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Abstract: A novel in-situ calibration method for Thomson scattering (TS) diagnostics has been

demonstrated on the Wendelstein 7-X stellarator (W7-X). Utilizing a laser-pumped optical paramet-

ric oscillator (OPO), Rayleigh scattering measurements were performed in-situ in argon, nitrogen,

and air at pressures from 0 to 1024 mbar and wavelengths between 730 and 1070 nm. As the OPO

follows the same beam path as the TS lasers, the scattering angle and solid angle of collection

can be made identical to the TS geometry; therefore, the calibration covers all optical components

within the TS system, including the first vacuum window, and can, in principle, be used to directly

calibrate each filter channel for absolute plasma density. Despite high background stray light levels,

the Rayleigh scattered signal was successfully isolated from the stray light, and filter curves for

multiple polychromators were resolved. The complete calibration system, planned for future W7-X

operational campaigns, will aim to further reduce stray light, thereby decreasing the required gas

pressure and allowing in-situ calibration measurements on service days. This is planned in part by

better matching the OPO beam alignment, size, and divergence to the installed Nd:YAG TS lasers.

In addition, the OPO bandwidth will be improved by using an injection seeder to increase filter edge

resolution.
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1 Introduction

In magnetic confinement fusion devices, Thomson scattering (TS) diagnostics are widely used to

determine electron temperature and density profiles by measuring the elastic scattering of light off

of electrons gyrating about magnetic field lines used to confine the plasma [1–10]. The distribution

of electron temperatures results in a Doppler-shifted scattered spectrum. Therefore, by measuring

the scattered spectrum, the original electron temperature can be reproduced; the absolute signal

intensity, however, is directly proportional to the number of scattering events, and therefore the

electron density.

The simultaneous measurement of electron temperature and density by TS requires careful

diagnostic calibration. Most TS systems perform two distinct calibrations to accurately determine

temperature and density profiles: a spectral calibration to measure the spectral transmission of the

system, including the polychromator bandpass filters; and an absolute calibration to determine the

signal intensity per number of scattering events.

The Wendelstein 7-X optimized stellarator (W7-X) uses a full-profile TS system capable

of measuring temperature and density profiles across the entire plasma [10]. During the most

recent operational period in late 2018, signals from 42 scattering volumes were measured using

20 polychromators, with plans to increase the number of scattering volumes to 95 for future

campaigns. An absolute calibration of the TS system was performed via Raman scattering, and a

spectral calibration via a supercontinuum laser, monochromator, and diffuse reflecting plate [10].

The Raman scattering density calibration, performed in nitrogen at pressures varying from

100 to 0 mbar, uses the same setup and Nd:YAG lasers as are used during Thomson scattering

measurements, yielding the same geometric factors for the calibration and temperature/density

measurements [10–12]. Additionally, the calibration is unaffected by stray light. It is, however,

only capable of absolutely calibrating one of five polychromator channels consistently; a second

channel can be calibrated, but signal levels are significantly lower, resulting in larger uncertainties.

The absolute calibration is used in conjunction with a spectral calibration to scale the remaining

channels [10].

The diffuse-plate spectral calibration method is performed by illuminating a diffuse reflecting

plate with one wavelength selected by a monochromator. The optics are withdrawn from the

vacuum vessel, and the diffuse reflecting plate is set in front of the optics. This spectral calibration

method has a bandwidth determined only by the monochromator and by the required signal levels.

Additionally, a large number of points per wavelength are recorded due to the near 30 kHz repetition

rate of the supercontinuum laser, resulting in low statistical noise over a relatively short acquisition

period.

However, the diffuse reflection calibration does not measure the first vacuum window, nor

does it measure from the focal point of the collection optics; the diffuse reflecting plate is placed

approximately 5 cm from the collection optics rather than the normal 1.3 m from the optics to the

scattering volume in the plasma [10]. This effectively overfills the scattering volumes, potentially

making the calibration less representative of what is seen during Thomson scattering measurements.

