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Abstract

Heat wave experiments are performed on TJ-II stellarator plasmas to estimate both heat diffusivity and
power deposition profiles. High frequency ECRH modulation experiments are used to obtain the power
deposition profile, which is obseved to be wider and duller than that estimated by tracing techniques. The
causes of this difference are discussed in the paper. Fourier analysis techniques are used to estimate the
heat diffusivity in low frequency ECRH modulation experiments. This include the power deposition profile
as a new ingredient. ECRH switch on/off experiments are exploited to obtain power deposition and heat
diffusivities profiles. Those quantities are compared with the obtained by modulation experiments and transport
analysis, showing a good agreement.
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Resumen

En el stellarator TJ-II se han realizado experimentos modulando y encendiendo/apagando las ondas que
calientan el plasma encaminados a determinar el coeficiente de difusión de calor y los perfiles de deposición
de potencia. Se han llevado a cabo experimentos modulando a alta frecuencia el ECRH para obtener el
perfil de deposición de potencia. Este que resulta más ancho y con menos absorción en primer paso que el
obtenido usando las técnicas de trazado de rayos. Las posibles causas de estas diferencias son discutidas en
el informe. También se han llevado a cabo experimentos modulando a baja frecuencia uno de los girotrones
lo que nos permite estimar el coeficiente de difuesión de calor utilizando la transformada de Fourier. En
estos cálculos se incluye el perfil de deposición de potencia estimado como nuevo ingrediente. Además se
han realizado experimentos de encendido/apagado del ECRH que mediante técnicas de ajusste por mínimos
cuadrados nos permiten obtener los perfiles radiales del coeficiente de transporte de calor y de la potencia.
Los perfiles así calculados son comparados con los obtenidos por las otras técnicas de modulación y de
análisis de transporte mostrando, en general, un buen acuerdo.





1.- INTRODUCTION.

Electron temperature perturbations induced by modulated ECRH (Electron

Cyclotron Resonance Heating) as well as ECRH switch-on/off experiments have been

proven to be powerful methods to investigate energy transport physics [1] and to

determine the power deposition profile [2]. In this work we present the results of

performing such experiments on TJ-II, a mid-sized four period helical axis stellarator.

The ECRH system [3] of TJ-II consists of two 300 kW gyrotrons operating at 53.2 GHz

(2nd harmonic, X mode) coupled to the plasma through two quasi-optical transmission

lines. The first line (QTL1) allows perpendicular power injection, while the last mirror

of the second line (QTL2) is steerable in both poloidal and toroidal angles. The QTL2

beam is narrower than QTLl's one, which makes absorbed power density to be much

higher for that line [4]

ECRH power modulation experiments with a wide variation in the range of

frequencies have been performed on TJ-II, where the induced electron temperature

perturbations are measured by an absolutely calibrated 8-channel heterodyne radiometer

[5]. In addition, ECRH switch-on/off experiments have been carried out to obtain power

deposition and heat diffusivity profiles. The electron heat diffusivity calculated using

these methods is compared with the results of a transport analysis, performed using a

modified version of the Proctr code [6]. The power deposition profile obtained by the

switch on/off method is compared with that obtained using power modulation

experiments and with the ray tracing predictions [7]. The differences between WKB

calculations for a Maxwellian distribution function and experimental results are

discussed.

The switch on/off method can provide an instantaneous power deposition and

heat conductivity profiles while power modulation experiments only give a time

average of these quantities for the time interval analyzed. The switch on/off technique

can be applied to the different cycles of the modulation experiment and, therefore, the

time evolution of both the power deposition and the heat diffusivity profiles can be

obtained.

Transport analysis starts from the energy and particle conservation equations.

This is a well known coupled system which includes a linear dependence between the

fluxes and thermodynamic forces. The relation between both quantities is given by the

transport coefficient matrix that includes off-diagonal elements [8] which couple, for

example, temperature variations with particle fluxes gradients and density variations



with heat gradients. But this system can be simplified in the modulation analysis

because the experiment is designed to maintain the density approximately constant

along the time interval considered. In this case only the heat equation must be studied:

\ne
d~Te +

 lUrqe) = SECRH-Sei-S0 (1)
2 at ror

where ne, Te , and q, are the electron density, temperature and heat flux, SECRH is the

energy deposition due to ECRH, Sei is the energy transferred from electrons to ions, So

stands for other energy source/sinks (for instance radiation losses) and r is the radial

coordinate in cylindrical geometry. The heat flux can be expressed as:

(2)

where £, is the heat conductivity and Te is the electron flux .

