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Abstract:

An approximate analytical investigation is made to assess the importance
of orbit losses of strongly ICRF-heated minority ions. Explicit expressions
for the fraction of lost minority ions are derived and shown to be in good
agreement with numerical simulation results. The results indicate that
present day ICRF heating power density levels cannot be raised
significantly without causing important particle and energy losses due to
unconfined particle orbits.



Introduct ion

Radio frequency heating at ion cyclotron resonance frequencies tends to
distort the distribution function of the ions absorbing the wave power.
Qualitatively, the resulting distribution function consists of a low energy,
Maxwellian bulk part, which is almost isotropic and an anisotropic, non-
Maxwellian high energy tail [1]. Present day ICRF heating experiments,
e.g. on JET, involve RF powers of the order of tens of MW and absorbed
wave power densities in excess of 1 W/cm . At such high RF powers, the
distribution function is dominated by the anisotropic high energy tail
part, where most of the particle energy is in the perpendicular motion.
Since the tail extends up to MeV energies, [2], the tail ions wiil have large
banana width orbits, which are susceptible to orbit losses since the orbits
may intersect the wall.

The purpose of the present work is to make an assessment of the orbit
losses of ICRF heated minority ions in the presence of very strong power
absorption. The analysis is based on an analytical model for describing
orbit losses of high energy charged particles in Tokamaks [3]. This model
has previously been used to evaluate the prompt losses of fusion
generated 3.5 MeV alpha particles, where good agreement between
analytical predictions and numerical simulations was found.

2. Modelling of f (] ''-heated ion velocity distributions

At the very high ,k y oed wave powers used in current ICRF
experiments, e.g. ifl tf T, [2], the velocity distribution of the hea'ed
minority ions can '. approximated as a high temperature Maxwellian in
the perpendicula velocity coordinate, Vj., whereas the distribution in the
parallel velocity coordinate, v\\ , corresponds to the situation where the
absorbing ions ha -e been transferred to banana orbits having their
turning points in ».e resonance layer, cf. Fig. 1.

It is convenient v characterize the distribution function, f(vx , vi; , r), of
the RF heated particles using conditions at the resonance point. For the
tail ions as discussed above we have
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The perpendicular temperature, T^r), o f the hot ions is given by [1]

where P(r) is the absorbed power density, ts(r) is the Spitzer slowing
down time, and n(r) is the density of the absorbing ions. Separating out
the r-dependence of Tj. (r), we write

Ti(r) = TJL(0)Ax(r) (3)

3/2
where, using the scaling ts - Te ' /n e ,

P(O)t,(O)
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The r-dependence of the different quantities appearing in Aj.(r) is
modelled as

P(r) ~

n(r)-(2-r2/a2)°»

(5)

where a is the minor radius and w is the width of the ICRF power
deposition profile. Thus, we can write



Ax(r) = (1 - r2/a2)k exp^-r2/*2) (6)

where k = 30^/2-a^-a,,. . We emphasize that since P(r) is very peaked

(w2/a2 « 1), the dominating r-dependence in eq. (6) comes from the

exponential.

3. Particle orbit characteristics

The orbit characteristics of a high energy charged particle is conveniently
analyzed in terms of the constant of motion, cf. [3, 4]

= constant = H-fJ ± P§ — cos %b (7)

In eq. (7), plus and minus refer to co- and counter-going particles
respectively, index b refers to "birth" conditions, % IS the pitch angle of
the particle, F(x) is the normalized poloidal flux function, and Pt is a
characteristic quantity determined by, [4]

P 2nmi/
 m

where m and Z are the mass and the charge number of the particle, A =
R0/a is the aspect ratio, and I is the total plasma current

In the case considered here we use as "birth point" the turning points of
the banana orbits, which for central resonance heating implies that Xb =

90° at Rb= Ro, where Ro is the najor radius of the Tokamak. Thus, we
obtain

(9)



Orbit losses start to occur when the counter going particle orbit just
touches the outer wall (R = Ro + a). The corresponding critical value of P,
is determined by

This can be rewritten as a condition on the energy of the particK viz.

Et( rb) = - ^p ^ - [F(l) - F(rt/a]2

4. Estimate of prompt losses

The result of the last section implies that particles with their banana tips
at radius r from the center will be lost if their energy is larger than the
critical energy, E$, given by eq. (11).

