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Abstract

In current-free stellarators, the parallel current density is normally too weak to
drive global external kink modes. However, at finite values of 3, the bootstrap cur-
rent (BC) can provide sufficient free energy to trigger this class of mode in some
stellarator systems. The effect of the BC in the collisionless 1/v regime has been
investigated in several different types of stellarator reactor systems all with a volume
V' ~ 1000m®. In quasiaxisymmetric and quasihelically symmetric stellarators, the
BC is large at finite § and this can cause low order resonances to move into and
emerge out of the plasma which in turn can destabilise global internal and exter-
nal kink modes. In a 6-field period system with poloidally closed contours of the
magnetic field strength B, the BC is small and decreases the rotational transform
only slightly. As a result, only intermediate to high n modes can become weakly
destabilised. Furthermore, it is demonstrated in this system that the contours of
the second adiabatic invariant Jj close poloidally for all trapped particles at finite
3* ~ 6%. This condition leads to the loss of a very small fraction of the collision-
less a—particle orbits. In sphellamak configurations with peaked toroidal currents
required to generate nearly isodynamic maximum-B confining field structures, the
BC accounts only for a small fraction of the total current. The loss of a—particles
born within the inner quarter of the plasma volume is negligible while about 1 /3 of
those born at half volume escape the device within a slowing down time.



1. Introduction

Stellarator devices do not normally operate with induced toroidal plasma currents
like Tokamaks and Reversed Field Pinches. However, at finite 0, stellarators and
other three-dimensional (3D) configurations can develop a bootstrap current due to
variations in the frictional forces experienced by the different trapped particle species
interacting with circulating particles. If the bootstrap current becomes sufficiently
large, it can impact the ideal magnetohydrodynamic (MHD) stability properties
by providing free energy to drive internal and external kink modes. In advanced
stellarators like Wendelstein WVII-X [1], the bootstrap current is expected to be
small, consequently the ideal MHD stability investigations have been limited to the
current-free case. It has been shown for this system that the mode structures that
can be destabilised at high values of 3 > 5% are internal rather than external [2]. A
detailed survey of the stability properties of different possible configurations attain-
able with the WVII-X coil set has been reported in Ref. [3]. The investigation of
ideal MHD stability including the effect of the bootstrap current has been previously
considered in the proposed National Compact Stellarator Experiment (NCSX) [4]
where all ideal modes were found to be stable at 5 = 4.1%.

The impact of the bootstrap current on global kink mode stability is investigated
in this paper using a quasi-analytic model valid in the collisionless 1 /v regime [5]
that is applied to various 3D plasma confinement systems currently under con-
sideration. We concentrate our modelling on reactor-sized devices with a volume
V ~ 1000m3. 2 and 3-period quasiaxisymmetric (QAS) stellarator configurations, a
6-period Jj-optimised quasipoloidally symmetric (QPS) stellarator and a compact
10-period Sphellamak system are specifically examined in some detail. We illustrate
the mod-B? distribution on cross sections at the beginning, at one quarter and at
half of a field period for each of the 3D systems we investigate in Fig. 1. We also
evaluate the confinement of a-particles in the QPS and Sphellamak reactors.

Quasiaxisymmetric stellarators [6, 7] are magnetic confinement systems in which
the magnetic field strength in Boozer coordinates (s, 6, ¢) [8] is predominantly ax-
Isymmetric very much like in tokamaks although their physical appearance is fully
3D. In these coordinates where 0 < s < 1 is the radial variable, ¢ is the poloidal an-
gle and ¢ is the toroidal angle, the magnetic field lines are straight and the poloidal
and toroidal components of the magnetic field B in the covariant representation
correspond to the toroidal and poloidal current fluxes, respectively. Experimental
devices are proposed to test this concept in the USA [4] and Japan [9]. The 6-period
Jy-optimised QPS stellarator is a concept that has evolved from the Wendelstein
WVIL-X design. The criteria for optimisation of the second adiabatic invariant
Jy = Jvydl constitutes the basis for the quasi-isodynamic stellarator system [10].



In this system, the contours of \J; close poloidally in a (y/s, ) polar representation,
where s is proportional to the toroidal magnetic flux. An almost identical concept,
is that of the quasiomnigenous stellarator [11] which has been explored in a very
compact setting with a small number of periods [12] which is now identified as a
QPS system. The further optimisation of a quasi-isodynamic device with respect to
criteria of pseudosymmetry leads to the J-optimised QPS [13] in which the good
confinement properties are extended to all trapped particles. The pseudosymme-
try condition corresponds to the absence of closed contours of the magnetic field
strength B on a specified flux surface (typically at midradius) in a plane defined by
the Boozer angular variables [14]. The Sphellamak concept [15] is a coreless device
with helical coils wound on a spheroidal surface. A large toroidal current is required
to generate the confining fields. The dynamo effect associated with plasma turbu-
lence is not required as the magnetic field structure imposed is 3D. Paramagnetic
enhancement of the toroidal magnetic field is an important feature of the concept as
it allows peaked currents to produce a maximum-B system with nearly isodynamic

properties in the central core of the plasma.

2. The Bootstrap Current Model in the 1/v Regime

The bootstrap current model in the 1/v regime that has been used in this work
has been very compactly described in Ref. [5]. The formulas presented there have
evolved from previous research on the subject [16, 17, 18]. The specific equations

can be summarised as

_ s <g3-B>_,
2nJ(s) = 27r/0 ds TR d'(s)
. dp dTl
<j-B> = —G,,(leq) +L2pd®>
1 3< B> < gy >
Gls) = 4 [< 9> g /dM(glJ
_3< B>
o = 432 / /\< gi >
B-V(g,/B*) = BXx V<I>-VB‘
B-V(g/g1) = BxV®Vg!
( max) = g4<Bmaz):0

where 27.J(s) and 27®(s) are the toroidal current and magnetic fluxes, respectively,
Gy is a geometric factor, L, and L, are viscosity and friction coefficients, f; is the
trapped particle fraction, A is the pitch angle and g, is the normalised parallel ve-
locity. In these expressions, we identify the average < A >= [ dfde./gA/V with



V. = [/gdfd¢ corresponding to the plasma volume enclosed. The pressure and
temperature profiles are labelled with p(s) and T(s), respectively. For all the calcu-
lations presented, we assume a single ion and electron plasma of equal temperatures.
The normalised density profile is prescribed as (1—0.9999s%), while the temperature

is given by the pressure to density ratio.

The quasi-analytic solution of the moment of the drift kinetic equation that de-
termines the bootstrap current corresponds to the equations listed above. It should
be noted that certain approximations are invoked in this quasi-analytic solution that
may give rise to differences compared with more precise numerical solutions of the
drift kinetic equation. Nevertheless, the full collision operator including pitch angle
scattering and slowing down is employed, which may not be the general case in
the numerical approach. This neoclassical model has been tested with experimental
discharges in the Compact Helical System (CHS) where it gives reasonable agree-
ment in L-mode discharges [19], but appears to scale incorrectly in discharges with

internal transport barriers.

3. Equilibria with Finite Bootstrap Current

The 3D VMEC code [20] is employed to generate equilibria with nested magnetic
surfaces. To compute equilibria in which the toroidal currents are solely due to
the bootstrap effect, we iterate between calculations from VMEC and from the
bootstrap current (BC) algorithm until a converged BC profile is achieved [21]. We
have implemented in the local modules of the TERPSICHORE code [22] (which
perform the mapping to Boozer coordinates) the bootstrap current model described
in the previous section. In a QAS stellarator, the BC is large at #* > 5% and
increases the rotational transform ¢ by almost a factor of 2. In a quasihelically
symmetric stellarator (QHS) [23], the finite BC decreases the rotational transform
significantly from about unity in the absence of BC to a minimum of nearly 1 /2
at midvolume and 3/4 at the edge at 8* ~ 3%. For higher values of 5*, the BC
algorithm failed to adequately produce a converged profile. In a WVII-X-like device,
the BC at 3* ~ 5% increases the edge transform by about 7%. This translates to
about 400kA in a reactor-scaled system which is a factor of about 4 larger than
predictions obtained with a numerical drift kinetic solver. This discrepancy can
be attributed to a combination of the approximations made in the quasi-analytic
approach and the effect of the collision operator. In this work, we employ the
definition 3* = 219/< p? >/ < B? > because this parameter may be more relevant
in a fusion power producing environment.



4. The Ideal MHD Stability Energy Principle

The 3d ideal MHD code TERPSICHORE is employed to investigate the impact of
the BC on internal and external kink modes. The relevant equations are expressed

as
SW, + 6W, — 2 Wy, = 0
SW, = %///d% [C* +Tp|V ¢ - Dlg - Vs|"]

C=Vx(¢ XB)+2]é—s]V?_S(§'VS)
_ 72 P)V-Vs) (j X Vs)-VxX(B X Vs)
[Vs|? [Vs|? [Vs|* ’

where W, 8W, and —w?§W), correspond to the potential, vacuum and kinetic en-
ergies, respectively. I' is the adiabatic index. The vacuum surrounding the plasma
1s treated as a shearless and pressureless pseudoplasma. The structure of the matrix
that describes the vacuum is identical to that of the plasma. A model kinetic energy
is employed that annihilates the parallel component of the perturbed displacement
vector. As a result, this component can be eliminated analytically from the energy
principle. Although the eigenvalue w? = X is unrelated to the physical growth rate,

the marginal points of stability are correct.

5. 2-Period QAS Stellarator Reactor

Virtually all the pressure profiles we have chosen in this work have vanishing edge
gradients to avoid current profile discontinuities at the plasma-vacuum interface.
Previously, we have found that the BC with either peaked p(s) = p(0)(1 — s)2 or
box-like broad p(s) = p(0)[1 —s*—0.2(1 —5'%)]/0.8 pressure profiles was significantly
larger than a nearly parabolic p(s) = p(0)[1 — s — 0.1(1 — 51%)]/0.9 profile in real
space 1n a 2-period QAS reactor at 8* ~ 5%. This suggested that the search of pro-
files in the neighbourhood of the parabolic type could yield a set in which the edge
rotational transform ¢, could fall below the critical value ¢, = 1 /2. Consequently,
in this section we prescribe p(s) = po[l — s — 0.1(1 — s*%)] + py[1 — 5 — 0.2(1 — %))
which recovers the nearly parabolic case when p; = 0 and is more peaked (broader)
when p; is positive (negative). The pressure profiles and corresponding bootstrap
current profiles are displayed in Fig. 2. The apparent BC discontinuities at s ~ 2/3
may be related to a change in # and ¢ for which B is maximum, but this issue is
still under investigation, As we vary p;, we adjust py to maintain 3* ~ 5%. The
rotational transform + profiles for p; = —1.68, 0 and 0.84 appear in Fig. 3a. With
finite BC (at 8* = 5%), we have been unable to obtain a profile for which ¢. < 1/2.
Thus the 2-period QAS reactor system under consideration is unstable to a low



order m/n = 2/1 external kink at this value of #*. The unstable eigenvalue as a
function of p; as shown in Fig. 3b demonstrates that the most favourable profile is
realised with p; >~ 0.42 for which the BC and ¢, reach minimal values in the scan
with respect to this parameter. For the nearly parabolic pressure profile (p, = 0),
we have artificially enhanced and suppressed the bootstrap current by a constant
factor T. We find that for 7" < 0.8, the value of (. < 1/2 and the m/n = 2/1
external kink is stabilised. For T' > 1.5, we get ¢, > 3/4 resulting in the destabil-
isation of a m/n = 4/3 external kink. With a peaked pressure profile of the form
p(s) = p(0)(1 — 5)*, we have observed the destabilisation of internal m/n = 4/3
kink modes. These results suggest that a modest level of counter current drive of
the order of 1M A may be required to reduce ¢+ < 1/2 to maintain the ideal MHD
stability with respect to external kink modes in the 2-period QAS stellarator reac-
tor we have studied. Low shear stellarators are usually designed to avoid low order
resonant surfaces, but the large BC in QAS systems may not reliably prevent this

scenario.

6. 3-Period QAS Stellarator Reactor

We consider in this section a 3-period QAS stellarator reactor with a finite BC gen-
erated with a nearly parabolic p(s) = p(0)[1 — s = 0.1(1 — s'9)]/0.9 profile. This
profile, the corresponding bootstrap current profile and the t-profile when 3* = 5%
are plotted in Fig. 4a. With the BC model we have applied, the edge transform
exceeds the critical value ¢, = 3/4 and a global m/n = 4/3 external kink mode is
destabilised. Artificially suppressing the bootstrap current by multiplying its profile
be a factor T yield a set of (-profiles presented in Fig. 4b. For T < 0.95, we find
te < 3/4 and for T' < 0.73, the entire (-profile falls below 3/4. In Fig. 5a, we obtain
that the eigenvalue of the external kink decreases rapidly almost reaching marginal
conditions for T = 0.95 but then increases before stabilising completely at 7 = 0.73
when ¢ < 3/4 everywhere. In Fig. 5b, we plot the profiles of the m/n = 4/3 com-
ponent of the radial displacement vector for different values of T. The amplitude
of the external mode drops rapidly in the range 0.95 < T < 1, but for T < 0.95
it becomes an internal mode increasing in amplitude and displacing itself radially
inwards into the plasma. The destabilisation of this internal m/n = 4/3 mode can
be attributed to a decrease in the global shear (s/:)di/ds with diminishing T at the
¢t = 3/4 resonant surface as shown in Fig. 5a. The eigenvalue of the internal mode
starts to decrease only for T' < 0.8 when the global shear starts to increase again.
These results suggest that a small amount of counter current drive ~ 400kA may
be necessary to stabilise the external kink in the 3-period QAS stellarator reactor
considered. To tackle the residual internal kink, either pressure profile control that
would alter the BC profile or localised electron cyclotron current drive may be re-



quired to enhance the global shear at the critical + = 3/4 surface. Although NCSX
is similar in shape to the reactor system studied here, the BC that is calculated in
that device contributes only about 1/4 of the rotational transform and thus evades

the issue of the resonant ¢ = 3/4 surface emerging from the plasma.

7. 6-Period J|-optimised QPS Stellarator Reactor

The 6-fold periodic Jj-optimised QPS stellarator configuration we investigate in
this section corresponds to the result of a maximisation of the fraction of poloidally
closed contours of the second adiabatic invariant Jj = [vyd¢ in a (\/s,6) polar
representation (quasi-isodynamicity) [10] in conjunction with a minimisation of the
fraction of closed mod-B contours in a plane defined by the Boozer angular coordi-

nates on a specific flux surface, typically at midradius (pseudosymmetry) [14].

We have examined pressure profiles that are peaked p(s) = p(0)(1 — s)?, nearly
parabolic p(s) = p(0)[1 —s—0.1(1 —s'%)] /0.9 and broad p(s) = p(0)[1 — s> —0.2(1 —
5'9)]/0.8 and find that the bootstrap current at 3* ~ 6% is very small, typically
of the order of 100kA in the reactor system under consideration. As a result, the
rotational transform profiles are not significantly altered by the existence of the BC.
The pressure profiles studied and the corresponding ¢-profiles are presented in Fig. 6.
To underscore the weak impact of the BC, we also show the i-profile for the broad
pressure profile under zero net current conditions. To verify how closely we satisfy
the conditions of pseudosymmetry, we plot in Fig. 7 the mod-B contours in a plane
defined by the Boozer angles on the surface s = 0.234375 to demonstrate that only
a small fraction of these contours are closed near the maxima of B for the range of
pressure profiles we have studied when 3* ~ 6%. This figure also illustrates the fea-
ture of quasipoloidal symmetry because for fixed Boozer toroidal angle, the magnetic
field strength is almost constant as a function of the Boozer poloidal angle. Another
characteristic of this system is that the magnetic field structure achieves minimum-
B conditions towards the magnetic axis in the vicinity of the up-down symmetric
cross section where the magnetic field strength is minimum. Correspondingly, closed
B-contours are realised about this cross section. The Jy-optimised QPS system are
also characterised by nearly vanishing magnetic field line curvature on the cross
sections not only where B is minimum but also where it is a maximum. The Ty
contours for peaked and broad pressure profile in a polar (1/s, #) representation are
displayed in Fig. 8 and show that as the pressure profile broadens, the J| contours
extend closer to the edge of the plasma. This demonstrates that quasi-isodynamicity
improves with pressure profile width and augurs favourable conditions for particle
confinement. In fact, the collisionless orbit loss analysis of 1000 a-particles born at
midradius (s = 1/4) shows no particles escaping the plasma in a time interval of



5s, well beyond the typical slowing down expected. For a-particles born at approx-
imately 2/3 the plasma radius (s = 0.44), a loss pattern is detected. About 6% of
the trapped a-particles are lost after 5s when the pressure profile is peaked while
the loss reduces to 1.5% with the nearly parabolic pressure profile. For the broad
pressure profile examined, only 2 of the 1000 particles followed were lost. This loss
pattern as a function of pressure profile width can be attributed to the improved

quasi-isodynamicity obtained with broader pressure profiles.

