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Abstract. Optimized stellarator Wendelstein 7-X started operation in December
2015 and will perform the first divertor experiments in the second half of 2017. The
W7-X Thomson scattering system is an essential diagnostic for electron density and
temperature profiles. In this paper the Thomson scattering diagnostic is described in
details, including setup, calibration procedures, data evaluation, experimental results
and their comparison with other diagnostics, and development plans.

The W7-X system is a Nd:YAG setup with up to five lasers, two sets of lenses covering
the whole plasma cross-section, fiber bundles and filter based polychromators. To save
hardware costs, two scattering volumes are measured with a single polychromator,
with one of the fiber bundles having a delay loop of 20 m. The relative spectral
calibration is carried out with the help of a broadband supercontinuum light source.
The absolute calibration is performed by observing Raman scattering in nitrogen. The
electron temperatures and densities are recovered by Bayesian modelling. Details of
the modelling including a discussion of possible posterior distributions are given. In
the first campaign, the Thomson scattering diagnostic provided temperature profiles
comparable with an independently calibrated electron cyclotron emission diagnostic
and densities in agreement with the single channel dispersion interferometer within
about 10%.
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1. Introduction

Wendelstein 7-X is a large optimized stellarator with superconducting coils [1, 2].
The optimization includes low neoclassical transport, high equilibrium 3, good MHD
properties, small bootstrap current and good fast-ion confinement. The aim is to
demonstrate the viability of the stellarator line as a fusion reactor [3]. The optimization
procedure is detailed in [4] and a historical perspective is presented in [5].

W7-X operation started with a limiter campaign, named OP1.1, that lasted from
December 2015 until March 2016. Five graphite inboard limiters defined the plasma
edge [6] and only ECRH discharges with total injected energy below 4 MJ were
administratively allowed. The campaign was devoted to an integrated commissioning of
the machine, but some promising physics results were achieved as well. Plasmas with
electron temperatures of up to 7 keV, ion temperatures of up to 2 keV and electron
densities of up to 3 - 10" m™? were realized [7,8].
To achieve steady-state operation with ECRH heating of up to 10 MW, W7-X will be
equipped with island divertor [9,10]. First in campaign OP1.2 planned for the second
half of 2017, the test graphite divertor with inertial cooling will be used to establish the
divertor operation and to explore the operational space. Later in campaign OP2, the
water-cooled graphite divertor of the same shape as the test one will be installed with
the aim of realizing up to 30 minutes discharges [11]. The different W7-X campaigns
and the corresponding machine capabilities are detailed in [3].

A good diagnostic coverage is essential for physics studies at W7-X. In particular, profile
information for electron temperature and density is necessary e.g. for confinement and
transport studies [12,13], for investigations of profile resilience with ECRH deposition [§]
etc., and is also an important input for many numerical codes. At W7-X a Thomson
scattering system is a standard profile diagnostic for electron temperature and density.
In this paper the W7-X Thomson scattering is described in details, and a summary
of the system performance in the first campaign OP1.1 as well as plans for the future
development are presented.

Thomson scattering is a process of scattering of an electromagnetic wave by free charged
particles. If applied to the plasma conditions, a free electron is accelerated by the wave
fields; and as a result, it emits scattered wave at the Doppler shifted frequency. In
the case the scattering wave vector k = k, — k; is large enough for its product with
the Debye length A\p to meet the condition kAp >> 1, the scattering from electrons
sums incoherently. The intensity of the scattered wave is then proportional to the
electron density and its spectrum reflects the electron velocity distribution, i.e. the
electron temperature. Incoherent Thomson scattering is a well established experimental
technique [14], which is successfully applied at many fusion machines [15-17]. To
overcome the disturbing plasma radiation powerful lasers are applied. Nd:YAG lasers
are often chosen because of their commercial availability and a lower plasma light
contamination in the near-infrared region.

The spectrum of the incoherent scattering can be calculated by taking an integral over
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the electron distribution [14]. For fusion relevant conditions a full relativistic treatment

is required. An analytical expression for the scattered power P was obtained for both the

incident and the observed light polarized perpendicular to the scattering plane [18,19]:
d3P,

dedQd3r

where 7. is the classical electron radius, S, is Poynting vector of the incident laser

= rgne (Se)y S (€,0,a), (1)

light, 0 is scattering angle, € = (A — A¢)/A¢ is normalized wavelength shift and « is
normalized inverse temperature m.c?/(2T,). The expression for the spectral density
function S (¢, 0, ) is lengthy but can be found in the cited paper.

Because of signal to noise considerations, the scattered spectrum is usually measured
only in a few spectral intervals, e.g. five for the W7-X setup. Such a polychromator
system is realized by a set of interference filters and photodiodes. The signal registered

by a polychromator channel ¢ can be approximated as:
2
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where the time integration is over the laser pulse, E, is the laser pulse energy, 6¢) is
the system solid angle, g;(\) is the absolute sensitivity including the filter transmission
and electronic gains, go = ¢,(\.) is the absolute sensitivity of a reference channel at a
reference wavelength. The integration on the right hand side is over the wavelengths and
over the length of the observation volume along the laser line. If the plasma parameters
do not change significantly in the observation volume the latter integration reduces to
multiplication by the volume length dL.

Practical applications of Thomson scattering require a careful system calibration.
Since it is often not possible to absolutely calibrate all spectral channels, instead the
calibration is split into two parts. According to equation 2, the wavelength integration
can be performed with the relative channel sensitivities g(\)/go, where the reference
value can be chosen rather arbitrarily. The determination of this relative values is called
spectral calibration. The absolute sensitivity of the system is given by the factor 620 Lgo
and is a subject to the absolute system calibration. The latter can be done by using
Rayleigh or Ramman scattering. The quality of the calibration defines a systematic
uncertainty of the plasma measurements.

The WT7-X incoherent Thomson scattering system is a Nd:YAG setup using
polychromators for spectral analysis. The laser light is guided through the plasma
roughly horizontally and passes close to the magnetic axis, e.g. for a direct measurement
of the Shafranov shift. Two sets of lenses observe the whole plasma cross-section: one
set for the inboard and the outboard halves of the profile. The optical setup is decoupled
from the machine to guarantee optical stability. The scattered light is collected into fiber
bundles relaying it to filter based polychromators. The light is detected with avalanche
photodiodes, and after shaping and ADC sampling the signals are stored for further
processing. A peculiarity of the setup is that fiber bundles from different scattering
volumes are fused into a single polychromator, thus reducing the hardware costs.
Calibration procedures and data processing are essential parts of the system. The



Thomson scattering at W7-X 4

relative spectral calibration is carried out with the help of a pulsed supercontinuum light
source and of a scanning monochromator. The front optics, the fibers, the interference
filters,the avalanche photodiodes and the electronics are covered by this calibration.
The transmission of the vacuum windows is added separately. The second step is the
absolute calibration with Raman scattering in nitrogen. The Raman scattering signal
is observed in two spectral channels. The results from these channels are generally
consistent, with the remaining differences being attributed to the unidealness of the
spectral calibration. The uncertainty of the absolute calibration is directly related to
the systematic uncertainty of the electron density.

