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A detailed description of a prototype setup for real-time (RT) Thomson scattering (TS)
analysis is presented and implemented in the multi-point Thomson scattering (MPTS) di-
agnostic system at the National Spherical Torus Experiment Upgrade (NSTX-U). The data
acquisition hardware was upgraded with RT capable electronics (RT-analog digital convert-
ers (ADCs) and a RT server) that allow for fast digitization of the laser pulse signal of eight
radial MPTS channels. In addition, a new TS spectrum analysis software for a rapid calcula-
tion of electron temperature (Te) and electron density (ne) was developed. Testing of the RT
hardware and data analysis software was successfully completed and benchmarked against
the standard, post-shot evaluation. Timing tests were performed showing that the end-to-
end processing time was reproducibly below 17 ms for the duration of at least 5 s, meeting
a 60 Hz deadline by the laser pulse repetition rate over the length of a NSTX-U discharge.
The presented RT framework is designed to be scalable in system size, i.e. incorporation of
additional radial channels by solely adding additional RT capable hardware. Furthermore,
it is scalable in its operation duration and was continuously run for up to 30 min, making
it an attractive solution for machines with long discharges such as advanced, non-inductive
tokamaks or stellarators.

PACS numbers: 52.55.-s, 52.55.Fa, 52.70.Kz
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I. INTRODUCTION

Thomson scattering (TS) is a widely used technique
to diagnose hot plasmas. In applications for magnetic
confinement fusion (MCF) it is one of the main pro-
file diagnostics since it provides a non-invasive, localized
measurement1. All larger tokamak as well as stellara-
tor experiments deploy TS diagnostics2–10 and also the
National Spherical Torus Experiment Upgrade (NSTX-
U)11 is equipped with a multi-point Thomson scattering
(MPTS) system12. TS is elastic scattering of an elec-
tromagnetic wave (a laser pulse) on the free electrons
of a plasma. From the scattered light spectrum the elec-
tron temperature (Te) (spectral broadening) and electron
density (ne) (amplitude) can be inferred. In MCF appli-
cations typically approximations for the TS spectrum,
introduced by Selden13 or by Naito, et al.14, are used to
fit the TS measurements. TS diagnostics can be abso-
lutely calibrated using Rayleigh and Raman scattering
in gas15,16.

There is a growing need for advanced control schemes,
such as plasma profile control, which requires real-time
(RT) profile measurements as sensors. TS spectra can be
analyzed in RT17–19 owing to an underlying model, that
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allows pre-shot calculation of the TS spectra, and a fit-
ting procedure, that compares measurement and expec-
tation. Towards lower signals, i.e. at low Te and ne, the
fit accuracy can be improved using advanced data analy-
sis within Bayesian probability theory20,21. Recently, RT
Te data from TS was used for e.g. divertor detachment
control22. Furthermore, the RT equilibrium reconstruc-
tion at NSTX-U23 can be improved by constraining the
electron pressure profiles as it was already performed in
post-shot equilibrium reconstructions24. Ultimately, RT
measurements from TS for Te and ne, from charge ex-
change recombination spectroscopy (CER) for ion tem-
perature (Ti) as well as a fast model for the fast ion pres-
sure, such as a neural net25 or RT capable code26, could
be combined to attempt a RT reconstruction of kinetic
equilibria. As a first step in this effort, the MPTS di-
agnostic at NSTX-U is being equipped with RT capable
data acquisition hardware and a TS spectrum evaluation
code was implemented for RT data processing. This pro-
vides a prototype framework for RT TS analysis that can
be deployed at various TS diagnostics of different MCF
experiments.

II. BRIEF DESCRIPTION OF THE NSTX-U MPTS
DIAGNOSTIC

At NSTX-U the MPTS system measures the scattered
photon spectrum by means of interference filters and
avalanche photo diodes (APDs)27. A key feature of the
setup is the horizontal laser path through the machine’s
axis, which enables measurements from the low field side
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(LFS) up to the high field side (HFS)28. This laser path
has been modified to avoid the new, wider center stack
of NSTX-U29. A similar laser path was also chosen for
the TS diagnostic at MAST7,30.

Up to now, two Nd:YAG lasers (1064 nm wavelength,
nominal pulse energy of 1.6 J, 10 ns pulse width), each
with a repetition rate of 30 Hz, are utilized28. In the
future, the baseline laser pulse repetition rate can be ex-
tended to 90 Hz with a new, 30 Hz repetition rate (base-
line) laser system. This laser system will feature pulse
burst capabilities, enabling a repetition rate of either
10 kHz for 5 ms or a repetition rate of 1 kHz for 50 ms
(nominal pulse energy of 1.5 J, 20 ns pulse width)31.