Using the distribution function (1) for the RF-heated particles, we obtain
the local loss fraction, l(r), due to orbits intersecting the vessel wall as

f f(v1>V|1/)d
3v

KD £ =e-4'> (12)

where D denotes the loss region in velocity space and x,(r) is defined by

(13)

In analogy with our previous notation we have introduced

j _ E,(0) l.93qAZ)2F*(l)
X«(U) Tx(0)~ M(A+1)TX(O)

(14)



The total loss fraction , L, of RF-heated particles is obtained as

• 1

n(r) l(r)rdrI nit; iyijiui 2

Jo -. . W
0% 2 2/<-k\ , r\ c

f
where we have used the fact that the dominating r-dependence in l(r) is
contained in the exponent exp(r2/w2) and semi-empirically improved the
denominator to allow extension to values xs

2(0) < 1.

The accuracy of the present approximate approach to the problem of
determining the orbit losses has also been checked against simulation
results using the orbit following CASINO code, cf. [3], The orbits of
particles released with vH = 0 at different radii in the resonance layer
(poloidal angle Ö = 90°) were followed. The fraction of orbits intersecting
the wall was determined. A comparison between the approximate
formula for the loss fraction and the simulation results is shown in Fig. 2.
The agreement is found to be very good.

From eq. (15) we can formulate a qualitative condition for good
containment of ICRF-heated particles, viz xs(0) > 1 which can be rewritten
as

in full analogy with the corresponding criterion for good confinement of
fusion generated particles (the RF-induced tail temperature, Tx(0),
replacing the energy of the fusion products), cf [3].

However, the following point should be emphasized: In the case of fusion
generated particles, losses are prompt in the sense that particles are lost
within a bounce time when the particles orbits intersect the vessel wall.
In the case of ICRF-heated particles, the high energy tail distribution is
established gradually over a slowing down time. The present analysis has
considered the orbit losses corresponding to the final steady-state
distribution. This should be a good approach for estimating the loss
fraction, but since the high energy tail is created by ICRF-induced
diffusion in velocity space, the poloidal distribution of the losses will
differ from that of the prompt losses which is peaked at poloidal angle* 0



< 90°, [5]. In fact, we expect the RF-induced losses to be peaked at the
outer wall, 9=0° , of the torus, which corresponds to the first unconfined
orbit a heated panicle experiences. Furthermore, the losses should be
most prominent within a slowing down time from the application of the
RF-heating, as opposed to the continous loss flux of promptly lost fusion
generated particles.

The dependence of the loss fraction, L, on cun-ent, I, width of power
deposition profile, w, and tail temperature, Ti(0), is illustrated in Figs. 3a-
3c for 3He minority heating. For parameters typical of current ICRF
experiments, the losses are small (2-4 %), but increases rapidly as the
power deposition profile broadens and/or the tail temperature increases.
Particularly deleterious is obviously the combination: low total
current, high tail temperature, and broad power deposition profile.
In this case the loss fraction may easily exceed 10%. e.g. for I =
2MA, w/a = 0.4 and extrapolating the tail temperature to Tj^ (0) z.
15 MeV we obtain L =. 13%. It is also important to emphasize that
sawtooth induced redistribution of minority ions gives rise to an
effective broadening of the profile, which can be expected to cause
enhanced losses in the form of loss bursts of minority ions at the
sawtooth crashes. This conjecture is supported by the strong
redistribution of minority ions which has been observed at
sawtooth crashes at JET. In strongly ICRF heated discharges, up to
50% of the fast ion content within the q = 1 surface is expelled at
the sawtooth crash, [6]. Tke corresponding, strongly broadened
minority profile is susceptible to significant orbit losses.

In conclusion, we have derived an explicit analytical expression for the
orbit losses of the high energy tail particles created by strong ICRF-
heating of minority ions. The results indicate loss fractions of the order of
a few percent in present day ICRF-heating experiments.
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Figure Captions

Fig. 1. Qualitative figure showiag the resonance geometry of the ICRF
heated particles.

Fig. 2. The loss fraction of ICRF heated particles as function of tail
temperature. Comparison between analytical approximation
according to eq. (IS) and simulation results using the CASINO
code (A = 3.5, I = 2 MA, w/a = 0.35 , <xn = 1, and F(l) = 3/4).

Fig. 3. The loss fraction as function of a) width of power deposition
profile (for A = 2.5, I = 2 MA, and Tx = 8 MeV), b) total plasma
current (for A = 2.5, w/a = 0.35, and Tx = 8 MeV), and c) tail
temperature (for A = 2.5, I = 2 MA, and w/a = 0.35). In all
cases <xn = 1 and F(l) = 3/4.
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