The temperatures and densities are recovered by Bayesian modelling with Minerva
framework [20]. Minerva is a Java framework convenient for practical applications,
adopted also for other diagnostics at W7-X. As compared to the usual ratio method
the Bayesian approach provides asymmetries of the uncertainties due to deviation
from Gaussian distribution, and the cross-correlation between measured density and
temperature [21,22]. It is straightforward to include uncertainties on the calibration
parameters, to introduce a profile description [23], or to combine multiple diagnostics,
e.g. for a self-consistent equilibrium reconstruction. In this work, the Thomson
Bayesian model is developed and is used to analyze performance of the W7-X system.
Examples of different types of the posterior distribution are presented and the cases
with pronounced asymmetric uncertainties and cross-correlation are indicated. Scalings
of the uncertainties of the plasma parameters with temperature and with signal to
noise ratio are presented. For high signal to noise conditions, the W7-X setup with
five spectral channels is found to recover the temperature and density without cross-
correlation between about 10 eV and 10 keV.

The W7-X Thomson scattering system was operational from the very first day of
campaign OP1.1 with 10 scattering volumes at the outboard half of the profile.
The system proves to perform reliably and to provide vital data [7,8,12,13]. A
general consistency of the temperature profiles between the Thomson scattering and
the W7-X ECE diagnostic, and of Thomson scattering density profiles with the line
integrated interferometry is found. The remaining differences will be addressed in future
experiments. For the next campaign OP1.2, the Thomson system will be upgraded: at
the outboard side six more volumes will be added; the inboard side will be covered with
in 79 volumes; three lasers will be operational. The spatial resolution of the inboard half
will vary between about 15 mm in the core to about 6 mm in the outer part where sharp
gradients can be expected. The standard time resolution will be increased to 30 Hz, in
addition a burst mode with short pulse trains of up to 10 kHz is foreseen.

The rest of the paper is organized in the following way: first in section 2 the hardware
setup of the W7-X Thomson scattering is described; then in sections 3 and 4 details of
the spectral and absolute calibrations are covered; in section 5 the data processing and
Minerva modelling are explained, and numerical studies of the system capabilities are
presented; in section 6 experimental results from the first W7-X campaign are shown;
and finally in section 7 the results of the paper are summarized.
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Figure 1. W7-X Thomson scattering setup. The laser light enters the vessel from the
inboard side of the machine, passes through the plasma center, and leaves the vessel
at the outboard side. The full plasma cross-section is observed with two sets of optics.
The scattered light is transferred with fiber bundles to a polychromator room.

2. W7-X Thomson scattering system

The W7-X Thomson scattering diagnostic is a Nd:YAG system. An overview of the
setup is shown schematically in figure 1. The laser light, A = 1064 nm, is guided
through the plasma center and is dumped outside of the vacuum vessel. The light
scattered by plasma is collected with front optics into a set of fiber bundles, each fiber
bundle defining a scattering volume. The fiber bundles transfer the light to polychro-
mators, where the spectral analysis and the light detection is performed. The signals
are digitized, stored into the experimental Archive, and are used to reconstruct both
the electron temperature and the electron density. In this section, a brief overview of
the setup is given, for further details paper [24] is recommended.

The system is designed for operation with up to five Nd:YAG lasers, which can be
triggered either simultaneously to increase the pulse energy or with a delay to increase
the time resolution. For an easy access and maintenance, the lasers are located in a
dedicated laser room. The laser light is delivered to the plasma vessel with a carefully
designed and about 20 m long system of dielectric mirrors. The lasers, pulse energy from
0.7 to 2.4 J, pulse length about 10 ns, repetition rate 10 Hz, are linearly polarized and
the polarization is delivered perpendicular to the scattering plane. In the first campaign
OP1.1, only one laser was operated, i.e. the time resolution was limited to 100 ms. In
the next campaign OP1.2, three lasers will be available resulting in increased sampling
frequency of 30 Hz.

After leaving the vessel, the laser light is directed to the laser energy monitor and to the
beam dump both at the distance of about 3 m away from the output port. The input
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and output vacuum windows are located at the ends of the port tubes. This together
with the long distance to the dump minimizes the disturbance of the measurements by
the stray radiation. The spectral filters in the polychromators provide an additional
suppression of the laser light.

The full plasma cross-section of about 1.6 m is observed with two sets of optics spe-
cially designed for the wavelength range from 700 to 1064 nm [25]. Each optics set
observes one half of the cross-section, and therefore they can be referred to as inboard
and outboard. The main parameters of the optics are: focal length is 172 mm; distance
to the laser line is about 1.3 m; diameter of the outboard optics 160 mm; the size of
the inboard optics is 90 x 160 mm; typical solid angle is about 8 msr; both systems are
designed for fibers with numerical aperture of up to 0.37; the optical demagnification
varies between 7 and 11. The optics sets are mounted on retractable manipulators and
during measurements are placed inside the ports at the air side of the vacuum windows.
The optics are retracted to readjust or replace fiber bundles, and for protection during
baking out of the machine.

The laser mirrors and the optics sets are mounted on a special structure called Thomson
bridge [24]. The Thomson bridge is mechanically decoupled from the vacuum vessel and
from the magnetic system, thus guaranteeing optical stability. Indeed, the experiments
in OP1.1 showed that the system remains adjusted and performs well during an ex-
perimental day. Losses of the adjustment happened between experimental days, when
a general access to the bridge was open. The system operation was guarantied by an
inspection and a fine adjustment before experiments. An automated adjustment with
monitoring cameras and remotely-steerable mirrors is under development.

The scattered light is collected into fiber bundles transferring it to polychromators for
spectral analysis. Arrangement of the fibers in the imaging plane defines the number
of the observed scattering volumes and the spatial resolution, as illustrated in figure 2.
In the first campaign, only the outboard part of the system was operated with 10 fiber
bundles of rectangular cross-section 3.2 x 1.1 mm?, left part of the figure. One of the
channels was initially placed into the scrape-off layer and showed a reliable signal, but
was relocated to the core region for a better core coverage and a better comparison
between channels.