Spherical mirror optics are deployed to image the laser
beam path onto a set of fiber bundles. There is an en-
hanced packing of channels at the LFS edge to study the
pedestal region in detail32. Two kinds of polychroma-
tor arrangements are currently used to measure the TS
spectrum: One with four interference filters and another
one using six interference filters. To evaluate the ne from
the scattered intensity, Rayleigh as well as Raman cali-
brations are performed at the beginning and at the end
of experimental campaigns33. In summary, the details
about the setup and configuration of the MPTS diag-
nostic at NSTX-U can be found in previously published
work28,29,32.

Exemplary Te and ne profiles of a typical NSTX-U
discharge are presented in figure 1. Figure 1a shows a
poloidal cross section of the NSTX-U vessel with an ex-
ample plasma equilibrium (blue). Furthermore, the laser
path (red horizontal line) and the 42 scattering locations
(magenta crosses) are presented in figure 1a. The re-
gion of the laser path is illustrated in a close up view in
figure 1c and the two vertical arrows indicate the chan-
nels that are used to test the RT TS spectrum analysis
code (see section III B and section V; figures 4, 6 and 7).
Figure 1b presents the Te across the radius (R) and fig-
ure 1d shows the corresponding ne profile. The horizontal
bars on the individual measurements indicate the projec-
tion of the fiber bundle width on the laser path, which
is mapped on R. The dashed vertical lines represent the
HFS and LFS part of the ψN = 0.6 flux surface (left
and right) as well as the location of the magnetic axis
(center). To acquire such Te and ne profiles in RT, a pro-
totype framework was designed, implemented and tested
for eight radial channels of the MPTS diagnostic.

III. SETUP OF THE REAL TIME MPTS SYSTEM

Having RT TS measurements available, gives unique
capabilities for plasma control. To enable a RT evalua-
tion of TS spectra, the hardware as well as the software of
the MPTS at NSTX-U had to be revised and improved.
As a design criterion, the analysis of Te and ne should
be performed within the baseline laser repetition rate
of 60 Hz, i.e. the end-to-end processing time should be
smaller than 17 ms. Section III A introduces the selected
hardware and describes the RT system layout, while sec-
tion III B introduces the newly implemented RT TS spec-
trum evaluation software.

A. Utilized real time capable hardware

As a first step the data acquisition was exchanged to be
RT capable. Here, commercially available SIS3316-250-
14 analog digital converters (ADCs) from Struck Innova-
tive Systeme were utilized34. These have a digitizing rate
of 250 MSamples s−1, two switchable, customized input
voltage ranges (0.2 V and 2 V) at 14bit resolution. The
RT readout of these ADCs is done via Gbit Ethernet.

A SuperMicro Real-Time Server35 is connected to the
ADCs and continuously reads out the acquired data. The
server has 20 cores, which are clocked at 2.1 GHz, with
each having 32 Gbyte RAM. Multiple cores allow for par-
allel execution of the TS spectrum analysis of several
radial channels. A Flareon Ultra SFN71 Ethernet card
from Solarflare36 and a standard network switch are used
to connect the RT server with the ADCs.

As an output interface from the RT server to the
NSTX-U plasma control system (PCS), an analog out-
put (AO) card was chosen. It is commercially available
and manufactured by General Standards37. The model
16AO64 PCIe AO card was selected as it fulfills the sys-
tem’s requirements. This model provides 64 or 32 output
channels (depending on the type of operation) with 16bit
resolution and a output rate of 0.5 MSamples s−1.

The upgraded hardware setup is illustrated in figure 2.
The collected light, emerging from the output of the fiber
bundles, enters the polychromator (red wave), which has
up to six interference filters with associated APDs and
pre-amplifiers. These are connected to the RT-ADC by
co-axial cables. The RT-ADCs are wired to the server
(RT-MPTS PC) via Ethernet cables. The evaluated data
is outputted to the NSTX-U PCS by the AO card that
is directly build into the RT-MPTS PC. Furthermore,
the evaluated data as well as the acquired raw data is
transferred to the MDSplus38 managed data storage after
the plasma discharge39. This also allows to perform the
standard post-shot TS spectrum analysis.