Stellarator plasmas are characterized by having small toroidal currents. In our

case the only toroidal current source is the bootstrap, which is of the order of 1 kA for

the analyzed experimental conditions. Radiation losses are negligible in the region of

interest, therefore the So term can be neglected in the plasma core.

If the amplitude of the perturbation in the experiments is small, then the

variables in expression (1) can be expanded to first order in the perturbation and we can

obtain zeroth and first order approximated equations:

n = nQ, l=lo+lv q = qo+qv

Here the e-index has been dropped. The first order interchange term between

electrons and ions can be neglected in our low T¡ ECRH plasma. The zero order

equation is the usual transport equation and the first order linearised equation is given

by:

( 5 \ ECRH ,-,
+ r 2 r 'T s ' (3)

We can also assume that the convective term is negligible [9] and, thus, obtain

the equation for the propagation of the temperature perturbation:



3 dTx-ld'-q.) = S,ECUI (4)

This equation will be solved by both Fourier and perturbative techniques. The

results presented in the paper are organized as follows. The power modulation

experiments are presented in Section 2, which is detached in high (2.1) and low (2.2)

frequency modulation experiments. Section 3 is devoted to switch on/off experiments.

Section 3.1 shows, as a result, the evolution of power deposition and heat diffusivity

profiles and Section 3.2 shows the results of the experiment where the polarization

plane orientation was changed. This experiment was performed to check if the initial

orientation was correctly chosen in terms of wave absorption. Finally, conclusions

come in Section 4.

2.- POWER MODULATION EXPERIMENTS

Power modulation experiments are carried on TJ-II by heating the plasma with

one gyrotron and injecting modulated power, following a square-wave pattern, with the

other one. In this way, the total injected power will obey the expression:

P(r) = P0(r) + R e í 5 > m o d ( r ) • eikltí>™°* I (5)

where the modulation frequency will be denoted by ü)mod = 27r/mod = 2nltmoá.

The plasma temperature evolution is measured at 8 radial positions by an 8-

channels ECE heterodyne radiometer and the signal can be analysed using Fourier

techniques:

T(r) = T0{r) + Rd 2 A m o / mod (6)

The results that we can extract from the modulation experiments depend on the

relation between the modulation frequency and the characteristic times of the plasma

phenomena.

Regarding modulation experiments, two characteristic times must be considered

when selecting the modulation period Tmod: the energy confinement time, tE, and the

electron collision time, xee. If the modulation period exceeds the energy confinement



time, comod-tE>{, then the zeroth order equation solution is also modulated and it

becomes very difficult to obtain new information. On the other hand, if the modulation

frequency is too high, the modulation time is not large enough to allow the electron

distribution function to reach steady state and the ECE signal will obey the rapid

evolution of the electron distribution function. This condition gives us another limit for

modulation frequency: CDmod • xee <1.

The modulation frequencies that we have applied vary from kHz, devoted to

power deposition studies, to tens of Hz, suitable for transport studies.

2.1- HIGH FREQUENCY EXPERIMENTS

Two time scales can be distinguished in plasma transport during power

modulation experiments. A fast one, related to the modulation-induced modification of

plasma kinetic properties, such as electron distribution function, and a slow one, whose

time scale is similar to the energy confinement time. In any case, the modulation period

must be larger than the time for electron thermalisation, ct)mocj • %ee « 1 .

In the case where the modulation frequency is very high (fm(Kf= tens of kHz) the

amplitude of the temperature perturbation is a direct measure of the power deposition

profile plus the fast transport phenomena, as the slow transport effects are negligible.
I / O

Provided that the decay length of the heat pulse, X = (4xe/3cDmod) ", is much smaller

than the width of the ECRH power deposition profile, the heat pulse amplitude

measured at a given radial position is directly related with the power putted at this

particular position.