Two types of fibers were tested: eight of the bundles are with quartz core and have
numerical aperture of 0.29; two bundles are with Ge-doped core and have numerical
aperture of 0.37. It is found, however, that because of a more sparse packing of the
fibers in the bundle the Ge-doped bundles do not show advantage in terms of the signal
quality. Therefore, the quartz fiber with numerical aperture of 0.29 will be used for the
rest of the system.

The profile coverage will be improved for the next experimental campaign OP1.2, as
shown in the right part of figure 2. The outboard side will be extended with six ad-
ditional fiber bundles of the same size as the first 10 ones. This extension is possible
without modifying any mechanical components by filling available slots in the fiber
holder. It can be expected that the 16 channel outboard side can be operated reliably.
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Figure 2. Scattering volumes in the OP1.1 campaign limiter configuration (left) and
standard divertor configuration of OP1.2 campaign (right). In OP1.1 the outboard
side was covered with 10 volumes, two of the volumes were observed with Ge-doped
fibers. One of the fibers was moved in the middle of the campaign from the edge to the
core. In the next campaign, OP1.2, the outboard side will be extended to 16 volumes,
and the inboard side will be covered with 79 volumes. In both cases the last closed
flux surface (LCFS) is indicated.

The inboard part of the profile will be taken into operation with 79 volumes. Here fiber
bundles of different lengths without ferrule will be densely packed side by side. In the
outer part of plasma, where large gradient can be expected, the inboard system shows
spatial resolution of about 6 mm in effective radius, highlighted with colour in figure 2.
In the center the inboard and outboard parts overlap with about 10 cm, which can be
used as a self-consistency check.

The spatial resolution of the system is defined as the distance between the centers of
the two nearby scattering volumes. This value measured in effective radius is presented
in figure 3 for both parts of the system. The resolution of the outboard side changes
from about 3 ¢m in the center to about 5 cm at the edge. For the inboard side, the areas
with different resolution are defined by the used length of the fiber bundles: in the core
the resolution is 15 mm or 8 mm; in the high resolution area it is 6 mm; in the island
region the resolution is about 11 mm. The shown values are calculated for the standard
W7-X divertor configuration, but the changes with magnetic configuration are small.
The high resolution inboard part of the system can be expected to be sensitive to the
experimental conditions. Higher laser energies and densities can be necessary for reli-
able measurements. The signal to noise ratio can be improved by filtering out impurity
lines and using a polariser to diminish Bremsstrahlung contamination. These options
are presently under investigation.

Positions of the scattering volumes are accurately measured during maintenance peri-
ods with a laser tracking system. The measured positions can be mapped to plasma
coordinates by using e.g. plasma equilibrium code VMEC, possibly self-consistently.

The fiber bundles transfer the scattered light to polychromators for spectral analysis.
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Figure 3. Resolution of the Thomson scattering system for the standard divertor
configuration of campaing OP1.2. The resolution is defined as the distance between
the centers of two neigbouring volumes. The distance is measured as effective radius,
where the LCFS radius is about 0.5 m. The inboard and outboard sides are shown
separately. The inboard side consists of regions with different resolution.

To save hardware costs, some bundles are combined to a single polychromator, with one
of the bundles having a delay loop of 20 m to separate the signals in time. In campaign
OP1.1 all fibers were paired, with one end of 57 m and the second one of 77 mm. Such
an approach proved to be reliable and to cause a tolerable increase in the noise level.
An example of the delayed signals can be found later in figure 5. The fiber bundles for
the inboard side will be also combined: in areas with high resolution two volumes per
polychromator and in the core with resolution of 15 mm three volumes per polychro-
mator.

The spectral analysis of the scattered light is performed with filter based polychro-
mators. The optical design of polychromators is for numerical aperture of 0.37 and
fiber bundle of 3 mm in diameter. Five spectral channels are used to cover the elec-
tron temperatures from about 10 eV up to about 10 keV: 750-920 nm, 920-1000 nm,
1000-1035 nm, 1035-1051 nm and 1051-1061 nm. For even higher temperatures six
channel polychromators will be introduced in campaign OP1.2, as discussed later in the
paper, see e.g. figure 9. The optical signals are registered with temperature stabilized
avalanche photodiodes.

The photodiode outputs are AC filtered to remove the constant background, amplified
and digitized with sampling rate of 1 GS/s and 14 bit vertical resolution. The acquisi-
tion system records time resolved laser pulses, which helps to recognize reflection events
and improves the signal to noise ratio. The digitized signals are used in the post-analysis
to recover both the most likely temperature and density.

It is to be noted that presently the system is operated without a polariser, which is
required for a strict application of Naito formula, equation 1. Numerical integration of
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Figure 4. Spectral calibration. (a) - spectral calibration setup. A narrow wavelength
range is selected from the output of a supercontinuum source with a monochromator.
The single wavelength is used to illuminate a diffuse screen in front of the optics.
(b) - typical calibration results. In the figure also Thomson scattering spectra for
temperatures of 0.1, 1, 5 and 10 keV and supercontinuum spectrum are given.

the full expression demonstrates that the correction is negligible for the present experi-
mental conditions.

3. Spectral calibration

The relative spectral calibration provides factors g(\)/go for all spectral channels of all
scattering volumes, see equation 2. The calibration procedure at W7-X includes the
front optics, the fiber bundles, the polychromators and the electronics. The vacuum
windows are measured separately and are taken into account additionally. Possible vi-
gnetting by the in-vessel structures is presently not accounted for.

A sketch of the spectral calibration setup is shown in figure 4a. A supercontinuum light
source (Super-K compact by NKT Photonics) generates about 2 ns long pulses covering
a wide spectrum with repetition rate of 30 kHz. A monochromator (Spex 750M) is used
to select a narrow wavelength interval for a measurement. The monochromator output
is delivered with a fiber bundle to the stellarator hall. During spectral calibration the
front optics with the mounted fibers is retracted from the port and a spectrally neutral
diffuse screen is placed in front of it. This screen is illuminated with the fiber bun-
dle from the monochromator. In a calibration run the monochromator wavelength is
scanned in the range of interest, the intensity reflected by the diffuse screen is monitored
with a reference photodiode.

In the calibration setup the angular distribution of the intensity is not necessarily equiv-
alent to that during plasma measurements. In both cases the light collection is limited
by the numerical aperture of the fibers. But in the calibration case the light source, i.e.
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the screen, is placed much closer to the optical system, which implies that to reproduce
the plasma case also a spatial uniformity of the spot is required. This is approximated
by illuminating an oversized area. A possible systematic influence of this approach will
be investigated in future.

