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Main-ion charge exchange recombination spectroscopy (MICER) uses the neutral beam induced Dα spectrum
to measure local deuterium ion (D+) temperature, rotation, and density, as well as parameters related to
the neutral beams, fast ions, and magnetic field. An edge MICER system consisting of 16 densely packed
chords was recently installed on DIII-D extending the MICER technique from the core to the pedestal and
steep gradient region of H-mode plasmas where the D+ and commonly measured impurity ion properties can
differ significantly. A combination of iterative collisional radiative modeling techniques and greatly accelerated
spectral fitting allowed the extension of this diagnostic technique to the plasma edge where the steep gradients
introduce significant diagnostic challenges. The importance of including the fast ion Dα emission in the fit to
the spectrum for the edge system is investigated showing that it is typically not important except for cases
which can have significant fast ion fractions near the plasma edge such as QH-mode. Example profiles from
an Ohmic L-mode and a high power ITER baseline case show large differences in the toroidal rotation of
the two species near the separatrix including a strong co-current D+ edge rotation. The measurements and
analysis demonstrate the state of the art in active spectroscopy and integrated modeling for diagnosing fusion
plasmas and the importance of direct main ion measurements.

I. INTRODUCTION

The main ion (typically deuterium) temperature,
toroidal rotation, and density profiles are required for
testing transport models and improving predictive capa-
bilities in magnetic confinement devices. The main ion
temperature is one of the key parameters of a fusion rel-
evant plasma and the toroidal rotation and its shear can
play a crucial role in determining stability to large scale
MHD, E × B shear stabilization of micro-turbulence1,
and access to advanced operating scenarios such as ELM
suppressed H-mode and QH mode2.

Typically, impurity charge exchange recombination
spectroscopy (CER)3–5 is used to determine the temper-
ature, rotation, and density of an impurity species using
the Doppler broadening, Doppler shift, and radiance of
spectral emission from an impurity species. On DIII-D
the C-VI (n = 8 → 7, 5290.5Å) transition is usually
used with measurements available between discharges or
in realtime for control purposes. While these measure-
ments are accurate and have a high availability, the dif-
ficulty comes from relating the impurity properties to
those of the main ions with the typical approach being
to assume they are equal or to use neoclassical models
to infer the main ion properties. This can lead to er-
roneous inferred main ion properties. For example, the
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main ion and impurity toroidal rotation are known to di-
verge considerably in low collisionality conditions6,7 and
in regions where there are steep pressure gradients such
as the pedestal region, providing a significant modeling
challenge that requires high resolution experimental data
for validation.

An alternative to impurity CER is to use spectral emis-
sion from the main ions to determine their properties
directly. Early work on T-108, TEXTOR9, and JET10

demonstrated that the measurement was possible using
Dα emission (D-I [n = 3 → 2, 6561.0Å]) due to charge
exchange with the neutral beams as well as the associated
halo emission; however, due to a more complex spectrum
with several features including a bright cold edge Dα fea-
ture, cross section distortions and halo emission, the use
and development of this diagnostic technique was limited
until recently. Advances in main ion CER spectroscopy
(MICER) have allowed accurate direct measurements of
the deuterium ion properties in the plasma core11 and
more recently the pedestal and steep gradient region12–14

in deuterium beam heated plasmas on DIII-D to become
more common. In addition there has been recent work
in this field on AUG15 and T-1016.

Main ion measurements have also been made in he-
lium plasmas using CER with deuterium NBI17,18; how-
ever, these plasmas suffer from deuterium dilution and
are rarely created due to operational overhead. Bulk
plasma rotation measurements can also be made using
Mach probes19; however due to power flux considera-
tions, these measurements are limited in duration, sce-
nario, and depth into the plasma. Additionally collective
Thomson scattering is another promising approach for
determining the temperature and rotation of the main
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FIG. 1. (a) Midplane plan view of DIII-D showing the loca-
tion of the beam lines that the main ion system views (30L,
30R, 330L, 330R, 210L, 210R) and the three main ion systems.
(b) Midplane poloidal cross section showing the locations of
the views based on their intersection with 30L (core), 330L
(edge), and 210L (counter) respectively along with equilib-
rium flux surfaces from the ITER baseline case. More details
in text.

