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Abstract This report presents a summary of activities carried out in the ETE spherical tokamak
experiment and results obtained during the period 2005-2009. The main effort, besides theoretical and
numerical modeling, has been in developing and installing diagnostic tools in the ETE tokamak, towards
both a comprehensive study of plasma properties in the spherical configuration and examining the
interplay between core and edge plasma properties. Also, some effort has been put into the technological
development of high-power microwave sources for plasma preionization, and of diamond coatings for
plasma-facing components. Pending upgrade of the power and control systems, the ETE experiment is
presently equipped to carry on a modest, but hopefully fruitful, research program in the physics of
spherical tokamaks.

Key words Spherical Tokamak, tokamak theory and modeling, plasma diagnostics, high power
microwave sources, plasma facing components

Introduction

ETE (Experimento Tokamak Esférico) is a small spherical tokamak operational
since the end of 2000 [20, 28]. The main parameters are: major radius Ry=30 cm; minor
radius a=20 cm; aspect ratio A<1.5; plasma current 1,=50~200 kA; pulse duration
t,=10~50 ms; magnetic field Bo=0.2~0.5 T; electron temperature T,~160 eV (without
auxiliary heating); and plasma density n.<3x10'°® m™. Figure 1 shows a general view of
the ETE spherical tokamak. At present, the device performance is undergoing
optimization and improved diagnostics are being installed. The ohmic system is
temporarily operated in a low-energy single-polarity mode (plasma current <60 kA,
duration <12 ms) while the capacitor banks’ energy is gradually increased. The main
research activities are: physics and technology of low aspect ratio tokamaks; plasma
edge and plasma surface interaction studies; development of plasma diagnostics; and
development of high-power microwave sources for plasma heating. The first part of this
report describes the principal results obtained during the last few years in the areas of
theoretical studies and modeling of plasma formation and sustainment, related to the
present and future operation scenarios of ETE. The second part describes the
development and improvement of diagnostic tools installed in ETE. Finally, the third
part describes technological developments related to the ETE experiment, particularly in
the area of high power microwave sources for preionization and plasma heating.



Fig. 1. General view of the ETE spherical tokamak experiment.

Studies related to plasma formation and sustainment

Startup

To simulate the plasma startup conditions, a model including all the external flux
sources and eddy current effects in ETE has been developed, taking into account the
eddy currents induced both in the central column and vacuum vessel wall, and the
proximity effect of the ohmic solenoid. The ohmic solenoid impedance is calculated
using eigenfunction expansions of the current distribution in the central column and in
the solenoid [29] while the distribution of eddy currents in the vessel wall is calculated
using a thin shell approximation [30]. Figure 2 shows diagrams of the penetration of the
magnetization and equilibrium fields in the vessel wall at successive time instants. In
the situation illustrated by Fig. 2 the ohmic and equilibrium circuits are switched on
simultaneously, but without plasma formation. The left-hand side diagram in Fig. 2
corresponds to an instant zp after switch-on and the right-hand side diagram to 5%z,
where 7o=upooay=1.23 ms is the characteristic time defined by the product of the
vacuum permeability 1o, the conductivity of the Inconel walls 6~7.8x10° (Qm)™, the
effective wall thickness 0=4.85 mm, and the minor radius of the vacuum vessel
ay=25.9 cm. The distribution of eddy currents induced in the vessel wall and the total
electromotive force excited in loop voltage sensors placed along the poloidal perimeter
of the vacuum vessel have been calculated, showing very good agreement with
measurements performed in ETE [33]. Figure 3 shows a drawing of the ETE vacuum
vessel and the distribution around the vacuum vessel wall of the loop voltage sensors
used to test the eddy current model. A comparison is shown in Fig. 4 between the
signals measured with the loop voltage sensors and the values calculated with the
model, for a test shot of the magnetization field without plasma formation. Work will



continue in developing a full model to simulate the plasma startup conditions in ETE,
including the eddy current model and testing different representations of the plasma.
With this objective, a preliminary model was implemented using both an equivalent
surface current description of the plasma current and a spectral representation of flux
surfaces for simulating the equilibrium evolution of tokamak plasma coupled to various
driving and eddy current external sources [37]. Figure 5 illustrates the preliminary
results of this model. Tests of both filament and spectral descriptions of the plasma are
being carried out in concomitance with the development of equilibrium reconstruction
tools for ETE [3].

Fig. 2. Penetration of the magnetization and equilibrium fields in the vacuum vessel wall of ETE at two
successive time instants.
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Fig. 3. Left: Drawing of the ETE vacuum vessel. Right: Location of the loop voltage sensors around the
perimeter of the vacuum vessel wall.
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Fig. 4. Comparison between signals measured with loop voltage sensors (dots) and calculated with the
eddy current model (lines). The only noticeable discrepancy corresponds to the loop voltage sensor VS3,
which is not perfectly axisymmetric as assumed in the model. The loop voltage sensor VS3 was mounted
flush to the large upper flanges tubes, as indicated schematically in the right-hand side panel of Fig. 3,
bending around the small upper ports.
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Steady-state operation