A typical measurement for five spectral channels is illustrated in figure 4b. Each curve
was measured with a wavelength step of 0.1 nm and for each wavelength 200 pulses
were accumulated for statistics. The change of the amplitudes between channels 4 and
5 is mainly due to the setting of the avalanche voltage of APDs. The supercontinuum
spectrum registered with the reference diode can also be found in the figure. The source
spectrum is rather flat in the region covered by filters, outside of this region the original
Nd:YAG wavelength of 1064 nm is pronounced. This line can be used to estimate the
spectral resolution of the measurement and together with an additional line at 808 nm
to calibrate the wavelength scale. The spectral resolution is estimated as FWHM of the
Nd:YAG line and constitutes about 0.4 nm. For the wavelength calibration the second
line is the CW line of the pump diode at 808 nm.

4. Absolute calibration

The absolute calibration of the W7-X Thomson scattering system is performed by using
anti-Stokes rotational Raman scattering in nitrogen, as first proposed in [26] and is now
used at several fusion experiments [27,28]. The anti-Stokes part of the rotational Raman
spectrum consists of multiple narrow lines due to transitions J — J — 2, where J is the
rotational quantum number. The integral signal registered by a spectral channel for a
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Figure 5. Raman scattering calibration. (a) - anti-Stokes rotational Raman lines in
nitrogen. Effective cross sections of the lines including the relative level populations
are overlaid with typical spectral curves of two Thomson channels. (b) - typical
Raman scattered signals for the spectral channels 4 and 5 at nitrogen pressure of
about 100 mbar and laser pulse energy of 1 J. For comparison a Thomson scattering
signal from the spectral channel 1 from plasma with T, of about 6 keV and n. of about
1.3- 10" m~2 and laser pulse energy of 1.5 J is shown with an offset of -0.5 V.
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Figure 6. Results of the Raman scattering calibration. (a)- measured signals for
spectral channels 4 and 5 in dependence on the nitrogen density. The solid lines are
linear fits to the experimental data: k4 ~ 4.2040.04 x 10734, ks =~ 4.5540.02 x 10733,
Each data point is averaged over 500 laser pulses. (b) - calibration factor §Ldé€Qgq for
the ten scattering volumes as found from the Raman calibration. The colored areas
show the sensitivity to a wavelength shift of +0.25 nm for the spectral calibration.

laser pulse is found by summing all the lines, compare to equation 2:

( / sdt) — neEe -3 W0 1 M IS 15000 = iy EoR - 51690 (3)

i = dQ " he go

Here ny» is the nitrogen particle density, Ejy is the laser pulse energy, % is differential
cross-section for the line \;, f; is the fractional population of the upper state and
97/90 = gi(As)/go is the relative sensitivity of the system at the wavelength. The
product of the scattering volume length L, solid angle 62 and the channel sensitivity
go including the transmission losses and the reference photodiode gain can be found
from linear scaling with gas pressure, provided the relative spectral calibration and the
molecular constants. The differential cross-section is [29,30]:

do;  647* 3J(J—1) fF (4)
ds} 45 227 +1)(2J —1)\%
where F' is a factor depending on the scattering geometry and observed polarization.
For the case without a polarizer considered here the value of F' is 7/4. The value of
the anisotropy of the polarizability tensor 42 has a weak dependence on the wavelength
and was measured to be (5.1 4 0.25) x 105! m® for the Nd:YAG wavelength [27]. The

relative level population is given by the Boltzmann distribution:

£ =T ey (i), )
wy is a statistical weight, which for nitrogen is 3 for odd values of J and is 6 for
even values. The normalization constant Z is chose such that > ; f; = 1. The rota-
tional level energy is F; = he(BoJ(J + 1) — Do J?(J + 1)?), with molecular constants
By =1.99-10> m~! and Dy = 5.76 - 10* m~! taken from [31]. During the measurements
at W7-X the temperature of the plasma vessel is monitored with thermocouples, the
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gas is assumed to be in thermal equilibrium with the walls.

Anti-Stokes rotational lines of nitrogen are illustrated in figure 5a, where the effec-
tive cross-sections including the relative level populations for the room temperature are
plotted. The lines have a significant amplitude in the range of the Thomson spectral
channels 4 and 5. An example of the measured signals in spectral channels 4 and 5
for nitrogen pressure of about 100 mbar and laser energy of 1 J is given in figure 5b.
As expected, the amplitude of the signal in channel 5 is about an order of magnitude
higher than in channel 5. The two peaks separated by about 100 ns appear because of
combining fiber bundles from two volumes with a delay loop of 20 m. For comparison an
example of the Thomson scattered light from the plasma at the density of 1.3-10' m~3
and laser pulse energy of 1.5 J is also shown in the figure. The Thomson scattered signal
is offset by -0.5 V for clarity. The Raman signals have a higher signal to noise ratio as
compared to the Thomson scattered signal, because in the plasma case a considerable
Bremsstrahlung backround noise is present.

Dependence of the Raman signals in the spectral channels 4 and 5 on the nitrogen
density is given in figure 6b. Each data point in the plot is averaged over 500 laser
pulses; as a consequence, the statistical errors are small. The solid lines in the figure
represent the corresponding linear fits. For all the scattering volumes the stray laser
light is insignificant, because the fit lines come closely through zero. The slope of the
lines can be determined with a statistical error of about 1%.

The calibration factors dLd€2gy calculated from equation 3 for the scattering volumes
used in OP1.1 are plotted in figure 6b and have a small statistical uncertainty. The
shape of the dependence of the calibration factor on the channel is dominated by the
absolute gain settings of the avalanche photodiodes. The factors calculated using the
two spectral channels are of the same order, but do show a noticeable difference for some
volumes. This is likely to be related to the details of the spectral calibration, because in
the spectral channel 4 the Raman lines are located in the steep region. For example, a
small shift of the wavelength scale by 0.25 nm strongly influences the results in channel 4
but not so much in channel 5, and can bring both channels to agreement. However, a
uniform shift is not likely the real reason, since it would shift the whole dependence, but
it is rather an insufficiently uniform illumination of the light cone during the spectral
calibration. The shift of 0.25 nm corresponds to about 2° change in the incidence angle.
For channel 5 the corresponding change is about 4%.