ion species20.
This paper describes some key elements of MICER as

well as recent advances which have enabled core to scrape
off layer main ion measurements, particularly in the ar-
eas of spectral fitting and atomic physics related correc-
tions. Data from three different discharges with very dif-
ferent parameters are shown in this paper. A low power
Ohmic L-mode discharge (#173147) which was used to
study intrinsic rotation, a high performance 0 N ·m
torque ITER baseline scenario H-mode (#164988), and
a high power, high temperature, low density QH-mode
(#169366). These discharges span a wide range of tem-
peratures, rotations, and fast ion fractions, representing
a significant range of parameters achievable on DIII-D.
These cases are referred to as the Ohmic case, the ITER
baseline case, and the QH-mode case in the remainder of
this paper.

II. THE DIII-D MICER SYSTEM

The MICER system on DIII-D is a dedicated spec-
troscopic system consisting of 32 channels grouped into

three sub-systems. Some key details of the systems are
included here – the reader is referred to Refs. 12 and
11 for more details on the edge and core systems re-
spectively. In addition, impurity CER has been used
on DIII-D since its initial operation and includes a re-
cently expanded high resolution edge system21 with sight
lines which are interleaved with the edge main ion sys-
tem allowing straight forward comparisons between the
impurities and main ions.

A plan view of the channel locations and associated
NBI systems is shown in Fig. 1. The main ion CER
system views six of the eight NBI beamlines on DIII-
D. Each beamline is labeled by the toroidal angle of the
injection port (30, 210, 330) and a letter (L or R) to
identify the two beamlines at each port. There are two
core main ion systems with eight channels each viewing
neutral beam injectors directed in opposite toroidal di-
rections (blue and red in Fig. 1) and a sixteen channel
high resolution edge system (black in Fig. 1). One of the
core chords is located significantly on the high field side
for exploratory purposes. Each channel of the edge (core)
system consists of pairs of 750 µm (single 1500 µm) core
diameter fibers. For the edge system the pairs of fibers
are stacked vertically (see Fig 1. in Ref. 12) to improve
signal without reducing radial resolution. All systems use
scanning Czerny-Turner 2/3 m McPherson model #207
spectrometers and the spectra are acquired using SRI
Avanti-768 CCD cameras which have a 768 x 256 grid of
18 µm× 18 µm pixels. The reciprocal dispersion is typ-
ically 0.18 Å/pixel with a full spectral width of 138 Å.
In total there are four spectrometers with eight channels
and two cameras per spectrometer.

High speed operation at integration times down to
0.128 ms is possible; however, for typical operation the in-
tegration times are 5 ms. In order to avoid saturation due
to the bright cold Dα line (particularly in ELMing plas-
mas), this 5 ms integration time is typically divided into
between 2 and 10 shorter acquisitions which are binned
in software.

III. MICER ANALYSIS

The measurement and acquisition of the emission spec-
tra for the impurity and main ion systems on DIII-D
are almost identical; however, MICER analysis is usually
substantially more involved than impurity CER due to
the existence of more features in theDα spectrum and the
extensive calculations required to correct for cross section
distortions and halo related spatial smearing. While this
is a computationally intensive and time consuming pro-
cess, the Dα spectrum provides measurements beyond
impurity CER including neutral beam related measure-
ments such as beam velocity, radiance of the full, half,
and third, energy components, magnetic field strength
(through Stark splitting), and information on the fast
ion population through fast ion Dα (FIDA)22.

The typical workflow for analyzing MICER data on
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FIG. 2. The typical workflow for analyzing MICER data on DIII-D. (a) FIDASIM is used to calculate the FIDA spectrum for
each sight-line using the TRANSP calculated fast ion distribution function (section III D). (b) A model is fit to the measured
spectra (section III A). (c) An iterative collisional radiative modeling scheme is used to correct the apparent measurements
(section III C).
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FIG. 3. (a) Background subtracted spectrum and fit to the
spectrum with the NBI on and NBI off spectra inset. (b)
Residual from the fit weighted by the uncertainty of the mea-
sured spectrum at each pixel based on photon statistics, dark
noise, and readout noise.