Simple dynamical models are needed to investigate the efficiency and time
dependence of electron cyclotron current drive (ECCD) in different tokamak operating
conditions. With this application in view, a fully relativistic fluid model for the
energetic beam of current-carrying electrons has been developed [34]. Using a
macroscopic approach, this model was applied to examine the efficiency of high-power
current drive experiments, reproducing the main experimental features [35]. The
calculated variation of the global figure of merit of ECCD versus the parallel refractive
index showed good agreement with the DIII-D tokamak experimental results [42] as
displayed in Fig. 6. Also, the model reproduced the variation of the perpendicular
temperature of the high energy electrons with the parallel refractive index obtained in
ECCD experiments performed in the TCV tokamak [19] as shown in Fig. 7. This model
will be improved in several ways, mostly concerning trapped particle effects, and used
to explore theoretically the interaction of the radiofrequency (RF) driven current with
oscillating components of the inductive electric field.
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Right: Global figure of merit for the DIII-D tokamak ECCD experiment [42]. The model discussed in the
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p1=20°.
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Right: Results of the ECCD experiment in TCV for a toroidal injection angle sweep in the range
12°<p7<30° [19]. The perpendicular temperature of the high energy electrons varies in the range
12 keV<T1<50 keV (upper value limited by the detectors range), as shown by the energy resolved hard
X-ray measurements.

Bootstrap current and neoclassical effects

Two equivalent scalings for the bootstrap current, based in theoretical
considerations and on the analyses of this current response to variations of tokamak
plasma profile parameters, effective charge, plasma geometry, magnetic field and
plasma current, were obtained [1, 2]. These scalings are given for non-hollow profiles
respectively in terms of beta normalized, cylindrical safety factor, internal inductance
parameter and peakedness of the pressure profile, and as a combination of these
parameters described in terms of both beta poloidal and pressure peakedness. This latter
scaling for the ratio between the bootstrap current Is and the plasma current I, is

lns / 1, = 0.234 & fp ¢,°%,

where ¢ is the inverse aspect ratio, fp is the poloidal beta, and c,=p(0)V(a)/ Ip av
measures the peakedness of the pressure profile. Both formulations were obtained from
a least-square fitting upon about 350 ETE calculated equilibria, in which some stability
criteria were taken into account. Errors are mostly distributed up to the order of 10%
when both expressions are compared with the equilibrium estimates for the bootstrap
current in ETE. Figure 8 shows a comparison of scaling laws with equilibrium
calculations. While the above scaling provides errors up to 10%, Hoang’s scaling [25]
provides errors up to 30% in relation to the equilibrium calculations performed for ETE.
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Fig. 8. Left: Comparison of scaling laws for the bootstrap current fraction with equilibrium calculations.
Right: Histogram of errors for the ETE theoretical data set.

In parallel to the bootstrap current studies, an estimate of the plasma resistance
in ETE was performed within the same equilibrium calculations. The neoclassical and
Spitzer resistances have been estimated, being significantly different from the usual
experimental value obtained from the measured loop voltage and total toroidal plasma
current that includes effects not always associated with dissipative terms. The
neoclassical resistance takes into account the presence of the bootstrap current and of
the trapped particles, which modify the classical Spitzer value while in the Spitzer case
these effects are not taken into account. A preliminary method has been proposed to
relate the neoclassical and Spitzer values to the experimental value without having to
solve the plasma equilibrium. It is interesting to remember that from the knowledge of
the Spitzer resistance it is also possible to obtain a fast estimate of the plasma
temperature. Indeed, in a preliminary application to ETE, the loop voltage measured
with a flux loop around the solenoid in the central column is corrected to take into
account plasma flux which is missed between the loop, at radius 4.35 cm, and the
plasma inner border, at radius 5.0 cm. The inductive contribution is then subtracted
from this corrected signal to produce the resistive loop voltage Vg, which finally gives
the experimental (apparent) plasma resistance Rex=Vr/l,. Taking the average value
Rexp~0.1 mQ during the shot and applying average neoclassical correction factors
obtained from the equilibrium calculations the Spitzer resistance gives T,=53 eV, close
enough to the 60 eV value given by Thomson scattering measurements for the same
shot. Neglecting neoclassical effects, i.e., taking Rspizer=Rexp, Would produce Te=46 eV.
The main source of error in obtaining Te by this method is believed to come from the
separation of the resistive and inductive components of the loop voltage, which require
good magnetic reconstruction of the plasma flux surfaces along the whole shot.

Plasma instabilities

Theoretical work has been carried out showing the influence of anomalous edge
viscosity in the behavior of natural as well as laboratory plasmas [32]. In the case of
natural plasmas the turbulence associated with the Rayleigh-Taylor instability, which is
driven during the contracting stage of the decaying return stroke of a lightning
discharge, creates anomalous viscosity that defines the spatial structure of bead
lightning [31]. In the case of laboratory plasmas preliminary studies considered the kink
mode instabilities in circular cylindrical plasmas taking into account the effect of
viscosity in the boundary. It was shown that the m=1 kink mode is barely changed, but
the higher order m>2 modes are significantly damped if the collisionality is high. This
has interesting implications for magnetic fusion, since the ballooning modes, which set
a limit to the maximum pressure that can be confined in a tokamak, should be strongly



affected by viscosity. Furthermore, in the presence of flow at the edge viscous stresses
are expected to modify the stability conditions, acting as a surface tension. The present
macroscopic formulation could provide a simple description of this phenomenon, in a
line of research that will be pursued in the future. Finally, in a recent investigation the
ECCD fluid model described previously (in the subsection about steady state operation)
was used to study the possible occurrence of the Weibel instability in the anisotropic
electron stream driven in high-power current drive experiments. Figure 9 corresponds to
preliminary calculations of the weak growth rate of the instability for the conditions of
ECCD in the TCV tokamak, showing that the growth rate can have a maximum for a
toroidal angle of injection ¢r=25°.

