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Measurements of fast electrons produced in plasmaeacaping from tokamak-type facilities
are of particular interest for diagnostics, becasseh electrons deliver information about
processes occurring inside bulk plasma. A team fitenNational Centre for Nuclear Research
(NCBJ, former IPJ) proposed Cherenkov-type prolmsnieasurements of fast electrons in
tokamaks because of high spatial- and temporaluso of such detectors.

The paper presents feasibility and design studigeeoCherenkov-type probes, a development
of the measuring head constructions designed ffardint tokamak devices. In order to lower an
energy threshold of the electron detection the @stlapplied radiators with the highest values
of the refractive index. Different radiator matésjssuch as aluminium nitride (AIN) and CVD
diamond crystals were applied. Several versiomsedsuring heads and different manipulators,
e.g., a movable vacuum-tight shaft or a fast-movimgiprocating probe, have been
manufactured and used. The practical applicatiorthef Cherenkov probes required also a
consideration of the optical fibres and photomiikiis spectral characteristics. In order to
investigate an energy distribution of fast electtmams the multi-channel probes have been
designed and manufactured.
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1 Introduction

The Cherenkov radiation is emitted by a chargedigi@rmoving through a transparent
medium with a velocity higher than the phase véjoef light in this medium. Emitted energy
slowly increases with an increase in the partigd®eity and it is larger for a medium with a
larger refraction coefficient. From a comparisonrefraction index values and corresponding
minimal energy thresholds for different materiateeaould conclude that the use of radiators
made of diamond or rutil crystals enables to reebedtron beams of lower energy.

Studies of pulsed streams of fast electrons irouarexperimental facilities of the Plasma-
Focus type and so-called Rod Plasma Injectors haesn carried out by means of various
Cherenkov-type detectors by the NCBJ (former IR3nt for many years [1]. Taking into
account advantages of this diagnostic techniquewas$ decided to use the accumulated
experience for measurements of fast electronsimiskamaks [2].

Experimental studies of the fast electron beamse Hasen performed within several
tokamaks, namely in the CASTOR (in Prague), TOREPBA (in Cadarache), ISTTOK (in
Lisbon), COMPASS (in Prague) and FTU (in Frasd&]. The obtained experimental results
demonstrated that relatively intense Cherenkovadggappear particularly during the final phase
of the discharge, when the tokamak plasma colundisisipted.

2. Measuring head design

The practical realization of the Cherenkov-type gdiastics induces some serious
problems. The main design problem is to ensureffectere heat transfer through the radiator
and a shielding body, the formation of an appraerigeat sink, as well as keeping temperatures
of the radiator and its shield below the maximumizgdible values. The electron streams, e.g.
ripple-born electrons within the TORE SUPRA fagijlitvere produced during the additional
Low Hybrid plasma heating. At such conditions thstfelectrons and ions could drift along the
izo-B surface deeply inside the volumes of theigakidiagnostic ports. An energy spectrum of
such electrons ranges from about 50 keV to aboe k¥, and the electron current density
amounts to about 20 AAnA pulsed stream of such electrons can bombardnteenal surface
of the tokamak vacuum chamber and deposit abouMBrvl of heat load, what in turn can
cause local destructions of the chamber wall maltesis well as a damage of the measuring
head.

In general, the electron-induced intense heat loagisire the use of materials resistant to
high temperature, the application of materials withhigh thermal conductivity, and the
performance of all measurements during a relatigglyrt time. Table 1 presents the values of
retractive indexes, corresponding electron enetgesholds and thermal parameters of
applicable materials.

On the basis of a comparative analysis of the thkand optical properties, the threshold
values presented above, as well as other factomgs decided to apply the radiator made of a
diamond crystal, which has an excellent thermaldootivity (four times higher than that of
copper) enabling to dissipate heat deposited upemadiator surface, mainly in a layer of a few
hundreds micrometers in the depth. The diamondfactve index is high enough to observe
the Cherenkov radiation from electrons of energghbi than about 50 keV, as shown in
Table 1.
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Table 1. Parameters of different materials applicable asCherenkov radiators.

. Lower electron -
Material Rgfractlon energy threshold Thermal c_cl)nqluctlwty
index [Wm™ K]
[keV]
Glass 1.80 104 1
Aluminium nitride (AIN) 2.15 66 170
Diamond 2.42 51 2000
Rutile (TiO,) 2.90 33 12

In the past, in some applications the use was @alade of aluminium nitride (AIN)
radiators. In the case of the Cherenkov head fdticiuannel measurements it was decided to
split the whole electron energy spectrum into cledswwith different lower energy thresholds
determined by a thickness of the applied absorgtd+filter. As the absorption filter material
was chosen pure molybdenum (Mo), due to its goednhl diffusivity and resistance to the
sputtering. The chosen values of the filter thidehand corresponding energy threshold values
for aluminium-nitride and diamond radiators areegivn Table 2.