The amplitude of the temperature perturbations induced by QTL2 power

modulation has been measured in order to characterize the line for several mirror

positions, different values of the magnetic field, and different modulation frequencies

(0.5 kHz, 5 kHz and 10 kHz). Considering that slow transport effects can be neglected

for high modulation frequencies, the power deposition profile is obtained from the heat

transport equation in the high frequency limit:

(7)



Due to the fact that, even at the highest considered frequency (10 kHz), fast

transport processes may not be completely disregarded, the power obtained with (7),

using measured temperature perturbations that include this effect, is not only the power

directly deposited but also the power coming from other plasma regions by fast

transport phenomena.

Figure 1 shows the measured power QTL2 deposition profile for a modulation

frequency of 5 kHz. The background plasma is created with 300 kW of microwave

power injected with QTL1. Two different values of the magnetic field have been used:

AB0/B0 = 0% and 1% (= 1 cm off-axis), where Bo corresponds to the field for which

resonance occurs on-axis. The average modulated power is 50 kW (100 kW 100%

modulated). The experimental data points have been fitted with two Gaussian curves.

The power deposition profile is duller in the AB0/B0 = 1% case, as can be observed in

the figure. The absorbed power in the narrower Gaussian (first step absorption) is

33.4kW in the nominal field case while it falls to 21.2kW in the second case. The

limited number of ECE channels within the power deposition zone does not allow us a

better determination of the power deposition profile. The power deposition profile

obtained by ray tracing techniques based on WKB theory [6] is compared in figure 2

with the nominal field case in Figure 1. The comparison shows that the measured

profile is much broader than the estimated one. In principle, such a broadening may

have several explanations. The most obvious could be that actual single-pass absorption

is lower than the predicted by WKB theory (90% for these plasma conditions). WKB

approximation may no longer be suitable for the steep density and temperature

gradients that appear in TJ-II. Therefore, it may be needed a more realistic simulation of

the beam wave propagation through the plasma. Recent beam tracing calculations [10]

have demonstrated that standard ray tracing codes underestimate the width of the power

deposition profile. However, we cannot exclude other mechanisms that could account

for the observed effect. The perpendicular diffusion in momentum space, induced by

ECRH heating, increases the trapped particle population thus enhancing fast outwards

electron flux transport [11]. Moreover, the existence of a high energy tail in the electron

distribution function favours absorption at higher field values and, consequently, the

power deposition profile becomes broader [12].

A comparison of power deposition profiles obtained for different modulation

frequencies gives us information on the time scale of fast transport processes. If the

resulting profile is just the same for these different frequencies, then the fast transport

phenomena are indeed faster than the fastest frequency. The power deposition profiles



obtained for 10 and 5 kHz are shown in Figure 3 and it can be seen that their widths are

very similar. Therefore, transport phenomena must be faster than 100 m/s, since the

separation between radiometer channels is typically 1 cm. The 0.5 kHz is also presented

in this figure, but this frequency is too low to exclude diffusive transport influence.

Typical Te and Ne profile for this high frequency ECRH modulation experiments

obtained by Thomson Scattering are showed in figure 4.

Figure 5 shows the power deposition profile of the QTL1 line. In this case

plasma was created injecting 300 kW with QTL2 line and 100 kW of QTL1 were 100%

modulated. It is observed that this profile presents a peaked central part, which

corresponds to the central heat core plasma, and a flattening between

0.8 cm <\r,< 0.4 cm , corresponding to a lower absorption zone. The comparison with

ray tracing results for a Maxwellian distribution function can also be observed in Figure

5: the difference between the measured and the estimated profiles are much less than in

the QTL2 case. The plasma density is similar in these discharges (O.65xlO19 m"3), so the

observed differences must be attributed to the different beam sizes of both lines.