1.75 Fig. 9. Growth rate versus angular frequency of
1.5 the Weibel instability normalized to the plasma
1.25 frequency for an anisotropic suprathermal electron

3 1 stream in the conditions of the ECCD experiment
& in the TCV tokamak. The curves give the growth
5 0-75 o~ rate for a toroidal angle of injection ¢r=20° (dash
~ 0.5 7 dotted line), 22.5° (thin continuous), 25° (heavy
0.25 4 | continuous), 30° (dashed) and 35° (dotted). These
AN I results indicate that the Weibel instability has a

0.2 0.4 0.6 0.8 1 maximum growth rate for a toroidal angle of
Wi/ We injection pr~25°.

Low-power reactors (Q=1)

Simple global models are useful in performing a comprehensive analysis of
fusion reactors. By means of a convenient normalization of the global power balance
equation, it is possible to define a general figure of merit X, which depends on the
energy confinement scaling law and encompasses all the relevant tokamak parameters
[36]. In particular, the value of the figure of merit for ignition, Xi=1, plays the role of an
extended Lawson criterion. The figure-of-merit value was used to classify different
hypothetical tokamak reactors and to analyze the performance of a class of newly
proposed low-power reactors [23, 38]. These compact low-power devices represent an
alternative route for the commercial viability of nuclear fusion, mainly if their use is
dedicated to multi-functional ends as a hybrid fusion-fission machine, for instance. The
performance of such machines was also analyzed using the ASTRA code, which is a
very important tool on transport analysis in tokamaks. Collaboration for the use of the
ASTRA code has been initiated with the Culham Science Center, situated in Abingdon,
UK, with the inclusion in the code of the previously cited bootstrap current scalings
(described in the subsection about bootstrap current and neoclassical effects). These
scalings were also coupled with the simple global models to study the performance of
fusion reactors. Preliminary calculations indicate the feasibility of low-power reactors
with aspect ratio 1.6<A<2, minor radius a<l m, magnetic fields B>2 T and fusion gain
Q>1, producing ~20 MW of fusion power with less than 500 kW/m? of wall loading on
a close wall.

Diagnostics development and improvement
Core diagnostics

Thomson scattering (TS) is a well-established diagnostic for measuring electron
temperature and density in fusion plasma experiments, with high spatial and temporal



resolutions. The initial one-channel TS system of the ETE spherical tokamak was
successfully upgraded to a multipoint system based on the time delay technique of the
collected scattered light from the plasma. This technique allows the utilization of one
polychromator to collect the light of several points in the plasma core in one single shot,
reducing the cost of the conventional multipoint TS system. Firstly the technique was
successfully tested in ETE for four channels [14, 15], and then upgraded to ten
channels. Because the effective area of the detection system is limited to 7 mm? it was
not possible to introduce more than ten fibers inside the present polychromator. The
scattered light is imaged by a collection lens set (numerical aperture NA=0.07) on ten
large core monofibers (diameter=0.8 mm, NA=0.39, attenuation=7 dB/km) of different
lengths (fiber number 1 with a length of 8 m and fiber number 10 with a length of
134 m) to relay the light signals to the same polychromator. Between the collection lens
and each monofiber a microlens (focal length=15 mm) was placed to match the
numerical aperture of the optical system and to enlarge the observation length inside the
plasma to 4 mm. Figure 10 shows images of the light collection optics and of the stack
of fiber optics reels forming the delay line of the 10-channel TS diagnostic. Figure 11
shows the delay time and transmission for each channel of the 10-channel TS
diagnostic. Illustrating the use of the multipoint TS system, Fig. 12 shows radial profiles
of the temperature and density obtained at a given instant for a shot in the ETE
tokamak. Recently, improvements concerning the signal to noise (S/N) ratio have been
attained by ray-tracing simulations comprising all parts of the Thomson scattering
optical system as illustrated by Fig. 13. The scattering profiles used for the rough
surfaces involved (steel, inconel, aluminum and graphite) were measured in laboratory
in order to have near realistic results. The simulations showed that for an output laser
energy of 10 J the dump reflects back 0.96 J. The stray light at the collection window
amounts to 4 mJ, with contributions from the chamber, central column and dump equal
to 3.7 mJ, 0.2 mJ and 0.1 mJ, respectively. Practically, the stray light contribution from
the flight tube is null. These results indicated that the amount of energy reflected back
from the dump should be reduced to diminish the effect of stray light at the collection
lens. This was accomplished through a redesign of the internal components of the dump
as shown by Fig. 14. The energy reflected back from the dump was reduced from 0.96 J
to 3.7 mJ resulting in a significant decrease of the stray light at the collection window
from 4 mJ to 10 pJ. The stray light reduction was confirmed by measurements at several
internal points on the poloidal cross-section of the vacuum chamber [16].

Fig. 10. Above: Light collection optics of the 10-
channel Thomson scattering (TS) diagnostic.
Right: Stack of fiber optics reels forming the
delay line of the 10-channel TS diagnostic.
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Fig. 12. Left: Radial temperature distribution obtained for an ETE shot using the multipoint TS system.