The weak bootstrap current also implies favourable ideal MHD stability con-
ditions with respect to current driven kink modes. In the absence of a BC, the
plasma was stable to all modes computed with TERPSICHORE. With finite BC at
B* ~ 6%, intermediate to high mode number structures were weakly destabilised.
However, the mode structures calculated were sufficiently localised that they would

be subject to finite Larmor radius stabilisation.

8. 10-period Sphellamak Reactor

We concentrate in this section on a Sphellamak reactor system with V ~ 1000m3 at
(3" ~ 8% with a peaked toroidal plasma current prescribed by 27J'(s) = 2x.J'(0)[3(1—
8)° + (1 - 5°)%]/4 such that the total toroidal current is 27.J(1) = 20M A. This type
of current profile produces a maximum-B configuration in the central region of the
plasma so that conditions that are close to isodynamic in the core are achieved. For
various sets of pressure profiles and ratios of helical winding currents to toroidal
current, we find that the bootstrap current provides only about a 10% fraction of
the total current required in the system at 3* ~ 8%. We also find that the pres-
sure profile p(s) = p(0)(1 — s%)* is favourable with respect to localised ballooning
stability. However, the system remains weakly unstable to a low order m/n =1/1
kink mode because the edge ¢ approaches the critical value of unity. The V90 B*
structure of this mode near the edge of the plasma in Fig. 9a shows the dominating
m/n = 1/1 mode modulated by higher order toroidal components. The perturbed
radial magnetic field is designated by 6B°. The orbit confinement loss of trapped
a-particles born at midradius (s = 0.24) is negligible because they reside in the do-
main in which the mod-B contours are poloidally closed on all cross sections. The
bulk of the trapped a-particles born at midvolume (s = 0.5) become lost within a
slowing down time because they experience the full 3D structure of the magnetic
fields at the edge of the plasma. The a-loss patterns for particles with orbits orig-
inating at midvolume as a function of time are displayed in Fig. 9b for pressure
profiles p(s) = p(0)[0.9(1 — 5)* + 0.1(1 — 5)] and p(s) = p(0)(1 — s?)*.



9. Conclusions

The global ideal MHD kink stability properties of 3D reactor configurations with vol-
ume V' ~ 1000m? driven by finite bootstrap currents in the collisionless 1/v regime
have been investigated. The systems examined in some detail are 2 and 3-period
quaslaxisymmetric stellarators, a 6-period Jj-optimised quasipoloidally symmetric
stellarator and a compact Sphellamak device. Furthermore, the a-particle proper-
ties were evaluated in the QPS and Sphellamak systems.

As expected, we find that the BC in QAS stellarators is large and increases the
edge rotational transform as in Tokamak devices. In QHS stellarators, the BC is also
large but decreases the rotational transform. In a system with vacuum transform of
the order of unity, we find that the rotational transform with finite BC approaches
the critical value ¢ = 1/2 when * ~ 3% while for higher 3* values, the BC algorithm
fails. In a reactor-scaled version of WVII-X, the BC at 3* >~ 5% is relatively small
enhancing ¢, by about 7% with the model we have applied.

We have analysed in some detail pressure profiles that minimise the BC in a
2-period QAS at 3* =~ 5%. A profile that is nearly parabolic yields the smallest
BC. However, this is insufficient to keep the edge transform below the critical value
te = 1/2. As a result, a global external m/n = 2/1 kink mode is destabilised.
Artificially suppressing the BC by 20% decreases 1, < 1/2 and the mode becomes
stabilised. This suggests that modest counter current drive of the order of 1M A
could realise the goal of stable operation in this type of reactor.

In a 3-period QAS reactor system, the BC and the rotational transform are larger
than in the 2-period device. Using a nearly parabolic pressure profile, the BC model
we have applied causes ¢, > 3/4 at §* >~ 5% and this triggers the destabilisation
of a m/n = 4/3 mode. Artificially suppressing the BC by 5% displaces the critical
= 3/4 surface into the plasma and the external mode structure almost reaches
marginal conditions. A further suppression of the BC, however, causes an internal
m/n = 4/3 dominated structure to appear that is correlated with a reduction of
the global shear at the « = 3/4 surface. Eventually this mode is stabilised when
the entire profile falls below ¢ = 0.75. We can expect that a more optimally chosen
pressure profile that causes the BC to locally enhance the global shear at the ¢ = 3/4
surface or localised electron cyclotron current drive to achieve the same goal with

respect to the shear would stabilise the internal mode structure.

The BC in a 6-period Jj-optimised QPS stellarator reactor system is small in the
order of 100kA at 3* =~ 6%. It has the effect of decreasing the rotational transform
by less than 5%. This type of configuration is achieved by maximising the fraction
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of poloidally closed contours of the second adiabatic inavariant Jj in a (y/s,6) po-
lar representation and minimising the fraction of closed mod-B contours on a flux
surface near halfradius. This type of system is characterised by weak normal cur-
vature at both up-down symmetric cross sections where the magnitude of B is an
extremum and by the appearance of a minimum-B structure at the cross section
where the magnetic field strength is weakest. The poloidally closed contours of i
guarantee good confinement of a-particles. These closed J) contours extend closer
to the edge of the plasma with broad pressure profiles which improves the confine-
ment of a-particles born at larger plasma radii. The small BC weakly destabilises
relatively high toroidal mode number internal structures that are very localised and

thus susceptible to finite Larmor radius stabilisation.

In a Sphellamak reactor device with peaked toroidal current to ensure a maximum-
B configuration with nearly isodynamic properties in the central core of the plasma,
the BC contributes a rather minor 10% of the total current required at 3* ~ 8%.
For this range of 3*, the plasma becomes weakly unstable to a global m/n =1/1
current driven kink due to the proximity of the critical ¢ = 1 surface near the edge
of the plasma. The orbits of a-particles within the region of closed mod-B contours
are very well confined. On the other hand, a-particles born in the outer half of the
plasma volume experience the full 3D structure of the magnetic fields near the edge
of the plasma and the bulk of the trapped population drifts out within a slowing
down time.

Acknowledgements

This research was partially sponsored by the Fonds National Suisse de la Recherche
Scientifique, Euratom and INTAS Grant No. 99 — 00592. We thank Dr. S.P. Hir-
shman for the use of the VMEC code. The numerical calculations were primarily
performed on a NEC/SX5 platform at the Centro Svizzero di Calcolo Scientifico,

Manno, Switzerland.



References

(1] G. Grieger, C.D. Beidler, H. Maassberg, E. Harmeyer, F. Herrnegger, J. Janker,
J. Kisslinger, W. Lotz, P. Merkel, J. Nithrenberg, F. Rau, J. Sapper, F. Sardei
and H. Wobig, Plasma Physics and Controlled Nuclear Fusion Research 1990,
(International Atomic Energy Agency, Vienna 1991), Vol. 3, p. 525. Plasma
Physics and Controlled Nuclear Fusion Research 1990,

(2] W.A. Cooper, G.Y. Fu, C. Schab, U. Schwenn, R. Gruber, S. Merazzi and
D.V. Anderson, (International Atomic Energy Agency, Vienna 1991), Vol. 2,
p- 793.

(3] C. Niithrenberg, Phys. Plasmas 3, 2401 (1996).

[4] M.C. Zarnstorff. L.A. Berry, A. Brooks, E. Fredrickson, G.Y. Fu et al., Plasma
Phys. Control. Fusion 43, A237 (2001).

[5] J.L. Johnson, K. Ichiguchi, Y. Nakamura, M. Okamoto, M. Wakatani and
N. Nakajima, Phys. Plasmas 6, 2513 (1999).

[6] J. Nithrenberg, W. Lotz and S. Gori, Proc. Joint Varenna-Lausanne Int. Work-
shop on Theory of Fusion Plasmas, Editrice Compositori, Bologna (1994) 3.

(7] P.R. Garabedian, Phys. Plasmas 3, 2483 (1996).
8] A.H. Boozer, Phys. Fluids 23, 904 (1980).
[9] S. Okamura et al., J. Plasma Fusion Res. 1, 164 (1998).

[10] S. Gori, W. Lotz and J. Niihrenberg, Proc. Joint Varenna-Lausanne Int. Work-
shop on Theory of Fusion Plasmas, Editrice Compositori, Bologna (1996) 335.

(11] J.R. Cary and S.G. Shasharina, Phys. Rev. Lett. 78, 374 (1998).

(12] D.A. Spong, S.P. Hirshman, J.C. Whitson, D.B. Batchelor, B.A. Carreras,
V.E. Lynch and J.A. Rome, Phys. Plasmas 5, 1751 (1998).

(13] A.A. Subbotin, W.A. Cooper, M.Yu. Isaev, M.L Mikhailov, J. Niithrenberg,
M.F. Heyn, V.N. Kalyuzhnyj, V.S. Kasilov, W. Kernbichler, V.V. Nemov,
M.A. Samitov, V.D. Shafranov and R. Zille, (2002) Proceedings of 29th EPS
Conference on Plasma Physics and Controlled Fusion, Montreux.

(14] M.I. Mikhailov, W.A. Cooper, M.Yu. Isaev, V.D. Shafranov, A.A. Skovoroda
and A.A. Subbotin, Proc. Joint Varenna-Lausanne Int. Workshop on Theory of
Fusion Plasmas, Editrice Compositori, Bologna (1998) 185.

[15] W.A. Cooper, J.M. Antonietti and T.N. Todd, Proc. 17¢th IAEA Conf. on Fusion
Energy, Yokohama, Japan (1998).



- 12 -

[16] K.C. Shaing and J.D. Callen, Phys. Fluids 26, 3315 (1983).

[17] N. Nakajima and M. Okamoto, J. Phys. Soc. Jap 61, 833 (1992).
(18] K.Y. Watanabe et al., Nucl. Fusion 35, 335 (1995).

[19] M. Isobe et al., Plasma Phys. Control. Fusion 44, A189 (2002).
(20] S.P. Hirshman et al., Comput. Physics Commun. 43, 143 (1986).

[21] K. Ichiguchi, N. Nakajima and M. Okamoto, Proc. Joint Varenna-Lausanne
Int. Workshop on Theory of Fusion Plasmas, Editrice Compositori, Bologna
(1996) 45.

[22] D.V. Anderson et al., Int. J. Supercomp. Appl. 1, 34 (1990).

(23] J. Niihrenberg and R. Zille, Phys. Letters A129, 113 (1988).



- 13 -

Figures

FIG. 1. The mod-B? distribution in Boozer magnetic coordinates for a 2-field period

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

QAS stellarator reactor (first column from the left), a 3-period QAS stellarator
reactor (second column from the left), a 6-period J; QPS stellarator reactor
(third column from the left) and a 10-period Sphellamak reactor (last column
on the right) on cross sections at the beginning of a field period (top row), at
one quarter of a field period (middle row) and at midperiod (bottom row).

. (a) The pressure profiles investigated in a 2-period QAS stellarator reactor

(left) and (b) the corresponding bootstrap currents in the 1/v regime at 3* =
5% (right).

. (a) The rotational transform ¢ profiles for each input pressure at 3* = 5%

(left) and (b) the eigenvalue of a global m/n = 2/1 external kink (multiplied
by 25), . and the toroidal component of the bootstrap current (multiplied by
tt0/15) as a function of the pressure profile parameter p; (right) in a 2-period
QAS reactor.

. (a) The pressure, rotational transform ¢ and bootstrap current profiles (left)

and (b) the i-profiles for different values of the bootstrap current suppression
factor T' imposed (right) at §* = 5% in a 3-period QAS reactor.

. (a) The eigenvalue of a global kink dominated by the m/n = 4/3 mode compo-

nent and the global magnetic shear at the + = 3/4 surface as a function of the
bootstrap current suppression factor T (left) and (b) the profile of the dom-
inating m/n = 4/3 component of the radial displacement vector for different
suppression factors T (right) at * = 5% in a 3-period QAS reactor.

. (a) The pressure profiles prescribed (left) and (b) the corresponding rotational

transform ¢ profiles at 3* ~ 6% (right) in a 6-period Jy-optimised QPS reactor.
Also shown is the ¢-profile when the effect of the bootstrap current is neglected
for the broad pressure profile case (right).

. The mod-B contours on a flux surface labelled with s = 0.234375 at g* ~ 6%

with (a) a peaked p(s) = p(0)(1 — s)? profile (left) and (b) a broad p(s) =
P(O)[1 — s — 0.2(1 - s'9)]/0.8 profile (right) in a 6-period Jj-optimised QPS
reactor. The system displays pseudosymmetric features because the fraction

of closed contours is small.

1/2
. The Jj contours where 7 o [ df Ez[{_ﬁ} , In a 6-period Jy-optimised QPS
i f B l

reactor at 3* =~ 6% for (a) a peaked p(s) = p(0)(1— s)? profile (left) and (b) a
broad p(s) = p(0)[1—s?—0.2(1—59)]/0.8 profile (right). The indices ¢ on each
figure identify B,y = Bupin + 6B with § B = (Bpas — Bmin)/7 and Biaz, Bon



FIG. 9.
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correspond to the maximum and minimum values of B, respectively, on the
flux surface labelled with s = 0.234375.

(a) The edge structure of \/géB* corresponding to a global m/n = 1/1 kink
modulated by higher order toroidal components at 5* ~ 8% with a pressure
profile p(s) = p(0)[0.9(1 — 5)? + 0.1(1 — 5)] (left) and (b) the a-particle losses
as a function of time for particles born at midvolume (s = 0.5) for pressure
profiles p(s) = p(0)[0.9(1 —s)*+0.1(1 —s)] (red trace) and p(s) = p(0)(1 —s?)*
(blue trace) (right) in a Sphellamak reactor.
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MHD Spectroscopy
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Abstract

Experiments are conducted on the JET tokamak to demonstrate the diagnostic potential of MHD
spectroscopy, for the plasma bulk and its suprathermal components, using Alfvén Eigenmodes
(AEs) excited by external antennas and by energetic particles. The measurements of AE
frequencies and mode numbers give information on the bulk plasma. Improved equilibrium
reconstruction, in particular in terms of radial profiles of density and safety factor, is possible
from the comparison between the antenna driven spectrum and that calculated theoretically.
Details of the time evolution of the non-monotonic safety factor profile in advanced scenarios are
reconstructed from the frequency behaviour of ICRH-driven energetic particle modes. The
plasma effective mass is inferred from the resonant frequency of externally driven AEs in
discharges with similar equilibrium profiles. The stability thresholds and the nonlinear
development of the instabilities give clues on energy and spatial distribution of the fast particle
population. The presence of unstable AEs provides lower limits in the energy of ICRH generated
fast ion tails. Fast ion pressure gradients and their evolution are inferred from the stability of AEs
at different plasma radial positions. Finally, the details of the AE spectrum in the nonlinear stage
are used to obtain information about the fast particle velocity space diffusion.

" see Appendix of J.Pamela et al., Fusion Energy 2000 (Proc. 18" International Conference, Sorrento, 2000), IAEA
Vienna (2001 ).
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1. Introduction

Collective modes are a special property of the plasma state. In fusion research, they are
commonly studied for two reasons. First, to assess and limit their negative effect on the plasma
performance, in particular on the confinement and transport of energy and particles. Conditions in
which the modes are either stable or can be kept at amplitudes that are too low to affect the
plasma behavior are sought. Second, to find ways to couple energy via electromagnetic waves
from external antennas in order to heat the plasma. Here we discuss a third aim for investi gating
the properties of collective plasma modes in fusion devices, namely on how to extract
information on the plasma. Because of the low frequency range of the modes that are used for
diagnostic purposes, this approach is referred to as Magneto-Hydro-Dynamics (MHD)
spectroscopy [1].

To serve diagnostic purposes for the plasma bulk as well as for suprathermal components of
the plasma, the collective modes must satisfy a number of requirements. Their dispersion relation
should depend on the macroscopic properties of the plasma, separate from the instability drive,
which should come from non-thermal components or fast particles. The modes should not be
subject to strong damping, with their phase velocity well separated from both the ion and electron
thermal speeds, and should exist in a frequency range that is naturally free of significant
background turbulence. It should be possible to drive and detect the modes at amplitudes that are
low enough to avoid significant perturbations to the plasma equilibrium and transport. The above
requirements are satisfied by modes in the Alfvén wave range of frequencies.

