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ABSTRACT

Measurements of ion temperature profiles are required to assess the energy and particle transport processes in the Wendelstein 7-X stellarator.
This device is equipped with a diagnostic alkali beam, which can be utilized to determine local impurity temperatures and densities by Charge
Exchange Recombination Spectroscopy (CXRS). It could provide such profiles in the edge plasma, where other diagnostics are less efficient.
With this contribution, first results of CXRS measurements on the sodium beam from the scientific operation phase OP2.1 are presented.
The spectroscopic system was in commissioning phase lacking some of the final optical components. Thus, the aim of the diagnostics during
this campaign was to explore the measurement capabilities. Based on the processed spectra, the prospects of C* and C** ion temperature
and concentration measurements are discussed. The results indicate that with the final optical setup under installation, the diagnostics could
provide ion temperature profiles in the edge with 3 mm radial resolution and at least 1 s temporal resolution.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0219461

I. INTRODUCTION

Wendelstein 7-X (W7-X) is a stellarator built mainly to demon-
strate neoclassical transport reduction by computational optimiza-
tion of the vacuum magnetic field" (besides other aims as showing
the feasibility of long pulse, fusion-relevant plasmas, etc.), conse-
quently proving that the optimized stellarator concept is attractive
and viable as a fusion power plant. In order to assess the perfor-
mance, measurements of particle density and temperature profiles
are required. For ion temperature measurements, the device is
equipped with an x-ray imaging crystal spectrometer’ and a Charge
Exchange Recombination Spectroscopy (CXRS) diagnostics, which
utilizes the heating beams” (both systems measure in the core). Ion
temperatures in the Scrape-off Layer (SOL) are also determined
through divertor spectroscopy.” However, these systems are not

optimal to measure local ion temperatures in the edge close to the
Last Closed Flux Surface (LCFS). Consequently, a diagnostics that
could provide such profiles in the edge and the SOL with high radial
resolution would be of great value.

CXRS has been a widespread technique to measure local impu-
rity temperatures in tokamak and stellarator plasmas for decades.®
This method utilizes the large cross sections of charge exchange
reactions between plasma impurity ions and neutral particles of
an injected beam (compared to the cross sections of electron col-
lision induced excitations in the impurities). The electrons in the
impurities occupy excited states after the charge transfer, and
then, they emit photons when they undergo a subsequent sponta-
neous transition. By measuring the Doppler shift, Doppler broad-
ening, and intensity of these spectral lines, one can determine local
impurity parameters such as velocity, temperature, and density,
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respectively—assuming local thermal equilibrium. This technique is
most commonly used on heating beams; however, there are exam-
ples of impurity temperature measurements utilizing high energy
diagnostic lithium atoms as electron sources.” ~ An advantage of
such diagnostics is that lithium CX cross sections are larger by
two orders of magnitude relative to protium beams;” thus, a much
smaller current density is needed (a diagnostic alkali beam usually
operates with a few mA/cm?). Consequently, these beams'* have
negligible heating effects, while their small width offers a high spatial
resolution for CXRS measurements.

The present contribution examines the possibilities of CXRS
measurements on the high energy sodium beam of W7-X'! in order
to acquire impurity temperature profiles in the boundary plasma
of the device. The results of the last experiment campaign (opera-
tion phase 2.1—OP2.1) are discussed, and predictions are made for
future measurements.