Right: Radial density distribution obtained for the same ETE shot. The vertical lines correspond to the
positions of the graphite limiters.

Fig. 13. Layout of the Thomson scattering high-intensity laser and vacuum chamber system in the ETE
spherical tokamak. The laser energy dump is depicted on the far right-hand side of the figure.

Fig. 14. Left: Schematic of the initial laser energy dump. Right: Improved laser energy dump.
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A one-chord interferometer using Mach-Zehnder geometry and a heterodyne
detection setup was installed in the ETE spherical tokamak. The interferometer operates
at a fixed frequency of 170 GHz (1~1.8 mm) and the microwave beam probes the ETE
plasma at a vertical chord. For this initial setup it is possible to choose two chords
(R=30 cm or R=39 cm) that can be changed between shots. The microwave beam is
guided by a WR-06 line and connected to the ETE vessel by a WR-28 horn through
fused-quartz windows. Special shutters prevent the damage of the quartz windows both
from the glow discharge cleaning procedure and from the plasma when the diagnostic is
not operating. Figure 15 shows a picture of the microwave interferometer and the
density profile in ETE for a short test shot of the interferometer.

T T

1 2 3 4 5 6
Time (ms)

Fig. 15. Left: Picture of the 1.8 mm microwave
interferometer. Right: Trace of the plasma density
in ETE at R=30 cm obtained for a short test shot
with the interferometer.

In ETE discharges the presence of runaway electrons, which is a common
phenomenon in tokamaks, is usually monitored using a Nal(TI) scintillator detector.
This measurement technique gives information about the losses of highly energetic
particles to the limiter target or chamber wall (target bremsstrahlung). Now, the
runaway production rate coefficient A, [21, 22], which is a function of the ratio of
accelerating electric field to the critical electric field necessary for generating runaway
discharges E/E., is estimated using the Thomson scattering data of Fig. 12 at several
radial positions as shown in Fig. 16. These plots indicate that the favorable conditions
for runaway electrons generation are in regions away from the centre of the plasma and
towards the edges. Nevertheless, the actual production will also depend on the electron
temperature and density profiles, generally concentrating the runaway production in the
center of the discharge. Since most of the present ETE discharges show runaway
electrons in different conditions, it is necessary to understand the core-to-edge runaway
formation and dynamics in a better manner. Furthermore, the dynamics of runaway
electrons, which are essentially collisionless, provides useful information about the
mechanisms involved in anomalous particle transport in tokamak plasmas. In order to
get a better understanding of the evolution of these highly energetic electrons inside the
plasma cross-section, before they are lost to the limiter, it is planned to install a set of
CdTe detectors (EURORAD 2mmx2mmx2mm) inside the vacuum vessel of ETE. The
advantage of using these semiconductor detectors is that they are not only compatible to
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vacuum and insensitive to large magnetic fields but also have a relatively low pulse rise
time and high stopping efficiency [43]. These detectors have good detection efficiency
from a few keV up to 120~170 keV. With this application in mind, a prototype CdTe
detector system was recently tested outside the ETE vacuum vessel and the obtained
signals were compared with hard X-ray emissions registered by two scintillator
detectors [39]. Figure 17 shows some results of this comparison. Presently, the
electronics circuitry is being improved in preparation for assembling the full set of CdTe
detectors as soon as they are purchased. Taking into account the present ETE operating
conditions and the sensitivity of the detectors being ~0.4 mV/keV (8 mV at 20 keV), the
CdTe detector system will not be feasible for free-free bremsstrahlung measurements in
the hard X-ray regime (> few tens of keV), because of the low photon counts available.
Therefore, the system will be used initially for measurements in the soft X-ray regime,
using cut-off filters at low energies (~1 keV), or in the hard X-ray range by introducing
a set of targets at different radial locations inside the plasma. As the operating
conditions in ETE improve, the detector system can be used for measurements in higher
energy ranges, by simply changing the low energy cut-off filters.

0,104 .
0,08 . .
0.06 . ¢
Eu 0.04] L] . .. [ ]
0,02
0,00
1] . Fig. 16. Estimated parameters in regions of
1E-4 ] * s " primary runaway generation using the Thomson
eS|t e . . scattering data of Fig. 15: (a) ratio between the
~ 1E6 accelerating electric field and the critical electric
2 L R field required for runaway generation (E/E.); (b)
1015 20 25 30 35 40 45 50 % production rate coefficient of primary runaway
R(em) electrons.

