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The PhD thesis submitted to me for review is written on 135 pages and contains an introduction, six
chapters, a conclusion, contributions, a bibliography of the cited literature, including 174 titles, a list of
publications on the PhD thesis and citations. The text is illustrated with numerous figures and tables.

In the introductory part, the main goal of the PhD thesis is formulated, namely "to study and apply probe
diagnostics in thermonuclear fusion devices". To achieve this goal, the relevant tasks have been set, which
are solved in the following chapters.

The first chapter is devoted to a description of the tokamak and stellarator devices. I do not quite agree with
the formulation “main types”. (p. 17, 2nd row from the top). The generally accepted classification of
thermonuclear systems is based on the method of plasma confinement and, accordingly, thermal insulation:
a) with strong magnetic fields, b) the well-known inertial fusion with laser and corpuscular drivers. In this
sense, the tokamak and stellarator are stationary or quasi-stationary systems with magnetic thermal
insulation, that is, they are devices of the same type. I will note that we do not yet know which of the
currently operating systems will be the basis of the industrial fusion reactor. And they are far from being
only tokamak and stellarator! In this chapter the principle of operation of the tokamak system is explained in
details, as well as the location of the electric probes in the specific devices in which the team of Assoc. Prof.
Miglena Dimitrova conducted measurements. My overall assessment of this chapter is that it is a very well-
written introduction to the physics of the toroidal tokamak system, which can also be used as a teaching aid.
The next chapter is devoted to the probe diagnostics of plasma in fusion devices. The method of the classical
electric Langmuir probe is described, after which we move on to cases of high pressure or the presence of a
strong magnetic field. Then the main condition for the operation of the Langmuir probe is violated, namely,

the charged particle must not experience impacts with other particles when flying from the undisturbed



plasma through the space charge layer created by the probe to its surface. This has a particularly strong
effect on the electronic part of the probe current-voltage curve (7 ¥ curve). In this case, the influence of
increasing the pressure is analogous to the action of the magnetic field. Figure 2.3 of the thesis illustrates the
effect of increasing the magnetic field on the electronic part of the /  curve. The three- and four-parameter
methods of Stanjeby (1987 + 1990), used so far in high-temperature devices for determining the plasma
parameters from the measured ionic parts of the / V curve, are successively considered. The limitations of
these methods are that they assume an equilibrium distribution of electrons by energy, as well as equality of
the electron and ion temperatures.

The method of the first derivative of the probe current is discussed in detail below. In the 1980s and 1990s, a
series of articles by physicists from Leningrad (now St. Petersburg) was published, which formed the
theoretical basis for a significant expansion of the capabilities of the Langmuir probe. I will dwell on this
expansion in more detail. As mentioned above, the relationship between the probe current and its potential
assumes that the charged particle hits the probe directly, without having collisions in the disturbed layer.
This applies to both the Langmuir ratio and the Druywesteyn formula. In practice, this mode of operation is
possible at gas pressures up to 100 + 150 Pa. In the theoretical articles already mentioned, the gas pressure is
divided into three regions: low pressures —up to 100 Pa; intermediate pressures — from 100 to 1000 Pa and
high pressures —above 1000 Pa. The first two regions belong to the so-called kinetic regime, that is, the
description of interparticle interactions is statistical, and the third region is in the hydrodynamic regime of
the probe operation. A diffusion parameter v is introduced, which is inversely proportional to the mean free
path of the charged particle (A, specifically for the electron). Obviously, y, depends on the energy of the
incident electron, because the cross section of interaction of electrons in elastic collisions with heavy
particles of the gas depends on the energy. In the case of the ““classical” Langmuir probe, at low gas
pressures o << 1 and the distortions of the /}" curve or its second derivative are negligibly small. They are
noticeable only in the region of small holding potentials of the probe, at which the second derivative is zero.
When the relation A.<<r, <<AXe is fulfilled, the diffusion factor y, >>1. In the above inequalities r;1s the
total size of the disturbed region, consisting of a probe with radius « and thickness of the volume charge
layer h ; r,= a + h; and Ae is the length of the energy relaxation of the electron (in the simplest case — atomic
gas and an “elastic” energy region Ae = 100 % ). Under these conditions, the EEDF is determined by the first
derivative of the electronic part of the probe characteristic. This result was obtained in 1981 by Golubovski
et al., using the diftusion theory. The result was confirmed in 1994 by solving the kinetic equation in a
nonlocal approach by Araslanbekov, Khromov and Kudryavtsev. The influence of the magnetic field on the



probe I V curve is analogous to the influence of pressure. It is simply that in the above relation the mean free
path ). must be replaced by the electron Larmor radius. To determine the full form of the EEDF, it is
necessary to determine the space potential, which is not trivial in conditions of a strong magnetic field,
turbulence, strong noise, etc. The electronic part of the 7V curve itself is also registered with a lot of noise.
But these difficult problems were solved by the group of physicists created by the late Assoc. Prof. Tsvyatko
Popov from Sofia University. Assistant Elmira Vasileva is a member of the group, and the list of articles in
which she is a co-author, given at the end of the thesis, is on this topic.

