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Abstract

Localised and intense lon Cyclotron Radio Frequency (ICRH) heating of two—ion
species plasmas in the Joint European Torus (JET) tokamak produces minority ion
distributions having characteristic energies in the multi—-MeV range, similar to that of fusion
a—particles. For typical values of the poloidal magnetic field, the size of the particle orbits
can exceed significantly the width of the RF deposition profile. In the presence of a negative
radial gradient in the ion—electron 530wing—-down time, the finite orbit—width effect gives
rise to a significant reduction in the calculated energy content of the minority particles. A
model is described which has been compared with RF heating data from the JET tokamak
with both hydrogen and *He minority ton species. The model is capable of explaining
previously observed discrepencies between measured fast ion energy contents and those
which have been calculated using a zero orbit—width model. The largest corrections to the
global energy content of the fast ions are » 56% and are found for low—current hydrogen
minority cases in which the axial ion—electron slowing—down time is long (& 1.5 s). Within
the experimental scatter, we have been able to place a upper limit of D¢ € 0.18 m? s on
the fast—ion diffusion coefficient for any non—classical energy—loss processes.

1. INTRODUCTION

During central ICRH heating experiments in large tokamaks such as JET (major
radius: R0 = 2.96 m, minor radius: a = 1.2 m), the fast magnetosonic wave is focussed on
the magnetic axis of the plasma giving rise to large, centrally peaked, densities of RF power
in a region of radial extent A ¢/a~ 0.25. When a minority ion species absorbs RF power at
its fundamental ion cyclotron frequency, its velocity distribution develops a strong
non—Maxwellian tail having a characteristic energy (T,>>T.) in the direction
perpendicular to the magnetic field where T, is the thermal temperature of the background



plasma electrons. As the particles move around the drift surfaces, they experience random
kicks in energy each time they traverse the cyclotron resonance. Provided the single particle
motion is uncorrelated (e.g. by collisions) with the phase of the RF field between successive
particle transits through the resonant layer, net energy is gained. This acceleration is
balanced against friction which the fast particles experience through Coulomb collisions
with the background ions and electrons. In typical ICRH minority heating experiments
performed in JET, the ions may, in steady—state, reach energies of several MeV. For
particles with such high energies, the vertical guiding centre drift due to magnetic field
gradient and curvature cannot be neglected and the ions trace orbits with large radial
excursions which can exceed the width of the production profile.

In existing ICRH models, it is generally assumed that the radial width of an orbit is
small compared with its mean radial position. Particles trapped in a toroidal magnetic field
make radial excursions of up to Ay, » ¢/? pgwhere pg= Mv, /ZeBgis the Larmor radius
in the poloidal field By [1]. Thus at a given inverse aspect—ratio ¢ = r/R, it becomes
necessary to include spatial corrections for the particle orbits when Agp is equal to or
farger than Ay This condition leads to the existence of a critical characteristic
perpendicular minor'ity tail temperature,

Tocrit® (A Z By /q)’ e e /2M, (1.1)

where the heated particles have charge +Ze and mass M = Amy, B, is the toroidal field,
the safety factor q = rB(p/RBg, mp is the mass of the proton and e the charge on the
electron. Finite orbit effects are therefore important when the the characteristic energy of
the heated particles exceeds the critical value given in Eq.(1.1). This particular criterion is
perhaps somewhat conservative as finite orbit—width effects will probably be manifested
before Ay}, is equal to Af. The critical energy at which ion—ion and ion—electron friction
are equal is given by,

3 2 2
Ecritz[A /2/neEnj2j/Aj] /3, (1.2)
where the summation extends over all ion species j. In the limit of high particle energy

(T, >>E¢t). the dominant Coulomb process is electron drag which allows one to neglect
collisional pitch—angle scattering. Therefore, in the absence of velocity—space instabilities,



the tail can be treated as highly anisotropic (<vf> >> <VIT>) where v, and v| are,
respectively, the perpendicular and parallel velocities of the minority ion. In this limit, the
perpendicular energy gained from cyclotron heating is not shared with the parallel degree of
freedom so that the coefficient of wave—induced dispersion is increased by a factor of 3/2
over that relevant to the isotropic case. A simple expression then gives the asymptotic
perpendicular tail temperature [2],

