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In noninductively driven discharges, 0.9 MW second harmonic~X2! off-axis co-electron cyclotron
current drive deposition is combined with 0.45 MW X2 central heating to create an electron internal
transport barrier~eITB! in steady plasma conditions resulting in a 1.6-fold increase of the
confinement time (tEe) over ITER-98L-mode scaling. The eITB is associated with a reversed shear
current profile enhanced by a large bootstrap current fraction~up to 80%! and is sustained for up to
10 current redistribution times. A linear dependence of the confinement improvement on the product
of the global shear reversal factor (q0 /qmin) and the reversed shear volume (rq-min

2 ) is shown. In
other discharges heated with X2 the sawteeth are destabilized~respectively stabilized! when heating
just inside~respectively outside! theq51 surface. Control of the sawteeth may allow the avoidance
of neoclassical tearing modes that can be seeded by the sawtooth instability. Results on H-mode and
highly elongated plasmas using the newly completed third harmonic~X3! system and achieving up
to 100% absorption are also discussed, along with comparison of experimental results with the
TORAY-GA ray tracing code@K. Matsuda, IEEE Trans. Plasma Sci.PS-17, 6 ~1989!; R. H. Cohen,
Phys. Fluids30, 2442~1987!#. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1562167#
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I. INTRODUCTION

Multimegawatt electron cyclotron heating~ECH! and
current drive~ECCD! systems exist on several of today
toroidal magnetic fusion devices. The ECH system1,2 on the
Tokamak a` Configuration Variable3 ~TCV! has ;4.1 MW
injected power and a highly flexible launching mirror sy
tem, allowing toroidal and poloidal deposition scans durin
discharge and is one of the most relevant ECH systems
the International Toroidal Experimental Reactor4 ~ITER! in
existence today. The EC power is supplied by three 1.35 M
clusters~three sources each!: two in the second harmoni
X-mode~X2! and one in the third harmonic X-mode~X3!. A
full description of the ECH system is provided in Refs. 1 a
2.

a!Paper LI1 4, Bull. Am. Phys. Soc.47, 221 ~2002!.
b!Invited speaker.
c!Max-Planck-Institut fu¨r Plasmaphysik, IPP-Euratom Associatio
85478 Garching, Germany.

d!Los Alamos National Laboratory, Los Alamos, New Mexico.
e!DRFC-CEA Cadarche, France.
f!Institute for Plasma Research, Bhat, Gandhinagar-382 428, Gujarat, I
g!General Atomics, San Diego, California.
h!RRC Kurchatov, Moscow, Russia.
1791070-664X/2003/10(5)/1796/7/$20.00
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A variety of plasma heating experiments has utilized
ECH system in recent years. This paper will review a rep
sentative subset of the experimental topics, starting with
heating through the newly installed X3 system using a sin
mirror placed on top of the TCV chamber. The X3 syste
broadens the operational space of TCV with the possibility
heating plasmas at high density~up to 1.231020 m23), well
above the cutoff density of the X2 system (4
31019 m23). Injection from the top allows a long pat
length along the resonance layer to increase first pass ab
tion. X3 heating experiments involving density scan
H-mode and highly elongated plasmas are discussed in
II.

The crash of long period sawteeth can trigger seed
lands large enough to destabilize the neoclassical tea
mode ~NTM! at low beta on the Joint European Tokama5

@JET ~Ref. 6!#. In the moderate beta ITER scenario a mech
nism to prevent the occurrence of the long sawteeth st
lized by a-heating may remove a crucial triggering mech
nism for the onset of NTMs. Hence, extensive investigat
of the sawtooth behavior with ECH deposition near theq
51 surface has been performed on TCV. Section III d
cusses how ECH deposition just inside theq51 surface can

ia.
6 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp

https://core.ac.uk/display/147939422?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


pe

C

ed
ro

io
ca
ta

ar
we

a

pt
r
o
th
c

a
th
co
o
o

la
ir
rp

ies
od
X
.
an
-

d

op
he
ti
a
s

g

.
ith
-
d

rge

as

-
ab-

es
.
ed,
1.45
nt
tion

CV
;
ro-

.
be
se

co-
m-
r
res
er.
-
the

ing
a-
e

ction
rges,

the
he

e
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destabilize the sawteeth significantly, thus shrinking the
riod and amplitude.

