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Abstract: A new prototype of protection against fast electron trapped in the magnetic ripple was
installed on Tore-Supra in 1998. It was designed to support the high flux of fast electron generated
by lower hybrid in the CIEL project (up to 6 MW/m ) during steady state experiments. So it is
actively cooled and allows a direct measurement of the energy lost in the ripple.

1. Introduction
Tore Supra is equipped with a set of ripple loss diagnostics since 1992[1], which measure the fast

particle current entering a vertical port. First theoretical studies have shown that the mean energy of
fast electron lost during Lower Hybrid heating is expected to be of the order of 100 keV[2) .
Considering the whole shots of Topre Supra, a scaling law of the power lost was derived :

, , 7.5RjMW)l (MA)

P.Jkw/port) = i f '
Ip : plasma current, n,: line - averaged density (1)

PLH : injected power
Such a law allows to dimension a protection against fast electron lost in the ripple for steady

state operation (CIEL project, up to 1000). However, there remains two uncertainties due to the
diagnostic:

\ • A small fraction of fast electron does not
enter the vertical port
• The mean energy of fast electron lost in
the ripple is not well known. First theoretical studies131 have
shown a mean energy of fast electron around 100 keV.

2. Prototype
An actively cooled B4C coated element is installed

since the beginning of 1998 in Tore Supra, to qualify the
protection and to estimate more precisely the total power
lost by fast electron. Infrared camera can watch a part of
this protection (in red in figure I), corresponding to fast
electrons that do not enter the vertical port. Temperature
measurements can be made as the protection is covered
with B4C, which very good emissivity allows a direct
estimation of the flux of fast-trapped electrons. Calorimetry
studies are made using inlet and outlet water temperature
measurements of the prototype. The water flow is also
measured ( around 8.8 ms"1)- A direct estimation of the

Figure 1 .'prototype energy lost by fast electron during Lower Hybrid (LH)
shots is then undertaken.
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The diagnostic is composed of two parts (figure I):
• Part A : one for the electrons which do not enter inside the port (outer part). The

vertical drift length is typically of the same order of the Larmor radius, which is
around 1 mm for electron around 100 keV. A small tube will then intercept all
the electrons (ty = 16 mm)

8 Part B : one for the electrons which go inside the port (inner part), which consists
in a tile of 50 mm width and 450 mm high. It intercepts fast electron even at an
altitude of 1.2 m which was seen by the diagnostic. Infrared cameras can not
monitor this part of the diagnostic.

3. Experimental results
Experimental results concern two years of experiments with LH. One full day of operation was

devoted to the study of this prototype in high ripple losses regime (low line-averaged density, n, ~2
1019 m'2, high plasma current, Ip -1.4 MA, PLH -2-3 MW). Fast electron flux is derived (§ 3.2)
during this typical day of experiments.

3.1) Energy lost in the ripple
Inlet (Tin) and outlet (Tout) temperature measurements are made on the prototype, which allows

a calculation of the electron energy (E):
E=Jm cp(T0Ut -Tin)dt,m water mass,'

cp specific heat
During LH shots, a small part of this

energy is due to the tenuous plasma inside the
port and is estimated during ohmic
discharges:

" =0.06 ±0.04 MJ

10

8

0 - i

and Efastdectrons = E- (Eohmic)

Figure 2 shows the evolution of the
fraction of total losses with respect to line
density. An equation similar to the (1) is also
derived :

4 6
n,(1019m"2)

8

Figure 2 : fraction of energy (%) lost in the
ripple
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EyMJ) = 0.30 Kw \MJ) n, ^10 m j
The line density is the mean value during LH
pulse which sometimes is not constant during
LH pulse. It explains the dispersion.

3.2) Fast electron flux
Infrared camera gives access to the surface temperature of the B4C. As the width of the

collector (16 mm) is equal to the spatial resolution of the camera (pixel of 16 mm by 16 mm), the
observed temperature is the B4C temperature if the deposition is made uniformly on the whole
tube. Otherwise the actual temperature of the B4C is higher. Fast electron are at least collected on
the vertical length (Ah) of the trajectory :

Ah
In pc

N

[4]
d is the ripple strength, pc the larmor radius and

N the number of coils (18)

for a 100 keV electron at the level of the protection 6

=>Ah= 0.3 mm

10%
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The area rate involved by the flux is then around 0.3-0.4 of the total area of the tube, which
gives a factor of two on the temperature of the hot spot.