A calibration method for determining both the spectral and absolute sensitivity of a TS system

via Rayleigh scattering has been proposed previously [13], with laboratory measurements yielding

promising results [14]. In this method, light from a wavelength-tunable source is directed along the
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same beam path normally used by the TS laser during plasma operation. When the plasma vessel

is filled with a gas, i.e. argon or nitrogen, Rayleigh scattering occurs along the beam path. The

scattered light is then collected and measured using the standard TS system’s optics and detectors.

The wavelength-tunable source scans through all wavelengths relevant to the TS system, giving a full

spectral sensitivity that includes all optical components, and has the potential to use the same beam

and scattering geometry as the standard TS system through proper beam shaping and positioning.

With a well-collimated source, such as a Nd:YAG-based optical parametric oscillator (OPO), the

number of scattering events at a given wavelength can be determined, allowing for absolute density

calibration in addition to spectral calibration if the beam profile of the calibration laser at the vessel

entrance and exit match those of the Nd:YAG lasers used during plasma measurements.

However, unlike the diffuse reflection calibration, the Rayleigh scattering calibration results

are highly dependent on stray light levels. In the presence of significant stray light, high pressures

or very long measurements are needed to see Rayleigh scattering signals comparable to those of the

stray light. Additionally, the OPO repetition rate of 10 Hz is significantly lower than the 30 kHz

supercontinuum laser, resulting in higher statistical noise even when data is collected over a longer

period.

In this work, the viability of the Rayleigh scattering spectral calibration is shown via proof-

of-principle measurements performed at W7-X. These measurements were performed in argon,

nitrogen, and air using a Nd:YAG-based OPO. Despite high stray light levels, filter transmission

curves for the majority of polychromators were obtained for measurements in air, with some

channels resolved in argon. Differences to the previously used spectral calibration technique are

observed. Density calibration factors were also determined for all wavelengths within the range of

the polychromators; however, these factors do not agree with those determined via Raman scattering,

as will be discussed in section 3.2.

2 Experimental setup

After the conclusion of the late 2018 W7-X operational campaign, proof-of-principle Rayleigh

scattering calibration measurements were performed in argon, nitrogen, and air. The OPO-laser

was installed on the Thomson scattering optics’ mechanical support structure within the W7-X

torus hall and directed through the vacuum vessel using custom broadband mirrors developed by

Laseroptik GmbH. The correct beam polarization was achieved using three separate mirrors.

For beam focusing and shaping, two different methods were used. During argon and nitrogen

measurements, an uncoated 2399 mm radius C7980 quartz glass lens from Laser Components GmbH

was used. During measurements in air, a Galilean telescope consisting of a 50 mm focal length

bi-concave quartz lens and a 100 mm focal length bi-convex quartz lens were used. Additionally,

an iris aperture was included during measurements in air to further reduce the OPO beam energy.

The OPO-laser pulse energy was measured after exiting the vacuum vessel using a pyroelectric

energy monitor (PEM 45 USB from Sensor-und Lasertechnik) capable of handling up to 80 mJ/cm2

with a flat spectral response between 700 and 1100 nm. During argon and nitrogen measurements,

the OPO beam was directed to the PEM by another broadband mirror to allow for beam position

control and monitoring via cameras behind the entrance and exit mirrors. However, due to the

suspicion that the mirror coating could be faulty, the beam was dumped directly onto the PEM
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during measurements in air to ensure an accurate pulse energy measurement. No noticeable

increase in stray light levels was observed.

The system setup is shown in figure 1.

OPO

Galilean 
telescope

Iris aperture

Focusing lens

W7-X

PEM

Mirror (Ar)

Figure 1. OPO-laser setup used during Rayleigh scattering measurements. For measurements in argon and

nitrogen, a single 2399 mm plano-convex quartz glass lens focused the beam, and a mirror after the vacuum

vessel directed the exit beam toward the PEM (purple). For measurements in air, a Galilean telescope with one

50 mm focal length bi-concave lens and one 100 mm focal length bi-convex lens replaced the plano-convex

lens, and the beam was dumped directly onto the PEM (green). Components shown in black are common to

all measurements.

A wavelength scan from 730 to 1070 nm was performed at each pressure in 1 nm increments.