T, =Te (1 +364/2), (1.3)

where the Stix parameter €1 is,

§f = Prf T / 3nmin (kTe)r (1.4)

pef is the RF power density coupled to the minority ions and np,j, the number density of
minority ions. In the high energy range, the fast ions suffer collisional energy loss mainly
through ion—electron collisions where the rate is characterised by the classical Spitzer
momentum slowing—down time,

rg = (37°/2 € vie me M) / (' 22 n InA). (1.5)

The electron thermal velocity is vie (>> (T, /M)'/2), me the electron mass, ng the
number density of electrons and InA the Coulomb logarithm. As a numerical example, let us
consider typical conditions close to the axis of the JET tokamak with a set of RF heating
parameters relevant to a discharge with high applied ICRH power (P.=12 MW,
Arg=0.3m, power density p=2x 10° Wm™) at low density (neg=3x 106" m—?)
with Te =10 keV, where the ion—electron slowing—down time is large (75 = 1.3 sec).
Taking protons (A=1, Z=1) as the heated species with concentration nin / ne = 5%,
and tokamak parameters B(p: 34 Tesla, ¢ =2, and e=0.07, Eq.(1.1) gives
T, crit = 875 keV. With the plasma conditions of our example, we find &= 360 giving
T, = 5.4 MeV which greatly exceeds the T, (;; threshold.

With central ICRH heating, the radial electron temperature Tg(r) is generally found
to be strongly peaked and can be approximated by the fuction,

Te(r) = Ty [1 =%, (1.6)



where Tg  is the axial electron temperature and x = r/a. Similarly the radial electron
density profile can be approximated by,

ne(r) = ng, [1~x™M, (1.7)

where ng, is the axial number density of electrons. The profile of the ion—electron
slowing—down time is proportional to Te3/2 [ ne, ie.,

(1) = 7 [1 =7 304/2 ~ @), (18)
where 75 is the axial value. In JET ICRH discharges where the MHD sawteeth have been
suppressed, the exponent oy can be as high as 4-8 with a,~ 0.5. Since the exponent of
Eq.(1.8) is high, lying in the range 5.5—11.5 for typical JET data, 75(r) is therefore a
strongly peaked function of radius. The average collisional drag experienced by a fast ion
over its orbit will therefore increase significantly as its iafge radial excursion takes it into the
cool, outer region of the plasma. If finite orbit—width corrections are neglected for such
cases, calculation of the energy distribution of the ensemble of fast ions will seriously

under—estimate the energy loss rate and therefore over—estimate the energy of the entire
fast ion population.

In some classes of ICRH minority heating experiments it is reasonable to neglect
finite orbit effects. Clearly these cases arise when T, falls significantly below T, ;. Within
the span of plasma studies recently conducted on JET, these cases occur for high—density
(and high minority density) as well as low RF power experiments. There is also a species
effect. Comparing °He with H minority heating, there is for the *He ions not only an
increase in the T ¢t limit by a factor Z°/A = 4/3 but also a decrease in the ion—electron
slowing—down time by a factor A/ZQ. Thus the energy threshold for ®He ions above which
orbit effects are important is effectively raised by a combined factor of 16/9 = 1.78.



2. ICRH PARTICLE ORBITS IN A TOKAMAK

We start by considering the usval simplified model for the magnetic field of the
tokamak,

B(e, 6) = B, (1 + € cosh), {(2.1)

where § is the angle in the poloidal plane. Following earlier analysis [3], the guiding centre
orbit can be found from the three invariants of motion, i.e. particle energy,

E=1/2 Mvﬁ + 4 B (1 — ¢ cost), | (2.2)
magnetic moment, g = Msz/ZB. and the longitudinal invariant,
J=y (1+ ecos) —wy R ¢ / 2q. {2.3)

By eliminating vi from Eqs.(2.2) and (2.3), a quartic equation describing the particle orbit
is obtained,

(%, + e cosb) (1 + ¢ cost)’ = (4, + (€ — ¢,”) R /209)% (2.4)
where the pitch—angle %=y = (V”/V_L)1 is defined at a reference position:
(e=¢, 0= n/2), the Larmor radius in the total magnetic field is p = v, [w.; and the
gyrofrequency is wg = ZeB/M. Eq.(2.4) has been solved numerically generate a family of
constant—energy orbits (Fig.1). Note that the banana orbits become D—shaped as the
energy increases. For the larger orbits, the return paths pass close to the centre.