Il. EXPERIMENTAL SETUP

Figure 1 illustrates the experimental setup. The sodium beam
is placed on the equatorial plane at ¢ = 72° in cylindrical coordi-
nates around the device.!' It was operated with 50 keV atom kinetic
energy in OP2.1, and the beam diameter was ~2 cm. 150 ms periodic
chopping was applied to allow for the determination of the back-
ground light. The upper port in Fig. 1 is used for n. profile and
turbulence measurements'>'? by detecting the radial distribution
and fluctuations in the intensity of the Na doublet line at ~589 nm.
For spectral measurements, the light is collected in the lower port,'*
collimated to 132 fibers, less than half of which is available to mon-
itor the alkali beam. The spot size of the fibers on the midplane is
about 2.5 mm with 0.5-1 mm distance between the spots—there are
some uncertainties due to manufacturing reasons. The optical setup
transmits light in the 340-930 nm wavelength range. The fibers carry
the light into the spectroscopy laboratory, where it is processed by
an IsoPlane SCT 320 spectrometer (from Princeton Instruments). It
is equipped with a motorized, adjustable slit (5-150 ym), and three
grids blazed at 500 nm, having 1200, 1800, and 2400 grooves/mm.
A ProEM CCD camera with 1024 x 1024 pixels measures the light at
the output of the spectrometer.

In OP2.1, only 4 temporary fibers were installed in the labora-
tory with 400 ym core diameter; however, the fibers attached to the
spectrometer had 140 ym core diameter; thus, 88% of the incom-
ing light was lost in the couplings. The wavelength calibration of the

Fiber bundle
Sodium CX and

= - tolab g
He gas jet optics T T : v 6\

FIG. 1. Entire W7-X alkali beam diagnostic system.'*
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system was carried out with spectral lamps. 10-20 lines (depend-
ing on the grid) were used for such purpose. Assuming a third-order
polynomial relation between the pixel and the wavelength values, the
accuracy of the calibration was assessed to be 50-150 pm depending
on the grid and the distance from the central wavelength setting in
the spectra. In the presented measurements, 100 ym slit width was
applied to achieve a compromise between spectral resolution and
light intensity, while the 1200 grooves/mm grid was equipped, since
it allowed the observation of a wide wavelength range. The ProEM
camera was operated with 20 ms exposure time. In data process-
ing, the spectra measured during beam switching were dropped. The
measured data were integrated in each discharge for several seconds
under non-transient plasma conditions to improve the signal-to-
noise ratio (SNR). The uncertainties of the intensities denoted with
AI[A] in (7) were given by the standard deviations of the signals at
individual wavelengths.

lll. THEORETICAL METHODS

The classical trajectory Monte Carlo (CTMC) method was used
to determine the charge exchange cross sections for fast sodium
atom and carbon ion collisions. The CTMC method is a non-
perturbative method, based on the calculation of a large number
of individual particle trajectories when the initial atomic states are
chosen randomly.'”'® One of the advantages of such method is
that many-body interactions are exactly taken into account dur-
ing the collisions on a classical level. In the present work, the
CTMC simulations were made in a three-body approximation. In
our approximation, the many-electron target atom was replaced by
a one-electron atom and the projectile ion was taken into account
as one particle. The three particles are characterized by their masses
and charges, and the Coulomb force is acting between the collid-
ing particles. The effective charge of the target core was calculated
according to Slater’s rules.!” The randomly selected initial condi-
tions were the impact parameter of the projectile with respect to
the target atom, and the position and velocity vector of the tar-
get electron keep moving in Kepler orbits. The initial conditions of
the individual collisions are chosen at sufficiently large inter-nuclear
separations from the collision center, where the interactions among
the particles are negligible. The classical equations of motion were
integrated with respect to the time as an independent variable by
the standard Runge-Kutta method, and the state selective charge
exchange total cross sections can be calculated by

27bmax (ion)
o= ———— E by, 1
Tn : j (1)

where the associated statistical uncertainty is

T T(ion) 1/2
Aoc=0c Ni(N) . @)
TNTY

In (1) and (2), Ty is the total number of trajectories calculated for

impact parameters less than bpax, TIE;O") is the number of trajectories
that satisfy the criteria for state selective charge exchange, and bgm)
is the actual impact parameter for the trajectory corresponding to

the state selective CX process.
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The results in Fig. 2 show that the n = 7 and n = 8 levels with
the highest / will be occupied most likely in the C®* ions, similarly to
Li-C®* charge exchange measurements.” In the case of C** ions, the
most significant population after charge transfer is expected in the
n=6and n =7, high I levels.