In toroidal plasmas, the dispersion relation for Alfvén waves is locally satisfied point by point
along the radial profile, giving rise to the so-called Alfvén continuum, described by
fa(r)=ky(r)va(r)/2m, which in cylindrical approximation reads

falr)= UA(r)(nJr - J 0, =_74_B__

2R q(r) m.m,

i t

(1)

Here v, is the Alfvén speed, n and m the toroidal and poloidal mode numbers, R the torus major
radius, and q(r) the safety factor profile. Due to the continuous dependence of the frequency on
position, continuum modes are strongly damped. The coupling of different poloidal harmonics
produces gaps within which weakly damped Alfvén Eigenmodes (AEs) exist [2], such as
Toroidal AEs, in the gap centered at frag=va/(4ngR), and Elliptical AEs, with fgag~2frag. The
drive for these modes stems from the free energy source associated with the radial pressure
gradient of particles with energies such that their velocities are of the order of the Alfvén speed.
For passing particles the resonance condition is expressed in terms of the velocity parallel to the
magnetic field, vy~va for the primary resonance and vy~va/3, va/3, etc. for higher order
resonances, of decreasing significance. For trapped particles, the resonance occurs between the
wave and the bounce or precession motions, corresponding to particle velocities lvi=v/2(R/r)"?
and Ivl=va/2qkepy, respectively [3].

In JET different sources for non-thermal ions exist, including Neutral Beam Injected (NBI)
and fusion reactions generating 3.5MeV o’s in Deuterium-Tritium plasmas. However, in this
Paper we will focus on fast ions generated by Ion Cyclotron Resonance Heating (ICRH). The



most commonly used scheme is Hydrogen minority heating in Deuterium plasmas, in which the
H" ions typically resonate with Alfvén waves for ion energies of the order of 0.5 MeV.

The resonance condition is a necessary but not sufficient condition to drive AEs unstable. A
strong fast particle pressure gradient is necessary to overcome the Landau damping due to the fast
particles themselves and the damping coming from the background plasma. The drive from the
fast particles leads to a growth rate of the AE instability that can be expressed as

Y= J‘[a)j—g -~ CONSt X n %}Fm(mam (v, Vv, Ydv

2)

where F is the fast particle distribution function, E the particle energy, and Frosonance(V,va)
expresses the resonance condition discussed above.

Figure 1 (right) presents a characteristic Alfvén Eigenmode spectrum in a JET discharge with
about 4MW of ICRH additional heating in the H-minority heating scheme. As expected, TAEs
and EAEs appear in a turbulence free zone of the spectrum in the corresponding gaps of the
Alfvén continuum. Their amplitude, SB/B ~10° as measured at the plasma edge, does not seem
to produce any significant effect in the plasma, nor to affect the ICRH power deposition process
significantly. Each mode measured in the laboratory frame is subject to Doppler shift due to the
plasma rotation, with freas=fAE+nfrotlO(rAE) [+mfyoPol(rag)]. Here rag is the position of the
Eigenmode. The term with the poloidal rotation appearing in brackets is neglected as is usually
small in comparison with the toroidal rotation term.

log
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Figure 1 Example of co-existence of active and passive MHD spectroscopy. Here and in the
following figures the plasma is started at 40s.
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We will discuss the experimental methods to investigate the AE properties, passive and active
MHD spectroscopy, in Section 2. Section 3 is dedicated to the extraction of information on the
plasma bulk, namely on the plasma equilibrium density and safety factor profiles, and on the
plasma effective mass, from the measurement of the mode frequency. Section 4 explores the
possibility of inferring properties of the suprathermal ion distribution, both in real and in
configuration spaces, from the mode stability limits and from the nonlinear evolution of unstable
modes. A summary of the results and an outlook for future experiments are included in the
Section 5.

2. Experimental Method

Two experimental methods, passive and active MHD spectroscopy, are used at JET to obtain
information on the plasma and its non-thermal components.

2.1 Passive MHD spectroscopy

Passive MHD spectroscopy simply consists in observing collective modes in the Alfvén
frequency range driven unstable by fast particles using edge and internal fluctuation
measurements. Magnetic probes measuring doBpo/dt at the plasma edge provide the clearest
signals. For simplicity, only spectral data from this system will be used throughout this Paper.
The fluctuation signals are digitized for 4s at 1MHz, with 12 bits resolution, by the 8-channel
KCIF system. The distribution of the probes connected to KC1F allows us to reconstruct toroidal
mode numbers in the range from n =-17 to n=+17 and to measure local poloidal phases. All
magnetic probe channels are calibrated remotely; the calibration is implemented as a digital filter
applied to the raw data [4]. Unstable modes with amplitudes as low as I8BI~10® T can be
detected.

2.2 Active MHD spectroscopy

Active MHD spectroscopy refers to the technique of driving low amplitude perturbations in
the plasma using external antennas, and extracting the plasma response using synchronous
detection. At JET, signals from magnetic coils, electron cyclotron emission (ECE), reflectometer
and X-ray cameras are employed. Different combinations of antenna phasing for 1, 2 or 4 saddle
coils can be chosen to excite specific low toroidal mode numbers (n=0,1,2). Maximum current
and voltage are of the order of 30 A and 1000 V, corresponding to core magnetic perturbations

(5B/B<10_5) too weak to produce significant effects on the bulk plasma or on the fast particle
confinement.

The plasma collective modes appear as resonances in the measured plasma response. Their
frequency, mode structure and background damping rate can therefore be measured in the
absence of resonant fast particles. When resonant particles are present, but the instability drive is
insufficient to drive the modes unstable, active spectroscopy still provides estimates of fast
particle drive and background plasma damping separately [5].

Figure 1(left) highlights one of the four saddle coils presently installed inside the JET vacuum
vessel. The spectrogram of a magnetic probe at the plasma edge shown in Figure 1(right)
illustrates both active and passive spectroscopic methods in action in a plasma discharge. The
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trace labeled ‘active’ corresponds to the magnetic perturbation driven in the plasma by the saddle
coils, and is well visible on the spectrogram before any fast particles are present. Once the ICRH
power exceeds the threshold for driving AEs unstable, the magnetic signals corresponding to
ICRH-driven TAEs and EAEs are visible and coexist with the active signal.

When time resolved measurements of properties of the driven mode are needed, a di gital real
time control system is used to perform individual resonance tracking. The controller of the exciter
frequency, run at a 1 ms clock rate, varies the frequency linearly around the initial guess for the
AE resonance, generally at the center of the AE gap. When the AE resonance is met, the exciter
frequency is swept back and forth around it. The time taken to cross each resonance, typically of
the order of 30 ms, represents the typical time resolution of the measurement of frequencies and
damping rates. As the simple estimate of frequency and damping rate from the center and width
of the driven resonance follows closely the value obtained from a full fit [6], these quantities can
be evaluated in real time. Figure 2 illustrates an example of tracking an individual collective
mode in a plasma in the absence of AE instability drive. On the right, the magnitude of the
synchronously detected magnetic probe signal is plotted as a function of frequency and time. The
signal peaks when the frequency of the exciter crosses the calculated center of TAE gap, frag,
allowing an unambiguous identification of the driven modes as n=1 TAEs. The detail shows a
single peak corresponding to an n=1 TAE resonance crossing. The magnetic spectrogram on the
left for the time interval 53-57s confirms that the antenna driven perturbation completely
dominates the fluctuation spectrum in the AE frequency range.
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Figure 2 Tracking of an individual AE (an n=1 TAE) in the absence of fast particle drive in the
limiter phase of a JET ohmic discharge, with the synchronously detected signal (right), and the
spectrogram of the directly digitized magnetic perturbation (left).

The low toroidal mode numbers that can be driven by the JET saddle coils are strongly
damped in plasmas of high elongation and edge magnetic shear, hence becoming undetectable
during the divertor phase of the discharge [7]. Although this finding represents a positive piece of
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news for future burning plasma experiments, in most cases it prevents the use of MHD
spectroscopy in the high performance phase of the JET discharges. In addition, intermediate or
high toroidal mode numbers characterize the most unstable AEs detected in JET and predicted for
ITER. A direct excitation and tracking of the same modes would therefore be of interest for
preparing the next step experiments.

To overcome these limitations, a structure optimized for the excitation and detection of AEs
with n<15 is being designed for future applications in JET. Eight antennas in two groups of four
are foreseen. Each antenna is made of 7-turns of conductor, of a size of about
20cmx20cmx15cm, separated from each other by about 15cm, and is characterized by a static
self-inductance for each antenna of the order of L~15 UH. The distance between the antennas and
the last closed flux surface is the order of 10 cm. A sketch of the proposed design is shown in
Figure 3. Four of the eight antennas will be driven at the same time, chosen to obtain the specific
toroidal mode number spectrum needed for a given experiment. The un-energized antennas will
be used as detectors.
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Figure 3 A sketch of four of the eight new AE antennas designed for JET-EP, along with the
expected geometrical toroidal mode number spectrum for a number of possible phase
combinations. A second block of four antennas will be installed diametrically opposed in the
vacuum vessel.

3. From the wave frequency to plasma bulk properties

The measurement of the mode frequency performed in the laboratory frame is subject to
Doppler shift due to plasma rotation, which can be significant in the presence of NBI additional
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heating. By measuring the Doppler shift in the frequency of the ICRH-driven AEs with different
n, the value of the plasma rotation velocity at the mode location is inferred. Such measurements
indicate that a significant difference in the rotation of the bulk and impurity ions exists in the
presence of strong pressure gradients [8].

As shown in Eq. (1), the dispersion relation of Alfvén waves in a torus depends on the safety
factor profile q(r), and the plasma effective mass, in addition to the magnetic field and density. In
the following we will show examples of information obtained on q(r) from active and passive
spectroscopy, and on the plasma isotopic mix from active mode tracking in D-T plasmas.

3.1 Static g-profile from active MHD spectroscopy: improvement of equilibrium

reconstruction

In addition to weakly damped Eigenmodes in the gap, external antennas can drive the Alfvén
continuum and measure the structure of the corresponding plasma response. As the structure of
the Alfvén continuum in a tokamak depends on q(r) and the density profile, ne(r), information on
these can be gathered. Relatively cold JET ohmic plasmas, in the limiter phase of the discharge,
are considered, as in this case kinetic effects such as the creation of multiple AEs at the top of the
relevant gap are not observed to play an important role [9]. The experimental curve is compared
to the results of a numerical calculation based on the fluid model CASTOR [10]. In order for the
two curves to match, the standard equilibrium reconstruction has to be modified, namely the
central part of the safety factor profile and the edge portion of the density profile [11].
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Figure 4 Comparison of data and fluid theory results on the antenna loading for a case in which
two core-localized n=1 TAEs are present on the gap [11]. The dependence of the gap width and
mode frequency on q(0) is shown on the left, while the adjustment of q(0) to obtain a good fit of
the data appears on the right; the calculated and measured spectrum is plotted on the same
frequency axis in terms of the antenna loading, i.e. the power absorbed in the plasma per period
of the driving frequency, and of the amplitude of the magnetic perturbation at the plasma edge,
respectively.
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When more than one core localized TAE exist for a given mode number, the frequency
separation of the modes is related to the width of the Alfvén gap in the core. As this depends on
the value of q at the plasma center, as shown in Figure 4 (left), the comparison of the measured
antenna driven spectrum with that calculated from fluid theory leads to a good estimate of the
value of q(0). This is demonstrated in Figure 4 (right), which shows on the same frequency axis
the calculated and measured mode spectrum in terms of the antenna loading, i.e. the power
absorbed in the plasma per period of the driving frequency, and of the magnitude of the magnetic
perturbation at the plasma edge, respectively.

The accuracy of this method can be rather good, up to £10% for q(0), but it depends critically
on the quality of the initial guess for the equilibrium and requires a laborious comparison
between the data and the results of numerical codes. As the frequency range that the antenna has
to cover to measure the continuum plasma response and/or several modes in the gap is rather
large, the intrinsic time resolution is limited to no less than 100-200 ms.

3.2 Dynamic g-profile: determination of g, from Alfvén Cascades

In advanced scenarios it is important to obtain information on the time evolution of the safety
factor profile. Details of q(r.t) are in fact related to the creation of regions in the plasma core
within which the turbulence-induced transport can be significantly reduced, improving the
plasma performance [12]. Passive MHD spectroscopy on modes that are excited by ICRH can be
used to this purpose.

The experimental observations indicate that in the presence of a non-monotonic g-profile,
generated by Lower Hybrid current drive in the pre-heating phase of the discharge, a new class of
Altvén waves is driven by ICRH [13,14]. As their existence, in addition to their drive, is
associated with supra-thermal ion populations, these modes belong to the general class of
Energetic Particle Modes (EPM) [15, 16]; owing to their fast frequency sweep in time, those
observed in the JET reversed shear discharges are named Alfvén Cascades (ACs) [16].

Each cascade consists of several modes with different toroidal mode numbers, typically from
n=1 to n=6. The different frequencies are subject to upward sweeping, starting from 20 to 60
kHz, below the TAE gap, and increasing up to the frequency of the TAE gap. The rate of
increase in the frequency is proportional to the mode number, as apparent from Figure 5 (right),
where a typical sequence of cascades is shown in terms of the measured toroidal mode numbers
as a function of frequency and time.

The AC frequency sweeping shows a very close correlation with the time evolution of the
local extremum, or tip of the Alfvén continuum, where dfa/dr=0, which in turn is associated with
the minimum of the g-profile, gmin. This suggests that the observations correspond to a new type
of EPMs found theoretically just above the tip of continuum, localized at the radial position of
Qmin, With an eigenfrequency given by [17]
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fAc(t):

Here Af is a fixed offset and Of is a small deviation of the cascade frequency from the Alfvén
continuum, depending on the fast ion pressure and the second derivative of q(r) at the point of
zero magnetic shear. The finite value of &f allows ACs to avoid strong continuum damping.



Modes of different n satisfy the condition m-nq,,=0 at different times at which Qmin passes
different rational magnetic surfaces. Thus, the observation of the cascade frequencies provides
information on gmin(t). For example, the n=1 rational surfaces occur when Qi passes integer
values 1, 2, 3...; the n=2 rational surfaces occur when Qmin Passes integer and half-integer values
1,3/2,2,5/2..., and so on.

Figure 5 illustrates this principle in a JET discharge with deeply reversed q-profile due to LH
pre-heating. The Alfvén continuum structure for n=1 is shown on the left for different times
corresponding to the evolution of the value of qumiy. The curves labeled 1 through 8 on the figure
are also identified by the values of qy, indicated on the plot, from 3 to 2.5 The arrows indicate
the correlation with the observed n=1 AC frequency evolution. At the point where the AC
frequencies tend to cross their minimum value, for example around t=43.7, we can infer that Qmin
passes an integer value. A single equilibrium reconstruction, performed including data from the
motional Stark effect diagnostics for t=47s, is sufficient to determine which value of Qmin 18
crossed at that time (qmin=3), as well as at the subsequent ones, as indicated. The accuracy with
which the value of qmin is determined at a precise time is very high and provides a novel tool to
investigate the dynamics of the creation of internal transport barriers (ITBs), as ITB triggering
events are often associated with integer qu;, surfaces.

Alfven continuum vs. time

0.4 proyon
¢ 160
1404
3
2 ¥ 120n
2 B
a g
= SO0
8 3 I
] o
E s
é!' e
[N - P 44 A 80
' R
0.1%,/ L e .
60—‘ ; i
0 A0t | i | ) i g: vvvvvvv 0
35 4.0 5 5.0 55 6.0
Time (s)

Inin=3.0 Gmn=25 Qgmin=2.0 Qmin (MSE) = 1.8 at 47s

Figure 5 Correspondence between the evolution of the Alfvén continuum and the appearance of
Alfvén Cascades of different toroidal mode numbers driven by ICRH ions in JET advanced
scenarios with non-monotonic g-profile. The exact time of the crossing of the g, rational values
can be determined with great accuracy.



3.3 Plasma mass determination from active AE measurements

The square root dependence on the plasma mass has suggested since the early experiments on
Alfvén waves in tokamaks the diagnostic potential of the AE frequency measurements for
determining the plasma isotopic mix [18]. Local measurements of Global AEs, existing just
below a local minimum of the Alfvén continuum in the plasma core, were proposed [19]. After
the discovery of new classes of AEs, including TAEs and EAEs, the same principle was further
investigated [20] and tested on the JET D-T plasmas. An example of the results is shown in
Figure 6, where the measurement of the plasma effective mass, i.e. the D/T ratio, is performed in
a series of discharges with similar equilibrium characteristics [21]. In this case direct estimates
can be obtained purely from experimental measurements. Focusing on relative changes of the ion
mass, we can neglect the contribution from impurities and obtain [22]

nT/(nD + nT) = Aeff -2 “4)

/(g +np) =2 [ (" K /f ¥ - 1] (5)

measured

frae” " is calculated from the average density <n.>, q=1.5 and A.=2; K(n) is a calibration factor
obtained from similar D-D shots, accounting for the difference between the actual density and q
values at the TAE location, ne(rrag) q(rrae), and <n.> and q=1.5. Figure 6 suggests a good
agreement with edge spectroscopic measurements for two discharges with different D/T relative
concentrations, although with a somewhat different time evolution. This method may be useful in
a reactor, where the same plasma configuration will repeatedly be employed.
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Figure 6 Estimate of D-T ratio from the measured frequency of an externally excited n = | TAE
compared with visible spectroscopic data (intensity ratio of Ty, to Dy, lines) and with results from
the neutral particle analyzer [5].