2.2- LOW FREQUENCY EXPERIMENTS

The low frequency experiments are suitable for probing the slow transport

phenomena that correspond to the usual transport normally studied in magnetic

confinement devices. Using the time evolution of the electron temperature in ECRH

power transient processes it is possible to reconstruct the heat sources and transport

coefficients by solving the inverse problem [13] for the first order power balance

equation (4). The lower limit for modulation frequency will be given by the energy

confinement time, tumod -tE » 1; hence modulation frequency must be higher than 50-

100 Hz.

The unknown quantities in the equation are the absorbed power PECRH and the

electron heat diffusivity %, both dependent on radius. To solve this problem we can

Fourier-analyse the ECE signals, assuming perturbations of the forms (5) and (6). If we

assume that electron density is constant with time, the first order transport equation can

be written as an equation in the corresponding harmonic, T^:

3/CO/¡ T (r)e'^{r) - l n (ry
2 r dr\ o



here (j) is the phase and T^ is the amplitude of a harmonic component of the electron

temperature perturbation. The electron thermal diffusivity is commonly estimated from

these quantities, using the simplified formula [14], that neglect the absorbed power:

(9)

Therefore this formula is only valid for the ECE channels outside the power

deposition area. We have seen in the previous section that our power deposition profile

is not so narrow as the WKB approximation indicates. This situation would force us to

disregard at least both central ECE channels. If we also disregard the outer channels,

since the plasma is not optically thick there, we cannot have enough channels to make

an appropriate Fourier analysis. Therefore, to avoid this problem we must introduce the

power deposition profile in our estimation of heat diffusivity, so, it cannot be estimated

using equation (9) anymore. We carry out this task using the Green's function procedure

[15], which allows us to generalize the solution for any source term. Then, first of all

we obtain the Green's function solving the temperature perturbative equation (8) for

cylindrical geometry at t=0 and r=r':

(10)^()
2nr

In this equation heat diffusivity is assumed constant. The Green function is given by:

Í 1 \ KQ(qa) ]
• 1 K fa)--ff-tlo(qr),Io(qr)\ r>r

I0(qa) J
G(r,r<) = (11)

^/0(^]/0(g r); 0<r<r'
(qa) J

where Ko is the zeroth order McDonalds function, Io is the zeroth order modified Bessel

function, q~ = 3u)i/(2%e), and a is the minor radius. Hence, the temperature profile for a

source term give by Pw(r) satisfies:



2njr' (12)

Equations (10-12) are solved numerically introducing the power deposition

profile provided by the high frequency modulation experiments (taken for discharges

with simil T density and temperature) and performing a least squares fit for the 4 central

channels. The other channels are disregarded because, otherwise, the heat diffusivity

could no longer be considered constant. In this way the (constant) central heat

diffusivity can be obtained.

Figure 6 shows the experimental temperature amplitude of the different ECE

channels for two modulation frequencies (60 and 140 Hz). These results have been

obtained for 100 kW of 100 % modulated power injected with QTL2 over a plasma

created with 300 kW of QTL1. Line densities of these shots were between 0.6xl019 -

0.7xl019 m"3. Densities increase slightly along the discharges up to values around

0.8xl019 m"3. Electron central temperatures were approximately lkeV and go down

slightly along the discharges. The external ECE signals of these shots are affected by

ELM-Hke events [16], especially in the first modulation cycles. These perturbations

tend to disappear as the density increases.

Figure 7 shows the time delay with respect to the central ECE channel signal of

the other ECE-channels obtained experimentally for the same cases as in Figure 6. The

amplitude and the time delay are estimated numerically using expressions (10-12) and a

fitting in the parameter %e is performed in such a way that the simulated ECE traces fit

the experimental ones. The values of heat diffusivities are %e =1.9-2.15 nr/s for 60 Hz

and xt = 1.7-1.8nr/s for 140 Hz. The differences between the heat diffusivities obtained

at different modulation frequencies also had been observed in other modulation

experiments. This dependence is not considered significant in W7-AS [1] given the

uncertainty in the power deposition profile not included in their equations. A possible

explanation, mentioned in [17], is that the modulation amplitude is larger for the small

modulation frequencies, which makes these results less sensitive to effects that are not

considered in the model, like the superposition of the channels with the power

deposition profiles, not included in Eq. (9). In our case the power deposition profile has

been introduced in the model, therefore the difference between the diffusivities must be

attributed to another fact. Moreover, W7-AS team attributes the flattening observed in

the delays to a fraction of off-axis absorbed power. A simulation has been performed



using Eqs. (10-12), where we have introduced the power deposition profile shows in

Figure 8a. The delays and temperature amplitudes obtained, shown in Figure 8b-c,

show clearly a different pattern of what are obtained experimentally (Figures 6-7). We

observe in our simulation that it is possible to simulate the experimental delays and

amplitudes only if there is a double peaked deposition of power, with one maximum

approximately centred and another one concentrated in an external zone. In this case the

experimental time delay can decrease in the zone where the second maximum appears.