2.1 The orbit—averaged slowing—down time

To help illustrate our discussion of orbit—averaged effects, we consider the
incremental time the particle spends on its orbit in the radial interval ¢ to € + Ac,

At{e) = Ae [ (de/dt), (2.5)

where the component of the drift velocity in the radial direction is,




de/dt =—vgsind / R, (2.6)

and the vertical guiding—centre drift velocity due to magnetic field gradient and curvature
is,

vg =y —v;, /21 + € cosh)] [ wgR,. (2.7)

To demonstrate the difference in behaviour between a normal (thin) banana and a large
(D—shaped) orbit, we have calculated the normalized inverse radial velocity for the two
extreme orbits in Fig.1, one (the banana) with energy E = 30keV, the other (the
D—shaped orbit) with E = 10 MeV. Results (Fig.2) show that the inverse radial velocity of
the normal (thin) banana orbit is symmetric about its mean radial position,
emean = {€max — €min) /2. unlike the case of the large D—shaped orbit. In that case, the
particle spends a disproportionately larger amount of time near ¢,y In the presence of a
negative radial gradient in the ion—electron slowing—down time, this asymmetry means that
the particle with the D—shaped orbit will experience a relatively higher drag than that which
would be calculated at €mg,,. The orbit—averaged slowing—down time <7¢> is given by,

<rg> = §rgle, ) dt [ ft, (2.8)

where the circuital integration is taken over one closed orbit. Using Eq.(1.8) with typical
experimental values ay = 5 and ap = 0.5, we have calculated the the ratio <75> /75,
which we have plotted as a function of particle energy in Fig.3. for the orbit family of Fig.1.
As can be seen in Fig.3, the zero orbit—width model is only accurate for particle energies
below about 300 keV. Above this energy, the zero orbit-width model significantly
over—estimates the value of <7s>/Tg,- '

2.2 The ciscular orbit approximation

Since the ICRH—generated tail of high energy minority ions principally contains
particles with small pitch—angle ¢ << 1, the tail occupies the deeply trapped region of
velocity space. In his analysis of a—particle orbits in a tokamak, Stringer [3] has discovered
that certain aspects of the behaviour of a trapped orbit can be approximated by a circular
orbit passing through the origin and having the same maximum radius €max- We have
tested and used this approximation as the basis of the model described here. In the limit



<< 1landat#=0, Eq.(2.4) becomes,

e(1+ € =((€—¢) R /200)" (2.9)

from which the maximum radius €y,,, can be found. Further simplification arises by taking
the particle velocity to be constant. As Stringer has noted, this is a poor approximétion to
the poloidal motion. However, like him, we are only interested in the radial variation,
particularly near the maximum radius. The circular orbit approximation is poor in the
low—energy, thin banana width limit; in this regime, calculations of orbit—averaged
quantities can, however, be performed in the zero orbit—width limit. In the circular orbit
approximation, the particles spend rather more time near their maximum radii than in the
exact case. The fraction of time each particle spends in the normalized radial interval € to
€ + de is given by,