IV. RESULTS
A. CVlline

Figure 3 shows a detected C VI line. The difference between its
intensity measured with and without beam injection could be the
consequence of the following reactions:

NaO + C6+ N Na+ + C5+*’ (3)

C** > C v (n=8 - n=7,1~529 nm). ()

This is the most often used spectral line for hydrogen CX
measurements® and was the strongest active line in the measured
spectra. An oscillation was found with 150 ms periodicity in the tem-
poral auto-correlation of the wavelength band of this line, which
confirms that it is modulated by the beam. Furthermore, the large
cross sections in Fig. 2 for n = 8, high I levels suggests that this mod-
ulation is caused by charge exchange between the beam atoms and
the C* impurities, as it was stated in (3). To obtain Tce4+ from the
measurements, one has to take into account the following effects:

Na(3s) - C>* CX cross sections from CTMC

10—14
n=>5
: — n==6
. —v n=7
5 107 n=_8
= n=9
N n=10
S 10-1'_'1 4
éj /‘\\
10°%7 T T T T T
0 2 4 6 8
Lo Na(3s) - C®* CX cross sections from CTMC
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r’u_| o n=6
s -~ n=7
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o

FIG. 2. Charge exchange cross section acquired from CTMC calculations as a
function of the principal quantum number n and an azimuthal quantum number
I—these denote the place of the electron after the reaction. In the simulations,
sodium beam atoms with 50 keV kinetic energy were applied, which collided with
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20230316.072, beam on and off spectra, R = 6.2079 m, [6,12] s

Spectral intensity [a.u.]

528.00 528.25 528.50 528.75 529.00 529.25 529.50 529.75 530.00
Wavelength [nm]

FIG. 3. C VI spectra measured during beam-on and beam-off periods, averaged
over 6 s in the edge, at R = 6.2097 m (while the LCFS was at R ~ 6.225 m—low
mirror magnetic configuration).

1. The fine structure and the Zeeman splitting due to the mag-
netic field were calculated using the same code as in Ref. 5.
One notable difference is that in this work, we process active
signals, and the magnetic field vector is sufficiently known'®
from the intersection of the lines of sights of the channels
and the beam; thus, we do not need to fit the magnetic field
strength or the angle between that and the line of sight. These
values are acquired from the vacuum field in the center of the
measured volumes.

2. The Doppler broadening and shift (for an ideal, infinitely
narrow line) results in the line shape as

I A—-u\?
D(/\; UD,iJO;#) = ﬁ - exXp [—( O'De) ]» (5)

where Iy is a free intensity factor, A denotes the wavelength,
and u is the central wavelength of the spectral line in ques-
tion, while op;; is a broadening parameter, from which the ion
temperature for a given species is

2
Mi Cc 2
Ti = — M ie 6

2kp (‘u ) . (©)

In this expression, M; refers to the mass of the ion, kp is the
Boltzmann constant, and c is the speed of light in vacuum. Io,
oD, and y are parameters to be fitted to the measured spectra.

3. The instrumental function was measured during the wave-
length calibration with spectral lamps.

Figure 4 illustrates the components of C VI spectral line modeling.
Thus, we can simulate a spectrum S(y, Io, T;)[A] and then fit this to
the measured one M[1] by minimizing

(S Io, Ti)[A] = MW)Z.

C%+ and C®* ion targets. Although the uncertainties [given by (2)] are not denoted, X2 _ Z )
they were found to be always less than 10%. - ING ]
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Calculated spectra: Tcg+ =160 eV, B=2.3104 T, ©=289.10°, 100 um slit

1.0 A —— Zeeman+Doppler
—8— Zeeman+Doppler+Iinstr. f.
1 Zeeman
E 0.8
>
=
2
o 064
]
£
el
[J]
N 0.4
©
£
—
[¢]
2 0.2+
004 [

528.6 528.8 529.0 529.2 529.4 529.6
Wavelength [nm]

FIG. 4. Simulated C VI (n:8 — 7) line with 100 pm slit width and 1200
grooves/mm grid, without noise. The physical parameters were kg T g, = 160 eV
carbon temperature, B = 2.3104 T magnetic field strength, and 6 = 89.1° angle
between LOS and magnetic field.