Direct measurements are possible in real time for similar equilibria, with a time resolution of
the order of 30 ms, the time needed to scan across a resonance. Spatially, we can consider that the
measurement is averaged over the global mode structure, encompassing the core region, to which
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conventional spectroscopic methods are not sensitive. The overall accuracy depends on the
reproducibility of the equilibrium. When the equilibrium is significantly varied from shot to shot
along with the isotopic mix, one must rely upon a full theoretical analysis, losing the real time
capability.

The new multiple antenna system discussed above (see Fig.3), which will be able to drive
higher n harmonics, could enable us to perform tracking of individual resonances throughout
plasma discharges, possibly including the divertor phase. The possibility of following more than
one toroidal harmonic at a time will also be explored, to strengthen the constraint on the mass
determination and correct for the Doppler shift due to plasma toroidal rotation in the high
performance phase of the discharges.

4. From AE stability to fast particle properties

As shown in Eq. (2), two conditions must be satisfied for AE instabilities to exist: fast
particles must resonate in their motion with the phase velocity of the wave, and the free energy
source for the instability, their radial pressure gradient, must be sufficiently strong. In this
Section we will illustrate examples of how the observation of unstable AEs can provide
information on the fast ion energy content and their pressure gradient. The fast ions are produced
by ICRH in JET conventional scenarios. In the case of H-minority heating in D plasmas, for a
relatlve concentration of H of less than 10%, an ICRH power of 5 MW, corresponding to about
1W/cm?, produces a H tail up to at least 0.5MeV, as calculated by the PION code [23].

4.1 Fast particle energy tail

In addition to the ICRH power, a factor determining the creation of a tail in the H'
distribution in D plasmas is the H/D relative concentration. For a given ICRH scenario, the AE
stability limits therefore depend on this value. To illustrate this, we show in Figure 7 a discharge
in which the plasma equilibrium is maintained stationary, with a fully relaxed current profile.

The ICRH power is kept above a level of 8MW, but the H/D ratio is varied. The measured
H/D ratio is shown at the bottom, while the top shows a detail of the magnetic spectrogram,
corresponding to the TAE gap. When the H/D concentration ratio exceeds the value of about
13%, as measured at the plasma edge by optical spectroscopy, the ICRH-driven AE instabilities
disappear, indicating that the ion tail does not reach resonant energies. Based purely on
experimental observations, we can establish a link between H/D ratio and tail energy content; as
the H/D ratio exceeds 13%, the number of fast ions with energies in the MeV range, resonating
with the AEs, is significantly reduced. Such reduction is confirmed by NPA data.

A second example comes from experiments in which third harmonic ICRH heating of He* in
He* plasmas is used to create high-energy tails of a-particles, of interest for investigating the
physics of burning plasmas in present devices [24]. The use of third harmonic is needed as the
absorption at the fundamental would be too small, and at the second and the fourth harmonics
would be too strongly affected by residual H-amounts in the vessel. As the absorption at f=3f is
a finite Larmor radius effect, ions with a relatively large initial energy must be created by NBI
injection. The measurements reported in Figure 8 show that an important difference exist
between NBI ions at 70 keV and at 120 keV. In the lower energy case the absorption is much
weaker. Effects typically associated with fast particle tail in the plasma core, such as strong
electron heating and stabilization of sawteeth, are observed only in the higher energy case.
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Figure 7 Suppression of the AE instability driven by ICRH power by the increase in the H
minority concentration. This result shows that the AE stability limits can be used to infer in this
case the tail ion energy content.
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Figure 8 Comparison of magnetic spectrograms from two similar discharges with f = 3f,(*He)
ICRH, one with 120 keV, relatively low density and Pream~ 2.2cm (left), and the other with 70
keV beams, higher density and pyeam~ 1.4cm (right). Only the higher energy case shows TAE and
EAE instabilities in the 150-200kHz and 360-420kHz ranges, signature of the production of «-
tails in the MeV range [24].
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The measured unstable AEs shown in Figure 8, the first a-driven AEs observed on JET,
indicate that only in the case of 120 keV NBI o’s reach energies in the MeV range. Note that, due
to a larger value of the ratio va/vy;, the ion Landau damping is reduced and AE collective effects
are easier to observe than in equivalent D-T plasmas. In the neutron- free He* plasma, this result
can be confirmed by y~rays spectroscopy of threshold nuclear reaction Be(a n'y)]2C [25], which
suggests the presence of “He ions in the energy range 2 MeV. The scenario of third harmonic
ICRH on He* plasma heated by 120keV NBI is therefore suitable to produce significant o
particle tails in JET [24].

4.2 Fast particle pressure gradient

The possibility of obtaining information on the static fast particle pressure gradient has been
illustrated in a number of past experiments on JET. It has been shown for example that due to the
sign of the destabilizing term for AEs, appearing in Eq. (2), the presence of unstable negative
mode numbers reveals the existence of a non-monotonic fast particle profile [26]. It has also been
demonstrated experimentally that unstable AEs could be associated with a phasing of ICRH
antennas that would produce an inward fast particle pinch, while no AEs were observed in the
opposite case [27]. Here we show that such information can also be related to the dynamical
evolution of the fast particle pressure gradient. We consider a case in which the current profile is
monotonic and completely relaxed, with central q values just below unity, producing regular
sawteeth events. TAEs and EAEs are driven unstable by 8MW of ICRH power, with a H/D
relative concentration of about 10%.
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Figure 9 Effect of saw tooth crashes on the TAE and EAE stability in the presence of H-minority
heating ICRH, with Picry~8MW, and H/D~10%.



- 38 -

We note that at each saw-tooth crash, the TAE instability disappears for a short period of time
(Figure 9). This time interval is of the order of 100ms, shorter than the slowing down time for
~0.5MeV ions. It is therefore related to a rapid radial redistribution of fast ions associated with
each saw tooth crash. The amplitude of the EAE instabilities is not affected significantly. This is
due to the fact that for the equilibrium of the discharge under consideration, the TAE mode
structure is core localized, peaking around r/a~0.3, while the EAE peaks at a larger radial
position, around r/a~0.45, as reconstructed from the MISHKA MHD code [28]. Such an
argument is supported by the fact that the Doppler shift of different toroidal harmonics, visible in
the spectrogram, is larger for TAEs than for EAEs, correspondin g to regions of strong and weak
toroidal rotation, respectively. Note that the EAE frequency is affected by a sudden variation in
the density and possibly in the local value of q [29].

4.3 Fast particle phase space local diffusion

A piece of information that the study of the AE spectrum can bring, which is inaccessible to
any other diagnostic method, is the effective collision frequency in the phase space for particles
resonating with the AEs [30]. This can be extracted from a detailed comparison of the AE spectra
in the nonlinear phase of their evolution with the results of a general theory based on a model
equation for the AE amplitude evolution A(t) [31]:

112 =27
exp—igy A=V A 70 [zt [anexpl-vi 2 @e3+p)lac-nac—r-r)a ¢ -20- 1)
dt  cos¢ 2 5

(6)

The amplitude evolution, and in particular the nonlinear regime that A(t) falls into, is determined
by a competition between the mode growth from the net drive () and the replenishment of the
distribution function in the region of the resonance with the mode. The latter mechanism is
quantified by v, the effective collision frequency for the particles that resonate with the mode.
All regimes predicted from Eq. (6) have been observed at JET for ICRH driven AEs in
conventional and advanced scenarios of plasma operation [32,33]. For the case of transition to a
limit cycle behavior, quantitative estimates of Y and v are obtained. Considering the example of
a n=7 TAE, we find that the value of y (~8.5x103 s°1) is in agreement with the expectations from
the linear stability theory and with the direct measurements of damping and fast particle drive
using active MHD spectroscopy. The measured Verr (1.75%104 5-1), on the other hand, is too large
to be explained by classical collisions, and is suggestive of a direct effect of the [CRH power on
the energetic particles. These estimates open the way to an evaluation of phase space transport for
fusion-produced o¢’s, important for plasmas on their way to ignition.

5. Conclusions and further developments

The investigation of the properties of collective modes in magnetized plasmas is used to
extract information on the plasma from the measurement of the modes. Alfvén waves are the
collective modes with the largest diagnostic potential both for the plasma bulk and the energetic
particle population, as their frequency range is essentially free of incoherent fluctuations, waves
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can be exempt from strong damping, and non-perturbative, small amplitudes modes can be
detected.

Active and passive MHD spectroscopy, based on external antenna excitation and fast particle
intrinsic drive, have been used to reveal a number of properties of the JET plasmas. Plasma bulk
characteristics are extracted from the mode frequency. The examples discussed herein include
equilibrium quantities, such as q(r) in the plasma core and n(r) at the edge, and the fast evolution
of the minimum value of the g-profile in advanced scenarios with non-monotonic q profile. The
plasma effective mass can also be extracted form the frequency of externally driven modes; for
reproducible plasma equilibria, such information can be available in real time during a discharge.
Information on fast ion energies and pressure gradients, including their dynamical evolution, can
be obtained by observing the AE stability limits. The nonlinear development of AEs, if compared
with fundamental nonlinear theory, can also provide information on the phase space dynamics of
fast particles.

In principle, both active and passive spectroscopy can be employed in next step devices, such
as ITER. The passive method of observing intrinsically unstable modes will benefit from the
recent developments in fast data acquisition and storage and from the fact that in ITER or other
plasmas with significant production of o’s by fusion reaction, AEs of benign nature are expected
to be present in most plasma conditions. The active method would necessitate an antenna
structure able to drive low amplitude modes in the range 10-1000kHz, perhaps making use of in-
vessel components having a different main application, such as ICRH antennas. To test the
possibility of driving intermediate toroidal mode numbers in the plasma core throughout plasma
discharges using a small in-vessel structure, and the active MHD diagnostic potential for future
experiments such as ITER, a new AE antenna for JET is being designed.

Use of MHD spectroscopy is not limited to fusion and laboratory plasmas. MHD waves are
predicted to exist in a number of astrophysical plasmas, such as accretion disks [34] or coronal
loops. For example, recent theoretical developments indicate that AEs induced by the density
stratification along the loop can exist in coronal loops [35]. Remote observation of the properties
of these modes could be used to extract information on the plasma local parameters.

This work was partly conducted under the European Fusion Development Agreement and some
of the experiments were carried out within a JET-CRPP Task Agreement and within a JET-MIT
collaboration supported by DoE Contract DE-FG02-99ER5-456.
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The physics of tokamak plasmas, in which electrons are heated by electron cyclotron heating
(ECH) and whose current is driven by electron cyclotron current drive (ECCD), is investigated
in this paper together with applications on TCV (Tokamak 2 Configuration Variable) using
modifications of the pressure and current profiles to improve the operational regimes. In order
to explain the experimentally determined current drive efficiency and hard X-ray and electron
cyclotron emission measurements, it is shown that quasi-linear effects and radial transport of
the suprathermal electrons are necessary. Plasmas with fully non-inductively driven currents
were obtained with 0.9MW of off-axis ECCD and 0.45MW of on-axis counter ECCD. The
combination of the driven current and the bootstrap current, accounting for 50% of the total
current and peaking off-axis, yields a reversed safety factor profile and a wide and stable
electron internal transport barrier. This barrier leads to an enhancement in the energy
confinement by a factor of 4.5. ECH is also used to broaden the current profile of high
elongation, low normalised-current plasmas whose vertical position would otherwise be
uncontrollable on TCV, but whose MHD stability properties should allow high B values.
Elongation of 2.47 at a normalised-current of 1.05MA/mT is obtained with off-axis ECH

absorbed at an optimised normalised radius between 0.55 and 0.7. Finally, third harmonic ECH
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is tested in various scenarios, all using vertical beam launching. In particular high density ochmic
target and preheating with second harmonic ECH are presented. The fraction of third harmonic

power absorbed reaches 65 % and 85 % respectively.

Introduction

The flexibility in the configuration of the TCV plasmas is complemented by an electron
cyclotron heating (ECH) and current drive (ECCD) system with a power capability of 4.5 MW
and an adaptable launching geometry. This makes TCV a unique tool for investigating advanced
scenarios potentially relevant to burning reactor plasmas in which electron o-heating is
dominant and does not supply direct momentum input. In these advanced modes of operation
the interplay between the safety factor profile and the electron transport and the
complementarity of the bootstrap and driven current require tailoring of the pressure profile and

the current distribution through localised heating and current drive.

When ECH and ECCD are used for this purpose, these mechanisms strongly depend on the
suprathermal electron dynamics. The electron distribution function has been extensively studied
on TCV, using a hard X-ray camera [1] and a high field side electron cyclotron emission
radiometer [2], and modelled with a quasi linear Fokker-Planck code which includes radial
particle transport. The latter has been found necessary to correctly determine the driven current

profile and current drive efficiency [3].

Fully non inductive plasma currents of 90kA have been sustained on TCV using a combination
of central ECH and off-axis ECCD [4] with a total power of 1.35MW. This yields a regime with
a wide and steep internal electron transport barrier and a bootstrap current fraction of over 50%.
This fraction can be increased to 80% + 10% by injecting 2.2MW of EC power at higher
plasma densities. The energy confinement time increases with central heating power, reaching
4.5 times the Rebut-Lallia-Watkins (RLW) scaling law prediction[19]. The time evolution of
the electron temperature in different heating schemes shows that the creation of the transport
barrier is related to modifications in the current profile, and that the barrier can be sustained at
the same position for periods considerably longer than the energy confinement time and even
the current redistribution time. Calculation of the current components yields a hollow current

profile and a reversed safety factor profile with a minimum value at the barrier location.

The quest for high B plasmas around the optimal value of the elongation, x = 2.4, and a
normalised current [y =2 has motivated the development of high elongation, low current

(300kA) configurations [5]. Here, off axis ECH is used to broaden the current profile during
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plasma elongation to improve the vertical stability. By tuning the launching geometry, it was

possible to create plasmas with an overdense central density ( 6><1019m_3) that can be heated

with vertically launched third harmonic X-mode ECH (X3-ECH).

TCV has up to 1.5MW of ECH power at the third harmonic of the electron cyclotron frequency,
whose higher cut off extends the density range up to 10%%m?3, giving access to higher B plasmas
and H-mode regimes. Heating schemes include low field, lateral and vertical launching
possibilities. The absorption is found to be strongly sensitive to the launching geometry and is
enhanced in the presence of a suprathermal electrons which are created by second harmonic
ECCD [7]. Scenarios that maximise the X3-ECH absorption were tested, in particular using a
vertical beam to increase the path length, an optimised launching angle, high density and
preheating with second harmonic X-mode ECH (X2-ECH). On an ohmic target with central
density of 4.5%10"m™ single-pass absorption as high as 65% was achieved. Using X2-ECH
preheating, the fraction of X3-ECH power absorbed reaches ~85%, and X3-ECH alone was
able to maintain the energy content of the plasma, even at densities well above the second

harmonic cut off. This opens the possibility to heat high density plasmas with ECH.

After a brief presentation of the TCV tokamak and the ECH heating system, each of these topics
will be developed, namely ECCD modelling, fully driven plasmas with off-axis ECCD, high
elongation plasmas with off-axis ECH and X3-ECH heating.

The TCV tokamak and its ECH system

TCV has the following main parameters: major radius, 0.88m, minor radius, 0.25m, axial
magnetic field, 1.5T, maximum plasma current, 1MA, maximum elongation, 2.8 [8]. Its
shaping system consists of 16 independently controlled shaping coils. A high aspect rectangular
vessel equipped with fast internal coils for vertical position control provide a high elongation
capability. This is complemented by an ECH system with an adaptable launching system with
real time control. There are 6 gyrotrons at a frequency of 82.7 GHz with a unit power of 0.5MW,
which correspond to the second harmonic of the electron cyclotron frequency. They are
connected to 6 independent lateral launchers [9] with a fast movable mirror that can sweep the
beam in real time in a given plane, which can be rotated around its horizontal axis between
shots. TCV is also equipped with 3 gyrotrons at 117.8 GHz, corresponding to the third harmonic,
also with a unit power of 0.5MW [10]. The beams enter the TCV plasma vertically to maximise
path length via a mirror that can be tilted poloidally during a plasma discharge and displaced

radially between discharges. This combination of flexibility in the plasma shape configuration
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and powerful additional heating with a highly controllable geometry offers a wide spectrum of

ways of tailoring the spatial distribution of plasma parameters to obtain increased performance.