For several years there have been fully sustained EC
discharges in TCV, with no inductively driven current.7,8 The
operating scenario of these discharges has been extend
advanced tokamak regimes, by creating hollow current p
files and electron internal transport barriers~eITB! and by
sustaining the plasma current with off axis ECCD deposit
and an increased bootstrap current fraction. The eITB’s
be further enhanced with counter ECCD on axis; steady s
discharges with a bootstrap current fraction of up to;80%
have been achieved. Section IV discusses these disch
and their enhancement with additional central heating as
as the dependence of the improved confinement on the m
nitude of the global shear reversal factor (q0 /qmin) and the
volume enclosed in the reverse shear region (rq-min

2 ).

II. ABSORPTION OF TOP LAUNCHED X3

The addition of 1.35 MW X3 allows heating of TCV
plasmas at high densities~up to 1.231020 m23) beyond the
X2 cutoff, 4.231019 m23. The choice of the top-launch
scheme is aimed at compensating the decrease in absor
efficiency at higher harmonic number. The resonance laye
an approximately cylindrical surface on the high field side
the cold resonance and absorption is maximized when
ray path within the resonant region is longest. The X3 laun
antenna consists of a single mirror~for the three X3 beams!
placed on top of the vacuum chamber. The beams
launched in a near-vertical direction, almost tangential to
resonance layer. The increased absorption in this launch
figuration is enhanced with the high elongations available
the TCV. The mirror can be displaced radially between sh
permitting high field side~HFS! and low field side~LFS!
launch. The beam can be swept across the resonance
during a discharge by real-time poloidal rotation of the m
ror. A detailed quantitative study of the single-pass abso
tion in a variety of plasma conditions with central densit
higher than the X2 cutoff has been performed. These L-m
discharges heated with X3 alone or both X3 and off-axis
have shown single pass X3 absorption as high as 100%

Initial experiments were designed to test the system
compare the measured absorption9 with the absorption calcu
lated by the TORAY-GA ray tracing code.10,11 The mirror is
placed on the LFS and rotated so that the beams, 0.85 MW
total, are swept across the resonance. In a low-density
charge (̂ne&;2.831019 m23, k;1.4, I p;230 kA) ;66%
single-pass absorption is measured with a diamagnetic lo12

~DML ! during the modulated portion of the ECH pulse. T
measured single pass absorption and the optimum injec
angle are in good agreement with the TORAY-GA code,
shown in Fig. 1~a!. The sweep was repeated with an increa
in density to^ne&;8.231019 m23, the angle correspondin
to optimum absorption changed by;1.0° which is signifi-
cant relative to the sensitivity required as shown in Fig. 113

To maintain optimum absorption during discharges w
evolving plasma parameters~density, temperature, elonga
tion, etc.!, plans are underway to implement a real time fee
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back control on the launcher mirror,14 which would be used
to maintain maximum absorption throughout the discha
under changing plasma conditions.

With a similar swept beam technique, 0.45 MW X3 h
been used to heat ELMy H-mode discharges (ne0;5.5
31019 m23, k;1.8, I p;440 kA) achieving up to 80% ab
sorption. The period of the ELMs increases as the X3
sorption increases, as shown in Fig. 1~b!. The nearly full
absorption of the X3 radiation by ELMy H-mode discharg
offers the potential to achieve higher beta values on TCV

Full X3 absorption has been achieved in X2 assist
highly elongated discharges. In these discharges up to
MW co-ECCD X2 is deposited off-axis, resulting in curre
profile broadening, and thus increasing the high elonga
stability limit, with k increasing from 1.8 to;2.5 (ne0

;6.031019 m23, I p;380 kA).15,16 Elongations of 2.5 are
not accessible at low normalized plasma currents on T
with Ohmic current profiles owing to the vertical instability
however, the ECCD-induced broadening of the current p
file reduces the growth rate of then50 instability such that
it can be controlled by the TCV vertical control system17