A major advantage of this system setup is that it works
independently of NSTX-U PCS. This is a distinctive fea-
ture from another approach of running the RT TS anal-
ysis within the PCS22. The presented setup does not re-
quire any direct interaction between the RT-MPTS PC
and the PCS servers, which would require clock synchro-
nization. This enables piggy back RT analysis testing
during usual NSTX-U operation without interfering with
the NSTX-U PCS. Moreover, running the RT TS spec-
trum analysis on a separate server does not add any work-
load on the PCS server, which would be introduced when
performing the evaluation within the PCS. The setup al-
lows for a basic error handling via the AO card, when e.g.
data is missing. Furthermore, the system setup is fully
modular and could be easily scaled up regarding number
of RT-ADCs and computational power by using a more
powerful RT-MPTS PC. This would allow for RT usage
of more radial channels.
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FIG. 1: The channel setup and profiles of the NSTX-U MPTS diagnostic: (a) Poloidal cross section of NSTX-U
with the MPTS channel locations, (b) typical electron temperature (Te) profile, (c) enlarged channel locations and

(d) a typical electron density (ne) profile. The profiles of Te and ne are measured across the full plasma cross section
from the LFS to the HFS. The horizontal bars on the profiles indicate the projection of the fiber bundle width on

the laser path, mapped to the machine radius (R).

polychromator RT-ADC RT-MPTS PC NSTX-U PCS

Gbit

AO

MDSplus storage

FIG. 2: Sketch of the hardware setup: (left) polychromator with up to six interference filters (not illustrated),
APDs and pre-amplifiers, (middle left) RT-analog digital converter (ADC), (middle right) RT-MPTS PC and (right)

output to the NSTX-U PCS and MDSplus data storage. The polychromator detects the scattered photons, which
are digitized by the RT-ADC and analyzed in the RT-MPTS PC. The evaluated Te and ne are outputted to the

NSTX-U PCS and exported to the MDSplus data storage.

B. Implemented real time Software

To perform RT evaluation of the TS spectra, a new
software, written in C++11 and optimized for fast and
accurate fitting of the TS spectra, was implemented. Fig-
ure 3 outlines the main steps of the evaluation work flow.
After the initialization, three main evaluation steps are
performed to process the acquired TS data to Te and ne

as well as their corresponding errors. The technical de-
tails of each sub step of the evaluation are provided in
the following:

• Pre-shot program initialization:

– Loading of the required calibration data (pre-
amplifier and APD gain, Rayleigh and/or Ra-
man calibration), filter transmission and scat-
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Initialization

Circular buffer

Analysis

• load calib. & geom.
• pre-calc. lookup
• enable RT-ADC
−→ ready for pulse

MDSplus storage

→ laser ID
→ laser energy
→ photon intens.

RT-ADC

peak detection

Spect. fit
(χ2 mini.)

Te & amp.

lookup spect.

compare spect.

adapt param.

amp. & Rayleigh or Raman → ne

• convert to voltages
• apply to AO card
−→ flip new data bin

Analog output

NSTX-U PCS

FIG. 3: Sketch of the RT data evaluation work flow: (top left) Initialization, (bottom left) circular buffer for RT
data storage, (top right) Analysis of the TS spectrum and (bottom right) analog output (AO) to the NSTX-U PCS.

After an initialization sequence, a circular buffer is enabled, which continuously stores data from the RT-ADCs.
When the laser is pulsed (red arrow), the buffer is read out and transferred to the analysis module, which calculates

Te and ne that are then outputted to the NSTX-U PCS.

tering geometry from the MDSplus data stor-
age

– Creation of a signal intensity lookup table:

∗ Calculation of the expected photon inten-
sities (for a given Te) at each spectral
polychromator channel using the Selden
model

∗ Considering a Te range of 0 keV to 10 keV
and applying a step size of 1 eV

∗ Storage in a hash table for fast look-up

– Initialization of the RT-ADCs

– Arming of the ADCs and acquisition of data
to circular buffer

→ The RT-MPTS system is ready for the next
plasma discharge

• Data transfer to a circular buffer:

– RT data is continuously transferred into cir-
cular buffer; the acquired inputs are:

∗ Laser Q-switch time sync for each laser
(laser ID)

∗ Integrating sphere signal (laser energy)

∗ Photon intensity signal for the spectral
channels of each radial position (photon
intens.)