An example of a fitted spectrum is shown in Fig. 5. The fit con-
tains nonlinear elements; thus, the parabola approximation around
the minimum value of y* was not deemed sufficient for determining
the uncertainty of the acquired temperature. In order to obtain that,
Monte Carlo error calculations were performed. In other words,
1000 synthetic spectra were generated by sampling random noise on
the fitted spectrum (red curve in Fig. 5) from a Gaussian distribu-
tion using the intensity errors AI[A] from the measured spectrum as
sigma parameters, and then, the theoretical spectrum was fitted to
the synthetic ones. This resulted in a series of Tce+ values, and the

20230316.072, channel 4, R = 6.2079 m, x2=0.42, Tc = 163.12+ 74.46 eV

10 +

—— Calculated
—— Measured

Intensity [a.u.]
Y

_2 .
528.2 528.4 528.6 528.8 529.0 529.2 529.4 529.6
Wavelength [nm]

FIG. 5. Background subtracted C VI spectrum averaged over 6 s in the edge,
at R =6.2097 m (while the LCFS was at R ~ 6.225 m—low mirror magnetic
configuration), and the fitted spectral model.
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standard deviation of this distribution was taken as AT ¢cs+. In Fig. 5,
this process resulted in kgTce+ = 163 +74 eV.

In order to assess the measurement capabilities of the final sys-
tem, we use a noise model where the variance of the intensity is
described as AI(I) ~ a- /T + b, where the first term on the right-
hand side stands for the photon statistical noise and the second term
stands for the constant electronic noise of the camera. The a and b
parameters were fitted using measurements of the sodium line emis-
sion during constant plasma conditions in the same spectrometer.
The result is a = 0.0813 and b = 0.4472. Using this method, we can
sample noise for spectra with arbitrary intensities. Consequently,
we can estimate the magnitude of ATces+ of future measurements
assuming the same plasma parameters as in Fig. 5, but without sig-
nalloss in the fiber couplings (which will be the setup in OP2.2). Our
projections gained in the presented manner indicate that with a 2400
grooves/mm grid and a 100 ym slit width settings, ATce+ ~ 17 eV
is achievable for one second integration time in OP2.2 (assum-
ing the same conditions as in Fig. 5). At certain radial locations,
six fibers are installed in the optics; therefore, the integration time
might be reduced by summing up the signals of these fibers in the
spectrometer while keeping the same uncertainty level.

B.CV line

Figure 6 shows that a spectral line at 494.5 nm was also modu-
lated by the beam. Although the SNR on the line is smaller compared
to the C VI line as shown in Fig. 3, the temporal auto-correlation
of its wavelength averaged signal (just like in the case of the C VI
line) confirms that the net spectral line is a result of the interactions
between beam and plasma particles. While there are overlapping
OV,BV,and CV CX lines at this wavelength, the dominant impu-
rity in Wendelstein 7-X is carbon."” However, the boron density
might be in the same order, or maybe even higher after boroniza-
tions, in which the carbon concentration drops. Meanwhile, the
device was boronized only three weeks before the discharge in ques-
tion; thus, this measured line should be mostly emitted by C V ions.

20230316.047, beam on and off spectra, R = 6.1853 m, [1,10] s

20.01 —— beam on

17.5 —— beam off

=

o

o
|

12.5 4

10.0 4

7.5 A

5.0 1

Spectral intensity [a.u.]