Fig. 17. Above: Picture of the prototype CdTe hard
X-ray (HXR) detector. Top right: Response of the
CdTe (b), and 1% (c) and 2™ (a) scintillator
detectors to limiter bremsstrahlung radiation in
short plasma discharges (d). The 2" scintillator (a)
and the CdTe (b) detectors had a 2.5 mm lead block
in front of them, whereas the 1% scintillator (c)
detector was kept without any additional shielding.
Bottom right: Same as in the top figure, but with
the lead block removed from the front of the CdTe
detector. There is a good correspondence between
the CdTe and 1% scintillator detectors responses.
The minimal variation of the 1% and 2™ detectors
between shots was independently tested.
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As part of the effort in developing tools for plasma core diagnostics, a set of five
silicon photodiode detectors (AXUV-100-IRD 10mmx10mm) was procured and tested
in the ETE environment. These soft X-ray detectors will be used for the determination
of the electron temperature with high time resolution, and as a test for a planned
tomographic imager. A prototype soft X-ray camera using one silicon detector was
assembled in a vacuum flange with a slit opening of 5 mmx2 mm and a 10 pm Be filter.
Figure 18 shows the position of the prototype soft X-ray camera with respect to the ETE
vacuum vessel. Figure 19 shows a picture of the prototype camera and a comparison of
the radiation signals in the soft and hard X-ray ranges obtained with the soft X-ray
camera and the hard X-ray scintillator, respectively [39]. The electron temperature
values in the soft X-ray range will be validated by the Thomson scattering
measurements. Recently, a set of two arrays with sixteen silicon sensors on each array
(AXUV-16EL-IRD 2mmx5mm(x16)) was purchased to initiate the development of
tomographic cameras in the soft X-ray range.
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Fig. 18. Positions of the prototype soft X-ray camera (left) and magnetic pick-up coils (right) with respect
to the ETE vacuum vessel.

Fig. 19. Left: Picture of the prototype SXR camera. Right: Response of the hard X-rays scintillator (b)
and soft X-rays silicon detector (c) to limiter and thermal bremsstrahlung radiation, respectively, emitted
by a short plasma discharge (a).

13



Finally, on the subtopic of core diagnostics, a visible light spectrometer
(22 A°/mm) for CIII impurity emission detection and a Ho detector with interference
filter (42 = 13.52 nm) have been routinely used. One fast CCD B&W camera with
speeds up to 500 FPS has been used on loan during the first operation phase of ETE.
Presently, two fast CMOS color cameras with speeds up to 8000 FPS are being
purchased.

Edge diagnostics

An upgrade of the 10 keV fast neutral lithium beam (FNLB) probe was
performed after successful measurements of the temporal evolution of plasma density in
the ETE tokamak discharges [40, 41]. Figure 20 shows a picture of the neutral lithium
beam line and a signal of the plasma density measured at the edge with the initial setup
of the diagnostic. For upgrading, the main modification concerned the replacement of
the initial one-channel optical detection system by an eight-channel system. The high
spatial (1 cm) and temporal (tens of nanoseconds) resolutions previously achieved were
retained. With the new system the density profile at the plasma edge can be obtained in
a single shot, using an appropriate calibration method for plasma density determination.
Figure 21 illustrates the calibration curves obtained in hydrogen for four channels of the
detection system. The vacuum window used for observations of the light emitted from
the plasma, as a result of interaction with the lithium beam, allows visualizing a 15 cm
radial length of the plasma from the edge. A narrow 1 nm pass-band interference filter
separates the measuring wavelength of interest (670.8 nm) from the background light. A
set of nine optical fibers, each one with a 1.5 mm diameter single encapsulation, and
99.8% transmission rate per meter at 670.8 nm, guides the emitted light to the multi-
channel photomultiplier, which composes a frame of 8x8 cells. Parallel connection of
eight cells allows gain amplification by a factor of eight, in comparison with the case of
using just one cell for each observed radial position. Preliminary measurements of the
fast varying pressure inside the vacuum chamber due to gas injection by puff valves
were performed, as also shown in Fig. 21. Pending additional calibration and
optimization, the overall system is ready to initiate measurements of the plasma density
and its fluctuations during discharges in ETE, bringing relevant edge plasma
information to present research performed in spherical tokamaks.
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Fig. 20. Left: 10 keV fast neutral lithium beam line (FNLB). Right: Plasma density measured with the
FNLB probe in the edge of ETE at 7 cm from the outboard limiter.
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A set of magnetic sensors (pickup coils, Rogowski coils, total flux coils) for
magnetic measurements and equilibrium reconstruction studies was fabricated and
installed inside the ETE vacuum vessel. The first set of magnetic sensors already
assembled consists of: twenty six two-component fixed probes; one two-component
movable probe at Z=0; two total Rogowski coils (one inside and the other outside the
vacuum vessel); four partial Rogowski coils; and eleven total flux loops outside, plus
one inside the vessel. These sensors are mostly assembled in one sector of the limiter
from a total of eight sectors. Additional sensors will be installed with the complete eight
sectors limiter comprising six partial flux loops (saddle coils), six total flux loops inside
the vessel, and four two-component probes at Z=0 but different toroidal angles.
Figure 22 shows a picture of the total and partial Rogowski coils and the two-
component pick-up coils mounted inside one sector of the inner wall limiter, a picture of
a set of the two-component pick-up coils assembled in the upper arm of the graphite
limiter showing part of the shielding, and a picture of the output connections of the first
set of magnetic sensors. These magnetic diagnostics make extensive use of a 64-
channels data acquisition system based on the PCI standard that was integrated by the
Centro de Fusdo Nuclear (CFN), Instituto Superior Técnico (IST) in Lisbon, Portugal.
This data acquisition system was recently upgraded to 256-channels, to accommodate
all the magnetic coils signals plus new diagnostics that are ready to be installed in ETE.