§(€) =2/ 7 (ehay — €)YV, (2.10)

and we have plotted the equivalent circular orbit—averaged slowing—down time in Fig.3
together with that for exact orbits. The circular model appears to give a reasonable
approximation in the range of typical JET experimental parameters but does tend, however,
to underestimate slightly the dwell—time in the low—energy (thin) banana width limit. In
this limit, the zero orbit—width model is clearly satisfactory. As we expect, the circular
model somewhat over—estimates the dwell—time spent at large radii for the high—energy
particles (by » 10% for 1 MeV protons rising to » 30% for 10 MeV protons). In practice,
differences between the two models become less when we consider the expectation value of
the orbit—averaged slowing—down time when it has been weighted by a typical ICRH
minority distribution function. To illustrate this, we take a form of the steady—state
perpendicular energy distribution function (Eq.(38) of ref.[2]) describing the tail in the
high—energy limit,

f(E, ) = constant exp[——(va/Q) [ kT, ], (2.11)

and calculate the expectation value of the orbit—averaged slowing—down time,

Vv
L max
<Tg> =J

\Y
<> f(E, ) v, dv, /jo MEE Vv, dv,, (212)




where v, 1y is the maximum perpendicular velocity of particles which are just confined in
the tokamak. The maximum Larmor radius of these particles s,

Pmax = R, (ewalt — €) / 120 eall (1 + egan)]. (2.13)

Particles with velocities exceeding v, 1 would have maximum radit ¢, greater than
that of the wall of the torus €y, = 3/R, and so strike the vessel and are lost. The
expectation value <rg>/7g  has been plotted in Fig.4 as a function of T, . Inspection of
Fig.4 shows that the curve based on circular orbits lies » 4% below the exact case for
T, =1 MeV. The magnitude of the shortfall increases to ~ 18% for T, = 10 MeV. The
degree of error arising from the circular orbit model is, of course, much” less than that
incurred by taking the conventional zero orbit—width model. In practical terms, we have
found the circular orbit model to be both simple to use and fast to compute.

2.3 A seli—consistent model of the minority tail

We consider the group of particles born at radii from r to r+ dr and seek a
self-consistent solution for both <7> and the tail temperature, T, ;.. We can define a
self—consistent slowing—down time for the group of particles as,

Tselr) = 2 Amin Tosclr) / olr). (2.14)

The linear dependence of 75 on T, has been plotted in Fig.5. Noting, in addition, that T,

is coupled to <7¢> through Eqs.(2.11) and (2.12), we expect to obtain self—consistency
when,

Toe — <7s> =0, (2.15)
which is uniquely satisfied at the point of intersection of the two curves illustrated in Fig.5

at the value T, = 5.2 MeV. In this example, the zero orbit—width solution would have
given a value T, = 8.6 MeV, 65% higher than the self—consistent finite orbit model.



2.4 Further details of the model

For simplicity, we have neglected the finite Doppler broadening of the cyclotron
resonance, Aw = k” Av”, due to the spread in parallel velocity of the fast ions. This
assumption is equivalent to saying that Ay / Av, <<1 which means that all the
resonant ions lie on the cyclotron resonance chord, R = R,qq. In our model, therefore, the
turning points of the trapped banana and D—shaped orbits are assumed to lie on this chord.
In earlier JET experiments [5], the temporal response of the plasma to modulated RF
heating power has been measured. Results show that, for centrally heated H and He
minority plasmas, the RF deposition can be approximated by a radial Gaussian function
with characteristic e—folding radius rg = 0.3+ 0.05 m. In our present model we have
therefore represented the coupled RF power deposition profile with a Gaussian,

2
pef(r) = Py expl—{r — roa)Q/’d]- (2.16)
where roy = | Ry — Rygsl is the (off—axis) radial displacement of the cyclotron resonance

from the magnetic axis. The axial value of the RF power density coupled to the minority
ions is,

Priy = Pric/C. (2.17)

where P is the total RF power coupled to the minority ions and the normalization
constant is given by,

2C = rd {expl{roa/rg)’] — expl~(a = roa) /rg’]} +

+ roard v m {erfl(a —roy)/rg] — erflroa/rgl}. (2.18)

RF modulation experiments also allow the fraction g = P /P of the applied RF power
coupled to the minority species to be determined. For centrally heated H and *He minority
heating, the experimental value z = 0.65% 0.1 is typical and we have adopted this in the
analysis of the JET discharges below. The remaining power fraction (1 — p) is attributed to
mode conversion, Landau damping and TTMP.