The power deposition profile is found to be monotonic in TJ-II, decreasing along the

minor radius, and therefore, the decreasing delay of outermost ECE channels cannot be

explained with the two peak-power deposition profile. This behaviour might be

explained only with some mechanism, evidently not diffusive, that should deposit

power directly in an external zone of the plasma. Direct particle ripple losses combined

with ECH pump-out could explain these experimental facts.

3.- SWITCH ON/OFF EXPERIMENTS

Another approach to solve the inverse problem of Eq. (4) is to deal with some

functional parameterisation of power deposition profile and heat diffusivity and solve

for those parameters. Starting again from Eq. (4), we introduce the former functions for

the unknown quantities % and P(r) and adjust the free parameters in the equation in

order that the simulated evolution of temperatures fit to the experimental ECE signals

using a least squares fitting method.

The QTL2 power deposition profile is simulated by the sum of two Gaussian

functions:

P =W
1 ECRH YY0

2 \

+ (1-77) ex (13)

This function reproduces adequately the power deposition profile obtained from

high frequency ECRH modulation experiments (see Figs 1 and 2). Four free parameters

are found by the fitting procedure, namely Wo, the maximum of absorbed power

density, A, 2, the widths of the two Gaussian curves andrj, the fraction of single pass

absorbed power.

The electron heat diffusivity is fitted by the following expression:



(14)

In this case the free parameters are: %0, %p X2> X.v X.*> ri a nd A. The values of

power deposition profile and electron heat diffusivity obtained for a typical ECRH

switch-on experiment in TJ-II are shown in figures 9 and 10. QTL2 line (100 kW) is

switched on once the plasma has achieved steady state conditions.

The radial profile of the heat diffusivity and its magnitude are similar to those

obtained using transport analysis [18]. The heat diffusivity varies slowly across the

plasma radius and rises strongly at the edge. The values corresponding to outer ECE

channels are less accurate than the central ones, since the plasma optical thickness at

this position is low and, hence, radiative temperature, given by ECE measurements,

does not represent kinetic temperature.

3.1 POWER DEPOSITION EVOLUTION ALONG THE DISCHARGE

The switch on/off method can also be applied to exploit power modulation

experiments considering the modulation as several switch on/off experiments

performed during a single discharge. One can perform the fitting described above in the

cycles of modulation during the discharge, obtaining in this way the time evolution of

power deposition and heat diffusivity profiles. The profiles obtained from Fourier

analysis can be considered as a time average of those quantities along the discharge.

The time traces of ECE channels (see figure 11) show the temperature evolution

along a discharge where 100 kW of QTL2 are modulated. A glance on this time

evolution shows that the temperature profile evolves and so does the power deposition

profile. This evolution can be explained by the fact that density increases along the

discharge and, hence, temperature decreases and the power deposition profile becomes

wider. The fit procedure will confirm this first glance impression: Figure 12 shows the

power deposition profiles and heat diffusivities at t=l 165.7 and at t= 1281.7 obtained

by performing the fitting in the switch on phase of the modulation cycles. In both cases

the single pass-absorbed power is lower that the predicted by ray tracing techniques.

10



3.2- POLARIZATION EXPERIMENTS

The gyrotron output radiation is linearly polarised. The plane of this polarisation

can be rotated by means of a flat corrugated mirror (corrugation depth: A/4), placed at

the beginning of QTL2. The initial position of the mirror is such that the polarisation

plane is perpendicular to the magnetic field on the axis, so that an X-mode is excited.

The changes induced in the polarisation during the wave propagation through the

plasma are not considered, and the experiments were planed to adjust the orientation of

the plane of polarisation and find its optimum position with plasma. The rotation of this

polariser allowed us to vary the injected EC waves from pure X-mode to O-mode. The

fitting procedure has been used to estimate the power deposition profile and the heat

diffusivity for several cases. The results are shown in Figure 13. It can be seen that the

power deposition profile becomes wider for angles close to O mode. Despite the wrong

polarization the absorbed power is considerable for this case giving 80%. One possible

explanation is that the microwaves cross the plasma with very low first-pass absorption

and, after several reflections, the polarization is random and the microwaves are

absorbed in all the plasma profile.