2.5+

0.0 +

494.0 494.2 494.4 494.6 494.8 495.0 495.2
Wavelength [nm]

FIG. 6. C V spectra measured during beam-on and beam-off periods, aver-
aged over 9 s in the edge, at R = 6.1853 m (while the LCFS was at R ~ 6.202
m—standard magnetic configuration).
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20230316.047, channel 2, R = 6.1853 m, x2 =0.72, T¢ = 112.75+ 134.9 eV

—— Calculated
—— Measured

Intensity [a.u.]

-2 A

T T T T T T T
494.0 494.2 494.4 494.6 494.8 495.0 495.2

Wavelength [nm]

FIG. 7. Background subtracted C V spectra averaged over 9 s in the edge,
at R =6.1853 m (while the LCFS was at R ~ 6.202 m—standard magnetic
configuration), and the fitting spectrum model.

Consequently, we identify the line in Fig. 6 as a C V line for now;
thus, the following reactions are responsible for its modulation:

Na’ + C** > Na' + c***, (8)

C** > " v (n1=7 - n =61~ 494.5 nm), )

where the spectral line is emitted by the sum of a 6h-7i, a 6g-7h, and
a 6f-7g transition.””’ Furthermore, Fig. 2 suggests that the modu-
lation on that C V line is driven by charge exchange, since the n
=7, large I levels are occupied with a high probability after such
reactions.

To gain T'cs+ from the measured spectra, the same method was
applied as for the C VI line. However, the Zeeman components of
the line were approximated with the components of the correspond-
ing B V line due to the absence of atomic data. Nevertheless, at this
wavelength resolution, the difference between the two is expected
to be small. An example of the results is shown in Fig. 7, where
Tcs+ = 113.75 £134.90 eV. The MC error calculation method likely
underestimates ATcs4+ in this case since it is not possible to fit a
negative temperature. We can predict the magnitude of AT¢s, for
future measurements the same way as we did in the case of the C VI
line. This gives a projection of ATcs+ ~ 37 eV in OP2.2 with a 1800
grooves/mm grid and a 100 ym slit width (again, assuming the same
plasma conditions as in Fig. 7).

V. UPGRADE FOR OP2.2

Sufficient fibers (with 160 ym core diameter instead of 400)
have been installed between the optics and the spectrometer since
OP2.1, which allows a much better exploitation of the incoming
light. Fifty-four fibers will measure the intersection of the beam and
the plasma covering the SOL and the edge with 3 mm radial res-
olution as a result of this upgrade. Using a large number of fibers

ARTICLE pubs.aip.org/aip/rsi

(up to 12 in the spectrometer), it will be possible to reduce the tem-
perature measurement uncertainty at the expense of some reduction
in the spatial resolution. Although the present work focuses on
the prospect of carbon temperature measurements, data processing
algorithms for C** and C®* density calculations are in development
as well.

VI. SUMMARY AND OUTLOOK

The presented results prove that the charge exchange cross
sections between fast Na atoms and C** and C** plasma ions are suf-
ficiently large to use the alkali beam for CXRS measurements, since
C VI and C V lines were modulated by such reactions. Based on
our estimations, the modulation on the C VI line should allow the
measurement of Ts; with 10% uncertainty in the edge at 1 s tempo-
ral resolution and 3 mm radial resolution in the new experimental
setup.

The picture is more complex in the case of the C V spec-
trum. First, there are other significant impurities in the plasma,
such as oxygen and boron,'” and both have charge exchange excited
lines effectively at the same wavelength as the C V line: 494.5 nm.
These lines were neglected in the present analysis; however, they
must be taken into account when the signal is stronger. Second,
as shown in Sec. IV B, this line is considerably weaker than the
C VL. Thus, according the magnitude estimations, ~33% uncertain-
ties are expected with 2 s temporal resolution and 6 mm radial
resolution at best. Nevertheless, the ionization potential of C** is
smaller than that of the C®*; thus, a relatively larger population is
expected from the former close to the LCFS. Ion temperature data
from that region would be more beneficial. Consequently, it is worth
considering CXRS measurements on the C V line as well, at least in
certain scenarios.
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