The self—consistent ‘minority tail was calculated in each incremental radial shell



using the form for the RF power deposition above and electron temperature and density
profiles (Eqs.(1.6) and (1.7)) fitted to measured tokamak data. In our model we have
taken the number density of minority ions to be constant fraction 7= (nyin/ne) of the
electron density. An example of the calculation based on data from a 2 MA, 2.1 Tesla (H)D
discharge is shown in Fig.6. The largest orbital corrections in this case were in the central
region, out to a radius of 0.37 m. The large orbit—width model gave corrections which
reduced the axial tail temperature by as much as 56% on the axis compared with the zero
orbit—width limit. Beyond the radius r = 0.37 m the RF power density had dropped to a
sufficiently low level such that the orbits no longer possess the D—shaped character and so
could be described accurately in the zero orbit—width limit. Having determined the
self—consistent asymptotic tail temperature, T, .., in each incremental radial shell, we
calculated the total fast ion energy content in this shell using the expression,

a
3
Weale = 87 R, Jo r pin kT, g dr. (2.19)

For typical JET data, the fraction of energetic minority particles lost by direct interception
with the wall is negligible. We have then compared W, with the measured fast ion
energy content of a number of plasmas obtained in JET.

3. COMPARISON WITH ICRH DATA ON JET

The JET ICRH heating system [4] consists of eight antennae arranged around the
median plane of the machine. The antennae are polarized to launch the fast magnetosonic
wave from the low—field side of the plasma and consist of pairs of Faraday—screened
conductors which can be phased to create either monopole or toroidal dipole configurations
and thus change the k” spectrum. In the experiments reported here, the monopole
configuration was used. This produces a broad kn—spectrum, centered about k” = 0. In
each of the discharges analysed, the RF frequency was chosen to give central heating with
the fundamental minority resonance located within + 0.1 m of the magnetic axis.

The perpendicular part of the energy of the ICRH-driven fast ions (Wi, ) in excess
of the isotropic component is deduced from the total plasma energy derived from the
magnetic equilibrium Wp,p4, and the total plasma energy derived from diamagnetic
measurements Wy,

10



Weast = 4/3 (Wgia —Winhd)- (3.2)

This technique is clearly insensitive to heating regimes in which the fast ions have an
isotropic velocity—space distribution. Such cases arise in the low—energy range (E~ E.p)
where ion—on pitch—angle scattering destroys the anisotropy of the tail. We have therefore
selected discharges in the high—energy range (T, >>E ;) for the present study. The
method of using Eq.(3.2) to determine fast ion energy contents is, in practice, sensitive to
the presence of baseline offsets both in Wy;, (through calibration errors} and in Wy g
(through, for example, non—equilibrium conditions). We have, therefore, been particularly
careful to choose steady—state discharge conditions in the data sets analysed; in particular,
we have avoided possible sawtooth—induced fast—ion redistribution effects by selecting
sawtooth—free discharges where no sawteeth appear for periods » a few x Tso- In addition,
we have been careful to search for systematic baseline offsets in the data; where possible,
we have checked that (Wy;; —Wphg) =0 at suitable times both before and after
application of the ICRH heating pulse. This is tantamount to assuming the content of
superthermal ions to be negligible during ohmic heating phases of the discharge. Errors in
determining the total fast ion energy content have been estimated to be approximately +
20%. The total plasma energy is given by,

Wior = W, + W) = (2Wpypg + Wyia)/3- (3.3)

The time—evolution of the main plasma parameters of a hydrogen minority (H)D limiter
discharge is shown in Fig.7. By comparison with similar discharges in which the low—energy
channels of a neutral particle analyser have been used to determine the hydrogen minority
concentration, we expect typically n~ 5% in this discharge. By applying the ICRH power
eatly in the current rise phase of the discharge, it has been found that the onset of
sawtoothing activity can be delayed in high current JET discharges. In the discharge of
Fig.7, the plasma current attained its maximum (steady) value of 5 MA at time t = 5 sec.
After the initial time—varying period, measurements of the plasma energy are reliable (t > 5
sec) and coincide with a suitable sawtooth—free period (from 5.2—6.5 sec). The measured
plasma parameters are given in Table |. Note that in this case the fast ion energy content
reaches about 50% of the total plasma energy.

