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1. RUNAWAY ELECTRON PRODUCTION DURING DISRUPTIONS :

TORE-SUPRA EXPERIMENTAL OBSERVATIONS

G. Martin

Association Euratom-CEA, Cadarache, 13108 Saint Paul Lez Durance, FRANCE

Introduction

Runaway electrons are a major concern for ITER [1]. Produced in large amounts
during disruptions, either spontaneous or provoked by killer pellets, they can heavily damage
the first wall. Considerable study is still needed to understand the underlying physics for their
creation, acceleration and confinement.

Runaway electrons are routinely observed on Tore-Supra, during almost all disruptions.
Although they usually cause little harm to the Tokamak, they have been involved in two water
leaks, and several broken tiles on the first wall. They have been observed with several
diagnostics : hard X-rays and neutrons monitors, synchrotron radiation and wall heating with
IR cameras and induced radioactivity. Some characteristics of these electrons can be inferred
from these observations.
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Fig. la : Typical disruption signal
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Fig. lb : Disruption exhibiting a runaway plateau

A typical time trace of a disruption is plotted in figure la. The central electron
temperature, measured by ECE radiation, drops in less than a millisecond. After a short
positive spike, the current start to decrease, and the plasma is pushed toward the inner wall by
the vertical field (no vertical instability is observed, due to the absence of elongation). During
the ramp down, a large signal is observed on the neutron monitors : up to 1016 N/s, i.e. a
hundred times more than during the plasma phase. These neutrons are the signature of the
acceleration of runaway electrons at energies well above 10 MeV. During some disruptions,
the current fall and the horizontal movement of the plasma stops transitorily. This is interpreted

- 1
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as a stabilisation of a runaway current in the vertical field. A large level of non thermal ECE
radiation is observed in this phase, as well as infrared synchrotron radiation. The duration of
this plateau can vary from a simple hesitation in the current ramp down, up to more than one
second of stable confinement.

Runaway Electron Diffusion Coefficient

Most of these electrons are lost in the equatorial plane, on the high field side toroidal
belt limiter. The residual radioactivity is plotted in figure 2 versus the toroidal direction. 18
peaks can be seen, correlated with the 18 coils ripple. The peak to peak variations in intensity
are due to a slight misalignment of the 36 modules of the limiter. This has been confirmed in
1993 after a complete change in the relative position of these modules : the maximum of the
radioactivity switched from 80 to 240°, as this position became more prominent. A shadowing
of retracted modules by protracting ones is observed.

Electron Velocity 1993/1995

250 300 350°

Fig. 2 Radioactivity along the inner toroidal belt limiter and its toroidal shape,

before and after the 1993 realignment of the modules.

The e-fold depth is around 1 mm. With the assumption of a random-walk mechanism
with a typical time step of 0.3 us (one poloidal turn), it is possible to calculate the radial
diffusion coefficient: ~ 3 m2/s. Similar values are obtained with the global confinement time of
these electrons, which are confined up to hundreds of milliseconds when a plateau is observed.
This low diffusion implies a strong peaking of the energy deposition on the first wall, which
can worsen their potential damage in a larger machine like ITER.

Runaway Electron Energy Measurements

The energy of these electrons can be determined with the use of high energy threshold
photo-nuclear activation, and with the neutron/electron ratio, when the current plateau can be

- 2 -
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measured. This energy determination is particularly useful to check the runaway creation and
acceleration models. Two mechanism have been proposed :
i) with a « Dreicer » dominated creation [2], a large number of runaway electrons are created
at the very beginning of the current quench, and then accelerated continuously with an energy
gain of about 60 MeV/MA. The distribution is expected to be close to mono-energetic.
ii) with an « avalanche » dominated creation [3], a small population is exponentially multiplied

by head-on collisions with the cold plasma electrons. The model predicts in this case a
maxwellian distribution with a temperature around 10 to 15 MeV.

On one hand, spallation reactions on bismuth, with thresholds between 40 and 50 MeV,
have been observed on a few shots, with plasma current ranging from 1 to 1.6 MA. It clearly
shows that at least some electrons reaches more than 50 MeV. On the other hand, the number
of neutrons produced by each electron can only be explained by a mean energy of these
electrons around 15 to 20 MeV. The combination of these two observation is then mostly
coherent with the « avalanching » production of the runaway population, multiplied from a
small initial seed, produced during the thermal quench.

Runaway Electron Production Mechanism

The production rate depends strongly on the toroidal field, as in JT60U [4], and only
weakly on the plasma density. If one assumed a maxwellian distribution for the electrons, as
predicted by the « avalanche » theory, the number of neutrons is correlated to the number of
electrons. This ratio is around 3.10"4 N/e", or 1014 neutrons for 1 MA of R.E. Neutron
production for all disruptions registered during 1998 have been plotted on figures 3 versus the
toroidal field, the initial plasma current and the density value measured 50 ms before the
thermal quench.
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Fig. 3 Neutron yields measured during Disruptions versus Ttoroidal field, Plasma current and Density,

(the surface of the squares are proportional to the number of neutrons).
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This suggests both a relative importance of the magnetic turbulence on their
confinement, and a non-Dreicer origin for their initial acceleration. A new model, based on the
capture of a « ghost » hot tail from the pre-disruptive plasma by the increasing electric field,
seems to explain most of the experimental scaling laws.

In this model, the tail of the electron maxwellian does not cool down during the thermal
quench, which lasts less than its collision time. The loss of these fast electrons is instead
controlled by their diffusion through the ergodised magnetic field. If their confinement time is
large enough, a few of them are still there at the end of the quench, when the magnetic
topology is restored. Supra-thermal electron confinement has been observed to depend
strongly on the magnetic field strength [5] : the residual population scales exponentially with
the toroidal field. Its mean energy is well above the after-quench runaway threshold. This small
population is then multiplied by a factor around 50 for each lost mega-ampere by the
avalanching mechanism. This process stops only when the current carried by the runaways
equals the total plasma current, or when the electron beam is lost to the wall, pushed along
with the plasma column by the vertical field.

Summary and References

Runaway electrons observations on Tore-Supra provide information to extrapolate this
phenomena to ITER. Three points in particular are discussed :
-^ A small quantity of initial electrons will be multiplied by the so called avalanching

mechanism, already dominating disruptions in existing Tokamaks. The electron distribution
function is maxwellian, with typical temperatures of 10-15 MeV.
•# Runaway electrons are lost to the wall with a very small diffusion coefficient, and their

strike point is very sensitive to the relative alignment of the various modules of the first wall. A
factor 1/e in energy deposition has been observed for a 1 mm misalignment.
• • Runaway creation rates are only weakly sensitive to the plasma density, and vary mainly

with the toroidal field. Commonly used Dreicer creation rates are not applicable during plasma
disruption, where the global parameters evolves too rapidely.

[1] S. Putvinski et al., Plasma Physic & Control. Fusion 39B, pl57 [1997].

[2] H. Dreicer, Physical Revue 17, p329 [I960].

[3] R. Jayakumar et al., Physics Letters A, p447 [1993]

[4] Y. Kawano et al., XXIV° EPS, Berchtesgaden [1997].

[5] M. Altman et al., Nuclear Instrument and Method 215, p453 [1983].
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2. Dynamics of runaway electrons in tokamaks

P. Helander1, F. Andersson2, and L.-G. Eriksson3

1EURATOM/UKAEA Fusion Association, Culham Science Centre,
Abingdon, UK

2Department of Electromagnetics, Chalmers University of Technology,
Goteborg, Sweden

3Association EURATOM-CEA sur la Fusion, CEA Cadarache,
St. Paul lez Durance, France

Abstract
The kinetic theory of runaway electrons is extended to account for radiation reaction and
radial diffusion. It is found that the combined effects of pitch-angle scattering and radi-
ation reaction from synchrotron radiation (caused by gyro-motion) can effectively damp
a beam of relativistic electrons. This appears to explain the decay of post-disruption
runaway currents in JET. A 3D Monte Carlo code simulating runaway avalanches caused
by close Coulomb collisions has been constructed, which includes the effects of radiation
reaction and radial diffusion caused by small-scale magnetic perturbations. The latter
can prevent runaway avalanches if the transport is sufficiently strong.

Introduction

Runaway electrons produced in tokamak disruptions can be a severe problem since their
loss to the first wall may cause localised surface damage. The situation is particularly
serious in large tokamaks, where avalanches of runaway electrons can be created by close
Coulomb collisions with thermal electrons [1]. It is therefore important to understand
the physics behind the generation and loss of runaway electrons. The present paper is
devoted to two topics in this area: damping of runaway current by synchrotron radiation,
and avalanche mitigation by radial runaway diffusion.

Emission of synchrotron radiation
In JET, a large (about 1 MA) runaway current sometimes persists long after a disruption,
showing a smooth decay on a time scale of 1-2 s. This decay cannot be explained by
collisional drag alone, and it has been proposed that it could be caused by the emission
of synchrotron radiation [2]. Just after a disruption, the velocity vector of a runaway
electron is initially nearly parallel to the magnetic field, but needs only be scattered
slightly to acquire Larmor rotation that leads to substantial synchrotron radiation. Since
the radiation from a relativistic particle is emitted in a beam centred around the velocity
vector, the reaction force is mainly in the parallel direction although it is the perpen-
dicular motion that causes the radiation. Taking the gyro-average of the relativistic
Abraham-Lorentz force gives

rad ' r

5
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where p = 7v/c is the normalised momentum, TT = 67reo(rnec)3/e4B2 is the radiation
time scale, and p0 = mec/eB. The energy loss associated with the curvature, Br1, of the
magnetic field (the term proportional to pjj) is insignificant in JET.

The kinetic equation for a beam-like (p± <C p\\) distribution of strongly relativistic
electrons experiencing an electric field, Coulomb collisions, and synchrotron radiation
reaction is

( )
at v ' 9p 2p op V

where r is the Coulomb collision time, Z the effective ion charge, a = T/TT, and E —
— e_E||T/mec the normalised electric field. The latter is induced by the current decay,

Here IA — Airmec/ fioe = 0.017 MA is the Alfven current, and / is proportional to the
plasma inductance L = fiolR/2- As long as the perpendicular momentum remains small,
ap\ < E — 1, the particle is accelerated by the electric field (if E > 1), but if pitch-angle
scattering (on the right side of the equation) makes p± larger, the radiation reaction force
slows down the particle. Equation (2) is separable, and its solution can thus be written
as a superposition of eigenfunctions

Hn (yA1/4) TmB(<),

where p]_ = [a(l + Z)/2]1//2(x2 + y2), Hn are Hermite polynomials, and the functions Tmn

are determined by Eq (3). The coefficients in the expansion of / in these eigenfunctions
are determined by the initial condition, which is given by the distribution function of
avalanche runaway electrons immediately following the disruption [1],

Thus solving Eqs (2)-(3) gives the following expression for the post-disruption current

/(t)e2 1 n A 'A = IQ g(t)e-y^+l3rT, (4)

where we have assumed that the current density is radially uniform. The exponential
on the left-hand side of the first of these equations contains the effect of the plasma
inductance, while the first term in the exponential on the right describes collisional drag.
The terms containing 0 = J(l + Z)a/In A reflect the combined action of pitch-angle
scattering and synchrotron radiation, which is the dominant damping mechanism in JET.
Figure 1 shows the calculated runaway current decay, which agrees fairly well with the
experimental observations.

Radial diffusion
We now turn our attention to the production of runaway electrons by close Coulomb
collisions, and ask the question whether sufficiently strong radial diffusion can interrupt

- 6 -
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I(t) [MA]

t[s]

a

Figure 1: Runaway current vs time as calculated from Eq (4) for JET parameters.

runaway avalanche. At high energies, the runaways obey the kinetic equation

at dp\\

r d
r or

df
'r

(5)

where D is the diffusion coefficient and pitch-angle scattering has been ignored. The
source of fast electrons from close collisions can also be neglected for large p [1]. Instead,
the avalanche mechanism can be accounted for by a boundary condition at low py, say
at p|| = p . ,

(E - l)f(pm,r,t) = 7rrnr(r,<) = 7 r r / f(p,r,t) dp,
Jpt

which provides a flux of electrons into the high-energy region. This flux is proportional
to the number of existing runaways and to the growth rate j r calculated in Ref [1].

Integrating the kinetic equation (5) whilst retaining only the lowest-order radial
(Bessel) eigenfunction, gives an integral equation for the runaway density

nr
= / nr(t-t')K(t')dt',

Jo

ft'

-k2 / D(p. + (E- l)s)ds
Jo

(6)

where k = 2.40/a and a is the minor radius of the plasma column. This equation has
a clear physical interpretation. The runaways at time t are created as a result of close
collisions between thermal electrons and runaways originating from earlier times t — t'. If
there were no diffusion, the latter would have contributed a number / /yrnr(t — t')dt' of new
runaways. Since some of them have diffused out of the plasma their contribution to new
runaways is reduced and is instead described by K(t'). Equation (6) provides the means
to calculate the avalanche growth rate in a situation where the runaways are subject to
radial diffusion but become progressively better confined as they are accelerated by the
electric field. The exact dependence -D(p||) of the diffusion coefficient on the momentum
is sensitive to the mode structure of the magnetic fluctuations. Regardless of its absolute
magnitude, D generally decreases so rapidly with p\\ that K(t') remains finite as t' —»• oo
[3,4]. Equation (6) thus always predicts a positive growth of the runaway population.
However, the energy loss from synchrotron radiation (1) limits the energy, and hence the
confinement, of the runaways. Thus, diffusion of fast electrons slows down the growth of
the runaway avalanche, and halts it altogether if the diffusion coefficient becomes large

n



JAERI-Conf 2000-004

enough. (Synchrotron radiation is important to resolve this limit but is unlikely to be
significant during a disruption since the electric field is then very large.) For practical
purposes it is sufficient to reduce the growth rate to a level where there is not enough
induced electric field to achieve significant avalanche growth. The amplitude of the
magnetic fluctuations required for this depends sensitively on their mode structure.

Monte Carlo simulation

In order to verify these ideas, we have constructed a three-dimensional Monte Carlo code
that numerically solves the orbit-average of the kinetic equation for runaway electrons in
toroidal geometry. The effects of collisional drag, pitch-angle scattering, parallel electric
field, synchrotron radiation reaction, and radial diffusion are all included in the simula-
tion. A source of new runaways is provided by the inclusion of the leading-order term in
the quantum mechanical M0ller scattering formula for close collisions between runaway
electrons and thermal ones [5].

When there is no radial diffusion, the calculated growth rate of runaway avalanches
agrees well with Ref 1. When enough radial diffusion is added, so that the runaway
confinement time becomes comparable with the growth rate, the latter falls noticeably.
In agreement with the analytical results derived above, if there is no synchrotron radi-
ation the growth rate approaches zero asymptotically, but always stays positive, as the
diffusion coefficient increases. However, when the radiation reaction force is included in
the calculation, the growth rate vanishes for some finite (but large) Do, see Fig 2. In
either case, enough radial diffusion effectively prevents the runaway avalanche.

0.2

0.15

0.05

-0.05'

D=D/(1+P
2)

\ Without radiation

With radiation

100
1VD

150 200

Figure 2: Runaway avalanche growth rate vs D(p = 1) for a model diffusion coefficient
D(p) — Do/(1 +p2) and E = 10. Strong diffusion reduces the avalanche growth rate and,
combined with synchrotron radiation, prevents the avalanche altogether.

This work was supported by the UK Dept of Trade and Industry, and by Euratom under
association contracts with Sweden, France and UK.

[1] M.N. Rosenbluth and S.V. Putvinski, Nucl. Fusion 37, 1355 (1997).
[2] R.D. Gill, Nucl. Fusion 33, 1613 (1993).
[3] H.E. Mynick and J.A. Krommes, Phys. Rev. Lett. 43, 1506 (1979)
[4] J.R. Myra and P.J. Catto, Phys Fluids B 4, 176 (1992).
[5] L.D. Landau and E.M. Lifshitz, Quantum Electrodynamics, 2nd Edition, Course of
Theoretical Physics, Vol 4 (Pergamon, Oxford, 1975).
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3. Studies of suprathermal electron loss In the magnetic ripple of Tore Supra

V. Basiuk, M. Lipa, G. Martin, M. Chantant, D. Guilhem, F. Imbeaux, R. Mitteau,
Y. Peysson, F. Surle

Association Euratom-CEA sur la fusion, CEA Cadarache
13108 St Paul-Lez-Durance

France

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.

- 9 -
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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

• V w , \ rv or» zr0.70±0.05// n*T\ -0.61*0.08/.. rt19 -2 \

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%

- 10 -



JAERI-Conf 2000-004

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

300

250

200

150

100

501±

a Ehyb>10MJ
• One day experiment

—Fokker Planck Estimation
^threshold

8

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

- 11 -
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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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4. ENERGY LOSS WITH RUNAWAY ELECTRONS DURING MAJOR DISRUPTION
IN ITER

Lukash, V.E.
RRC "Kurchatov Institute", Moscow, RF

Khayrutdinov, R.R.
TRINITI, Troitsk, RF

1. Introduction
The behavior understanding of the plasma and the vacuum vessel during plasma

current disruption is one of the most serious issues in the next generation tokamak designing.
During major disruptions (MD's) and vertical displacement events (VDE's) there are two
phenomena's which can impact the plasma facing components and cause damage of its. This
phenomena's are the runaway electrons generation and the halo currents production. The drop
in plasma temperature during thermal quench causes the plasma resistance to rise and the
plasma loop voltage also rises to high values (up to kilovolts) from its normal value of less
than a volt. This causes the plasma current to fall, and the collapsing poloidal magnetic field
inductively sustains the high loop voltage. The collisional friction forces acting on an electron '
vary as 1/energy372; therefore, electrons in the tail of the velocity distribution that are above a
critical velocity can accelerate to higher energies in the field direction [1]. An electron circling
the machine gains energy approximately equal to the loop voltage in every cycle and speeds
up very quickly. Disruption generated runaways can attain both high energies and large
number densities, so that they can damage vessel walls or plasma facing components [2].
Runaway electrons energy deposition on the first wall is a result of scrapping of runaways
from the plasma current flanks during plasma limiter phase. This energy can be in the range
20-60 MJ. The degree of localization of the runaway electrons on the first wall is very
uncertain but could lead to peak heat loads as high as 10-20 MJ/m2. This value depends on
plasma movement speed along first wall during plasma limiter phase. The average kinetic
energy of runaway electrons producted during plasma disruptions is in the range 10-15 MeV.

In present paper, we describe the results of only MD simulations in the intermediate
aspect-ratio tokamak (IAM) version of RC-ITER [3] under conditions where the runaway
electrons significantly affect the resulting plasma equilibrium dynamics. The maximum values
of halo current, data of location and time duration of runaway electron impact on first wall are
presented.

2. DINA modeling of MD in ITER
The typical event sequence during MD is assumed to be:

1. The thermal quench during «1 ms, after that the electron temperature in the plasma core is
becoming small and equal the electron temperature in the halo area. The B drop is simulated
by means of artificial plasma temperature decreasing up to prescribed level.
2. The plasma current bump with flattening of the current profile and gauge-helicity
conservation.
3. Current quench evolution together with VDE development. Simultaneously runaway
electron production is beginning.
4. The plasma limiter configuration formation and the halo current increase. During this phase
the first wall is scrapping runaways from the flanks of the runaway current profile which leads
to new runaways generation.

- 13 -
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One and half dimensional resistive MHD and transport modeling, time-dependent
tokamak simulation code DINA [4] has been used to calculate two dimensional free boundary
plasma equilibrium in external magnetic field and one-dimensional (averaged on magnetic
surfaces) system of transport equations for plasma parameters with taking into account halo
currents and runaway electrons. For present simulations only diffusion equation for poloidal
flux !Fis considered. The circuit equations are solved for the vacuum vessel, passive structure
and active coils. The 2-D equilibrium is solved on a rectangular grid which is moving together
with plasma column. The "inverse variable" technique [5] is used in the DINA code to
determine mapping between equilibrium flux coordinates and rectangular grid. The halo area
is determined from the relationship

AWh=5h*CFax-Yi), (1)
where S/, =0.2 and W^ and !/̂  are the poloidal flux in the plasma axis and the plasma
boundary. So the poloidal flux in the halo area boundary is equal

% = Wh-AWh (2)
The diffusion equation for !Fis solved for the total region between Wax and Ws with taking
into account the open magnetic flux surfaces inside the halo area [6]. For the Grad-Shafranov
equation solving we assumed that the forces related to the plasma pressure can be neglected in
the halo area (VP=0).

It is assumed the runaway electrons to be perfectly kept in each closed magnetic
surface and instantaneously lost in the halo region. For runaway electron current j M

simulation in DINA code an avalanche model [7] was used with a source SRA in form of
Dreicer acceleration

dt

where r=mc/eEc, inA is Coulomb logarithm, y =y(r/R), E is a current electric field and Ec is
minimum electric field below which the formation of high energy runaway electrons is not
possible [8]. Ohm's law for total plasma current density yz with taking into account of runaway
current is expressed in formyz =JRA +<TE, where cris plasma conductivity expression with the
neoclassical trapping term.

3. Simulation results and conclusions
The main goals of this simulations were to determine the time behavior of plasma

column during MD in RC-ITER [3], the range of first wall surface energy loading due to
runaway deposition and location of runaway affecting area. Start-of-Burn reference IAM RC-
ITER scenario point with plasma current / =13.3 MA, /? -0.85 and /, =0.85 is considered.
One can define an energy loading as

p(l)=^-/(ft*2xRtouch),MJ/m2 (5)

where / is length in meridional surface along plasma/wall contact line, Q(l) is magnetic energy
transformed in runaway electron energy and lost at the. first wall in contact point with
coordinate / (/=0 in time moment of the first plasma/wall contact), Rt0Uch is R coordinate of
plasma/wall contact point. Value of Q is calculated as

(6)
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where V is speed of plasma volume changing due to plasma shrinking during limiter phase, e
is a charge of electron, c is a speed of light, Ee is assumed to be limited 12.5 MeV by knock-
on process [9], tscr is a full plasma scraping time.

DINA simulation results for several electron temperature values after thermal quench
Te = 5, 15, 25, 35 eV and plasma density ne -3*1019m"3 are summarized in the Table. It is
assumed that a time moment of thermal quench beginning is equal 0.

Table
Te,oY
tRA ,ms
IRA (max), MA
h tor (max), MA
hpoi(max), MA
tscr, ms
Rtouch (beg), cm
Ztomh (beg), cm

Rtouch (q=V, cm
Ztouch (q=I), cm
Q(q=2),ya
Q(q=D.UU
<p>i scr , MJ/m2

p(max) , MJ/m2

5
6
13.0
1.52
1.2
133
409.44
133.23
481.09
405.53
-7.1
-21.0
1.0
10.0

15
20
12.1
1.92
1.5
182
409.44
134.40
469.80
400.46
-3.5
-39.0
1.5
12.0

25
40
11.1
2.18
2.0
212
409.44
135.88
475.11
402.84
-0.24
-42.0
2.0
18.0

35
54
10.2
2.37
2.2
234
409.44
136.93
472.08
401.48
-0.16
-43.0
2.2
11.5

Here tM is a runaway current time moment formation, IRA (max) is a total runaway electron
current, hJor (max) and Ih_pOi (max) are the maximum values of toroidal and poloidal
component of halo current, Rtouch(beg) and Zt0Uch(beg) are the R and Z coordinates of first
plasma/wall contact, RtOuch(q=:I) and Ztouch(q=:I) are the R and Z coordinates at time moment
when qgg =1, Q(q =2) and Q(q =1) are the magnetic energy transformed in runaway electron
energy and lost at the first wall when qgg =2 and 999=1 accordingly, <p>tScr is an averaged
energy loading density within tscr time period.

From presented data one can do the several conclusions. A plasma/wall contact point
of the first touch is disposed just in the inner side of first wall. During current quench time a
plasma/wall contact point moves clockwise (Fig.l). One can see that a runaway current part is
considerable - more than 90% as regards total plasma current for considered postdisruptive
plasma parameters. Example of Ip, IRA and IkJor time traces during MD for variant with Te =35
eV is presented in Fig.2. In Fig.3 for that variant a time evolution of Q is shown and in Fig.4 a
typical runaway surface energy loading p(l) distribution in accordance with expression (5) is
presented. One can see that the averaged energy loading density in considered area of plasma
parameters after thermal quench during MD is not so big and varied within 1.0-2.2 MJ/m2.
But because of plasma movement slowing down in poloidal direction at the end of plasma
current termination it is possible a steep increase of energy loading density up to 20 MJ/m2

during very short time period (about several milliseconds). Length of plasma/wall contact area
in poloidal direction is about 3.0 m (sweeping along the first wall in poloidal direction).
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5. Experimental Evidence and Theory for the Interaction of
Superthermal Electrons with the MHD Modes during ECRH

Avrilios Lazaros
National Technical University of Athens, Greece

Abstract The interaction of ECRH with the m/n-2/1 tearing mode, which was
observed in toroidal plasmas, is attributed to the superthermal electrons which are
produced on the EC resonance by the ECRH. Superthermal electrons diffusing
across the q=2 surface, exchange power with the m/n-2/1 MHD mode which is
either suppressed or enhanced. When the EC resonance is outside the rational
surface the mode is always suppressed. When the EC resonance is inside the
rational surface, modes with a large amplitude are enhanced while modes with a
small amplitude are suppressed.

1. Introduction
The interaction of ECRH with the MHD modes is a well-known effect in fusion

plasmas. This interaction has been observed in the following experiments:
• in TFR [1] the m/n = 2/l mode was completely suppressed when the EC resonance

was outside the q = 2 surface;
• in TEXT [2] the mln = 2/1 mode was completely suppressed when the EC resonance

was inside the q — 2 surface;

• in JFT-2M [3] and in T-10 [4], during a scan of the EC resonance over the plasma
radius, the mln = 2/1 mode was completely suppressed when the EC resonance was
outside the q = 2 surface, but the mode was enhanced up to 40% when the EC
resonance was inside the q = 2 surface;

In these experimental results one could identify the following two different cases:
(i) the case of JFT-2M where the mln-2/1 mode is suppressed when the EC
resonance is outside the q = 2 surface and enhanced when the EC resonance is inside the
q = 2 surface; and

(ii) the case of TEXT where the m/n = 2/l mode is suppressed when the EC
resonance is inside the q = 2 surface.
The interaction of ECRH with the mln-2l\ tearing mode in the above experiments was
attributed to current profile modulations at the q = 2 surface, either by current drive, or
by electron heating. Neither of these theoretical models, however, could address the two
cases and indicate the conditions at which each case is observed. In the present work the
interaction of ECRH with the MHD modes is addressed, for the first time, as a
superthermal electron effect. It will be shown that the critical parameter which
distinguishes the two cases at the experiment is the mode amplitude.

2. Electron-mode interactions and power transfer during ECRH
The general formula for the power transfer [5], from a population of charges with

density nq, to a magnetic perturbation such as bmn(r)expi(m0 + ncp - cot) is
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dP n r / \ ...
— = -qBQ — [a>-a>.)iv (1)
dV m v * i

where CO* is the diamagnetic-rotation angular velocity of the population of the charges

and vq is the diffusion velocity (at the rational surface) due to the MHD mode. In the

presence of other dynamic procedures, also contributing to transport, the significance of
v can be better understood through the relation

Uq=uq+vq, (2)

where Uq is the diffusion velocity in the presence of the MHD mode and U would be

the diffusion velocity, due to any other effect, in the absence of the mode. In different
wards we may say that v represents the diffusion velocity enhancement by the MHD

mode. Relation (1) implies that any finite transfer of power to the mode would be
provided by the diffusive fluxes of charges (i.e. yq = nqvq) across the rational surface.

Such fluxes of charges during off-axis ECRH are the following:
• the fluxes of superthermal electrons (which are produced by ECRH) in both radial

directions out from the EC resonance; and
• the (opposite to the superthermal electron fluxes), fluxes of thermal electrons which

are required for particle balance on the EC resonance.
The power which is transferred to the mode by the above superthermal and thermal
electron fluxes according to relation (1) would be the following

dP r
-f = eBQ-(co-Q)*se)nsevse, (3)
dV m
dP r
—^ = eB0 — (co-co*e)neve. (4)
dV m

Given, however, that the superthermal and thermal electron fluxes, out from and
into the EC resonance, are opposite to each other (i.e. neve =-nsevse) the total transfer
of power to the mode by all fluxes, obtained by adding relations (3) and (4), is

dP r
^ B{e-co.tse)nsevse. (5)

se

m
Below we examine relation (5) at the two limits with vse » use and v^e « u

where vse and use, which were defined in relation (2), are the two components of the

diffusion velocity of the superthermal electrons across the rational surface.

(i) For vse » use the superthermal electron density profile is locally flattened at the
rational surface. The local flattening of the superthermal electron density profile,
subsequently eliminates the diamagnetic rotation of the superthermal electrons on the
rational surface and, hence, relation (5) becomes

dP r
^L B s e v s e . (6)

m
Relation (6), during off-axis ECRH, applies as follows:
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• When the EC resonance is outside the rational surface, then vse < 0 on the rational

surface and, hence, dPwtldV < 0 . This implies that power is taken from the mode

and the mode is suppressed.
• When the EC resonance is inside the rational surface, then vse > 0 on the rational

surface and, hence, dPlot IdV > 0. This implies that power is given to the mode and

the mode is enhanced.
Both of the above theoretical predictions of the present model were observed for the
m/n = 2/\ mode, during the radial scan of the EC resonance outside and inside the
q = 2 surface, in JFT-2M and T-10.

(ii) At the opposite limit of vse « use the mode apparently has no effect on the

equilibrium superthermal electron density profile, for which co*^e » O)*e because of the

higher temperature and the much steeper density profile of the superthermals about the
EC resonance. Relation (5) at this limit consequently takes the form

dP r
-^L~-eBQ-(D*senseVse. (7)
dV m

Relation (7), during off-axis ECRH, applies as follows:
• When the EC resonance is inside the rational surface, then vse > 0 on the rational

surface and, hence, dPmIdV < 0 . This implies that power is taken from the mode

and the mode is suppressed.

• When the EC resonance is outside the rational surface, then vse < 0 on the rational

surface but also ft)*se < 0 (because of CQ*xe °= dn%e Idr and the hollow superthermal

electron density profile) and, hence, dPm I dV < 0. This implies that power is taken

again from the mode and the mode is also suppressed.
The first theoretical prediction of the present model was observed for the mln = 2/1
mode at TEXT. At TEXT, however, ECRH was not applied outside the q = 2 surface so
the second theoretical prediction at this limit cannot be confirmed. It follows that at this
limit the mode is suppressed for any'position of the EC resonance relative to the rational
surface.

By now it is obvious that the two above limits, (i) and (ii), correspond to the two
cases, (i) and (ii), in the Introduction. In different words, the theoretical predictions of the
model could be presented as follows:
(a) When the EC resonance is outside the rational surface the mode is always
suppressed. This prediction is confirmed by all of the available experimental results, i.e.
from TFR, JFT-2M, and T-10.
(b) When the EC resonance is inside the rational surface the mode is either enhanced
or suppressed depending on the relative value of the two components of the diffusion
velocity of the superthermal electrons at the rational surface. The theoretical prediction
of the model at the limit with vse »use is confirmed at JFT-2M and T-10 (where the

mode was enhanced). The theoretical prediction of the model at the limit with vse « u^e
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is confirmed at TEXT (where the mode was suppressed). Specifying the plasma
conditions which correspond to the above limits is out of our intentions in the present
work. It is obvious, however, that use has nothing to do with the mode amplitude while

v,e, in the Rechester-Rosenbluth model for the diffusion velocity due to the magnetic

fluctuations, is quadratic in b . This implies that the critical parameter for the above

limits is the mode amplitude. For large enough b the plasma state is at the limit with

u?e » use, while for small enough b the plasma state is at the limit with vse « use.

4. The efficiency of the interaction
The mode apparently would be suppressed when the power it looses to the

superthermal and thermal electrons exceeds the power it obtains from plasma MHD-
activity. In a steady-state (at mode saturation), the power which the mode obtains from

plasma MHD-activity is equal to the resistive decay rate, ry2, of the mode. The condition
for the suppression of the mode consequently is

^k2>\. (8)
For tearing modes with co ~ co*e and with the Rechester-Rosenbluth expression for the

diffusion velocity due to the fluctuations i.e. vse ~ \p/B0 f (Tse /me )1/2 Eq.(5) becomes

m Bo
(9)

Using the relations 77 = 5xl0~5Zg j ? \UA/T^'2 and j~b//j.0L, where L^r/m is the

scale length of the mode (with all of the parameters in 5/units and Te in eV) we obtain

•« ; nedV I B0{m) Zeff\nA{Te

With the plasma parameters in JFT-2M [3], which are typical of an ECR heated plasma in

a small device, i.e. r = 2xlO7'm, 5 0 =1.57 , Te=5x\02eV, ne^l019m'\ co = \04s~1,

and Zeff = 2 , relation (10) gives

From relations (8) and (11) it follows that a superthermal electron population of
nse lne ~ 10~3 would be sufficient to suppress the mode.
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6. Stochastic Motion of Relativistic Electrons

Induced by Magnetic Perturbations in a Tokamak

Shinji Tokuda and Tokatoshi Higuchi"

Department of Fusion Plasma Research

Naka Fusion Research Establishment

Japan Atomic Energy Research Institute

Naka-machi, Naka-gun, Ibaraki-ken

Stochastic motion of relativistic runaway electrons in a tokamak due to magnetic

perturbations has been studied numerically. Local stochasticity of the perturbed fields in

the radial direction is characterized by the Liapunov exponents averaged over the'

poloidal direction. Diffusion coefficients for low energy electrons are nearly proportional

to the local Liapunov exponents for magnetic field lines and independent of the details

(i.e., mode numbers and amplitudes) of models for the perturbed fields. Meanwhile,

solely the local Liapunov exponents for magnetic field lines do not determine diffusion

coefficients for high-energy electrons. They depend on the global structure of the

perturbed magnetic fields and have greater values than those for low energy electrons.

This result for high-energy electrons can be attributed to a relativistic enhancement of the

radial excursion width, which causes relativistic electrons initially located within a regular

Kolmogolov-Arnold-Moser (KAM) region of the magnetic field lines to enter stochastic

regions. Consequently, their orbits become stochastic and diffuse radially. Such a rapid

diffusion works as a rapid loss mechanism of runaway electrons during disruptions.
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7. Measurement and Analysis of Radial Displacement of High Energy ICRF
Driven Ions due to MHD Modes in JET Plasmas

A.Gondhalekar, " N.N.Gorelenkov, A.A.Korotkov, S.Sharapov and 6D.Testa

JET Joint Undertaking, Abingdon, OX 14 3EA, England.

" Princeton Plasma Physics Laboratory, Princeton, NJ, USA.
b Massachusetts Institute of Technology, Cambridge, MA, USA.

