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Abstract

During additional heating in Tore Supra (ICRF or NBl) fast ion losses due to the toroidal field ripple
were clearly measured by a set of graphite probes! I]. This diagnostic collects the flow of fast ions entering a
vertical port and usually shows a maximum flux for ions originating from the vicinity of surface 5*=0.

During the monster sawteeth regime, achieved with ICRF, a remarkable phenomenon was observed : the
ejection of fast ions, not correlated with any measured MHD activity. The radial distribution of these ions is
quite different from that usually observed! 1] exhibiting a peak located in the central section of the plasma.

In order to measure the energy distribution of these ions, from 80 keV (energy of the neutral beam injec-
ted in Tore Supra) up to 1 MeV (expected during ICRF), a new diagnostic is under construction. The principle
of the diagnostic is to discriminate the ions in energy using their Larmor radius (p = 1.3 cm for 100 keV ->
p = 3.6 cm for 700 keV, B = 4T).

The detector is made of a hollow graphite cylinder with a small entrance slot, located in a vertical port on
the ion drift side. An array of six metallic collectors placed inside the graphite cylinder intercepts the ions. The
current on each collector was estimated at 10 -> 100 nA, during ICRF heating. The energy resolution of this
diagnostic is expected to be about 20 keV for the lowest energy range and 100 keV for the highest.

This type of ruggedized detector might be extrapolated for the measurements of alpha particle losses in
future DT experiments. It should also be suitable for the studies of stochastic ripple diffusion.

1) Fast ion trajectory

11) The diagnostic

The first diagnostic (DRIPPLE) consists of a set of graphite probe! 1I (two arrays of
twelve graphite collectors) located inside a vertical port. It collects the current of fast
particles entering the vertical port (figure 1). Each collector is connected to a known
vertical chord across the plasma by the drift trajectory of the localized particles. So, a given
collector is associated to a particular major radius R. During the onmic phase, we observed
a small signal (<1 mA per collector) due to the port tenuous plasma (ne = 1016 m~3).
During additional tonic heating, the current suddenly rises (up to 20 mA for a collector) on
the ion drift side (top of Tore Supra), while it does not change on the electron drift side
(lower part of Tore Supra).

The suprathermal nature of these ions has been clearly established by means of a
variable polarisation. Each array can be set to a potential which can be ramped during the
shot (± 100 V) in order to plot the characteristic of the collectors (figure 2). This allows to
measure the effect of a possible weak density background plasma inside the port and to
detect secondary electron emission induced by fast particles. The use of electronic
saturation (> 30 V) prevents the signal from any spurious component!1].
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Figure 1 : Geometrical arrangement of the diagnostic Dripple in Tore Supra.
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Figure 2 : Probe characteristics of the diagnostic Dripple. Oli-'.dc signal is
observed when there is no additional heating on both probes. During LHCO, the current
rises on electron drift side, and during ICRH on ion drift side
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1 2) Toroidal magnetic field in Tore Supra : 5*=0 contour

The toroidal magnetic field ripple (5=8B/B) is quite high in Tore Supra : about 7
% at the edge of the plasma. In a large zone of the plasma (figure 1) magnetic mirrors, due
to the ripple, appear where 8* > O (8* is the depth of the magnetic well).

5* = 2 8 (\/1- a*2 - a* arcos(a*)), a*=

S(x,z) = 2.2 IQ-4BXp(B-Op + 11.83p2)
x =R-2.04

p2 = 1 + 0.52x - v7 1 + 1.04x - 0.2704z2

N : number of coils (18) r : minor radius z : vertical position
q : safety factor R : major radius

Above an energy threshold of the order of 40 keV fast ions are rapidly
trapped in a magnetic mirror and drift along an iso B towards a vertical port (A 10 keV ion
has a probability of 40% to reach a collector. On the other way the ion is detrapped inside
the plasma by coulomb collisionf2!). Figure 1 shows a typical trajectory trapped near the
weak ripple zone, R = 2.7m, which follows a B = Constant contour, enters a vertical port
and finally hits the diagnostic near collectors #4;#5, painted area.

2) Burst of fast ions during sawteeth stabilization

2 1) Experimental data

During monster sawteeth, achieved with ICRF (Power > 3 MW, ICRH dipole
configuration, plasma current 1.5 MA, major radius 2.28 m, minor radius 0.72 m, line
averaged density 4 1019 m"3, field 3.7 T, hydrogen minority ± 10% in deuterium,
cyclotronic layer on the magnetic axis), about one hundred milliseconds after the beginning
of stabilization (tbeginning = 102 ± 5 ms), a burst of fast ions is superimposes on the usual fast
ion signal (figure 3).