Since X2 is deposited off-axis the central density can
increased above the X2 cutoff. The X3 absorption in the
discharges is enhanced by the large elongation,16 increased
central density, and generation of a fast electron tail by
ECCD, whose role in absorption has been previously de
onstrated on TCV.18 When the X3 deposition is optimized fo
the high elongation discharge, the DML diagnostic measu
up to 100% absorption using modulation of the EC pow
TORAY-GA calculates ;70% absorption in these dis
charges. The key to 100% absorption thus appears to be
X2 generated suprathermal electron tail, which is miss
from the TORAY-GA model as it assumes a small perturb
tion to the electron Maxwellian distribution function. Th

FIG. 1. Different measures of plasma response and absorbed power fra
to sweeping the X3 deposition across the resonance for two discha
plotted against the difference between the varying launcher angle and
optimum angle for maximum absorption calculated by TORAY-GA. T
plasma response is illustrated in~a! by the soft x-ray emission in a low
density plasma and~b! by the change in ELM frequency in an H-mod
discharge.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1798 Phys. Plasmas, Vol. 10, No. 5, May 2003 Henderson et al.
high elongation achieved with X2 off-axis deposition is r
duced with the central deposition of 0.45 MW X3, whic
peaks the current profile, increasingl i and therefore decreas
ing k. In the future, peaking of the current profile may
avoided by decreasingBf such that the X3 absorption wil
be further off-axis (l i is expected to remain unchanged f
r;0.4), while maintaining the X2 deposition for optimu
broadening of the current profile (r;0.6), see Fig. 2. Note
that r used in this text is defined as the square root of
normalized volume of a magnetic surface.

III. SAWTOOTH CONTROL

Avoidance of the neoclassical tearing mode~NTM!, and
of the consequent confinement degradation, is one of
critical issues concerning the future operation of ITER. R
cently, it has been shown that NTMs can be triggered at
crash after a long sawtooth period in low beta discharges
the JET.5 Reducing the sawtooth period may prevent the
currence of the NTM by removing one important mechani
of the seed island formation, as was shown in the JE5

Many experiments have shown that ECH and ECCD
stabilize~increasing the period and amplitude! the sawteeth
when the deposition is near the region of theq51
surface.19,20 Experiments on both TCV and
ASDEX-upgrade21 have shown that the maximum in th
sawtooth period occurs when the ECH deposition (rdep) is
outside the sawtooth inversion radius (rST-IR), this location
is referred to asrST-max.

22 This effect has been predicted b
the PRETOR-ST transport code,23 which includes a sawtooth
period model that triggers a sawtooth crash when the m
netic shear atq51 reaches a critical value, depending
local plasma parameters.24 The sawteeth have also bee
shown to be further stabilized~respectively destabilized!
when the ECH is replaced with co-ECCD~respectively
counter-ECCD! on rST-max. Since the sawtooth period de
creases linearly with the negative current driven onrST-max

~Refs. 19, 20, 22! counter-ECCD onrST-maxoffers the poten-
tial to destabilize the sawteeth and to avoid the onset of
NTM instability.

FIG. 2. The change in the plasma’s internal inductance plotted agains
radial deposition location of the X2 radiation (I p5300 kA, PX2

50.9 MW, ne0'2.531019 m23) ~Refs. 15 and 16!.
Downloaded 03 Jul 2003 to 128.178.125.204. Redistribution subject to A
e

e
-
e
n
-

.
n

g-

e

Experiments on TCV have demonstrated that the s
tooth period can be reduced with ECH deposition sligh
inside theq51 surface (rq51). Using 1.35 MW X2 power
and sweeping the beams across theq51 region, the saw-
tooth period (tST) reaches a maximum (tST;8 ms vs
tST-ohmic;2.4 ms) when rdep.rq51 , see Fig. 3 ~pulse
#21103!. The same sweep with an additional 0.45 MW
ECH applied just inside theq51 surface (rdep2rq51

'20.22) showed a reduction of the peak sawtooth per
from 8 ms to 5.5 ms whenrdep5rST-max, as shown in Fig. 3
~pulse #21101!. The additional power deposited insiderq51

prevents the stabilization of the sawteeth when the sw
beams are atrST-max. This demonstrates that a small amou
of very localized ECH power can significantly reduce t
sawtooth period.25 When the swept beams are deposited
side rq51 , the additional 0.45 MW increases the sawtoo
period, as the latter is proportional to the power deposi
insideq51 in this case.