For greater resolution when measuring the Raman-calibrated spectral channels, an additional wave-

length scan from 1040 to 1060 nm was performed in 0.1 nm steps. A total of 15 OPO pulses were

measured at each wavelength step in argon and nitrogen. To improve the signal-to-noise, 30 OPO

pulses were measured at each wavelength step during measurements in air. Note that, because the

OPO linewidth varies from 0.23 nm at 680 nm to 0.73 nm at 1100 nm, the step size of the high

resolution scan is smaller than the OPO linewidth.

For measurements in argon, the vessel was first brought to 100 mbar and pumped-down to 50

and 0 mbar. The vessel was then filled with nitrogen for an additional measurement at 100 mbar.

Note that the maximum pressure differential between the W7-X cryostat and vacuum vessel is 100

mbar, thus limiting the pressure for initial measurements. This also constitutes a basic limitation

for measurements during a campaign. To increase signal-to-noise, measurements were repeated in

air at 0, 350, 500, 750, and 1013 mbar while venting the vacuum vessel to atmospheric pressure,

thereby removing the low pressure limitation.

3 Results

The absolute calibration factor at each wavelength is determined using equation (3.1):

(∫

s dt

)

i

· E0(λ)
−1
= Istr (λ) + ngas ·

λ

hc
·

dσ(λ)

dΩ
· δL δΩ gi(λ) , (3.1)

where
(

∫

s dt

)

i
is the averaged integrated avalanche photodiode signal at a given wavelength

for spectral channel i, E0(λ) is the averaged OPO pulse energy at a given wavelength, Istr (λ) is

the intensity of stray light, ngas is the particle density of the scattering medium, dσ(λ)/dΩ is
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the differential Rayleigh scattering cross section at wavelength λ, and the product δL δΩ gi(λ) is

the absolute calibration factor, consisting of the scattering volume length, the scattering volume

observation solid angle, and the absolute sensitivity of spectral channel i at wavelength λ.

The relative sensitivity is given by gi(λ)/g0(λre f ), and can be determined by normalizing the

absolute calibration factor of channel i at a wavelength λ to the absolute calibration factor of a

selected channel at an arbitrary reference wavelength λre f . This relative sensitivity is analogous to

that determined using the diffuse scattering plate spectral calibration.

The differential Rayleigh scattering cross-sections in argon and air are determined following the

method by LeBlanc in ref. [12]. The extrapolated curves from previous measurements in argon at

693 and 532 nm [15, 16] and in standard air at 1000 nm [17] are modeled using the λ−4 dependence

of Rayleigh scattering on wavelength. The total cross-section is converted to the differential cross-

section using eq. (50) in ref. [18]. For argon, the value of the differential cross-section is averaged

over both measurements for each wavelength.

To normalize the scattered signals to the beam energy, the scattered signals are first averaged.

This averaged signal is then normalized to the average energy measurement for all pulses at a

given wavelength and pressure. For a linearly correlated set of signal and energy measurements,

this method is accurate. If the signals are not linearly correlated, however, this method may yield

incorrect results. For this work, it is assumed that the scattered signals and the energy measurements

are, in fact, linearly correlated, and the normalized average signal is used here as a means to reduce

the effects of the background noise level on the integrals of the scattered signals.

Unless otherwise mentioned, the data presented here is for volume 1025, the 25th scattering

volume of the N-port collection optics [10]; this corresponds to the first of two pulses detected

using polychromator 11.

3.1 Argon measurements

The measured laser energy at 100, 50, and 0 mbar for measurements in argon is given in figure 2.

The OPO pulse-to-pulse energy variation is fairly large, as is the energy dependence on wavelength;

this is consistent with previous findings [14]. For the 100 mbar case, signal saturation around 840

nm results in the energies shown being uncharacteristically low as saturated signals are removed

from the data analysis.

Figure 3 shows the raw pulse shape for a scattering volume at multiple pressures. It is clear

from the large signal at 0 mbar that stray light constitutes a large portion of the detected signal.

The increase in signal level with pressure is the result of Rayleigh scattering. Several scattering

volumes also exhibit a double-peak rather than a single peak due to the increased time for the stray

light to reach the collection optics as opposed to the Rayleigh-scattered light (see section 4).