The first derivative method is very important for the researchers of the group, and therefore the
presentation of the second chapter continues with its description (par. 2.3.2). The experimental
verification, in which the electronic part of the 7 ¥ curve must be registered and the plasma
parameters determined from it, was carried out on a source with a non-independent arc discharge
at low pressure and with the possibility of imposing axial magnetic field up to 0.08 T
(Ljubljana). The results were published in 2012, It is shown that for yg ~ 1 the extended second
derivative method should be applied, while for y, >> 1, the EEDF is adequately described by the
first derivative. In the intermediate region yo > 1, both the second and first derivative procedures

can be applied, and the results agree satisfactorily.

The first experiments of the Sofia group on the Prague tokamak, as well as the
experiments of V. Demidov et al. on the Blaamann device, show that at a stronger magnetic
field, oscillations (electrostatic pulsations in Blaamann), strong turbulences in the peripheral
region of the tokamak, and anomalous high diffusion occur. This necessitates modifying the
expressions for the effective impact frequency and the effective mean free path, the diffusion
parameter o becomes a tensor quantity — respectively, in the direction of the magnetic field and
perpendicular to the magnetic field, besides it is quite difficult to determine the area from which
the probe collects charged particles. These problems are solved by comparing the data from the
FDM with those from the three-parameter technique. While the two methods give close values of
the electron temperature, the electron density differ by order of magnitude. Then, it is decided,
when calculating the values of the diffusion coefficients, to accept the value 0.1 meters as the
upper limit for integration, which corresponds to the size of the turbulent vortices. Subsequently,

an iterative procedure is developed to obtain more accurate results.



The text further describes the well-known triple probe method (TPM), which is used in a
magnetic field plasma. In this method. one of the probes is at a floating potential, and a certain
potential is applied between the other two probes and the current between them is measured.
Obviously, the current through one of the probes will be electronic and the current through the
other will be ionic. The two currents are equal in magnitude. There is a simple relationship
between the difference between the floating potential, the positive potential and the electron
temperature in volts. The TPM results, however, show an increase in the value of T. because the
magnetic field distorts the electron part of the / V' curve and shifts Uy towards Uy, increasing the
difference (U+- Up) (Fig. 2.13 and Fig. 2.14 of the thesis). A critical analysis of the advantages
and disadvantages of the various probe methods used in the thesis follows. The most important
conclusion is that the FDM gives reliable results for the main plasma parameters, in the absence
of an assumption about the nature of the EEDF. The chapter ends with a paragraph concerning
the determination of the heat flux to the shell (divertor). Once the electron temperature has been

correctly determined, the electron pressure and the parallel heat flux of the divertor can be found.

The following four chapters are devoted to the application of the above-described probe methods
for plasma diagnostics in the peripheral regions of thermonuclear devices and how the data from
these diagnostics can help create a real picture of the processes in these areas. They cite the

articles from the author's own publication list from A1 to A7.

At the beginning of the third chapter, the experimental system for obtaining / " curve, created by
Dr. Mladen Mitov, is briefly described. It contains 60 equivalent channels, such as the one
shown in Fig. 3.1. I will note that this is a rather complex apparatus, requiring high technical
qualification for its design and manufacture. The results obtained on the COMPASS tokamak
devices (Prague) and the TJ II stellarator (Madrid) are presented. A large amount of empirical
data on the floating potential, the real electron distribution function and the plasma potential at
different points in the space between the separatrix and the divertors is shown. For this purpose,
the FDM was used, together with the three-parameter and four-parameter approximations of the
Stanjeby method. The working gas was hydrogen and deuterium. Different plasma heating
regimes and different points of additional gas injection were studied. The results obtained for the
COMPASS tokamak, in addition to scientific, have also archival value, since this system has

already been dismantled.