– Buffer readout is triggered by the laser pulse

→ The detected pulses are fed into the analysis
module

• TS spectrum analysis:

– Detection of the peak amplitudes of the ac-
quired signal pulses and offset subtractions

– Fitting of the TS spectrum to provide Te and
amplitude including an error estimate:

∗ χ2 minimization of residuals between ex-
pected and measured TS spectrum

∗ Error calculation of fitted parameters

∗ Convergence is achieved after typically 10
iterations (adjustable convergence crite-
ria)

– ne evaluation using Raman and/or Rayleigh
calibration as well as an error estimation

→ Passing Te, Te error, ne and ne error to AO
card

→ Post-shot transfer of Te, Te error, ne and ne
error as well as the detected scattered light
pulse raw data to the MDSplus storage

• Output to the NSTX-U PCS:

– Checking and filtering of evaluated data: Er-
ror handling by providing bit indicators for
unrealistic analysis results (over range, under
range or a general analysis error)
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– Encoding of Te, Te error, ne and ne error into
output voltages

→ Indication of a new data set to the NSTX-U
PCS by modifying a ‘new data indicator bit’

This evaluation work flow follows a streamlined TS spec-
trum analysis, which performs more expensive compu-
tations already before the plasma discharge. This ap-
plies to the evaluation of the Selden model, which is used
to calculate the expected photon fluxes at the polychro-
mators’ spectral channel. The effective filter transmis-
sions of the polychromator’s spectral channels for one
core channel (see figure 1c) are shown in figure 4a. Fur-
thermore, the calculated TS spectra for three different Te
are presented. Combining these spectra with the interfer-
ence filter transmission as well as detector efficiency and
amplification gain gives the expected signal intensity at
each spectral channel. The resulting curves of expected
intensities in dependence of Te are presented in figure 4b.
During the pre-shot initialization, these curves are eval-
uated for a Te range from 0 keV to 10 keV and stored
in hash tables for fast look-up. In the RT TS analysis
only a comparison of the expected and measured signal
intensity is performed, identifying the Te which has the
smallest deviation between measured and expected in-
tensities (see small crosses in figure 4b). As presented in
section V a number of tests and benchmarks were success-
fully performed to prove the RT performance and reliable
reproducibility of the evaluated Te and ne.

IV. PULSE MEASUREMENT

As an important feature of the new ADCs, the high
sampling rate of 250 MSamples s−1 enables the acquisi-
tion of the temporal evolution of the detected signal.
This allows to determine the background offset before
the signal pulse appears. The peak amplitude (PA) can
be extracted by searching for the maximum amplitude
as the pulse evolves and subtraction of the background
offset.

Figure 5 shows examples of digitized signals from Ra-
man Scattering in Nitrogen. These have been recorded at
high (5.33 kPa) and low (1.33 kPa) background pressure.
The raw data is indicated in blue, where each cross repre-
sents one digitized data point. This reflects a good signal
to noise ratio and promises that recorded TS spectra will
be well analyzable. For TS spectra the background offset
due to radiation from the plasma is expected to be larger.
Nevertheless, the background level is well measured since
multiple data points are acquired before the signal pulse
appears. Background fluctuations appearing at high fre-
quency during the signal pulse are smoothed out by the
response of the utilized transimpedance pre-amplifiers.
The pre-amplifiers also cause an artificial undershoot of
the signal (to negative voltages) at the end of the signal
pulse (c.f. figure 5). In the future, more advanced fit-
ting of the temporal pulse evolution can be implemented
by e.g. deconvolving the pre-amplifier response function
from the detected signal. This can improve the signal to
noise ratio at low signal levels, i.e. at low ne.

In the standard data acquisition, the ADCs are typi-
cally triggered at the maximum of the pulse and only this
(maximum) amplitude, i.e. the PA, is acquired. Since a
similar PA detection is also feasible with the RT-ADCs,
a full system integration into the already existing MPTS
analysis setup is possible.

V. COMPARISON OF REAL TIME AND POST-SHOT
THOMSON SCATTERING COMPUTATION

Extensive tests of the newly developed RT analysis
code, including a benchmark against the existing TS
spectrum analysis code, were performed. The main dif-
ference between the RT and the post-shot analysis is the
software implementation and optimization. Besides this,
both codes use the Selden model for the TS spectrum
and the fitting procedure (χ2 minimization) is similar.
For the benchmark between RT and post-shot analysis
code, PA input data, digitized with the standard ADCs,
was used. This PA data was fed into the RT spectrum
analysis module (figure 3) and the output ne, Te as well
as the corresponding errors were compared to the stan-
dard analysis. Figure 6 presents the results of the output
comparison for an edge (blue) and a core radial chan-
nel (red) of the MPTS diagnostic (see figure 1c) for all
time slices of an exemplary NSTX-U discharge. For Te
(figure 6a) and ne (figure 6b) excellent agreement be-
tween both analysis codes is achieved over the covered
range. The main advantage of the RT analysis is that
it takes less than 2.5 ms to fit the TS spectrum, i.e. to
loop through the χ2 minimization for one time point of
one radial channel. This analysis is roughly 10 times
faster than the post-shot analysis code and it can be ex-
ecuted in parallel for several radial channels. The speed
up of the calculation time is an essential piece to allow for
RT analysis of TS spectra. To achieve a faster solution
of the TS spectrum fit, the convergence criteria can be
slightly relaxed without drastically changing the outputs
of the analysis. The residual χ2 of the optimization are
compared for the RT and the post-shot analysis in fig-
ure 7. Here, the post-shot and RT analysis are in good
agreement and the small scatter might occur due to the
different numerical implementations. Nevertheless, these
differences do not cause any systematic differences in the
outputted Te and ne (c.f. figure 6).