Introduction.
High energy neutral particle analyzer(NPA)[l] measurements have been used in JET for

determination of distribution function of MeV energy ICRF driven hydrogen isotope[2,3,4,5]
and He-3 ions[6]. Measurements of distribution of confined DT fusion oc-particles[7], and
knock-on ions produced by close elastic collisions between DT fusion a-particles and thermal
plasma fuel ions[7,8] have also been made. These measurements rely on impurity induced
neutralization(IIN)[2], in which non-perturbing neutralization of the energetic ions is effected
by one- and two-electron species of the main intrinsic plasma impurities, carbon, beryllium
and helium. Through these experiments the physical basis of the measurement has become
quantitatively well established, and the method has subsequently been applied also in JT-
60U[9] and TFTR[10]. Expulsion of ICRF driven MeV energy ions from the plasma core in
JET was deduced from measurements using the high energy NPA described above.

Observation of expulsion of ICRF driven anisotropic minority ions from the plasma core.
A description of the measurement set-up was given in[2]. Figs.la&lb show evolution of

deuterium plasma pulses heated by deuterium NBI and ICRF using 1st harmonic hydrogen
and 2nd harmonic deuterium resonance at the plasma centre. The NPA measured the flux of
hydrogen atoms formed by neutralization of ICRF heated ions at their turning point on the
NPA line-of-sight, i.e. with pitch-angle of ~%I2. The eight channels of the NPA measured ions
in energy range 0.3<E(MeV)<l.l. Figs.la&lb show that at ~6.3s and ~4.8s respectively a
sharp increase, by a factor of 3-10, in the flux to the NPA was measured. The spike in the
NPA flux was observed most frequently, but not exclusively, in sawtooth-free plasmas. The
spike was seen in the MeV energy hydrogen as well as the deuterium flux. The spike in the
NPA flux coincided always with an ELM, a sharp increase in n=l mode activity, and often in
non-thermal ECE as seen on the Te(0) trace. However, most ELMs occurred without increase
in NPA flux(see Fig. lb). With the spike in the NPA flux, degradation of thermal diffusivity,
fusion reactivity, plasma rotation was observed. In half the pulses in a data set of 60 pulses a
disruption of ICRH or a full disruption of the plasma followed the spike in the NPA flux.

We exclude transient increase in neutralization probability[2] of the ICRF driven ions,
due to ELM related injection of H/D atoms or impurities into the plasma, as cause of the spike
in the NPA flux. This is because: (1) The ELM related increase in impurity density in the
plasma decays on a time scale much longer than the flux-spike duration. (2) The timing
between the ELM and flux-spike do not match, sometimes the ELM comes little later than the
flux-spike. (3) Disturbance of impurity ionization balance in the plasma due to injection of
H/D atoms from the edge must relax throughout the plasma after the ELM(600|ls wide) in
<400u.s, contrary to measured 5-10ms width of the flux-spike, (4) If ELM induced increase in
neutralization probability were the cause of the flux-spike then the decay time of the flux-
spike in low energy NPA channels would be shorter than or equal to that for the high energy
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channels. The measured decay time of flux-spike is longer for low energies than for high-
energies, the decay time varies over 4—>2 ms for energies E(MeV)=0.3—»1.1. From arguments
(l)-(4) we conclude that the measured time evolution of the flux-spike is contrary to expected
evolution if transient enhancement of neutralization probability in the plasma had taken place.
We therefore exclude the ELM as cause of NPA flux-spike, as seen also in Fig.lb.

Deduction of radial displacement of energetic ions into stochastic ripple diffusion domain.
First evidence that the flux-spike represents expulsion of ICRF driven ions from the

plasma core is seen in a spectrogram of Be fluctuations. ICRF ion driven EAE(350-400 kHz)
and TAE(100-180 kHz) modes abruptly stop at the time of the flux-spike. The large flux-spike
and its energy dependent decay time suggest, in analogy with sawtooth induced displacement
observed in TFTR[10], that the ions suffer radial displacement from the plasma core at r/a<0.5
to a location of much greater neutralization at much larger r/a, where they remain trapped,
giving the large flux-spike. Subsequent loss of these ions due to stochastic ripple diffusion
gives the characteristic energy dependent decay time of the spike. The measured decay time of
the flux-spike was modelled using the ORBIT guiding centre cpde at PPPL, incorporating JET
TF-ripple and measured equilibrium. From this comparison we determine that the post-
displacement location of the banana-tips of the ions is at 1.39<Z(m)<1.55 (or 0.76<r/a<0.84 )
for ions of energy l.l>E(MeV)>0.3.

With this information in hand we were able to determine the energy distribution of ions
in the flux-spike. Fig.2 shows the deduced absolute energy distributions of the ions before and
after the spike. Due to uncertainty in impurity transport (which influences the EN
modelling[2]) at the post-displacement location of the ions, the absolute magnitude of the
distribution function of ions in the spike can not be determined, although variation with
energy is accurately deduced. Therefore in Fig.2 the energy distribution of ions during the
spike is normalized to that before and after the spike at the highest energies. From Fig.2 we
conclude that more low energy ions(E<0.6MeV) are displaced then higher energy ones.

Resonance between n=l/m=2 chirping mode and toroidal precession frequency of ions at q=2.
Fig.3 shows evolution of the most prominent MHD activity present at the time of the observed
ion displacement, an n=l chirping mode that rapidly downshifted from ~37kHz to ~8kHz in
the laboratory frame. Notice also that long-lived perturbations develop subsequently,
suggesting reconnection at q=2. During the ~8ms chirp the mode amplitude grew continuously
from 8Be(T)<3xl0"5 to 8Be(T)>3xlO"4, measured at the plasma edge. We find that for ions
with banana-tips at Z=0.9m, corresponding to the q=2 location, the mode frequency matches
the toroidal precessional drift frequency of the ions with E(MeV)<0.7, corresponding to the
most strongly affected ion population seen in Fig.2. We estimate that (1) At the q=2 location
the mode amplitude grew to (8Be/Be)^2xl0"~. (2) The corresponding toroidal current
perturbation would require 2.5x10 resonant ions to be moved out of the q<2 region,
corresponding to -10% of the ICRF heated ion population. (3) Using the criterion given
in[ 11], we find that the observed chirping rate of >106 Hz/s indicates that the mode-particle
resonance is changing in time non-adiabatically.

Work in progress.
For illustration, modelling was done as follows. It is reasonable to assume that with q(0)>l

a sawtooth like crash is caused by an n=l/m=2 internal kink mode. The mode structure, shown
in Fig.4, was obtained using the ideal MHD code NOVA[13]. The crash redistributes ions to
outside q=2, similar to that in the mixing model in[12], from where they are transported by
radial motion of the chirping mode. Such an approach was explored using ORBIT, into which
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were incorporated plasma rotation and mode chirping from 14kHz to 4 kHz in 3ms. Fig. 5
shows the result. Plasma rotation is necessary to obtain radial ion transport, as is frequency
chirping. Convective transport is thus suggested, rather than stochastic diffusion. To
determine mechanism of the measured large ion displacement is the subject of ongoing work.

Acknowledgements The authors are grateful to R.V.Budny, M. von Hellermann, I.Linington,
M.Mantsinen, V.Riccardo and K-D.Zastrow for careful analysis in support of this work.
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Fig.l(a and b). Pulse with (a) B$=3.4T, l^=2.SMA, q(0)=2, and (b) B,,F2.5T, l^=2AMA,
q(0)=1.65. PICRF , PNBN Te(0), Tj(O) and Da have usual meaning. DD fusion rate RDD, central
toroidal rotation frequency C0rot(0), and amplitude of n=l mode activity are shown. FH is the
flux of hydrogen atoms to the NPA, at two representative energies. The flux-spike at (a)~6.3s
and (b)~4.8s is observed at all energies in the measurement range.
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Fig.2. Measured energy distribution of the ions. During the flux-spike (1) for ions of
E>0.6MeV the slope of the energy distribution, or effective tail temperature, is unchanged
from ~230keV, (2) for ions of lower energy the effective tail temperature is reduced from
~230keV down to ~130keV.
Fig.3. Spectrum of magnetic fluctuations 8Be measured using external Mirnov coils.
Assuming that the n=l chirping mode down-shifted to OHz in the plasma frame, the observed
8kHz lowest frequency corresponds to toroidal plasma rotation frequency at q=2, giving m=2.
Radial profil of toroidal plasma rotation was measured independently using CX-spectroscopy.
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Fig.4. Calculated radial structure of internal kink modes with n=l and different m, using
NOVA, showing displacement as function of Vj/I/2

Fig.5. ORBIT calculation of ion transport, incorporating mode frequency chirping, plasma
rotation, and modification of mode-particle resonance condition due to plasma rotation. (5a)
shows the initial uniform radial distribution of 300keV ion density np within the flux-surface
with \\iw2=0.6. (5b) shows the result at the end of chirp, where radial ion transport is observed,
suggesting the way to proceed in modelling the measured redistribution of ions.
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8. High-Harmonic Ion Cyclotron Heating in DIII-D:
Beam-Ion Absorption and Sawtooth Stabilization1

W.W. Heidbrink," S. Bernabei,6 J. Carlsson,c T. Dang,a J. deGrassie,d E.
Fredrickson,6 E.A. Lazarus,c T.K. Mau,e C.C. Petty,0 R.I. Pinsker,c M.

Porkolab/ B.W. Rice/
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Combined neutral beam injection and fast wave heating at the fourth cy-
clotron harmonic produce an energetic deuterium beam-ion tail in the DIII-
D tokamak. When the concentration of thermal hydrogen exceeds £5%,
the beam-ion absorption is suppressed in favor of second harmonic hydro-
gen absorption. As theoretically expected, the beam absorption increases
with beam-ion gyroradius; also, central absorption at the fifth harmonic is
weaker than central absorption at the fourth harmonic. For central heat-
ing at the fourth harmonic, an energetic, perpendicular, beam population
forms inside the q = 1 surface. The beam-ion tail transiently stabilizes the
sawtooth instability but destabilizes toroidicity-induced Alfven eigenmodes
(TAE). Saturation of the central heating correlates with the onset of the
TAE. Continued expansion of the q = 1 radius eventually precipitates a
sawtooth crash; complete magnetic reconnection is observed. In recent ex-
periments, the effect of plasma shaping, harmonic number, and beam species
(H, D, 3He) on these findings is investigated.

Contributed paper presented at the 6th IAEA Technical Committee Meet-
ing.on Energetic Particles in Magnetic Confinement Systems

supported by Subcontract SC-G903402 to U.S. DOE Contract DE-AC03-
99ER54463.
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Summary
This contributed talk primarily reports results from 1998 DIII-D exper-

iments on fast wave heating of deuterium beam ions at the fourth cyclotron
harmonic. A recently published journal article [1] contains detailed analysis
of these data. The conclusions of the 1998 study are:

1. Fourth harmonic heating of deuterium beam ions creates an energetic,
perpendicular beam population inside the q = 1 surface. The ab-
sorption increases as k±pinj increases. Second harmonic absorption on
thermal hydrogen is important for concentrations above ~ 5%.

2. The precessing beam ions can transiently stabilize the sawtooth when
the rf power exceeds 1 MW and the resonance layer is located inside
the q = 1 surface.

3. The trapped ions also destabilize the TAE and EAE. The TAE is
responsible for saturation of the central electron temperature.

4. The sawtooth crash is caused by current accumulation on axis. Be-
cause the beam population is limited by the TAE, the crash always
occurs when the q = 1 surface reaches the same radius.

5. Complete reconnection at the sawtooth crash occurs.

The talk also contains some data from the 1999 campaign. These ex-
periments explored a wider variety of plasma shapes and included studies
of hydrogen and 3He beam-ion acceleration. Preliminary analysis indicates
the data are consistent with the previous findings.
Reference
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9. Physical Mechanisms of Fast-Ion Loss 1
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ABSTRACT. Theoretical analysis and simulations with a Hamiltonian
guiding center code are used to understand fast-ion transport in several
DIII-D experiments. In one study, the slowly rotating magnetic islands
produced by large tearing modes reduce the neutral beam current drive
efficiency and 2.5 MeV neutron emission by as much as 65%. The losses are
caused by intrinsic orbit stochasticity. In another study, the confinement of
1 MeV tritons is unaffected by externally-imposed n — 1 and n = 3 helical
fields with amplitudes of ~ 10 G. In a third study, the measured magnetic
fluctuations are too small to explain beam-ion losses during TAE activity;
we speculate that parallel electric fields play a role in the observed transport.

Contributed paper presented at the 6th IAEA Technical Committee Meet-
ing on Energetic Particles in Magnetic Confinement Systems

'Work supported by Subcontract SC-G903402 to U.S. DOE Contract DE-AC03-
99ER54463.
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Overview
This poster reports results from three separate studies of the effect of

helical fields on energetic-ion confinement. Much of the work was performed
by E.M. Carolipio for his Ph.D. thesis. Each study is being submitted for
publication as a separate journal article. The main conclusions are summa-
rized here.

Simulations of Beam Ion Transport during Tearing Modes [1]
The goal of this study is to understand the large reductions in neutron

rate and neutral beam current drive that are caused by tearing modes in an
earlier experiment [2]. The working hypothesis is that coupling between the
n — 0 orbit shift of the fast ions (caused by the curvature and V5 drifts) and
the n = 1 helical perturbation causes drift islands in the phase space that
describes the fast-ion orbit. If these drift islands overlap, orbit stochasticity
ensues. Both analytical theory and numerical simulations using a Monte
Carlo guiding center code are consistent with the data, confirming that
intrinsic orbit stochasticity is responsible for the poor beam-ion confinement.

The Weak Effect of Static, Externally Imposed, Helical Fields on
Fusion Product Confinement [3]

The idea in this experiment is to use coils that were installed to partially
cancel intrinsic field errors to enhance field errors. The effect of the coils on
the fast ions is monitored by measuring the "triton burnup," i.e, the ratio
of the 14-MeV neutron rate to the 2.5-MeV neutron rate. Experimentally,
we find that the amplitude of the applied perturbation is restricted to ~
10 G; larger values often halt the plasma rotation, resulting in a disruption.
These perturbations are an order of magnitude smaller than the tearing-
mode perturbations implicated in the degradation of fast-ion confinement
in the first experiment [1]. The applied perturbations have no detectable
effect on the fusion-product confinement.

The TAE Mode Structure in DIII-D: Implications of Soft X-ray
and Beam-Ion Loss Data [4]

In this study, a plasma .from an earlier DIII-D study of neutral-beam
driven TAEs [5] is analyzed theoretically by three different models. The
predicted eigenfunctions differ greatly for the ideal MHD model (NOVA-K),
the gyrofluid model (Oak Ridge), and the gyrokinetic (PENN) calculations.
The soft x-ray data indicate appreciable fluctuations in the plasma core;
the PENN code comes closest to reproducing this feature. The theoretical
predictions are employed in a Hamiltonian guiding center code in an attempt
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to understand the measured beam-ion losses. Only perturbations associated
with 6B are included in the simulations. The simulated losses using the ideal
MHD eigenfunction are an order of magnitude smaller than the measured
losses. We speculate that transport associated with finite E\\ plays a role
in the losses; mode conversion to kinetic waves may produce these parallel
electric fields.
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10. Energetic Ion-driven Alfvén Eigenmodes
in the START Spherical Tokamak
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Benign Alfvénic instabilities have been observed during and immediately after neutral beam in-
jection in the START spherical tokamak. TAE eigenvalues and eigenfunctions computed for
START parameters using two MHD codes (NOVA and MISHKA-1) are in excellent agreement
with each other, and, allowing for large experimental uncertainties, the eigenvalues are consistent
with observed mode frequencies. Damping of these modes is dominated by ion Landau damping.

1. Introduct ion

Spherical tokamaks (STs) have densities comparable to those of conventional tokamaks
but lower magnetic fields, and hence lower particle energy thresholds for the excitation
of Alfvén eigenmodes (AEs). STs thus provide excellent laboratories for testing AE
theory, and for simulating the effects of a-driven AEs in a tokamak power plant. AEs
were observed during and immediately after neutral beam injection (NBI) in the UKAEA
Small Tight Aspect Ratio Tokamak (START) [1]: beam-heated plasmas in this device had
major and minor radii RQ ~ 0.3 — 0.4m, a ~ 0.2 — 0.3m, aspect ratios Raja ~ 1.25 — 1.5,
and ellipticities K ~ 1.5 — 1.7. Hydrogen atoms were co-injected tangentially to the
magnetic axis with energy e ~ 30keV and hence speeds v ~ 2.4 x IO6 ms"1: a typical value
of the Alfvén speed c^ was 106ms~1. In this paper only fixed-frequency Alfvénic modes
are discussed: chirping modes in the Alfvén frequency range were more common during
NBI on START, but are less well-understood theoretically [1]. The fixed-frequency
modes had no observable effect on plasma performance.

2. Observations

Modes with fixed frequencies v ~ 50 — 350 kHz, lasting for 1-5 ms and with poloidal
mode numbers m ~ 1-4, were detected using Mirnov coils in discharges with beam
power -PNBI ^ 500 kW or during the early phase of discharges with -PNBI — 800 kW. In
the latter case electron density ne and current had not reached flat-top, so the absorbed
beam power was relatively low. The toroidal beta fc was also low when these modes
were observed (ßi < 3-5%). The frequencies were generally comparable to the TAE
gap frequency v A = CA/^TTCRQ ~ 200 kHz (q being the safety factor). Because these
modes appeared infrequently, and for periods shorter than the rise time of ne, it was not
possible to determine a scaling of v with ne. The power spectrum of a fixed-frequency
mode observed during the early phase of a discharge with PNBI — 800 kW is shown in
Fig. 1. Toroidal and poloidal mode numbers n = 1 and m = 1, 2 appear to have
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been dominant. Several distinct peaks can be seen, the strongest at ~220-250kHz. The
spectrogram of this burst [2] shows that the higher frequency peaks were excited first.
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Fig. 1. Outer midplane Mirnov coil power spectrum from shot 35305, t ~ 26 ms, fir = 2.i
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Fig. 2. Spectrogram from shot 36484 (fir =s 3%j,

obtained using an inboard Mirnov coil.

Modes in the Alfven frequency range
and above were also observed during
START shot 36484, in which NBI was ap-
plied initially, then switched off 3 ms af-
ter plasma formation, before significant
beam heating had taken place. Fig-
ure 2 shows a spectrogram obtained dur-
ing this "beam-assisted ohmic" shot us-
ing an inner Mirnov coil, 38 cm below
the midplane. NBI was switched off at
t = 26 ms: for up to 1.5 ms after that,
fixed-frequency modes were observed at
v ~ 100 - 200kHz and v ~ 400 -
600 kHz. These were detected on both in-
ner and outer coils: the power spectrum
on the inboard side peaks at v ~ 500 kHz,
while the strongest feature in the out-
board spectrum lies at v ~ 100 kHz.

3. Modelling of Toroidal Alfven Eigenmodes
We have used the CSCAS [3] and NOVA [4] codes to compute continuous shear Alfven
spectra in START, with input data consisting of an equilibrium (reconstructed using
the EFIT code [5]) corresponding to the time of mode excitation in shot 35305. In
the TAE frequency range both codes indicate the presence of a very large toroidicity-
induced gap in the Alfven continuum, centred on v ~ VA [1]- Similar predictions have
been made for the National Spherical Torus Experiment [4]. The continua obtained using
CSCAS contain other broad gaps at frequencies above v^: ellipticity-induced AEs (EAEs)
and non-circular triangularity-induced AEs (NAEs) may exist in gaps at v ~ 2VA and
v ~ 3VA, respectively. The combination of tight aspect ratio and non-circular shaping
characteristic of STs suggests that the presence of broad gaps in the Alfven continuum

- 3 2 -



Damping/Drive Process
trapped electron collisional
electron Landau
plasma ion Landau
beam drive (FOW effects only)
beam drive (FOW + FLR effects)

7/w (%)
-0.031
-0.005
-1.401
+3.600
+1.470

JAERI-Conf 2000-004

each point on the guiding centre orbit). Despite strong ion Landau damping and FLR
stabilization, the net drive is positive: this is due mainly to the beam pressure gradient,

rather than the bump-on-tail in /&.
Table 1. Damping and drive of mode shown in Fig. 1. ^ i n d e p e n d e n t e s t i m a t e o f t h e i o n

Landau damping, made using the
CASTOR-K code [7], is somewhat
lower than the NOVA-K value. Ra-
diative damping, not included in these
calculations, may significantly affect
the net drive.

4. In terpre ta t ion of Modes Observed In Qhmic Shot

The beam-assisted START shot 36484 (Fig. 2) is reminiscent of "afterglow" experiments
on TFTR [8] and JET [9], in which TAEs were destabilized by a drop in beam and thermal
damping following auxiliary heating. In the START shot beam ions provide drive rather
than damping. Strong TAE drive requires the presence of fast ions with parallel velocity
•U|| = CA- Up to the time of beam switch-off in shot 36484, /& probably peaked at v\\ > CA'
it appears that instability only occurred during the slowing down period following beam
switch-off. It is possible that the higher frequency (u ~ 500 kHz) mode observed in
this shot may have been been an EAE, excited by fast ions with v\\ = CA/2. Detailed
modelling of AE drive and damping in this shot has yet to be carried out.

5. Summary

NBI in spherical tokamaks provides opportunities to test AE theory, simulate the ef-
fects of a-driven AEs in tokamak power plants, and benchmark MHD/kinetic codes at
tight aspect ratio and high elongation. Benign instabilities observed during NBI in the
START spherical tokamak include modes identified as TAEs. Higher frequency oscilla-
tions observed after beam switch-off in a beam-assisted ohmic shot may have been due
to EAEs. Continuous Alfven spectra corresponding to START equilibria contain wide
gaps in which multiple Alfven eigenmodes could be driven unstable by beam ions. TAE
eigenvalues computed using NOVA and MISHKA-1 are consistent (within experimental
uncertainty) with frequencies of modes observed in START. Damping of these modes ap-
pears to be dominated by ion Landau damping, instability being driven mainly by beam
pressure gradients rather than velocity-space gradients.

This work was funded by the UK Dept. of Trade & Industry, EURATOM and the US Dept. of Energy.
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at frequencies of order v& and above is likely to be a generic feature of such devices.
Figure 3(a) shows the plasma displacement f [r) corresponding to a TAE with n = 1,
computed using NOVA with equilibrium parameters again taken from shot 35305. Figure
3(b) shows a radial velocity eigenfunction vr(r) = £(r) computed for the same equilibrium
using the MISHKA-1 code [6]. The frequency eigenvalues (306 kHz and 310 kHz) only
differ by about 1% and, apart from arbitrary normalizations, vr(r) is almost exactly
equal to —£(?"). The two codes are thus in excellent agreement at tight aspect ratio. As
observed in shot 35305, poloidal harmonics m = 1, 2 are dominant.
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Fig. 3. TAE eigenfunctions obtained from (a) NOVA and (b) MISHKA-1 using equilibrium
parameters corresponding to Fig. 1. The quantity (r/a)2 is normalized poloidal flux.

NOVA and MISHKA-1 computations reveal several other n = 1 TAEs in the same
frequency range. This is consistent with the observed multiple spike structure, and is due
in part to low magnetic shear. Experimental uncertainties in q, ne and plasma rotation
can account for differences between the computed eigenvalues and observed frequencies.

AE drive is determined in part by. the beam ion distribution fb. Running the Monte Carlo
code LOCUST [1] for parameters believed to be representative of shot 35305, we obtain
a beam distribution with a bump-on-tail: velocity-space features of this type, which
occurred frequently in START, can be attributed to neutralization of beam ions outside
the last closed flux surface [1]. We have constructed an analytical approximation to /&
in shot 35305, suitable for use in the NOVA-K code [4], in terms in energy e, magnetic
moment // and toroidal canonical momentum Pv:

fh(fi,£,Pv) X

where: e = e/e&o, £fco = 31.2 keV being the injection energy; Ao, AA, £Q and Ae are
functions of P^,; and Aj, PVQJ and APW- (j = 1 — 4) are constants. We thus approximate
fb by a product of displaced Gaussians in e and fx/e, and a more complex function of
Py. Using this /& as input to NOVA-K, together with temperature and density profiles
which were measured or inferred from similar shots, we obtain the drive and damping
rates shown in Table 1: the drive was computed taking into account finite orbit width
(FOW) and finite Larmor radius (FLR) effects (with Larmor radii estimated locally at

- 34 -



JP0050587
JAERI-Conf 2000-004

11. Particle Kinetic Effects on MHD Phenomena*
C. Z. Cheng

Princeton Plasma Physics Laboratory, Princeton University

Princeton, NJ 08543, USA

Particle kinetic effects on MHD phenomena and associated particle transport have been

the central issues of alpha particle physics. The stability of TAE type modes, fishbones

and sawtooth stabilization, and kinetic ballooning instabilities are some of the examples.

However, in most previous studies the theoretical treatments based on the kinetic-MHD

model have been incomplete because core plasma kinetic effects were mostly neglected.

Here, we present a nonlinear kinetic-fluid model that embeds important kinetic effects

due to finite ion Larmor radii (FLR), wave-particle resonances, magnetic particle

trapping, etc., in the framework of one-fluid description. A new generalized Ohm's law

is obtained for multiple ion species plasmas. The particle kinetic effects are introduced

via plasma pressure tensors which are computed from particle distribution functions that

are governed by kinetic equations. Ion FLR effects provide a parallel electric field, a

perpendicular velocity that modifies the ${¥bf E} ¥times {¥bf B}$ drift, and a

gyroviscosity tensor, all of which are neglected in the previous kinetic-MHD

description. We will demonstrate how the kinetic-fluid model can provide proper

treatment of major fast particle physics issues. Moreover, discussions will be given to

show how the kinetic-fluid model can be employed to improvelinear and nonlinear

kinetic-MHD codes such as the NOVA-K and MH3D-K codes.

* Work is supported by USDoE contract No. DE-AC02-76-CHO-3073.
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12. Non-resonant, Diffusive Interaction of Superthermal Ions with
the Sawtooth Instability during ICRH

Avrilios Lazaros
National Technical University of Athens, Greece

Abstract A new interpretation is proposed for the well-known observation of
sawteeth stabilization, during ICRH at JET and TFTR. It is shown that the radial
fluxes of superthermal and thermal ions across the q=l surface, exchange a finite
amount of power with the m=l internal kink mode (associated with the sawtooth
instability) which is suppressed. The dominant contribution to this effect in the
present theory is provided by the passing ions, which experience (due to the
fluctuations) a much faster (than the trapped ions) radial diffusion.

1. Introduction
The well-known "sawtooth instability", thought to be triggered by the m-l

internal kink mode, has been observed in every tokamak since its discovery at PLT. With
the application of powerful heating in JET [1] and TFTR [2], it was subsequently found
that the sawteeth oscillations are suppressed during ICRH. In some cases the stabilized
phase of a single "monster" sawtooth is sustained through-out the ICRH pulse, while in
other cases "giant" sawteeth reoccur in the electron temperature, but with a repetition
time which is mach larger than the sawteeth period in the absence of ICRH. Furthermore
it was found at JET and TFTR that sawteeth stabilization is achieved better with on-axis
ICRH, when the power deposition profile is peaked inside the q=l surface.

The experimental finding that sawteeth stabilization persists, past the end of the
ICRH pulse, for time intervals comparable to the fast-ion slowing-down time, provided
the clue that sawteeth stabilization is a superthermal ion effect. By now the best-known
mechanism of sawteeth stabilization [1] is a consequence of the toroidal precession of the
superthermal trapped-ion "banana" orbits. The toroidal precession of the banana orbits,
however, is not the only superthermal ion flux. Superthermal ions experience also radial
diffusion in the background plasma, out from the IC resonance where they are produced.
Radial diffusion of the passing ions in particular, in the Rechester-Rosenbluth model [3],
is a consequence of the magnetic fluctuations. In the present work it will be shown that
the radial diffusive flux of the superthermal ions provides an additional, or the dominant,
stabilizing effect on sawteeth.

2. Power Transfer to the m=l Mode during ICRH
The general formula for the power transfer [4], from a population of charges with

density n , to a magnetic perturbation such as bmn (r)expi(m0 + ncp- cot) is

dP r i \
— = qB0-[(O-<Q* }iqvq. (1)
dV m H

where vq is the diffusion velocity due to the mode and 0)*q is the diamagnetic-rotation

angular velocity of the population of the charges i.e.
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CD*q =Tq(qBorAqy, with Aq =-nq(dn(j/dr)~]. (2)

The dependence of the exchanged power on the mode amplitude b is implicitly included

through vq . The actual relation between b and vq depends on the transport model. In

the Rechester-Rosenbluth model [3] (for the diffusion velocity due to the magnetic

fluctuations) vq is quadratic in b .

Given relation (1), we examine below the non-resonant transfer of power to the
m -1 mode, during ICRH deposition: (i) on axis, and (ii) outside the q = 1 surface,
(i) During on-axis ICRH there is in principle a peaked superthermal ion density
profile inside the q -1 surface. In the presence of the peaked superthermal ion density
profile, the radial fluxes of charges (other than the ambipolar steady-state fluxes of
thermal ions and electrons) across the q = 1 surface are:

• the diffusive flux of superthermal ions out from the q = 1 surface, and

• the (opposite to the superthermal ion flux), flux of thermal ions which is required for
particle balance inside the q = 1 surface.

The power which is transferred to the m = 1 mode by the above superthermal and thermal
ion fluxes, according to relation (1), is

-^- = eBor(Q)-CQ*si)nsivsi, (3)

dV u ^
The total transfer of power to the mode, by both fluxes, is obtained by adding relations (3)
and (4). Given, however, that the superthermal and thermal ion fluxes, out from and into
the q = 1 surface, are opposite to each other (i.e. «,!>,- = -nsivsi) we obtain that the total
transfer of power to the m -1 mode is given by

dv ° *' *•"
Relation (5) discloses that any finite transfer of power to the mode would arise from the
difference co*si - «*, and is independent of the mode frequency. Given that for outward

diffusing superthermal ions vsi > 0, a necessary condition for the suppression of the

mode is co*si > con. The effect of this power transfer on sawteeth will be examined

quantitatively in the following section.
(ii) During ICRH outside the q — 1 surface there is in principle an almost flat
superthermal ion density profile inside the q = 1 surface. This is a consequence of the
very fast steady-state diffusion of the superthermal ions, which could accumulate on axis
before of been thermalised. In the presence of the almost flat superthermal ion density
profile, the diffusive flux of the superthermal ions across the q = 1 surface would be
negligible and, hence, according to relation (5), there is no power transfer to the m-\
mode. This would explain why no effect on sawteeth was observed during ICRH outside
the q = \ surface.
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3. Power Transfer to the m=l Mode at the "Sawteeth Cycle"
In this section we examine quantitatively the effect of the power transfer on the

m = 1 mode. The mode apparently would be suppressed when the power it looses to the
superthermal and thermal ions exceeds the power it obtains from plasma MHD-activity.
During the saturation phase, power input to the mode is equal to its resistive decay rate,

jy2. The condition for the suppression of the mode, expressed through the "efficiency

parameter" " / ", consequently is

^ W T ] / 2 < - 1 . (6)

Relation (5), with the aid of relation (2), and the Rechester-Rosenbluth expression for the

diffusion velocity, i.e. vsi ~ \p/B0 j (Tsi/mi ) l / 2 , could be also written in the form

dV [At s i [ Q j
(with all of the parameters in SI units, T in eV and n in 1019m~3). Using the well-

known relations 7] -SxlO^Z^T'3'2, j~b/{i0L where L is the scale length of the

m-\ mode, and L~ r/m = r we obtain

2 » ^ . (8,
1 e

Relations (7) and (8) together give

(9)
nt

Below we examine, in terms of the scale lengths, Ai and Asi, the variation of the
efficiency parameter and the evolution of plasma dynamics, as ICRH is launched on axis
in the presence of the sawtooth instability. The density profile scale lengths Ai and Asi

(at the location of the q = 1 surface) apparently depend on the steady-state transport
model and, in the presence of the m = 1 mode, the effect of the mode on the diffusion
velocity. If the diffusion velocity due to the mode is small compared to the steady-state
diffusion velocity, the mode has no effect on the density profile which is determined
exclusively by the steady-state transport. On the contrary, if the diffusion velocity due to
the mode is large compared to the steady-state diffusion velocity, the density profile is
locally flattened at the q = 1 surface. The local flattening of the thermal ion/electron
density profile at the q = \ surface (i.e. Ai =°°), in the presence of the m -1 mode, by

now has been well established/observed at the experiment. For the superthermal ions,
however, it is reasonable to assume that the diffusion velocity due to the mode is small
compared to the steady-state diffusion velocity, because of the very large gyro-radius.
This implies that the m = 1 mode should have no effect on the superthermal ion density
profile (which is determined by the steady-state diffusion model and the collisional
thermalization rate). In the absence of any information, as a first approximation, we use
Asi ~ a where a is the plasma radius. With the parametric values of a typical JET
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plasma, i.e. a = lm, rq=l=03m, B0=3T, ne = lx(1019m~3), Te =Tt =2xl03eV,

Zeff=2, the hypothetical value of r r i =10 4 eV, and the model approximations of

Ai=°°, Asi=a, relation (9) gives / ~ -104 (n si jni). It follows that a superthermal ion

density of nsi > KT4^- would be sufficient to suppress the mode. It must be pointed out,

however, that the Rechester-Rosenbluth expression applies basically for the passing ions,
while the majority of the superthermal ions, which are produced by the ICRH, are

trapped. Nevertheless, the required population of lO"4^, passing ions is expected to be

available in a typical ICR heated plasma.
With the suppression of the m = 1 mode, the thermal ion density gradient recovers

to a finite value at the q = \ surface (i.e. At ^°°) . At the same time, as the electron
temperature rises, the collisional thermalization procedure becomes less effective in
maintaining the gradient of the superthermal ion density profile, which becomes broader.
The consequence is that the stabilizing term Tsi/Asi decreases, while the destabilizing

term Ti/Ai increases. Given that (in the absence of the mode) Asi > Ai the difference of

the two terms in relation (9) eventually could turn positive and the power transfer
destabilizing. Sawteeth modulations, after the suppression of the m = \ mode,
consequently, could be described by the variation of / in the following way:

• When / < - l the stabilized phase persists through-out the ICRH pulse and
terminates (with the crash of the "monster" sawtooth), past the end of ICRH, within
the characteristic superthermal ion slowing-down time.

• When - 1 < / < 0 the stabilized phase becomes marginally stable.

« When / > 0 the stabilized phase terminates/crashes, before the end of ICRH, within
the characteristic internal-kink growth time.

With the growth and reappearance of the m = 1 internal kink mode, in the latter case, the
thermal ion density profile is instantly flattened at the q = 1 surface. This subsequently
leads to / < -1 and the "giant sawteeth cycle" is repeated through-out the ICRH pulse
with a period which corresponds to the profile recovery time.

4. Conclusions
It is remarkable that the two theoretical models, for the suppression of the

sawtooth instability by superthermal ions, are completely opposite to each other, i.e.:
• The resonant interaction is driven by the toroidal precession of trapped ions.
• The non-resonant interaction is driven by the radial diffusion of the passing ions.
The relative effectiveness of the two interactions apparently depends on the ratio of the
populations of the trapped ions and the passing ions.
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13. Fishbone mode in high-/? discharges of spherical tokamaks

Ya.I.Kolesnichenko, V.V.Lutsenko, V.S.Marchenko
Scientific Centre "Institute for Nuclear Research", Kyiv, 03680, Ukraine

Using Hamiltonian formalism, it has been shown that well-trapped energetic ions
moving outwards consume the energy of MHD perturbations through the precessional
resonance provided that the plasma pressure is sufficiently high. This supports the con-
clusion of recent publication [1] that the fishbone mode is stablized in high-/? discharges
of spherical tokamaks. It has also been found that the presence of the velocity anisotropy
of energetic ions does not change this conclusion.