4.- CONCLUSIONS

The power deposition profile and heat diffusivity are obtained for TJ-II plasmas

using power modulation techniques and switch on/off experiments. It is observed that

the power deposition profiles obtained during the ECRH modulation experiments are

wider and duller than those estimated using ray tracing techniques. Several reasons can

be put forward to explain this: For the steep gradients and high power density in TJ-II

plasmas, WKB approximation breaks-down and, hence, it is necessary to consider

another method to calculate beam propagation and absorption, for instance Gaussian

beam techniques. Therefore, although ray tracing predicts almost complete single pass

absorption, the fraction of non-absorbed power in a single pass is far from being

negligible. Fast transport processes, such direct particle losses, or the creation of an

electron superthermal tail, could also lead to a broadening of the power deposition area.

Future work will be carried out to investigate the cause or causes that broaden the

experimental power deposition profile.

The power deposition profile obtained through switch-on/off experiments is

compatible with the former experimental results. The width of the profile can vary

depending on the plasma density and temperature profiles and also due to kinetic

effects, as mentioned above.

11



The electron heat diffusivity is estimated from low frequency modulation

experiments, including the power deposition profile in the equations, for several

modulation frequencies. The electron heat diffusivity is also obtained by the switch-on

experiments and is in qualitative agreement with the former values and with those

obtained using transport analysis. Considering the error bars of both results it can be

said that the values of heat transport obtained by this two method are compatible and

heat transport in the stellarator core is properly described by a diffusion equation, both

in steady state and in switch-on experiments.

12
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6.- FIGURE CAPTION
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Fig. 1. Power deposition profile of QTL2 line measured during ECRH power
modulation experiments (fmod = 5 kHz) for two values of the magnetic field. The data
points are fitted by two Gaussian curves.

-12

r (cm)

Fig. 2. Normalized power deposition profiles obtained from ray tracing calculations and
ECRH power modulation experiments. Error bars are plotted on experimental results.
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Fig. 3. Power deposition profiles obtained for three modulation frequencies: 10 kHz
(shot # 2258,2290 closed circles adjust by dashed line), 5 kHz (shot # 2267,2268
squares adjust by continuous line) and 0.5 kHz (shot # 2292, 2296 open circles adjust
by dotted line). The width of power deposition profile is the same for the two first cases
and wider for the third one. In this latter case the widening can be explained by
transport processes, since the modulation frequency is too low.

2 . 5

r (cm)

Fig. 4. Te profile (closed squares) and Ne profile (open squares) obtained with high
frequency ECRH modulation experiments measured by Thomson Scattering (shot #
2290).
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Fig. 5. Power deposition profile obtained for QTL1 compared with ray tracing
calculations.
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lOOkW in all cases. Fig 5a corresponds to fmod=60 Hz and 5b to fmod=140 Hz.

17



0 . 5

: 60
i

;

:

g

HZ

s
H

0
1

o
e

e

f

1.6

ECE channel

1 -

(3

a)

•O 0.8
CJ

-H
E" 0.6

•

-

-

-

-i

140

i '

Hz

s

i

8

- i i

e

a

8

i i

i

9

i

* :

-

0

~

3 2 1

ECE channel

Fig. 7. Phase delay of the ECE channels with respect gyrotron signal for the same cases
as in figure 6. Fig 6a corresponds to fmod=60 Hz and 6b to fmod=140 Hz.

gu

E

u . a

0 . 7

0 . 6

0 . 5

0 . 4

0 . 3

0 . 2

0 . 1

n

1 1

-

-

\ ( a ) . • - • • " " • • .

i \

¡ i

i \

i i

/ ^ — \

0 155 10
r (cm)

Fig. 8a. Power deposition profiles used to solve equations 10-12.
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Fig. 8b. Simulated amplitude of the modulation of temperature of the ECE channels for
the previous power deposition profiles.
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Fig. 9. Power deposition profile obtained by the fitting procedure in a switch-on
experiment.
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Fig. 10. Thermal diffusivity obtained by the fitting procedure in the same case as in
figure 9.
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Fig. 12. Power deposition profiles and heat diffusivities for two modulation cycles of
the former shot.
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