In the present setup, the pickup coils outputs are connected directly to the data
acquisition system. The pickup coils signals, obtained in such a manner, are observed to
have a maximum output voltage of 1 V. With the maximum range of the data
acquisition system input being 10 V, there is a plan for installing a buffer electronic
amplifier circuit at the output of the coils in the future. The data acquisition is triggered
1 ms prior to the initiation of the toroidal field coil capacitor bank. This is done to keep
a record of the toroidal field coil current evolution during a discharge as well as to get
an estimate of the initial signal levels in the pickups coils, both from the externally
discharged coils and the resulting eddy current effects induced in the vacuum vessel.
The signals from these external sources must be subtracted from the actual plasma
discharge effects. This is done by measuring the pickup coil signals with similar initial
capacitor bank voltages and trigger timings as that of the plasma discharge in question
but without any gas puff introduced into the chamber. However, it is to be noted that
this method of subtraction has its own pitfalls. It does not take into consideration the
feedback effects on the external coils and eddy currents due to the presence of the
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plasma component, as well as the resultant change in evolution of the external sources
after the termination of the plasma discharge. Another source of error is the shot to shot
variation in the applied fields, including the toroidal field coil current. However,
keeping these errors in mind, the subtraction method still gives a good estimate of the
plasma evolution related magnetic field pickup signals along the rectangular cross-
section of the coil. A full model of the eddy current effects, taking into account the
coupling between the plasma and the external sources is being presently developed
[3, 37], as already mentioned in the subtopic about startup studies in ETE.

Fig. 22. Top left: Total and partial Rogowski coils, and two-component pick-up coils mounted inside one
sector of the inner wall graphite limiter. Bottom left: Set of pick-up coils assembled on the upper arm of
the limiter showing part of the shielding. Right: Output connections of the magnetic sensors.

In an initial step of magnetic reconstruction using experimental data, the plasma
position has been estimated using the multipole moment expansion technique
[18, 27, 46]

Yo = 1o [ fn dSg = (uo 1) ] [Fn B+ (Ro+gm Bnlde,

where, Yn is the m™ multipole moment; I, is the plasma current and j, is the toroidal
current density; f, and g are two given functions of the radius R and coordinates (X, z);
B: and B, are respectively the tangential and normal components of the magnetic field
outside the plasma on the contour ¢ surrounding Sy The plasma coordinates are denoted
by (x, z) whereas the contour coordinates are denoted by (&, 7). The moments Yo and Y;
give the plasma current and position, respectively. The experimental data obtained from
the set of the two-component magnetic pickup coils have been employed to determine
the evolution of the plasma position (Fig. 23), using the rectangular contour calculations
of Shkarofsky’s paper [46]. Figure 23(a) shows three discharges, namely shots nos.
7219, 7230 and 7255 with By=0.196 T for all three discharges. Shots 7219 and 7230
were obtained on the same day with the former being a discharge before a ten minute
glow was carried out in the ETE vacuum chamber and the shot 7230 being a discharge
obtained after the glow discharge. Shot 7255 was a discharge obtained on a subsequent
day after a 30 minute glow discharge. The extension of the discharge duration from
3 ms to 5 ms, gives an indication of the importance of glow discharge for cleaner and
better plasma. The plots of the horizontal, 4, and vertical, 4,, displacement of the
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plasma column during the temporal evolution of the three plasma discharges are plotted
in Figs. 23(b) and (c), respectively. The convention followed for the displacement is that
for a positive value of 4, and 4, the plasma position is located outwards and upwards
with respect to the geometrical major radius (Ro, 0). The plasma discharges used for
estimating the density and temperature profiles in Fig. 12 are similar to that of shots
7230 and 7255. As has been observed from the Thomson scattering diagnostic results
(Fig. 12), the ETE discharges tend to be shifted slightly towards the inner side of the
vessel (40~50 mm). This is corroborated by the estimates of the horizontal plasma
position from the magnetic pickup coil signals, as shown in Fig. 23(b). The ETE plasma
also tends to be slightly shifted upwards (10~15 mm).

Fig 23. Plot of three ETE plasma discharges under same initial capacitor bank voltages (toroidal field
Bo=0.196 T): (a) Plasma current I,; (b) Horizontal plasma displacement 4,; (c) Vertical plasma
displacement 4,.

Edge plasma cross-field transport properties are dominated by edge turbulence.
These studies require the knowledge of parameters such as the plasma density, electron
and ion temperatures, plasma potential, magnetic fields and flows as well as their
fluctuation levels. A set of electrostatic probes has been installed in ETE to characterize
the edge plasma behavior in conjunction with the magnetic sensors and the deep edge
density fluctuations that can be detected with the FNLB probe. The set of electrostatic
probes consists of one bellows vacuum sealed double probe, one single probe, and one
cluster of nine Langmuir probes. All probes are movable. Figure 24 shows a picture of
the bellows vacuum sealed movable double probe and a schematic of the cluster of nine
probes. Preliminary measurements of the plasma edge parameters such as temperature
and density were obtained from the characteristic curve I=f(V) of the single Langmuir
probe, where | is the measured current and V is the voltage applied to the probe. A high
frequency sweeping-probe system is used to apply a fast triangular voltage waveform to
the probe, and a dedicated computer program obtains the plasma temperature and
density from the processed current signal. Figure 24 also shows both the time evolution
of the plasma temperature and density and the radial profile of these plasma parameters
obtained from the probe curves measured inside the plasma at a distance 10 mm beyond

17



the limiter. The cluster of nine Langmuir probes is presently being used to analyze
plasma density fluctuations at the edge.

