ive to Te for Te < 10eV. This observation suggests that a more
complete CRMmay facilitate HeMSI measurements of Te and
ne in this regime.

Irrespective of Te and ne diagnostic applications, under-
standing the helium spectral measurements in this Te < 10eV
regime may be of general interest to boundary physics. For
example, the missing mechanism for helium emission could
imply a collisional process that affects the transport of helium
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Figure 17. Average Lrt( 728nm706nm ) and Lrt(
728nm
668nm ) measured at a given Thomson scattering value of Te and ne. Measurements restricted to the

separatrix and common flux region.

ash in the boundary. Furthermore, understanding molecu-
lar processes is key to understanding detachment in TCV
[82]. HeMSI measurement may assist with this understanding
should molecular processes prove to be the missing compon-
ents of the CRM.

7.2. Empirical trends

In this section, the HeMSI measurements in the common flux
region are presented in aggregate. For each discharge, the
HeMSI and Thomson scattering measurements in the com-
mon flux region were binned then averaged on (ρ,z). For each

averaged HeMSI measurement, a corresponding Thomson
scattering measurement was produced by linearly interpolat-
ing on the averaged Thomson scattering profile. In this section,
the line-ratio measurements and HeMSI Te and ne measure-
ments are presented as a function of these interpolated Te and
ne Thomson scattering values. Measurements in the private
flux region are omitted because HeMSI has poor precision in
this region. All figures discussed in this section are segmented
into majority helium and majority deuterium cases.

Beginning this overview, figure 17 presents the Lrt( 728nm706nm )

and Lrt( 728nm668nm ) measurements versus the Thomson scattering
measured Te and ne. As expected, the measured Lrt( 728nm706nm )’s
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Figure 18. Comparison of Te and ne measured by HeMSI using G-CRM to that of Thomson scattering. Measurements restricted to the
separatrix and common flux region.

are primarily a function of Te and the measured Lrt( 728nm668nm )’s
are primarily a function of ne. Note that the two ratios change
smoothly over the parameter space.

Next, figure 18 presents the average fractional differences
between HeMSI and Thomson scattering Te and ne measure-
ments. As seen in figure 18, the HeMSImeasurements of Te are
in strikingly good agreement with those of Thomson scatter-
ing for Te > 10eV. Moreover, for majority helium plasmas, this
good agreement continues for Te < 10eV. The HeMSI meas-
urements of ne are in generally good agreement with Thomson
scattering for 10eV< Te < 20eV and ne < 1.75× 1019m−3. For
21eV< Te < 26eV, there is a 20% systematic difference in the

ne measurements between HeMSI and Thomson scattering for
both helium and deuterium plasmas.

Similar to figures 18 and 19 displays the average fractional
difference between the measured Lrt( 728nm706nm ) and Lrt( 728nm668nm )

ratios and those synthetically produced via Thomson scat-
tering. The disagreements in ne from figure 18 are seen
in figure 19 to correspond to observations of Lrt( 728nm668nm )

that are 20% smaller than what would be expected from
G-CRM. The disagreement in Lrt( 728nm706nm ) measurements for
deuterium plasmas with Te < 10eV correspond to Lrt( 728nm706nm )

observations that are 2 to 3 times smaller than what are
expected.
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Figure 19. Comparison of Lrt( 728nm706nm ) and Lrt(
728nm
668nm ) measurements to the expectation of an ionizing plasma produced from G-CRM and

Thomson scattering measurements. Measurements restricted to the separatrix and common flux region.

The discrepancies at Te < 10eV are further explored in
figure 20 which displays 1D box plots of Lrt( 728nm706nm ) and
Lrt( 728nm668nm ) measurements versus the parameter to which they
are most sensitive. On top of these box plots, the Lrt( 728nm706nm )

and Lrt( 728nm668nm ) predictions by G-CRM are plotted for constant
ne’s and Te’s, respectively. The solid lines show predictions of
the ratios for emission that is completely EIE driven, while the
dashed lines correspond to emission that is driven entirely by

EIR. These box plots contain the same data that was shown in
figure 19, but allow for trends to be more easily inferred. In
particular, they highlight the disagreement observed for deu-
terium plasmas with Te < 10eV. Prior to viewing figure 20, it
could have been reasonably suspected that the disagreement
for deuterium plasmas at Te < 10eV is caused by the omission
of EIR in the fitting. However, assuming only EIR and EIE
contribute to the emission, any Lrt( 728nm706nm ) measurement must
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Figure 20. Box plots of Lrt( 728nm706nm ) and Lrt(
728nm
668nm ) measurements versus the parameter to which they are most sensitive. The solid and

dashed lines are produced by forward-modeling the line ratios with G-CRM. The solid line depicts the ratio of the EIE component, LrtEIE,
whilst the dashed line depicts the ratio of the EIR component, LrtEIR.

Table 4. Description of discharges that are presented in this paper which applied HeMSI to a localized helium puff sent into a deuterium
plasma.

Ref # Fuel n̄e(1019m−3) w 587nm BT Direction Divertor type Figure

#7 Deuterium 2 Yes rf Baffled 21
#8 Deuterium 3 No rf Baffled 22
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Figure 21. Comparison of HeMSI data collected from a localized puff into a reversed-field deuterium plasma at n̄e = 2× 1019m−3. HeMSI
fits include 587 nm line.

fall between what would be produced by fully EIE or fully
EIR emission, i.e. between the solid and dashed lines in in
figure 20. However, in figure 20, the observed Lrt( 728nm706nm ) is
not only outside these bounds, but outside these bound on
the side of the EIE bound, i.e. Lrt( 728nm706nm )obs > Lrt( 728nm706nm )EIE >

Lrt( 728nm706nm )EIR. Thus, including EIR emission would only make
the discrepancy between HeMSI and Thomson scattering
worse.