The absolute calibration factor §Ld€2gy can be reliably determined from the spectral
channel 5 with the individual point error estimated about 4% as caused by an unideal
spectral calibration. All values have the same systematic uncertainty of 5% due to the
value of the anisotropy of polarizability tensor v in equation 4. The influence of the
temperature on the result is 1 %/K for channel 4 and 0.1%/K for channel 5; and is,
therefore, negligible.
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5. Data processing

For each laser pulse the acquisition system records time resolved traces of the scattered
radiation for all spectral channels. An example of a time trace is given in figure 5b.
To reconstruct electron temperatures and densities from such time traces a two stage
approach is used. First, the time traces are individually fitted with a model pulse and
the time integral of the pulse is found. After the fitting, the found values for all spectral
channels of a volume are modelled with Bayesian framework Minerva to simultaneously
determine the most likely temperature and density, and their uncertainties.

For the W7-X system, an accurate fitting of the scattered pulse can be performed with
a convolution of a Gaussian laser pulse and of the first order low-pass filter. The typical
laser pulse full-width-at-half-maximum and the low pass filter time constant are about
10 ns and 3 ns correspondingly. An example of the fitting is shown with solid lines
in figure 5b. It is important to mention that the fitting also provides the associated
uncertainties, which is essential for Bayesian analysis. The background plasma radiation,
which is mainly Bremsstrahlung in OP1.1, contributes considerably to the uncertainty.
Bayesian probability theory contributes a universal approach for determining system
parameters from observations. The probability density function of the parameters given
the measurements, known as posterior, is expressed as [32]:

p(D)
The likelihood of the data given parameters p(D|P) represents the observations, e.g.

p(P|D) =

it can be a Gaussian distribution with a forward model prediction and experimental
uncertainties. ~ The prior parameter distribution p(P) incorporates any previous
knowledge of the problem and often can be assumed uniform. The evidence p(D) does
not influence finding the parameters but is rather a normalization factor, which however
turns important for hypothesis testing.

The Bayesian approach for Thomson scattering was previously demonstrated to perform
well as compared to the usual ratio method [21] and to provide additional information
about asymmetries of the posterior [22]. For W7-X, an independent implementation in
Minerva framework is developed.

Minerva [20] is a Java framework for practical applications of Bayesian analysis. It is
based on graphical models, i.e. all models are graphs. Each parameter or measurement is
reflected by a node of the graph and the edges between the nodes represent deterministic
or probabilistic dependencies. Minerva keeps track of the dependencies, which helps
to optimize the simulations. The framework allows finding of the maximum of the
posterior, sampling of the posterior with Markov-Chain-Monte-Carlo (MCMC) method,
and contains implementations of many other useful algorithms.

The graphical model of the Thomson scattering is shown in figure 7. In this example
only the electron temperature and the density are considered unknown. Their prior
distributions are assumed to be flat between zero and a maximal value plausible for a
discharge. The priors are shown as light blue ellipses in the figure. For the present work,
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Figure 7. Minerva graph of the Thomson scattering model. Each parameter
or measurement is represented by a node. The edges represent deterministic or
probabilistic dependendcies. Prior distributions for 7T, and n. are shown as light blue
ellipses. The observation node, gray elipse, is a probabilistic node for the comparison
of the forward model with the measurements.

each scattering volume is treated independently, but with a small modification a profile
description can be connected [23]. The forward model, the part between the priors and
the observation node, is a deterministic relation between parameters and the values
to be measured. This involves both space and spectral integration and scaling by the
electronics. The space integration is considered explicitly to allow treatment of profiles
with gradient lengths comparable with the scattering volume length, e.g. in a pedestal
region. The forward model is connected to a probability observation node, shown in
gray, where it is to be compared with the measurements. The forward model and
the observation node together correspond to the likelihood distribution of equation 6,
whereas the whole graph is a posterior equivalent.
It is straightforward to elaborate the Thomson model e.g. by adding uncertainties on
the calibration parameters or by combining it with other diagnostics. It is to be noted
that the forward model itself is not modified, but only additional priors have to be
connected to the parameters in question or additional graphs for other diagnostics are
to be added. Such more elaborated models will be studied in a future work.

To test the model and to verify performance of the W7-X Thomson system forward-
inverse simulations are performed. Some values of temperature 7T, and density n. are
used to first forward calculate the signals in all spectral channels and to generate
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Figure 8. Posterior distributions in the temperature and density plane for different
temperatures and density of 3 - 10'? m™3.
about 16. At the edges, for 6 eV and 15.5 keV, there is a dominant cross-correlation
Close to the edges, for 15 eV and 9.5 keV, the
cross-correlation has to be considered in estimating the uncertainties. In the mid-
temperature range illustrated with 110 eV, the posterior is close to Gaussian with very

little or no cross-correlation. Asymmetric error bars can be important even without

The noise level correspond to SNR of

between density and temperature.

cross-correlation, shown with 6.5 keV.

synthetic measurements by adding a noise pattern. The generated values are then
used as observations and the Minerva model is applied to find the temperature, the
density and their uncertainties. Gaussian distribution with a fixed value of the standard
deviation o is employed to describe the noise, the value of o is a free parameter. A fixed
value of o is closer to real experiment conditions than a fixed signal to noise ratio (SNR)
for every spectral channel. The parameters of the model correspond to the W7-X system,
including the calibration factors.

Result of a Bayesian model is fully described by the posterior distribution. From the
practical point of view, the posterior distribution around the maximum is usually of
interest. The latter can be sampled with the MCMC procedure, once the maximum
of the distribution is found with an inversion technique. Because the Thomson model
analyzed here depends only on two parameters, it is straightforward to illustrate such
posteriors. Sampled posterior distributions are presented in figure 8 for several values
of the electron temperature. Each point is an MCMC sample, and the colour of the
point reflects its probability value with respect to the maximum. For example, points
coloured green have the probability about e *-e~® times less than in the maximum,
which corresponds to the 30 boundary of the normal distribution.

The Thomson posterior is found to depend on the value of the temperature, figure 8. For
the values at the edges of the system design range there is a prevailing cross-correlation
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Figure 9. Scaling of errors with electron temperature and signal to noise ratio (SNR).
(a) - dependence of the temperature uncertanty on the temperature for several SNR
values. The black curves are for the standard W7-X polychromator with five spectral
filters. The red curve is for a proposed 6-filter polychromator. (b) - dependence of the
average temperature and density uncertanties on the SNR value. Also the boundary
of the 12% uncertainty interval is shown for the 5 and 6 filter setups. The gray area
indicates the SNR range obsrved in the first W7-X campaign.

between temperature and density. For example for temperature of 6 eV, the posterior has
a banana like shape, and for temperature of 15.5 keV the distribution has a cigar shape.
The upper boundary in the latter case is determined by the prior. Since in both cases
the regular way of specifying the maximum and the uncertainties may turn problematic,
they are considered here as being outside of the operational range. Nevertheless, such
measurements can be useful if combined with other diagnostics. For temperatures away
from the boundaries, temperatures of 15 eV and 9.5 keV in the figure, the distributions
are more confined, but a significant 7,.-n. cross-correlation is still present and should be
taken into account. In the middle of the temperature range, temperature of 110 eV in
the figure, the distribution is very close to Gaussian without cross-correlation. In some
cases, temperature of 6.5 keV in the figure, the distribution considerably deviates from
Gaussian, but still has no cross-correlation. In such a case asymmetric uncertainties
have to be specified.