ECCD modelling

Current profile tailoring used to optimise plasma performances in advance scenarios is based on
the generation by ECCD of suprathermal electrons. Modelling of the ECCD efficiency and of
the driven current profile thus requires a good comprehension of the mechanisms governing the
suprathermal electron population. On TCV, fast electrons are diagnosed by a multi-element
CdTe hard X-ray (HXR) pinhole camera, on loan from CEA Cadarache, and a high field side
(HFS) electron cyclotron emission (ECE) radiometer. The HXR camera is sensitive to
bremmstrahlung radiation from which a “photon temperature” can be derived. It features 14
vertical chords each with 8 energy channels in the 10-200keV range [1]. The ECE is a
superheterodyne radiometer with 24 frequency channels on a horizontal line of sight [2].
Relativistic downshift of the radiation in the energy in the region of 10keV leads to a
displacement of the emitting region towards the HFS, beyond the cold plasma resonance; unlike
low field side detection, the radiation then propagates freely to the HFS antenna. Interpretation
of the ECE with a bi-Maxwellian model gives an estimation of the temperature and density of
the fast electrons [2]. Both diagnostics indicate suprathermal electron temperatures between 10-

50keV with densities in the range 1x10'" — 6x10'8m™

The modelling of the electron distribution function is performed with the CQL3D code [11].
This solves the bounce averaged Fokker-Planck equation in perpendicular and parallel velocity
space and along the radial dimension, using a relativistic collision operator, quasi-linear wave
damping and a radial transport model. The exact experimental flux geometry and ray paths from
TORAY-GA [12,13] are used. To use CQLS3D in linear mode, the ECCD power is downscaled
by a factor 10-3 and the computed driven current multiplied by 10°. Such a linear simulation
gives a driven current profile limited to the deposition region, comparable to that obtained with
TORAY-GA, with a current drive efficiency around 50% of that determined experimentally in
zero loop voltage conditions. This can be seen in Figure 1 for an off-axis ECCD fully driven
plasma. Here the driven current, estimated by taking into account the bootstrap current, is 40kA
for an ECCD power of 0.9MW. The simulation with the real ECCD power and therefore
including the quasi-linear effects, yields an overestimation by an order of magnitude as seen in
Figure 1. This is due to a built-up of the fast electron population in the absorption region by

quasi-linear effects at such a high power density.
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To make the model more complete, a radial transport operator is introduced in the Fokker-

Planck equation [9,14]:

3
V. [DO : %}77% h(v,) - Vf + Vf] (1)

4

where the magnitude of the radial diffusion coefficient is given by Dy, combined with a radial
profile and a dependence on the parallel velocity vy Two transport models were tested, one
with A(v,) = 1 corresponding to small scale length electrostatic turbulence, and one with
h(v,) ~ v, , simulating transport due to long scale length electromagnetic turbulence [15,16]. In
both cases D, and the convection velocity V were adapted to reproduce the total measured
driven current and the density profile, respectively. For both models, the value of the diffusion
coefficient for the velocity range of the current carrying electrons is comparable to that
commonly observed for anomalous transport, in the range of 2 — sm’/s. The calculated driven
current profiles shown in Figure 1 are similar in both cases, indicating that the calculation does

not depend significantly on the transport model.
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Fig. I:  Simulation of the absorbed power and driven current profiles for
off-axis ECCD (#21657). Top: TORAY, CQL3D in linear mode
and CQL3D with quasi-linear effects. Bottom: TORAY and
CQL3D with two transport models.
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The simulation also provides a calculation of the bremsstrahlung spectrum and its associated
photon temperature and intensity profile. A comparison with the experimental profiles shows
good agreement between the experimental and simulated temperatures, with high photon

temperature extending over the entire plasma radius, not localised in the absorption region, as

drawn in Figure 2 [1,2].

These results highlight the important role of the radial transport in the fast electron dynamics

and in the profile and intensity of the driven current.
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Fig. 2: Profiles of the photon temperature and intensity of the
bremsstrahlung during off-axis ECCD (#21657) as measured with
the hard X-ray camera and as simulated with CQL3D with two
transport models. These are line integrated profiles as a function

of the normalised distance from the chord to the magnetic axis.
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Fully driven plasmas with off-axis ECCD

Good confinement properties have been previously obtained in TCV by modifying the current
and pressure profile with off-axis ECH combined with central counter ECCD, yielding central
temperature of 10keV and a confinement enhancement factor, H RLW = Tg./TpLw, between 3
and 4 [17,18]. Here the experimental electron energy confinement time t,, is compared with
the Rebut-Lallia-Watkins (RLW) scaling law predictions [19), which was observed to
reproduce TCV confinement over a wide range of L-mode regimes [20]. It was argued that this
enhanced confinement originated from a reversed central magnetic shear which was limited by
peaking of the inductive current due to the increase in central electrical conductivity with
temperature. This limitation would disappear in the absence of an inductive electric field and

fully non-inductive plasmas are routinely obtained with ECCD in TCV [21,22].

Starting from an improved central electron confinement regime, off-axis ECH is replaced by
off-axis co-ECCD with constant currents both in the ohmic transformer and in the shaping coils,
ensuring zero loop voltage. The line average electron density is n, = 0.5x10""m™> and the
elongation x = 1.6. Some relevant time traces are drawn in Figure 3. Two EC wave beams
absorbed at a normalised radius (square root of normalised volume) of p,, . = 0.35 and 0.47,
launched with an angle of @7 = 23° (with respect to the normal to the toroidal field, in the
electron drift direction) giving a total power of P gc = 0.9MW. The ECCD power drives a
current [~ which attains 70% of the total plasma current, Ip = 70kA, the remaining 30%
consisting of 20kA of bootstrap current, / ps» as derived from the experimental pressure profile.
The current drive efficiency in this situation, 1 cp = Ilepn,/P rc» 1s three times lower than
typical values with central ECCD due the lower temperature and the presence of trapped
electrons in the off-axis absorption region. As shown in Figure 4, the electron temperature
profile evolves on a resistive time scale (0.2s) from a parabolic shape at the beginning of the
ECCD phase to a profile with a steep gradient at a normalised radius p = 0.4.Thisis apossible

indication of the formation of an electron internal transport barrier (eITB).
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Fig. 3: Time traces for off-axis ECCD in a fully driven plasma (#21657).
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To evaluate the confinement properties of this transport barrier, an ECH wave beam of 0.45 MW
was added with a central deposition, p abs 0.3 after the barrier was fully formed. The
temperature profile thus obtained are shown in Figure 4. It is similar to the case of off-axis
ECCD only, but with a steeper gradient and a higher central energy content. No energy
confinement degradation is observed even though the input power has been increased by a
factor of 1.5. The confinement enhancement factor H rLw Tises from 2 to 3.5, as seen in Figure
5. These observations confirm the formation of an electron internal transport barrier, which
remains at p = 0.4 for over Is, i.e. over 5001 e of 10 current redistribution periods. To verify
that the creation of the eITB is related to a modification of the current profile, the start time of
the central ECH relative to that of the off-axis ECCD was varied: as shown in Figure 5, if
applied simultaneously, the central electron temperature rapidly reaches an intermediate level
and then evolves slowly on a redistribution current time scale to an asymptotic value, while if
ECH is applied 0.65s after the ECCD, the central temperature rises rapidly on a confinement

time (1.5ms) scale from an intermediate level to the same final value.

1.§53-1.90s ne[1019m-3] T [keV]

8L ’

U 1.555-1.90s

6 : 0.555~0.60s]
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21653 n_[10°m’]

Nooo

® o

N O o

Fig. 4:  Electron density and temperature profiles measured by Thomson
scattering. Top: off-axis ECCD for three different times (#21657).
Bottom: off-axis ECCD combined with central ECH or counter
ECCD with varying launching angle QO (#21553, #21554,
#21555).
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Fig. 5: Time evolution of confinement parameters. Left: confinement

enhancement factor and electron energy confinement time for off-

axis ECCD combined with central ECH (#21654). Centre: central

electron temperature for different starting time of the central ECH

with respect to that of off-axis ECCD. Right: confinement

enhancement factor for off-axis ECCD combined with central

ECH or counter ECCD with varying launching angle Q7

(#21553, #21554, #21555).

Optimisation of the performance in this regime can be achieved by further tuning the current

profile with counter central ECCD, going from ECH with @7 = 0° to ECCD at -5° and -15°.

In both central ECCD cases a confinement enhancement factor of H rLw = 4.5 is obtained, as

shown in Figure 5, with a central temperature of 6keV. However, with the largest negative

injection angle, the pressure profile becomes over-peaked and MHD unstable, while at -5° a

steady state is achieved. In these conditions the bootstrap fraction / Bs’” 1, increases to ~50%.

Working at higher electron density R,y = 2x10m™> decreases the driven current and

increases the pressure gradient, increasing the bootstrap current. With a total EC power of

2.2MW, a bootstrap fraction estimated between 75% and 90% was obtained in this way.
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The driven current profile j~,, was modelled with the Fokker-Planck code CQL3D described
above. Due to radial transport of fast electrons, the driven current is not localised in the
absorption region but is characterised by a flat profile inside the absorption radius, presented in
Figure 6. Combining a bootstrap current that peaks around the pressure gradient associated with
the eITB and the driven current profile, a hollow total current profile is obtained. The

corresponding safety factor profile is reversed with a minimum value at the barrier location.

1.4
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Fig. 6:  Radial profiles of the driven current ;- p » of the bootstrap current
Jps> the total current j, , and the safety factor g for off-axis
ECCD combined with central counter ECCD with ¢ = -5°
(#21655).
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High elongation plasmas with off-axis ECH

The main advantage of an elongated plasma cross-section is that, for a given safety factor, the
plasma current increases with the elongation x as / b (K2 +1)/2, and according to the Troyon
limit, the maximum achievable [ is proportional to the normalised current / vy = 1,/ (aBy).
MHD stability calculations also suggest that the B limit does indeed increase with elongation,
but only up to a limit. For a conventional aspect ratio, R/a = 3 — 4, the optimal elongation lies
between 2.2 and 2.4 and the maximum [ is attained for intermediate 1 N =2 [23]. In ohmic
conditions, such a high elongation configuration at low current is vertically uncontrollable, even
with a well tuned vertical control using fast internal coils, since the natural current profile is too
peaked. By broadening the current profile with off-axis ECH, this limitation can be overcome

[24].

Off-axis ECH was applied to an ohmic plasma with an elongation of ¥ = 1.7, with deposition
in the region of p _, > 0.7 ; the temperature and consequently the current profile broadened, and
the plasma elongated since the quadrupole magnetic field was maintained constant. Figure 7
shows the time evolution of the relevant plasma parameters. The effect of off-axis ECH on
current broadening is quantified by the change in the internal inductance normalised to account
for the effect of the shape Al* [5,6]. The most critical parameters are the power level and the
power deposition location. Scans of these parameters together with simulations with the
transport code PRETOR using RLW model and power deposition from TORAY-GA are
illustrated in Figure 8. The optimal deposition location clearly lies at a normalised radius
between p,,; = 0.55 and p,,, = 0.7. Energy deposited outside this region is no longer well
confined and has less effect. The deposition width and the toroidal launching angle had little
influence on the current broadening, the latter because the current drive efficiency in this outer
region is small. In this scenario the central plasma density can be increased by afactor 1.5 above
the 2nd harmonic cut-off, since absorption is peripheral. At these optimised launching
parameters, an elongation of 2.47 was obtained with a plasma current of 390kA, corresponding
to a normalised current of I, = 1.05. The extension of the operating space in terms of k¥ and
Iy is shown in Figure 9 where ohmic conditions, ECH and off-axis ECH are presented. These
overdense plasmas of high elongation are good candidates for heating by vertically launched

X3-ECH and obtaining high B values.
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Fig. 7. Time traces for off-axis ECH in a high elongation plasma

(#22295). From top to bottom: plasma current, internal

inductance, elongation, absorption radius and ECH power.
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Fig. 9:  Operating space in the elongation versus normalised current plane

for ohmic (gray), ECH and off-axis ECH (black) conditions.

Third harmonic ECH

The main advantage of using X3-ECH on TCV is its ability to heat higher density plasmas, since
the cut-off density at the third harmonic is 1020m_3, 2.5 higher than the second harmonic.
However wave absorption is considerably lower and care must be taken to ensure high first path
absorption. Besides operating at higher density, there are other ways to improve absorption: the
beam can be launched vertically into the plasma to maximise the path length along the
resonance layer; preheating of the plasma by X2-ECH offers a way to improve third harmonic
efficiency since the absorption coefficient is proportional to the electron temperature; it was
shown experimentally that absorption is greatly enhanced by the presence of a suprathermal

electron tail, produced for example by second harmonic ECCD [25).

Two scenarios that use these methods are reported. First a high density ohmic target plasma,
with n,, = 4.5><10!9m_3 , 18 heated by 1MW of X3-ECH. The time traces of relevant plasma
parameters are plotted in Figure 10. In particular the HFS-ECE channel compared to the central
temperature measured by Thomson scattering indicates the formation of a fast electron
population. Since refraction of the beam is very sensitive to the launching geometry, the optimal

launching angle has been determined experimentally with a mirror sweep. The absorbed power
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fraction was 65%. This was deduced from the diamagnetic flux response to a modulation at
273Hz of the gyrotron power [26]. In the second scenario, the plasma is preheated by 0.45MW
of centrally absorbed X2-ECH only to avoid the generation of suprathermal electrons. Figure
I'T shows the time evolution of the main plasma parameters. During the combined second and
third harmonic phase, an absorption fraction as high as 85% was measured. Later in the
discharge, X2-ECH is turned off and the density is increased up to n 00 = 5%10m™. Here,
X3-ECH alone can maintain the thermal energy content at the same level, as demonstrated by
the diamagnetic trace. These two examples indicate that almost complete absorption of the X3-
ECH can be achieved in tailored scenarios combining high density, high temperature plasmas

and the supplementary absorption by the suprathermal electrons.

5] R , | #2877
04 06 038 1. 12 14 16 1.8
time [s]
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Fig. 10: Time traces for X3-ECH on a ohmic target plasma. From top to
bottom: EC power [MW], loop voltage [V], central soft X-ray
emission, HFS-ECE temperature, central temperature [keV] from
Thomson scattering, central electron density [1019m_3] and Bp

from diamagnetic flux.
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Fig. 11: Time traces for X3-ECH on a preheated plasma, as in Figure 10.

Conclusions

The pairing of a versatile plasma configuration and ECH heating on TCV provides a unique set
of tools to modify the spatial distribution of the pressure and the current density, with the goal
of controlling the MHD instabilities and turbulence responsible for anomalous transport. This
is illustrated by the simultaneous attainment on TCV of fully non-inductively driven plasmas
with a high bootstrap current ratio and a wide stable internal transport barrier, using off-axis
ECCD. In particular, a non-monotonic safety factor profile can be sustained by the bootstrap
current only. Another example are the high elongation low current configurations which are
promising for increasing the B limit. Their vertical control was obtained with the help of
overdense off-axis ECH to broaden the plasma current profile. X3-ECH in configurations that
optimise the power absorption in high density, high temperature plasmas obtained near full
absorption. The role of suprathermal electrons, generated either by second or by third harmonic,
in the absorption of EC waves is of primary importance by providing ECH access on TCV to

high density, high B plasmas.

A thorough analysis of these experiments was possible by combining measurements probing the
suprathermal electron population generated by intense EC waves and simulations of its
dynamics. In particular, it was shown that radial transport of the fast electrons plays a crucial
role in widening the profile of the driven current from the deposition region, resulting in the

correct evaluation of the current drive efficiency.
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Introduction

Additional heating in TCV tokamak has been recently upgraded to a total of 4.5 MW
of installed ECH power with 3MW 2" harmonic ECH-ECCD at 82.7 GHz and 1.5 MW 3"
harmonic ECH at 118 GHz. The additional power at the 3™ harmonic allows the electron
density range of ECH heated plasmas to be extended to 1. 10 m™. Access to these higher
densities with additional heating will considerably extend the parameter range of confinement
and transport already studied in TCV. It will also permit achievement of H-modes at power
levels significantly exceeding the L-H transition power thus allowing the full shape flexibility
of TCV to be used in studying the high confinement, ELMing regime.

The choice of the top-launch scheme results as a compromise between heating of high
density plasmas and the maximisation of single-pass absorption in ohmically heated target
plasmas. The resonance layer is approximately a vertical surface on the high field side of the
cold resonance and maximum absorption is obtained when the ray path within the resonance
layer is longest. The strong sensitivity of the absorption to the launching geometry is
experimentally studied with a top launch injected power as high as 0.9 MW in a variety of
plasma configurations and comparisons between the experimental results with predictions
from the ray tracing/absorption code TORAY-GA are presented.

Experimental results and Discussion

A preliminary study performed by Hogge et al. [1] was mainly dedicated to the
commissioning of the X3 system and in particular to the steering capabilites of the top-
launcher together with a study of the sensitivity of the plasma response to the launcher
injection angle. In the same configuration for the X3 system as reportedin [1], with 2 X3
gyrotrons connected to the top-launcher and 1 X3 gyrotron connected to a X2-Low Field Side
launcher, it has been demonstrated that the ray-tracing/absorption code TORAY-GA gives
accurate predictions of the absorbed power at moderate densities (< 5 10" m”) and low
temperatures (<1.5-1.7 keV). However, at larger densities, the agreement deteriorates
andfurther study is required.