An end-to-end test of the RT-MPTS system was per-
formed by inputting temporal wave forms of the signals,
scaled to provide the actual maximum amplitude of a
TS spectrum. Typical signal pulse shapes, as presented
in figure 5, were utilized and scaled with the measured
intensities of a real TS spectrum (digitized with the stan-
dard ADCs) and fed in the RT-ADC. These were evalu-
ated by the RT analysis work flow and the calculated Te
and ne as well as their errors were outputted using the
AO card. The timing of the AO was measured relative to
the signal input. This test was performed for eight radial
channels in parallel and proved that the implemented RT-
MPTS system meets a 17 ms end-to-end processing time.
I.e. the RT evaluation work flow (figure 3) is executed
within 17 ms from the triggering of the data readout to
the Te and ne display on the AO card. Furthermore, this
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FIG. 4: Creation of an intensity lookup table: (a) Interference filter transmissions of one radial channel and
calculated TS spectra and (b) intensities at each spectral channel in dependence of Te. The intensity lookup table is

created by computation of TS spectra for various Te considering the filter transmission. In the RT analysis, the
measured signals are compared to this lookup, identifying the Te that fits best.
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FIG. 5: Raman scattering in Nitrogen: (a) at high and (b) low pressure. The 250 MHz RT-ADC enables to finely
sample the detected photon pulse. The temporal structure is mostly due to the relatively slow response of the

transimpedance pre-amplifier.

processing time was reproducibly achieved over an esti-
mated NSTX-U plasma discharge length of 5 s. The op-
eration time was successfully extended to 30 min to show
the system’s capability for RT TS analysis of steady state
MCF experiments.

This test completes the prototyping of a RT capable
framework for the TS analysis. The achieved 17 ms end-
to-end processing time should be sufficient for RT con-
trol of slowly evolving core plasma parameters. Future
optimization aims towards support of a higher laser rep-
etition rate (90 Hz), which requires roughly a reduction
of the processing time by 35 %. This reduction should
be straightforward by upgrading the firmware of the RT
ADCs as well as accelerating the RT analysis software.
Furthermore, a shorter RT processing time allows to push
for control of edge profile parameters that evolve faster.

VI. SUMMARY AND OUTLOOK

The RT data evaluation setup for the MPTS di-
agnostic at NSTX-U was introduced and successfully

tested. ADCs with RT capability and a digitizing rate of
250 MSamples s−1 allow to measure the temporal evolu-
tion of the APD detectors’ signals. In combination with a
RT server, the acquired data can be accurately processed
and outputted to the NSTX-U PCS. The RT-MPTS sys-
tem enables RT profile measurements of Te and ne as well
as estimates of their errors. It will provide the necessary
information to perform plasma control using profile in-
formation. The main advantage of the presented system
layout is that there is a well defined interface between
the PCS servers and the RT MPTS server such that both
systems operate independently. This minimizes the com-
putational load on the PCS and also allows for piggy
back diagnostic operation and optimization during reg-
ular plasma operation without interfering with the PCS
or with the standard MPTS data evaluation.

Owing to its commercially available hardware and its
modular setup, a similar RT system will be deployed at
the TS diagnostic of the Large Helical Device (LHD)
stellarator40,41. For this purpose, the reliable and de-
terministic operation of the RT TS framework prototype
was already demonstrated for 30 min, which is considered
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FIG. 6: Fit comparisons of RT and post-shot TS evaluation: (a) electron temperature (Te) and (b) electron density
(ne) values for a core (red) and an edge (blue) channel. Within the measurement uncertainties the RT evaluation is

capable of reproducing the post-shot evaluated Te and ne.
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FIG. 7: Comparison of the residual χ2: RT and
post-shot analysis. These have reasonable agreement

and do not show any systematic trends.

to be the duration of the longest plasma discharges. At
LHD the RT system’s major application will be to pro-
vide RT ne profiles to track the density evolution during
long plasma discharges. This is especially required when
electron cyclotron heating (ECH) is continuously applied
and ne is close to the cutoff. In these cases the microwave
beams could be reflected towards the wall. Therefore,
this system will provide a density interlock for the ECH
system, enabling machine protection from harmful stray
radiation.
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