DIII-D is shown in Fig. 2 and usually involves three broad
steps: (a) calculating the fast ion Dα (FIDA) spectrum
based on the fast ion distribution function from TRANSP
(see section III D), (b) using beam on - beam off times-
lice subtraction to isolate the active emission and fitting a
comprehensive model to the resulting spectrum, and (c)
calculating the corrections due to cross section distor-
tions and the halo using an iterative collisional radiative
approach which is described briefly in section III C and
in substantially more detail in Ref. 14. A great deal of
progress has been made accelerating the various steps, in
particular the spectral fitting, although an overall goal
of being able to perform automated main ion analysis

between discharges has yet to be achieved.

A. Fitting the Dα Spectrum

A typical spectrum for an edge chord for the high
performance ITER baseline case in H-mode is shown in
Fig. 3 using active-passive time slice subtraction (see sec-
tion III B for more details). The fit model includes the
following features: a thermal feature (constrained to have
a minimum temperature of 80 eV) which carries informa-
tion about the main ion properties, a residual cold feature
(constrained to have a temperature below 20 eV), impu-
rity lines, fast ion Dα (FIDA), and beam related emis-
sion. The beam emission consists of a full (D+), half
(D+

2 ), third (D+
3 ), and water (D2O

+) component each
of which is accelerated to a different velocity due to their
different mass before breaking apart in the neutralizer.
Additionally there is broad continuum feature thought
to be due to the breakup of D2+, D3+, and D2O

+ in
the accelerator23. The location of this feature is fixed
relative to the full energy feature, the radiance is tied to
third energy radiance, and the width is constrained such
that the emission is essentially zero when the velocity
reaches the velocity of the beam water emission and the
full energy emission. The location, profile, and relative
radiance of the continuum feature are determined using
beam into gas calibration shots. Additionally, sometimes
a cold Hα feature is included if there is significant hydro-
gen present (see Fig. 5 for example); however, this is
rarely required on DIII-D. For some additional informa-
tion on how each of these components is constrained for
the core and edge systems see Refs. 7 and 12.

The amplitude of the residual cold feature is negli-
gible for the core chords, increases for the edge chords
with tangency radii near the separatrix and decreases for
chords with tangency in the scrape off layer. This resid-
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ual feature was unexpected and its origin is currently un-
der investigation. Some possibilities include impact exci-
tation of the cold edge neutrals by beam neutrals and/or
fast ions, an increase in the cold neutral density while
the beams are on, or changes in the electron impact ex-
citation due to changes in the plasma geometry (caused
by increasing plasma beta when the beams are on) which
causes the electron density profile to move relative to the
neutral density profile.

In order to deal with the high throughput required for
more routine analysis a new spectral fitter was written
using the C programming language to optimize the exe-
cution speed. The new fitting program, called MICEFIT,
retains many of the essential features and models of the
original fitting software23 which was written in IDL. The
combination of using a compiled language and the ability
to parallelize jobs over chords on a cluster has reduced
the average time to fit all of the main ion chords for a
discharge by approximately two orders of magnitude al-
lowing all chords to be fit in a few minutes if the FIDA
calculations which are discussed in section III D are not
required.

B. Active-passive time slice subtraction

In order to isolate the Dα emission due to the NBI
we subtract a spectrum from when the NBI is off from a
spectrum when it is on (referred to as time slice subtrac-
tion). This localizes the measurement to the approximate
beam - sight line intersection and is more important for
MICER than impurity CER because of larger levels of
complicating background emission. Fig. 3 shows an ex-
ample of the time slice subtracted spectrum along with
the NBI on and NBI off spectra.

The passive time slice (NBI off) which is chosen for
time slice subtraction is usually the closest available time
slice within 20ms which is free from significant changes
in the plasma such as ELM activity which can have a
dramatic effect on the Dα spectrum. One concern is that
the measurement is sensitive to which passive time slice
is used. Fig. 4 demonstrates that this is not the case.
The temperature and rotation for a chord inside the top
of the pedestal (M17) and near the separatrix (M30) give
very similar results regardless of whether the passive time
slices are constrained to be before the measurement time
slice, after the measurement, or the one which is closest
in time.