Using the CASTEM 2000 thermohydrolic code[5], the temperature is then converted into a
flux (4>s), considering that the electron deposition takes place on the first millimeter of the tube due
to the vertical drift length (Ah). A second assumption is made that all the electrons are stopped in
the B4C (a thickness of 100 \im is sufficient for 100 keV electrons). Then the flux is :

Pm=2MW, AT -70°C =><&,= 1.8 MW m~2

The flux in this regime is proportional to the increase of temperature AT. So for an estimated
temperature of 140 °C, taking into account the factor 2 derived from the size of the hot spot, the
flux is not greater than 3.6 MW m2.

The critical parallel flux (deduced from CASTEM 2000) is about 20 MW rn2 (for a water
flow of 8.8 m s"1 and a temperature of 160 °C) which shows that the protection is well designed for
the CIEL project. It will support the 8 MW of LH power even in high ripple loss schemes.

The total energy of fast electrons not entering the vertical port, deduced from flux
measurement, is about 15 % of the energy measured by calorimetry.

3.2) Mean energy of ripple lost electrons

As for the calorimetry, the current of fast electrons gives access to the energy lost Erip by
means of their mean energy (<E>) . To compare calorimetry measurement (EmBmaemen/), we have to
take into account the fact that only 85 % of fast electrons entering the vertical port and are collected
by DRIPPLE:

Erip=(E)fIripdt

(£) = ''measured
- F \*C\

^ohmic) ^ •

Figure 3 shows the evolution of the mean energy with the line-averaged density for all the
shots with a LH energy greater than 10 MJ. Otherwise, the lost energy measured by calorimetry is
too small. The one-day experiment concerns the day of high ripple losses study. A comparison is
made with:

9 mean energy deduced from Fokker-Planck calculation
• threshold energy[3] above which fast electron lost in the ripple escape from the

plasma
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figure 3: mean energy of fast electron lost in the ripple versus line-averaged density. For the
experimental day, the density is kept constant during the LH pulse, which is not the case for all the

shots. Ethreshold represents the energy above which fast electron are lost in the ripple
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4. Discussions

Expected losses during LH shots deduced from calorimetry measurement is higher than
previously deduced from current measurement (using <E> = 100 keV) by a factor two and the
lost power fraction is around 5+3 % depending on n^ Same dependences were found with the
energy injected and the line averaged density nl. The small discrepancy with nl is due to the fact
that in most of the case the density is not constant during LH pulse and a mean density is taken
for the scaling law. The data-base is two small to study other parameters as plasma current.

The fast electron mean energy <E> deduced from experimental results is greater than the
one calculated131. The kinetic model expected mean energy in the range 60-120 keV for density
around 2-5 1019 m"2. A more consistent model (coupling a ray-tracing[6] and a 2D Fokker-
Planck^1) was developed and will be used in the future to estimate precisely the mean energy of
fast electrons lost in the ripple.

Another point is that the total current measured by DRIPPLE is deduced from a scaling law
in most of the shots : when the ripple current became too high (high power injected or low
density), it falls down very quickly at half of its value. No explanations are given to this
phenomenon. Nevertheless, the scaling law is well reproduced by low current shots, and mean
energy for these shots is higher than 120 keV.

By the way, the observed increasing of the mean energy with the density is also derived
from the kinetic model which takes into account collisional terms. At higher density, collisions
are more efficient to detrappe fast electrons which need more energy to go outside the plasma.
The code takes into account this effect by a threshold energy below which fast electrons are
detrapped by collisions. This threshold increases with the density (figure 3) and explain the
high level observed at high density and the evolution trend of the energy with the density.

5 Conclusions

The prototype of protection installed in Tore Supra since 1997 passed successfully two years
of experiments on Tore Supra. This validates the technological concept. It will equip all the
ports of Tore Supra for the CIEL project. Correlations with other ripple diagnostics were
achieved and allow constraints on modeling LH deposition profile in high ripple regime.
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