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Using Thomson scattering diagnostics to control plasma density at
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This work describes the real-time application of the Thomson scattering diagnostics.

The upgraded data

acquisition system of the Globus-M2 spherical tokamak provides real-time data processing with the delay < 2.4 ms
for 128 scattering signals from 11 spatial points. The achieved processing performance meets the requirements for
Thomson scattering diagnostics of modern thermonuclear facilities and ITER in particular. The paper demonstrates
the possibility of plasma electron density control, using Thomson scattering data in the feedback loop.
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Plasma diagnostics by Thomson scattering (TS) of laser
radiation is a well-established method [1-3] for reliable
measurement of the spatial distribution dynamics of electron
temperature Te(R,t) and density ne(R,t) in tokamak and
stellarator plasma. TS data improves localization accuracy
for plasma boundary and magnetic axis, reconstructed by
equillibrium codes EFIT [4], PET [5], etc. This data also
allows one to determine electron stored energy W, and
the ratio of the electron pressure to the magnetic field
pressure (fe¢). This information must be obtained in real
time (RT) to prevent accidents involving plasma current
disruption [6]. Real-time TS diagnostics is also needed to
implement advanced methods for control over the profiles of
plasma density, current, and electron and ion temperatures
for optimizing the thermonuclear synthesis yield in tokamak
reactors [7,8]. At the ITER tokamak, TS diagnostics is
designated to provide feedback for control over hybrid
operation modes [6]. The implementation of control over
profiles of various plasma parameters is also one of the key
goals of the Russian Tokamak with Reactor Technologies
(TRT) project [9,10]. TS diagnostics is a promising way
toward this goal [11].

A new TS diagnostics complex [12] satisfying the key
requirements for ITER TS diagnostics has been put into
operation in 2020 at the Globus-M2 tokamak. This complex
provides an opportunity to perform measurements in a sta-
tionary mode with a frequency of 330 Hz. A total of 11 five-
channel polychromators based on interference light filters
are used to analyze the spectrum of scattered radiation.
Avalanche photodiodes fitted with wide-band (> 250 MHz)
transimpedance amplifiers are used as detectors [13]. Eight
16-channel 12-bit CAEN V1743 digitizer VME modules
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operating at a sampling frequency of 3.2 GS/s are used to
measure the time dependence of laser scattering intensity.
All eight digitizers are connected pairwise to a single
four-channel CAEN A3818C PCl-e controller in a data
acquisition computer. Each preamplifier of an avalanche
photodiode has two high-frequency outputs with different
gain levels that are meant to expand the dynamic range of
measured signals. A total of 110 oscilloscope records of TS
signals and eight oscilloscope records of the temporal shape
of a probing laser pulse (one per each V1743 module) are
made per a single laser pulse (time point). The computer
runs on an AMD Ryzen 5 3600X six-core processor and has
a general-purpose operating system (OS) installed (specif-
ically, Windows 10). The program for data acquisition
and processing was written in C++4 and is executed with
the highest priority in the OS task manager. One thread
is allocated per each of the four lines of communication
with digitizers to transfer data from the buffer of digitizers
into the computer RAM. The fifth computing thread is
allocated for processing and determination of the number
of detected photoelectrons in each of the 128 oscilloscope
records (11 -5 -2 TS signals + eight synchronization signals
+ ten idle channels). A control feedback signal, which
is transmitted over an Ethernet network in the form of a
UDP packet, is generated after processing of all channels.
The packet passes through two switches, reaches Raspberry
Pi 4B single-board computer and gets converted into a
command for a 12-bit MCP4725 digital-to-analog converter
(DAC) connected to an 12C serial communication bus. The
DAC outputs a signal to the tokamak data acquisition and
control system. The mean electron density was chosen as a
controlled parameter in order to demonstrate the application
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Figure 1. ¢ — Histogram of the TS signal processing time elapsed from the moment of plasma probing to the update of control DAC
registers (numbers correspond to the number of events falling within a given time interval); » — local density ne obtained as a result of
post-processing (ordinate axis) and ne obtained as a result of RT processing with a simplified code (abscissa axis); ¢ — local density at a

point with major radius R = 49 cm as a function of linear density.

potential of TS diagnostics in the tokamak control system;
a MaxTec MV-112 piezoelectric valve, which regulated the
hydrogen flow into the chamber, served as an actuator.

A simplified algorithm for TS data processing was
developed to calculate the ne profile in real time. Figure 1,a
presents the histogram of the calculation cycle operation
time in a series of tokamak discharges. The processing time
includes the stages of data digitizing, transfer into the com-
puter memory, Ne profile calculation, and transmission of
the control signal to the DAC. The mean time was 2.01 ms,
while the maximum time did not exceed 2.38 ms; the
interval between laser pulses was 3.03ms. The time spent
on data transfer from the digitizer to the computer and from
the computer to the DAC was 1.2 and 0.5 ms, respectively;
taken together, these operations took 85% of the cycle time.
Figure 1,b presents a comparison between the results of

4*  Technical Physics Letters, 2023, Vol. 49, No. 8

calculation of local ne values obtained using the standard
experimental data processing algorithm (post-processing)
and the simplified TS data processing algorithm. It is
evident that the results produced by these two algorithms
agree closely: the mean absolute percentage error (MAPE)
is 3.2%. Since RT data on magnetic equilibrium at the
Globus-M2 tokamak are currently unavailable, local density
n¥=4 measured at a point with major radius R =49 cm
(near the middle of the minor radius) was used to set the
control parameter. The linear dependence of NF~4° on nel ™
(Fig. 1,¢) justify the use of local density n}=#° as an input
signal for a proportional mean density regulator in the chose
tokamak operation mode.