PRETOR-ST had successfully modeled the above res
and was then applied in a predictive mode to determine
effect of sweeping one beam through the cross section of
plasma while maintaining three beams onrST-max. The simu-
lation predicted that the sawtooth period would exhibit
minimum when the deposition of the swept beam was j
inside theq51 surface, and a maximum just outside.25 The
variation in the sawtooth period during the experimen
sweep is compared to the PRETOR-ST prediction in Fig. 422

The general dependence of the sawtooth period as a func
of the distance from theq51 surface is similar in the ex
periment and the model although the distance of the m
mum and minimum from theq51 surface is slightly over-
estimated by the model. This is attributed to a narrower E
deposition profile as well as to a small co-ECCD injecti
angle of the fixed beams in the experiment, which tends
move bothrST-max and rST-min toward theq51 surface and
increase the sawtooth period.25 According to simulations the

he

FIG. 3. The effect of the ECH deposition location relative to theq51
surface on the sawtooth period. Pulse #21103 has 1.35 MW swept thr
theq51 region with the sawtooth period peaking outside theq51 surface.
Pulse #21101 is identical to pulse #21103 except for an additional 0.45
deposited inside theq51 surface~Ref. 25!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1799Phys. Plasmas, Vol. 10, No. 5, May 2003 Recent results from the electron cyclotron . . .
most efficient method for destabilizing~respectively stabiliz-
ing! sawteeth is with co-ECCD inside~respectively outside!
theq51 surface.25 The decrease in the sawtooth period fro
;7.5 ms~1.35 MW onrST-max) to 4 ms~near Ohmic levels!
when the ECH deposition is atrST-min demonstrates the ca
pability of ECH to destabilize the sawtooth instability, whic
offers the possibility of avoiding sawtooth triggered NTM
by keeping the sawtooth related seed islands below the c
cal size.

IV. ELECTRON ITB FORMATION IN STEADY STATE
REGIME

Previous experiments on TCV have achieved fully s
tained noninductive discharges by replacing the inductiv
driven current with co-ECCD,7,8 The co-ECCD deposition is
distributed across the discharge to obtain a stable driven
rent profile. These fully sustained discharges have been
tended to advanced tokamak regimes; specifically the g
eration of reversed central shear and an electron inte
transport barrier~eITB! in conjunction with a large bootstra
current fraction~up to 80% of the total current! in steady
state with no inductively driven current.26,27 The co-ECCD
deposition is moved off-axis with the intention of creating
hollow current profile. However, owing to the transport
energetic electrons, the resulting ECCD current profile is c
culated to be centrally peaked or flat.26–30 The broader cur-
rent profile nevertheless improves the central confinem
causing an increase in the electron temperature and pre
gradients and thus, in turn, increasing the bootstrap curr
which reaches;30% of the total plasma current. The broa
ECCD profile and the large off-axis bootstrap current form
hollow current profile. Once this hollow current profile
established, an additional 0.45 MW ECH power is depos
centrally resulting in a rapid increase in the central tempe
ture (Te0) and also in the electron energy confinement ti

FIG. 4. Comparison of the sawtooth period from the PRETOR-ST theo
ical prediction and experiment due to a single swept beam~0.45 MW! across
theq51 region with 1.35 MW~respectively 0.9 MW! deposited onrST-max

for the theoretical prediction~respectively experiment! ~Ref. 22!.
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(tEe) despite the power increase~see Fig. 5!. This is in con-
trast to L-mode scaling laws, which show a decrease in c
finement with additional heating. Similar results have be
observed in centrally heated eITB’s on JT-60U.31 The rapid
increase in the central electron temperature, on the time s
of tEe , suggests that the conditions for the eITB are alrea
established before the addition of the central heating.
these low density discharges with high ECH injected pow
the electron temperature can be significantly higher than
ion temperatures (Te;25Ti). The value oftEe is evaluated
with respect to the Rebut–Lallia–Watkins scaling32 (HRLW

5tEe /tRLW), as this scaling has been shown to model
TCV ECH heated L-mode33 well and it givesHRLW51 in
Ohmic conditions.HRLW’s of ;3.5 have been achieved i
steady state scenarios lasting up to 1000tEe or 10 current
redistribution time scales (tCRT) on TCV (tCRT is measured
as thee-fold time for the plasma internal inductance to st
bilize during the transition from inductively driven to fully
ECCD sustained current and is of the order of;175 ms).