The absolute signal intensity at a given wavelength is determined by fitting the data linearly,

as the magnitude of Rayleigh scattering varies linearly with pressure. By rearranging eq. (3.1), the

slope of this linear fit gives the absolute calibration factor of a given channel at that wavelength.

This is shown in figure 4, where the channel and the selected wavelength are given in the figure

legend. The data set showing the sensitivity of channel 1 at 1054 nm demonstrates that, outside

of the bandpass of the filter, the spectral channel is no longer sensitive and has no response with

increasing particle density.
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Figure 2. Pulse energy measured with a PEM

after exiting the vacuum vessel. Missing data

points around 830 nm during 100 mbar measure-

ments are due to removal of energy data when

polychromator diodes saturate.

Figure 3. Averaged signal peaks over 15 OPO

pulses measured at 811 nm. Note that the 0 mbar

measurement representing the stray light level

constitutes the vast majority of the measured sig-

nal level, though some effect from Rayleigh scat-

tering is visible at 50 and 100 mbar. The shaded

area represents the 2-sigma standard error of the

mean.

Using the slope of the fitted line for each wavelength of interest, a curve of absolute calibration

factors for channel 1 is shown in figure 5. Additionally, by normalizing to some arbitrary value,

a spectrally resolved relative calibration useable with a different absolute calibration method is

obtained.

Though the diffuse plate spectral calibration data is usually normalized to 1054 nm in spectral

channel 5, because signal-to-noise during argon measurements was too low to resolve longer-

wavelength spectral channels, values for the relative spectral calibration are normalized to 773 nm

due to the lower statistical noise at this wavelength, and only channel 1 is shown.

To improve future calibration measurements, both the statistical error and stray light levels

should be lowered. While the statistical error can be easily improved by increasing the number of

measurements per wavelength, improving stray light levels requires installation of additional stray

light absorbers and better OPO beam shaping to reduce divergence.

3.2 Air measurements

The measured laser energy for measurements in air at 0, 350, 500, 750, and 1013 mbar are shown

in figure 6. Though the energy measurements at 0 mbar are systematically lower than those at other

pressures, the overall shape of the measurements agree with one another, as well as those presented

during measurements in argon. Examples of the measured signal peaks at different pressures are

given in figure 7.

Following the same procedure outlined in section 3.1, a linear fit is produced at every wavelength

within the scan range for all 5 spectral channels (figure 8). Because of the higher gas pressure,

signal-to-noise is greatly increased during measurements in air.

– 6 –



0.00 0.05 0.10 0.15 0.20 0.25

Particle density (×1025 m−3)

−0.15

−0.10

−0.05

0.00

0.05

0.10

0.15

S
ca
tt
er
ed

si
g
n
a
l
(a
rb

.
u
n
it
)

Ch1: 850nm

Ch2: 940nm

Ch3: 1020nm

Ch4: 1046nm

Ch5: 1054nm

Ch1: 1054nm

750 800 850 900

Wavelength (nm)

−0.5

0.0

0.5

1.0

1.5

A
b
so
lu
te

ca
li
b
ra
ti
o
n
fa
ct
o
r

(×
1
0
−
1
7
m
·
sr
·
V
·
s)

Ch1

−0.5

0.0

0.5

1.0

1.5

2.0

R
el
a
ti
v
e
se
n
si
ti
v
it
y
(a
rb

.
u
n
it
)

Figure 4. Linear fits of the diode response of

a particular channel versus particle density at a

given wavelength in argon. The positive slope il-

lustrates the linearly increasing signal level with

increasing pressure. The line for channel 1 at

1054 nm demonstrates that the channel is not

sensitive at that wavelength, and therefore an in-

crease in pressure does not affect the diode re-

sponse. The slope of the linear fit gives the value

of the absolute calibration factor or, when nor-

malized to an arbitrary wavelength, the relative

sensitivity of the spectral channel at the wave-

lengths indicated in the legend. Error bars denote

the 2-sigma standard error of the mean.