This burst lasts two hundred milliseconds. It concerns only collectors 1 to 5,
which are connected to the central part of the plasma (figure 4). The burst current
maximum (on collector 4) is associated with the limit of good confinement surface (figure
1). A weak MHD phenomenon (magnetic islands...) might explain the oscillation in
temporal evolution (figure 5 a b), although no evidence of it has been detected at the rather
high level currently used on Tore Supra. In the following, the term burst will refer to that
phenomenon.
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Figure 3 : Fast ion ejection during monster sawteeth (painted area). Pjcr/, = 3.4 MW,

flower hybrid = 2AW, Te is the electronic temperature measurement by a Fabry-Perrot.
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2 2) Lower Hybrid effect

The major effect of Lower Hybrid during ICRH is to lengthen the sawtooth-
free period duration!3]. Besides LH has also a rather strong effect on ripple fast ion current
: The intensity of the burst (integral of the burst with respect to the background) decreases
with the injected power (figure 5 c). Moreover, the burst is delayed (figure 5 d shows a
constant delay of about 40 ms for Pihcd > 2 MW, compared to P = O MW) and the width of
internal peaks decreases when the injected power increases (figure 5 a, 5 b).
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Figure 5 : a) Internal structure of a burst b) Effect of Lower Hybrid Current Drive on the
burst c) summarise of LHCD effect on the total current of the burst (O °, ±45° is the phase
of LHCD). A threshold of about 1.2 MW is clearly seen (the freezing of qO has only been
observed for P hyb > 3 MW) d) Beginning of the burst versus LHCD power (the threshold
is around 1.6 MW)

2 3) Correlation with other diagnostics

Different correlations with other diagnostics have been investigated :

-Electron Cyclotron Emission (ECE)

The fast ion burst occurs just before the end of the rising phase of
the monster sawteeth (figure 5 a). However, increasing LH power has no net influence on
the saturation of the electronic temperature due to the decrease of the burst, even though up
to 10 % of fast ions can be expelled during this burst (i.e. It0tal current lost in the 18 ports =
100 mA —> Nprotons lost in the burst = 6.25 1017 and the number of protons in the plasma is
about 5 1018 m"3 for 10 % hydrogen minority in deuterium plasma).
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-Fast neutral analysis

Neutral particle analyser simultaneously measures flux on forty
height energy channel. As the acquisition rate is 66 ms while those of DRIPPLE is 2 ms, a
comparison of the two signals requires to sum during 66 ms the fast ion current. Figure 6
shows the evolution with energy of the correlation factor between each CX signal and the
ripple current :
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Figure 6 Evolution of the correlation factor with the energy. Signals are taken
between 6.5 and 8.6 s

The correlation is expected only during bursts which occur 36% of the
acquisition time, value which is rather close to the maximum value of the correlation
factor. Correlation between the ripple current and random signals has a standard deviation
of 0.16 (1 o horizontal line on figure 6). The correlation factor at high energy (> 100
keV) by itself may not seem very strong but the trend of the whole set reinforce the
conclusion that ion energy involved in the burst is quite high.

-Neutron flux

The neutron flux just begins to increase at the end of the burst
(figure 7). The relation between the two signals is not clear for the moment.
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-Soft X ray measurements indicate that the q=l surface doesn't
enter the ripple-loss region (major radius limit of the q=l surface is 2.58 m, while limit of
the good confinement region is 2.60 m), which was the first explanation given to the
burstt3].

2 4) discussions

No theoretical explanation is available at the moment. As the energetic ions
are created inside the good confinement region (cyclotronic layer on magnetic axis), a
mechanism of fast ion ejection, during stabilization of the sawtooth, is necessary to put these
ions outside the good confinement region, where they can be trapped in the ripple. This
mechanism is different from that observed during the sawtooth crash (figure 3), which
expels fast ion far from the central part (up to r/a = 0.7) and in a very short time (less than
256 (is, rapid acquisition rate).

The internal structure can be associated with a slow (less than 100 Hz)
rotating magnetic islands located on q=l surface, although no correlation with the measured
MHD activity is found. During the burst, the period of oscillation increases with time, from
10 ms -> 30 ms (figure 5). Besides, LHCD decreases during this period (30 % less),
reenforcing the idea of magnetic islands.

The energy of ions involved in the burst is probably greater than 100 keV.
This phenomenon could expel a large part of the super energetic ions created by ICRH
(lOOkeV -» 1 MeV) during a few hundred millisecond.
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3) Fast ion energy measurements

Direct fast ion energy (above 100 keV) measurement is feasible in Tore Supra,
due to ripple losses, and a new diagnostic is under construction.

31) Principle and description

The principle is to discriminate the ions in energy by their Larmor radius
(B = 4 T -> p=l.3 cm at 100 keV for hydrogen). The detector is made of an hollow
graphite cylinder with small entrance slot (diameter = 1 mm, length = 5 mm). Figure 8
shows a typical trajectory of a 200 keV ion. The structure of the cylinder is optimised to
collect the maximum of fast ions. All the ions with energy greater than 80 keV, and whose

I Y///V I is less than 0.02 enter the cylinder and intercept a metallic collector. The expected
current in a collector is 10 -> 100 nA.

3 2) Energy resolution

The energy resolution has been estimated by the means of a Monte-
Carlo code, which computes the ion trajectory in the realistic magnetic field of Tore Supra.
The result (figure 9), which depends on the magnetic field, is quite good even if one excepts
overlapping between collectors 5 and 6. The threshold of 80 keV permits calibration with
Neutral Beam Injection (injected energy = 90 keV)

Top view Side view

S
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Figure 8 : Fast ion trajectory (Monte Carlo code) just before entering the cylinder

(a few ion cyclotronic gyration are drawn), a) top view of the cylinder b) side view : The
collector slope and location are optimised to increase the energy resolution.
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Figure 9: Energy resolution at a given magnetic field (B = 4T)

4) Conclusions

A fast ion ejection has been observed in Tore Supra during sawteeth
stabilisation. A first explanation of this phenomenon is an MHD activity near the q=l
surface. In order to collect more information on this burst (i.e. ion energy distribution), a
new diagnostic will be installed in Tore Supra at the end of the present year.
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