Because the NBIs which are used for the MICER mea-
surements on DIII-D are heating beams, the requirement
that the beams be modulated on and off places a sig-
nificant constraint on the beam programming for experi-
ments. This raises the question of how well the spectrum
can be fit without using time slice subtraction. Fig. 4
also shows the result of trying to fit the active spectrum
without subtracting a passive time slice. For a chord
inside the top of the pedestal (M17), the systematic er-
rors are relatively small at 50 eV and 3 km/s. However,

near the separatrix, the systematic error is significantly
larger at 100 eV and 15 km/s. This is because it be-
comes more difficult to separate the thermal feature from
the cold and warm passive emission due to the reduced
ion temperature (this issue is minimized by using time
slice subtraction). Including an additional warm feature
in the spectrum whose temperature is constrained to be
between 20 eV and 100 eV provides slight improvements
for the chord further into the plasma but increases the
error for the edge chord.

It is important to note that the error is systematic
and the underlying dynamics of the measurements are
retained when time slice subtraction is not used. This
both demonstrates the importance of time slice subtrac-
tion for obtaining the most accurate results possible, but
also shows that if errors of 100 eV and 15 km/s at the
edge (and less in the core) are acceptable, it is possible
to use the active signal without time slice subtraction.
In such a situation, occasional periods of beam modula-
tion should be used to verify the quality of measurements
against time slice subtracted data.
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FIG. 4. The result from fitting the spectra with different time
slice subtraction (TSSUB) strategies for a chord inside the
pedestal top (M17) and near the plasma edge (M30). Using
only the timeslices before, after, or closest to the active slice
provide very consistent results for both chords. Dots mark the
absolute difference compared with the TSSUB closest case.
The measurements without using time slice subtraction are
shown with and without including an additional warm feature
in the fit. Agreement with the TSSUB data is significantly
worse for the edge chord.

C. Atomic physics modeling

Fitting the MICER spectrum provides the apparent
temperature, apparent line of sight velocity, and radiance
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FIG. 6. Comparison between the bulk main ion temperature
and rotation obtained for an ITER baseline case (a), (c) and a
QH mode code (b), (d). Example spectra are shown in Figs. 3
and 5 for these two cases respectively.

of the thermal Dα emission. More specifically it gives
the temperature, velocity, and radiance of the excited
n = 3 deuterium neutral population that results from di-
rect charge exchange (DCX) with neutral beams and sub-
sequent charge exchange processes between the thermal
neutrals and other thermal ions (halo). These processes

mean that the n = 3 distribution function may contain
distortions compared with the underlying D+ thermal
population which is why the measurements are referred
to as “apparent”. At the plasma edge, typically atomic
cross section related distortions are minimal due to the
lower ion temperature; however, the spatial smearing due
to the halo and larger profile gradients becomes signifi-
cant. On the other hand, in the core where temperatures
are higher, the cross section distortions become impor-
tant.

In order to convert these apparent values into the
deuterium ion temperature, rotation, and density we
need to model the process which leads to the excited
n = 3 deuterium neutral population and the associated
Dα emission based on the underlying plasma parameters.
FIDASIM24,25 is a Monte Carlo code which provides this
functionality by calculating the density of multiple neu-
tral deuterium populations (thermal, beam, fast) in sev-
eral principle quantum states (collisional radiative mod-
eling) on a 3D simulation grid as well as the associated
Dα photoemission, using the following inputs: beam pa-
rameters, viewing geometry, EFIT equilibrium, electron
density and temperature (ne, Te), deuterium ion tem-
perature, angular rotation and density (TD, ΩD, nD). A
single impurity species is included with its density be-
ing calculated using ne, nD, the ion charge (Zi) and as-
suming quasi-neutrality. FIDASIM provides a forward
model of the measurement because it can calculate the
spectrum for a particular sightline if the underlying deu-
terium properties are known. For details of the atomic
physics data which is used in FIDASIM, see the refer-
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ences in 24 and 25.
The simulated apparent spectrum from FIDASIM is

compared with the measured apparent spectrum for each
sight line (Fig. 2 [c]) with the differences being used to
generate a new set of deuterium ion input profiles for the
next iteration of FIDASIM. This process is repeated until
the simulated spectrum matches the observed spectrum
at which point the input deuterium profiles provide the
required deuterium ion properties which are consistent
with the measured spectra. This iterative collisional ra-
diative modeling is described in much greater detail in
Refs. 14 and 13.