s

Chapter 4 of the thesis is devoted to confirming the hypothesis of the origin of the observed
character of bi-Maxwellian EEDF. The experiments conducted in the peripheral regions of
several devices with magnetic confinement of plasma show that in several cases the EEDF is not
equilibrium one, but can be represented as consisting of two groups of electrons with their own
average energy, that is, there is a bi-Maxwell distribution of energies. The reason for this is that
in the hot plasma, limited by the separatrix, there are electrons with sufficient energy, capable of
performing acts of direct or stepwise ionization upon impact with a neutral atom. This is also
evidenced by the fact that when the working gas is helium, in space outside the separatrix no
such group of slow electrons is observed, or they are so few that they cannot be detected. The
ionization potential of the helium atom is 24.6 eV and at average electron energies not exceeding
15 eV, the ionization frequency is very low. When the jumping probe enters inside (1 cm=3 cm)
the separatrix, slow electrons also appear in the EEDF. The situation also depends on whether an
additional source of plasma heating is included, namely the beam of high-energy neutral atoms.
Model calculations with the ASTRA and EIRENE software packages and comparison of the
results with experimental distributions allow explaining each specific case. Question: What
atomic states does EIRENE consider? For example, in helium there is a triplet metastable state

with a very long lifetime He 2°S,, with an energy of 19.8 eV. Is it used?

The fifth chapter is devoted to determining the parallel heat flux q. in the divertor of the
COMPASS tokamak.

Using the system of parallel probes embedded into the divertor of the COMPASS tokamak and
measuring the so-called «ground current» flowing through them (the current through the probe at
zero potential relative to the divertor potential), it was found that the ratio of the ground current
to the saturation ion current varies greatly from point to point. One possible reason is the small
geometric dimensions of the tokamak and, accordingly, the small dimensions of the divertor
region. Hence, the heat transfer coefficient (y) varies (from 7 to 25) in the divertor region, and is
not constant, as previously assumed. In addition, it strongly depends on the tokamak operating
mode. The resulting y profile is consistent with infrared thermography data. When impurities are
introduced into the working gas, the average electron energy decreases, the EEDF becomes
Maxwellian, the no-ambipolar effects disappear so the coefficient y tends to the constant value 8.

The article on this topic is A6 from the attached list.



In the sixth chapter experimental results obtained at tokamak WEST (France) are presented. In
essence, these probe experiments are repeated here, for which the respective probes are available
in this tokamak device. These are flat divertor probes, jumping probes and mousetrap probes. For
data processing, FDM and the four-parameter approximation were used. Results for the floating
potential, EEDF, saturated ion current density and heat flux are shown. The distribution of
electrons energy can again be approximated by a bi-Maxwell function containing a group of
"cold" electrons with energy below 5 eV and "warm" electrons with energy in the range (5 eV +
30 eV) obtained from the jumping probes. The calculated heat flux does not show such large
differences as those in the COMPASS tokamak, the maximum value of the coefficient y is below
11, and the average is 7. Data from cooling the divertor with nitrogen is shown. It has been

established that cooling with nitrogen reduces the heat flux by one order of magnitude.

On the layout of the thesis: The author tried to design it very well, she used very clear
language and excellent illustrations. There are very few errors, such as p. 57, first line from the
top "the plasma is weakly ionized and is produced by electrons accelerated by a hot tungsten
filament". It is probably a non-self-contained arc discharge with a heated tungsten cathode, and
the electrons, of course, are accelerated towards the anode. What makes an unpleasant
impression is the abundance in the text of unnecessary repetitions in English of commonly
known terms such as: Thomson scattering; First derivative probe technique (FDPT); etc.,

although they are given in the section “notations used”, from page 5 to page 8 of the syllabus.

Concluding the review of the thesis, I can say that significant results have been obtained for the
peripheral area of high-temperature devices with magnetic confinement of plasma. They have
been published in 7 articles in reputable journals. In one of the articles, assistant professor Elmira
Vasileva is the first co-author. I assume that in the other works her contribution is equivalent to
that of the other co-authors. The materials have been approved as oral reports and posters at

specialized scientific conferences. The articles and reports have an international impact.

As is customary, I can ask at least one essential question: The doctoral candidate is
convinced that the DEMO project will also be built on the "tokamak" concept. What are the real

problems that need to be overcome before this happens?

The content of the abstract corresponds to the content of the thesis.



Considering all listed above, I believe that the PhD thesis fully meets the requirements for
obtaining the scientific and educational degree of Doctor, and its author, Assistant Professor
Elmira Dimitrova Vasileva is worthy of this degree. I recommend that the esteem committee

award her with it.
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