Fig. 24. Top left: Picture of the bellows vacuum
sealed movable double Langmuir probe. Bottom
left: Schematic of the cluster of nine movable
Langmuir probes. Top right: Time evolution of
the temperature and density inside the plasma at a
distance 10 mm beyond the limiter. Bottom right:
Radial profiles of the plasma temperature and
density at the plasma edge.

Technology developments
High-power microwave sources

The simplest of the microwaves tubes, a monotron, has been designed and
constructed to operate at 6.7 GHz, a frequency suitable for plasma heating,
communications, medical and industrial applications. The device shown in Fig. 25
includes an electron gun that accelerates and injects a hollow electron beam into a
cylindrical cavity [17, 5] leading to the expected generation of 10 kW output RF power
at typical 20% conversion efficiency. With inner and outer diameters of 5.2 cm and
6.0 cm, respectively, the hollow beam is emitted from an annular nickel strip with
surrounding electrodes tipped at the Pierce angle of 67.5° toward the anode. The
circular nickel strip is coated with a (Ba, Sr, Ca)O film that at the operation temperature
of 800°C can provide a pulsed emission current density of 3.0 A/cm? [11]. Typical
5.0 A beam currents with duration 45 ps at a repetition rate of 50 Hz have been
measured in high-voltage emission tests as also shown in Fig. 25, preceded by
exhaustive thermal tests from which the overall thermal performance of the electron gun
had been improved.
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Fig. 25. Left: Full monotron mounted on a CF150
vacuum flange. The assembly includes the
injection electron gun shown in the middle part of
the picture, and the resonant cavity coupled
through a circular hole to the TM-mode output
waveguide shown in the top part of the picture.
Right: Test of the high-voltage and high-current
power supply with single tetrode.

Instead of dealing with a monoenergetic beam of electrons being injected at a
prescribed energy into the cavity as in previous conceptual studies, more realistic
particle-in cell (PIC) simulations of the monotron interaction have been performed by
considering both of the processes of beam formation and acceleration by the electron
gun as shown in the left panel of Fig. 26, which incorporates the complete layout of the
6.7 GHz monotron. The assembly includes an injection electron gun and a resonant
cavity coupled to the TM-mode output waveguide through a circular hole. The cathode
arrangement is devised to bend the equipotential surfaces so as to confine and focus the
beam even in the presence of space-charge forces as the electrons move away from the
emitting surface. Without divergence, the beam is injected into the cavity through an
annular slot. In the bottom left panel of Fig. 26, it is shown the electron beam bunched
in the steady-state regime, in which DC beam power is converted into electromagnetic
power at a typical 20% conversion efficiency. The right panel of Fig. 26 shows the cold-
test bench of the monotron [17]. The measurements indicated an overall power loss of
0.5 dB for the assembled test transmission line.

To meet high-power monotron operation, a high-voltage and high-current power
supply (10 kV, 3x8A) has been designed on the basis of an innovative scheme
illustrated by Fig. 27 in which three high-power tetrodes are connected in parallel
[44, 45]. In this scheme, the high voltage switch and its grid power supplies are near the
ground, which eases the maintenance and the pulser construction. In fact, the on-off
switching uses a power MOSFET in series with the cathodes of three tetrodes of 8A
maximum plate current each connected in parallel. This type of circuit configuration is
very convenient because the tubes withstand the major fraction of the blocking voltage
as IGBTSs operate at maximum voltages up to 1.5 kV and they do not require high power
gate drivers.

Tests of the monotron electron injector gun will continue with replacement of
the nickel cathode by a new one made from tantalum. Also, the performance of the
high-voltage and high-current power supply will be improved by incorporating two
additional high-power tetrodes to meet the full specification. If successful, this
development will lead to a microwave source for preionizing the plasma in ETE.
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Fig. 27. Left: Schematic of the improved monotron
power supply (10 kV, 3x8 A) using three tetrodes in
parallel. Right: Picture of the monotron high-voltage
and high-current power supply

On the theoretical side, conceptual studies have come to indicate that the
monotron interaction can achieve conversion efficiency as high as 55% by considering a
stepped axial electric-field profile along the electron stream [4]. The model uses two
circular TM cavities coupled capacitively by an annular slit. Both cavities are carefully
tailored so that the smaller cavity pre-modulates the beam while the second and larger
resonant cavity provides the main interaction space. Moreover, an excitation model has
been developed for TM-mode cylindrical cavities driven by a modulated hollow
electron beam. The analysis begins with energy conservation considerations yielding an
RC circuit-like equation that describes the evolution of the slowly time-varying

20



amplitude of the RF oscillations. It is shown that the slowly time varying amplitude of
the self-sustained oscillations is described by a reduced form of the classical van der Pol
equation [8]. Encompassing the relevant parameters (nonlinear conductance of the
electronic beam, ratio R/Q of the resonant cavity [13], DC beam resistance) of the
dynamics of the RF field-electron beam interaction, an excitation equation is then
obtained from which expressions for the starting current and saturation amplitude are
readily derived [9, 10]. About the electrodynamic system, a coaxial Bragg reflector
[6, 12] is connected on the back of the monotron to prevent radiation from leaking out
of the wave guiding structure and also to electrically isolate the electron gun (held at a
negative potential) from the body of the device, which is grounded. Including a coaxial
guide periodically loaded by circular disks on the inner conductor, the reflector has been
designed to operate at the 6.7 GHz frequency centered in a stop band as wide as
possible. Experimental tests [7] have been performed on a stainless steel structure, from
which the center frequency and a stop band 4.0-10.0 GHz wide have shown to be in
good agreement with analytical and simulation results.