I. INTRODUCTION

It is known that fishbone instability can result in the loss of a considerable fraction of
energetic ions in Conventional Tokamaks (CT). This instability is associated either with
trapped or circulationg energetic ions. It is reasonable to begin the study of the fishbone
mode in ST's with the case when the mode is induced by the presence of the trapped
particles. The reason is that the small aspect ratio of Spherical Tokamaks (ST) has to
result in appearance of a quite considerable fraction of the trapped energetic particles
even in the case of the tangential Neutral Beam Injection (NBI), which is confirmed by
numerical simulation for National Spherical Torus Experiment (NSTX) [2].

The first step in this direction was made in Ref. [1] where it was found the fishbone
behaviour dramatically changes when /5 (/? = 8irp/B2) becomes so high that plasma
diamagnetism results in non-monotonic dependence of the equilibrium magnetic field,
J50, on the large radius of the torus, R, with the minimum close to the magnetic axis
where the "magnetic valley" arises. In this work we present a new qualitative analysis
of the fishbone instability and analyze fishbone mode in the presence of strong velocity
anisotropy of energetic ions.

II. QUALITATIVE ANALYSIS OF STABILITY

Let us consider the motion of a well-trapped energetic ion in an axisymmetric toroidal
system in the presence of a small perturbation of the electromagnetic field. For this
purpose we write the guiding centre Hamiltonian, H, as a sum of equilibrium and per-
turbed parts: H = HQ + H, where "0" and the tilde label equilibrium and perturbed
quantities, respectively. To describe the equilibrium magnetic field, BQ, we use con-
travariant and covariant presentations in flux coordinates [3,4]. Then we can write the
equations describing the motion in radial and toroidal directions in Hamilton's form
as follows: P^ = —dH/dC,, C = dH/dP^ where P^ is the canonical angular momen-
tum, C = 4> + v(i>,0), v{i>,0) is a small correction, ip,6,(j) are the radial, poloidal,
and toroidal coordinates, respectively, ip being the poloidal magnetic flux. We take
H = H{ij),6,t)exp{—in(j) — iut} where u is the wave frequency, n is the mode number
to be taken ±1 . In addition, we assume that characteristic times of the perturbation
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are large compared to the bounce period of the energetic ions, rb. Then the effect of the
perturbation on the energetic ions for the time which well exceeds the bounce period is
determined by the following equations:

P~c = inH (1)

where H = r " 1 J0
T Hdt, is the average Hamiltonian for r » rb. One can show that only

resonant particles will be displaced essentially by the perturbation. In the case when
u >C Ub, aid <C cob (uJd the frequency of the toroidal precession, ub = 2ir/Tb) and n is low,
the resonance condition is:

u + nud = 0. (2)

For further analysis we note that ua can be approximated as u^ « — (vdo/Bp) (dB0/dr),
where brackets denote bounce averaging, Vdo = pv/(2Ro), p = V/UJB is the Larmor
radius, Bp is the poloidal magnetic field, r is the radial coordinate, RQ is the radius
of the magnetic axis. For the well trapped particles (dB0/dr) — dB0/dr\g=0, which
means that the direction of the toroidal precession of these particles is determined by
the sign of dBo/dr\g=o. Because of this the resonance condition (2) involves modes
rotating in different directions in tokamaks with dB0/dr\g=0 < 0 (in which case n < 0)
and dB0/dr\e=0 > 0 ( n > 0).

Now we proceed to consideration of the power exchange between a particle and the
perturbation. It is clear that the change of the particle energy is dH/dt. Therefore,

v = — - - • ¥

Comparing Eq. (3) and Eq. (1) we conclude that

v=-¥<- <4>
Equations (2), (4) show that when. dB/dr\g=0 < 0 ( which is the case in CT's), the
resonant particles that move radially outwards (P^ < 0) give their energy to the waves
(V < 0). This together with the fact that the instability caused by the spatial gradient
tends to make the radial profile to be homogeneous (and, thus, leads to particle outward
motion) explain why energetic ions with normal radial profile of their density, dna/dr <
0, can result in fishbone instability in CT's. In contrast to this, if the energetic ions moved
outwards in a tokamak with dB/dr\g=o > 0 they would consume the wave energy. This
implies that the presence of the magnetic valley tends to stabilize the instability.

III. ANALYSIS OF DISPERSION RELATION

There are two fishbone branches: the high-frequency branch, (precessional branch)
[5], and the low-frequency branch, (diamagnetic branch) [6]. One can show that a suffi-
cient condition of stability of both branches is

ImWh<0 (5)

Wh is the fishbone-induced energy change of the energetic trapped particles.
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In order to find ImWj, we have to specify the equilibrium magnetic field strength.
We take it in the form:

BQ = £(0)(l - e cos 6 + e2(a + a cos2 0)), (6)

where e = T/RQ = KQ^/IJ)/B(Q), KQ is the curvature of the magnetic axis, a and a
are adjustable parameters. Eq. (6) approximates rather well the magnetic field in a
considerable part of the ST plasma, provided that the parameters a and a are chosen
in a proper way. In particular, a = 4, a = 1 fit rather well the central part of an
NSTX discharge [1]. One can see that in the region e > l/(2a) teardrop particles (orbits
localized either above or below the equatorial plane of the torus) appear in addition to
banana particles.

Using Eq. (6) and the general expression for Wh of Ref. [7] we obtain:

Im Wh = ^ ^
0 i=t,b

where F = F(r,£,\) is the distribution function of the energetic ions, A = fj,B(0)/£,
£ the particle energy, the subscript i labels species (bananas and teardrops), Gl =
Gi(r,X) = {cos 9) — 2e(a + a (cos2 6)). G is associated with the precession frequency as
CJ* = (qvao/rfG^lr, X) The dependence of G(X) for various plasma equilibria (various a)
and various banana locations are presented in Fig. 1. We observe that finite a essentially
affects features of the particle toroidal precession, the effect being sensitive to particle
radial location. This result is confirmed analytically for the well trapped particles for
which Gb = 1 — 2e{a + a). We conclude from this that the direction of the precession
velocity of well trapped particles is reversed for 2e(a + a) > 1.

Now we analyze Eq. (7). At first, we assume that velocity distribution of the energetic
ions is isotropic. Then the first term in the integrand of Eq. (7) is vanishing. The second
term is stabilizing for the monotonically decreasing energy distribution of fast ions. The
sign of the third term in the integrand coincides with Sgnuj. Therefore, when the
fishbone mode is localized mainly in the region with the magnetic valley so that the
contribution of the region w i t h ^ < 0 to the integral over r dominates, this term is
also stabilizing. Note that ImW^ ^ 0 only when the resonance condition is satisfied,
therefore, the stability of fishbones with n < 0, ujd < 0 is a consequence of the fact that
the resonant particles are absent. Thus, when Ud < 0, fishbone modes should be stable
but reasons for stability are^different for n = 1 and n = — 1. In order to observe effect of
the magnetic valley on Im Wh, numerical calculations for various magnitudes of a have
been carried out. It was found that the mode with n = 1 is always stable. The mode
with n = — 1 can be unstable but ImM^ goes to zero when a increases, which implies
that instability threshold {nc

h
rit) goes to infinity. For instance, the increase of a from

zero to four leads to the increase of the threshold by a factor of 35.
In order to investigate the role of the velocity anisotropy of the energetic ions we take

F oc (1 -r2/a2y£-3/2H(£a-£)5(K) (K is the trapping parameter, H(x) is the Heaviside
function) and r(q = 1) < R0/(2a). Then we integrate over the energy using 5-function
and over A by parts in the integrand of Eq.(7). The obtained equation was integrated
numerically. The results are shown in Fig. 2. We observe that Im Wh < 0, and thus the
fishbone instability is absent.
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IV. SUMMARY AND CONCLUSIONS

We have found that in ST's with the magnetic valley the fishbone mode associated
with the trapped energetic ions can be stable for an arbitrary magnitude of the fast ion
pressure. This is a consequence of the fact that the direction of the toroidal precession
is reversed when the plasma pressure is high. Therefore, the stability takes place when a
considerable part of the plasma region with q < 1 is characterized by the magnetic field
increasing outwards (e.g., when a > 1, a = 1).

The work was supported in part by the IAEA contract No. 10539. The authors would
like to thank Yu.V.Yakovenko for fruitful discussions.

References

[1] Ya.I. Kolesnichenko, V.V. Lutsenko, V.S. Marchenko, Phys. Rev. Lett. 82, 3260
(1999).

[2] D.R. Mikkelsen, R.B. White, R.J. Akers, et al., Phys. Plasmas 4, 3667 (1997).
[3] A.H. Boozer, Phys. Fluids 24, 1999 (1981).
[4] R.B.White, M.S.Chance, Phys.Fluids 27, 2455 (1984).
[5] L. Chen, R.B. White, and M.N. Rosenbluth, Phys. Rev. Lett. 52, 1122 (1984).
[6] B. Coppi and F. Porcelli, Phys. Rev. Lett. 57, 2272 (1986).
[7] F. Porcelli, R. Stankievicz, W. Kerner, H. Berk, Phys. Plasmas 1, 470 (1994)

2.0

FIG.l. FIG.2.

FIG. 1. Dependence of normalized precession frequency of banana particles on A.
FIG. 2. Normalized fishbone-induced energy change of fast ions versus the mode frequency

for n = +1, a = 4, a = 1 and various u, where v is defined by n = n(0)(l — r2/a2)w,
^a/(^B(0)rsi?), rs is the q = 1 radius.
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14. Resonant Toroidal Alfven Elgenmodes (RTAEs) In Neutral Beam Heated

Reverse Magnetic Shear Plasmas on TFTR*

R. Nazikian, N.N. Gorelenkov, R.V. Budny, C.Z. Cheng, G-Y. Fu
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Introduction
Resonant Toroidal Alfven Eigenmodes (RTAEs) [1,2] excited by neutral beam

ions are observed in the region of the internal transport barrier in enhanced reverse shear
(ERS) plasmas on TFTR. These modes occur in multiples of the same toroidal mode number
in the range n=2-4 and appear as highly localized structures near the minimum in the q-
profile with frequency near to that expected for TAEs. Unlike regular TAEs, these modes are
observed in plasmas where the birth velocity of beam ions is well below the fundamental or
sideband resonance condition. Theoretical analysis indicates that the Toroidicity induced
Alfven Eigenmode (TAE) does not exist in these discharges due to strong pressure gradients

(of the thermal and fast ions) which moves the
mode frequency down into the lower Alfven
continuum. However a new non-perturbative
analysis (where the energetic particles are
allowed to modify the mode frequency and
mode structure) indicates that RTAEs can be
driven by neutral beam ions in the weak
magnetic shear region of ERS plasma,
consistent with observations on TFTR. The
importance of such modes is that they may
affect the alpha particle heating profile or
enhance the loss of energetic alpha particles in
an advanced tokamak reactor where large
internal pressure gradients and reverse
magnetic shear operation are required to
sustain large bootstrap current.
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160 Experimental Results
Reverse magnetic shear operation

has proven to be an effective means for
enhancing the transient performance of large
Tokamak plasmas, and provides a

Fig. 1. Profiles of safety factor and beta (a),
magnetic spectrum at plasma edge (b),
reflectometer specta at r/a=0.05 (c) and r/a=0.4
(d). Peak mode amplitude observed in weak development path towards a steady state
magnetic shear region. Plasma parameters: tokamak reactor. Reverse shear plasmas are
BT=4.6T, Ip=1.6 MA, R=260 cm, ne(0)=7.xl013 formed inductively in TFTR by early neutral
cm"3, Te(0)=6 keV, T;(0)=21 keV. (#105225) b e a m p r e h e a t o f m s i z e p l a s m a S j i n o r d e r t o

slow down current penetration. These plasmas
often exhibit spontaneous transition to states of improved core confinement with the
consequent build up of large thermal and fast particle pressure gradients. This enhanced
performance is attributed to the suppression of microinstabilities and ideal MHD instabilities
in the negative central shear region. However, the large pressure gradient and weak magnetic

* This work supported by DoE contract No.DE--AC02--76--CHO--3073.
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105225,1.91s

0.2 0.4 0.6 0.8

r/a

Fig. 2. Reflectometer modeling of the radial mode
structure for an n=3 mode (dashed) together with
the measured phase (circles). Modes appear in the
weak magnetic shear region of the plasma.

shear can excite possible new
instabilities in the Alfven range of
frequency. Such modes are observed in
DD and DT plasmas. Unlike the usual
range of TAE activity observed in weak
and positive shear plasmas, the reverse
shear modes on TFTR usually appear as
closely frequency spaced modes of the
same toroidal mode number with
similar radial location and occur during
high power neutral beam heating. [Note
that in normal shear discharges with
q(0)sl, the neutral beam ions were
found to be strongly stabilizing for
TAEs in TFTR. (Ref. 3, 4)]

Fig. 1 shows spectra of
magnetic signals along with internal
reflectometer measurements for an

enhanced reverse shear (ERS) plasma on TFTR. Mirnov coil spectra of external magnetic
fluctuations indicate multiple (2-3) low toroidal mode number modes with weak amplitude
(SB/B~10~8) in the frequency range 100-150 kHz. The low edge amplitude may simply be an
indication of the core localization of these modes. The reflectometer measurements indicate
that mode activity peaks around the region of qmin. The simple expression for the TAE
frequency VA/4jtqR is evaluated from TRANSP analysis and is in the range 120 kHz near
q . - close to the observed mode frequency.

Fig. 2 shows internal measurements of the density fluctuation profile for an n=3
mode obtained with the core reflectometer diagnostic. The reflectometer system consists of
four separate microwave frequencies which sample four radial locations on the plasma
midplane. The reflectometer data is taken in 4.6 T discharges where the measurements range
from the plasma center out to the radius of qmin- The density fluctuation profile is inferred
from the radial profile of the measured phase fluctuations, according to geometric optics.

Also shown is the MSE
#105225,1.7 sec ^ measured q-profile at the time

of observed mode activity. The
solid points are the

co* + coExB r e f l e c t o m e t e r p h a s e
measurements while the
dashed curve is the inferred
location and width of the
mode, assuming a Gaussian
profile. The calculated radial
position of the mode appears

1 • to be just inside of the radius
of qmin a t r/a«0.35. Other data

Fig. 3. Gap structure for the n=2 shear Alfven continuum e x i s t i n w h i c h t h e P e a k o f t h e

without correction for co* and ExB rotation. The vertical arrows mode is located at a radius
indicate the magnitude of the ExB and co* correction. larger than the outer most

reflectometer channel, but the
data is generally consistent

150

LL

0
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with these modes being localized to the central weak shear region of the plasma. The internal
reflectometer measurements of the mode location, external magnetic measurements of the
toroidal mode number and MSE measurements of the q-profile suggest that these modes
occur near the frequency expected to TAEs.

Also, the toroidal gap structure for n=2 TAEs is shown in Fig. 3. Unlike supershot
plasmas, the high central safety factor in these regimes produces strong diamagnetic
frequency shifts in the Alfven continuum. The solid lines in the figure indicate the toroidicity
induced gap in the Alfven continuum without Er or to* corrections to the mode frequency.
The diamagnetic shift of the mode frequency is expected to lead to higher frequencies for
higher toroidal mode numbers, as is observed in experiment. The magnitude of the frequency
shift is indicated by the vertical arrows placed at three radial locations. It is generally found
that the TAE gap reverses direction in the barrier region when the diamagnetic frequency
correction is included, counteracting the effect of increasing safety factor. Similar modes are
observed for a range of toroidal fields (BT~2.1-4.8 T) with a frequency near the estimated
TAE frequency evaluated at q^,,. Calculations using the NOVA-K code indicate no TAE
modes in the Alfven continuum gap for the discharge in Fig. 3. This situation is attributed to
the large plasma pressure (<x>l) of thermal and beam ions at high safety factor [cx~q2grad(|3)].
The current analysis suggests that other effects, most notably the non-perturbative
contribution of the background plasma and energetic particles (not currently included in the
NOVA-K analysis), are likely to play an important role in these instabilities.

HINST Analysis
A recently developed high-n stability code HINST [2] has been used to find the

candidate modes in the Alfven range of frequencies to explain the measurements on TFTR.
HINST is able to model nonperturbatively Alfven modes in both ID and 2D. It utilizes a 2D

Fourier-Ballooning formalism
with direct calculation of the
global mode frequency and mode
structure. The effect of co* is
included and is shown to be
important in the interpretation of
the experimental data. TRANSP
analysis is used to generate
equilibrium profiles and fast
particle distributions for input to
the HINST code.

For the TRANSP
analysis of shot 105225, a branch
of the solution of TAE like modes
is observed in the calculations
near the location of the Internal
Transport Barrier (ITB). The
mode is driven by the injected
beam ions with a slowing down
distribution function at the cutoff
energy equal to the injection
energy »100-110 keV. As
expected from Fig. 3, the structure
of the gap indicates a strong co*

105225a20, n=5

3.0

CO/COAO

UP.EER GAP BOUNDARY

KTAE -> RTAE as |3n increases

LOWER GAP BOUNDARY

0.8

(b)

0.2 0.6 0.80.4

(3h(0) %
Fig. 4. Real frequency (a) and growth rate (b) calculated vs
hot particle beta, obtained using the HINST high-n code. The
most unstable modes are RTAEs which move to the bottom of
the gap with increasing fast particle drive.
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effect near the center of the plasma, which is large due to the strong pressure gradient near
the ITB. A sensitivity scan performed by introducing small variations to the q-profile in the
HINST analysis has confirmed that these modes peak near the minimum in the q-profile. Fig.
4 shows the HINST analysis for this discharge evaluated at r/a=0.5, which corresponds to the
position of the maximum linear growth rate. We identify these mode as RTAE or EPM. Such
modes can not exist without fast particles. Figure 4 plots the real and imaginary mode
frequency as a function of the beam ion beta, keeping the total plasma beta fixed. Two modes
are identified with frequencies which drop to the bottom of the gap as the hot particle beta is
increased to the value determined by TRANSP for this discharge. With no beam ion beta,
there is no solution in the toroidicity induced gap, consistent with NOVA-K analysis for this
discharge. However, there is an RTAE mode (according to the HINST analysis) which starts
at the upper edge of the gap. As the beam beta is increased the linear growth rate of the
RTAE solution becomes positive, and the mode frequency decreases rapidly towards the
bottom of the gap. At finite beam beta, a new mode appears in the gap which again does not
exist in the absence of fast particle drive. Together these modes move towards the bottom of
the gap with a frequency separation of the order observed in experiment for two modes of the
same toroidal mode number.

Discussion
An essential issue is how we can reconcile the results of the HINST analysis with

our conventional understanding of Alfven eigenmodes and their excitation. A second issue is
the likely importance of such non-perturbative modes in future high beta devices.

The excitation of the RTAEs is predicted even though the usual resonance
condition is not satisfied (vb < vA or vA/3). In TAE theory the mode is located where m and
m+1 harmonics are coupled at the q=(m+l/2)/n surface. With finite plasma pressure, more
harmonics are activated with an amplitude which decreases roughly as a1, where a is the
standard ballooning parameter. In case of ITB plasmas we have a~l , which results in the
presence of the neighboring harmonics. For passing particles the resonant condition becomes
vb=vA/(l+/- 21)v/(l-co*/co). One can see that increasing the 1 number and increasing co* can
achieve higher order resonance, which will be weakened by the smaller amplitude of the
corresponding harmonic.

In a future DT reactor based on the reverse or weak central shear tokamak
concept, there will be a large population of alpha particles capable of interacting with such
RTAE modes through the fundamental or first sideband resonance. Under such conditions
barrier modes may exhibit strong linear drive and large non-linear mode saturation and
particle redistribution. The effect of a "sea" of high-n modes near q^,, may lead to enhanced
losses of fast particles, or even to a significant reduction in the central alpha heating
efficiency. The further investigation of such non-perturbative instabilities needs to be carried
out on present devices with the use of significant populations of passing particles. Analysis
indicates that the passing particle drive is dominant for alpha driven instabilities and an
important objective for future experiments is to produce a significant population of energetic
passing particles in advanced tokamak regimes.
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1. Introduction
It is important to understand a mechanism of growth and damping of Alfven

Eigenmodes (AEs) in order to establish an operation scenario of fusion plasmas because the
modes could deteriorate the confinement of alpha particles. In JT-60U, the investigation of
the condition for excitation and suppression of Alfven Eigenmodes (AE) has been
intensively performed in ICRF heated plasmas and Negative-ion-based Neutral Beam
(NNB) heated plasmas, and the observed characteristics of AEs have been compared with
theoretical predictions [1,2]. The loss of energetic ions by AEs has been also investigated.
However we still have many issues to be investigated which relates to the AE activity. One
of them is an understanding of chirping mode and burst mode at low toroidal magnetic field,
Bt0 = 1.2 T, in NNB plasma, which was found recently [2]. It is expected that the
understanding of these mode gives us new insight into the interaction between AE and NNB
ions. Another one is the measurement of the radial structure of AEs. A measurement of a
radial structure is important to identify the mode by comparing with the mode structure
expected from theory. This paper describes recent results about these issues.

2. Chirping mode and burst mode in NNB plasma
Figure 1 shows temporal evolutions of plasma parameters and a frequency spectrum of

magnetic fluctuations. A toroidal magnetic field on the axis ( Bt0) is 1.2 T and an energy of
NNB ( ENNB ) is 360 keV and a power of NNB ( PNNB ) is ~ 3.2MW. The discharge gas is D2

and the beam was D°. A preheating by a Positive-ion-based Neutral Beam ( PNB ) during
the current ramp-up phase is performed in order to have a safety factor profile, q-profile,
with low central shear. In Fig. 1 (c), we can see modes whose frequency changes slowly
from ~ 20 kHz at ~ 3.6 s, -100 ms after a start of NNB injection, to ~ 60 kHz at 3.8 s. Here

a slowing-down-time, xs, of NNB is ~ 300 ms in this discharge. The frequency of ~ 60 kHz

is a Toroidicity induced AE ( TAE ) frequency in this discharge and the frequency of ~ 25
kHz is inside the Alfven continuum. We call these modes chirping modes. A toroidal mode
number of this chirping mode is n = 1. We can also see other modes around ~ 60 kHz which
have a burst-like behaviour and its frequency changes around the TAE frequency by 15 -
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20 kHz in ~ 10 ms. We call these modes burst modes. A toroidal mode numbers of the burst
modes are 1 and 2. The effect of these chirping mode and the burst mode on NNB ion loss
is not clear from the present neutron emission measurement.

We performed a Bt0 scan and a power scan of NNB, which change the behavior of (3h, in

order to understand the chirping mode and burst mode. BT0 scan was performed at 1.2, 2.1,
and 3.5 T with ENNB = 350 - 360 keV and PNNB ~ 3.2 - 3.4 MW. Plasma current ( Ip ) was
chosen to keep a similar surface safety factor, qs ~ 5 at the Ip flat top. The burst mode and
the mode similar to chirping mode were observed at 2.1 T. A continuous TAE was also
observed at 2.1 T. However the chirping mode and the burst mode were not observed and

only a continuous TAE was observed at 3.5 T. A volume-averaged (3h ( <(3h> ) is estimated

~ 0.1 % at 2.1 T and ~ 0.07 % at 3.5 T. Thus these result might suggest that chirping modes

and burst modes require relatively large <Ph>, and the threshold to destabilize these modes

might exist between <(3h> - 0 . 1 and 0.07 % in the weak shear plasmas studied. Another

result from this BT0 scan is that we observed TAE at BT0 = 3.5 T even in NNB plasma. This

means TAE driven by NNB ions can be also destabilized with <ph> ~ 0.05 % similar to

TAE induced by ICRF in JT-60U.
A PNNB scan was performed at ~ 3.2 - 3.4 MW and ~ 2.5 - 2.8 MW with ENNB = 360 keV,

BT0 =1.2 and 2.1 T. The timing for clear burst modes to appear was delayed for the 2.5 MW
case compared with the 3.2 MW case. On the other hand, a continuous TAE was clearly
observed for the 2.5 MW case and the continuous TAE changed into a burst mode in the
later phase. The amplitude of the burst mode is 2 - 3 times larger than that of the preceding

continuous TAE. It is considered that (3h increases with time, thus this result might suggest

that the TAE become burst mode when [3h reaches some threshold.

3. Investigation of radial structure of Alfven eigenmodes
One of important issues for understanding AEs is to measure their radial structure. The

direct measurement of the radial structure of AEs has been performed using a reflectometer
and compared with TAE theory in TFTR [4,5]. In JT-60U, we have started to measure the
radial structure of Alfven eigenmodes by the newly installed reflectometer [6]. Here we
describes the preliminary result of internal measurements of AEs in ICRF heated plasma.

Figure 2(a) shows temporal evolutions of Ip, PPNB, the power of ICRF, PIC. Figure 2(b)
shows the temporal evolutions of n^ and Sn for this discharge. The other plasma parameters
are as follows; BT0 = 3.26 T, qeff = 4.5, and the discharge gas is D2. Figure 2 (c) and (d)
show temporal evolutions of the frequency spectrum of a magnetic probe and the
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reflectometer measured at r/a~0.2 on the low field side, respectively. TAEs with a coherent
spectrum was observed in the signals of the reflectometer and magnetic coils when the
ICRF was injected from 4.5 to 6.0 s. The observed toroidal mode number is 1 and 2. Two
clear coherent modes were observed in the spectrum measured at r/a~0.2 on the low field
side of the magnetic axis. On the other hand, no coherent mode was observed in the
spectrum measured at r/a~0.3 in the high field side. This result might suggest that these
modes have a ballooning mode structure.

4. Summary
A BT0 scan and a power scan of NNB is performed in order to understand chirping

modes and burst modes. We had a result that the threshold to destabilize these mode might

exist between <[3h> ~ 0.05 and 0.1 % from a BT0 scan. We also have the result that burst

mode might come from TAE activity. Chirping modes and burst modes could be caused by

larger local |3h or larger gradient of local (3h. We need further analysis by using an Orbit-

following Monte-Carlo (OFMC) code in order to know the relation between the excitation

of chirping mode and burst mode and the local (3h or the gradient of ph.

We began to perform internal measurements by using the reflectometer and showed
preliminary result. We will use this measurement to identify modes and to understand the
mechanism of growth and damping of AEs in the future work.
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Figure 1: (a) shows temporal evolutions of plasma current, Ip, power of NNB, P N N J J , and power of PNB,

b) s n o w s temporal evolutions of a line-averaged electron density,^ , and neutron emission rate, Sn.

(c) shows the temporal evolutions of the frequency spectrum of magnetic fluctuations.
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Figure 2(a) shows temporal evolutions of Ip, PPNB, power of ICRF, Pjp. (b) shows the temporal evolutions of

n^ and S n for this discharge, (c) and (d) show temporal evolutions of frequency spectrum of a magnetic probe

and a reflectometer measured at r/a~0.2 on the low field side, respectively.
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Abstract." In the present work, the issue will be discussed of whether Energetic Parti-
cle Modes (EPM) [1] may be destabilized by the free energy source associated with fast
minority ion tails produced during ICRF heating on TFTR [2]. Peculiar features of these
experiments is the observation of two different types of fluctuations: one group, with "fixed"
characteristic frequencies, and another one whose frequencies "chirp" (downward) in time.
Furthermore, fluctuations of different types are known to be located in different regions of
the plasma column: the "fixed frequency" modes are localized close to the plasma edge,
whereas the "chirping" modes appear to be excited deep in the plasma core [2].
A previously developed analytic theory [3], with appropriate modifications where necessary,
will be applied to demonstrate that the high power densities, achieved via ICRF heating,
are sufficient to exceed the excitation threshold of EPM's close to the ICRF deposition
region. For the same reason, it will be argued that usual Toroidal Alfven Eigenmodes
(TAE) cannot be excited at the same radial location.
Excitation of TAE's, meanwhile, appears to be the most reasonable explanation for the
"fixed frequency modes" observed near the plasma edge, where the fast ion free energy
density is smaller than the threshold value for EPM excitation.
We will also attempt to present a nonlinear phenomenological model.

^Electronic file available at http://zonca.frascati.enea.it/recent-papers/recent_papers.html

1. INTRODUCTION

On a typical spectrogram of edge magnetic fluctuations during ICRF heating on TFTR [2],
Fig. 1, it is possible to identify two different types of fluctuations. The "chirping" modes
are very likely excited deep in the plasma core [2] since, before they are detected by
the edge diagnostics (Fig. 1), they may be measured by an interferometer looking at the
plasma core and their signature looks like a "continuation to earlier times" of that on
edge magnetic fluctuations. A time delay between core and edge detection of the chirping
modes suggest that they are moving radially in time. Meanwhile, "fixed frequency" modes
are localized close to the plasma edge since they are detected only by edge diagnostics [2].

Energetic particle losses seem to be deeply connected with the presence of "chirping"
modes (EPM), whose role seems to be that of displacing fast particle from the central
region, where they are created by ICRH, towards the edge, where the "fixed frequency"
(Toroidal Alfven Eigenmodes) cause their eventual loss [2]. In this paper, we demonstrate
with simple models that "chirping" modes observed on TFTR during ICRH may indeed
be Energetic Particle Modes.

'Department of Physics and Astronomy, University of California, Irvine, CA 92717-4575, USA
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FIG. 1. Spectrogram of edge measured FIG. 2. Mode frequency (o) and growth
magnetic fluctuations in TFTR. rate (•) are shown vs.

2. ANALYTIC MODEL FOR ICRF EXCITED EPM'S .

Energetic Particle Modes [1] are strongly driven plasma oscillations which tend to be
excited when the mode drive, due to resonant wave particle interactions, is strong enough
to overcome continuum damping. In the case of EPM excitation by ICRF tail ions,
we may thus expect that the mode frequency would be, e.g., LO ~ CU^E, the toroidal
precession rate of trapped ions. Resonant excitations of EPM's at other precession-bounce
frequencies are possible, but these tend to be less important for either deeply trapped
particles [3, 4] or LOBE ^> &dE [5], with LOBE the bounce frequency of trapped energetic
ions between magnetic mirror points. Meanwhile, continuum damping is minimized either
at low (LO <§C LOA — VA/C[RO-, VA being the Alfven speed, q the safety factor and RQ the
torus major radius) or high (LO ~ LOA/2) frequencies (Toroidal Alfven Eigenmode, or TAE,
gap). In between, continuum damping is maximum.

For typical TFTR parameters, low frequency modes have low poloidal mode numbers
m (m = 1, fishbone-type oscillations), whereas high frequency modes have m ~ 6 — 10. In
the following, we will concentrate on the high poloidal (m) and toroidal (n) mode number,
high frequency modes, close to the TAE frequency gap in the shear Alfven continuous
spectrum. For this specific class of modes, the driven character of EPM's (LO ~ LO,IE) and
the requirement of simultaneously minimizing continuum damping (LO « u^/2) provide a
kind of selection rule on the most unstable mode number.

In order to model the ICRF minority ion tail distribution function, we closely follow
Ref. [6], restricting ourselves to the case where all particles are characterized by a single
pitch-angle, A = /i/e, \i being the magnetic moment and e = v2/2. Thus, we assume the
following tail ion distribution function:

/ , \ /..2 \ 3 / 4

F0E =
nOE(r/RoY/2db

exp 5(X-l/BR) (1)

where nO£ is the tail ion density, VTE their effective thermal speed, Ro (a) the major
(minor) radius of the torus, r the current radial position, 6b the trapped tail ions bounce
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angle and BR the B-field at the resonant point. The analytic model we propose here
closely follows the analysis of Ref. [3]. We assume an (s, a) model equilibrium [7] (s being
the magnetic shear and a = —Roq2f3'), and consider only deeply trapped energetic ions,
i.e. 6b <C 1. Furthermore, we restrict ourselves to the case where s « a « B^OLE ~ (r/Ro),
typically valid in the plasma core. For the solution of the tail ion gyrokinetic equation,
we follow Refs. [1, 3, 4], neglecting terms of O(92), i.e., concentrating on the precessional
drift resonance. In this way, it is readily shown that the hence obtained analytical model
describes resonant excitations of TAE modes as well as Low Shear TAE (LSTAE) [8, 9]. Of
the latter, two branches exist. One merges into the lower continuum accumulation point
at a = ac ~ 3(r/Ro) + s2 [8] and has a strong interaction with tail ions (even mode). The
other, merges into the upper continuum accumulation point at a = ac ~ 3(r/Ro) — s2 [9]
and has a negligible interaction with tail ions (odd mode). Within our model, thus, the
EPM branch is excited from the damped lower branch of the LSTAE for sufficiently strong
mode drive. The dispersion relation we obtain is:

(ac-a- aE) , (2)

where T± = (u/uA)2{l ± e0) - 1/4, e0 ~ {ro/Ro){5/2 + 2/?p), A = 2|s| + (r0//2o)(5/4 r

3/3p) ln(l/|s|), 0P is the poloidal beta [8], ac = (r0/flo)(3/2 + 2/3p) + s2, and

„- _ ^ 6 \ _ _ / 4 r XV4 x _ 3 / 4

G(kePLE, x) = l /o°° Jl (V2^kePLE(l + y2)1'2) - ^ ^ , (3)

with x = e/vj^E a nd <^-1 = qkepLEVTE/vA, PLE being the tail ions larmor radius and kg
the poloidal wave vector.

Results from the dispersion relation, Eq. (2), are summarized in Fig. 2. There, fixed
parameters are (ro/Ro) = 0.05, /3P = 3/4 (corresponding to a — ac at 5 = 0 [8]), 5 = 0.2,
<1VTE/VA — 15 Qb&E — 0.05TT. The mode frequency clearly increases with kgpiE, confirming
that the mode is driven by a precessional resonance with trapped tail ions (a; ~ u)dE)-
The same happens for the growth rate (drive increases and continuum damping gets
smaller) till it is eventually reduced by FLR effects. The maximum growth rate occurs
at UJ ~ ikg.pLEVTEl'Ro, i-e- at w ~ UdE f°r particles with "energy" tfv\E ~ 2, for
which the resonant integral of Eq. (3) is maximum. These results, obtained with a very
simple analytical model, qualitatively agree with most results obtained via ID gyrokinetic
simulations [5]. However, due to the "deeply trapped" particles assumption, they cannot
address some basic stability properties of EPM's, as those associated with precessional
drift reversal [5].

3. A RELAY-RUNNER MODEL FOR EPM'S

In this section, we present a phenomenological model for the nonlinear evolution of ICRF
excited EPM's, with the aim of emphasizing the role of (energetic particle) source radial
displacements on the time evolution of a strongly driven mode as the EPM.
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The phenomenological model we propose is based on the mode particle pumping
mechanism [10], i.e. a secular radial particle drift which, for resonant particles, is propor-
tional to the local mode amplitude. This mechanism was originally discussed to explain
particle losses due to fishbone modes [10].