We have examined relevant JET discharges, meeting the criteria outlined above, for
orbital effects related to the energetic ions. The important experimental parameter in this

11




survey is the ratio: Pyg/ne . Previous scaling studies [6] have shown that, for centrally
heated discharges, both the ion and electron temperatures increase monotonically with this
ratio and Eq.(1.5) for g indicates the fundamental importance of Prf/ng, in determining
the magnitude high—energy ion population. Furthermore, the tail temperature depends
sensitively both on 7 and pf (from the Stix parameter, Eq.(1.4)). Thus we would expect
the most prominent finite orbit effects to occur for dlscharges in which the ratio Pry/ng is
large and the plasma current is small. In both (H)D and (*He)D experiments performed in
1988, the tokamak limiter material was Carbon. Control of the rise in plasma density with
Cimiters was generally difficult to obtain, although some control could be obtained after
extensive glow discharge cleaning and conditioning with helium. TypEcaHy with high—power
ICRH heating (P~ 10—14 MW) ratios of Pi/ne, < 3.8 MW 10"® m® were obtained. In
1989, the Cimiters were replaced by Belimiters and Be was evaporated on the ICRH
antenna screens. This led to an enhancement in the torus pumping rate which improved the
density control during plasma operation. With similar ICRH powers in Be—torus
experiments, the axial electron densities were generally lower giving an extended range of
the ratio: Prf/neo < 5.4 MW 107™° m®. We have examined data covering both of these
modes of operation. The groups of data are summarized in Table Ii.

3.1 Comparison of zero— and finite orbit—width models with experimental data

For each discharge in the groups A—F, the calculated fast ion energy (Wc,ic) was
determined using both the zero and finite orbit—width models. With data of both minority
heating schemes, the value = 0.65 was taken. Results for the (H)D data set are shown in
Fig.8 (a) and (b). Note the data saturation, particularly severe in the case of the 2MA
discharges. The highest energy 2MA point has Tgo® 1.5 s, similar to that of the 5MA data
group. Results for the (*He)D data set are shown in Figs.9 (2) and {(b). As noted in section
1, the critical tail energy above which orbit effects become significant is larger for He than
for H minority ions. This is one reason why the magnitude of the orbit corrections shown in
Figs.9 (2) and (b) for the (*He)D data are generally smaller than those for the (H)D cases
of Fig.8. Another reason is the fact that, for the 2 MA and 3.2 MA (*He)D discharges
(groups A and B with C—limiters), the plasma density was typically higher (by a factor »
1.5) than for the (H)D discharges. The largest corrections in the (*He)D data set are for
the 3 MA group. This subset was obtained at relatively lower plasma density and
corresponds to operation with the Be limiters.
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In view of the fact that reasonable agreement has been obtained between our
classical finite orbit—~width model and existing JET data, it is of interest to enquire as to
the magnitude of any additional fast ion energy loss mechanisms which may be present. To
answer this question, we have considered the time—dependent fast ion energy equation,

dWiast / dt = Prc — Weagy (2/<75¢> + 1/ T1oss), (3.4)

where <75.> is the average self—consistent ion—electron momentum slowing—down time
and we have included an new, additive energy—loss term with characteristic time e In
steady—state we obtain,

Wrast = Pric (<7sc¢> Tioss) / (2710ss + <7sc>), (3.5)

which we have used to examine the effect of different assumed values of 7yos on the
quality of fit between the experimental data and the model. Taking the hydrogen minority
data shown in Fig.8(b), which corresponds to of 7j,ss =, and computing the value of the
goodness—of—fit statistic x°, we decreased the assumed value of Tioss until x° was doubled.
This, we found, occurred when 7o~ 2s. Thus any additional fast ion energy loss
processes probably take place with a timescale longer than this. Given this lower limit, it is
possible to estimate an upper limit on the fast ion diffusion coefficient,