Existence of some of the posterior shapes and the boundaries between them depend
on the signal to noise ratio. In particular, the asymmetric distribution without cross-
correlation illustrated by temperature of 6.5 keV is not pronounced for large SNR values.
Instead a Gaussian distribution appears. Similarly, the cases with asymmetric cross-
correlated distributions for 15 eV and 9.5 keV become very close to Gaussian distribution
with cross-correlation, if SNR is high enough.

Results of the forward-inverse modelling are summarized in figure 9 in terms
of uncertainties. The effective temperature uncertainty is plotted in figure 9a in
dependence on the temperature for several SNR values. The uncertainty is defined
here as width of the 95% confidence interval divided by four, it takes into account
the cross-correlation but does not differentiate the asymmetry. The dashed lines cover
the range where reliable measurements are possible, their boundaries correspond to the
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banana and cigar shaped posterior from the discussion above. The solid lines show the
range without cross-correlation between temperature and density. The SNR values are
given for each line, the values being estimated from the maximal signal in all spectral
channels. For the case of a very large SNR, the W7-X Thomson system is able to measure
temperatures and densities without cross-correlation between about 10 eV and 10 keV.
The value of uncertainty varies with temperature and has an optimum between about
1 keV and 5 keV. After the minimum, the uncertainty increases with the temperature.
The roll-over visible for the low SNR cases is caused by the prior limit. For low SNR
values, the measurement interval becomes narrower.

Scaling of the average temperature and density uncertainties with signal to noise ratio
is shown in figure 9b. The values are averaged over the whole usable interval of
temperatures. For example, to achieve a relative temperature error of 10% the SNR
should be around 30, and for 5% error about 70. The SNR range covered in the first
experimental campaign of W7-X is indicated in the figure for comparison. The density
uncertainty is about two times lower than the temperature one, in agreement with v/5.
The temperature boundary at which the temperature uncertainty starts to exceed 12%
is also presented in figure 9b. For high SNR values, reliable measurements are possible
up to the end of the computation domain used here. Such performance is not achievable
at all for SNR values less than about 10. The boundary of 12% is used here to carefully
include the case with SNR of 16, but other values can be used as well.

It was realized in the first W7-X campaign that measurements of electron temperatures
of 10 keV and above are important. The W7-X Thomson performance degrades for such
temperatures, especially if SNR is poor. To improve the Thomson performance at such
temperatures it is foreseen to add a sixth spectral channel to the central polychromators
and to split the present channels 750-920 nm and 920-1000 nm into three: 730—
850 nm, 850-940 nm and 940-1000 nm. This modification can be readily accomplished,
because the polychromator chassis is designed for six channels. Improvement with the
proposed 6 channel setup is illustrated in figure 9. The sixth channel indeed reduces the
uncertainty for temperatures above about 5 keV and extends the measurement range.
Further options for improving the system performance at high temperatures will be
considered in future papers.

6. Thomson scattering measurements in OP1.1

The W7-X limiter campaign, OP1.1, lasted 10 weeks from December 2015 until March
2016. The plasma heating was provided by a 140 GHz electron cyclotron heating
(ECRH) system with up to 4 MW of power. Because of a limited completion of the first
wall, the total injected energy was limited to 4 MJ, corresponding to 1 s long discharges
at full power and to up to 6 s long discharges at reduced power. Only feed forward
density control was available and the achievable electron density was about 3- 10 m=3
due to a limited wall conditioning. For such low densities, electron temperature of up
to 7 keV strongly exceeds ion temperature of up to 2 keV, and the plasma is in the



Thomson scattering at W7-X 18

%1078 W7X 20160310.007
1 MW 0.6 MW (a) 108
©F 15
F10E
RS
= 4 - 0.5,
% 4 — MCMC ’
= 2 4 —e— experiment -
E‘D | T T T T T 0.0
0 - L 1 2 3 4 5
0 2 4 6 spectral channel
t[s]

Figure 10. (a) - scattered pulse integral from the first spectral channel (750-920 nm)
for scattering volumes 4 (center), 6, 8, 10 and 12 (edge). This example is for a 6 s long
discharge with heating power of 1 MW before 1 s and 0.6 MW afterwards. The error
bars show the 1o range. (b) - electron temperature for the same scattering volumes.
(c) - predictive posterior distribution for five spectral channels. This example is for
scattering volume 4 at about 2.4 s. The black curve represents the measured values,
and the gray curves are possible realizations sampled with Markov-Chain-Monte-Carlo
procedure.

central electron root regime with positive radial electric field in the core [7,8]. The
overall plasma performance improved towards the end of the campaign as a result of
better conditioned walls.

The Thomson scattering diagnostic operated reliably, with a very few exceptions, from
the very first W7-X discharges. To improve the signal to noise ratio and the data re-
liability, a readjustment of the avalanche voltages was performed in the middle of the
campaign, followed by a new calibration. A typical time resolved scattered light pulse
together with the applied fitting can be found in figure 5b. The fitted pulse integrals
are used to reconstruct both the electron temperature and the electron density with
the help of the Bayessian model. Evolution of the fitted integral is illustrated in fig-
ure 10a for a 6 s long experiment having about a 4 s long plateau with ECRH heating
of about 0.6 MW. The shown data are from the first spectral channel, 750-920 nm,
of five scattering volumes from the center to the edge. The error bars represent the
corresponding fit uncertainties. The reconstructed temperatures for the same discharge
and for the same volumes are given in figure 10b. Both for the fit integral and for the
calculated electron temperature and density, the estimated uncertainties agree with the
standard deviations in flat top phases within about 30%.To achieve this parameters of
the avalanche photodiodes were adjusted to match signal variation in Raman calibra-
tion. An independent calibration of the photodiodes is still to be developed.