The experiments reported here were aimed at more detailed and quantitative studies of
the ECRH capabilities of the X3 top-launch in terms of single-pass absorption in a variety of
plasma conditions with plasma densities significantly higher than the X2 cutoff limit ((——
4 10"” m”). The target plasmas used in these experiments have the following parameters:
major radius R = 0.88m; minor radius, a = 0.25m; toroidal magnetic field, By = 1.45 T;
elongation, ¥ = 1.55; triangularity, & = 0.1-0.15; peak electron densities ranging from 2 to 6
10" m™. The main diagnostics used are: the Thomson scattering for the measurement of both
the bulk electron temperature and densitiy (every 50ms), for suprathermal electrons the high
field side ECE radiometer (ECE-HFS)[2] and for the evolution of the total plasma energy the
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DML diagnostic[3]. The absorbed RF power, P,,, is measured during a modulated period of
the X3 RF pulse using the diamagnetic loop(3, 4].

Two different scenarios were studied: the first with X3 top-launch heating only on an
ohmic target plasma with density ranging from 2 to 6 10" m™. The second scenario uses X2
central preheating at various power levels combined with X3 top-launch ECRH. In this
scenario, the X2 aiming in pure ECRH does not produce a suprathermal tail during the X2
preheating phase and therefore allows the measurement of the X3 absorption on the bulk of
the electron distribution. In an earlier study [5], with the X3 RF-power injected from the LFS
in presence of a suprathermal tail generated by X2 CO-ECCD, it was shown that full single-
pass X3 absorption was measured with approximately 50% absorbed on the bulk and 50%
absorbed on the suprathermal tail generated by the X2 wave.

For the first scenario, the launching geometry as well as time traces of the relevant
plasma §parameters is shown in Fig.1.
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Figure I. From top to bottom: RF power for X3 corresponding to 0.9 MW of injected power,
loop voltage, soft X-ray signal (central chord), non-calibrated radiation temperature from
one channel of the ECE-HFS radiometer, peak temperature and density from Thomson
scattering (every 50ms) and diamagnetic . Plasma current: Ip = 230 kA. On the right part,
the plasma cross-section with the ray-tracing calculated with the TORAY-GA code.

For this shot, the central electron density, n,, = 4.5-5 10" m?, is above the cutoff
density for the X2 system (4 10" m™) and the aiming of the top launcher mirror was kept
fixed at an angle of 46.2 degrees (measured from the vertical clockwise). The optimum angle
was determined in an earlier shot with same plasma parameters, but with an Injection angle
swept between 45.5 and 47.5 degrees. At n,, = 4.5 10" m?, the ECE-HFS radiometer channel
is in cutoff and the observed deviation of the signal (0.9s — 1.3s) from its base level is to be
associated with the presence of suprathermal electrons generated by the X3 wave. The fast
electrons are spatially located outside the normalized radius of t/a > 0.2; the q=1 radius of this
plasma is located at r/a = 0.3.

The absorption measurement with the DML is made during the RF power modulation
of only one gyrotron (square wave at 237Hz) between t =1.2s and 1.4s. The measured
absorbed power of the modulated gyrotron is P, = 290kW which corresponds to an absorbed
fraction of the X3 wave of 65% . Preliminary analysis shows that this value corresponds to
single-pass absorption. When the top-launcher is swept during the shotover a wide anglular
range, whenever the aiming is far form the optimum angle, the main plasma parameters
remain at the same level as without X3 power injection. As shown in Figure 2, with this
launching geometry the deposition profile calculated with the TORAY-GA code gives a
central deposition with the RF power deposited inside a normalized radius of r/a = 0.45 and
an absorbed fraction of 32% which is significantly lower than the measured fraction of 66%.



- 61 -

o - = Figure 2. For this shot the X3 launch angle was fixed at
46.2° and the measured absorbed power was 66%. Using
a launch angle of 46.2° TORAY-GA underestimates the
absorbed power by 33%. By forcng TORAY-GA to use a
launch angle of 46.55° agreement is obtained between the
measured absorbed power and that predicted by TORAY-
GA. Reasons for the discrepancy are being investigated.
See main text for details.

TORAY Singte Pass Absarption (%]

Wl e B
4.1 482 483 464 485 488 467 468
X3 Top Launcher injection angle [deg}

The discrepancy between the two values might be explained by the sensitivity of the
absorption on the launcher injection angle. By increasing the injection angle to 46.55° the
deposition profile shape remains unchanged, but the total absorption predicted by the
TORAY-GA code is significantly increased to 66%, in agreement with the measured value.
The mechanical accuracy of the top-launch mirror setting is better than 0.1° degrees and we
believe that the discrepancy is to be found in the accuracy of the ray-tracing calculation on the
reconstructed equilibrium. This effect, as well as other effects like beam diffraction {beam
tracing [6]) or hot plasma effects on the refraction [7], are being investigated. In order to cope
with the high sensitivity of the absorption on the launcher injection angle, plans to implement
a real time feedback on the top-launcher mirror are underway.For the second scenario, which
includes a X2 preheating phase (central with deposition within r/a = 0.15) before the turn on
of the X3 wave, the launching geometry as well as time traces of the relevant plasma
parameters are shown in Fig.3. In this shot the timing of the X2 (0.45 MW) is such that after
the X2 turn-off (1.2s) the plasma density is increased from 2.2 10" m> to 4.7 10" m? within
500ms. The aiming of the top launcher mirror was kept fixed at an angle of 46.5 degrees. The
predicted single-pass absorption by the TORAY-GA code depends, as expected, on the time
evolution of the temperature and density profiles and ranges between a maximum of 85% at t
= L.1s followed by a slight decrease at 71% to t =1.6s were X3 only is still on.

The stored energy variation, shown by the the diamagnetic signal (Boia), clearly shows
that with 0.9 MW of RF power, the X3 top launch at high density (4.5 10" m?) is able to
maintain the same level of stored energy as for the combined X2-X3 phase with a
significantly lower density (2.2 10” m*). In this type of scenario with varying density, the
absorption sensitivity on refraction could be optimized by a real-time feedback on the top-
launcher mirror using for instance the diamagnetic signal.

As for the previous shot, during the combined X2-X3 phase the X3 RF beam generates
a suprathermal population which subsequently decays, at X2 turn-off, to the thermal level on
a fairly long time scale (> 200ms). In an experiment where the mirror is swept during the
shot, withthe absorption location moving form the X3 cold resonance toward the high field
side, one observes that the X3 top-launch selectively couples to the electron energy. This can
be extremely useful for suprathermal electron dynamics studies. This observation is illustrated
in Figure 4 where the soft-x ray signal (sensitive to the bulk) and one channel of the ECE-
HFS radiometer are plotted against the top-launch aiming angle.
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Figure 3. Same traces as in Figure 1 with in addition the calibrated radiation temperature
(ECE-HFS) with the Thomson points at the corresponding radii of the ECE-channel. On the
right part of the figure (top), the plasma cross section with the ray tracing for the X2 and X3
RF beams. On the right part of the figure (bottom), absorbed power versus normalized minor
radius for the X2 beam (1=1s) and for the X3 beams at two different times (1s and 1.6s).
P-2.074

~ Figure 4. Presented here are a SXR signal (green) and an ECE
- signal (blue) from the same discharge plotted as a function of
" launcher angle. In this experiment the launcher angle is

0.8

1t

%w»‘_" 9% 1 |-:‘ " "l scanned. The SXR signal reflects heating on the bulk while the
L L R ‘.'! | st ECE signal reflects heating on the fast electron tail. As the
Z '[n:;ozgfﬁvj; WML mirror is scanned from the cold resonance to the high field side
§ o2 e > - X3 power is selectively coupled to the bulk (SXR signal peak)

@ us b g.and subsequently to the tail (ECE signal peak).
injection angle [deg)

Conclusions

The X3 top-launch system significantly extends the operational regime of the TCV
Tokamak. With X2 ECH preheating, single pass X3 absorptions as high as 90% have been
measured. In a scenario where a density ramp is imposed after the X2 shutoff it is
demonstrated that the stored plasma energy remains at the same level as for the X2 phase but
with twice as high electron density. On a purely ohmic plasma at a density of 5.5 10" m™> a
single-pass absorption as high as 66% has been measured. With the completion in the near
future of the X3 top-launch system with 1.5MW of injected power, with higher electron
temperatures, nearly full single-pass absorption is expected. Access to these higher density
with additional heating will considerably extend the parameter range of confinement and
transport already widely studied in TCV. The X3 top-launch flexibility has shown the
possibility to selectively couple to different electron energies and could be used as a
diagnostic for studies of the suprathermal electron dynamics.
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1. Introduction : :
The 4 f particle-in-cell (PIC) method provides an approach to solving the nonlinear gyrokinetic
equations governing the ion-temperature-gradient-driven (ITG) instabilities commonly held re-
sponsible for core plasma transport. The method is, however, rather demanding with respect
to current typically available computational resources. The TORBJ1] code implements this
method in a straight ©-pinch geometry. The code now employs an adiabatic electron response
within surfaces of constant 7. Thus the equations governing the my = 0, n, = 0 Fourier com-
ponent of the electrostatic potential, ¢q9, which gives rise to zonal E x B flows, are as for the
case of finite rotational transform. The underlying equations obey an energy conservation prin-
ciple allowing for an intrinsic check on the quality of simulation. This has been well satisfied
(~20% deep into the nonlinear stage) though optimising the phase space sampling provided by
the markers. ' ’

2. The model

Under the geometry considered the equations of motion are

dR 9)
ik X ey, 1)
d’U” Qi '
A=t . 2
- ge Vo) @
Along these characteristics ¢ f evolves according to
déf (E)xep Vi O 1 df
~=—fo | —— + e (BY =22 .
The quasineutrality equation with linearised polarisation density is
eng ~N o [ Mo
(ng) — ng = T, (p~¢) - V. (mvﬂﬁ) . “4)

Here ); = ¢;B/m; is the ion cyclotron frequency, (#), (E) and (n;) and the gyro-averaged
potential, electric field and ion density and , ¢ is the magnetic surface average of the potential.
The quantity ¢ is given by pog in this geometry. The quasineutrality equation is subject to the
boundary conditions, :

0

Eqﬁn,mzo = 0, (5)

= ¢

r=0

¢n,m#0

r=0
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which simply impose a vanishing tangential electric field at T4, the outer boundary of the
plasma. Retaining the parallel nonlinearity in equation (1) allows for an energy conservation
principle to be satisfied

) | |
77 Enin + Eria) =0, (6)

1 i
o= [ gmatfaRay Enau= [ % () = no) gax. )

3. Results
The simulations used 134 million (2%7) markers over a cubic finite element basis of dimension

n. = 64,15 = 256,n, = 32. The time step was At = 409;. Fourier modes in 6 and 2
m the range ~96 < m < 96and 0 < n < 6 were retained in the filter. The initial ion
temperature profile T;(r) is show in figure 3. A flat density (no) and electron temperature
profile (T, = T;(0.5) = 5keV), were used. The radius of the pinch was 7, = 135p;y and the
periodicity length 2077, with p;; the thermal Larmor radius at r = 0.5. The magnetic field was
taken as 2.5T and the ions to be deuterium, gi/m; = 4.79 x 107C/kg, giving ; = 1.20 x 10°
s.
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Figure 1. A log plot of the Fourier decomposition of the electrostatic field energy vs. time

Figure 1 shows the evolution of the ITG turbulence toward a saturated nonlinear state. The
most unstable linear modes are in the ranges (n,m) = (2, ~ 48), (3,~ 55), (1, ~ 30) and
(4,~ 60), withn = 0,5 and 6 linearly stable. Initially we see just the linear instabilities, but
at 60ps the nonlinear destabilisation of n = 0,5 then 6 begins. Nonlinear feedback begins
with a first roll over at 1005 followed by a second at 200us. Finally past 400us the system is
seen to be approaching a steady state with the expected inverse cascade in n dominated by an
(n,m) = (0,0) mode.

The top two traces in figure 2 show the absolute values of kinetic and electrostatic energy
of the perturbation. By equation 6 they should be equal for a perfect simulation. Energy is seen
to be well conserved with a relative error of ~ 33% at the end of the simulation. The Fourier
filter contains > 98% of the signal throughout the nonlinear phase.

Seen in the bottom trace of figure 2 is the heat flux,
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Figure 2. Top, the absolute value of the kinetic and electrostatic field energy (eq.7) of the perturbation

normalised to the thermal energy of the plasma and bottom, the normalised average radial energy flux

Q (eq.8) vs. time

Previous equivalent simulations [1] did not retain the ¢ term in equation 4, corresponding to a
volume adiabatic electron response. In the previous simulations @ in the late nonlinear stage
was an order of magnitude larger than the value found here, with the field energy of comparable
magnitude. This is due to fact the the electron model used now allows for the generation of
zonal flows [3].

Figure 3 shows the radial profiles at 470us. In orange and blue are shown the initial and
final effective temperature 7., £f = (vi,;) profiles. What is immediately striking are the plateau
regions of low gradient/ high transport directly, corresponding with the regions of ITG turbu-
lence which are shown in red. In black is shown =8Py /0r which is proportional to the zonal
E x B flow. '

We now describe in detail the evolution of the radial envelope of ITG modes. In the linear
stage the ITG modes are centred around the maximum temperature gradient at r = 0.5. As the
modes spread radially and increase in magnitude the zonal flow becomes strong enough to shear
the primary ITG envelope radially in two. This is responsible for the first roll over at 100us
seen 1n figure 1. This region now settles into an essentially steady state consisting of a central
positive flow region in which ITG modes are suppressed, flanked by two bands of negative
flow in which they persist. The evolution continues on the inner and outer boundaries of this
envelope, where the initial sequence of events is repeated, the roll over at 200us, leading now
to four regions of ITG activity. At 470us this bifurcation process is in the course of repeating
itself once more, with the splitting more advanced on the outer boundary.

We note that not only are the ITG convective cells restricted to the E x B stream they lie
in (shear flow suppression), they are suppressed throughout those streams rotating in a positive
sense. In purple is shown a histogram of the heat flux @ in 5 radial bins. It is clear that it is
only at the boundaries of the ITG turbulence, which are still evolving, that a significant flux is
driven. In the middle of the envelope (bins 3 and 4) the flux levels have remained at a constant
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low level since ~ 380us having peaked ~ 200us earlier. Presumably the large fluxes seen at
boundaries will follow the same behaviour as the entire radial interval reaches saturation.

Arbitrary Units

radius

Figure 3. Radial profiles of the effective temperature T, 7f» ITG mode spectrum, E x B zonal flow and
binned heat flux Q. . Profiles have been rescaled for illustrative purposes

4. Conclusions

We have presented simulation of the suppression of ITG driven turbulence by zonal flows in
straight ©-pinch geometry with very good energy conserving properties. The system is seen to
approach a steady state in the absence of any collisional terms. The use of an optimised phase
space sampling is crucial in attaining energy conservation. Finite rotational transform needs to
be introduced to be consistent with the electron model used. Further simulations will examine
the dependence of the radial scale-length of the zonal flows and the concomitant scaling of
driven flux.

This work was partly supported by the Swiss National Science Foundation. Simulations were
executed on the IBM Regatta of the Rechenzentrum, Max-Planck-Gesellschaft, Garching and
the SGI Origin 3800 of the Ecole Polytechnique Fédérale de Lausanne.
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1. Introduction

Sawtooth activity has strong effects on plasma profiles and plasma performance. Sawtooth
stabilisation, although favourable in producing peaked profiles, can create seed islands capable
of triggering neoclassical tearing modes [1] and prevents the removal of impurities from the
plasma core. Therefore the sawtooth period should play a non-negligible role in determining the
plasma performance in a burning plasma and should be controlled during the reactor operation
in order to maximize the fusion yield. For these reasons, the physical understanding of the
sawtooth period behaviour must be considered of major importance, particularly in the presence
of radiofrequency heating. This can indeed modify the local plasma parameters in such a way
to allow the control of the sawtooth period [2, 3, 4, 5].

In particular in the present paper the sawtooth period responses to localized heating and
current drive obtained in two different tokamaks, TCV and JET, and with two different auxil-
lary heating systems, electron cyclotron resonance heating (ECH) and ion cyclotron resonance
heating (ICRH) respectively, are analyzed, compared and simulated with a sawtooth period
model. This is done using the transport code PRETOR [6], including a sawtooth period model
[7, 8] first introduced to predict the sawtooth period in a ITER burning plasma. This model
provides sawtooth crash triggers from the linear stability thresholds of the internal kink in
both ideal and non-ideal regimes and prescriptions for the post—crash relaxed profiles follow-
ing the Kadomtsev complete reconnection model. The model was found consistent with the
experimental behaviour in ECH discharges in TCV [9] and in NBI discharges in JET [10].

Recent new experimental results in TCV have motivated a set of simulations which clearly
identify the separate effects of localized heating (Section 2) and current drive (Section 3) along
the full plasma minor radius. It is shown that the effects so identified are consistent with the
complex sawtooth period response observed in a JET discharge with ICRH and ICCD [5] as
the resonance moves through the inversion radius (Section 4).