2
Dfast = a" / 47ss. (3.6)

for which we find Dgyg3 € 0.18 m®s™. The result is, however, somewhat sensitive to the
assumed minority ion concentration, 7. We have therefore examined the sensitivity of the
finite orbit—width-calculation of the global fast ion stored energy with respect to variations
in 77 for two extreme experimental cases, the 5 MA and the 2 MA proton minority data with
Tsp® 1.5 s. By both doubling and halving the assumed concentration ratio about a2 nominal
value of 7 = 5% (keeping all other parameters constant) we found, respectively, variations
in Weaje of + 5% and — 6% (at 5 MA) and of + 8% and — 7% (at 2 MA). We note that
the magnitude of these variations are smaller than the estimated uncertainties in the
measurement of Wiy o (2 20%).
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4. SUMMARY

In JET (H)D ICRF minority heating experiments, near steady—state plasmas contain
up tox50% of the total plasma energy in the form of fast ions (Wy,ee & 2.4 MJ, equivalent
to a volume—averaged beta f~ 0.8%). With particle energies in the MeV range and central
ion—electron slowing—down times Ts, & 1.5 s, these discharges contain fast particle
distributions in which the finite size of the particle orbits cannot be neglected. The plasmas
also simulate many aspects of a—particle heating. Apart from velocity—space anisotropy
(W, >> W”) assuming no relaxation due to velocity—space instabilities, the fast ions
possess the main features of a—particles in an ignited plasma [7,8]. Our analysis has shown
that, provided due allowance is made for the finite orbit—width effects, such-discharges may
be reasonably well described by classical orbit and slowing—down theory. Within the
uncertainties of the experimental measurements and the limitations of the simulation, we
conclude therefore that there is no evidence for any anomalous energy—loss processes for
high energy particles in JET sawtooth—free discharges. In fact, we have been able to set a
upper limit of Dgugp< 0.18 m®s™ on the diffusion coefficient corresponding to any
anomalous fast ion energy losses. The lower limit for the corresponding anomalous
energy—loss timescale of 7),cc% 2 s lies in the upper part of the range of values expected
for the slowing—down time of a—particles in a reactor.

Measurements of the electron heating after a sawtooth crash [9] in JET have shown
that only about 50% of the energy content of the fast ions is retained in the centre of the
plasma. Earlier JET measurements of 15 MeV D—°He fusion protons have shown fast ion
ejection from the column during normal sawtooth activity. To investigate the particle loss
mechanism (for example the role of helical MHD structures and orbit stochastization),
future studies will include experiments on the interaction of fast particles with MHD activity
with particular emphasis on particle trapping and loss in the approach to the tokamak
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TABLE |

Measured parameters for discharge No. 20371 at time t = 6 sec

Axial Toroidal field

Plasma current

Coupled RF power

RF frequency

Antenna phasing

Axial electron density

Ratio: RF power—to—axial density
Axial electron temperature

Axial ion temperature

Axial ion—electron slowing—down time
Diamagnetic stored energy
Equilibrium stored energy
Anisotropic stored energy

Total plasma energy

Ratio: anisotropic—to—total energy

TABLE i}

B,(0) = 3.1 Tesla

Ip = 5.0 MA
Ps=8.8 MW
f=48 MHz
monopole

ey = 2.8x 10 m—

Pre/ng, = 3.1 MW 10~ m’

Te, = 11.1 keV
T;, = 6.5 keV

75, = 1.65 sec
Wyia = 6.36 MJ
Wi = 4.63 MJ
Wiyep = 2.30 MJ
Wiot = 5.20 MJ

Wfast/ Wiot = 44%

Summary of plasma parameter ranges for the data analysedT

Group Ip (MA) By(T)
A.(*He)D 33 3.3
B.(°*He)D 3.0 3.2
C. (H)D 5.0 3.1
D. (H)D 3.0 2.1
E.(HHe 2.0 2.1
F.(*He)D 3.0 3.2

TGroups A, B, C and D contain data from Carbon limiter experiments. Groups E and F

P s(MW)