The Ohmic mode with a low mean electron density
(<2-10”m™3) and boronization of the first wall was
chosen to illustrate the potential for control over the mean
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Globus-M2 #42611, Ohmic heating without feedback

#42613, TS feedback by H gas puff
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Figure 2. a — Integral density determined using a microwave interferometer (/, 3) and the TS method (2, 4). 5 — Plasma current.
b — Measured local density nf~*: real-time DAC output (/) and results of post-processing (2). 3 — Pre-set density control program;
4 — difference between the pre-set and measured values. Vertical lines denote the moments of probing. ¢ — Piezoelectric valve voltage:
1 — in the feedback circuit; 2 — at the auxiliary valve. The gray area is the valve dead zone. The overall intensity of H, and D, emission
lines in discharge No. 42613: 3 — for an observation chord directed at the gas puffing nozzle; 4 — for the background signal.

density in the tokamak based on TS diagnostics data. Since
a transition to the mode of enhanced confinement, which
is accompanied by a sharp change in the particle diffusion
coefficient, is not expected to occur in this operation mode
of the Globus-M2 tokamak, a simple model of ng control
by a proportional regulator may be used. A short pulse of
deuterium puffing via a separate valve was applied in this
scenario 50 ms before the discharge to establish breakdown
conditions. Figure 2 presents the key plasma parameters
for two discharges of the Globus-M2 tokamak: discharge
No. 42613 with the density control system switched on and
reference discharge No. 42611 without control. All electro-
magnetic system control programs were identical in these
two discharges. The value of nel (Fig. 2, a) starts decreasing
monotonically at 145 ms. Two independent diagnostics were
used to measure Ngl: the TS method [14] and the microwave
interferometer (characteristic chord length | ~ 0.6 m). In
discharge No. 42613, a control signal (Fig. 2, ¢) was applied
to the gas puffing valve when ne measured using the TS

method dropped to a pre-set level of NF~4 =2.10 m—3
(Fig. 2,b). This signal was proportional to the difference
between the pre-set and measured ne values. The monotonic
Nel reduction was thus suppressed in the discharge with the
Nne control system switched on and responding to a feedback
signal from the TS diagnostics system.

The use of a simple proportional controller caused
oscillations of the controlled parameter around the pre-set
value due to lag of the control system and the controlled
plasma. The valve used in our experiments features a dead
zone (Fig. 2,¢) and hysteresis, which were ignored in the
process of construction of the controller. The delay between
valve opening and gas ionization at the plasma boundary
estimated based on the signal of overall intensity of emission
lines H, and D, (Fig. 2,¢) was 4—7 ms.

Starting from December 2022, density profiles measured
using the TS method are processed in real time at the
Globus-M2 tokamak for each plasma discharge. The delay
between measurement and the moment when a full profile
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is ready does not exceed 24ms; 12ms of this time
are spent on data transfer from digitizers, and another
0.5ms are spent on data transfer to the control DAC. This
processing performance is up to world standards [15-17]
and satisfies the requirement (2.5ms) for inclusion of TS
diagnostics into the ITER system for control over plasma
parameters [6]. The processing time may be reduced
to ~ 1 ms by optimizing the data transfer system. A further
increase in performance may be achieved by switching
to a real-time OS and a high-performance processor. It
was demonstrated that the data measured in real time
correspond to the results of standard post-processing.

RT processing of TS diagnostics data is implemented
in several experiments: KSTAR [18], NSTX-U [16,17],
LHD [19,20], MAST [21,22], TCV [23], and DIII-D [24,25].
The use of TS diagnostics data for control over plasma
parameters has been mentioned only in [26] as a part of
the integral DIII-D tokamak system without any further
details. At the same time, the publicly available description
of the DIII-D TS diagnostics complex [25,27] does not make
any references to the possibility of RT operation, and RT
processing is mentioned only as a probable upgrade in an
earlier paper [24]. 1In the present study, the possibility
of control over the mean density in a tokamak based
on TS diagnostics data in the Ohmic mode with a low
mean electron density (j2-10” m=3) was demonstrated.
The accuracy of maintaining a certain mean density may
be increased qualitatively by optimizing the controller
algorithm and the algorithm for control over the working
gas puffing valve. The performance of the TS diagnostics
system designed for the Globus-M2 tokamak is sufficient for
reconstruction of the plasma current profile by equilibrium
codes in real time and for systems controlling the spatial
distributions of plasma parameters in a tokamak reactor and
a neutron source.
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