Bayessian analysis can also be used to detect large scale systematic problems or incon-
sistency of the data. Figure 10c shows predictive posterior distribution of signals in five
spectral channels for a central scattering volume together with the measured data. The
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Figure 11. Comparison of electron temperature profiles measured with the Thomson
scattering and electron cyclotron emission (ECE) diagnostics. The ECE diagnostic
covers both sides of the profile. The colour filled areas show calibration uncertainties
of the ECE calibration. (a) - 6 s discharge with ECRH power of about 0.6 MW,
central electron density of about 1-10'” m™3, central and volume averaged 3 of about
0.25% and 0.13% correspondingly. (b) - discharge with ECRH power of about 3.8 MW,

central electron density of about 2.1-10' m~3, central and volume averaged 3 of about

0.8% and 0.5% correspondingly.

predictive posterior distribution is sampled with Markov-Chain-Monte-Carlo procedure
around the most probable values for the given experimental data and their uncertain-
ties. Since the measured data are typically well covered with predictive posterior and no
clear outliers are observed, the validity of the model and of the calibration is supported.
Smaller scale problems in the calibration, as those discussed below, are not easily indi-
cated with this method and require a more elaborated treatment.

For discharges with the ECRH resonance on the axis, electron temperature is centrally
peaked. Temperature profiles measured with the Thomson scattering diagnostic and
with an electron cyclotron emission (ECE) diagnostic [33] are compared for plateau
phases of two discharges in figure 11. The ECE data include both sides of the profile,
the low field side (LFS) and the high field side (HFS), averaged over the full time in-
tervals. The colour filled areas represent uncertainties of the ECE calibration, which
is performed with a microwave source at liquid nitrogen and room temperatures. The
Thomson scattering data are shown for every laser pulse with thin lines and as an aver-
age over the time intervals with symbols. Vacuum mapping to flux surface is assumed
for both diagnostics and for both discharges.

The Thomson scattering measurements are in a good agreement with the ECE diag-
nostic in discharges with relatively low temperature and plasma pressure, figure 11a.
In such cases also both sides of the ECE profile match. For higher temperatures and
pressures the Thomson and ECE data are comparable, but some differences are ob-
served, figure 11b. Two sides of the ECE measurements depart from each other, thus
indicating a need for an equilibrium reconstruction. The Thomson measurements are
about 20% lower in the center, and are between the LFS and HFS branches of the ECE
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Figure 12. Profiles of electron density measured with Thomson scattering and
comparison with a single channel interferometer. (a) - density profiles for three time
intervals for a discharge, where the density was increased in three steps. The error bars
indicate the 30 measurement uncertainties and do not include calibration uncertainties.
(b) - line integrated density measured with the COs interferometer and calculated from
the Thomson scattering data. (c) - statistics of the ratio of the line integrated density
from the Thomson data and from the interferometer. In total about 1200 measurement
points are included.

at the mid-radius. The Thomson scattering results for this case also show a remaining
calibration issue for the channels with Ge-doped fibers: scattering volumes 3 and 5.
Because the Ge-doped fibers have a larger numerical aperture, they are more sensitive
to illumination conditions during spectral calibration. In addition, a smaller calibration
imperfection can be suspected for volume 1 due to a possible shadowing by the in-vessel
components. In order to improve the data consistency, both the calibration procedures
will be further developed and a suitable equilibrium reconstruction will be used in future
experiments.

Electron density profiles are typically flat in the center with a gradient reiong in the
outer half for discharges with on-axis ECRH heating. Three density profiles measured
with the Thomson scattering system are presented in figure 12a for a discharge where
the density was raised in three steps. Each profile is averaged over 2 to 4 laser pulses
in the indicated time intervals. The profiles are of similar shape, but have different am-
plitudes. In the central part of the profiles remaining systematic errors of the order of
5% are prominent. These errors are likely caused by the imperfect spectral calibration.
The value of the error is consistent with the estimation from the Raman calibration in
two spectral channels. It is worth noting that the shape of electron density profile can
be affected by applying off-axis ECRH heating [8].

Electron densities measured with Thomson scattering can be validated against a single
channel dispersion interferometer [34]. The laser path of the interferometer is designed
to practically coincide with that of the Thomson scattering system. Therefore, if full
profile is available from the Thomson system, such a comparison can be done without
further assumptions by line integrating the Thomson data. In the first campaign only
the outer half of the cross-section was covered, and as a consequence the values are
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first mapped to the flux surfaces and afterwards are integrated along the interferometer
chord. Thomson data integrated in this manner are compared in figure 12b with the
interferometer data for the same discharge as used for profiles. Statistics of the ratio
of the line integrated density from the two diagnostics is summarized in figure 12c for
about 1200 Thomson laser pulses, which includes almost all measurements in the last
three weeks of the campaign with exception of a very few discharges with a suspected
laser misbehaviour. In general the Thomson scattering diagnostic overestimates the
density by about 10%. It is further observed that the ratio changes slightly between
experimental days. These changes can not be explained by the systematic uncertainty
of the Raman calibration of about 5%, but are rather caused by changes in the laser
adjustment. The adjustment can be indeed affected between experimental days because
of an open access to the support structures. For this reason an automated laser position
control is presently under development.

The Thomson scattering diagnostic operated reliably through out the first campaign
and provided temperatures compatible with the ECE measurements and densities in
a reasonable agreement with the single channel interferometer. Besides, the Thomson
data are also used to estimate the kinetic plasma energy, where the electron contribution
is the dominant one, and which is found to agree with the diamagnetic energy within
about 25% [35]. One possible reasons for the discrepancy between the kinetic energy and
the diamagnetic one is badly diagnosed impurity content. A further discussion of this
comparison can be found in the reference. The experimental Thomson data also show
remaining systematic errors, in particular in the spectral calibration of the channels
with Ge-doped fibers and in the density calibration. These questions will be addressed
in future experiments by improving the calibration procedures and by implementing a
better laser control system.

7. Summary

Wendelstein 7-X is an optimized stellarator with superconducting coils [1,2], that started
its operation in December 2015 and will perform the first divertor experiments and
optimization validation in the second half of 2017. The W7-X incoherent Thomson
scattering diagnostic for electron density and electron temperature is an essential tool
for the physics program because of its good spatial resolution, reliability and coverage
of the full density range between 10*°-2 - 10%° m~3. In this paper the W7-X Thomson
scattering diagnostic is described in details, including the setup, calibration procedures,
data evaluation, example of the results from the first campaign and their comparison
with other diagnostics, and plans for the system development.

The W7-X Thomson scattering diagnostic is a Nd:YAG system with up to five lasers,
each with pulse energy from 0.7 to 2.4 J and repetition rate of 10 Hz, linearly polarized.
The laser light is guided through the plasma roughly horizontally and close to the
magnetic axis. Two sets of lenses observe the whole plasma cross-section of about 1.6 m
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from the top with optical demagnification between 7 and 11 and solid angle of the
order of 8 msr. The system geometry allows a direct measurement of Shafranov shift
of magnetic flux surfaces in addition to the usual profile information. The laser mirrors
and the optics sets are mechanically decoupled from the machine, thus ensuring optical
stability.