<138
< 135
< 11.1
<85
< 11.7
<96

ne,(10°m—)

4.2-5.9
3.1-53
2.7-3.0
3.3-4.8
1.8-3.4
3.3-4.6

contain data from experiments with Be limiters and gettering,
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Teo(keV)

4.2-9.5
6.1-9.0
10.6-11.1
6.2-9.2
5.6—9.3
52-8.2
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Fig.1. Set of guiding—centre proton orbits shown in poloidal projection obtained by solution
of Eq.(2.4). The parameters are: ¢, = 0.07, ¢, =0, By=34 Tesla and q =2. The
circular birth flux surface is shown by the dashed line. Starting from the smallest orbit
(hatched) upwards the energies are: E = 30 keV, 100 keV, 300 keV, 1 MeV, 3 MeV and 10
MeV. Note the morphological transition from a normal 'banana’ to a large D—shaped orbit
which occurs above an energy of about 300 keV.
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Fig.2. Plot of the relative time (inverse radial velocity) spent by a fast ion at normalised
radius ¢ for, broken line: the 30 keV thin banana and, solid line: the 10 MeV D—shaped
proton orbits of Fig.1. The curves have been plotted as a function of radius, ¢, between the
minimum (€min) and maximum (€yay) radii of the orbital excursion. Both curves have also
been normalized to the same area for comparison.
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Fig.3. Plot of the normalized orbit—averaged slowing—down time, <75>/rg, as a function
of particle energy for the family of proton orbits in Fig.1 and based on the same set of
parameters. Solid curve: exact guiding—centre orbit calculation, broken curve: the circular
orbit approximation. The horizontal dashed line at <75>/7g, = 0.79 represents the zero
orbit—width model (calculated here at € = 0.07).
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Fig.4. Plotted as 2 function of tail temperature, T , is the expectation value of the
orbit—averaged slowing—down time <7.> having been weighted with a typical ICRH high
energy tail distribution (Eq.(2.11)). Solid curve: exact guiding—centre orbits; broken curve:
approximate circular orbits.
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Fig.5. Curve A: expectation value of the orbit—averaged slowing—down time <75>/7g,
(weighted with a typical ICRH high energy tail distribution as in Fig.4 for the exact
guiding—centre orbits) plotted as a function of effective tail temperature, T, of. Line B:
variation of the effective slowing—down time 7./ 75 . The self—consistent finite orbit—width
solution is found at the point of intersection Py (75¢/75, = 0.47, T 5. = 5.2 MeV). A
second point of intersection between line B and the horizontal (dashed) zero orbit—width
model (line C) occurs at P, (75/75,=0.79, T, = 8.6 MeV). Point P, represents the
normally assumed zero orbit—width solution.
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Fig.6. Plot of the radial variation of the asymptotic tail temperature, T,, for 2 2 MA
centrally—heated 2 MA ICRH discharge in the (H)D scheme. Solid curve: zero orbit—width
model; broken curve: self—consistent finite orbit—width model.
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Fig.7. Time evolution of a typical hydrogen minority ICRH heated discharge (Ip = 5 MA,
By=31 Tesla} on JET following Be evaporation in the torus. The experimental traces
are: coupled ICRH power (P(f), central electron temperature (Tg,), central electron density
(ngy). plasma energy derived from the magnetic equilibrium (Wmhg), plasma energy
derived from diamagnetism (W;;) and the total anisotropic component of the plasma
energy associated with the fast ion component (Wy,y).
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Fig.8.(2a) Measured total fast ion energy versus zero orbit—width limit classical prediction
(Weae) for a set of centrally—heated, (H)D regime, sawtooth—free plasmas with different
plasma currents.(b) The same data compared with the self—onsistent finite orbit—width
classical model.
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Fig.9.(a) Measured total fast ion energy versus zero orbit—width limit classical prediction
(Wealc) for a set of centrally—heated, (*He)D regime, sawtooth—free plasmas with different
plasma currents. (b) The same data compared with the self—consistent finite orbit—width

classsical model. The data have been selected with Pri/ng, > 1.5 MW 10~ m”.
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