Plasma facing components

Materials facing the plasma in tokamak fusion reactors must withstand an
enormous thermal load due to both radiation and particles emission from the plasma,
while suffering minimum surface erosion by sputtering to avoid plasma contamination.
A possible candidate to support these extreme conditions is diamond, due to singular
properties as high hardness, low thermal expansion, high thermal conductivity, radiation
resistance and chemical stability. Diamond coating of fusion plasma components can be
obtained through the deposition of thin films, using the Hot Filament Chemical Vapor
Deposition (HFCVD) method [24].

In order to verify the resistance of diamond films to plasma exposition,
molybdenum samples coated with micro-crystalline CVD diamond films will be
introduced in the ETE tokamak plasma edge. The results of this exposition will be
analyzed in terms of the surface integrity of the samples, looking for damages in the
diamond films by means of the Scanning Electron Microscopy (SEM) technique.
Figure 28 shows the SEM image of a diamond film especially grown on a molybdenum
substrate for insertion in ETE. This image shows the formation of a faceted micro-
crystalline film. Characterization with Raman spectroscopy is also performed to verify
the quality of the diamond films. On the right-hand side panel Fig. 28 shows the Raman
spectrum of the diamond film shown on the left-hand side panel. The spectrum has a
strong peak at 1332 cm™, which is characteristic of diamond. It also shows a broad peak
between 1450 and 1650 cm™, which indicates the presence of graphite or amorphous
carbon in the film. As the Raman spectroscopy is about 50 times more efficient for
graphite than for diamond [26], this spectrum shows that the diamond film has a very
good quality, with the deposition of much more diamond than graphite.
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Fig. 28. Left: SEM image of the diamond film
grown on molybdenum substrate. Right: Raman
spectrum of the diamond film.

Vacuum conditioning

The hardware of the vacuum conditioning system of ETE as well as the vacuum
system itself and the procedures adopted in the utilization of both systems have been
continuously revised and improved over the last few years. Extra temperature monitors
have bee added, shielding of thermocouple cabling has been improved to avoid spurious
signals, etc. A systematic study has been carried out of the effects produced on impurity
lines by both baking and glow discharge cleaning operations. Figure 29 shows a picture
of the glow-discharge electrode in operation. Lately, the procedures for vacuum
conditioning have been revised after a new set of graphite limiters and magnetic sensors
was installed. As a result of that, an adequate conditioning routine was established for
the present system. After a vacuum break, residual gas spectra without O, (partial
pressure of line 32 below 10® Pa) and with partial pressure of line 18 (water vapor)
below 2x10° Pa can now be obtained after about 60 h baking at 120 to 130°C as shown
in the right-hand side panel of Fig. 29. After some additional baking the partial pressure
of water vapor is reduced below 10° Pa, and further reduced by glow discharge
cleaning. Replacing with copper gaskets the last few viton seals still employed in the
system should allow in the near future baking operation at higher temperatures in order
to completely remove water vapor from the inner walls of the ETE vacuum vessel.

1E-5

1E-61 Before baking

_‘
m
4

After 60 h of baking

0 10 20 30 40
m/q

N
m
&

Partial Pressure (Pa)

-
m
[

_‘
m
4

Fig. 29. Left: Picture showing the glow discharge electrode (bottom of the image) and the preionization
filament. Right: Residual gas analysis just after a vacuum break (top) and after about 60 h of baking
(bottom). The analysis after baking indicates removal of N, (m/q=28) and O, (32), traces of H, (2) and
CO (28), but still considerable amounts of water.
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Power systems and control

Design of a low cost double swing ohmic heating (OH) circuit using
transformers as variable inductors controlled at the secondary, dissipating 10-15% of
capacitor bank energy in the control resistor, has been carried out. Simulations shown in
Fig. 30 indicate that pre-programmed control pulses with plasma current in the range
40 kA to 110 kA and corresponding pulse duration 30 ms to 15 ms can be achieved with
the existent capacitor banks. Some switching components (IGBTs) have already been
purchased for scaled-down tests of the concept. Detailed investigation of the toroidal
field (TF) circuit has also been performed to identify and fix the causes of major and
minor failures afflicting the present configuration. As a result, improvement in the TF
circuit is being planned to reduce failure rate and to double the magnitude and duration
of the magnetic field to 0.5 T, 20 ms. In addition, a new set of capacitor charging power
supplies has been purchased to feed the flat-top sections of the TF capacitor bank,
replacing the homemade chargers presently used with considerable improvement in
charging time and reliability. Finally, following some improvements undertaken in the
area of control and data acquisition, such as the purchasing and installation of a 64
channels data acquisition system, the implementation of automatic operation of the
preionization filament, the development of a web interface for the ETE control software,
etc., remote operation of ETE is now possible, not only from the ETE control room but
from any computer terminal connected to the internet. Figure 30 also shows a picture of
the initial 64 channels data acquisition system of ETE, which was recently upgraded to
256 channels

Fig. 30. Left: Simulation of the new OH power
supply circuit showing plasma current pulses in the
range from 40 to 110 kA. Right: 64 channels data
acquisition system used for accessing the ETE
diagnostics via web interface. This system was
recently upgraded to 256 channels.
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