Our discussion is based on the following dimensionless model equations:

</> = A(t) ,

= 7o - 7o^ , (4)

where 7 is the linear growth rate, 70 is its value computed at the reference radial position
ro, ij) is the local change in the toroidal flux, normalized to B^BQ^ frequencies are nor-
malized to the fast ion cyclotron frequency, U>CE-, and the amplitude A{t) is related to the
radial magnetic field fluctuation via

A ~ -cos(t?m,w) m'n—— J0(m6b) ,
a(l — nqlm)ucE

am,n~(i/m)(ro/a)(5Br/B)mtn . (5)

Here, 5m>n is a phase factor and Jo is the Bessel function of zero index, which confirms
that the mode particle pumping mechanism is most efficient for deeply trapped particles
and moderate mode numbers [10]. Furthermore, note that, in Eq. (4), the linear growth
rate has been taken as a function of the toroidal flux (radial position) since it is natural
to expect that a particle displacement would cause a change in the mode growth rate. In
fact, the driven mode would need to phase shift to maintain its resonant character with
the shifting energy source. The radial dependence assumed here is the simplest, and it is
a reasonable assumption for a phenomenological model.

Equations (4) are readily solved and they yield

270 exp (70*)

70 1 + exp (70*)

A = 7o 4 exp (-7o*)

27o (1 + exp (-7o*))2 '

The functional dependencies of ip(t) and A(t), respectively, are shown in Figs. 3 and 4.
Since the higher the mode number is, the stronger is the growth rate (before FLR cut-off
sets in), we expect that EPM's are excited in a decreasing n sequence. In this sequence,
and within our phenomenological model, each toroidal mode number is characterized by
a time evolution of the type depicted in Figs. 3 and 4. Each mode (n), will displace
particles radially and eventually fade away, replaced by the next mode, pretty much like
different runners do in a relay race. As expected, the secular particle radial drift (rate of
change in the toroidal flux) is maximum for maximum mode amplitude. Meanwhile, the
rate of change in the toroidal flux is expected to reflect also into frequency chirping. In
fact, since to ~ UdE for ICRH EPM's, we expect that the frequency shift associated with
particle displacement is

7*0 OiJdE ^ ^ _ £lJpE ^j^f\ iwj /IJ\

r0 r0 1 + exp (701)
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In deriving Eq. (7), we have used the estimate 7^ ~ (R^o/foLpE), with LPE the scale
length of fast ion pressure, which is reasonable for EPM's. In the same fashion, it is
possible to show that the peak mode amplitude corresponds to a maximum radial velocity

(71, is the linear growth rate) and to a fluctuation level of

5Br

B

1

Jo{m0b)'
(8)

The qualitative picture emerging from our phenomenological model seems in agreement
with experimental observations, i.e. that particle losses are observed in association with
chirping modes which seem to move radially while their frequency is changing. Further-
more, since 70 is largest for high mode numbers, Eq. (7) seems to provide a simple reason
to explain why higher mode numbers chirp faster. However, we also emphasize that fre-
quency chirping (especially slow chirping) may be associated also with plasma equilibrium
modifications [2, 11], and that our phenomenological model can be taken into account only
provided that the fluctuation level of Eq. (8) is comparable or smaller than that associated
with other dynamic processes.

[1] L. Chen, Phys. Plasmas 1, 1519, (1994).
[2] S. Bernabei et ad., Phys. Plasmas 6, 1880, (1999).
[3] F . Zonca and L. Chen, Phys. Plasmas 3 , 323 (1996).
[4] S.T. Tsai and L. Chen, Phys. Fluids B 5, 3284, (1993).
[5] L. Chen, L.-J. Zheng and R.A. Santoro, Numerical simulations of toroidal Alfven

instabilities excited by trapped energetic ions, submitted to Phys. Plasmas.
[6] C.S. Chang and P. Colestock, Phys. Fluids B 2, 310, (1990).
[7] J .W. Connor, R.J. Hastie and J .B. Taylor, Phys. Rev. Lett. 40, 396, (1978).
[8] G.Y. Fu, Phys. Plasmas 2, 1029, (1995).
[9] H.L. Berk et ah, Phys. Plasmas 2, 3401, (1995).

[10] R.B. White et a/., Phys. Fluids 26, 2958, (1983).
[11] G.J. Kramer et a/., Phys. Rev. Lett. 83 , 2961, (1999).

- 56 -



JP0050593

JAERI-Conf 2000-004

17. Fokker-PIanck-MHD Simulation Study of Alfven Eigenmodes

Yasushi TODO and Tetsuya SATO

Theory and Computer Simulation Center, National Institute for Fusion Science
322-6 Oroshi-cho, Toki 509-5292, Japan

ABSTRACT

Nonlinear evolution of fast ions and Alfven eigenmodes, especially the toroidicity-induced Alfven
eigenmodes (TAEs), is investigated with two types of Fokker-PIanck-MHD simulations. In the first
type of simulation, the fast-ion evolution is described by a 4-dimensional Fokker-Planck equation
which takes fast-ion source and slowing down into account. The background plasma is described by
the nonlinear full MHD equations. A bursting behavior of multiple TAEs, which takes place in neutral
beam injection experiments, is reproduced when the slowing-down time is much longer than the mode
damping time and the fast-ion pressure is sufficiently high. In the second type of simulation, 5-
dimensional Fokker-Planck equation is solved with a linear TAE. In addition to the particle source and
slowing down, the pitch-angle scattering is taken into account. The simulation code is benchmarked
with the linear behavior of the alpha-particle-driven n=4 TAE in the TFTR D-T plasma. With a
realistic pitch-angle-scattering rate and a chosen damping rate, the relaxation time to a steady
saturation state is found to be too long to explain the experiment.

I. TAE BURST

Alfven eigenmodes (AEs), especially the
toroidicity-induced Alfven eigenmodes (TAEs),
have been observed in many experiments,
neutral-beam-injection (NBI) heating
experiments [1, 2], ion-cyclotron-range-of-
frequency heating experiments [3, 4], and D-T
fusion experiments at TFTR [5]. In NBI
experiments, recurrent bursts of TAEs took place
and drop in neutron emission that indicates fast
ion losses was observed. In this section we report
four d imensional Fokker -P lanck-
magnetohydrodynamic (MHD) simulation.

A kinetic-MHD hybrid model, which was
used in the Vlasov-MHD and particle-MHD
simulations [6, 7], is employed. In this model
plasma is divided into two parts, namely, the
background plasma and fast ions. The
background plasma is described by the MHD
equations and the electromagnetic field is given
by the MHD description. This approximation is
reasonable under the condition that the fast-ion
density is much less than the background plasma

density.
We consider a four-dimensional phase space

(R, (p, z, v), where v is the parallel velocity and
(R, (p, z) are the cylindrical coordinates. We
consider only the parallel velocity component for
simplicity. We adopt, however, a Jacobian for the
three-dimensional velocity space to be consistent
with the slowing-down term. The cross-over
velocity and the birth velocity of fast ions are
chosen to be equal to 0.3vA and 1.5vA,
respectively.

The effect of fast ions on the MHD fluid is
taken into account in the MHD momentum
equation [6, 7]. The initial condition is an MHD
equilibrium where the aspect ratio is 3. The q-
profile is shown in Fig. 1 with the radial profile
of the fast-ion source. We take for the unit of
length the Larmor radius of a fast ion with the
Alfven velocity (= vAm/qf B) at the initial
magnetic axis. The simulation domain is (32 < R
<64, 0 <z< 32). The major radius of the initial
magnetic axis (s Ro) is 50.5. The unit of time is
the Alfven time (rA =R/vA). A finite viscosity v =
2 x IQr5 vA Ro is considered to damp AEs. It yields,
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FIG. 1. The q-profile and the profile of the fast-
ion source as functions of the minor radius.
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FIG. 2. Time evolutions of TAE energy and
peak value of fast ion distribution function at
v=vA.

for example, an e-folding damping time of 130 zA

for an n=2 TAE which is the most unstable TAE
in the simulations described below. The system
can be specified by three parameters, the
slowing-down time (TS ), the central fast ion
pressure (Po), and the viscosity (v). The Fokker-
Planck equation for fast-ion and the full
magnetohydrodynamic equations are solved by a
finite difference method of fourth-order accuracy
in space and time.

Here, we report the results for P0-5% of the
magnetic pressure and zs - 1000 rA. In this case
the slowing-down time is much longer than the
damping time and the fast-ion pressure is
relatively high. TAEs with toroidal mode
numbers from 1 to 4 are destabilized. Time
evolutions of TAE energy and peak value of fast
ion distribution function are shown in Fig. 2. It

FIG. 3. Contours of fast-ion distribution in (R,
t) space. White lines denote the times when the
global flattening begins.

can be seen that recurrent bursts of TAEs and
drop in fast ion distribution take place. In Fig. 3
shown is the contours of fast-ion distribution in
(R, t) space. We can see the drop in the peak
value of fast-ion distribution is caused by its
global flattening. This global flattening takes
place when the TAE energy reaches a constant
level. This is consistent with the picture of the
mode overlap [8]. Furthermore, this simulation
successfully reproduces fast ion losses associated
with TAE bursts.

II. ALPHA-PARTICLE-DRIVEN TAE

Alpha-particle-driven TAEs were first
observed in the Tokamak Fusion Test Reactor
(TFTR) [5]. It should be noted that the estimated

amplitudes of the TAEs were very small 8B/B ~

l(y5, and they persisted much longer than the
typical damping time. In this section we report on
five dimensional Fokker-Planck simulation.

A perturbative model [9] is adopted to
investigate time evolution of the n = 4 TAE,
where the TAE is described by a linear
eigenmode structure and amplitudes of sine part
and cosine part. We use coordinates, major radius
R, vertical coordinate z, toroidal angle q>, total
velocity v, and the pitch-angle variable £ ( = vM

/v). We consider concentric circular magnetic
surfaces as the equilibrium magnetic field for
simplicity. Electromagnetic field is a
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Fig.5. Amplitude evolution of the n = 4 TAE
with the realistic pitch-angle scattering rate and

superposition of this equilibrium field and the
TAE field.

We simulate the n=4 mode observed at TFTR
shot # 103101. We take an approximate q-profile
which is shown in Fig. 4. The eigenmode
equations (e.g. Eqs. (3) and (4) of Ref. [10]) for
two poloidal harmonics m=6 and m=7 are solved
to obtain n=4 TAE structure. The plasma density
is taken to be uniform for simplicity and the
boundary condition that we imposed for this
eigenvalue problem is zero amplitude at r>0.45a
to avoid an intersection with the Alfven
continuum spectrum in this simplified model.
The mode structure is shown in Fig. 4 with the q-
profile.

The parameters are taken to be consistent with
the experiment; RO=2.52 [m], a=0.90 [m], Bo = 5
[T], the mode frequency CO/2K=214 [kHz]. We
take an alpha distribution simplified from Eq.
(51) of Ref. [11]. The central alpha pressure is pa

Fig. 6. The n=4 mode of distribution function
at a poloidal plane at cot - 337 and v = 0.52vA,
for (a) A = -0.79 and for (b) X = 0.65.

(0) = 6xl0\
The algorithm to advance amplitude and phase

of the TAE mode is that developed in Ref. [9].
We take the plasma number density n = 3.5 x 10'9

[nr3] with the effective mass of 2.04 for the
calculated eigen frequency to be consistent with
the observed TAE frequency. It is in good
agreement with the experimental electron number
density around r -0.3 a where the TAE localizes
spatially.

The simulation was carried out with realistic
collisional rates, the pitch-angle scattering rate vd

= 1.0 [1/s] and the slowing-down rate v = 2.8
[1/s]. The mode damping rate is chosen yd- 5 x
1&1 co. The amplitude evolution is shown in Fig.
5.

We would like to discuss the linear behavior
before moving on to the nonlinear stage. We can
simply estimate that the linear alpha drive yL =
9.9 x 103 co, since the total linear growth rate is
4.9 x 103 co and the mode damping rate is Yd - 5
x 103 co. This linear alpha drive is in good
agreement with the NOVA-K analysis result yL =
8xia3a>[12].

It is interesting to investigate the detail of the

- 59 -



JAERI-Conf 2000-004

alpha-TAE resonance, since the cut-off velocity
is lower than the Alfven velocity. It is known that
the particles with velocity lower than the Alfven
velocity also can resonate with TAE atv = vA/3.

In Fig. 6 the n = 4 mode of distribution
function at a poloidal plane at cot = 337 is shown
for velocities v = 0.52vA, and X = -0.79, 0.65.
These velocities are close to -vJ3 and v/3,
respectively. It can be seen that the m = 8 and
m=5 modes are dominant for each velocities.
This is consistent with the resonance condition.

Let us turn to the nonlinear behavior. It can be
seen in Fig. 5 that the amplitude decreases
monotonically after saturation. The TAE never
stays at a steady amplitude.

This seems to be inconsistent with the
experimental results. It must be noted, however,
that the time simulated here is much shorter than
the experimental duration when the TAE was
observed (=40 [ms]). To clarify the long time
behavior, we carry out a four dimensional
simulation in which the Fokker-Planck equation
is linearized in v-direction. We consider only one
total velocity v = 0.56vA that is close the cut-off
velocity. We choose this velocity since the drive
to the instability is largest and the pitch-angle
scattering rate is the smallest. This choice reveals
the minimum role of the pitch-angle scattering.
The initial alpha pressure is normalized to give
the same linear growth rate as in the full five
dimensional simulation. The mode damping rate
is chosen yjyh = 0.8 . The result is shown in Fig.
7. We can see that the amplitude shows a rebound
to grow again in (Ot=lOl that corresponds to 8
[ms]. This result suggests a possibility that the
amplitude will oscillate and converge to some
steady level. It is, however, still inconsistent with
the experiment, since no such long-time
oscillation was observed. We need more effort to
resolve this discrepancy.

0 4000 8000 12000

cot
Fig.7. Amplitude evolution of the n=4 TAE
with the realistic pitch-angle scattering rate in
the four dimensional simulation in which the
Fokker-Planck equation is linearized in v-
direction. The mode damping rate is y/yL = 0.8.
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18. Analysis of Alfven Eigenmode in Toroidal Plasmas
with Negative Magnetic Shear

A. Fukuyama and E. Yokota

Department of Nuclear Engineering, Kyoto University, Kyoto 606-8501, Japan

The linear stability of low-n Alfven eigenmodes is numerically studied for tokamak
plasmas with a negative magnetic shear. The transition between the toroidicity-
induced Alfven eigenmode (TAE) and the global Alfven eigenmode (GAE) is demon-
strated. The effect of density increment inside the internal transport barrier (ITB)
is also examined in a model configuration.

1 Introduction

The Alfven eigenmode destabilized by fast ions has a potential to deteriorate the
confinement and to damage the fast wall. A lot of efforts have been concentrated on the
analysis of the linear stability and the nonlinear behavior of the Alfven eigenmodes [1].
Recent analyses by PENN code [2] have revealed the importance of the mode conversion
to the kinetic Alfven wave on the stability. Since the Alfven mode structure is sensitive
to the safety factor and the density profiles, systematic analysis including the kinetic
effects is required in investigating the Alfven eigenmode in the negative magnetic shear
configuration and the effect of the ITB.

2 Numerical code

We have developed a three-dimensional full wave code (TASK/WM) [3] to analyze
the ICRF heating and current drive, Alfven eigenmode and low frequency MHD modes in
toroidal plasmas, both tokamaks and helical devices. In this code, Maxwell's equation is
solved as a boundary value problem of the wave electric field with a complex frequency. We
employ the poloidal and toroidal Fourier mode expansion of the wave field and correctly
evaluate the parallel wave number k\\, essential quantity in the wave-particle interactions.
The response of plasma is described by the dielectric tensor including the kinetic effects
through the plasma dispersion function. Since the finite gyroradius effect was neglected in
the present calculation, the kinetic Alfven wave includes only the hot electron contribution
but not the ion contribution. The eigenmode frequency was obtained by maximizing the
volume integral of the square of the wave electric field for fixed excitation simulating the
thermal fluctuation.

3 Alfven eigenmode in a tokamak with negative magnetic shear

In order to elucidate the effect of negative magnetic shear, we utilized a simple con-
figuration; circular cross section, flat profiles of the density and temperature and spline q
profile. The parameters simulating the present-day tokamaks are major radius, Ro = 3 m,
minor radius, a = lm, wall radius, b — 1.2 m, toroidal field, Bo — 3T, electron density,
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Figure 1 Radial structure of the Alfven continuum frequency for (a) gmjn = 2.4, (b)
<?min = 2.5 and (c) qmin = 2.6.
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Figure 2 Eigen function for (a) TAE with gmin = 2.4, (b) m = — 2 high frequency GAE
with <7mjn = 2.6 and (c) m — — 3 low frequency GAE with gm;n = 2.6.
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Figure 3 (a) Real part and (b) imaginary part of the eigen frequency as a function of

ne = 1020m~3, electron and ion temperatures, Te = T{ = 3keV, ion species, deuterium,
central safety factor, q(0) = 3, edge safety factor, q(a) = 5, radius of gm;n, rm\n/a = 0.5
and toroidal mode number, n = 1.

The radial structure of the Alfven continuum frequency is sensitive to the value of qm\n

as shown in Fig. 1. When gmin = 2.4, two frequency gaps exist near the radii with q = 2.5.
They come close to each other with the increase of qmin and are merged at gmjn = 2.5.
Further increase of qm\n widens the frequency gap.
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In the case of qmin — 2.4 shown in Fig. 2(a), the eigenmode with least damping rate
has both m = — 2 and m = — 3 components with comparable amplitudes; here m is the
poloidal mode number. This TAE feature disappears for qmin = 2.6 shown in Fig. 2(b)
and (c). There are two eigenmodes (b) with a higher frequency, 55.55 kHz, and (c) with
a lower frequency, 38.18 kHz. Since the m — — 2 component is dominant for the high
frequency mode and the m = —3 component for the low frequency mode, these are the
GAE irrelevant to the poloidal mode coupling due to the toroidal effect.

Figure 3 indicates the gmjn dependence of the eigen frequency. The real part, / r , of the
TAE frequency weakly depends on qm[n for gmin < 2.5, while that of the high frequency
GAE monotonically increases for qm[n > 2.5. A significant decrease of fT for the low
frequency GAE occurs for a slight increase of qm[n from 2.5 to 2.7. The low damping rate,
—/i, of the m = —2 high frequency GAE is attributed to the localized behavior of the
eigen function. The reason why the damping rate of the m = — 3 low frequency GAE
changes periodically for 2.5 < qm\n < 2.7 has not been identified yet.

4 Effect of density increase near the ITB

The improvement of confinement at the ITB causes the density increase which affects
the profile of the Alfven continuum frequency. In order to study the effect of the density
increment, we introduce model profiles of the safety factor q and the electron density
n shown in Fig. 4. In the following calculation, we assume qm{n = 2.6 and ne(r) =
0 .5x l0 2 0 + An(r)[1020m-3].

The increase of density within the ITB reduces the Alfven continuum frequency as
shown in Fig. 5. It is expected that the high frequency GAE is easily affected by the
density increment An(0). With the increase of An(0), the real part of the mode frequency
decreases owing to the reduction of the upper gap frequency, the minimum value of the
upper branch of the Alfven continuum frequency as shown in Fig. 6(a). Since the drop
of the upper gap frequency is faster than that of / r , the damping rate sharply increases
owing to the mode conversion to the kinetic Alfven mode near the continuum for An >
0.4 x 102°m~3 as shown in Fig. 6(b). The critical value of An becomes lower with the
increase of the density gradient at the ITB.

5 Summary

Three-dimensional full wave code, TASK/WM, was applied to the analysis of Alfven
eigenmodes in tokamaks with reversed magnetic shear configuration. When the magnetic
shear in the central region is weak and the qmin lies in the range £ - \ < qm{n < q(0) < £,
(with integer £), two GAEs replace TAE; higher frequency GAE with lower damping
rate and lower frequency GAE sensitive to gmin. The increment of density inside the
ITB reduces the Alfven continuum frequency and affects the damping rate of the high
frequency GAE.
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Figure 4 Model profiles of (a) the safety factor q and (b) the electron density n with and
without a density increment due to ITB.
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Figure 5 Radial structure of the Alfven continuum frequency (a) without and (b) with
the density increment for qmin = 2.6.
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Figure 6 (a) Real part and (b) imaginary part of the eigen frequency of the high frequency
GAE as a function of the density increment An.
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1 9 . Neoclassical Transport Coefficients for Alpha Particles

Masayoshi TAGUCHI

College of Industrial Technology, Nihon University,
2-11-1 Shin-ei,Narashino-shi,Chiba-ken 275-0005, Japan

The neoclassical transport theory of fusion-produced alpha particles has been studied by many authors.1"5'
In this paper, we derive a simple analytic expression for the alpha-induced bootstrap current including
the finite trapping-ratio effect near the magnetic axis.

Let us start with a following drift kinetic equation for a distribution function fa of fusion-produced
alpha particles in an axisymmetric magnetic field B = I(ip)V<p + Vip x Vtp:

V/« - C(fa) + Vd • V ^ = ^5(v - va),

where tp is the poloidal flux and ip is the toroidal angle around the symmetric axis; b = B/B, v\\ = b • v;
Vd • VV> — V\\h- V(/^||/na) is the radial component of the toroidal drift velocity; va and ha are the birth
velocity and the birth rate of the alpha particles; and the Coulomb collision operator C is approximated
by the pitch-angle scattering term and the slowing-down term.

First, following the conventional neoclassical transport theory, we assume 5P = pp/L << 1, where pp

is the poloidal Larmor radius of the alpha particle and L is the gradient scale length. The drift kinetic
equation can be solved by expanding the distribution function as fa = fa0 + fal + ... in powers of the
parameter 8p. Then, the lowest-order distribution function is given by

where H is the Heaviside step function, rs is the slowing down time and vc is the critical velocity. We
write the first-order distribution function as

. Iv\\ dfa0
f +9

Then the function ga that is independent of the poloidal angle in the banana regime can be expressed
analytically in terms of eigenfunctions Gi and eigenvalues KI to a bounce-averaged pitch-angle scattering
operator

Gi{\ = 0) = 1 and Gi(X = Ac) = 0,

where A = (v2 — v2\)/(Bv2), Xc = 1/Smax, and < A > denotes the flux-surface average of a quantity A.
Using the first-order distribution function, we can express the alpha-induced bootstrap current in the
form:

D CDC o •

Ja = -IcmavanaTs <B2>

Here/t = l - / e ,

A = 1
2

ft(s1A1 - s2A2) - f ; A, (l - -) (pUi -V\M) •
J=I V KlJ J

(1)
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-Si
(2)

and

with

Pl2 \ Vl JO V3 + V3
C

I'

v3r/(v3+v3
c)

dv

'3v3

where yc = vc/va, Z = ^2 • nje^

ion species, and J i is defined by

alogAj/m,j] with ^ - meaning summation over only

The thermal forces Ai and A2 are defined as

AT

where erf is the fusion cross section and < >v denotes an average over velocity space, and the second

equalities in A\ and A2 hold for a deuterium (D)-tritium (T) plasma with a single temperature TQ —

TT =T.

Next, we derive an analytic expression for the bootstrap current by using a Pade approximation and

a variational method.4' With the use of a following Pade approximation for I'(v)

v3 + \ + 7) v*'

the analytic expressions for p\ and P2 are obtained as

, 1 . , .< 12

~r~—;—s~r- v
[2m + 4j [ZKI + 3j

Vc)-Mv*e)), (3)

+ 3
+ 3 y3

1+2/;3 ' (4)

I 1/3
where y* = yc\ {ZKI + 71/4

The infinite series in the bootstrap current (1) converges rapidly except for the small vc/va limit. In

our practically interesting parameters, the first few terms in these series suffice to provide the accurate

result for the bootstrap current, and thus we approximate the infinite series by the first two terms.

The first few eigenfunctions Gi and the eigenvalues «; can be calculated approximately by a variational

method. The first two eigenvalues and A; obtained by using the approximate eigenfunctions are given

by
0 - y/02 - a7 0 + V/?2 - cry

a a
(5)
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and

A =

' 2

where

a = 4 ( a 2 -2a i ) (26i - - a 3 ) - (60-a2)2 ,
L V ° / J

7 = 4oi (&i + y j -O2,

_ 2 [aa - m (eg - 2ai)]
2K; (6O - o 2 ) - o2

with

bn =< B >n+1 / A" < V l - AB > / F = = - MA (n =
io \ A < VI - A'B > ' l

The coefficients Sk and p^ appeared in the bootstrap current are expressed analytically in terms of
elementary functions as (2), (3) and (4). In addition, the geometric factor A; and the eigenvalue K; are
also obtained analytically from (5) and (6). In calculating these A; and Ki, we only need the geometric
coefficients an(n = 0 — 3) and bn(n = 0,1) which are determined from the geometric structure of the
equilibrium magnetic field. These coefficients an and bn are further approximated in the Pade forms. In
a tokamak with circular cross-section, we find the Pade forms for an and bn as

- 2nB{3/2,n)(l - e)n+1

[2n(n+

[2(n + 1)(» + 2)(n + 3)5(5/2,n + 1) - 1] e'

where C = 1.035..., e = r/Rc is the inverse aspect ratio and B(x,y) is the Beta function.
Our analytical expression for the bootstrap current gives a quite good approximation for vc/va(~

O.lTefkeV]1/2) > 0.2 ~ 0.3. The explicitly calculated transport coefficient L = ftSi~Y,Zi AI (1 -1 /KI )P1

for the bootstrap current is plotted as a function of vc/vQ for Z = 0.6 , and e = 0.1, 0.3 and 0.5 in Fig.
1. The solid and dashed curves which are computed from the approximate and exact expressions agree
quite well. In a similar way, we can derive the approximate expressions for the radial particle and energy
fluxes that are also in good agreement with exact ones.4'

It is well known that a particle orbit near the magnetic axis is quite different from the conventional
banana orbit and a thin-banana approximation in the conventional neoclassical transport theory is
broken down. The neoclassical transport at the magnetic axis has been studied intensively6"9' and
several theories are proposed. These theories predict the finite bootstrap current at the magnetic axis
due to the finite trapping ratio. Recently, Wang9' showed that the bootstrap current at the magnetic axis
can be estimated simply by replacing the conventional trapping condition by the trapping condition at
the magnetic axis. Applying this idea to our problem, we estimate the alpha-induced bootstrap current
near the magnetic axis.
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Let us introduce the trapping condition9' for the alpha particle

ViW1/2

where S = 2qopa/Ro with Larmor radius of alpha particle pa, qo is the safety factor at the magnetic

axis, the poloidal flux near the magnetic axis is assumed to be ip = (Bo/2qo)r2, and we here define the

trapped particle as a particle that reverses the sign of v\\ along the drift orbit. We rewrite this trapping

condition as

> A> = A+ for > 0,
1

for < 0,

where £+ (> 0) and £_ (< 0) are two real roots of the algebraic equation £4 + S£ — e2 = 0. Replacing Ac

by A^ in an and bn and considering (1) as J^ s = (l/2)[J^s(v|| > 0) + J^s(fl|| < 0)], we can estimate the

bootstrap current including finite trapping-ratio effect near the magnetic axis. In Fig. 2, the transport

coefficient L is plotted as a function of e for Z = 0.6, vc/va = 0.5, and 5 — 0.03 and 0.1. The dashed

curve is the result by the conventional theory. This figure shows that the conventional bootstrap current

is strongly modified near the magnetic axis.
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§ 1. Introduction
The attainment of a self-ignited state of plasma is one of the objects of next step

fusion research such as ITER project. Recently, high performance tokamak operation regimes
with Internal Transport Barrier (ITB) have been developed in several experiments (see, e.g.,
[1, 2]). The active control of pressure profile and of current profile is the key to maintain
ITB for a long time. The impact of various collapse events, which usually modify profiles of
pressure and current, must be investigated. This is because the ITB is considered to be
sustained by the nonlinear interactions between pressure profile, current profile and thermal
conductivity %. In addition, the heating profile is also influenced in ignited plasmas.

In this paper, dynamics of burning plasma with ITB is studied by use of a one
dimensional transport simulation code. Two possible mechanisms are modelled for ITB
collapse. One is the collapse which occurs above the critical pressure gradient (we call
'pressure gradient driven collapse' hereafter), the impact of which is modelled by the
enhancement of ^ [3]. The other is the collapse which occurs due to the sawtooth trigger
(we call 'sawtooth trigger collapse'). The extended Kadomtsev type reconnection model with
multiple resonant surface is introduced [4]. Both models are tested and long time sustainment
of burning is investigated.

The organization of this paper is as follows. In § 2, basic equations and assumptions
are introduced. In § 3, numerical results are presented. Summary and discussion are given
in §4.

§ 2. Model Equations
One dimensional energy transport, He-ash particle transport and poloidal magnetic

field transport equations are solved. Explicit equations and models of anomalous transport are
given in [4]. The ratio of thermal conductivity % to He-ash particle diffusivity DHe i.e.,
p = x/DHe is introduced and assumed to be constant. Power deposition profiles of external
heating are assumed to be Gaussian,

(2.1)
wj

The location and radial extent of the power absorption are given by rHj and rWj, where j = ac
(anti-current drive), c (current drive), b (beam heating without current drive). This model of
anomalous transport has reproduced the formation of ITB. The bootstrap current and the RF
driven current are taken into account as the non-inductive current drive. The RF driven
current is given by anti-current drive and current drive, and the formula for which is given in

ref.[5]. The electron density profile is fixed as ne[r) = \ne0-ne(a)J( 1 - r2/a2) + ne[a), where

6 and a are the peaking factor and the minor radius of the plasma, respectively.
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To examine the effect of ITB collapse on confinement, we introduce the following
I V12

model. We use the ideal MHD criterion [6] s = a2 ±15cc41 8 - aKm where a is the
normalized pressure gradient, s is the magnetic shear, and Km is the magnetic well. If a
exceeds this criterion at some location, r=rcr, ^ is enhanced as x = C XCDBM (HCDBM > the
thermal diffusivity of current diffusive ballooning mode [7]) in a region which includes
r = rcr and has finite width A . This finite width A models coherence of turbulence that is
responsible to transport degradation. In this analysis we choose A = a I100 and C = 20.

For sawtooth trigger collapse, the Kadomtsev type full reconnection model is introduced
[8]. In the model, a crash is assumed to occur if safety factor becomes below unity in some
region rx<r <r2. At the onset, the pressure profile, Helium density profile and helical flux
are forced to be flattened in the region rl<r<r2.

The burning performance of D-T plasma is evaluated using ITER-like parameters (
a = 2.8m, R = 8A4m, B, = 5.64T, K = 1 . 7 5 , 6 = 2.0, (ne) = 8.0 x 1019m"3, I™ = 20 MA,
p = 11.0). The edge density is chosen as ne[a) = 1019wr3 and T[a) = 50 eV, so that a typical
boundary condition of L-mode is satisfied.

§ 3. Burning Transport Analysis
First, we examine the pressure gradient driven collapse. The initial J(r) profile is

chosen as J(r) <* 1 - (r la)2 with q{0) = 1.5 and total plasma current is fixed as 1'°' = 20 MA.
As an initial condition for temperature and Helium density, the ignited solution in steady
state is used which is obtained with this fixed target current profile. Figure 1 shows the
temporal evolutions of volume averaged temperature in the case with pressure gradient driven
collapse. The dashed line indicates the case without current drive where the burning plasma
is quenched to ohmic plasma within 10 second due to the transport enhancement. To sustain
the burning state stationary, the current profile control for the central region by use of
anti-current drive and additional heating is considered. The auxiliary power of
Pauxir) = Pac(r) + Pb(r) with rHb = 0.22 m and rWb = 0.35 m is applied initially (shown by the
solid line) where Pac(

r) is the RF power for central anti-current drive and Pb(r) is the central
beam heating. The volume integrated powers are P™ = 20MW and P™ = 40MW. In this case,
the burning state is sustained
successfully in a transport time scale (
> 20 x£). This is because the unstable
region for the ideal ballooning
instability moves to the second stability
region due to the modification of
current and pressure profile, i.e.,
(s,a) by current drive and auxiliary
heating. The bootstrap current Vfg, the

V

5.0

20.0

15.0

10.0

poloidal beta
Yj and its

3~ ,̂ the fusion output
standard deviation

A
H
V

17 MA,

are evaluated as

2 n ~D~ o i r^m

0.0

i • • • i • • • i i i • i i • • i i i • i i i • i

with CD

without CD

7"! Ti TIT ~ f*. T. T.T.T . i i I . . . I

0 20 40

and 5P7~ 0.075 GW, respectively
(time average is done over the interval
; = 80~ 160 sec).

60 80 100

time (sec)
120 140 160

Fig.l The temporal evolutions of volume averaged
temperature with ITB collapse model.
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Next, the sawtooth trigger
collapse is examined. Figure 2(a,b)
show the temporal evolutions of volume
averaged temperature with Kadomtsev
type full reconnection model (without
pressure gradient driven collapse
model). For these parameters, the
minimum of safety factor near the ITB
goes to below unity, and the sawtooth
oscillation sets in at r~ 120 sec. If
any current profile control is not applied,
the current profile peaks. Then the
decrease of the central value of safety
factor occurs. According to the decrease
of q value around the minimum q
region, the bootstrap current decreases
gradually, and the decrease of q value
at the central region also occurs
simultaneously. In the case shown in
Fig.2 (a), q(0) becomes below unity at
t ~ 320 sec. As the results, the q ~ 1
region enlarges, negative shear region
shrinks, and an overlap of flattened
regions can occur. The ITB is lost, and
the plasma turns to a quenched state. To
avoid the global crash, increase of central
q value and improvement of negative
shear around the ITB are required. The
current profile control for the central
region by use of anti-current drive and
barrier region by use of current-drive is
considered in addition to the central beam
heating. In this simulation, the auxiliary
power of Paux(r) = PJr) + Pc(r) + Pb(r) is
applied at t~ 100 sec in Fig.2(a) where
the RF power for current drive is given
by P'c

ot = 40MW with rHc =\Am and
rWc = 0.35 m. The volume integrated total
power is C = 1 0 0 M W . In Fig. 2(b)
with this current profile control, the global
crash of profile is avoided, and the long
time sustainment of burning is attained (
t~ 1000 sec).