Currently the atomic physics modeling is the most time
consuming part of the main ion analysis because each
iteration of FIDASIM takes approximately 20 minutes.
Ways that this process can be accelerated without signif-
icantly compromising accuracy are under investigation.
One option is using the n = 3 neutral density from the
first FIDASIM iteration with approximately correct main
ion properties to calculate the emitted spectrum using
different deuterium ion properties for subsequent itera-
tions:

R(λ) ≈ cA32

4πλ0

∫
LOS

n3(l) fM (T (l), vd(l), λ) dl (1)

where R(λ) is the spectral radiance (Ph/sr/m2/s/nm) as
a function of wavelength (λ) along the line of sight, λ0 is
the Dα rest wavelength in nm, c is the speed of light, T
and vd are the plasma temperature and velocity projected
onto the line of sight (these vary along the line of sight),
A32 is the Einstein coefficient for the n = 3 → 2 transi-
tion, n3 is the density of excited n = 3 deuterium, and
fM is a Maxwellian distribution function. This removes
the requirement to recalculate the neutral populations at
each iteration step, reducing the time taken to calculate
subsequent iterations from many minutes to less than a
second each. However, any changes to the n = 3 density
due to the changing deuterium ion properties between
iterations are not included, nor is the fact that the neu-
trals carry the properties of their birth cell along with
any atomic cross section distortions as opposed to the
properties in the cell where the light is emitted. Initial
tests show that this approach works well except near the
separatrix where non local effects become important.

D. The fast ion Dα emission

An important difference between the main ion and
impurity distribution functions in NBI or ICRH heated
plasmas is the presence of a fast deuterium ion popula-
tion. This population means that the deuterium distribu-
tion function is non-Maxwellian and the separation into
a Maxwellian “thermal” bulk population and a “fast”
population is somewhat arbitrary. The fast ion popula-
tion also emits Dα light (FIDA)22,26, so in cases where
there is a significant fast ion fraction at the radius of
the MICER measurements this emission must be treated

carefully. This is usually a greater concern for the core
main ion system7 where the fast ion density is typically
much larger. However, as we show in this section, for
low density cases with high levels of NBI heating such as
QH-mode, the fast ion contribution to the spectrum for
the edge system must also be taken into account.

The approach that we take is to separate the fast
and thermal ion population contributions to the MICER
spectrum in a way that mirrors how they are separated
in transport codes such as TRANSP27. The reason for
doing this is that one of the main uses of the main ion
measurements is in transport codes such as TRANSP,
where they are used to calculate the thermal, momentum,
and particle transport. In TRANSP, the NUBEAM28

module calculates the birth profile of the fast ions (from
charge exchange and ionization of the neutral beam par-
ticles). These particles are then followed as they trans-
fer momentum and energy to the underlying “thermal
populations” until their energy drops below 1.5Ti (where
Ti is the Maxwellian thermal ion temperature) at which
point they are added to the main ion thermal population.
In this process the fast ions are essentially treated as a
particle, momentum, and energy source for the thermal
populations with the interaction between the populations
being neoclassical.

An output of the NUBEAM calculation is the fast
ion distribution function which can be used by the FI-
DASIM code to calculate the FIDA emission. This arti-
ficial FIDA spectrum is then used as one of the features
in the fit to the main ion spectrum allowing the contri-
bution of the fast ions to the spectrum to be properly ac-
counted for, and the “thermal” population (according to
the TRANSP definition) contribution to be properly ex-
tracted from the fit. This workflow is illustrated in Fig. 2
(a) and (b). This technique is limited to the extent that
NUBEAM can accurately calculate the fast ion transport
and FIDASIM can calculate the resulting FIDA emission
for the MICER sight lines.

This approach differs from that taken in Ref. 15 where
the thermal and fast parts of the distribution function
are not artificially separated. Instead the temperature
and rotation are calculated by taking moments using the
full kinetic distribution function. While this is the kinetic
temperature and rotation it would not be correct to use
these values as inputs to TRANSP for interpretive trans-
port because TRANSP is already including the effects of
the fast ions separately.