Table 2. Minimum energy of electrons, which could be reeardby AIN and diamond radiators
covered by the chosen Mo-foil filters £ 10.22 g cif).

Aluminium nitride radiator [3]
Thickness of the Mo-foll filter Minimum energy die recorded electrons
lum 69 keV

3 um 75 keV

7 pm 87 keV
10 pm 95 keV
20 um 120 keV
50 um 180 keV
100 um 260 keV

Diamond crystal [4]

6 um 77 keV
21 um 116 keV
39 um 153 keV
60 um 195 keV

During computations of a heat transfer within tleéeptial configurations of the measuring
head designed for the TORE SUPRA experiment it fwaed that from a point of view of the
heat engineering it might be promising to repldee ¢ontinuous Cherenkov measurement in a
neighbourhood of bulk plasma by a sequence of dasting measurements, i.e., to introduce
and withdraw the detector head from a plasma refgiprit means also that such measurements
can be carried out several times during a sindtan@k relatively long-lasting discharge, and
the Cherenkov detector might be introduced int@gion of high electron fluxes for a short
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period (below 1 second) only. Solely the permarssignment of probe could be applied for
small and medium tokamaks (producing relatively thermal loads).

The Cherenkov radiation, as generated inside ttmtmas, is usually lead out through
separate fibres (optical cables) to the atmosph@eassure side. The emitted radiation in the
blue (near ultraviolet) spectrum range should Heecied and delivered through optical cables
to a control room, then amplified (2-3) x“times by appropriate photomultipliers and recorded
with fast oscilloscopes.

3. Practical applications

The Cherenkov-type single-channel detector washiofirst time applied in the CASTOR
experiment in Prague [6-7]. The detection head Fsgel) contained a radiator made of a small
aluminium-nitride (AIN) crystal protected from thesible light by a Ti-layer of about 10 um in
thickness [6]. The AIN crystal radiator was choskere to its relatively low energy threshold,
good thermal conductivity and a relatively low gricThe observed difference between the
Cherenkov- and Hsignals confirmed that the detection head was wedtected from the
visible radiation. The obtained results showed that Cherenkov measuring circuit might be
influenced by intense hard X-rays. To eliminate Meay influence, some changes in the
detector head construction were made [7] — theatadand light-pipe was optically coupled by
means of a metal tube, after elimination of coupltjuartz rod.

Fig. 1. Overview of the Cherenkov radiation detection systéa) The measuring head,
which was mounted upon the top diagnostic porhefEASTOR tokamak at IPP in Prague, (b)
its general view and (c) its scheme [6].

On the basis of that experiment a four-channel @ilev probe with diamond crystal
detectors was manufactured and applied later ohiwithe TORE SUPRA facility [4, 8], as
shown in Fig. 2. Several versions of measuring side/e been manufactured and used also
within the ISTTOK tokamak [3, 9-10]; while only osengle-channel measuring head was so far
applied within the COMPASS device [11]. During netexperiments within the FTU tokamak
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in Frascati particular attention has been paid sasarements of runaway electrons, and a

relationship between the Cherenkov detector sigaadsthe magnetic island rotation has been
observed [12].
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Fig. 2. General idea of the four-channel Cherenkov-typeatet head construction for
TORE SUPRA experimen{d]: (a) A single diamond with thin metal coatindeposited upon
all the radiator surfaces, except for the part marik orange. The front (rounded) corner was
coated by the Mo-filter.; (b) Spatial arrangemendiamond radiators and optical fibres.

The overall view of detector four-channel detectimead fixed on the manipulator of
ISTTOK tokamak is presented in Fig. 3.

Measurement head

Support

AIN crystal radiators with Ti - coating
Fig. 3. Four-channel Cherenkov-type detector head installétthin the positioning
equipment for ISTTOK experimeni3].
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4. Conclusions

Several detectors exploiting the Cherenkov effeetrewsuccessfully applied for the
investigation of fast electron beams within variotekamak-type devices of different
operational parameters.

The application of the Cherenkov-type diagnostieglenit possible to measure run-away,
ripple-born and suprathermal electrons from the nmpiasma discharge. The run-away
electrons, which are generated when the frictiorelettron collisions with plasma does not
compensate the externally induced electrical fornay reach energies up to several dozen
MeV. The ripple-born electrons, generated withipérfect toroidal field from limited number
of magnetic coils, may be observed in the energgedrom about 50 keV to several hundreds
keV. Supratermal electrons could be measured sit le@mall and medium size devices.

It is possible to modify the Cherenkov detectons dpecific experimental conditions of
different tokamaks, expected electron beam parasjetes well as heat loads conditions. A
comparison of the obtained signals with the expenital results from other diagnostics could
significantly enlarge the knowledge of physical pbmena occurring in tokamak plasmas.
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