Lastly, note for deuterium plasmas with Te < 10eV that the
Lrt( 728nm706nm ) retains a strong Te dependence. Thus, the CRMmay
be able to be modified to accommodate this regime in the
future.

7.3. Gas puff images

HeMSI measurements were also performed for localized gas
puffs made into deuterium plasmas. Using a localized puff
removed the need for an image inversion because the emis-
sion could be approximated as local. The results of the gas
puff analysis were consistent with that from the inverted data.
Good agreement was seen in the common flux region, but the
agreement becameworse near the separatrix going towards the
private flux region. The results of the gas puff analysis for two
discharges are shown in figures 21 and 22. The details of these
two discharges are shown in table 4. The consistency between
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Figure 22. Comparison of HeMSI data collected from a localized puff into a reversed-field deuterium plasma at n̄e = 3× 1019m−3. HeMSI
fits include 587 nm line.

HLRS methodologies further bolsters confidence in the meas-
urements made via inversion.

8. Conclusion

HeMSIwas used to infer 2D poloidal maps of Te and ne at TCV
with the Goto He CRM. These measurements were directly
compared to co-local measurements fromThomson scattering.
The measurements were found to be in good agreement in the
common flux region of ionizing plasmas for:

• majority helium plasmas
∗ 5eV⩽ Te ⩽ 60eV
∗ 2× 1018m−3 ⩽ ne ⩽ 3× 1019m−3

• majority deuterium plasmas
∗ 10eV⩽ Te ⩽ 40eV
∗ 2× 1018m−3 ⩽ ne ⩽ 3× 1019m−3 .

Breakdowns in this agreement were observed intermit-
tently in the private flux region but observed consistently
for deuterium plasmas with Te < 10eV. It appears that the
breakdowns in agreement are due to insufficiently complete
modeling of the plasma and atomic physics and not errors in
the diagnostic chain or inversion processes. The data reported
here remains available for further analysis by more complete
future codes.

This work is the first to directly compare Thomson scatter-
ing measurements of Te and ne to those generated from inver-
ted He I emissivity profiles in a tokamak and exemplifies the
wealth of quantitative information that can be gained from the
inversion of high-resolution spectral images of passive emis-
sion. This paper will conclude by emphasizing the utility of
these measurements, but first, the relevance of this work in the
development of other multi-spectral imaging techniques will
be noted.
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The relatively recent implementation of high-resolution
10+ channel multi-spectral cameras for tokamak experiments
[6] is giving rise to novel imaging applications at TCV [7, 8]
and other experiments [83]. The ability to simultaneously
quantify the density of multiple atomic and molecular states
in 2D will likely facilitate climacteric insights into boundary
physics. Consequently, this work is relevant to current and
forthcoming multi-spectral imaging diagnostics as it demon-
strates a need to be circumspect in the application of CRMs. As
described in section 2.2, two sources of atomic data were con-
sidered in this work, G-CRMandA-CRM.While G-CRMpro-
duced excellent agreement with Thomson scattering for ioniz-
ing plasmas, A-CRM was found to significantly overestimate
Te. Furthermore, as described in 2.2, a He CRM consisting of
only EIE and EIR processes does not describe emission from
deuterium plasmas for Te < 10eV. Thus, it is clear that infer-
ences from CRMs must be validated against other, independ-
ent, diagnostics. This work can serve as a template for con-
ducting such validations.

In conclusion, these innovative measurements provide
unprecedented diagnostic coverage of Te and ne in the diver-
tor and have immediate implications in furthering of divertor
physics understanding. Extending this point, note that critical
atomic and molecular processes that regulate the dynamics of
particle and power balance in a divertor are either fully or par-
tially determined by the local Te and ne. Radiative emission,
electron-impact ionization, and EIR are examples of such pro-
cesses. Thus, the Te and ne HeMSI profiles provide unique
and innovative insights into particle and power balance in the
volume of the divertor. As an example, the HeMSI measure-
ments of Te and ne can be coupled with the absolute emissivity
measurements of the He I andHe II emissions to create 2D pol-
oidal maps of He and He+ densities. Moreover, HeMSI meas-
urements require only three spectral channels of the 10 or 6
available in the presented MANTIS diagnostic. Consequently,
HeMSI can be used to contextualize the multi-spectral ima-
ging analysis of other observed species such as deuterium
[7, 8], carbon, nitrogen, etc. In cases where electron collisional
processes are the dominant driver of spectral emission, this
synergy will constrain—or fully determine—the populations
of these other neutrals or ions across the poloidal plane.

When computationally modeling the plasma boundary in
a tokamak, cross-field diffusion coefficients, D⊥, and cross-
field heat diffusivity, χ⊥, are considered to be anomalous and
matched to experimental measurements of Te and ne at themid-
plane. However, these coefficients affect the development of Te
and ne profiles throughout the entire divertor volume. There-
fore, by comparing Te and ne profiles with computational pre-
dictions, the HeMSI measurements will enhance investigation
of transport within the plasma boundary.

These reported results prompt the use of HeMSI in future
experiments at TCV where the boundary has a high con-
centration of He due to the inter-shot discharge cleaning
cycle. HeMSI’s exceptional spatial coverage is particularly
well suited for TCV experiments that often implement a wide
variety of divertor configurations such as single-null, double-
null, super-X, and snowflake [5]. Going forward, application
of HeMSI at TCVwill provide innovative insights across these

extremely varied standard and alternative configurations in the
pursuit of tokamak power exhaust solutions.
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