For many cases the fast ion fraction near the plasma
edge is low enough that the FIDA contribution to the
spectrum can be neglected. This can be seen in the spec-
trum from the ITER baseline case shown in Fig. 3 where
the FIDA radiance was calculated to be ≈ 0.1% of the
thermal radiance. Additionally, excluding the FIDA fea-
ture does not lead to significant patterns in the weighted
residual (Fig. 3 [b]) whose values should be low and ap-
proximate random noise for a good fit.

To contrast against this case, a QH-mode case, which
is one of the most challenging cases for MICER analy-
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sis on DIII-D, is shown in Fig. 5. Here the FIDA radi-
ance was calculated to be ≈ 30% of the thermal radiance.
When fitting the spectrum with a single Gaussian (Fig. 5
[a]) there is significant structure in the residual around
654 nm indicating a missing feature in the model (this
structure is absent in Fig. 3). When the FIDA contribu-
tion is included (Fig. 5 [b]), the fit improves significantly.
The remaining structure in the residual Fig. 5 (b) may
be due to non-Maxwellian features in the “thermal” pop-
ulation itself29,30. For completeness, a fit including two
separate Gaussians which absorb the contributions of the
thermal and fast ion populations is shown in (c). While
the fit is good, the interpretation is not as clear as directly
including a modelled FIDA contribution because it is un-
known how the contributions are absorbed into the two
Gaussians and we do not have enough information from
this number of view chords to unravel the complexities
of the fast ion part of the main ion distribution function.

Fig. 6 compares the apparent temperature and toroidal
rotation for both the ITER baseline ([a],[c]) and QH-
mode case ([b],[d]) with and without including the FIDA
feature in the fit to the spectra. For both fits, a single
Gaussian is used for the thermal feature. The results
for the ITER baseline case are essentially identical in-
dicating that FIDA can be excluded for this particular
chord; however, for the QH mode case, differences up
to 1.3 keV (out of 3 keV) and 6km/s (out of 100 km/s)
are seen demonstrating the importance of including the
FIDA contribution when there is a large fast ion fraction.

This QH-mode is an example of one of the most dif-
ficult cases for MICER analysis that is enountered on
DIII-D. More typical cases such as those shown in Fig. 3
can be fit with relative ease. These challenging cases
provide an excellent opportunity to refine the MICER
technique.

IV. EXAMPLE CAPABILITIES

In this section examples of profile measurements for the
Ohmic and ITER baseline cases are shown, along with an
example of the beam parameter measurements during a
NBI variable beam perveance31 control experiment which
aimed to simultaneously control the input torque and
stored energy.

Temperature and rotation profiles from the Ohmic case
are shown in Fig. 7. This particular discharge was de-
signed to study changes in the intrinsic toroidal rota-
tion profile as the electron density is decreased. As was
described in the introduction, improved understanding
of intrinsic rotation is particularly important for larger
machines such as ITER. Short beam blips (10ms) pro-
vide the MICER and CER measurements every 400ms.
The main ion and impurity toroidal rotation profiles are
shown in Fig. 7 (a) and (b) for the high density and low
density times in the discharge respectively. The main ion
rotation profile changes from hollow to almost flat as the
density is decreased. One possibility for this change in

profile is changes in the residual stress associated with
changes in the dominant turbulence regime32. Compar-
ing the impurity and main ion measurements, similar be-
haviour is seen for ρ < 0.6; however, for ρ > 0.6 the
main ion rotation is essentially flat, while for the im-
purities it steadily decreases with increasing ρ (square-
root of normalized toroidal magnetic flux). This clearly
demonstrates the importance of the main ion measure-
ments near the edge when studying topics such as intrin-
sic rotation.

The temperature profiles for these two cases are show
in Fig. 7 (c) and (d). Both the deuterium and carbon
temperatures are well equilibriated showing near identi-
cal values across the profile. The electron temperature is
significantly higher in the core due to the Ohmic heating.
Cases where there are significant differences between the
main ion and impurity temperature are shown in Ref. 33.

The time evolution of the main ion and impurity
toroidal rotation profiles for the higher powered ITER
baseline case across the L-H transition, which occurs at
1896ms, are shown in Fig. 8. For ρ < 0.7 both the
main ion and impurity toroidal rotation show similar in-
creases. Near the separatrix significant differences be-
tween the rotation of the two species are seen. The impu-
rity toroidal rotation develops a notch structure around
ρ = 0.93 following the L-H transition which is often seen
in the impurity toroidal rotation34–36. Additionally the
main ion rotation shows a large co-current rotation near
the separatrix which increases leading up to the L-H
transition and a jump across the transition. This co-
current edge peak has previously been observed using
Mach probes19. Again, these profiles clearly show that
the main ion measurements are crucial for understanding
the plasma toroidal rotation near the plasma edge.