These centrally heated eITB’s have high central press
which further steepens the pressure gradient off-axis,
creasing the bootstrap current and deepening the hollow
rent profile, as shown in Fig. 6. The plasma current den
profile is calculated by adding the ECCD current profile~as
calculated by the CQL3D quasilinear Fokker–Planck code34!
to the bootstrap current profile~calculated from the Thomson
scattering measurement of the pressure profile35!. A fixed
boundary equilibrium code then uses this current profile a
the measured pressure profile as a source term to calc
the q profile and yields a reversed shear as shown in Fig
Thus, the enhanced confinement can be attributed to reve
central shear with the global shear reversal factor given

t-

FIG. 5. ~a! The plasma current is sustained by two off axis co-ECCD bea
and a large bootstrap current; at 1.1 s central heating is added resulting
fast rise in~b! the central temperature,~c! line averaged density, and~d! the
confinement enhancement factor.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1800 Phys. Plasmas, Vol. 10, No. 5, May 2003 Henderson et al.
q0 /qmin'3.9/3.2. Note that the eITB is generated and ma
tained under steady-state plasma conditions, in particula
there is no inductive Ohmic current.

The creation of the eITB is dependent upon the dep
tion location of the off-axis co-ECCD. To illustrate this,
scan of the radial deposition location of the off-axis c
ECCD (rco-dep) was performed on a pulse-to-pulse bas
with central ECH added for each pulse in the second hal
the discharge. Significant improvement in confinement
achieved in the second half of the discharge only wh
rco-depexceeds 0.3, as shown in Fig. 7. Theq profiles of the

FIG. 7. Dependence of the confinement enhancement factor on the r
position of the off-axis co-ECCD deposition location. Significant improv
ment in confinement is observed when the off-axis co-ECCD is outsidr
50.3.

FIG. 6. The sum of the off-axis driven current and a large bootstrap cur
results in a calculated hollow current density profile and a reversed sheq
profile. The discharge was maintained with 0.9 MW of co-ECCD off a
and 0.45 MW of counter-ECCD on axis.
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two extrema of the scan are shown in Fig. 8~a!; the improved
confinement is associated with an enlargement of the volu
enclosed in the reversed shear region which is proportio
to rq-min

2 ~whererq-min is the radial location of the minimum
in q), see Fig. 8~b!. Note that the global shear reversal fact
remains relatively small (q0 /qmin,1.2).

Replacing the central heating with counter~respectively
co! ECCD increases~respectively decreases! the confinement
enhancement, as shown in Fig. 9. The improved confi
ment,HRLW'4.5 @or H ITER-98L ~Ref. 36! '1.6], is associated
with an increase in the global shear reversal factor and
reversed shear volume as shown in Fig. 10. Further incr
ing the counter current on axis creates strongly peaked
files (HRLW.5) resulting in MHD modes and/or plasma di
ruption. The onset of the MHD modes can be avoid
reliably by reducing the level of counter-ECCD on axis
just below the MHD threshold.

Since rco-dep and the amount of ECCD on-axis affe
q0 /qmin and rq-min

2 differently @see Figs. 8~b! and 10~b!#, it
should be possible to control either the global shear reve
factor or the volume independently. The database of

ial

nt
r

FIG. 8. ~a! Safety factor profiles for off-axis co-ECCD deposition near t
center~#22795! and far from the center~#21654!. The change in the depo
sition location increases the volume enclosed within the reversed shea
gion (rq-min

2 ) while maintaining a nearly constant global shear reversal fac
(q0 /qmin). The improved confinement is attributed to the increase of
reversed shear volume as shown in~b!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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eITB’s created and maintained in stable scenarios withrq-min

ranging from 0.1 to 0.4 andq0 /qmin values from 1.1 to 3.6
reveals a linear dependence of the improved confinem
HRLW , on a figure of merit defined as the product of t

FIG. 9. The confinement enhancement factor,HRLW , increases linearly with
the local toroidal angle~angle between ECH beam and the magnetic fi
line at the resonant surface! of the centrally deposited 0.45 MW beam in th
second phase of the discharge.