Finally, taking account of both
collapse models simultaneously, the
sustainment of burning state is
investigated. Figure 3(a) show the
temporal evolutions of volume averaged
temperature with both models. The
simulation run is restarted at t=300 sec in

0)

50 100 150 200 250 300 350

time (sec)

50 100 150 200 250 300 350

time (sec)

Fig.2 The temporal evolutions of volume averaged
temperature with full reconnection model.
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Fig.3 The temporal evolutions of volume averaged
temperature. The ITB collapse mode and the
full reconnection model are taken into
account simultaneously.
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Fig. 2(a) switching on both collapse models. In this case (solid line), the burning state is
quenched faster than the case of Fig.2(a) (with only sawtooth trigger collapse; dashed line).
To sustain the burning state, additional heating and current driving used in the case of Fig.
2(b) is applied. Figure 3(b) shows the temporal evolution of volume averaged temperature
with current drive. The auxiliary power is applied at t=300. The global crash of profile is
avoided. Ifs~l2MA, $~p~ 1.6, P}~2.9 GW and 8Pf~0.61 GWare obtained by the time
average over the interval t = 340 ~ 400 sec.
§ 4. Summary and Discussion

Dynamics of burning plasma was studied by use of one dimensional simulation code
with current diffusive ballooning mode model. In this study, we introduced ITB collapse
models, i.e., the pressure gradient driven collapse and sawtooth trigger collapse models. It is
found that the global crash of temperature will occur by the pressure gradient driven instability
at the central region in a transport time scale if the current profile control is not made. Even
if we could avoid this collapse, the sawtooth trigger collapse might be problematic in a
current diffusion time scale. We investigated the possibility of long time sustainment of
ignited state in high /3p -mode, by the control of current profile using external current drive
and additional heating. The possibility to avoid the global crash by appropriate current
profile control is shown. It should be emphasized that finite amplitude oscillation could take
place, being caused by the interations of transport coefficient, plasma profiles and impact of
collapse events. In this study, a simplified model for collapse is used to investigate th'e
possibility of control of ITB. The improvement of the physics model for the collapse is
necessary for future work in order to establish a dependable prospects for the steady state
sustainment of burning plasmas.
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21. Energetic ions produced by NBI and ICRF on JT-60U
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1. ICRF-Produced Fast Ions in Reverse Shear Plasma
Confinement degradation of fusion produced ions in reversed magnetic shear

(RS) plasma is observed in JT-60U, which is explained by enhanced ripple transport [1].
In terms of ICRF-produced fast ions, the interaction of ICRF wave and fast ions can
make the transport complicated. Interestingly, observations indicate that, when the
magnetic shear is strongly reversed in the core, the power density of the energetic ions
in the central region is reduced to about a half of that in the conventional (positive)
shear [2]. We attempted to explain the result with TF ripple transport plus the
interaction of fast ions with ICRF waves.

(1) Experimental result
In the experiment, ICRF waves of 102 MHz (2a>cH) heated minority hydrogen

ions in helium plasmas at 4 MW. The resonance layer was located in the central region.
The minority heating produced a fast ion tail with energies of up to several hundreds of
keV, which subsequently leads to a clear electron heating. Figure l(a) shows that the
central electron temperature Te(0) just after ICRF onset is low in strong RS, suggesting
that the tail formation is reduced in RS. In the case, the power transfer from the
energetic ions to electrons is roughly estimated by measuring ne(r)xdTe(r)/dt just after
the ICRF is switched on. The relative power transfer estimated with this measure is
shown in Fig.2. The result indicates that the power transfer in strong RS is flat in spite
of central resonance, while that in positive shear (PS) is peaked at the center as
expected.

(a)

4

©

NBi 9MW

1C 4 MW
I 1 L

0
Time (s)

0.5

Fig.l (a) Electron temperature rise at the plasma center by energetic ions produced in
ICRF-minority heating for positive shear (PS) and strong reversed shear (RS). (b)
Profile of safety factor in the PS and strong RS.
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M

O positive shear
•strong RS

Fig.2 ne(r)xdTe(r)/dt in positive shear and
strong reversed shear discharges, just after
ICRF is switched on. This quantity reflects
the power contained by ICRF-produced
energetic ions.

(2) Analysis
In order to investigate the strong shear dependence of the power transfer, we

used an orbit-following Monte Carlo code incorporated with the interaction of test
particles with ICRF waves [3]. The code follows the exact guiding-center orbits in
rippled magnetic field, and it considers Coulomb collisions and RF diffusion. On the
basis of the previous wave propagation analysis, we explicitly give the initial RF field in
the plasma. But the RF field is changed in time to conserve the summation'of the wave
energy and the energy absorbed by fast ions.
The calculation of the power transferred to energetic ions reconstructs the experimental
data as shown in Fig.3, indicating that the absorbed power by energetic ions is
significantly affected by q(r). The absorbed power in the strong RS is about a third of
that in the positive shear. Thus, we can conclude that the modeling qualitatively
explains the experimental result. Next we calculated the absorbed power by switching
TF ripple on and off in order to find the causality of the flatness of the power in the
strong RS. The result in Fig.4 indicates that RS effect (leading to expanded orbits) can
be one of reasons for the reduced power absorption. And TF ripple (leading to enhanced
ripple transport) should be taken into account to explain an additional reduction of the
absorbed power and the flatness of the power in the central region. TF ripple is -0.05%
in the central region of JT-60U, suggesting that this kind of modification in the
absorbed power will be common in strong RS of other tokamaks.

positive shear
• strong RS

0 0.1 0.2 0.3 0.4 0.5 0.6

r/a

Fig.3 Calculated power absorbed by
energetic ions in positive shear and
strong RS. The calculation includes
the wave-particle interaction and TF
rioole effects.
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Fig.4 Comparison of the calculated
power absorbed by energetic ions in
the strong RS with and without TF
ripple effects.
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2. Sawtooth Stabilization by N-NBI
It is known experimentally and theoretically that trapped energetic ions

produced by ICRF heating can stabilize sawtooth oscillations. One of the important
questions on the stabilization is whether passing energetic ions stabilizes sawtooth
oscillations. No clear answers to the question are available so far, but this can affect the
prediction of sawtooth period in a fusion reactor in that most of alpha particles are
produced in passing orbits. That is the motivation of the sawtooth stabilization
experiment with N-NBI on JT-60U.

(1) Observations in JT-60U
Negative ion-based neutral beam injection (N-NBI) on JT-60U provides co-

passing energetic ions with the energy of about 350 keV in the plasma. When N-NBI is
injected into sawtoothing plasma, the extension of the sawtooth-free period is observed
as shown in Fig.5 (a). The sawtooth-free period is extended with time. Clear sawtooth
stabilization is observed for relatively large inversion radii (rj ~ 0.3a), while the
stabilization is not for rj < 0.3a. Figure 5 (b) is the sawtooth period (xST) as a function of
the neoclassical resistive time (xR) in the N-NBI phase. The data were taken in two
discharges with the same inversion radius (rj/a = 0.3). When xR is below 5.5, TST is
proportional to TR. This suggests that an extension in xST in this range is caused by a
delay of current diffusion inside q = 1. Late in time (TR > 5.5 s, typically -0.5 s after the
onset of N-NBI), sawtooth-free period is stretched largely, suggesting that certain
sawtooth stabilization effects work when the population of passing N-NBI ions build up
in the plasma.

(a) E033768 (b)
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Fig.5 (a) Sawtooth stabilization by N-NBI (Te(0) is actually the emissivity of 3coce from
the core), (b) Evolution of sawtooth-free period with time during N-NBI.

(2) Pressure and current profile change by N-NBI
When N-NBI is injected into a plasma, the resulting beam driven current

changes j(r), affecting sawtooth oscillations. In addition, a change in p(r) can be
important to understand the characteristics of sawtooth oscillations. In order to examine
the effects by N-NBI on j(r) and p(r), we compared these profiles in shots with N-NBI
plus conventional positive NBI (P-NBI) and with P-NBI only.
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Plasma parameters of the target plasma were 1.65 MA, 3.5 T, q95 = 3.5 and ne

~ 1.7xlO19 m"3. Figure 6 is Te(0) in the discharges with N-NBI (3 MW) plus P-NBI (4
MW, by tangential beams) and with P-NBI only (7 MW, by tangential beams). In both
discharges, rj was 0.3a. The sawtooth periods are 300 ms and 180 ms, respectively. q(0)
from MSE measurement at the time pointed by the arrows in Fig. 6 is 0.77-0.85 for N-
NBI plus P-NBI, and 0.92 for P-NBI only. This indicates that N-NBI drives beam
current in the core region. Figure 7 shows j(r), Pt,uik(r) and ph(r) calculated by an
ACCOME code [4]. The obtained j(r), which is consistent with MSE measurement,
more peaks at the center in the N-NBI plus P-NBI case, increasing rjq'O^). Thus the
mechanism of the observed sawtooth stabilization seems different from the explanation
for sawtooth-free supershots in TFTR [5]. A dramatic increase in ph(r) is seen in the N-
NBI plus P-NBI case, whereas little difference in Pt,uik(r) *s expected. The stabilization
could be caused by passing beam effects, as suggested theoretically by Lazaros[6].

(a) N-NBI plus P-NBI

1st

(b) P-NBI only

8.0 8.2
Time (s)

8.4 10.8 11.0 11.2
Time (s)

11.4

Fig.6 Central electron temperature in sawtoothing shots (a) with N-NBI plus
P-NBI and (b) with P-NBI only.

a.
n

q=1

"NNBfrPNB
1 i 1

PNB "

\J I

r/a
Fig.7 Calculatred j(r), Pbunc(r) and ph(r) at the time indicated arrows in Fig.6.

(a) with N-NBI plus P-NBI and (b) with P-NBI only.

As a matter of fact, the cause of sawtooth crashes is not yet understood.
Furthermore, impacts of N-NBI on j(r) and p(r) are considerable. These are the main
difficulties that face us today on the sawtooth stabilization study. Our expectation is that
sawtooth stabilization experiments by N-NBI at higer beam power (5-10 MW) provide
a clue to understanding passing beam effects.
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Japan Atomic Energy Research Institute, Tokai, Naka, Ibaraki, 319-1195, Japan

1. Introduction

In JFT-2M, Advanced Material Tokamak Experiment (AMTEX) is being performed, where
compatibility of ferritic steel with plasma is tested. The ferritic steel is a leading candidate as the
structural material for a fusion demonstration reactor, such as SSTR [1], because of low activation
and good thermal properties. Another distinguished properties of the ferritic steel is the
ferromagnetism. Ferromagnetic material has never been used as the structural material in
magnetic fusion devices, because of worries about possible error fields. In AMTEX, we will
clarify merits and, if any, demerits of the ferritic steel. AMTEX consists of three stages. In the
first stage, ripple reduction by ferritic inserts outside the vacuum vessel is examined. It is
recognized that energetic ion losses due to the toroidal field ripple may cause thermal damage on
the first wall of ITER in the steady-state operation. Thus the ripple reduction with ferritic inserts
should be tested in AMTEX in the first stage. In the second and third stages, ferritic vacuum
vessel wall (FVW) will be tested in two steps (partial and full coverage with ferritic boards,
respectively), aiming at realizing high performance plasmas with FVW.

In this paper, an outline of the experimental set-up and initial results on the JFT-2M ripple
reduction experiments [2,3] are briefly described.

TFC

2. Ferritic Boards for Ripple Reduction

Ferritic steel boards (FBs) have been installed
between the vacuum vessel and all the 16 toroidal field
coils to reduce the toroidal field ripple, as illustrated in
Fig. 1. They cover the poloidal angle of ±65° to the
equatorial plane in the outboard side. Thickness,
width and position of FBs were optimized to reduce
both the fundamental mode ripple (n=16) and the
second harmonic ripple (n=32) so as to minimize a

value of 216;32 n2•2561 '5 [4], which is proportional to
the diffusion coefficient of banana drift ions in a weak
collisional regime [5]. Thickness of FBs can be „. 1
adjusted according to the toroidal field strength for BT

 l§'
s 2.2 T. Experimental results with FBs optimized for 1.3 T operation, the thickness of which is
about 50 mm, are presented in this paper.

Installation of FBs on JFT-2M.

3. Ripple Magnitude

A 3D calculation of the static magnetic field indicates that the ripple magnitude (5) was
reduced from 2.2% to 1.1 % at R=1.6 m, Z=0.0 m (near the outboard plasma edge) with FBs,
where 6 is defined as 5 = (Bmax-Bmin)/(Bmax+Bmia). The calculation results were actually
confirmed by the measurements with arrays of magnetic probes before and after the FB
installation [6].
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4. Ripple Losses of Fast Ions [7]

We compared the fast ion losses before and after the FB installation, using hydrogen NBI
of 36 keV and -500 kW (tangential co-injection) . A ratio of the banana size (At,) to the minor

radius (a) is approximately given by Ab/a=2(R/a)1/2qp/a, where R is the major radius, q the safety
factor at a plasma edge and p the Larmor radius. Typical JFT-2M plasma parameters (R/a~4.4,
3<sq:s9,1.3 T=sB-r<;2.2 T) give Ab/a=0.4~1.8, which covers the value of RC-ITER (Ab/a~0.5 for
R/a~3.3, q~7, B-p=5.5 T). Thus, the fast ion confinement experiments in JFT-2M can be a good
simulation for alpha particle physics in RC-ITER.

The fast ion losses were measured with an infrared TV looking at the outboard wall of
graphite tiles, a viewing angle of which covers toroidally a range between two neighbouring
horizontal ports over a poloidal angle from -77° to 18°. Increases in the wall temperature
associated with ripple trapped (RT) losses and banana drift (BD) losses were clearly observed.
The former was seen at the shoulder part on the ion grad-B drift side in the middle point between
coils, while the latter was seen around the midplane near the port edge. It was found that both RT
and BD losses were reduced with FBs. Figure 2 (a) compares two-dimensional profiles of the
incremental wall temperature due to the RT losses between without and with FBs. The maximum
temperature in the region delimited by the broken lines is plotted along the major radius in Fig. 2
(b). The peak temperature increment decreased from 75°C to 50°C with FBs. The peak
position shifted -6 cm outward in the major radius direction. The reason can be explained by the
reduction of the ripple well. Assuming that the temperature increment is proportional to the heat
flux, we estimate that the lost power was reduced by -50% with FBs.

Incremental temperature profiles in the BD loss region and the maximum temperature
profile along the toroidal direction are shown in Fig. 3. The peak temperature increment
decreased from 150°C to 100°C with FBs. It appeared that hot spot becomes broader with FBs,
while it was concentrated near the midplane without FBs. We have not yet estimated reduction
rate of the banana drift loss power because of this concentrated heat deposition at edge without
FBs.
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Fig. 2 (a) Comparison oflRTV data between without and
with FBs for ripple trapped losses, (b) Maximum
temperature profiles along the major radius direction.

Fig. 3 (a) Comparison oflRTV data between
without and with FBs for banana drift losses,
(b) Maximum temperature profiles along the
toroidal direction.

Thus we actually confirmed that ripple losses can be reduced with installation of FBs.
Next we investigated dependencies of ripple losses with FBs on the safety factor or the ripple
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magnitude by changing the plasma current (IP), the toroidal field (BT) and the plasma position
(Rout, major radius location of the outermost magnetic surface).

Figure 4 shows the result of IP scan (IP=140-280 kA), where only the safety factor changes
(q at edge, qs=8.5-4.2). The upper graph shows a size of the ripple trapped loss region against
the safety factor. We take FWHM in R-direction as the size of loss region. It was found that
the loss region increases with increasing qs, as expected from the theory . We estimated the
ripple trapped loss power by integrating the temperature increments over the loss region as
described above. We found that the ripple trapped losses increase with increasing qs, while an
inverse trend is seen on the banana drift losses. Close coupling between the two losses may be
revealed.

BT=1.3 T, I p=140-280 kA, R out=1.6 m BT =1.3-2.2 T, I „ =200 kA, R =1.6 m

o
m

In R-diVectioni

280 kA

6

0.8

0.6

m
0.4

0.2

200 kA

1.5

7
0.5

Fig. 4 q-dependences of ripple losses with FBs in
the case oflp scan.

Fig. 5 (q 8)-dependences of ripple losses with
FBs in the case of Bj scan.

The result of BT scan (BT =1.3-2.2 T) is shown in Fig. 5, where both q and 6 change with
the change of BT (qg=5.5-9,6=1.1%-1.6%). The RT loss region enlarges remarkably with the
change of BT from the optimized value (1.3 T), because of increase in 8. The RT losses increase
with increasing qs and 6. The BD losses decrease more significantly than in the case of IP scan,
possibly because of decrease in the Larmor radius.

In the case of Rout scan, both q and 8 change. Figure 6 (a) shows values proportional to
the ripple trapped losses and the banana drift losses against Rout. Both losses decrease with
increasing the gap between the plasma and the outside wall. Those values are plotted against
8 ' qs in Fig. 6 (b). This is the dependence of the diffusion coefficient mentioned above. It
appeared that the data can be fitted well with this functional dependence. Thus, both losses seem
to change with the dependence of the diffusion coefficient in a regime of weak collisions. This

dependence may seem to be inconsistent with the data in Fig. 4 and Fig. 5, but ranges of 8 ' qs '2

(or 8 ' qs Bj"1, if BT dependence is included) are much different between them. Some
saturation character of the ripple trapped losses may appear in Fig. 4 and Fig. 5 at high qs

region.
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5. Effects on Rotation

The toroidal rotation velocity (V^) increased significantly with FBs in ELM-free H-mode
discharge with a single null divertor configuration. V^ at edge increased from 20-30 km/s
without FBs up to 50-60 km/s with FBs.

6. Summary

Ferritic boards, optimized to reduce both fundamental and 2nd harmonic ripples, were
installed on JFT-2M. Reduction of the ripple was confirmed by the vacuum magnetic field
measurements. Reduction of ripple losses (by -50% for ripple trapped losses) was confirmed
by the IRTV measurements. RT losses increase with increasing q or (q, 6) with FBs, while BD

losses showed an inverse trend. RT and BD losses change as 5L5qs
3 '25 with a shift of Rout.

Toroidal rotation velocity increased significantly with FBs. Thus, the ferritic inserts are found to
be quite useful to reduce the toroidal field ripple and fast ion ripple losses.
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Abstract

Beam ion loss measurements from Compact Helical System (CHS) plasmas under
a variety of conditions show a strong loss of ions in the range of pitch angles
corresponding to transition orbits at the probe location. A numerical model has been
developed which includes the beam ion orbits, and details of the detector, plasma,
vessel, and neutral beam geometry. From this, the expected classical (i.e.
collisionless single particle orbit) signal at the detector can be computed. Preliminary
comparisons between the experimental data and model predictions indicate that the
classical behavior of the orbits and the machine geometry are insufficient to explain
the observations.

Introduction

CHS [1] is a low aspect ratio helical plasma device. Low aspect ratio is desirable
for a fusion plasma device since it requires less material structure to contain a fixed
volume of plasma than does a high aspect ratio device, lowering the eventual cost of a
reactor. However, the combination of low aspect ratio and helical magnetic field
structure tends to produce a large magnetic field ripple that can result in fast ion
losses. These losses, especially sizable ones, would be quite detrimental for a reactor.
The aim of this work is to compare observed neutral beam ion losses from CHS
plasmas with a collisionless prompt loss model to see if that model is adequate to
explain the observations.

Experimental details

CHS is an 1=8 heliotron/torsatron with a maximum magnetic field on axis of up to
2.0 T. The density can be varied between 0.5 and 5°°1019 m"3. Typical electron
temperatures are between 300 and 1000 eV. Standard CHS plasmas have major radii
at the magnetic axis of 0.88 m to -1.00 m. The CHS plasmas studied in this work all
have -700 kW of 36 keV hydrogen co-oriented neutral beam injection. For CHS, the
co-going beam ions circulate clockwise as seen from above.

A scintillator-based fast ion loss probe, described elsewhere [2], was used to
measure the local beam ion loss rate and lost particle characteristics at a single
location for a variety of plasma conditions. The probe is located at R=1.20 m,
z=+0.12 m, with its aperture oriented 45° from the radial direction so as to accept co-
going ions. Fast ions with pitch angles between 40° and 80° and gyroradii between
1.5 and 8.0 cm can be detected by the probe, where the pitch angle is given by
X=arccos(v,/v).

Out of the many measurements made during plasma parameter scans, two results
are excerpted here for comparison with a numerical model. Figure 1 displays the total
measured loss rate of beam ions to the probe when the magnetic axis position of the
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plasma was varied. The measured loss increases approximately exponentially as the
plasma moves outward. Figure 2 displays the loss rate versus pitch angle for a
plasma with B0=0.9 T, Raxis=0.949 m, and ne0=2°ol019 m"3. This loss has been
integrated over all gyroradii, and shows a peak centered at a pitch angle of 50°.

Numerical model of beam ion loss

In an effort to understand the physics which results in the loss of neutral beam
ions from CHS, we have followed beam ion orbits using a numerical model that
incorporates the vacuum magnetic field, the 3-D shape of the vacuum vessel interior,
the probe position, and the source of beam ions. The orbit-following portion of the
code simply integrates the Lorentz force law, assuming that the electric field is
negligible, and is essentially the same as the code described in Ref. [3]. An ion with
energy equal to the beam injection energy is started with a certain pitch angle at the
probe location and its orbit is followed backwards in time. The integration of the
orbit proceeds in steps small compared to the gyroradius. Each orbit is followed
backward in time until it either intersects the vessel wall or a maximum orbit length is
reached (typically 300 m). At each step of an orbit, the local source strength of beam
ions is computed and then summed over all steps in the orbit. That source strength is
computed as the product of the beam ionization rate at the ion's location and a factor
quantifying the degree of alignment between the ion's velocity vector and the
direction of motion of beam ions ionized at that point. More specifically, that
alignment term is expi-d^/Q^2), where 0ba is the angle between the ion's velocity
vector and the beam injection direction and 9b0 is the divergence angle of the CHS
beam line (-1.2°). The beam ionization rate as a function of location is given by a
polynomial fit to a deposition profile computed by the H-FREYA code. [4] The code
normalizes the summed source strength along one orbit to the volume integral of the
local beam ionization rate and to the probe aperture size and acceptance angles to give
an absolute efficiency for that orbit, which is the fraction of the total beam ion current
which should reach the detector at that pitch angle. By making an efficiency
calculation for each pitch angle that can reach the detector, a profile of loss versus
pitch angle can be computed. The code also allows that efficiency to be summed over
pitch angle to give the total signal expected in the probe. This total efficiency can
then be plotted as a function of plasma parameters.

Figure 1 shows the total beam ion loss to the probe as Raxis is scanned. In addition
to the experimental measurements, the efficiencies from the numerical model are also
plotted. Both sets of data have the same trend with increasing Raxis and are fit
reasonably by an exponential function. The experimental data, which are not
absolutely calibrated, have been normalized to lie on the same scale as the computed
efficiency. For this data, the model matches the variation of the loss rate with Raxis.

The model has also been run for a plasma with B0=0.9 T, Raxis=0.949 m, and
ne0=2ool019 m'3. A plot of the orbit steps which contribute significantly to the total
source integral shows that the strongest contribution to the signal at pitch angles of
interest arises from areas near the point where the beam enters and leaves the plasma,
especially where R>1.3 m. The same inference was previously drawn by Isobe.[5]

Figure 2 displays the experimentally-measured loss as a function of pitch angle
for this case, with an arbitrary overall normalization applied. In addition, efficiencies
of single orbits are plotted as individual points for a fine scan in pitch angle. These
calculated efficiencies vary widely for small changes in initial pitch angle because
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this range of orbits is of a transitional character: small changes in the mod-B
encountered can make the difference between such particles continuing to travel as
passing particles or being magnetically mirrored. In the latter case, the orbit always
intersects the wall, thus limiting the integral of the beam ion source function along the
orbit. A moving average of these individual efficiencies is also plotted in Fig. 2, for
comparison with the experimental measurement. Note that, for this averaged data, the
peak loss is predicted to occur at a pitch angle of -42°, markedly different from the
peaking at 50° seen in the experimental data.

2 1CT9

1.5 1cr9

,-9
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5 10"10

O 10°

— G- - Computed efficiency
—i^s— normalized measured loss (a.u.)

88 90 92 94 96 98 1OO

Figure 1: The measured loss rate (arbitrary normalization) and the computed
detector efficiency as a function of plasma axis position, with exponential curves fitted
to each.

Discussion

The model correctly reproduces the experimental variation of the loss rate with
Raxis. However, the computed loss versus pitch angle differs distinctly from the
experimental result. We hypothesize that the variation of the loss rate with axis
position is governed predominantly by the relative positions of the plasma, vessel
wall, and probe, and is somewhat insensitive to the exact source function of the lost
beam ions. That would allow the model to match the scaling seen in the axis position
scan (Fig. 1), but not match the results shown in Fig. 2

Since the model incorporates the physics relevant to prompt orbit loss of beam
ions, but does not reproduce the measured loss as a function of pitch angle, we
conclude that the loss of beam ions from CHS plasmas does not arise exclusively
from prompt loss. Some additional mechanism must be invoked to produce the pitch
angle profile seen. Candidate mechanisms that could affect the profile include:
collisional pitch angle scattering, the radial electric field, low-level MHD activity, and
error fields. It was previously observed in CHS that electron cyclotron heating, which
causes significant changes in the radial electric field, caused a doubling of the loss
rate. So, this would seem to be a strong candidate for further investigation.
Collisional pitch angle scattering has been seen to cause sizable changes in the beam
ion loss from the W7-AS stellarator[6], which suggests that the effect of collisions on
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the beam ion distribution should also be accounted for in the calculation of the loss.
That some sort of diffusive or scattering process is at work is also suggested by the
strength of the measured signal at a pitch angle of 50°. This is the bounding pitch
angle between trapped or mirrored orbits and passing (and transition) orbits.
Enhanced loss at this boundary pitch angle could arise from pitch angle diffusion of
the beam ions, akin to observations of MHD-induced loss of fusion products at the
trapped/passing boundary pitch angle in TFTR.[7]

44 48
Pitch angle (°)

Figure 2 : Measured loss (arbitrary normalization) and model orbit efficiency as a
function of pitch angle for B=0.9 T, Raxis=0.949 m. The circles are individual orbit
efficiencies and the dashed line is the running average of them.

Conclusion

A prompt orbit loss model which includes a realistic beam ion source function
does not reproduce the measured pitch angle distribution of lost beam ions in CHS.
Additional mechanisms, such as collisional pitch angle scattering, the radial electric
field, low-level MHD activity, and error fields must also play a significant role in the
loss.
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1. Introduction

The confinement of fast ions are one of the most important issues in the study of

magnetically confined fusion devices. In toroidal helical systems, the radial electric field

plays an important role on the topology of particle orbit, hence affects the formation of

loss-cones[l]. Many theoretical and numerical works concerning on this issue are

performed [2,3,4,5]. The experimental studies on the Er-induced loss-cones are reported

by Kurimoto,ef. al, [6] and Zushi,eta/.[7]

During High Power/High-Ti experimental campaign on CHS, a drastic change of the

ion temperature measured by Neutral Particle Analyzer (TiNPA) was observed when the ECH

was superposed on low density NBI-plasmas, although no significant change was observed

on the ion temperature measured by Charge Exchange Recombination Spectroscopy

(TiCXRS). The NPA spectra of ECH superposed NBI (NBI+ECH) discharge are compared

to those of NBI only discharges.

In this article, the experimental results

and initial analysis on the NPA-spectra of

these discharges are reported.

1.4

NPA

2. Experimental Set-Up

A Neutral Particle Analyzer is used to

measure the \|/CX(E) . Since the E-induced

loss-cone affects the confinement of large

pitch-angle particles, the measurements

were focused on two viewing angle

locations as shown in Fig.l. The one is 12-

degree location, which correspond to

perpendicular sight line to magnetic field,

and the other is 38-degree location which

correspond to parallel sight line.

-1 I — I — ] I I I I I I

I I i . I I I I i I I

1 .4

Fig. 1 Sight line of NPA. Short-dashed lines with open
circles show the perpendicular (12-degree) sight line, w

The electric-field was determined from t h e '<>ng-dashed lines with crosses does the parallel one.
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plasma rotation measurement using Charge

Exchanged Recombination Spectroscopy. ;

In the experiment, low density high-Ti :

mode plasmas are sustained by the co.-injected

Neutral Beam (Fig. 2). The Electron

Cyclotron Heating(53GHz/106GHz) is ^
0)

superposed on this plasma during t= 60-80ms. |
i-'

The electron density rise is slightly suppressed
during this phase. As is mentioned, the TiNPA,

which is obtained by the perpendicular Fig. 2 Typical time trace of (a) electron density an

5 0 100
time [ms]

measurements, jumps up to 450-eV from 300-

eV.

during NBI- and NBI+ECH-
discharges. The dashed lines with closed circles si
forms for NBI-discharge, while
the solid lines with open circles show wave forms f
NBI+ECH discharges.3. Results and Remarks

Figure 3 show the NPA-spectra obtained between t=60-80ms. Figure 4(a) shows the '

corresponding Trprofile measured by CXRS. The small peaks at 2-keV in parallel NPA-

spectra are the contribution from 1/18-energy component of NB. The parallel spectra are

similar both in the NBI- and NBI+ECH-discharges, while, in the perpendicular spectra, an

enhancement of the charge exchange flux around 2-keV is observed for NBI+ECH-

dischrges. There are three explanations for this enhancement of xi/cx"61"' in NBI+ECH-

discharges. (1) The enhancement of pitch angle scattering due to the change of the Tc

and/or Zcfr. (2) The enhancement of neutral and/or ion density as a source of measured

charge exchanged neutral flux. (3) The enhancement of confinement property of the ions

on the NPA sight line.

Although the Zdl is not monitored, the effect of Zcll is considered to be low as impurity

2 3

Energy [keV]
2 3

Energy [keV]

Fig. 3 Measured NPA spectra between t= 60 - 80ms. (a) Spectra on perpendicular line of sight, and (b) tl
parallel line of sight. The open and the closed circles show the spectra of NBI-and NBI+ECH-discharges.
respectively. The solid-lines show the estimated NPA spectrum for NBI+ECH-discharges by using measi
and Ti- profiles, while the dashed lines do that for NBI-discharges. The neutral densities are evaluated f
PROCTOR-code.
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ions tend to be pumped out by ECH. As a result Zc,reffect on the pitch angle scattering is

expected to be reduced. Although the electron temperature is higher in the ECH

superposed discharges than in NB-only discharges, it is unlikely to occur the enhancement

of pitch angle scattering in this energy range. Since the electron temperatures are 0.5-keV

for NBI-discharges and 2.8-keV for NBI+ECH-discharges and the critical energy is in the

range of 10-40keV, the enhancement in pitch angle scattering will likely to occur in higher

energy range.

The effect of plasma parameters on the \|/cxpeip is evaluated by estimating the NPA

spectra using the measured n,.(p)-, Tc(p)- and Ti(p)-profiles. The neutral density profiles

are obtained from the PROCTOR-code analysis. The ns(p) is assumed to be same as nc(p)

in the evaluation. The solid- and dashed- lines in Fig. 3 show the evaluated NPA-spectra

for NBI+ECH- and NBI-discharges, respectively. No significant differences is found in

the perpendicular spectra between these two discharges. The difference in plasmas

parameters will not explain the enhancement of \|/cx
perp around 2-keV.

UJ

0.2 0.4 0.6 0.8

•-- 2 -

Fig. 4 (a) Ion Temperature and (b)Radial electric field obtained by CXRS measurement
between t= 60 and 30 ms. The solid lines with closed circles show those for NBI+ECH-
discharges, while the dashed lines with open circles do those for NBI-discharges.

During ECH-supeposed phase, the radial electric field turned to positive as shown in

Fig.4(b), To see the effect of this Er-change on the confinement of particles which are

measured by NPA, orbit calculations are performed and the orbit following time are

examined. The particles are launched from the sight line of NPA and the full-gyro motion

is followed in the calculation. At each launching point, the particle is directed to the pivot

point of NPA. The calculation is proceeded by reversing the time. Orbit following time

are calculated for the particle having an energy of 1-, 2-, 5- and 8-keV. Electric Potentials:

(|)(p) are evaluated by integrating the measured Er-profile along the radial direction with the

boundary condition of 4>( 1 )=0. In the parallel sight line, almost all of the particles are

confined and show closed drift surfaces. No electric field dependence of orbit following

time are observed in this case. On the other hand, the orbit following time of

perpendicular case is strongly depend on the choice of electric potential. The calculated
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Ei—induced
loss domain

Er-induced
loss domain

«4 •

Er-induced
loss domain

b)

1
T :

•

\ :

k 1

0.5 1 -1 -0.5 0.5 1 -1 -0.5

Fig. 5 Orbit following times of partices launched from the NPA perpendicular
sight line. The energy of the Particles are (a)1keV, (b) 2keV, (c) SkeV, and (d)
SkeV. Solid lines with closed cirdles represent the case where the electric
potential profile of NBI+ECH-discharges are assumed, while dashed lines with
open circles do the case where that of MBI-discharges are assumed. The center
dashed lines show the path averaged collision time. The path averaged charge
exchange loss time are also calculated, which are order of 1-10ms.
The calculations are trancated at about 0.4ms.

orbit following time for perpendicular case are shown in Fig.5. A strong reduction of loss

cone induced by the radial electric field are seen in the calculation with the particle energy

of below 5-keV. When the particle energy is down below the 1-keV, the effect of Er-field

on the particle loss becomes weak. In this energy range, most of the particles which are on

the prompt loss orbit are considered as confined particles, since the collision time becomes

comparable to the orbit following time of the lost particles.

In summary, the effect of Er-induced loss is significant between 1- and 5-keV with the

Er-field obtained at the experiments. This results is consistent with the result obtained by

perpendicular NPA measurement.
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1. Introduction

One of the interesting issues in heliotron/torsatron experiments is the confinement ,

property of energetic ions, especially ions having relatively high pitch angle. In the Compact

Helical System (CHS), the loss cone region of energetic ions is supposed to be quite large

because of the non-axisymmetric magnetic field configuration and the enhanced toroidicity due

to its low aspect ratio. Owing to this reason, a neutral beam injector, which is capable of

variable injection angle, from tangential to perpendicular, is installed on CHS. A previous

experiment showed that the perpendicularly injected neutral beam (NB) could not increase the

stored energy of target plasmas at a magnetic axis position Rax of 92.1 cm[l]. This result

suggests poor confinement of perpendicularly injected beam ions. In order to look into beam

ion loss more directly, deuterium NBs were injected into deuterium plasmas and d-d neutrons

were measured in CHS. The neutron decay time just after a short pulse of NB provides both

information on the slowing down time and beam confinement time[2,3]. Experiments were

carried out in standard and inward shifted configurations with high magnetic field operation. In

this article, the experimental results and initial analysis are reported.

2. Experimental set-up

In this experiment, deuterium NBs were injected perpendicularly into deuterium plasmas

by using a NB injector for plasma diagnostics(see Fig. 1). The initial pitch angle of injected

beam ions at their birthplace ranges between 80 and 105 degrees. The injection energy of NB

was typically 38 keV and the pulse duration was 2 ms. No significant effects of beam injection

on global plasma parameters were observed. Judging from the previous experimental result[l],

the neutron decay time after NB turn-off is expected to be short, so, a fast response neutron
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detector based on a plastic scintillator(10 cm

diam. x 30 cm length) was prepared for this

experiment[4].

Experiments were carried out in two

configurations. One has Rax of 92.1 cm,

which gives best stored energy for

tangential NB-heated plasmas. This is the

standard configuration of CHS. Another

configuration has Rax of 87.7 cm. The

plasma is strongly inward shifted in this

case. The characteristic difference between

two configurations is in the mod-B

minimum contours, which are shown in

Fig. 2. In the inward shifted configuration,

the mod-B minimum contour matches the

3

O

•(51

140

120 -

100 - :.:

40 60 80 100 120 140

CHS major radius (cm)

Fig. 1 Injection angle of neutral beam as seen
from the top of CHS. The beam line is on the
midplane.

magnetic flux surfaces(see Fig. 2(b)). This means that good confinement property for deeply

trapped ions is expected. On the other hand, in the standard configuration, mod-B minimum

contour does not match the magnetic flux surfaces.