2. TCV ECH discharges: stabilisation and destabilisation with localized heating
The stabilizing effect of ECH close to the ¢ = 1 surface was observed for the first time at our
knowledge in Ref. [11] and the stabilizing location was roughly identified ouside the ¢ = 1
surface. More recently, previous TCV experiments [3, 4], performing vertical sweeps of the
ECH beam in the poloidal cross section, have pointed out that the sawtooth period (74, ) and
amplitude strongly increase when the power deposition crosses a given flux surface, located very
close to the g = 1 surface. The sawtooth period behaviour obtained in those experiments was
found consistent with the simulations obtained applying the previously mentioned sawtooth
period model [9]. In the simulations the radial position of the heating location maximizing 74y
was found to be located just outside the radius p; of the ¢ = 1 surface.

In the present work we show results obtained in recent shots in which the higher plasma
current and the slow beam sweep in a very narrow plasma layer in the vertical direction allow
us to more easily compare the inversion radius piny,, experimentally identified with p;, and the
ECH deposition location, computed with the ray-tracing code TORAY-GA [12]. To obtain
visible heating effects on 7.4, in the case of plasmas with higher Ohmic heating power density,
it was necessary to apply three beams of 0.45 MW each, one on top of the other (limiter plasmas,
I, = 350 kA, By = 1.45 T, line averaged density ne = 1.6 101 m™3, gegge = 3).

The results obtained in shot §21103 are shown in Figure 1. In Figure 1(a), circles show the
evolution of 754, as a function of the power deposition. The power deposition is identified with
the barycentre of the power density profile as computed with TORAY-GA. The normalized
radial coordinate is p = (V/Vuqze)/?, where V is the volume enclosed by the corresponding
flux surface. With triangles we have plotted 7, as computed by a PRETOR simulation
performed using smoothed TORAY-GA power deposition profiles. The heating power density
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profile has a maximum ranging from 8 MW/m? at pge, ~ 0.5 to 6 MW /m?3 at Pdep = 0.65,
with a corresponding deposition width Apgep ~ 0.08. The simulation reproduces rather well
the variation of the sawtooth period, and provides a location maximizing Tsay (Pmaer) Which is
shifted as compared to the experimental trace by only Ap ~ 0.025, that is 0.6 cm, below the
errorbars on both the TORAY-GA deposition profile and the equilibrium reconstruction.

In Figure 1(b) the barycentre of the TORAY-GA power density profile Pdep 1s plotted versus
time and compared with the before crash p; computed by the PRETOR simulation as well as
with the experimental inversion radius pip,, determined from the soft X-ray (SXR) emissivity
profiles. Note that at the time of maximum 744, both in the experiment and in the simulation,
Pdep 15 clearly outside pin, and the computed p;, by Ap ~ 0.15 (more than 3 cm), which is
larger than the possible errorbars. Moreover both the PRETOR p1 and the experimental pip,
have the same behaviour during the power sweep. This shows a general behaviour: p1 moves
inward when heating power is deposited outside this surface.

In Figure 1(c) we have plotted the time evolution of the relevant terms determining 754, in
the simulation (7, 8, 9], that is the shear s; and the critical shear s; crit at p1. We have chosen
5 sawteeth at five time slices during the simulation. These are identified in Figures 1(a) and
1(b) by dash-dotted vertical lines. The key role in determining 7squ is played by the speed at
which s1 grows up during the sawtooth ramp (for graphical purposes the time quoted in x—axis
has been rescaled to zero at the start of each sawtooth).

Although all the plasma parameters of the model are computed at p;, it results that the
heating location which most efficiently stabilizes sawteeth is located outside q = 1. This is
because plasma profiles respond to transport equations, and so a desired effect to be obtained
on a given flux surface is not necessarily obtained when heating exactly on that surface. We
emphasize also that this heating location does not correspond to any specific physical surface.

In Figure 2 we compare the 744, time trace of shot §21103 with the time traces of shots
21101 and §21100. These two discharges have been obtained with the same set—up and the
same plasma of shot §21103, but a fourth ECH beam has been added during the vertical sweep
of the other three beams. In the case of shot {21101 the fourth beam was aiming at a fixed
location just inside p1, whereas in shot §21100 the fourth beam was aiming almost at the plasma
centre. Only shot §21101 does not present a maximum of 7,4, around 0.95 s. We deduce that
localized heating at the location just inside p; used in this shot, Pdep =2 0.35 (pdep = 75% piny)
has a destabilizing effect on sawteeth. We have performed a PRETOR. simulation looking for
this location with the following set—up (Figure 3). The equivalent of three gyrotron beams, 1.35
MW, is deposited at pmqs and we add the sweep of one beam of 0.45 MW along the full minor
radius. An experiment of power sweep starting from Ohmic conditions allows us to identify
stabilizing heating locations, a sweep performed starting from heating conditions in which T4,
is maximized allows us to explore the existence of destabilizing locations.

The results provided by the model agree with the expectations derived from the previous
analysis of the experiments. A destabilizing region between Pdep = 0.25 and 0.42 and a 74y,
minimum at pge, = 0.33 are found. This location is almost coincident with the one experimen-
tally identified in shot §21101. When the swept beam crosses pmaz & maximum is obtained, in
agreement with the experimental result that 7,4, increases with increasing power density [4].
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The destabilizing effect of localized heating just inside g = 1 completely clarifies why max-
imum stabilisation is obtained when the power is deposited outside ¢ = 1 and not exactly on
q = 1. Since the fraction of the power which is absorbed inside ¢ = 1 has a destabilizing effect,
the location of pmaz depends on the width of the power density profile, broad profiles providing
most efficient stabilisation when ppq, is largely outside ¢ = 1 (roughly pmas — p1 = 0.5Apgep).-

3. Stabilisation and destabilisation with current drive
The same simulation set—up described in the previous section has been used to explore effects
due to CD. We keep 1.35 MW of heating power fixed at Pmaz and we add the sweep of a
small amount of localized CD, 3.5 kA, along the full minor radius (at the plasma centre the
local maximum driven current density (0.92 MA/m?) is about 32% of the local current density,
whereas at p; (0.11 MA/m?) is less than 4% of the local current density). The results are shown
in Figure 4. The 754, time trace obtained with co~CD (+3.5 kA) is plotted with triangles
pointing up, whereas the 744, time trace obtained with counter—CD (3.5 kA) with triangles
pointing down. When considered alone, that is not accompanied by an amount of heating at the
same location, co— and counter-CD have opposite effects at symmetric locations with respect
to p1. In particular the stabilizing effect of eo~CD and destabilizing effect of counter—CD when
applied outside p; is in agreement with experimental observations in TCV [4]. We observe also
that in particular counter~CD has opposite and competitive effects at the same locations as
compared with localized heating (Figure 3 and dash-dotted line in Figure 4). Therefore we
must expect that in experimental conditions when co—, counter-CD, and localized heating are
simultaneously present, very complex time traces can result. JET shot 151800 with ICRH and
ICCD provides an interesting example in this sense.

4. Analysis of a JET shot with ICRH/ICCD
A set of shots have been performed in JET with ICRH and ICCD at w ~ 2weg producing a
ramp in By and I, in order to change the ICRF resonance location with respect t0 pipy, While
keeping ¢ and ICRF power constant [5]. The time trace of T4y as well as of the w ~ 2wey
resonance location and of R;,, obtained in shot 51800 are shown in Figure 5. We observe
that 7eew has a complex behaviour as the resonance moves through the inversion radius, with a
sequence of two maxima and minima in the time interval between 23.7 s and 25.5 s.

The different ICRF-related quantities have been computed and analyzed [5] with the codes
PION [13] and FIDO [14]. In particular the three-dimensional Monte Carlo code FIDO allows
the detailed modelling of the resonating ion distribution and the ICCD density profile, taking
into account the effects of finite orbit width and of trapped resonating ions. The collisional
. electron heating power density and the current density driven by ICRF-accelerated protons
as computed by FIDO for shot §51800 at 24.5 seconds are shown in Figure 6. The calculated
current is dominated by the current of diamagnetic type [15], caused by the large orbit widths
of the resonating trapped high—energy protons. Thereby the driven current density profile is
bipolar, and the counter— and co~CD components are at shifted locations with respect to the
position of the maximum of the collisional heating power density profile. This is particularly
interesting since, differently from cases with ECH and ECCD, both counter—CD and co—CD
are simulataneously involved and at different locations with respect to the heating power. Note
that direct fast particle effects on 7,4, are negligible in the time interval we are considering.
They become relevant only when the resonance approaches the magnetic axis and are likely to
be responsible of the observed increase of 744, up to 230 ms [5]. ‘
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We have performed simulations of the sawtooth period behaviour of this shot in the men-
tioned time interval (Figure 7), considering first separately the effects due to electron localized
heating (triangles) and due to the co— and counter-ICCD components (squares), and then tak-
ing into account both ICRH and ICCD (circles). Time t = 0 s in the simulation corresponds
to time t = 22.5 s in the discharge. The profiles of co— and counter—CD as well as the electron
heating power density used in the simulation are derived from the results obtained by FIDO for
several time slices. The barycentre of these density profiles have been plotted and compared
with the time evolution of p; as obtained in the simulation in which both ICH and ICCD effects
have been taken into account (Figure 7). The separate effects due to heating and current drive
are consistent with those shown in Figures 3 and 4, and with the related TCV experimental
results (Figures 1, 2 and Refs. [3, 4, 9]). The superimposition of these separate effects provides
the sequence of maxima and minima observed in the experimental trace of the JET shot.

5. Conclusions
Strong experimental effects due to localized heating and current drive have been identified
and explained with the help of transport simulations involving a sawtooth period model. A
specific and complex sawtooth period time trace observed in JET in the presence of ICRH and
ICCD has been explained and shown consistent with the superimposition of separate effects
due to localized heating and current drive as identified by simulations and experiments with
ECH/ECCD in TCV.

This work was partly conducted under the European Fusion Development Agreement, and was sup-
ported in part by EURATOM and the Swiss National Science Foundation.
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1. Introduction

The power absorption of additional plasma heating can be determined from the time deriva-
tive of the total plasma energy, which can be estimated from the diamagnetic flux of the
plasma using a DiaMagnetic Loop (DML). A method based on the temporal variations of the
diamagnetic flux of the plasma during Modulated Electron Cyclotron Heating (MECH) has
been developed and applied to absorption measurements of second (X2) and third (X3) har-
monic X-mode ECH in TCV [1]. A MECH frequency scan has allowed the determination of
an optimum modulation frequency situated at about 200-250 Hz. For low field side launching
configuration, full single-pass absorption of X2 has been measured and, during X3 low field
side launching in plasmas preheated by X2 CO-ECCD, full single-pass absorption has been
measured as well. In this paper, X3 absorption measurements with the recently installed top
launch injection system is analyzed. The X3 ECH allows heating at plasma densities signifi-
cantly higher than the X2 cutoff. With these higher density plasmas, additional electron-ion
coupling must be taken into account in the MECH-DML analysis. In this model, the power
balance equation contains a term describing the energy transfer between electrons and ions.
The influence of these effects are discussed by modelling the power balance equation and pre-
liminary X3 top launch absorption measurement are presented.

2. Experimental configuration and frequency response of the DML

The typical ohmic target plasmas and the launching
geometry are shown in the figure 1. Two X3 beams are
injected from the top launcher of TCV. The launching
mirror allows to adjust the poloidal injection angle in
real-time to optimize the absorption.The target plas-
mas have major radius R, = 0.88 m, minor radius
a = 025 m, elongation x = 1.53, triangularity
Figure 1 : X3 beam tra- O = 0.15, toroidal field By, = 1.42 T and plasma

jectory following the current / = 240 kA.
cold resonnance (dashed N

line). The  circular

dashed line is the g = 1

surface




The DML is a 1-turn loop fixed on the vessel encircling it
poloidally. in order to measure the diamagnetic flux, com- S N RS NP
pensations are needed. The achieved frequency response
of the DML of up to 1 kHz was obtained by a second order
analogue compensation of the vessel image currents; with-
out this, the bandwidth of the diagnostic would be limited
to around 30 Hz which is given by the decay time constant
of the vacuum vessel current. This large bandwidth,
together with the negligible poloidal flux contribution to
the DML flux modulation, allows a direct interpretation of
the signals without requiring additional data analysis. As
described in [1], these effects can be summarized in a sys-
tem of three equations relating the voltages on the DML,
on the compensation loop CL (Figure 2) and the diamag-
netic flux A¢ itself. The diamagnetic flux is obtained BT
through a hardware and digital treatment of these signals. .. =

The relation between the modulated diamagnetic flux and °
the modulated plasma energy is given in Fourier space by Figure 2 : The DML fixed around

the vessel and the compensation
W = 3n BRy- A &) , loop CL above the vessel

O8p - b

Z tml
o

0.5

The Shafranov integral terms contributing to the plasma energy can be neglected, since as
shown in [1], they do not contribute to the modulation part of the plasma energy.

3. Dynamic response with electron-ion coupling

In reference [1], only the global power balance of the electrons was considered. The electron-
ion coupling was negligible because of the temperature difference between electrons and ions
and the operating densities were such that the two populations could be considered as uncou-
pled. Since the ECH waves couple to the perpendicular momentum of the electrons, a term
describing the pitch angle scattering is included in the power balance equation. The analysis
has shown that for these ECH discharges, the plasma can be considered as being isotropic. In
reference [1] and for the optimum modulating frequency of 237 Hz, the plasma can be con-
sidered as being isotropic and transport effects can be neglected. In the present paper, the
model is implemented by including a term which describes the electron ion coupling. for the
same reason as before, the pitch angle scattering on the electrons can also be neglected. Under
these assumptions, the power balance equation can be written as:

e _ —-@er +P ——L(W -W)
dt | Te OH RF <Tei> e i

Wy Vi, 1 W,-Ww
A N

i



W, is the ion energy, W, the electron
energy, Ppy the ohmic power and Pgp
the ECH power. The energy confinement
time of the electrons takes into account
the heating power dependence by [2]
T, (Poy+Pgrp) - The ion energy
confinement time T; is kept constant. The
global equipartition time is given by [3]

transfer functions for n e 5x10" m

Amplitude

3/2
3m, (1.5

821 (n,)Z yIn(A) m/?
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where (...) is a volume average of the
corresponding quantity, m; the ion mass,
m, the electron mass, T, the electron tem-
perature and n,, the electron density. The 100
volume averages are taken on a circular 1’
plasma and assume parabolic tempera-
ture and density profiles. The power bal-
ance equations are linearized with respect

phase [deg]
&
(=3
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Figure 3 : The phase and amplitude of the transfer func-
tion calculated with a Z.g = 2 and an ECH power of 1

- MW. Z & = 2 means that the ionic density is equal to 70
to the modulated RF power Pgp around o of the electron density

an equilibrium point defined by the aver-

age input power Poyg + Prpg- The Fou-

rier transformation of the linearized system allows to write this system of equations as:

W= H(o,1,,
the total energy. In Figure 3, the amplitude and phase of the complex transfer function H are
shown. The asymptotic limit is defined by lim He< 1/®. For a density of 5x10'° m™ the

W — oo
total amplitude (Ho,+H,) stays lower than the asymptotic transfer function 1/@. This means

that, if the asymptotic limit 1/ of the transfer function is used, the measured power absorp-
tion is underestimated if no ion-electron coupling is considered.