FIG. 10. ~a! Safety factor profiles for discharges with on-axis count
ECCD~#21655! and ECH~#21654!, respectively. Both the volume enclose
within the reversed shear region (rq-min

2 ) and the global shear reversal fact
(q0 /qmin) increase with the injection of counter-ECCD. The improved co
finement is associated with an increase of bothrq-min

2 andq0 /qmin as shown
in ~b!.
Downloaded 03 Jul 2003 to 128.178.125.204. Redistribution subject to A
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global shear reversal factor and the reversed shear volu
FRS5rq-min

2 (q0 /qmin), as shown in Fig. 11. The linear de
pendence ofHRLW onFRS demonstrates the gradual improv
ment of confinement using the current tailoring capabilit
of ECCD.

A maximum bootstrap current fraction of;80% has
been achieved in these sustained eITB discharges by ad
additional ECH power both on-axis~0.45 MW! and off-axis
~0.45 MW! and increasing the plasma density.26,27,30 The
added power increases the pressure gradient leading
larger bootstrap current while the increased density decre
the current drive efficiency and thus increases the boots
current fraction. The 80% bootstrap current fraction d
charges have been sustained for;5tCRT with an average
HRLW of 3.7. The eITB position is observed to remain co
stant.

V. CONCLUSION

The X3 system is now complete and has demonstra
heating of high-density plasmas not previously possible
TCV, opening the way for future studies of reactor-releva
high-beta regimes. Single pass absorption of up to 100%
been achieved with top launch X3. The benefit of the spec
launcher geometry chosen in TCV, allowing an increase
teraction of the beam with the EC resonance, has been d
onstrated and corresponds to the prediction.

In a different study, a small amount of ECH power d
posited just inside~respectively outside! the q51 surface
has been shown to significantly destabilize~respectively sta-
bilize! the sawtooth period. Sawteeth extended to a;15 ms
period by 0.9 MW co-ECCD deposited outside theq51 sur-
face have been destabilized by the added power to;4 ms

-

FIG. 11. A figure of merit of the reversed shear discharges is given as
product of the global shear reversal factor and the reverse shear vol
FRS5rq-min

2
•q0 /qmin . The confinement enhancement factor,HRLW , scales

linearly with FRS.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



oo
av
is
f

on
nd

n-
ing
te
in
re
n-
lin

gio
a
on
d

a

an
bo

n

, O

n,

.-P
ce

M.

. A.

P.
eam,

ch-

.

lled

of
ucl.

son,
ma

, P.
on

. A.

. A.
on
on

t

Re-

l
92

1802 Phys. Plasmas, Vol. 10, No. 5, May 2003 Henderson et al.
close to Ohmic values. This sawtooth destabilization t
may be used to prevent long sawtooth periods, which h
been shown to trigger the onset of NTMs in low beta d
charges on JET, similar to the operating regimes planned
ITER.

Electron ITB’s have been created in stable plasma c
ditions lasting for up to 10 current redistribution times a
with a confinement enhancement of up toHRLW;4.5 or
H ITER98-L;1.6. The plasma current was driven fully noni
ductively with a high bootstrap current fraction approach
;80% in some cases; the duration of the eITB was limi
only by the gyrotron pulse length. The eITB position is
steady-state as well and therefore well-aligned with the
sultingq profile, which in turn determines the improved co
finement region. The confinement improvement scales
early with a global reversed shear figure of merit,FRS, equal
to the product of the global shear reversal factor (q0 /qmin)
and the volume enclosed in the reversed shear re
(rq-min

2 ). This remarkably steady eITB position shows th
the coupled system of driven and bootstrap currents al
with the heat and particle flux transport can be maintaine
steady-state in a regime of enhanced performance.
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