0 (r/a)sin(theta) -i

- -0.5

-1 -0.5 0 0.5 1

(r/a)cos(theta)

-1 -0.5 0.5 1

(r/a)cos(theta)

Fig. 2 Mod-B minimum contours in vacuum magnetic field. ; a) standard configuration (Rax = 92.1 cm ),

b) inward shifted configuration (Rax = 87.7 cm ).

In order to know the confinement domain for injected NB ions in both configurations,

particles were launched from each point on the beam line and the full gyro-orbits were

followed. The confinement domains for perpendicularly injected beam ions are shown in Fig. 3
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for both cases. It is seen that the confinement domain of deeply trapped ions in R^ of 87.7 cm

is wider than that in Rax of 92.1 cm in normalized minor radius. This is because particles

ionized in outer region hit the first wall immediately and are lost in R^ of 92.1 cm.

15
CO

CD . _

E 10

o c ' i Confinement

15

CO

¥i0
Confinement

O 0

domain

c
•5

O
rb

it

5

0

' ; domain • "•

; j Prompt "-^
. § loss ^ ^ ..
• '^ - domain \

-1 -0.5 0 0.5 1

Nomalized minor radius

-1 -0.5 0 0.5 1

Nomalized minor radius

Fig. 3 Confinement domain and prompt loss domain for perpendicularly injected NB ions, a) standard

configuration(/?flj=92.1 cm/fipl.76 T), b) inward shifted configurationC^^S?.? cm/Bp:1.62 T). Maximum

orbit following time was set to be 12.8 |J.s in this computation.

3. Results and remarks

Figure 4(a) and (b) shows typical time traces of neutron emission rate Sn in standard and

inward shifted configuration, respectively. The line averaged electron density was ~3.3xl019

m-3 for both cases. The central electron temperature in standard and inward shifted plasma was

0.4 keV and 0.6 keV, respectively. The observed neutron decay just after NB turn-off was

very fast in both plasmas. The decay time %t.eXp is about 0.2 ms for Fig. 4(a), and 0.6 ms for

Fig. 4(b). The neutron decay time assuming classical slowing down without loss can be

estimated from the expression given by Strachan et al[5]. The predicted neutron decay time

?n-classkalm core region is 2 - 3 ms, much longer than %n-eXp- Here, the Spitzer slowing down

time Ty is 20 - 30 ms. Trapped energetic ions tend to circulate in the peripheral region.

However, ^n-ciassical estimated with edge parameters of confinement domain is about 1 ms, still

longer than xn.exp. This suggests that there exists beam ion loss. A possible candidate to

explain this discrepancy is charge exchange(CX) loss. If neutral density no is higher than

1.0x1016 m-3, the characteristic time of CX 1OSS(TCIX = l/tio@<Jcx
@v) is estimated to be less than 1

ms for 38 keV deuteron. The toroidal transport code PROCTR-MOD suggests that no which is

more than l.OxlO^ m-3 is possible in the peripheral region[6]. Another possibility might be

orbit loss but necessary time for deflection does not match time scale discussed here.
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Fig. 4 Typical time traces of neutron emission rate due to perpendicular NB injection. The sampling rate of
plastic scintillator signal is 10 kHz. a) standard configuration(/?at=92.1 cm), b) inward shifted configuration
(Rcu=S7.7 cm).

In lower ne plasmas, the longer xn.exp is expected because of longer xs but no significant

difference in in.exp was observed between low and high ne plasmas. This also suggests the

existence of rapid beam ion loss. In the inward shifted plasma, steady increase in Sn as ne

increases was observed. On the other hand, in plasmas with Rax of 92.1 cm, the rate of

increase of Sn is slower than that in R^ of 87.7 cm because perpendicular beam injection is not

as efficient in deposition due to the wide prompt loss area in the outer region of the standard

configuration.

In summary, measured neutron decay is faster than predicted even in the inward shifted

configuration. Charge exchange processes may play an important role in explaining the

discrepancy in neutron decay time just after NB turn-off.
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1. Introduction

It is important to understand the loss processes of energetic ions in magnetic

confinement devices. Especially in helical devices which are regarded as alternative devices

of tokamaks, energetic ions have complicated orbits because of helical ripples. Therefore,

measurements of escaping fast ions are necessary to study their loss processes.

A scintillator-type lost fast ion probe has been used to measure escaping neutral beam

(NB) ions in the Compact Helical System (CHS) [1-3]. The probe can provide the

information on the pitch angle % (here, ^=arccos(v///v)) and the energy E of detected beam.

Their loss orbits are identified by using a orbit following code with the obtained information.

The fast measurement is favorable for the investigation of time behaviors of escaping fast ions.

Some loss processes, such as the prompt loss, the collisional pitch angle scattering loss and

the magnetohydrodynamic (MHD)-induced loss, have been identified from their characteristic

time behaviors. With regard to MHD-induced losses, the time behavior of trapped ions

during one Mirnov burst is different from that of transition ions.

2. Experimental set-up

CHS is a heliotron/torsatron type device with the major radius R=l m, the averaged

minor radius <a>=0.2 m and the poloidal period number 1=2 and toroidal period number m=8

[4]. The maximum toroidal magnetic field BT is 2 T. CHS has two NB injectors; one is NB

#1 for co-injection (H, 38 kV, 1 MW) and the other is NB #2 for counter (ctr.) -injection (H,

36 kV, 0.6 MW). In this paper, beam ion losses arising from tangentially injected NB #1 are

presented.

The lost fast ion probe is vertically inserted from the top of the device [1], because the

direction of the grad-B drift of ions is upward on the standard operational condition of CHS.

The center of the probe shaft is at R=l.2 m. The detection end, where a scintillator plate (3.2
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cm x 3.2 cm, ZnS) is installed in a light-tight box, is placed at the distance of several cm from

the last closed magnetic surface. The box has a pair of apertures which can select energetic

ions striking the scintillator plate. The aperture direction can be changed so as to measure

co-going beam ions with 100°< £<145° or ctr.-going beam ions with 35°< j<90°. A

scintillation light pattern on having the information of % a nd E °f detected beam ions is

measured by a CCD camera coupled with an image intensifier with the time resolution of 33.3

ms and is viewed by a nine-channel optical fiber array coupled each with a photomultiplier

tube (PMT) that has the frequency response of 20 kHz. The fast time behaviors of escaping

fast ions with the different % and E can be investigated by using the latter fast measurement.

3. Resolts and Discussions

3.1 Classical losses

Three kinds of loss orbit were

observed and were identified as losses

from passing, transition and trapped

orbits. The different time behaviors

of escaping ions, which suggest

different classical loss processes, were

observed on signals corresponding to

co-going passing ions and co-going

transition ions. Typical examples are

shown in Fig.l ; (a) a signal of co-

going passing ions with % of 134°±3°,

E of approximately 38 keV, and (b) a

signal of co-going transition ions with

X of 115°±5°, E of approximately 38

keV. The discharge had the following

parameters; the magnetic axis position

/?„ =0.949 m, BT =1.5 T and the

average electron density ne ~1.6xlO19

m'3. The signal of passing ions (a)

starts synchronously at the moment of

NB injection, while the signal intensity

0 2 0 3 0 4 0
Time (ms)

5 0 6 0

Fig.l. Time traces of two kinds of escaping ion; (a) co-going
passing ions with % of 134°±3°, E of approximately 38 keV,
and (b) co-going transition ions with % of 115°±5°, E of
approximately 38 keV.
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Fig.2. Dependence of the rising time on the electron density.
The calculated deflection time (Zeff=3) is also plotted as a
curve. The electron density is measured on .the central
chord.
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of transition ions (b) rises gradually in time. The rising times rrise, which are defined as the

time from the start of signal to the saturation are different in (a) and (b) clearly. The rising

time of passing ion signal is much smaller than that of transition ion signal. To reveal these

loss processes, the dependence of rrise for both losses on ne is presented in Fig. 2, together with

the calculated deflection time. The rising time of passing ion signal is independent of ne.

On the other hand, Trise of transition ion signal is inversely proportional to ne and is similar to

the tendency of the deflection time. Therefore, it is thought that the former is due to the

prompt loss and the latter is due to the collisional pitch angle scattering loss depending on ne.

3.2 MHD-induced losses

The periodic beam ion losses

correlating with MHD oscillation were

observed on the signals of co-going

passing boundary ions and ctr.-going

trapped ions with the energy lower than ^

injection energy during the mln=3l2

(m/n =poloidal/toroidal mode numbers)

fishbone like instability in CHS [5,6].

To see the fast time behavior, the

enlarged fast ion loss signals for both 'z

kinds of ion with magnetic fluctuation

are shown in Fig. 3. The discharges

had the following parameters; /?ax Fig 3 Enlarged fast ion loss signals with magnetic fluctuation
=0.974 m B =0 9 T and n ~1.2xlO19 for (a) C°-Soing passing boundary ions with * of 138°±1°, £

' T e • of approximately 38 keV, and (b) ctr.-going trapped ions with
m"3. Figure 3(a) shows co-going X of 87°±3°, E of approximately 20 keV.

passing boundary ion signal with % of 138°±1°, E of approximately 38 keV. The fast ion

loss signal starts when the magnetic fluctuation amplitude reaches the maximum level and the

magnetic fluctuation starts to decrease after the ejection of fast ions. The ctr.-going trapped

ion signal with % of 87°±3°, E of approximately 20 keV is presented in Fig. 3(b). Trapped

ions are ejected before the magnetic fluctuation amplitude reaches the maximum level. The

difference of the time lag in two kinds of ejection is seen in most cases. The correlation

between the time from the start of a burst to the start of ejection and the fluctuation amplitude

when the fast ion ejection starts is shown in Fig. 4. The tendency that trapped ion losses

o
m 111.5 112

Time (ms)
112.5 113
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arise earlier than transition ion losses

is seen. It is thought that the

tendency is not due to difference of the

energy for both kinds of ion and is due

to the difference of their orbits,

because it was observed that trapped

ion losses on different three channels

started simultaneously. The tendency

does not depend on the magnetic

fluctuation frequency. The frequency
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close to the toroidal precession amplitude when the fast ion ejection starts.

frequency for helically trapped ions

[6].

4. Summary

The time behavior of escaping fast ions has been investigated with the scintillator-type

lost fast ion probe which can measure the fast phenomena in CHS. Loss orbits were

identified using the orbit code and it was found that the some of losses are due to classical

losses, the prompt loss and the collisional pitch angle scattering loss. Co-going passing

boundary ions and ctr.-going trapped ions with the energy lower than injection energy were

lost periodically correlating with the m/n=3/2 fishbone like instability. On the contrast of

these fast time behaviors for both kinds of ion, trapped ions were ejected earlier in time. The

time lag would be due to the kinds of orbit.
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Abstract

The neoclassical (collisional) transport of energetic ions is investigated by the global neoclassical
transport simulation in the Large Helical Device (LHD). The steady state distributions of energetic
ions are evaluated assuming an energetic particle source by NBI heating (tangentally injected).
Significant radial transport of energetic ions can be seen due to the radial motion of trapped particles
in the velocity region below near critical velocity. Our simulation results show relatively good
agreements with the experimental results of fast particle measurements in the LHD. This suggests an
important role of neoclassical transport in the radial transport process of energetic ions in heliotrons.

1. Introduction

Complex motions of helically trapped particles tend to enhance the radial transport of energetic
ions in heliotrons. Thus the confinement of energetic particles is an important issue for a future
reactor based on the helical system. In order to study the energetic ion behavior experimentally,
the energetic particle distribution has been measured by the fast neutral particle analyses using
natural diamond detector (NDD) in the LHD[1].

Figure 1 shows the measured count number by NDD for two different time periods of a dis-
charge. In this discharge the plasma density increases up to 1.5 x 1019m~3 and, then, decreased to
0.7 x 1019m~3. The beam particle (Eb = lOOkeV) was tangentially injected and slows down to the
thermal energy. The NDD observation line was set to tangential to the plasma axis. We can see the
nearly linear increase of count number as energy decreases in the higher density case. On the other
hand the saturation of the count number is found as energy decreases in the lower density case. The
solid lines show the prediction by 2D Fokker-Planck simulation where no radial transport effect on
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FIG. 1. Plots of the NDD count number with error bars for two different densities in the LHD;
1.5 x 1019m~3 (left) and 0.7 x 1019m~3 (right). The solid lines show the predictions by 2D Fokker-
Planck calculation.

beam ion is taken into account. We can see large differences between the experimental and 2D
simulation results below about 40keV.

Several reasons can be considered for the difference in count number; anomalous transport,
strong charge exchange effect, etc. Among them we think that the neoclassical (collisional) trans-
port is plausible for the reason of this difference. Because the energetic particle drifts with high
velocity and has an large orbit size, and the neoclassical transport would would play an important
role in the distribution of energetic ions in heliotrons. Many efforts have been made to analyze
the neoclassical transport of thermal plasma, analytically and numerically, in heliotrons. However,
because of the large orbit size of energetic ions, the conventional approach based on the local ap-
proximation can not be utilized to this problem and a new non-local approach is required to study
the neoclassical transport of the energetic ions in heliotrons.

In this paper we study the neoclassical transport of energetic ions in heliotrons using a newly
developed global neoclassical transport simulation code, GNETfl]. In this code we solve the drift
kinetic equation for energetic ions in 5-D phase space with NBI heating as a source of energy and
particle. The drift kinetic equation can be written with the initial condition f(x, v\\,v±, t - 0) = 0
as:

% + (vd + «„) • | £ + v • ̂  - Cc°\f) = SNBI,
dt dx dv

where vd is the drift velocity and v\\{- v\\ b) is the parallel velocity, respectively. The acceleration
term v = (v\\,i)±) is given by the conservation of magnetic moment and total energy, and C"11 and
gNBi a r e ,-jjg c o n i s i o n operator and the heating source term for NBI heating, respectively.

The Green function approach has been implemented in the Monte Carlo simulation code[2,3].
The code allows for the calculation of the drift orbits with high accuracy in a complex magnetic field
configuration solving the equation of motions in the Boozer magnetic coordinates based on a three
dimensional MHD equilibrium. The collisional effects (both pitch angle and energy scattering) are
taken into account using the linear Monte Carlo collision operator.
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FIG. 2. Contour plots of the energetic ion dis-
tribution in the (r/a, v, 6P) coordinates in the
LHD plasma.

2. Simulation results

FIG. 3. Plots of the radial profile chang-
ing the pitch angle from passing through
deeply trapped particle region.

The drift kinetic equation in 5D phase-space was solved in the LHD plasma (the standard con-
figuration; Rax = 3.75m) to study the neoclassical transport of energetic ions. The NBI heating
source term was calculated by HFREYA code assuming beam energy of lOOkeV. Figure 2 shows
the steady state distribution with the NBI beam source obtained by GNET code in the three dimen-
sional space (r/a, v, 9p/w), where r/a, v, and 9V are the averaged minor radius, the total velocity
and the pitch angle, respectively. We assumed the density, n, and temperature for ions, Tit and elec-
trons, Ti, as n(r) = no{ 1 - (r/a)s} with n0 = 2.0 x 1019m-3, and Te(r) = T^r) = Te0{ 1 - (r/a)2}
with Teo = 1.6keV. The magnetic field strength is set to 1.5T.

The beam ions deposit at the high velocity region (v ~ ll%io) and slow down to the thermal
velocity. When the beam ion reaches to the critical velocity (about 4 times of thermal velocity)
the pitch angle scattering takes place by the collisions with background ions, and the beam ion
distribution spreads toward the higher pitch angle region (upper side). We can see the deficit of
distribution at the trapped particle region (6P/TT ~ 0.5) near the edge region because of the loss
cone of helically trapped particle. Also the decrease of distribution is found at the radial region,
r/a > 0.6, where the fraction of helically trapped particle becomes large. These indicate the fast
radial transport of helically trapped particle generated by the pitch angle scattering.

Next we study the radial density profile of specific pitch angles using the obtained distribution
by GNET code. Figure 3 shows the pitch angle dependency of the radial density profile of the ions
whose energy is greater than 2keV. The pitch angle is changed from the deeply trapped particle to
the passing particle region. We can see a rapid decrease of the density as pitch angle increases. It
is also found that the profile is flatten more in the radial region, r/a > 0.6, for higher pitch angle
cases. These results also show the significant radial transport of helically trapped particle.

Using the obtain distribution by GNET code we have evaluated the neutral particle number
detected by NDD. Figure 4 shows the simulated count number based on the experimental plasma
parameters. We have evaluated for two different density neo = 1.0 x 1019 and 2.0 x 1019m~3
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FIG. 4. Comparisons of the experimental results and the simulated NDD count number using the
GNET results in the LHD; ne0 = 2.0 x 10l9m"3 (left) and ne0 = 1.0 x 1019m"3 (right).

with Te0 = Ti0 = 1.6keV. We can see the similar linear increase of count number as decreasing
the energy in the higher density case. Also we find the similar saturation of the count number due
to the radial transport of energetic trapped particle in the lower density case. Consequently, we
obtain the relatively good agreement in both density cases and this indicates the important role of
neoclassical transport in the radial transport process in the LHD.

4. Conclusions

We have studied the neoclassical (collisional) transport of energetic ions in the LHD plasmas.
Using GNET (Global Neoclassical Transport simulation) code the steady state distribution of a
beam source plasma by NBI heating has beam evaluated. The influence of neoclassical transport
on the energetic in distribution was observed in the LHD. The simulation results are compared
with the experimental results of fast neutral particle measurements and we obtain relatively good
agreements with the experimental results in qualitative sense. This results suggests an important
role of neoclassical transport in energetic ions in heliotron.
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1. Introduction

Fast ion losses reduce the confinement of energetic particles and thus the efficiency of auxiliary
heating and the heating by fusion born alpha particles. In particular, stellarators suffer from the bad
confinement of trapped energetic particles, which are lost in the local magnetic mirrors of the
magnetic field configuration. The complicated field structure of the modular stellarator W7-AS is
partially drift optimized. The question arises how well fast ions are confined in that kind of field
structure.

We have examined fast ion losses in W7-AS in the energy range of approximately 5 keV to 100
keV, which includes losses induced by neutral beam injection .(NBI), ion cyclotron resonance
heating (ICRH) or by MHD-activity. The latter can deteriorate the heating by alpha particles in a
future reactor due to particle mode interaction, where the mode itself may be destabilized by the
alpha particles.

We have used a scintillator-based probe, which is capable of resolving the ion losses in gyroradius
and pitch angle. A new feature of this probe is that losses of co- and counter-going ions can be
measured simultaneously. In this article, we briefly describe the main properties of the probe,
followed by a short overview of particular particle orbits in W7-AS and, finally, we give a survey
of the more relevant experimental results.

2. Probe Description

The probe is designed similarly to a probe operated
at the Compact Helical System [1] and works like a
magnetic spectrometer and a Faraday cup
simultaneously. It consists of two apertures, one
behind the other, followed by a scintillator plate.
The location of the apertures and the ion strike
point on the scintillator completely define the
trajectory of the ions and thereby the gyroradius
and the pitch angle. The first aperture is a pinhole
(1 mm x 0.6 mm), the second is a slit (0.6 mm in
height), which gives access to a pitch angle range
from 15° to 85° and a gyroradius range of 5 mm to
50 mm. The scintillator plate consists of a glass
substrate coated with a metal layer, allowing to
measure the ion loss current for a calibration of the
ion fluxes, and a sedimented ZnS powder. The
impact induced light on the scintillator is guided by
three lenses to a beam splitter, where it is detected
with a CCD camera for high spatial resolution and,
additionally, with 15 photomultipliers for a sufficient temporal resolution (4 kHz).

The simultaneous measurement of co- and counter-losses has been achieved with two staggered
apertures arranged in a way that both loss distributions do not significantly overlap (fig. 1). The
metal layer on the scintillator plate is divided in two parts by an insulating strip so that the ion
currents of both the co- and counter-losses can be measured independently. The detector head is
mounted on a shaft driven by a manipulator for positioning close to the plasma edge. The probe

Scintillator

20

- 2 0

Counter-
Aperture

Co-
Aperture

- 2 0 0
x / m m

20

Fig. 1: Layout of the scintillator and the apertures.
The numbered points are the locations observed by
photomultipliers.
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head is shielded by a graphite tile, which was optimized using an orbit simulation of the entering
ions.

3. Orbits In W7-AS and Probe Location

W7-AS has 5 field periods, in each period the plasma cross section varies with the toroidal angle q>.
This angle is defined so that at cp=O° the plasma has a triangular shape and at tp=+/-36° an elliptical
one. The probe is located on top of the machine at (p=27°, where Bmod has a local minimum. Under
normal operating conditions the VB-drift has an upward direction and trapped ions may enter the
probe. Passing ions, however, can be detected at any position if the deviation of drift from flux
surfaces is large enough.

Particle orbits in W7-AS are quite different from Tokamaks or classical Stellarators. This is caused
by the complicated field structure of the modular coil set. Thermal ion orbits, however, behave
similar to those in conventional fusion devices, that is orbits of passing, helically or toroidally
trapped and ripple trapped ions can be found, but fast ions exhibit a sharp boundary in phase space
between passing and deeply trapped (and lost) ones. Therefore, only the terms passing and trapped
are applied for the fast ion physics in W7-AS. A general classification, however, can not be
performed.

4. Probe Test: Perpendicular NBI

The diagnostic NBI at W7-AS serves as a
perfect test facility for the fast ion loss probe,
because the injector is located in the same
field period at opposite ports (bottom, <p=-
27°) and is injecting perpendicularly. Thus the
birth ions are trapped particles, which
partially drift into the vicinity of the magnetic
axis, at which the toroidal field ripple is low.
Along the magnetic axis they are able to enter
the field period at positive toroidal angles and,
finally, they bounce in the local field mirror
upwards to the probe.

In general, fast ion losses are strongly affected
by the magnetic field configuration and by the
losses to protruding components of the vessel.
In our measurements, the losses are partially
influenced by the top rail limiter located at
(p=36°. Orbits of trapped ions, bouncing
towards the probe, might be lost at the top
limiter leading to a co-counter asymmetry in
the observed losses. Also in magnetic ripple
configuration the co-losses are strongly
suppressed, which can be used as a test of the
independent detection of co- and counter-
losses. The proper functionality of the probe is
demonstrated in figure 2.

5. Tangential NBI

W7-AS is equipped with co- and counter-NBI injecting tangentially. Each beamline has 4
sources, each with 400 kW heating power and an acceleration voltage of 50 kV (Hydrogen) or 55
kV (Deuterium). We investigated discharges with combined ECRH and NBI, so that the resulting
high electron temperature (2.5 keV) leads to an ion-ion collision dominated slowing down process.
In this case, the low collisionality allows the study of fast ion orbits. Applying Stix's formulas [2]

Co-Current
Counter-Current

pm1 pm2 pm3
pm4 pm5 pm7

p pm10 pmll
pm12 pm15 pm14

PM-Counter ...wK

200 600400
tfmsl

Fig.2: Ion losses during diagnostic beam injection. The
number of the photomultiplier time traces are the same as
in figure 1.
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typical slowing down times are 85 ms larger than the confinement time (x^-10 ms). As an example
we present an experiment in which the change of the fast ion distribution function is directly
reflected in fast ion losses. During an ECRH discharge co-injection was applied, which was
switched after 100 ms from an outer to an inner source, that is the mean pitch angle was changed
from 38° to 22°. From CCD data we estimate the centroids of the pitch angle distribution to
approximately 42° for the outer and 25° for the inner source. The distribution of the inner source is
also located at lower gyroradii indicating a better confinement of these fast ions. Even though the
NBI is injecting tangentially trapped ions are observed. This loss is approximately two times larger
for the outer source, which can be explained with a smaller distance in phase space of the injected
ions to the loss cone compared to ions of the inner source. From this it is evident that slowing down
has to be taken into account and a collision-free description of the observed losses may fail.

The influence of some plasma parameters such as BmOd, Te, ru and Z^ has also been observed and is
briefly summarized in the following: (1) The total ion loss rate, inferred from the ion loss current,
increases with lower Bmoi. Currents are around 10 nA at full field (2.5T) and 60 nA at 1.0 T. The
value at low field is comparable to those measured at CHS, where currents up to 500 nA have been
found [3]. The dependence on BmOd may easily be explained with the shift between drift and flux
surfaces, which amounts to 7 cm at BmOd=1.25 T and hydrogen injection and is of the same order as
the minor plasma radius (^20 cm). (2) The electron temperature and density affect the ratio of
trapped to passing losses rather than the total ion loss. The ratio of trapped to passing ions,
however, increases with m, because ions are scattered more frequently, and with T e , because ion-
ion scattering becomes more probable. (3) It was often observed that the trapped ion loss increases
on time scales larger than the confinement time, whereas the passing ion loss remains nearly
constant. This is presumably due to a change of the impurity content. During a discharge in which
Zeff, measured by Thomson (YAG) scattering, evolves from to 2 to 4.5 during the NBI phase, the
trapped ion losses increase almost by one order of magnitude. The hypothesis that the fast trapped
ion distribution is significantly affected by impurity ions could be confirmed by a Fokker-Planck
calculation [4], which also predicts an increase of the trapped energetic ion distribution by one
order of magnitude. These results may be important for a fusion reactor, where large densities and
temperatures have to be achieved at lowest possible magnetic field strength.

7. ICRH Induced Losses

Fast ion losses have been investigated for various different heating schemes. Here, we present the
observed losses during a power scan of ICR minority heating and during a newly applied "magnetic
beach" heating scheme.

Since ions heated by ICRH predominately gain perpendicular momentum, we expect strong losses
of trapped ions. A power scan was performed during an ECRH discharge, in which PICRH was
increased stepwise. At PICRF = 200 kW the energy signal is increased considerably, but the energy
content remains nearly unaffected by a further increase of the applied power. The ion loss signal of
trapped ions behaves in the opposite manner, that is the lower the change in Weqmi, the larger the
increase in the loss signal. The CCD data exhibit a broad loss distribution in pitch angle around 60°
at 10 mm in gyroradius for a power of 400 kW and a clear formation of an energetic trapped ion
tail to larger gyroradii at 600 kW. After switching off ECRH, an ICRH pulse of 500 kW is applied.
As Te drops, the ion loss almost vanishes completely and the ICRH is then capable of sustaining the
plasma. This is a clear indication that, if the ions are accelerated to high energies, the applied power
is lost by expulsion of energetic ions, which are lost before dissipating their energy to the bulk
plasma.

The capability of ICRH to accelerate ions to very large energies was observed in the so called
magnetic beach heating scheme, where a fast magnetosonic wave is coupled to a slow wave [5].
Dependent on the magnetic ripple, which changes the location of the resonance layer, energies of
approximately 100 keV have been found, estimated from the gyroradius centroid.

8. MHD Induced Losses
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Ion losses due to beam driven MHD instabilities have been observed under plasma conditions
where the parallel beam velocity was close to the Alfve"n speed. In this case, the observed fast ion
losses were obviously correlated to the burst-like MHD-activity as seen by the Mirnov coils (fig.
3a). Also the soft X-ray signals indicate an influence on the plasma temperature. Up to now,
enhanced fast ion losses during MHD-activity were only detected on a large background of trapped
ion losses with an enhancement factor of only 1.5, which is much lower than the value found at
CHS [6] (-20).

.31 .34

Fig. 3a: Mirnov signals, fast ion loss signal, central and
edge soft X-Ray signals during intermittent MHD-
activity

20 -

- 1 0 -

- 2 0 - 1 0 10 20
r / cm

Fig. 3b: Unperturbed orbit at pitch angle 69° (red),
and perturbed orbit (yellow) due to mode particle
interaction. The blue and green (perturbed) one are at
pitch angle 60° with same parallel velocity.

The delay between the onset of MHD-activity and the fast ion loss suggests that the mode is
destabilized by the interaction with beam ions and, after the perturbation exceeds a threshold, fast
ions are expelled from the plasma leading to a stabilization. In W7-AS, global Alfve"n Eigenmodes
are most likely due to the low magnetic shear. These modes can be destabilized by neutral beam
ions and, if the amplitude of the mode is large enough, orbits of fast ions may be affected by the
electrostatic interaction. Following the considerations of Sigmar et al [7], we have included field
perturbations in a real orbit code in order to find out which orbits are affected. Figure 3b shows an
example of an perturbed orbit in W7-AS. We suspect that mainly orbits at the trapped/passing
boundary are expelled, which is caused by a radial drift due to the poloidal electric field of the
mode, and a small radial excursion leads to completely different orbits. If the resonance condition

w=knvn+kpirpv is fulfilled a net radial drift motion of passing ions may occur, but vd varies with

the poloidal and, in W7-AS, also with the toroidal angle.
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1. INTRODUCTION

A number of experimental features of the charged fusion product (CFP) measurements in
TFTR have been satisfactorily explained by 3D Fokker-Planck calculations of TF ripple loss [1-6],
also taking into account the inward shift of the vacuum flux surfaces [5,6]. Examples of these results
are (i) the origin of the loss of partially thermalised CFPs to the bottom or "delayed loss" [7], (ii) the
radial variation of the loss detected by a radially movable midplane 18,9] and a bottom alpha collector
probe [10], and (iii) the effect of the plasma current and the fusion power on the CFP-loss within 45°
of the outer midplane [8]. However, the modelling of CFP measurements reported in Refs. [1-6] is not
complete. There the loss dependence on the major plasma radius, the dependence of the total loss at
90° on NBI power, as well as the variation of the toroidal pitch angle distribution of alpha loss with
the plasma current were not carried out. The main purpose of the present paper is to complete the
Fokker-Planck modelling for TFTR and to start the corresponding calculations for JET. These
simulations are based on the 3D Fokker-Planck model of CFPs in TFTR used in the previous
investigations [1-6], and take into account both diffusive and convective transport processes [1, 11].
The CFP-loss dependence on the major plasma radius and on NBI power in TFTR are shown to be
consistent with the ripple loss mechanism of CFPs [1-6,11]. The distributions of confined CFPs in
TFTR [11,12] and in JET plasmas are investigated with a following discussion of alpha-driven
instabilities possible in these devices.

2. MODEL USED

2.1. Magnetic field model

In what follows, we refer to a prescribed axisymmetric magnetic field with flux surfaces
given by

R = R(X,r,p(r))>, z = z(%,r,p(r)), (1)

where R and z are the spatial variables of the cylindrical co-ordinate system \R,Z,(p\, r is the flux-
surface radius in the equatorial plane (z = 0), % is the poloidal angle, and p(r) is the set (group) of
parameters describing the flux-surface position and shape. In the case of elongated and triangular flux
surfaces one can use R(%,r,y}(r)), z(x,r,p(r)) of Ref. [13] with p(r)={A(r),k(r),A(r)}, where k(r) the
flux elongation parameter, A(r) the triangularity parameter, and A(r) the Shafranov shift.

Note that the parameters p(r) completely determine the current density

(2)

where B = B[r,;jf,p(r),g(r)] is given by Eq. (3). Thus, assuming that the toroidal current in the
scrape off layer (SOL) region is much smaller than the one in the core, the explicit form

] m a y be used to find out p(r) in the SOL by minimising the functional
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(3)

with respect to the p(r) and q{r) profiles [8].

2.2. CFP transport model

Our Fokker-Planck calculations of CFP loss are based on the 3D Fokker-Planck model
presented in [6-9]. The transport coefficients of the present Fokker-Planck simulation include the
axisymmetric contributions [8] as well as the ripple-induced ones, the latter taking into account both
the superbanana diffusion of toroidally trapped particles in the central plasma region [11] and their
stochastic diffusion [12] at the periphery.

3. MODELLING RESULTS AND COMPARISON WITH EXPERIMENT

3.1. Dependence on the major radius

The R dependencies of the partially thermalized DD CFP loss at 90° for 1=1.6 MA are shown in Fig. 1.
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Figure la shows the experimental results from TFTR, while Fig lb gives the variation of the
calculated diffusive ripple loss of tritons with E > 0.35 Eo . The decrease in calculated loss with the
narrowing of the SOL region is seen to be in qualitative agreement with the measurements.

3.2. Dependence on the Shafranov shift

Measurements of DT alpha-particle loss near the outer midplane of TFTR [5] have
demonstrated alpha-loss degradation with increasing fusion power (Fig. 2a). On the other hand
measurements of DD CFP loss at 90° have shown that delayed loss strength relative to FO loss
increased with the NBI power. These variations in loss may be qualitatively explained by the increase
in the inward shift of the SOL flux surfaces with increasing heating power. The calculated Shafranov-
shift dependencies of the alpha loss (Fig. 2b) for fixed electron temperature are seen to be in
satisfactory agreement with the corresponding midplane-probe measurements (Fig. 2a) [5]. In fact, the
50% increase in Shafranov shift for fixed Te(0) results in an over 50% decrease in alpha loss at the
20° detector, while the total alpha loss increases by about 10%. Fig. 2c shows the calculated electron-
temperature dependence of the alpha loss for fixed Shafranov shift. It can be seen that the 50%
increase in Te(0) (from 10 feVto 15 keV) results only in an about 15% increase in the loss. The latter
is due to the decrease in the ratio of the pitch-angle scattering time to the slowing-down time [1]. It
should be pointed out that the strong enhancement of delayed DD CFP loss (>50%) with increasing
NBI power ([2], Fig. 2d) may be also explained by the influence of the SOL. An amplification of the
NBI power corresponds with an increase of the fusion power, and the Shafranov shift is expected to
increase as well. The magnitude of this increase can be estimated using the relation between NBI and
fusion power given in Ref. [13] and by inspection of Fig. 2a. As a result one should expect the
increase of the Shafranov shift with NBI increase from 2 MW to 16 MW ([2], Fig. 2d) comparable to
that of Fig. 2a. While this Shafranov shift increase results in a decrease of CFP loss near the midplane,
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as seen in Figs. 2a and 2b, it is obvious that it induces a remarkably higher DD CFP loss to the bottom
of the vessel in agreement with the dependence of Fig. 2d.
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3.3. Dependence on the plasma current

The / dependencies of the measured and modelled alpha losses at "d- = 45° and at ft = 20° below
the midplane are shown in Figs. 3a, 3b, 3c and 3d. The maxima of the ripple-induced loss obtained
from Fokker-Planck calculations (Figs. 3b and 3d) are seen to be in satisfactory agreement with the
experimental observations (Figs. 3a and 3c). Figure 3b shows the calculated plasma-current
dependence at 90°. The loss degradation at / > 2 MA (Figs. 3a, 3b) and / > 1 MA (Figs. 3c, 3d) is due
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mainly to the poloidal shadowing of the 45° and 20° detectors with repect to the loss of partially
thermalized alphas, and only partially to the improvement of their confinement. The increase in ripple

- 107 -



JAERI-Conf 2000-004

loss with / at low plasma currents is due to the increase in population of toroidally trapped particles
contributing to the ripple loss, and to the shift of the ripple loss to the vessel bottom with increasing
plasma current.