Figure 5. Absolute calibration factor and relative

calibration factor normalized to 773 nm as deter-

mined by Rayleigh scattering in argon for spec-

tral channel 1. The shaded area represents the

2-sigma standard error of the mean. The diffuse-

plate spectral calibration is shown in black.
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Figure 6. Pulse energy measured with a PEM

after exiting the vacuum vessel during measure-

ments in air. The signal shape closes matches

that of figure 2 despite the removal of a mirror

located in front of the PEM (figure 1).

Figure 7. Averaged signal peaks over 30 OPO

pulses measured at 811 nm. Unlike figure 3, the

stray light level constitutes only half of the total

signal level at maximum pressure (1013 mbar).

The shaded area represents the 2-sigma standard

error of the mean.
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The resultant spectral curves are shown in figure 9, with the relativity sensitivity values resulting

from normalization to 1054 nm as is performed for the diffuse plate relative spectral calibration. Note

that, although only one polychromator is shown here, these measurements were successful for more

than half of the system’s polychromators despite the short data collection period imposed by time

constraints. The unsuccessful reproduction of some polychromators’ spectral channels is caused by

several factors, including different gain levels in the avalanche photodiodes in the polychromators

causing some channels to saturate before others; potential laser misalignment through the scattering

volumes; and low pulse energy levels within scattering volumes closer to the beam exit window due

to divergence and aberration.
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Figure 8. Linear fits of the diode response of

a particular channel versus particle density at a

given wavelength in air. The slope of the linear fit

gives the value of the absolute calibration factor

or, when normalized to an arbitrary wavelength,

the relative sensitivity of the spectral channel at

the wavelengths indicated in the legend. Error

bars denote the 2-sigma standard error of the

mean.

Figure 9. Absolute calibration factor and rela-

tive sensitivity normalized to 1054 nm as deter-

mined by Rayleigh scattering in air for all spec-

tral channels. Significant features are visible in

the channels, especially near 970 nm. The ex-

act reason is still unknown, but is currently at-

tributed to molecular absorption resulting from

the measurements being taken in air. The shaded

area represents the 2-sigma standard error of the

mean. For comparison, the diffuse-plate spectral

calibration is shown in black.

Additionally, the pulse energy would occasionally fail to trigger the PEM energy measurement

due to the PEM trigger threshold being set too high. These faults normally occurred around 970

nm, which as seen in figure 6 also corresponds to the lowest output pulse energy. Therefore, fewer

data points are available, and the statistical noise increases even further.

4 Discussion

Several distinct features present in the Rayleigh scattering calibration clearly set it apart from the

diffuse-plate calibration. A strong dip is visible in channel 2 near 970 nm, occurring at a known

vibrational mode in water. Additional features in channel 1, including a dip near the edge at 740

nm, also correspond to absorption lines seen in atmospheric measurements [19]. It is therefore
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possible that, because measurements were performed in air, the results are skewed by molecular

absorption. It is interesting to note that, as shown in ref. [19], there are not many strong absorption

lines in the wavelength range affecting spectral channels 3, 4, and 5, and these channels also show

the closest agreement between the two spectral calibration methods.

The data from the argon measurements do not seem to have the same features in channel 1 as

seen during measurements in air; however, it is possible that any effect here is masked by increased

noise levels, and it is difficult to draw a conclusion based on this comparison. A spike in the data

is seen in channel 2 for many polychromators around 970 nm during argon measurements, but, due

to low energy levels, the PEM was not triggered, and it is again difficult to determine the source of

error.

The effects of stray light on the measurement are clear, with vacuum measurements in both

argon and air using half or more of the detectors’ dynamic range. As mentioned briefly in section 3.1,

the stray light and Rayleigh scattered signal peaks of many polychromators can be differentiated

from one another; all polychromators associated with the M-port observation optics have two

distinct peaks, and the core polychromator associated with the N-port observation optics also has

a small secondary Rayleigh scattering peak. Though for these polychromators it may be possible

to calibrate even with high stray light levels, this peak separation is not visible in half of the

system’s polychromators, and therefore is not a viable method for calibration of the entire Thomson

diagnostic. Additionally, both peaks are still visible in the vacuum case, implying that stray light

arrives at the observation optics at nearly the same time as the Rayleigh scattered signal. This also

gives a strong indication that there are two significant sources of stray light. It is currently believed

that the stray light originates on the entrance and exit vacuum windows, though other effects such

as stray light originating from mirror coatings as observed by Nilson et. al. on the DIII-D Thomson

system also warrant further investigation [20].