T,7,) P rp where H is the complex transfer function and W= P~Ve + P~Vi is

4. Preliminary results

The DML measurements are compared with the linear ray-tracing absorption code TORAY-
GA. The experimental configuration is shown in Figure 1, while the most relevant traces are
shown in Figure 4. Two X3 beams carrying 450 kW each are injected from the top of TCV
during 1.1 s. Only one of the power sources is modulated at a frequency of 237 Hz during 350
ms. The absorption predicted by TORAY-GA is of 40 %, while the DML measurement results
in 65 %. We believe that the discrepancy is to be found in the accuracy of the ray-tracing cal-
culation, which is based on the equilibria calculated by the magnetic reconstruction code
LIUQE. This effect together with other effects like diffraction and/or hot plasma effects are



presently investigated. More details on experimental results during X3 ECH on ohmic target
plasmas can be found in [4]
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Plasma-enhanced chemical vapour deposition (PECVD) of photovoltaic p-i-n solar
cells in a single plasma reactor offers advantages of time and cost compared to multi-
chamber processes which use separate reactors for production of the p-, i- and n-layers. The
p-layer is a boron-doped silicon thin film deposited by plasma in a gas mixture containing
silane and a boron source gas. In a single chamber PECVD reactor, the silane plasma
subsequently used to deposit the undoped silicon intrinsic film (i-layer) leads to the recycling
of impurities [1]. It can cause boron contamination from the reactor walls, pumping ducts or
layer itself. The resulting boron contamination of the i-layer degrades the performance of the
final solar cell (Fig. 1). Therefore, for mass production of solar cells in a single chamber
reactor, it would be practical if some plasma treatment applied between the deposition of the

p- and i-layers could reduce the boron contamination and so maintain the cell quality.
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Fig. 1 : Deterioration of cell performance with boron contamination : spectral response and
IV characteristics

In this work, various techniques to reduce the boron contamination were investigated. Their
effectiveness was evaluated by means of Secondary Ion Mass Spectroscopy (SIMS), to study
the boron concentration depth profile across the p-i interface. For the purposes of p-i-n solar
cell fabrication, the boron contamination of the i-layer should not exceed 10" atom/cm’.
Trimethylboron (TMB), B(CHj3)s, instead of diborane, BoHg, was used as the boron source

gas because it has superior thermal stability in the hot reactor and causes less contamination
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[2]. The experimental apparatus is a modified version of the industrial KAI-S reactor
commercialised by Unaxis Displays. It is a parallel plate capacitively-coupled reactor of
dimensions 47 ¢cm width x 57 cm length with 2.4 c¢cm height between RF electrode and
ground electrode. A loadlock chamber was used to introduce substrates in the reactor without
breaking vacuum. Sequences of p-i layers were deposited on silicon wafers put on a glass
substrate 47 cm x 37 cm x 1 mm to test different procedures between the p- and i-layers. The
gas parameters used for the p-layer were: flow rates 70/60/1/50 sccm of SiH4/CHy/ TMB/H,
at 0.4 mbar; for the i-layer: flow rates 160/40 sccm of SiH4/H, at 0.5 mbar. The excitation
frequency was 27.12 MHz at 60 W RF power for an i-layer deposition rate of approximately
0.3 nm/s at substrate temperature of 200 °C. The procedures investigated were: pumping
between p-layer deposition and i-layer deposition, gas purging, and various plasma
treatments of the p-layer.

First, it was checked if physisorption or backstreaming of the TMB dopant gas was a source
of contamination [2]. The substrate was exposed to a TMB gas flow in the reactor, without
plasma, for 20 minutes before plasma deposition of an i-layer. This i-layer was found not to
be contaminated, showing that the boron contamination is not simply due to traces of TMB
gas which are desorbed from the reactor walls, pumpline, or pumps but is due to boron-
containing radicals created during p-layer deposition. However, following plasma deposition
of a p-layer, flushing with an inert gas (Fig. 2) or pumping for several minutes were both
ineffective in preventing boron contamination of the i-layer. All-night pumping did reduce
the contamination to an acceptable level (Fig. 2), which suggests that the boron source was
slowly desorbed, or that the boron was slowly transformed and eventually immobilised in

18422 . H2 flush
the p-layer. Pumo all nieht

Hotingn

p-laver i-laver | p-laver wafer
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fig. 2 : Boron SIMS profile H2 flush and pump all night

The boron contamination is trapped in the reactor with a confinement time much longer than
the plasma processing time of a solar cell, which means that some procedure must be found

to reduce the release of boron during i-layer deposition to maintain a high throughput.
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Two types of plasma treatment were found to give i-layers with sufficiently low
contamination, although it was necessary to remove the substrate into the loadlock to protect
the deposited p-layer, otherwise the solar cell performance was degraded. The first treatment
was 10 minutes of plasma etch cleaning (using a SFs, O, and He gas mixture) which
removed the p-layer deposit from the reactor walls and eliminated almost all boron
contamination (Fig. 3) of the subsequent i-layer. This may appear a trivial result, but the
implication is that the boron from the p-layer of the substrate itself does not contribute to i-

layer contamination. This is also the case in multi chamber processing.
Plasma etching of the reactor (substrate in loadlock)

resy j-layer p-layer wafer

3000 10000 15040 20000 5008 TR0
Depth from the suirface (Angstroms)

Fig. 3 : Boron SIMS profile, etch (substrate in loadlock) between p-layer and i-layer
The second strategy is to immobilise the boron in the p-layer on the reactor walls by means

of an oxidising plasma: 10 minutes of plasma treatment with CO, [3] or O, (Fig.4) between
the p-layer and i-layer (always with substrate in the loadlock) was observed to eliminate
almost all boron contamination. Exposure to O, gas alone would be expected to oxidise
boron in the top monolayer, but flushing with O, gas was in fact ineffective. Therefore,
efficient oxidation requires plasma-produced radicals, and/or oxidation of sub-surface boron
assisted by ion bombardment. Boron desorption by ion bombardment alone is insufficient
because the same procedure using an argon or hydrogen plasma, instead of oxygen, did not
reduce boron contamination of the i-layer.

Contamination was reduced, but not eliminated, by buring the boron on the reactor walls by
a thin i-layer deposited while the substrate was in the loadlock. This shows that the boron
source is in the reactor, not in the pumping line or pumps, because the pathlength of silane
radicals out of the reactor is not more than a few cm. From the industrial point of view,
however, an in situ plasma treatment which does not require moving the substrate to the
loadlock would be preferable. It was clear that i-layer deposition at 60 W RF power,
corresponding to 0.3 nm/s, caused too much plasma-induced desorption of boron from the

previous p-layer. But when the RF power was reduced to 30 W to deposit at only 0.05 nm/s,
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the boron desorption rate was low enough to avoid excessive contamination, presumably due
to the decrease in ion flux and energy in the low power plasma. Moreover, since a thin
intrinsic buffer layer was sufficient to bury the boron in the p-layer from the higher power
plasma, a satisfactory procedure was to initially deposit a 10 nm i-layer at 0.05 nm/s before
accelerating to 0.3 nm/s. This procedure prolongs the process time by 3 minutes, and offers
an alternative to removing the substrate to the loadlock. The time penalty could be
minimised by finding a compromise between the RF power ramp rate and the level of

contamination which can be tolerated.

02 plasma (substrate in the loadlock)

i-lhyer p-layer wafer

[ 5000 19000 15000 20000 25000 30000
Dupht fromthe serfoce (Angatri wn)

Fig. 4 :Boron SIMS profile, O, plasma (substrate in loadlock) between p-layer and i-layer
To conclude, various plasma treatments between the deposition of the p- and i-layers were

investigated to avoid boron contamination during fabrication of photovoltaic solar cells in a
single chamber reactor. Plasma etch cleaning and plasma oxidation are both effective
provided that the substrate is removed to the loadlock during the treatment. Alternatively, the
i-layer can be deposited directly after the p-layer provided that the plasma power is strongly
reduced during the deposition of a shielding layer to prevent desorption of the boron from
the underlying film.
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Analysis of the Electron Cyclotron Emission from the Non-Thermal Elec-
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Abstract: Measurements of Electron Cyclotron Emission (ECE) from the high field side (HFS) of the TCV toka-
mak have been made on plasmas heated by second and third harmonic X-mode Electron Cyclotron Heating
(ECH) and Electron Cyclotron Current Drive (ECCD). The ECE increases sharply with the local toroidal inci-
dence angle of the X2 EC beams and with the X2 injected power. The measured ECE spectra are modelled using
a bi-Maxwellian describing the bulk and the suprathermal electron populations. Suprathermal temperatures be-
tween 10 and 50keV and densities in the range 1'10!7 - 6:10'8 m™3 are obtained. Good agreement between ECE
suprathermal temperatures and energetic photon temperatures, measured by a hard X-ray (HXR) camera, is
found. For optically thin X3 LFS ECH injection, reflection of the beam on the inner wall and absorption on the

suprathermal electron population partly explain the discrepancy between global energy deposition measurements

and first pass calculations.

Introduction

The TCV tokamak (R=0.88m, a<0.24m., By<1.54T, 1,<1.2MA) is equipped with six 0.45MW
gyrotrons at the second electron cyclotron frequency (X2) and three 0.47MW gyrotrons at the
third harmonic (X3). In the case of a Maxwellian plasma, the optical thickness t™", for the X-
mode at the n-th harmonic ( n > 2), is proportional to ne(kBT/mecz)"'][I], X3 absorption is
hence much weaker than X2 absorption. In the thermal bulk of TCV plasmas, X2 is optically
thick, while X3 is optically thin. Injection of high power electron cyclotron waves in extraor-
dinary polarisation mode in X2 ECCD and/or in X3 ECH injection configuration creates a
non-thermal electron population, which increases the single-pass absorption for X3 Low Field
Side (LFS) injection[?!. In X2-ECCD preheated plasmas, a seed suprathermal tail is generated
and for LFS X3 injection, the X3 EC beam is first partly absorbed on the thermal bulk at the
cold resonance and then interacts with the suprathermal population by increasing this non-

thermal population and by increasing its absorption efficiency.

Experimental setup

To study suprathermal electron populations, TCV has been equipped with an ECE radiometer
working in the X2 frequency range and connected to a choice of two receiving antennae, on
the High Field Side (HFS) of the torus, placed at Z=0m and Z=0.21m. The ECE radiometer is
a X-mode 24 channels super-heterodyne radiometer. It covers the frequency range from

78.5GHz to 114.5GHz. corresponding to the second harmonic of the electron cyclotron fre-
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quency at the HFS. The frequency bandwidth of each channel is 750MHz, corresponding to a
spatial resolution between 0.4 (edge) and | cm (center) for the cold resonance.The radiometer
is cross calibrated from Thomson scattering measurements during the ohmic phase of the dis-
charge, prior to ECH and ECCD injections.

The flexibility of the EC heating system allows both the toroidal and the poloidal injection an-
gles to be adjustedm. The target plasmas used in the experiments reported here have the fol-
lowing parameters: 1,=200kA, q95=3.8, k=1.31,6=0.06, By =1.45T. The X3 power (Px3=0.47
MW) and the launching angles (ECH heating) are kept constant, whereas the toroidal and
poloidal launching angles of the X2 ECH/ECCD are varied.

For typical densities and temperatures of TCV (116(0)~2.5x1019m'3, 1,(0)~2keV), the plasma
is optically thick (the bulk optical depth 152 > 10 ) and the ECE radiometer provides a mea-
surement of the electron temperature profile if the distribution function is Maxwellian. In these
conditions, the plasma behaves like a black body. The radiation temperature 7, is defined by
T, =80l /o (l—¢ "
®. For an optically thick Maxwellian plasma in thermal equilibrium 7,=T7,: the radiation tem-

), where [, is the intensity of the EC radiation at the frequency

perature corresponds to the electron temperature. Concerning the ECE, we will refer to the di-
rectly measurable quantity 7T, , = 87t3c21w/u)2 as the (apparent) ECE temperature.

Non thermal ECE measurements on TCV

If the plasma is not Maxwellian, e.g. if non-thermal electrons are produced by heating the plas-
ma with EC waves, or if the bulk optical depth is optically thin for the considered radiation,
T, 1s no longer equal to the bulk temperature. For plasmas heated by central X2 ECCD,

Py»=450kW and X3 ECH, T, up to six time 7},

have been measured when the X2 local toroidal FCE signals X ray signals
. 0.92 .7 I WY A "
angle at the resonance is +35°1?]. Under the as- et VIV
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with T, and T the electron bulk and suprathermal
temperatures, T, and T,
depths.

the respective optical

The ECE from suprathermals is frequency-down-
shifted by the relativistic factor v. If the radiation is
observed from the HFS, this downshifted radiation

does not pass through the EC cold resonance and

i
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Figure 1: Temporal evolution of ECE signals (left)
and soft X-ray measurements (right) of shot #21668
with 0.45MW X2 CO-ECCD +17° local angle and
0.47MW X3 ECH injections. The y-axis represents the
radial position of these emissions; in the ECE case,
this is calculated considering the cold resonance. The
amplitude of the signals is arbitrary. The horizontal
gray lines shows the position of the inversion radii for

both diagnostics.



1s unaffected by the bulk absorption. At any given observation frequency, the intensity of the
EC radiation is then the result of a sequence of emission and absorption by electrons from dif-
ferent populations, occurring in different plasma regions. The non-thermal origin of the ECE
spectra, in the presence of EC heating, is also clearly demonstrated by the sawtooth activity
on the ECE radiometer signals. Comparison of the spatial location of the sawtooth inversion
radius, obtained with the ECE radiometer signals and with soft X-ray measurements, clearly
shows the effect of the relativistic downshift of the ECE signals emitted by non-thermal pop-
ulation as illustrated in Fig.1. For a radial shift AR,

1t

where R is the spatial location of the non-shifted .|

=
v

event, we obtain the characteristic energy of the non-

thermal electrons by E:mecz(AR/R). Based on this

~
T

relation, for the typical heated plasma studied for ?2

this paper, the energy estimation of such non-ther- 54 Power
mal electrons in the X2+X3 phase is between 30 and z e
45keV while in the X2 phase alone, the energy is be- i}

tween 15 and 35keV. 0a RS

We simulate the ECE spectrum considerin gtheelec-  Figure 2: Bi-Maxwellian simulation of the ECE
spectra for shot # 21732 with 0.45MW X2 CO-
ECCD @+15° and 0.47MW X3 ECH injections.

two Maxwellians. One of these characterizes the =0, B=S. We used T(0)=11keV and
ny(0)=1.710"m?

tron distribution function as a linear combination of

thermal electrons, the other characterizes the su-

prathermals. The bulk is determined by Thomson scattering measurements while the shapes
of the suprathermal temperature and density are obtained by HXR measurements. We assume
Ty(r)=T(0) 1-(r/a)* )", ny(r)=n0)(I-(/al* B, a e [-0.5,0.5], B e [6, 10]. The central val-
ues 7(0) and n(0) are the two free parameters that need to be determined in order to satisfy

Eq.1. In this equation, the optical depths are calculated in the hot plasma approximation taking

into account finite density effects with intermediate

temperature effect corrections! ). A result of the appli- Y

Thermal
,

ey

cation of this method is shown on Fig.2.

Suprathermal
\

The study of optically thin X3 absorbed fraction has

shown that the global X3 absorption measured by a di- on c by
amagnetic loop is larger than predicted by linear calcu- Pl Thermal
lations made by the code TORAY-GA based on a =, suruterma
thermal plasmal!. In particular, a scan of the X2 toroi- . \R

§7 F U5 5o 595

dal injection angle has shown a maxima in the X3 ab- Rind

Figure 3: a) Absorption ¢ ent for the
sorbed fraction for an X2 local toroidal angle of +25° ,,,;g;d ,ngiicf,; ],’;Z’HZ‘;ff,f;meﬁ;i‘f
prathermal populations. b) Spatial evolu-
ion of the X3 absorption by both
ulated absorption of 50% indicating abulk optical depth populations. The thick lines are calculated

X3 . . . . considering both populations effects.
T, = 0.7. The bi-Maxwellian simulation of the cor- & otk populations effec

with global absorption measurements of 100% and sim-



responding ECE spectra gives T (0)=14+6keV and
ny(0)=1.3+0.4'10"m? corresponding to a suprather-
mal optical depth 153 = 0.2£0.06. The X3 absorp-
tion on the thermal and suprathermal populations is
= exp(=(T." +71,)) = 60+2.5%,
To study the influence of the EC power on the ECE ¢

Temperatare [keV]

)

spectra we carried out a shot-to-shot X2 central power L,

n\(()) im"}l

scan from O to 1.35MW with +15° toroidal launcher in- b2
jection angle before 0.47MW X3 central ECH injec- k
tion. With X2 heating, 7,(0) is approximately 7keV

and does not depend significantly on the X2 power

while ny(0) increases linearly from 1'107m> with A P A
Py;=0.25MW to 2:10"m™ with Py,=1.35MW. By : .z
contrast nb(0)=1.6'1019m'3 for all shots. Results of the ) 7
bi-Maxwellian approximation method during X2+X3 N T W B Rt

combined heatmg are shown in Flg‘4' As the X2 power Figure 4: Results from the bi-Maxwellian simu-
is increased from O to 1.35MW, n (0) increases from lations applied on a X2 power scan with
18 -3 8.3 ' ) 0.47MW X3 ECH power. a) Central suprather-
1.2710°m™ t0 5.4'10'°m . at the same time TY(O) de- mal temperature Ts(0) and photon temperature
. X . Tg(0). b) Central suprathermal density. ¢) Cen-
creases from 51keV to 12keV. Moreover, T,(0) is near- ral ECE temperature. dy Second harmonic cen-
ly constant for Py,>0.45MW. The suprathermal tal optical depth for the suprathermals
. . . . . . . T\(O) o< nA\'T.\‘
temperature during X2+X3 injection is in fair agree-
ment with the photon temperature from the HXR camera. We also see that, as the X2 power
increases from O to 1.35MW with constant X3 power, the central suprathermal optical depth
T,(0) increases from 0.5 to 6.1: the suprathermal population becomes more and more optically
thick. The fraction of the electron energy carried by the suprathermals 1.e.
'fnSTSdV/J(nSTS +m,T,)dV is 15% with 0.1SMW X2 and increases up to 40% with

1.35MW X2 power.
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