3.4. Modelling results for JET plasma

Preliminary results of the 3D in the constant of motion space modelling of alpha particles in
JET plasma are given in Fig. 4. The drift orbits of toroidally trapped alpha particles (normalised
magnetic moment /I = juBJE = 1) and of counter-circulating ones (A = 0) having energies E=EO=3.5
MeV and E=1.8 MeVaie presented in Fig. 4a for the 3A5T/3.25MA JET plasma. Fig. 4b demonstrates
the FO loss variation with the triangularity. Finally an influence of the ripple transport on the radial
distribution of confined alphas is shown in Fig. 4d.
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4. SUMMARY

The loss of partially thermalised CFPs in TFTR has been studied using a 3D Fokker-Planck
model of the CFPs. The modelling results have been shown to agree well with alpha-loss
measurements, and to explain the main features of the loss observed. The effects of flux surface
noncircularity on the CFP confinement in JET are demonstrated and found to be of great importance
in the ripple induced transport of fast particles.
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Abstract

Beam ion losses from the National Spherical Torus Experiment (NSTX) under a variety
of plasma conditions have been modeled using the EIGOL code[l]. This code incorporates
the beam deposition and the full gyroorbit of the ions. EIGOL results indicate that 42% of
the beam power will be lost to the walls for an equilibrium with (3=40%, Ip=l MA, BT=0.3
T, and qo=2.6. The high harmonic fast wave (HHFW) antenna, because it is at the midplane
and is closer to the plasma than any other structures, will absorb most of the power from the
escaping beam ions

Introduction

Fast ion loss from spherical tokamaks (STs) is a subject that will now assume greater
interest and importance due to the recent completion of STs with neutral beam (NB)
heating, such as START and MAST at Culham and NSTX at PPPL. Although these new
STs operate with plasma currents of about 1 MA, comparable to some other large tokamaks,
their toroidal magnetic field strength is much lower, meaning that fast ions will tend to have
large gyroradii and may, therefore, be more readily lost from the plasma. Loss of fast ions,
whether NB ions, ICRH tail ions, or alpha particles, is detrimental for any fusion
experiment in that such losses reduce the heating of the plasma and can potentially damage
plasma facing components. In this work, we compute the loss fraction of NB ions from
NSTX in two plasmas at 1 MA and a range of lower plasma currents.

Model characteristics

A numerical model named EIGOL (Energetic Ion Global Orbit Loss)[l] has been
constructed to compute the beam ion loss in NSTX. The model accepts as input an EFIT[2]
equilibrium, an electron density profile, a file specifying the shape of the limiters and
vacuum vessel, and information about the neutral beam used, including the ion species,
injection energy, tangency radius, physical extent and profile. From the information about
the neutral beam dimensions, a 3D Cartesian grid is generated over the volume where the
neutral beam intersects the plasma. This grid is aligned with the axis of the neutral beam.
The model assumes that beam divergence is negligible. Rays along the direction of beam
injection are followed from each grid point in the beam cross-section, starting from the
point where the beam enters the plasma. Along each ray, the beam deposition is computed
according to the formulae:

wt = si ~ SM Si+1 = S,. e x p ( - Ay IX,)

Here, Wj is the deposition at the i-th grid point, Sj is the beam neutral density at the i-th grid
point, Ay is the grid spacing, and A-i=f(E)/ne is the beam mean free path at the i-th grid point.
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The code then follows one beam ion orbit starting from each grid point (again,
divergence or spreading of the beam is ignored). The orbits are followed, using the
magnetics data from the EFIT equilibrium, by integrating the Lorentz equation in the
absence of an electric field[3]. For this application, integration of the Lorentz equation is
preferred over following the guiding center orbit for two reasons: (1) the guiding center
approximation is not valid in NSTX (though it still appears to provide a good description of
orbits in the machine[4]); and (2) full gyro-orbit following produces a fairly exact
deposition pattern of ions on the wall—a guiding center model could include the finite
Larmor radius effects only using a Monte Carlo method for the gyrophase of the particle at
each step in the orbit, which would not correctly model the effect of the correlation of birth
location and gyrophase on the deposition pattern.

Each orbit is followed until it intersects one of the limiters, or until the orbit reaches a
certain maximum length. For the results quoted here, that maximum length was 500 m,
corresponding to ~ 0.6% of an energy slowing down time for 80 keV D beam ions under
typical NSTX conditions (Te(0)=l keV, ne(0)=4o°1019 m"3). The code follows the orbit
without incorporating collisional slowing down or pitch angle scattering. Each ion's
starting and ending position is recorded in an output file, along with a flag indicating
whether or not the particle struck a wall, and the weight or source probability of the ion.
The loss fraction can then be computed as the sum of the weight of all lost particles over the
summed weight of all particles in the simulation. A post-processor can read the output file
and generate a map of the power deposited on each plasma facing component.

For the NSTX calculations, a separate run is done for each of the three neutral beam
sources and for each energy component of the beam: full, half, and one-third energy. For
the TFTR beam sources that have been adopted for use on NSTX, when the injection energy
is 80 keV, the power fractions in each component of the beam are 0.70, 0.21, and 0.09,
respectively.

Computed loss fractions

Figure 1 shows the EIGOL results for the beam ion loss fraction as the plasma current is
scanned in NSTX. The losses were computed for equilibria with Ip=0.25, 0.50, 0.75, and
1.0 MA, all at BT=0.3 T, and all with K=1.92, 5=0.32, ne= 4.5xlO19 m"3, and (3N=4.5. The 1
MA discharge has q0=0.8 and (3T=23%. As the plasma current is scanned, the loss fractions
vary from -13% at 1 MA to -80% at 0.25 MA. To limit the loss fraction to a reasonable
amount (<50%), beam injection should only be performed when Ip >0.5 MA, a condition in
that should be fairly readily reached in NSTX. The loss fraction was also computed at
central densities of 3.5 and 5. 5xlO19 m'3 and was found to vary only by a few percent from
the values shown in Fig. 1.

Figure 1 also shows the loss fraction computed for a 1 MA equilibrium with qo=2.6 and
PT=40%. This equilibrium is stable to ballooning modes and has a substantial fraction of its
plasma current supported by the bootstrap effect. For this latter equilibrium, the Shafranov
shifted axis position is considerably farther out than for the PT=23% equilibrium, raising the
loss fraction to 42%.

Power deposition on walls

Figure 2 shows the computed loss rate of beam power to the walls as a function of
toroidal and poloidal angle for the 1 MA, (3T=23% case. The major structures inside the
NSTX vacuum vessel are shown schematically in the figure. The loss is displayed as
contours of constant power density, with a contour interval of 0.25 MW/m2. Virtually all of
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the lost power is received by the HHFW antenna. This is because the antenna is closer to
the plasma than any other structure near the midplane. The maximum power density is on
the face of the antenna is 1.6 MW/m2, which occurs at the end where the beam ions first
reach the antenna. The total loss from the neutral beams is -0.6 MW

Figure 3 displays the computed power density on the side of the HHFW antenna which
the neutral beam first encounters. Here the contours are at intervals of 2 MW/m2. The peak
power density occurs near the midplane, and is ~11 MW/m2 for this condition. The power
density at the midplane decays exponentially with major radius, with an e-folding length of
4.2 cm in this case. The total power deposited on the side of the antenna is 170 kW. The
side of the antenna is a plate of boron nitride ~ 1 cm thick, supported by an uncooled
stainless steel structure. Accounting for total thermal capacity of the side of the antenna,
and assuming a 0.5 s beam pulse, the side plate should rise in temperature -20° C per beam
pulse. For lower plasma currents, the power density at this point may be higher yet, and so
it is planned to install a water-cooled structure adjacent to this side of the antenna in order
to prevent damage to or overheating of the antenna itself.

The localized 'hot spot' near the midplane in Fig. 3 arises from the fact that NB ions at
that location have predominantly horizontal velocities. This is due to approximate
cancellation of the vertical component of the parallel velocity along the magnetic field line
by the downward grad-B drift in this region.

Summary

We have created a code to model beam ion loss from NSTX. For what is expected to be
a standard condition in NSTX, Ip=l MA, (3T=23%, and q0=0.8, the loss fraction is computed
to be 13%, which should be an acceptable level of loss. For a discharge with the same
current, but qo=2.6 and |3T=4O%, the computed loss fraction is 42%. The computed loss
fraction is also ~45% for an equilibrium with Ip=0.5 MA. A large fraction of the escaping
beam ions strike the HHFW antenna in NSTX, and they will create a high heat flux (-11
MW/m2) on the side of the antenna. As a consequence of this high heat flux, installation of
a cooled protective structure next to the antenna is planned for the next NSTX vacuum
opening.
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Abstract
With a strong ion cyclotron range of frequency (ICRF) heating in the GAMMA 10 tandem

mirror, an ion temperature of 10 keV has been attained and a temperature anisotropy has been
observed to become greater than 10. Unstable Alfvén ion cyclotron (AIC) modes are driven
with such a strong temperature anisotropy. High energy ions with energies of more than 50
keV are detected both parallel and perpendicular to the magnetic field lines. With the AIC
modes, increase of the high energy ions at the end of the device and decrease of the high energy
ions with a pitch angle of nearly 90 degrees are observed. The pitch angle scattering of high
energy ions due to the spontaneously excited Alfvén modes in the plasma is suggested.

1. Introduction
A high beta plasma formation is one of the main purposes in the GAMMA 10 tandem

mirror. High energy ions of several tens keV are created by the ion cyclotron range of
frequency (ICRF) heating in the central cell. The ion temperature above 10 keV is achieved

with plasma density of about 2x10 cm" [1]. With the strong ICRF heating, a temperature
anisotropy which is defined as a ratio of ion temperatures in the direction of perpendicular and
parallel to the magnetic field line becomes greater than 10 since the cyclotron resonance layer is
located near the central cell midplane. Unstable Alfvén ion cyclotron (AIC) modes are driven
because of the strong temperature anisotropy[2]. The first experimental evidence of the AIC
modes in the laboratory plasma was performed in the end-cell of the TMX tandem mirror with
perpendicularly injected strong neutral beams[3.4]. The AIC modes were also observed in the
ICRF heated central cell plasma of thè TARA tandem mirror[5]. In GAMMA 10, the AIC
modes are observed in the parameter range of convective instability conditions. The mechanism
of the modes growing up is still unknown. Effects of the modes on the plasma parameters were
described theoretically [6,7]. Recently, the effect of the generation of the AIC modes on the
energy transport in the tandem mirror is analyzed theoretically[8]. In GAMMA 10, the pitch
angle scattering of mirror confined ions and enhancement of the endloss flux due to the
generation of the AIC mode have been observed [9]. The interaction between the high energy
ions and spontaneously excited Alfvén waves may become a constraint in future fusion devices.
In this paper, a correlation between hot ions and spontaneously excited AIC modes are
reported.

2. Experimental Setup
The magnetic field profile in the central and anchor cells of the GAMMA 10 tandem

mirror is shown in Fig. 1. The strength of the magnetic field at the midplane of the central cell is
0.4 T and the mirror ratio is 5 in the standard mode of operation. A limiter with a diameter of
0.36 m is set near the midplane. The anchor cells are located adjacent to the central cell and
consist of minimum-B mirror field produced by baseball seam coils. Two ICRF sources are
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used in the central cell for an
initial plasma production and a
main plasma heating. For the
initial plasma production, so-
called Nagoya type-Ill
antennas (RF1) are used in
combination with the hydrogen
gas puffing. FastAlfven
waves (RF1) excited in the
central cell are converted to
slow Alfven waves in the
transition region between the
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Fig.l Profile of magnetic field strength and locations of
ICRF antennas and diagnostics.

[10,11] and also heat ions in the anchor cells. The MHD stability of GAMMA 10 is sustained
by the heated ions in the anchor cell. To avoid the strong interference, the frequency of the
west RF1 antenna (10.3 MHz), is slightly higher than the frequency of the east antenna (9.9
MHz). For the plasma heating, the conventional double half-turn antennas (RF2) are placed on
the location inside of the RF1 antenna. The locations of ICRF antennas of RF1 and RF2 are •
shown in Fig.l. The fundamental resonance layer for RF2 source exists near the midplane of
the central cell.

The temperature anisotropy is evaluated from three diamagnetic loops arrayed in the
direction of the magnetic field line in the central cell. AIC modes excited spontaneously in a hot
plasma with strong temperature anisotropy are detected by magnetic probes set in the peripheral
region of the plasma and the spatial structures of the AIC modes have been measured[12]. To
measure the behaviour of high energy ions, two semiconductor detectors are installed on the
east end (east end High Energy-ion Detector: eeHED) for the end-loss ions and at the midplane
of the central cell (central cell HED: ccHED) for the magnetically trapped ions. Silicon surface
barrier (SSB) detectors (nominal depletion depth 300 mm) are used in this experiment. The
nominal value of the depletion depth of 300 mm is enough to measure high energy protons. The
structure of eeHED and the sensitivity of the SSB detector for protons are described in Ref. 13.
The ccHED is inserted perpendicularly to the magnetic field line and is positioned just outside of
the limiter radius at the midplane of the central cell.
By rotating the ccHED against the normal axis to
the magnetic field line, a pitch angle distribution of
hot ions in the central cell can be measured[14].
The minimum energy of the detection is roughly
estimated to be around 10 keV. The locations of
diagnostics are also indicated in Fig.l.

3. Experimental Results and Discussions
The diamagnetism in the central cell increases with
ICRF power. In Fig.2, the diamagnetic signals are
plotted as a function of the net radiated power from
the RF2 antennas. The maximum ion temperature
above 10 keV is achieved at the center of the
midplane with the plasma density of about

I 25 50 75 100

Radiated Power (kW)

Fig.2 Diamagnetic signal vs. radiated
power from ICRF antennas.
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Fig.3 Frequency spectrum of magnetic probe signal
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2x10 cm . In such a high power
ICRF case, a temperature anisotropy,
A = (T± /T;l), becomes greater than 10.
Unstable Alfven ion cyclotron (AIC)
modes are driven because of the strong
temperature anisotropy. The AIC
modes have a frequency range just
below a local ion cyclotron frequency
and are excited as eigenmodes in the
axial direction[15]. The frequency
spectrum of the magnetic probe signal
is shown in Fig.3. Peaks of 6.36 MHz
(RF2), 9.9 MHz (RF1) and 10.3 MHz (RF1) are externally applied ICRF for plasma heating
and production. Below 6.36 MHz, several discrete peaks of the AIC modes are clearly
observed. The temperature anisotropy becomes strong with increase of the diamagnetism in the
initial phase. In Fig.4, the anisotropy is plotted as a function of the diamagnetic signal. When
the anisotropy reaches around 10, the amplitude of the AIC modes becomes strong and the
increase rate of the anisotropy becomes small. Figure 4 shows the anisotropy is affected from
the excitation of the AIC modes.

High energy ions more than 50 keV are detected both parallel and perpendicular directions
to the magnetic field line with eeHED and ccHED, respectively. The cyclotron resonance layer
in this experiment is located at about 1 m from the central cell midplane which corresponds to
the pitch angle of 80 degrees. The obtained peaks of the pitch angle distribution is just below
the angle of cyclotron resonance layer. The signal of ccHED with near the pitch angle of 90
degrees increases with increase of the diamagnetic signal. A clear correlation between the AIC
modes and behaviour of the high energy ions has been observed. Figure 5 shows the temporal
evolution of (a) the diamagnetic signal, (b) the anisotropy and the signal of ccHED with a pitch
angle near 90 degrees and (c) the amplitude of AIC modes and the signal of eeHED. The
anisotropy and the signal of ccHED increase with the diamagnetic signal in the startup phase.
The AIC modes appear under certain conditions of the anisotropy and diamagnetism. The
eeHED signal increases as the AIC modes are
excited. The temporal evolution of the end-loss
high energy ions (eeHED) is almost the same as the
time evolution of the AIC amplitude. When the
amplitude of the AIC modes becomes strong, high
energy ions with a pitch angle near 90 degrees in
the central cell midplane begin to decrease and the
anisotropy also becomes weak. These data suggest
the pitch angle scattering of hot ions due to excited
Alfven waves in the plasma.

4. Summary
Strong AIC modes are excited in a high beta

plasma with a strong temperature anisotropy. A
clear correlation between the AIC modes and

0 5
Diamagnetic signal

10
(xlQ-5Wb)

Fig.4 Temperature anisotropy vs.
diamagnetic signal

- 115 -



JAERI-Conf 2000-004

behaviour of the high energy ions
has been observed. The
enhancement of end loss high
energy ions and the reduction of
magnetically trapped high energy
ions in the central cell are
measured in the GAMMA 10
tandem mirror. Pitch angle
scattering due to spontaneously
excited Alfven waves are clearly
observed.
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32 . SUPERTHERMAL RADIATION FROM TOKAMAK PLASMAS
CAUSED BY CYCLOTRON » MAGNETOACOUSTIC INSTABILITY
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* Scientific Centre ""Institute for Nuclear Research", Kytv, Ukraine
** Chalmers University of Technology, Gogeborg, Sweden

The power in the ion cyclotron frequency range radiated by a tokamak plasma with
fast ions driving the edge localized cyclotron -magnetoacoustic instability is
considered. It is found that superthennal radiation may result from plasma
fluctuations associated with the fast magnetoacoustic eigenmodes, which are strongly
enhanced by the presence of the fast ion drive. In this case, almost all power
transferred from the energetic particle to the waves is enutted by the plasma and die
system is marginally 9table due to the presence of small wave damping. In
particular, this picture is consistent with the power measurements of ion cyclotron
emission in the JET preliminary tritium experiment.
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33.STUDY OF CONFINED OC'S BY MEASUREMENT OF
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The confinement and slowing down of fast ions can be studied through their kinetic effects on the
fuel ion population, which, in turn, can be observed in neutron emission spectroscopy (NES). The
most interesting such kinetic effect to study is the creation of a weak supra-thermal component of
the fuel ion population caused by the knock-on collisions that fast (Ea<3.5 MeV) a-particles
occasionally suffer in deuterium-tritium (DT) fusion plasmas [1]. The fusion reactions involving
such fast deuterons (d1) and tritons (tT), i.e., d'+t—>a+n and t'+d-xx+n, give rise to what is dubbed
alpha knock-on neutron (AKN) emission. The AKN spectrum has been calculated [2] and shown
to be a weak (=10"^) component of the main DT neutron (DTN) emission dominated by reactions
between slow (d and t) ions of the bulk. The AKN is detectable only in a limited range (the region
of observation, RO) which is the high energy tail of the DTN energy distribution. Albeit the
relative AKN to DTN intensity (RAKN)

 l& only 10'^, it may be dominant. Clearly, to observe the
AKN effect requires favorable conditions. Generally, NES observations benefit from a high
neutron emissivity for individual discharges and a high total yield for summed ones. To this
comes the requirement of high electron temperature (Te) for the AKN search. Both plasma
conditions were presented at JET during the tritium operating campaign in 1997 [3].
Instrumentally, a neutron spectrometer is required to operate at high count rates (>10^ events/s)
and with sufficient signal to background (S/B) ratio even when the signal is very weak (a few
events per second as for AKN). This was provided by the new magnetic proton recoil (MPR)
technique [4] which was used in the experiment reported here on the first successful search for the
AKN effect. The results obtained refer to plasmas of Q<1 and are used to discuss the a-particle
physics of Q » l plasmas that can be studied with NES measurements. What is envisage is an non-
invasive NES diagnostic that would provide continuous a-particle information as the plasma
evolves, simultaneously as it provides other fusion reactivity information. The quality of these data
would increase all the way to ignition as the MPR systems are inherently non-paralytic with respect
to count rate, that would be in the » 1 0 7 n/s range in this case

The MPR was installed at JET in 1996 [5], especially, for the observation of fusion re-
activity features in high power plasmas in DT, and to explore the potential uses of such NES di-
agnostics on ITER. The AKN effect, for instance, carries direct information on the time evolution
of the a-particle pressure in the plasma and the amplitude of the slowing down distribution
besides some information on its shape. Sudden loss of a's, or d's and t's, show up promptly in the
AKN signal but there would a be only a slow response to step-wise increase in amplitudes
(especially, in that of a's which is analogous to what is seen in related triton burnup neuron (TBN)
measurements [6]). However, the AKN signal is relatively very weak and the first task is to
demonstrate its detectable presence in the neutron emission at the highest fusion power levels
attainable in today's tokamaks. For this purpose, we have done a careful analysis of data taken with
the MPR for selected JET high-power DT discharges. Special attention was paid to the elimination
and assessment of the extraneous background in the measured spectrum [7]. The raw spectral data
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Fig. 1. Pulse height spectrum showing identification of signal and background events with fits.

acquired is general free from background but the S/B becomes low for weak signal as for AKN
when correction was applied based on the measured S/B value. Signal and background events are
distinguished based on the measured pulse height which provides positive identification and
separation of signal events in the RO range (Fig.l).

The plasma discharges selected for this study were those of the highest neutron yield rates,
Yn(t), but excluding those with RF heating as these might have high energy ion tails due to the RF
[8]. NB heated discharges produce the highest Yn(t) values and the related fast ions have too low
energy (<150 keV) to interfere with the AKN effect. Of NB discharges, most were of the hot ion
type, as this also boosted the electron temperature (Te) which increases the slowing down time (T)
and hence the AKN emission in two ways, i.e., both with regard to %a<, and 1$ and %? AKN is
proportional to T3-3 implying an order of magnitude change for range Te= 4 to 8 keV for the
twelve discharges studied. Some of these discharges were part of a scan in tritium concentration,
Ct=nt/nd+nt [9] which played an important role in the positively identification of the AKN signal
as distinguished from the triton burnup neutron emission (TBN). As can be seen from Table 1
below, in a DT plasma there are slow bulk fuel ions (d and t) besides fast ions from knock (d'a
and t'a) and from dd->pt reactions (t'dd which suffer nuclear burnup, t'dd+d—>oc+n, during the
slowing down). These combine into a number of neutron producing reactions of which the most
significant ones are indicted in the table. The TBN emission can partly appear in the RO energy
range of the AKN so its RO contribution was assessed based on calculation. It was one found to be
less than 20 % (or small compared to the experimental errors) in all cases but one where it was 30
% which is not insignificant compared to the error; this data pointed indicated an enhanced
intensity in the RO range relative to the others. The MPR measures the neutron emission spectrum
folded with instrumental response function. This is a proton recoil spectrum in the form of a
position distribution, H(x), that reflects a super-position of energy distributions of the incoming
neutron emission. The latter is calculated as consisting of two parts, DTN and AKN, where the
DTN emission is composed of isotropic (DTNi) and anisotropic (DTNa due to ions with retained
pitch angle from the NB injection) ion reactions. The AKN spectrum was fixed for given plasma
conditions as was DTNa, but for the amplitudes (i.e., parameters to be determined), while DTNi

Table 1. Slow (d and t) and fast (d' and t') ions in DT plasmas and their significant neutron reactions.

d
t

t'dd
da '
ta '

d
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DTN
TBN

-
AKN
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-
-

da '

-
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-
-
-
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AKN

-
-
-

- 119 -



JAERI-Conf 2000-004

3

T3

0 100 200 300 400 500
Position, X [mm]

IU

0 '

o-5

1 ( - • | i

DTNi

r DTNa

i . / . ' / r ,'

AKN •

TBN '

II 12 13 14 15 16 17 18

Energy, E n [MeV]

Fig. 2.Measured recoil position distribution, H(x), and the results of the theoretical description based
on DTN and AKN emission contributions besides scattered neutrons for x>150 mm.

Fig.3. The calculated neutron spectra providing the fit in Fig.2, when folded with the instrumental
response function; the TBN spectrum is shown for comparison .

(represented by a Gaussian) had the width as parameter as well. The parameters of this neutron
emission spectrum were determined by the requiring best fit to the data. An example of a mea-
sured H(x) distribution with fit is shown in Fig. 2. Both the DTNi and AKN contributions are
essential to describe the data while the DTNa component describes a small but distinct spectral
detail. It should be mentioned that the width of DTNi corresponds to a temperature of 18 keV (if
interpreted as thermal Doppler broadening) and all components were shifted by about 220 keV
(relative to the predicted value based on the known absolute MPR calibration and reaction kine-
matics) which corresponds to toroidal rotation of 500 km/s relative to the average value for Ohmic
plasmas [10]. The neutron emission spectrum that gave the best fit to the data is shown in Fig 3. It
is thus found that the RRO value is 8.2±2.1 which is in agreement with the predicted result of
RAKN=7.0 for this plasma . The predicted RTBN-value is much smaller so its contributions to the
RRO value would be less than 9 %. This suggests that the tail in our measurement is the AKN effect
and this conclusion is corroborated by the Te dependence in the data set as well as the general
systematic agreement between theoretical RRO and predicted RAKN- In fact, it is found that
R R O = R A K N within the errors. This suggests that the slowing down is classical and the confinement
100 % (assumed in the calculation), if the AKN model is correct, and, of course, vice versa.

The AKN data set collected till now consists of 157 events for a neutron yield of
Yn=3-101 9 with average AKN to DTN ratio in the RO range of R R O = 5 - 1 0 5 . The best AKN
discharge (JET#42677) gave 27 events (over a period of about 1 s) with R R O = 7 - 1 0 ~ 5 at Te=8.6
keV (time average central value) at maximum yield rate of 4-1018 n/s (or Pf=10 MW in fusion
power). The scope for improved statistics in future JET measurements can be estimated to a factor
<7 if one reaches plasma conditions of Pf=30 MW and T e =l l keV. Another factor of 3 could
obtained from increased MPR detection efficiency, albeit it would be somewhat compromised by
reduced energy resolution, thus increasing the factor to 20 and the count rate to 500 n/s. Similarly,
if the neutron budget increased say tenfold in the next tritium campaign to Y n =2-10 2 1 a
considerably better data set than the present can be had to explore the systematics
of AKN for different plasma conditions with enhanced statistics of up to a factor 10^. Thus, the
present explorative AKN studies can be developed into quantitative measurements within the
envisaged capabilities of JET in future DTE operation.
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Fig. 4. The calculated AKN spectrum compared to DTN for an extended energy range.

The present study has provided proof of principle that NES can be used to study confined
a's. The power of NES technique as an a-particle diagnostic increases with the neutron flux. This
can be quantitatively projected from the present results for the JET plasma conditions to situation
of an MPR spectrometer observing an ignited plasma, for instance, the discharge conditions of the
(old) ITER design with Pf=1.5 GeV, temperatures of 20 keV and pulse lengths of 103 s. The AKN
count rate would then increase a factor of 103 and time resolved measurements could be done
with a factor of 104 better statistics (because of the longer slowing down time at ITER relative to
pulse length). This means that the RO range can be extend to cover more of the AKN spectrum,
actually, to its end at En=20 MeV (Fig. 4). This requires some instrumental development which is
estimated to be within the limits of the technically achievable. By extending the measurements to
the highest AKN energies one increases the sensitivity to detect changes in the a-particle
confinement and slowing behavior in the plasma [2]. On the other hand, with a count rate of about
104 n/s, one can also detect transient losses in fast fuel ions (d' and t') and a-particles at the time
scale of 10"1 s, i.e., a factor 102 better than the confinement time.

In conclusion, it has been demonstrated that neutron emission spectroscopy (NES) works
as a confined a-particle on JET and there no principle impediments for using it on burning
plasma up to ignition conditions with predictable performance.

Acknowledgment. This work was carried out under the Association Agreements EURATOM-NFR (Sweden) and
EURATOM-ENEA/CNR (Italy), with financial support from NFR, EURATOM and CNR.
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1 INTRODUCTION
Unstable Alfvén Eigenmodes (AEs) driven by ICRF-accelerated energetic ions are routinely
observed in JET plasmas. The stable AE spectrum is also measured in JET plasmas with the use
of external saddle-coil antennae [1]. These AE measurements can be compared with models in
order to obtain important information on the energetic particles and plasma characteristics (2].
First determination of plasma parameters from measurements of the stable AEs on JET was
performed in [3]. These studies are extended here, with emphasis on measurements of unstable
AEs driven by ICRF-heated ions. In contrast to the case of linearly stable AEs [3], the accuracy of
the measurements of unstable AEs depends on the non-linear behaviour of AE amplitudes, which
can vary from a saturated state to a chaotic regime as the AE drive increases [4].
2 UNSTABLE AEs AND q(r)- PROFILE
The frequency of Toroidal AEs (TAEs) is determined by plasma parameters in a narrow region
(width Ar~erTAE/m) associated with the condition q{rTAE) = {m+\l2)1 n . Here e-rl R, m
and n are the poloidal and toroidal mode numbers and q(r) is the safety factor profile. From
detection of TAEs with numbers n, m a location of q{rTAE) -values can be deduced. Since the AE
spectrum is sensitive to the safety factor profile and unstable AEs are localized in the region of the
maximum pressure gradient of the 'ICRF-heated fast ions, measurements of unstable AEs can
provide information about q(rTAE)- values and this can improve, together with the MSE
diagnostics being developed at JET, reconstruction of q{r) by EFJT [5] method. Note, that in
contrast to MSE, no NBI is needed for AE detection.
The unstable AE measurements were performed mostly using a toroidal set of high resolution
magnetic pick-up coils connected to an analog to digital converter with a sampling rate 1MHz.
Magnetic fluctuation data were recorded with 12 bit resolution for up to 4 s during every JET
discharge. The toroidal set of coils allows toroidal mode numbers from n =-20 to n =20 to be
determined. So far measurements of the poloidal mode numbers m had a limited frequency range
(mostly up to 125 kHz, i.e. below Alfvén frequency) and a short time window. Instead of m, the
EFIT reconstruction is used as a first-order approximation forg.
Consistency between TAE observations and q(rTAE)-values can be checked first by analysing
unstable TAEs seen when q(r) significantly evolves in time, so that the q(rTAE)-values appear
one after another at the plasma centre. As an example we consider TAEs measured during the
"pre-heating" phase of a shear-optimised discharge 45848, when ICRF heating only was applied
at constant power PICRF = 1-2 MW. During time of interest, from t = 3 sec to t = 3.6 sec, plasma
density was decreasing from ne = 1.05xl019 m"3 to 0.85xl019, electron temperature was increasing
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from 7 ,̂(0) ~ 2.5 keV to Te(0) = 3.5 keV, and plasma current was increasing from 1.55 MA to 1.8
MA, due to the current ramp-up at a rate 4.5 MA/s. TAEs are detected as shown in Fig. 1. The
measured unstable TAEs have life time about 0.2 sec. The toroidal mode numbers of TAEs with
highest amplitude keep increasing from n = 1 to n = 3. Temporal evolution of q(r) as
reconstructed by the EFIT is shown in Fig.2. The ICRF-accelerated ions have been analysed in
this discharge using the FIDO code [6] and the radial pressure profile of the energetic ions was
found to have a significant pressure gradient within r I a < 0.5. Detection of unstable TAE with
n =1 means that the q{rTAE)-value for n =1 is present in the region of d/3hol Idr< 0. From the
EFIT-reconstructed profile in Fig.2 we deduce that

n =1 mode can be only associated with magnetic surface q=2.5 (n/m= 1/2),
n =2 mode - with magnetic surface q=2.25( nl m- 2/4),
n =3 mode - with magnetic surface q=2.\l (n/m = 3/6).

Comparing frequencies of the modes with different n at the time of their appearances, we see that
the modes follow the TAE-scaling with q and plasma density, fo=VAl 4nqR «= 1 / qp]12, which
confirms that these modes are TAEs. From the relevant q~ values for n =1, 2 and 3 at the
observation times shown in Fig.2 one sees that the TAE observations in Fig.l are consistent with
q(r)- evolution, during which each TAE moves radially outwards together with the magnetic
surface associated with q-2.5, q=2.25 or #=2.17 from r I a ~ 0.2 to r I a < 0.4 and then disappear.'
The region of TAE instability is in agreement with the region of highest energetic ions pressure
gradient. Note also, that smaller amplitude TAEs with toroidal mode numbers n = 6 and n = 7
appear at t = 3.3 sec and t - 3.4 s correspondingly. This observation is consistent with appearances
of q = 2.25, which causes existence of not only mode nlm = 2/4 above, but also of nlm = 6/13.
The appearance of q = 2.21 causes existence of nIm = 3/6 and of nlm = 7/15. We conclude that
the evolution of TAEs associated with q- values is consistent with evolution of q{r) in time.
We now consider observations of weakly-unstable TAEs Hot-ion H-mode JET discharges with
NBI and a significant differential toroidal rotation of the plasma, frot (r) , driven by the beams.
The Doppler shift caused by the toroidal plasma rotation is taken into account to relate the mode
frequency measured in the laboratory reference frame, / „ " " , and the mode frequency in the
plasma reference frame, f°, as follows:

fr=f:+nfrjr). • (1)
Since the Doppler shift, nfwt (r) , separates different toroidal modes in frequency space, one can
use this frequency separation to identify the radial location of the modes [7]. We apply this
Doppler shift technique to a typical Hot-ion H-mode (pulse #40369) with measurements of TAEs
shown in Fig.3 around time slice t = 12.53 s. Toroidal mode numbers of TAEs are found to be n =
6, 7, 8, 9, 10 and 11, with corresponding frequency separations between the modes

Q,.,,,(r) = 27tfml(r) = 1.124xlO5, 1.02xl05, 0.95xl05, O.894xlO5, 0.894xl05 s'1. (2)
From the EFIT reconstructed profile of q{r) shown in Fig.4 we associate the observed TAEs with
q(rTAE)-values as follows: q = 0.92 (n/m = 6/5), q = 0.93 (nlm = 7/6), q = 0.94 (n/m = 8/7), q =
0.94 (ra/m = 9/8) and q = 0.95 (nlm- 10/9). The radial profile of the toroidal plasma rotation,
Q (W(r), is shown in Fig.4. This profile is measured on JET by charge-exchange diagnostics,
which has a high accuracy (excluding so far discharges with Argon puff) . From the measurements
of the toroidal plasma rotation and the Doppler shifts for TAEs (2) we estimate the radial location
of TAEs and associated q(rTAE) -values as shown in Fig.4.

AEs in shear-optimised discharges are much more unstable than those in Hot-ion H-mode mainly
due to the elevated central safety factor q, which increases the AE growth rate as y I co^q'. In
this strong drive regime the unstable AEs have a complicated non-linear behaviour, which causes
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a broader width of the AE spectral lines. Fourier analysis of unstable TAEs gives therefore less
accurate estimates for the mode frequency and the mode number. Although it is still possible
estimate radial localisation of the q{rTAE)-values from the plasma rotation, the error bars are
significantly larger in this case.
3 D:T ESTIMATE FROM AEs
The frequency of the AE varies at varying D:T ratios in accordance with the Alfven scaling:

yDT yDD 1

fDT V A E V A E 1 ( 4 )JAE 47cRq{r)

ICRF-driven AEs and the stable part of the AE spectrum were measured on JET to measure the
D:T concentration through the AE frequency dependence. It was found that unstable AEs do not
provide sufficient accuracy for such measurements, mainly due to the typically wide width of the
TAE-gaps and the non-linear effects on TAE spectral lines mentioned above. Active AE
diagnostics was used to track linearly stable AEs instead [8]. Favourable results were obtained only
in a series of a very similar DT discharges by comparison of plasmas with different D:T
concentrations and highly identical deuterium reference pulses.
4 ENERGETIC IONS CHARACTERISTICS
Measurements of ICRF-driven unstable AEs provide useful information on radial profiles and
energy range of ICRF-accelerated ions. Numerical modelling [9] has shown that energies in excess
of -500 keV are required to excite AEs by ICRF-accelerated ions. Energetic ion tails of so high
energy have to cause a significant electron heating during their slowing-down process, since for
JET discharges the critical energy, Ecril =157^, is typically about 150 keV only. Detection of
ICRF-driven AEs can be considered therefore as a condition for an existence of significant electron
heating by ICRF. Consistency of AE detection and electron versus ion heating was checked in
dedicated ICRF experiments during DT campaign [10].