In the current state of the system, there are practical limitations to its implementation. To

half the current statistical noise levels, 120 data points are needed. This leads to over an hour

of data collection time for a single pressure scan, and a maximum of 5 or 6 pressures in one

day. Additionally, for many of the polychromators here, the statistical noise would still not be

acceptable, especially for measurements at and below 100 mbar. These considerations exemplify

just how critical stray light reduction is for future measurements at W7-X. With sufficient stray light

reduction, the aforementioned issues are bypassed. Additionally, through measurements at W7-X

are complicated by a maximum pressure differential between the vacuum vessel and cryostat, other

fusion devices may not have such limitations, relaxing somewhat the requirements for successful

calibrations.

It should also be noted that, while an absolute calibration factor was determined, the values

here are an order of magnitude smaller than those obtained via Raman scattering. The Thomson

diagnostic at W7-X generally agrees with the line-averaged density determined by dispersion

interferometry [21] to within 10 percent, meaning the absolute calibration factor determined via

the presented Rayleigh scattering method is not accurate. This is currently attributed to poor beam

shaping, a significant coma aberration in the OPO beam profile, and a position mismatch between

the OPO and Nd:YAG beams through the vacuum vessel, resulting in the measured pulse energy

being unrepresentative of the pulse energy within the scattering volume.
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4.1 Profile effects

To further motivate this work, the spectral calibration determined here is applied to a randomly

chosen W7-X discharge using two methods, and is compared against a profile generated using the

diffuse plate calibration (figures 10 and 11). Note that, because the absolute calibration factor

was deemed inaccurate, only the relative spectral calibration determined by Rayleigh scattering is

applied; the density profile shown here is determined using a combination of the relative spectral

calibration and the absolute calibration factor determined via Raman scattering. The reference

wavelength and channel used for determining the relative spectral calibration are 1054 nm and 5,

respectively (see section 3).

First, the OPO spectral calibration curves are passed through a median filter for smoothing

and applied directly to the profiles ("OPO" in figures 10 and 11). For two polychromators, the

high-resolution data was used for channels 4 and 5. This gives an idea of the overall effect of the

filter smoothness, the edge positions, and any spectral effects that could be in the system. This is

only possible for polychromators in which there is no data loss in any channel, e.g. due to low pulse

energy failing to trigger the PEM; therefore not all scattering volumes are available for comparison.

Second, the ratios of the integrals of the diffuse-plate spectral curves are set to equal those of

the OPO spectral calibration, effectively scaling the diffuse plate spectral calibration ("Scaled" in

figures 10 and 11). This is performed because, as is clearly visible in figure 9, the integral of channel

1 differs between the Rayleigh scattering calibration and the diffuse plate calibration. This also

demonstrates the effect of a varying filter channel amplitude while ignoring any potential effects

from rough filter curve edges and wavelength offsets between the two spectral calibration methods.

This method can be applied even when sections of filter curve data are missing by ignoring areas

with missing data during integration.

The resulting temperature and density profiles were calculated using the Minerva frame-

work [22] and are shown in figures 10 and 11, respectively. The profiles are calculated by averaging

the data of each scattering volume over 6 seconds. Only volumes that were successfully calibrated

are shown, with successful calibration meaning the statistical noise is low enough that the filter

curves are clearly visible and gaps in the data due to signal saturation or loss of pulse energy

measurements are not present. Only data resulting from one of three lasers is used.

Figure 10 has several interesting features. One, the overall shape of the temperature profile

is largely unaffected by the different spectral calibrations, though outliers are less prevalent in the

diffuse-plate spectral calibration data. The core profile shape experiences the greatest change; the

core temperatures are lowered, resulting in a less pronounced temperature peak. While the points

using the direct OPO calibration curves have significantly more scatter, they follow the same trend

as the other calibration data.