The scattered light is transferred with fiber bundles to filter based polychromators for
the spectral analysis. To save hardware costs, some bundles are combined to a single
polychromator, with one of the bundles having a delay loop of 20 m. Such an approach
proved to be reliable and to cause a tolerable increase in the noise level. Presently,
five spectral channels are used to cover the electron temperatures from about 10 eV
up to about 10 keV: 750-920 nm, 920-1000 nm, 1000-1035 nm, 1035-1051 nm and
1051-1061 nm. The optical signals are registered with temperature stabilized avalanche
photodiodes. The photodiode outputs are AC filtered, amplified and digitized with
sampling rate of 1 GS/s and 14 bit vertical resolution. The acquisition system records
time resolved laser pulses, which helps to recognize reflections and improves the signal
to noise ratio.

The relative spectral calibration of the system is carried out with the help of a pulsed
supercontinuum light source and of a scanning monochromator, where the source delivers
a flat spectrum and the monochromator selects a wavelength for each measurement. The
wavelengths are referenced by using 808 nm and 1064 nm lines present in the spectrum,
the spectral resolution is estimated to be about 0.4 nm. The monochromatized light
is delivered to a diffuse screen in front of the collection optics, and in such a way the
calibration procedure includes the front optics, the fiber bundles, the polychromators
and the electronics. The angular distribution of the intensity in the calibration
setup is not fully equivalent to that during plasma measurements. These effects are
possible reasons for the remaining small systematic errors in the electron temperature
measurements.

The absolute calibration of the system is performed by observing anti-Stokes rotational
Raman scattering in nitrogen in two spectral channels. The dependence of the Raman
signals in both channels on the nitrogen density is close to linear, with statistical
uncertainty of the slope and consequently of the calibration factors of about 1%.
However, the factors calculated using the two spectral channels do show a difference
for some volumes. This is likely caused by imperfections of the spectral calibration.
A wavelength shift of 0.25 nm brings both spectral channels to agreement, resulting
in an error estimation of about 4%. In addition, the absolute factors have a uniform
systematic uncertainty of 5% due to the available molecular data.

The electron temperatures and densities are recovered by Bayesian modelling with
Minerva framework [20], which is a versatile Java framework with implementations for
finding the maximum of the posterior, sampling of the posterior with Markov-Chain-
Monte-Carlo (MCMC) method, etc. The Bayesian approach provides asymmetries of
the uncertainties and the cross-correlation between density and temperature, and allows
to include uncertainties of the calibration parameters, to introduce a profile description,
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and to combine multiple diagnostics. In this work, a Bayesian model for Thomson
scattering is developed, is used to analyze the system performance, and is applied to
experiments.

To test the Bayessian model and to verify the system performance simulations with
synthetic data are used. Different types of the posterior distribution are found for
different values of the signal to noise ratio and different temperature ranges. At the
edges of the system temperature range, there is a prevailing cross-correlation between
temperature and density: a banana like shape for low temperatures, and an open
cigar shape at high temperatures. Close to Gaussian posterior distributions with or
without the cross-correlation are usually observed in the middle of the design range.
In some cases considerable deviations from Gaussian are observed, so that asymmetric
uncertainties have to be specified. It is confirmed that with the present choice of filters
and for large SNR the W7-X Thomson system is suitable for measurements without the
cross-correlation for temperatures between 10 eV and 10 keV. The measurement interval
becomes narrower for lower SNR values. To achieve a relative temperature error of 10%
the SNR should be around 30, and for 5% error it should be about 70.

In the first campaign, OP1.1, the Thomson scattering diagnostic operated reliably from
the very first W7-X discharges. In this phase, the system included one Nd:YAG laser
and 10 scattering volumes on the outboard half of the profile. For discharges with the
ECRH resonance on the axis, electron temperature is found to be centrally peaked,
whereas the electron density is flat in the center with a gradient region in the outer
half. Temperature profiles measured with the Thomson scattering diagnostic are in a
good agreement with an independently calibrated electron cyclotron emission (ECE)
diagnostic in discharges with relatively low temperature and plasma pressure. Some
differences are observed for higher temperatures and pressures: the low field side and
the high field side of the ECE measurements depart from each other; the Thomson
data are up to 20% lower in the center, and are between the two ECE branches at the
mid-radius. The Thomson scattering results for the latter case also show a remaining
calibration issue for the channels with Ge-doped fibers, which are more sensitive to
illumination conditions because of their larger numerical aperture. In order to improve
the data consistency, both the calibration procedures have to be further refined and a
suitable equilibrium reconstruction should be used.

Electron density profiles measured with the Thomson scattering system indicate
systematic errors between channels of the order of 5%. These errors are likely due
to imperfections of the spectral calibration. The absolute values of the density are in
a reasonabke agreement with a single channel dispersion interferometer. The Thomson
scattering diagnostic tends to overestimate the line integrated density by about 10%.
It is observed that this discrepancy changes slightly between experimental days, as can
be caused by changes in the laser adjustment between experimental days because of
an open access to the support structures. For this reason an automated laser position
control is presently under development.

The W7-X Thomson scattering system will be further extended for future experiments.
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Three lasers will be taken into operation, which will allow either a higher repetition
rate of 30 Hz, a higher pulse energy of up to 6 J at 10 Hz, or a pulse train operation
with 12 pulses each 100 us with repetition rate of 5 Hz. The spatial resolution of the
system will be improved and both sides of the profile will be covered. The outboard side
will be extended to 16 scattering volumes by filling available gaps in the holder. The
inboard part of the profile will be equipped with fibers for 79 volumes giving spatial
resolution of 6 mm in effective radius in the gradient region. Here fiber bundles of
different lengths without ferrule will be densely packed side by side. Polychromators for
the inboard side will be added in several steps. To improve the Thomson performance
at temperatures above 10 keV it is foreseen to add a sixth spectral channel and to
split filters 750-920 nm and 920-1000 nm into: 730-850 nm, 850-940 nm and 940-
1000 nm. For temperatures above 15 keV, two wavelength measurements with the
second laser at 1.3 um are planned. To improve the spectral calibration, a new scheme
employing Rayleigh scattering from a tunable wavelength laser is under devolpment.
This approach will remove the uncertainty due to illumination conditions and also will
include the vacuum window and the deposited layers into the calibration.
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