Since AEs are driven by the radial gradient of energetic ions, it is possible to gain from the AEs
information about radial gradient of the energetic ions. These investigations were performed for
analysis of the pinch effect induced by toroidally asymmetric ICRF waves in JET [11].
Another example of this type can be shown for observations of AEs with negative mode numbers
in some JET discharges [9]. This phenomenon was explained in [9] as a result of an inverted radial
gradient of fast particles at initial stage of the discharge. This conclusion was recently confirmed in
JET experiments with positive gradient of the fast particle pressure, but reversed directions of
current and magnetic field. Using this alternative method to invert the sign of co*a, AEs with

negative mode numbers were generated.
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Natural diamond detectors (NDD) have been successfully tested in the TORE SUPRA
tokamak environment for DD fusion proton spectra measurements, at elevated temperature,
magnetic field and under hard X-ray irradiation. Hybrid assemblies of NDD's coupled to small-
size vacuum triode («nouvistor») preamplifiers have been designed in order to shorten high
impedance input lines for a better signal-to-noise ratio. Total front-end galvanic insulation
electronics have also been developed and tested for enhanced EMI noise suppression required
for long output-cable detector applications.

Silicon detectors are commonly used for 3 MeV proton spectra measurements close to
deuterium plasmas [1-3]. Relatively low operation temperatures (below 50°C) and radiation
hardness (<109 protons/cm2) result in severe limitations of their applicability to hostile tokamak
environments, requiring permanent heating up to 200°C at the inner wall and periodic baking
up to 300°C. Special precautions are therefore taken to provide proper cooling of the detector
unit, and its additional shielding against hard X-ray, gamma and neutron fluxes, even for DD
plasma machines. Permanent calibration can only be carried out with weak a-particle sources
to ensure long-term detector survival, without the possibility of in-situ self-calibration during
the discharges.

Natural diamond detectors (NDD) are the most temperature and radiation resistant
devices (up to 200°C and 1014 protons or neutrons per cm2, respectively), having a fast particle
energy resolution of 1-5% [4-6]. However, no practical evaluation of NDD performance in the
vicinity of high temperature, high current, plasma discharges at elevated levels of operating
temperature, magnetic field, hard X-rays and numerous sources of external electromagnetic
interference (EMI noise) has been1 done. Appropriate testing of NDD and related front-end
electronics is the purpose of this work.. Experiments with escaping 3 MeV protons were
carried out at TORE SUPRA, and compared with the performance of the existing water-
cooled silicon detector system [3].

The detectors were manufactured in the form of simple metal-semiconductor-metal
sandwich structures based on the natural type Ha diamonds mined from Yakutian deposits with
the use of standard selection/treatment procedures described elsewhere [5-7]. After the final
selection two NDDs with the following major features were chosen for testing :

Sensitive area
5-7 mm2

Thickness
250-300 urn

Bias voltage
100-200 V

Op. Temperature
up to 200°C

Resolution (a)
200-300 keV (@5.5 MeV)

Special small-size rectangular NDD casings were designed with orthogonal directions of
incident irradiation and output cable (Fig.l) to provide simultaneous operation of Si and
diamond detectors, the latter being installed behind the Si array plane at the TORE SUPRA
Proton Detector Unit.
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Simple low-noise JFET-input operational amplifiers (LF157, AD743 or similar) with
capacitive feedback are suitable for 3 MeV proton induced charge preamplifier circuitry up to
50-60°C operation temperatures. Being installed into the tokamak vacuum vessel, the distance
between detector and its preamplifier is one of the most critical factors since the EMI noise
imposes strong limitations on detector performance. Initial breakdown, plasma current ramp-
up, ion-cyclotron resonance heating (ICRH), disruptions and other powerful events commonly
result in considerable variations of the magnetic field and induced electric potential at the
detector location in the vicinity of the plasma edge. Shorter input cable lengths (and
consequently capacitance) is also advantageous for better dynamic and noise performance of
the charge preamplifier circuits. Ultimately close coupling of the detector to the preamplifier,
with proper shielding and electric isolation for the electronics is the most efficient solution for
these problems.

CABLE TO PREAMPLIFIER

GOLDENED COPPER BOX

INPUT WINDOW

4 mm

16 mm

PREAMPLIFIER BOX

GOLDENED COPPER BOX

a 8 mm „

INPUT WINDOW

4 mm

NOUVISTOR

[bj

Fig. 1 NDD casing design sketches: [a] - single NDD casing, [b] - NDD + nouvistor preamplifier assembly.

On the other hand, silicon based electronic performance is substantially degraded by
temperatures over 70°C, X-ray, gamma-ray and neutron irradiation, and thus requires active
cooling and extra shielding. However, high reliability and safety are difficult to achieve for
complicated systems of in-vessel multi-channel and multi-viewpoint diagnostics. To avoid
these difficulties two main approaches were developed and tested at TORE SUPRA:
i) NDD plus preamplifier-hybrid assemblies with the front-end amplification stage constructed

using small size metal-ceramic vacuum triodes («nouvistor»);
ii) distant location of semiconductor front-end electronics (2.5 m from the detector position)
with total galvanic isolation of power supply, detector bias, analog signal and digital control
circuits for the correct EMI noise suppression.

Fig 2: [a] Simplified circuit of NDD + nouvistor hybrid assembly preamplifier.
[b] - Isolated NDD front-end electronics: CPA - Charge Preamplifier, ISA - Isolated Shaping Amplifier, LD

- Line Driver, PWS - Power Supply, HV - High Voltage Detector Bias, CC - Control Circuit.
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The simplified schematic of the first design is shown in Fig. 2a. The required
functionality described above is achieved by a compromise of a number of contradictory
requirements of device compactness, minimum number of electric connections, enhanced
stability to detector electric breakdown, ambient temperature and magnetic field variations. A
small size metal-ceramic vacuum triode VI («nouvistor»), designed for spacecraft and hard
radiation environment applications, was used for the front-end amplification stage. It was
located close to the NDD in a hybrid assembly together with a few passive components.
Reduced cathode heating power and proper triode axis orientation (see Fig.lb) were chosen
for resistance to the high toroidal magnetic field and high temperature tokamak environments.

The triode anode voltage of Vj, = 100...200 V was also found to be suitable for the
NDD biasing. A secondary low input impedance amplifier Al and 50 O cable line driver A2
were installed outside the vacuum vessel 2.5 meters from the detector assembly.

The second approach (distant preamplifier) includes three extra isolation circuits as
well as a standard design charge preamplifier analog output, power supply and NDD bias (Fig.
2b). It provides an extremely high common-mode rejection ratio in a wide dynamic range (up
to ±1 kV) of induced common-mode potential, resulting in considerable improvement of EMI
noise suppression for long detector output applications. Reduced AC coupling between in-
vessel and outer electronics is also favourable for the total system reliability and safety.

Both designs sustains elevated operating temperatures (up to 200°C) and magnetic
fields (up to 5T) at the detector location. No remarkable variations and/or long-term drift of
the calibration curve, measured with 241Am a-rays, were observed during the temperature and
the magnetic field ramp up and down in the ranges 20-150°C and 0-3 T.

Common industrial manufactured secondary electronics, the same as used for the Si
detectors, were used for signal processing (pulse shaping) and data acquisition.

An example of the escaping proton spectra is shown in fig. 3. The NDD and Si
detectors were installed a few millimetres apart so as to intercept the same proton flux. Both
detectors demonstrate similar spectral evolution throughout the plasma discharge, with the
peak energy at 2.7 MeV, in agreement with the 300 keV lost in a 6 |im thick stainless steel
vacuum separation window. Average peak broadening of NDD spectra is about 400 keV.

1.5

0.5

TS shot #22520

kCts/ch

310 keV

kCts/s TS shot #22554
Hard X-Rays (a.u)

2.5

2.0

Fig. 3 Proton spectra measured with Si and NDD.
2 4 6 time, sec

Fig. 4 Time evolution of proton count rates,
hard X-rays and neutron fluxes.
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In figure 4, the time evolution of the count rate in the three energy windows, defined in figure
3, is shown together with neutron and hard X-ray monitor signals. Low-energy count rates
follow the hard X-ray radiation intensity, while the 2.7 MeV signal is correlated with the
neutron rate in both the silicon and diamond detectors.

Evaluation of NDD/nouvistor-preamplifier hybrid assembly performance at elevated
temperatures and magnetic fields has been made in the laboratory (up to 200°C) and the TORE
SUPRA sampling port (t = 150°C, B = 2.5 T) with the use of an 241Am a-source. No notable
deviations and/or long-term instabilities of spectral the curve were observed through the
heating/cooling cycles and the magnetic field ramp up and down during 2 weeks of tokamak
operation.

Finally, testing of NDD performance with a 2 m long cable connection to the
preamplifier, located at the vessel vacuum flange, had been carried out. No proton peak could
be distinguished in the external noise before the installation of isolation units. However, a
dramatic improvement was seen after installation of isolation units and no extra filtering was
required to clearly monitor protons at the preamplifier output during plasma shots. Hence
experimental evidence of the high efficacy of the total front-end electronic isolation technique
for suppression of EMI noise was clearly demonstrated.

The following conclusions can be drawn :
- NDD applicability to escaping DD fusion proton detection and spectral measurements with

an energy resolution of 300 keV had been verified at TORE SUPRA for a number of
deuterium tokamak discharges.
- NDD applicability to hostile ambient conditions (T = 150-200°C, B = 3T) with high

reliability and long-term stability without need for active cooling was clearly demonstrated.
- A hybrid assembly of NDD plus a small vacuum triode preamplifier was successfully tested

at elevated temperatures (up to 200°C) and magnetic fields (up to 3T). Enhanced immunity of
the assembly to harsh tokamak environments and external EMI noise influence during plasma
discharges was obtained.
- Total front-end isolation electronics with proper shielding and loopless grounding was

designed, manufactured and tested for enhanced EMI noise suppression. This solution was
most suitable for single output long-cable detector applications, allowing the close location of
the detector to the plasma edge inside the tokamak vacuum vessel.

Natural Diamond Detectors thus represent a major advantage in simplicity, reliability
and cost over Silicon Detectors for in-vessel plasma radiation detection diagnostics (escaping
fast ions, neutrals, a-particles and X-rays) requiring multi-channel, multi-viewpoint or close
location to the plasma.
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5. F. Nava et al, IEEE Trans.Nucl.Sci. NS-24 (1977), 242.
6. C. Canali et al, Nucl.Instr.Meth. 160 (1979), 242.
7. V.S. Khrunov et al, Rad.Prot.Dosimetry, 33 (1990) 155.
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36. Neutron Spectroscopic Measurements at JT-60U
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Naka-machi, Ibaraki, 311-0193, Japan

1. Introduction
The knowledge of relevant plasma parameters is important for the control of burning plasmas of future

fusion devices like ITER m . In these experimental devices and also future commercial fusion reactors, it is
expected that fusion neutron measurement will be a vital diagnostics tool.
Especially, neutron spectroscopy is one of the most promising techniques for ion temperature measurements in
burning plasmas.

In this study, we have applied a time of flight (TOF) spectrometer and a NE213 organic liquid scintillator to
neutron spectrum measurement in deuterium plasma experiments at the JT-60U Tokamak.
Here are given a description of both detector systems and preliminary results on DD neutron spectral analysis for
their performance tests.

2.Description of Experimental Methods
2.1 Time of Flight (TOF) Spectrometer

The present TOF spectrometer is based on the time of
flight measurement of elastically scattered neutrons between
two fast (~ns) plastic scintillators (see fig. 1). The source
neutrons, which enter through a collimator, interact with the
first scintillator (DO) located in the neutron beam. The
amplitude of the generated signal depends on the scattering
angle of the neutron. Therefore we can use an energy
discriminator to select neutrons that are scattered to the
second detector, Dl . A coincidence technique between DO
and Dl is used to measure between the two detectors.
For mono-energetic neutrons, the energy of the scattered
neutrons depends on the scattering angle. To keep the time
resolution as good as possible, the detectors are positioned
on a "constant time of flight sphere". It can be shown that
for neutrons that scatter in the lower pole of the sphere (in

100cm

BentDl Scintillator
60-30-2 cm3

Collimator 70 deg. tilted DO Scintillator
3

Fig. 1 Principle of TOF spectrometer131.

the central point of the DO detector); the TOF to another point on the spherical shell is independent of the
scattering angle. Therefore, to achieve a constant TOF for mono-energetic source neutrons and to accomplish a
high efficiency, a big Dl detector has been chosen (30X 60cm2, 2cm thickness). This detector is bent in such away
that it follows the constant TOF sphere. The major limiting factor of the scintillator size is the attenuation and
timing deterioration of the generated light during its way to the photo-cathode of the PM-tube. Therefore, two
PM-tubes are connected via adiabatic light guides to the 30X2cm2 edges of the Dl scintillator and the distance
between the scintillator edges is limited to 60cm. The time signals from these two photo-multiplier tubes are then
averaged, utilizing a mean-timer module, to minimize the deterioration of the Dl time signal.
The concept of a constant TOF sphere has been taken one step further by introducing a second constant TOF
sphere for the DO detector approximately follows the spherical shell while the central point of the Dl detector is
positioned on the sphere. The DO detector is tilted -70° to reduce the time spread[3].

The electronic setup consists of mainly three branches (see fig. 4). Two branches are used for the timing
(start and stop) and the third branch is used to create a gate for the start signal. The average dead time of the Time
to Amplitude converter (TAC) is ~l |is per accepted start, which is unacceptable high as a start signal especially
with count rates in the order of 1MHz. Therefore, by delaying the signal from the DO detector so that it comes
after the signal from the Dl , we can use the Dl signal as the start and as the stop signal the count rate of the Dl
detector is much lower than 1MHz.
For an event in the Dl scintillator, the generated light is transferred via the light guides to the photo cathodes of
the PM-tubes. The time signal is then fed into constant fraction discriminators (CFD) and if the amplitude exceeds
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the discriminator level, a fast NIM signal is generated. These
NEVI signals are fed into a mean-timer module, which averages
the time signals from the large Dl scintillator. This averaged Dl
time signal is used as a Start signal for the time of flight
measurement.
The gate for the start signal is accomplished by connecting the
dynode outputs from the two Dl PM-tubes (Dl . l , D1.2), via pre-
amplifiers and fast filter amplifiers, to a "Sum and Inverter"
module. The summed D1 signals are fed to a Constant Fraction
Differential Discriminator (CFDD) which supplies the gate
signals to the gate input of the TAG P1.

The present TOF spectrometer has the best energy
resolution AE/E ~100keV. The principle of TOF data is simple
that the neutron velocity is v = Lit (neutron takes time t to flight
at distance L). Therefore neutron kinetic energy is given by

£ = l/2m,v3 , (1)

where mn = 1.67495x]0'21 kg is the neutron static mass.

2.2 NE213 scintillator
The NE213 scintillator, which is one of the organic liquid

scintillators of the NE series supplied by Nuclear Enterprises
company, is well established and widely used as a fast neutron
detector. We have used a 2"0X2'7 size detector which would

give the best energy resolution and neutron / gamma-ray pulse shape discrimination. The photo-multiplier used is
R1332 (HTV). To view the plasma through a fixed line of sight and to cut off the background radiation, this
detector head is placed inside the neutron collimator shield made of polyethylene, of which size is 1200mm <j>~X
2500mm height, with it has x-ray shield that consists of lead.

To discriminate neutron and gamma-ray signals in pulse height measurement of the NE214 detector, we have
adopted a commercially available pulse shape discriminator, 5010 LINK SYSTEM, of which principle is based on
comparison of integrated charges during a fixed time between neutron and gamma-ray current pulses. This
module unit has some advantages of fast response, compactness and easy handling for application to fusion
experiments and is successfully used for the neutron camera NE213 detectors at JET[6).

The derive neutron spectrum from measured pulse height data of a NE213 detector, we have adopted the
differential method because the detector size would be adequate enough for the incident neutrons, of which energy
is almost monochromatic around 2.4MeV, to ignore multiple scattering of neutrons, wall effects (i.e. partly energy
loss of recoil protons striking against the detector wall), contributions of other reaction signals than recoil protons
such as scattering from carbon nuclei, and so on.
In this case, after the measurement pulse height distribution in light output of the NE213 detector is converted into
the energy spectrum of recoil protons, the relation between recoil proton spectrum: M(E) and neutron energy
spectrum: <j>(E) is simply given by,

Fig. 2 Electric setup of the TOF spectrometer"1.

M(E) = (2)

Where R(E,E') is response function of detectors. Therefore, the relation between recoil proton and neutron energy
spectrum is

N(Ef)dEf =
E,

(3)

Where <j>(En) is the neutron energy spectrum, N(Ep) is recoil proton energy spectrum, NH is number of hydrogen
atoms under neutron beam, T is measurement time, o(En) is micro cross section of neutron elastic scattering from
hydrogen atoms. Therefore, we can solve this equation (2) inversely and numericall as,

</>(£) - - G(E,E,)\M,.

where G(E,E') is normalized gaussian function correspond to the detector energy resolution[7].

(4)
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2.3 Detector Location and data acquisition
The present TOF and NE213 detectors were installed at JT-60U to

check their performance as shown in fig. 3, where the TOF was located
at about 10m, and the NE213 about 16m from the plasma center in a
vertical line-of-sight. Both signal data are automatically fed and
recorded into the JT-60U data acquisition system synchronized with
each plasma discharge. Fig. 4 shows an example of time traces of the
TOF and NE213 signals, together with plasma current, all power of
neutral beam injection, electron density, neutron emission by fission
chamber.

3 Performance Test
To check the performance if the TOF spectrometer, we have tried

to measure neutron spectrum by adding therr shots data in the DD
experiments of NBI heating at the diverter configuration. The TOF data
were integrated in the discharge time interval between 5.0 and 9.4sec,
and compared with the results coincidentally measured from the NE213
detector in the same condition

P-IO

JT-60U

[xlO6]
E35308

|f§,.NE2I3scinullator
k * a detector

Fig. 3 Arrangement of neutron spectrometers
at the JT-60U tokamak.P1.

10 15

4. Preliminary results and discussion
Figs. 5(a) and (b) show the observed

raw data from TOF and the NE213
detectores, respectively, while fig. 6 gives
comparison results of neutron spectra
derived from the above TOF and NE213 data.
It is found that both results are roughly in
good agreement around 2.45MeV neutron
peak from the DD fusion reaction, where the
energy resolution is estimated about
105keV(4.3%) for the TOF spectrometer and
about 260keV (10.6%) for the NE213
detector in FWHM, respectively. At present,
some vibration of neutron spectrum from the
NE213 data in the lower energy region is
considered to be mainly caused by an
improper application of the numerically
differential method to the statistically
fluctuating data.

5. Summary and Conclusions
We have developed and equipped the TOF and NE213 detector system for neutron spectrum measurement at

JT-60U. through the performance tests, we have demonstrated that both detector systems normally operate under
typical DD plasma experiments and can routinely give useful information of neutron spectrum with energy
resolution around 4 to 10% in FWHM. Further improvement on these systems and systematic experimental
studies are expected toward one of the most promissing ion temperature diagnostic techniques for nuclear fusion
plasmas.

Acknowledgements
The authors wish to express there thanks to all member of JT-60U team from Naka institute, JAERI, for help

experiments. And special thanks to G. J. Kramer, M. Mironov, and A. Morioka, from Naka institute, JAERI, for
their encouragement and some good advice in all of this study.

Time [ms]
Fig. 4 An example of experimental data display from the JT-60U data
acquisition system.
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Fig. S (a) Observed TOF data from spectrometer, (b) Observed pulseheight data from NE213 detector.
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Mukaiyama801 -1, Naka-machi, Naka-gun, Ibaraki-ken, 311-0193, Japan

In JT-60U, a pulsed CO 2 laser (10.6 pt m 10MW) have been developed to measure ion temperature
and velocity distribution of fast ions to demonstrate feasibility of measurements of confined alpha
particles in ITER. High power pulsed CO 2 laser and heterodyne receiver system (a quantum-well
infrared photodetector ,QWIP) has been developed and installed in the diagnostic room (in
collaboration with the Oak Ridge National Laboratory team). We describe the present status of the
JT-60U CTS (Collective Thomson Scattering) system and also present a calculation of the
scattered spectrum associated with the density and velocity distribution of energetic fusion
produced alpha particles. Scattering of CO 2 radiation is evaluated for the plasma condition for both
ITER and JT-60U.

1. Introduction

The measurement of the space and energy
distributions of confined alpha particles is considered to
be one of the most important diagnostics in a fusion
reactor since the energy transferred to the plasma from
the slowing down of these particles is required to
maintain ignition. ITER design is also based on the
assumption of good alpha particle confinement. In
addition, the alpha particle transport can be affected by
TAE and other low frequency MHD modes such as
internal kinks, fishbones, and kinetic ballooning modes.
D-T experiments on the TFTR tokamak have shown a
significant redistribution of fast alpha particles by the
sawtooth crashl-2. A frequent repetition of such events
can extinguish the bum and may cause first wall damage 3.
On the other hand, the loss of alpha particles due to the
toroidal field ripple is another critical issue to be resolved
for ITER. Therefore, studies of alpha particle
confinement will be an important physics program also
for ITER experiments4.

Several methods for the measurement of DT
produced alpha particle velocity distribution have been
studied5, including CO2 laser Thomson scattering 6~J'. The
CO2 laser diagnostic proposal does not "require any major
source or detector development. The advantages of using
CO9 laser are as follows:(l) small angle require only two
access windows (about 20cm diameter on JT-60U). (2)
There is practically no plasma emission near 10 fi m to
interfere with the detection on any tokamak including JT6
0-U and ITER. (3) The calculation of the alpha effect on
the cross section is straightforward by avoiding k • B=0.
(4)Faraday rotation and refraction are unimportant. (5)
Good absorption filters (hot CO 2 gas cell) exist to

eliminate high power of the stray laser line from the
scattered signal and (6) there is an excellent base of
commercially developed lasers, detectors, and optics.
Both spatial and energy resolution will be improved by
prefer the tangential beam injection.

In JT-60U, in order to carry out a measurement of
the velocity distribution of D-T produced alpha
particles, the collective Thomson scattering (CTS)
system with a pulsed CO2 laser (10.6//m 10MW) has
been proposed. The design work of the optical system in
the torus hall (including remote control mirrors) have
been completed. Measurement in the JT-60U plasma will
start in the year 2000. A calculated result of the scattered
spectrum associated with the density and velocity

distribution of energetic fusion produced alpha particles is
also presented. Scattering of CO 2 radiation is evaluated
for the plasma condition in the ITER and JT-60U.

2. Principle of the Diagnostic

The incident laser at the wave number fc,- and
frequency u> is scattered and Doppler shifted by electrons
in the plasma to the scattered wave number ks and
frequency w s (Fig.l). The ions are too massive to scatter
high frequency waves directly, but the measurement of
the scattered wave spectrum yields information on the
different ion species if the wavelength of the fluctuations
is larger than the Debye length A D, so that the Debye
electron cloud surrounding the ions behaves collectively
in the scattering process. This condition requires that the
Salpeter parameter a =(k A D)~l>\, where the scattered
wave number k is approximately given by k=2ks'm( 612),
kf=2Tr/At, (kj :incident laser wavelength, #:the
scattering angle). The scattered spectrum is related to the
alpha particle velocity ^ a through the Doppler effect,
u>=k • v a . The scattered power in the frequency range
dco and solid angle d€l from a length L of the incident
beam of electromagnetic radiation is given by Sheffield 6,

p,d£ldC0 = — S(k, 0))

IK
S(k,coy=-j e I k)

where rQ is the classical electron radius 7.95 X 10'26cm'2,
ne is electron density, n,- is ion density, S(k,a>) is the
spectral density function, e is the dielectric function, G
is dielectric susceptibilities, and / i s velocity distribution,
where i refers to the specific ion species, e to the
electrons, Scattered angle must be very small angle
( 8 = 0.5 deg.), because the a ={kX D)~] must be greater
than unity to obtain large contribution from ions.

The expected scattered power spectrum from a
negative shear plasma experiment in JT-60U using
equation (1) and (2) with laser and receiver condition of
Table 1 is given in Fig2. We assume that the electron
and bulk ion velocity distributions of the plasma are
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Maxwellian and the bulk plasma is made up of isotopes
of dueterium (Z=2) so that.

/,(<»/*)
_exp [-(co/ kaf 1

a —

b =

m.

2kTt

Plasma parameters are; electron density, and deuterium
ion density, ne=nD=%X\0^m~^, electron temperature
7^=8keV, ion temperature 7r=15keV. The calculation
shows that the contribution from ions is much larger than
from electrons.

Fig.l. Schematic of the scattering geometry shewing
the forward scattering angle and dO the solid angle.

Table I. Specification of the collective Thomson
scattering system

CO2 laser
Wave length
Energy
Power
Pulse length

10 urn
10 J
10MW
1 jL S

Scattering angle 0.5 deg.
Scattering length 46 cm
Solid angle 1 X 10"5sr

Bandwidth > 3GHz

Repetition rate > lpulse/2sec

lO"17

1 2 3 4 5 6
Frequency [GHz]

Fig.2. The calculated scattered laser power as a
function of frequency shift for the conditions
expected in negative shear plasma in JT-60U.
Individual contributions to the scattered power due
to plasma electron and thermal ions are indicated.

The signal to noise ratio (S/N) for a heterodyne
receiver is primarily determined by the averaging time
and the input detector bandwidth. Assuming that the
signal is averaged over a laser pulse width of 1 p. s from
a detector with a bandwidth of 0.5 GHz, the signal to
noise ratio S/N will be improved by a factor (B T + 1 ) 1 / 2 ,

where B is detection bandwidth and x is laser pulse width.
Signal to noise ratio S/N after heterodyne detection is
given by

where Ps is the scattered power, and PN is system noise
(Noise Equivalent Power, NEP). To obtain a good S/N
value ~5, Ps of 3 X 10'1 9 W/Hz is required with

B=0.5 GHz, NEP=9 X 10"19W/Hz and a laser pulse length
of 1 fi s (Fig. 3).

100

10

0.1

0.01

NEP(6X1O"19 [W/Hz]).

NEP(3X1O"19 [W/Hz])

10"1

Ps [W/Hz]
Fig.3. Signal to noise ratio versus scattered laser
power. Typical NEP values are assumed.

3. CTS in JT-60U

Schematic of the CTS system on JT-60U is shown in
Fig.4. The laser design chosen for the CTS diagnostic
on JT-60U tokamak is a transversely excited
atmospheric (TEA) pressure laser. The combination of 4
discharge section or gain cells results in a per pulse
energy of greater than 10 joules. We control both the
pulse shape and wavelength by injecting a beam from a
small cw C O 2 laser into the TEA laser cavity. A

minimum of 10 W of power from the cw laser is focussed
through the 4 mm hole in the back mirror of the laser
cavity. The beam diameter confirmed with thermal paper
burn pattern is fixed at about 4 cm by the output optics
and apertures on the laser tube flanges. The pulse width is
monitored using a photon drag detector. Waveform of the
detector indicates a nominal pulse width of 1 / i s at
FWHM. As described above the input and output
windows are required with stand quasi CW levels at
20 J/pulse power. We prefer the ZnSe windows and
Molybdenum mirrors and vacuum seals have been made
with viton. In the experiment room, all optical
components are mounted by mirror box and the concave
mirrors nearest to the tokamak will be remotely
controlled. The He-Ne laser for calibration of optical
alignment are monitored by CCD cameras in the
diagnostic room. The beam lines must be enclosed for
safety and purged with dry nitrogen to insure good
transmission.

To obtain a good S/N value in JT-60U, a quantum-
well infrared photodetector (QWIP) have been
developed12. QWIP detectors are manufactured by the
growth of alternating layers of GaAs and GaAlAs. A local
oscillator laser for the receiver is a DC-excited CW CO 2

laser. The laser incorporates a feedback stabilization
system to maintain operation on line center of the 10P20,
\0.6fi m transition. The basic requirements for the
receiver are a noise-equivalent-power (NEP) of less than
9 x 10-19 W/Hz and a bandwidth of 3 GHz. The NEP
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could be actually determined by using a blackbody with a
known temperature at diagnostic room. The NEP is below
the specified level of 6-9 x 10 "19 W/Hz up to a frequency
of 3 GHz, the specified bandwidth. The absorption of
notch filter with hot CO 2 gas mixtured with He and N2 is

also measured. The filter provides an absorption of about
50000 at an absorption bandwidth and is less than 500
MHz for an operating pressure of less than 75 torr.
Neutron shield of the beam penetration optics from the
diagnostic room to the torus hall has been constructed.
The laser beam passes vertically through the plasma using
top and bottom vertical ports 24.8cm in diameter.

JT-ML' TMTIS Hull

j ~ « Scarred Lighl

i rah t

W77ZZ0/////A f

I •" •"•"

Fig.4 Schematic view of the CTS system in JT-60U

4. Fast ion Diagnostic

The calculation of scattered power from the fusion
produced fast ions requires spectral density function
Sfasi ion(k>v)- T n e high energy spectrum of the alpha
particles is assumed to be isotropically 1/ u3 slowing
down distribution in velocity space 13. We have also
considered that above the velocity of a 3.5MeV a particle
v a, the alpha distribution function is zero.

0 122 4 6 8

Frequency [GHz]
Fig. 5 The expected scattered laser power in a DT
burning reduced cost ITER. The contribution from
the alpha particles dominates the spectrum for
frequency shifts from 3 to 12 GHz.

Figure 5 shows calculated scattered spectrum for a
slowing down distribution of D-T produced alpha
particles in reduced cost (RC) ITER experiment. Typical
RC-ITER plasma parameters, expected pulse power and
length, ne=n,:=2X102Om-3, Ts=Ti=20keV, na=2X1018

m'3 > Piaser=2()MW and T-1/US are assumed.
Consequently, it is considered that sufficient scattered
power from alpha particles can be expected in RC-ITER
experiment. The scattered power covers the frequency
range from 3 to 12 GHz on either side of the 10.6 fi m

line of the CO2 laser, whose center frequency is
approximately 28306 GHz.

In order to prove the possibility of fast ion
diagnostic, the negative ion based neutral beam (NNB)
heating experiments will be studied in JT-60U. Figure 6
shows the calculated scattered spectrum for slowing
down distribution of injected beam ions of Ebeam = 400
keV, nbeam = 2 X10'8 nv3. Good S/N ratio for ion tail is
not expected by use of the same band width (B=0.5GHz)
as ion temperature measurement. Therefore the bandpass
filter of B=2GHz will be used in order to measure fast
ions. Wide band filter will improve the S/N ratio,
because S/N ratio is proportional to square root of the
band width. Observation of scattered spectrum by the
fast ions can be expected in negative ion based neutral
beam (NNB) heated plasma using • present laser and
detection system.

. i i i i i i , , i i i I\I i i i i i i i i i i i\ i

2 3 4 5
Frequency [GHz]

Fig. 6 Expected scattered power for NNB heated
plasma in JT-60U as a function of frequency shift
from the laser line center. Individual contributions to
the scattered power due to plasma electron, thermal
ions and injected beam particles are indicated.

In the recent JT-60U experiment, a D- 3He fuel
plasma is permitted. It is considered that the D- 3He
fusion fuel cycles is more attractive scenario due to the
fact that no neutrons are generated and the discovery of
lunar 3He14. However the system requires much higher
ion temperature to realize fusion burning. Thus, the main
objectives of the present D-3He experiment are (1) study
of the alpha particle behaviors and interaction with
various MHD instabilities such as TAE and other low
frequency MHD modes. (2) Demonstration of the real
fusion power generation with NNBI dueterium beam in
JT-60U. The ion tail measurement for D- 3He plasma is
also expected to be the first direct measurement of
confined alpha particles using CTS system. Scattered
spectra from D-3He plasma for a reversed shear
experiment in JT-60U was also evaluated (Fig. 7). The
alpha particle density n alne~0.05% which was estimated
in a previous investigation is assumed I5\ The scattered
power from alpha particle is marginally observed in 2.5
to 4 GHz and proton term is lower than that of alphas.
Thus it seems difficult to observe the ion tail spectrum
for D-3He plasma in the present JT-60 condition.

Both tangential and vertical access has been
considered on RC-ITER. As shown in Fig. 8, the
tangential view is preferred because one can make full
use of the scattering length, obtain a higher S/N ratio
and several spatial resolution of the alpha profile. For
vertical access the alpha profile is averaged over the
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Frequency [GHz]

Fig. 7 Expected scattered power for D-3He
plasma in JT-60U as a function of frequency
shift from the laser line center. Individual
contributions to the scattered power due to high
energy alpha particles and protons are indicated.

scattering length (spatial resolution). Thus, the effective
signal area for each plasma radius smaller than for
tangential access and the total S/N ratio will be reduced
compared to tangential access assuming other optical
losses are identical. The size of the windows is

0,5'

CO, laser

Fig. 8 Schematic illustration of tangential access
on RC-ITER. The scattering length (sample
resolution) is assumed to 30 cm ~ 100cm.

determined by the scattering angle of 0.5 deg. This
means that the diameter of the scattered cone of light
from the incident beam will be approximately 7 cm at
the port and will require an aperture of at least 12 cm
diameter on each side. We will use at least 248 mm
diameter ZnSe windows on JT-60U which can pass the
power levels without damage also on RC-ITER. The
diameter of the scattered cone and radial resolution
with this arrangement is shown in Fig. 9.
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On the magnetic axis r/a~0, dr~5 cm, and at the plasma
edge rla~\.0, dr~20 cm. So we assume that about 8~9
spatial resolution elements are possible. Engineering
design work needs to be done to clarify the actual access
space on these ports and the damage threshold of the
window or mirror.

5. Summary

The analysis performed in this article shows that the
CO2 laser and the heterodyne receiver systems can
measure fast ion tail and ion temperature of D-T burning
plasma in RC-ITER. Measurement of fast ions in NNB
heated plasma is also possible by use of wide band filter
and detectors. A calculation was also performed to
evaluate the possibility of high energy alpha particle
measurement of D-3He plasma in JT-60U. Althogh the
experiment is expected to be the first measurement of
confined alpha particles in a burning plasma, it seems
difficult with the present plasma parameters. The
tangential view is preferred because several spatial
resolutions are available and a long path is beneficial to
the discrimination of scattered power from incident laser
beam. Collective Thomson scattering will be constructed
in JT-60U for a proof-of-principle. The development of
these ion tail diagnostic for JT-60U could contribute a
great deal to alpha particle and ion temperature
measurement for ITER.
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