Differences in the density profile can be seen between the multiple calibration methods in

figure 11. The scaled spectral calibration results in a flatter core profile and a similar edge density

gradient, though the effects are not particularly pronounced. The direct OPO calibration data suffers

from high scatter, likely due to edge effects from low-resolution scans and the OPO linewidth, both

of which are being addressed for the next W7-X operational period (sec. 5).

Because the standard error of the sample mean shown in figures 10 and 11 is very low, it is

clear that there is a significant change in the profile shapes resulting from the different calibrations.
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Figure 10. Averaged W7-X temperature profiles

from program 20180927.33 from 9.02 to 15.99

seconds (70 pulses) using the diffuse plate (blue

crosses), direct OPO (yellow dots), and OPO-

scaled diffuse plate (purple x’s) relative spectral

calibrations. Error bars representing the 2-sigma

standard error of the sample mean are included,

but do not exceed the marker size for most points.

Figure 11. Averaged W7-X density profiles from

program 20180927.33 from 9.02 to 15.99 sec-

onds (70 pulses) using the diffuse plate (blue

crosses), direct OPO (yellow dots), and OPO-

scaled diffuse plate (purple x’s) relative spectral

calibrations in conjunction with the absolute Ra-

man calibration of channel 5. Error bars repre-

senting the 2-sigma standard error of the sample

mean are included, but do not exceed the marker

size for most points.

However, due to the outstanding issues with the spectral calibration presented here, it is not yet

possible to determine which spectral calibration method results in the most accurate temperature

and density profiles. Several improvements to the current system (see section 5) and ongoing

studies of systematic errors in the W7-X Thomson scattering system should make more quantitative

comparisons possible for future measurements.

5 Conclusions and outlook

Proof-of-principle Rayleigh scattering measurements utilizing an OPO-laser were successfully

performed on W7-X, resulting in clear filter curves. Although the absolute calibration factor

determined here via Rayleigh scattering differed from that determined by Raman scattering, the

relative spectral calibration curves determined via Rayleigh scattering for spectral channels 3, 4,

and 5 agree well with those determined via a diffuse-plate scattering method. Differences between

the relative spectral calibrations are plainly visible in spectral channels 1 and 2, though the cause

of the discrepancy is difficult to determine. This could well result from molecular absorption in

air, a faulty mirror coating, or from a more accurate calibration by including the first window and

using a similar scattering geometry to the Thomson diagnostic. The small changes observed in the

density profile result in the flattening of an otherwise hollow density profile. Although a similar

core flattening is seen in the temperature profile of the scaled spectral calibration, the measured

temperature profile is largely unaffected by the different calibrations. It is, however, not yet possible

to determine the accuracy of one spectral calibration method relative to the other.
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It should be noted that, for the Rayleigh scattering calibration to become an absolute calibration,

it is necessary that the pulse energy within a scattering volume is known. This is possible by matching

the OPO beam profile and position to the Nd:YAG lasers’ profiles and positions at the entrance and

exit of the vacuum vessel, leading to an overlap of the OPO and Nd:YAG laser beam paths within

each scattering volumes. Cameras focused on the vacuum vessel entrance and exit windows should

allow for precise measurement of both the beam position and profile for comparison. The profile

matching would additionally have to be confirmed at each wavelength measured.

Currently, it is planned that the Rayleigh calibration system will be installed on W7-X for

the next operational period in 2021. Despite the troubles encountered during measurements in

argon, figure 3 shows that there is still an appreciable difference between measurements at different

pressures, even with a small number of OPO pulses per wavelength and exceedingly high stray light

levels. This gives confidence that, with a larger number of pressure steps and a higher number of

OPO pulses per wavelength, this calibration technique may be used even with pressures limited to

100 mbar. Beyond this, several improvements are planned to further increase the effectiveness and

accuracy of the calibration. First, an additional stray light absorber is to be installed in the laser

flight tube of the Thomson scattering diagnostic, reducing the amount of stray light generated during

the calibration, allowing for higher laser energy and lower pressures. A laser-seeder is planned for

the OPO to further reduce the laser linewidth and achieve higher filter edge resolution. A dedicated

set of optics will be designed and installed to allow flexibility in beam shaping to further optimize

the system. Finally, a spectrum analyzer will be implemented to measure the laser linewidth and

center frequency of each laser pulse.
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