As was described in section III, the spectrally resolved
beam emission component of the Dα spectrum contains
a great deal of information about the neutral beams.
Recent upgrades to the NBI and plasma control system
(PCS) on DIII-D allow the beam voltage and perveance
to be controlled in real time allowing for simultaneous
control of the stored energy and toroidal rotation31. Re-
cently feedback control of the stored energy and toroidal
rotation by varying the beam voltage and current in the
co and counter beams was attempted on DIII-D with the
goal of enabling smoother, more precise control by avoid-
ing beam modulations. Comparisons between the beam
voltage and current reported by the NBI group (based
on measurements inside the injectors) and the MICER
measured beam voltage and full energy beam emission
radiance (based on the Doppler shift and radiance of
beam neutrals Dα emission as they travel through the
plasma) are shown Fig. 9. Excellent agreement is seen
with MICER capturing the time variation of the con-
trolled values. The faster beam current variations were
used to try to respond to fast changes in energy and/or
rotation due to slower beam voltage response times. This
further confirmes that the beam emission is being fit with
a high degree of accuracy and demonstrates the utility of
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FIG. 7. Main ion and impurity toroidal rotation and temper-
ature profiles for the Ohmic case at the high density (a),(c)
and low density (b),(d) times. The profiles are plotted against
the square root of the normalized toroidal flux (ρ).

the MICER system beyond measuring thermal main ion
properties.

V. CONCLUSIONS AND FUTURE WORK

The main ion charge exchange recombination spec-
troscopy (MICER) system on DIII-D comprises 32 ded-
icated sight lines including a high resolution 16 chan-
nel edge system designed specifically to observe the main
ion properties in the pedestal region. The difficulties en-
countered in performing MICER compared with impu-
rity CER largely lie in the analysis of the spectrum and
the required atomic physics modeling. Details of some
of the advances which have allowed these measurements
to be made from the plasma core to the edge have been
described, in particular the iterative collisional radiative
modeling required to account for the effect of the halo
and atomic cross section distortions. The results from
the timeslice subtracted spectra were shown to be ro-
bust to the choice of the background/passive time slice
and the prospects of performing MICER without using
time slice subtraction are promising inside the top of the
pedestal, but errors of approximately 100 eV and 15 km/s
are encountered near the separatrix. Including the FIDA
emission was shown to be unnecessary for the majority of
L-mode and H-mode cases for the edge main ion chords.
However, for challenging cases such as QH-mode, includ-
ing the FIDA emission is important for obtaining accu-
rate measurements due to the low density, high temper-
ature, and high fast ion fractions.

Time evolving profiles of the main ion properties from
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FIG. 8. Toroidal rotation profiles for the ITER baseline case
across the L-H transition which occurs at 1896ms. The pro-
files on either side of the transition are marked with thicker
colored lines and a thin black line. Large differences are seen
- a rapid co current edge rotation is seen in the main ion pro-
files, and notch feature is seen for the impurity profiles. The
dashed vertical line marks the separatrix.

the core to the edge of the plasma were shown illus-
trating that large differences between the impurity and
main ion toroidal rotation can occur, particularly near
the plasma edge. This highlights the importance of the
main ion measurements in research areas such as momen-
tum transport. Additionally, the ability to accurately di-
agnose details of the neutral beam parameters based on
the Dα light they emit was demonstrated.

Future work will focus on further reducing the time
it takes to perform main ion CER analysis. Recent ad-
vances in the spectral fitting, which were described, have
meant that between shot spectral fitting is possible; how-
ever, the iterative calculations which are required to ac-
count for spatial smearing due to the halo, and atomic
cross section distortions are still time consuming. The 32
channel system has been acquiring data on most DIII-D
discharges since 2016 providing a large database of main
ion measurements over a broad range of plasma condi-
tions which promises to provide a rich source of data for
testing and further developing physics models.
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Comparison between the beam voltage measured at the NBI
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