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Experimental Study of Trapped-Electron-Mode Properties in Tokamaks:
Threshold and Stabilization by Collisions
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Trapped electron modes are one of the candidates to explain turbulence driven electron heat transport
observed in tokamaks. This instability has two characteristics: a threshold in normalized gradient and
stabilization by collisions. Experiments using modulated electron cyclotron heating in the ASDEX
Upgrade tokamak demonstrate explicitly the existence of the threshold. The stabilization with increasing
collisionality is evidenced by a strong decrease of the propagation of heat pulses, explained by a transition
to ion temperature gradient driven transport. These results are supported by linear gyrokinetic

calculations.
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Understanding cross-field heat transport in tokamaks is
crucial for future fusion devices. For more than two dec-
ades the electron temperature profiles 7, in tokamaks have
been observed to be remarkably insensitive to changes of
the auxiliary heating power deposition profile [1-8].
Experiments suggest that electron heat transport is gov-
erned by turbulence increasing above a threshold in a
normalized gradient R/L; = —RVT,/T,, R being the
major radius [9-15]. In addition to diffusion caused by
collisional processes, heat transport in fusion plasmas is
attributed to microturbulence, see, e.g., [16], which domi-
nates by 1 or 2 orders of magnitude for electrons. Possible
candidates able to drive electron heat transport include
trapped electron modes (TEM), electron temperature gra-
dient modes (ETG), and to a lesser extent, ion temperature
gradient modes (ITG). The TEM and ITG are in the “long™
wavelength range with kyp, = 0.3, whereas the ETG have
short wavelengths with kyp, =~ 10, k, being the poloidal
wave number of the unstable modes and p; = /m;T,/(eB)
the ion Larmor radius with electron temperature. These
three types of modes are unstable above their respective
thresholds and their contribution to electron heat transport
can be comparable or one type can dominate, depending on
the conditions. The TEM threshold depends on several
parameters such as R/Ly , normalized density gradient
R/L,, safety factor g, and magnetic shear §, [17]. In addi-
tion, TEM modes are predicted to be gradually stabilized
by increasing collisionality, the relevant quantity being
Vet * Voi/ @p,, the ratio of electron-ion collision fre-
quency to curvature drift frequency [18]. The ITG thresh-
old is essentially in R/L7, and its stability does not depend
upon collisions. The ETG threshold is given by the formula
derived in [19], which indicates, in particular, that for usual
tokamak plasma parameters, the ETG becomes unstable if
T, is close to or lower than 7. In plasmas with dominant
electron heating provided by electron cyclotron heating
(ECH) having T, >T; and low v, the TEM modes
dominate; the ETG modes are stable [17]. Therefore, in
such cases, the TEM properties can be studied under clear
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conditions. The present work provides direct experimental
evidence for two main properties of the TEMs: threshold in
R/Ly, and stabilization by collisions.

At ASDEX Upgrade, experiments to vary R/Ly while
keeping T, almost constant were carried out using on-axis
and off-axis ECH [15]. The results point towards a finite
value of R/Ly as the electron heat flux ¢, tends to zero,
suggesting the existence of a threshold. Comparison of
these results with GS2 linear gyrokinetic calculations con-
firms that heat transport is dominated by TEM and shows
good agreement of the heat flux dependence upon R/Ly ,
including the existence of a threshold [17]. Similar experi-
ments repeated recently in the tokamaks DIII-D [20] and
TCV [21] yield similar results. However, none of these
results could explicitly show the threshold R/Ly_ because
R/Ly, could not be reduced below this value, even with
full off-axis ECH deposition. This is attributed to the fact
that, close to the threshold, transport is low and the residual
ohmic heating power can sustain the 7, profile just above
R/Ly . To reduce the residual ohmic power and reach
lower values of R/ Ly , new experiments were carried out
in the ASDEX Upgrade and presented here.

The most complete investigations of transport are ob-
tained when analyses from power balance and transient
phenomena are carried out simultaneously [22]. Power
modulation of ECH is particularly suited for transient
studies of electron heat transport. The analysis of the in-
duced temperature modulation 7', yields the experimental
heat pulse (HP) diffusivity x! which is the slope of the
heat flux ¢, versus n,VT,, at the time-averaged working
point [22]. This quantity differs from the power balance
(PB) diffusivity x*® =g¢,/(n,VT,). The standard method

. h h
provides yHP =/ ¥2™ ¥, where x{"™" and y2'**° are de-

duced from the amplitude and phase profiles yielded by the
Fourier transform of 7',, [22]. As pointed out in [23] x! is
expected to exhibit a jumplike increase at the threshold
when R/Ly is scanned. Even if transport below the thresh-
old is not strictly zero, a nonlinear behavior of ¢, as a
function of R/Ly, around the threshold is reflected in y&".
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A simple empirical model for electron heat transport
assuming the existence of R/Ly_ can be written as, [24],

Xe= 0" g %G = 22597 + xo] above the threshold

(eB) R

3/2 (Zé)% Xo below it. The dimensionless coeffi-

cients x,, xo, R/ Ly ,and a are adjusted. The factor (eTE) %

and y,=¢q

expresses the gyro-Bohm dependence expected for micro-

turbulence which introduces a Tg’/ 2 dependence. The model
has been applied successfully, in general with @ = 1, to
reproduce ASDEX Upgrade data [15,23] and for interma-
chine comparisons [24]. Above the threshold, g, has a
quadratic dependence in R/Ly, for & =1 and weaker than
quadratic for @ < 1. Here we applied the empirical model
with @ = 1.0 and a = 0.8 using the transport code ASTRA
[25]. The calculations take into account the required ex-
perimental data including the ECH power deposition pro-
files and modulation properties. The simulations include
the electron-ion energy exchange term, ohmic power, ef-
fective ion charge, and radiation losses, the latter being
negligible in the core. These simulations yield the modu-
lation of the electron temperature profile as a function of
time, from which we take the Fourier transform and deduce
AP and yEPEeS™ iy the same way done for the experi-
mental 7,. We also analyze the stability of the modes driv-
ing the microturbulence with the GS2 gyrokinetic code
[26].

To reduce the residual ohmic power, the experiments
presented here were carried out at low plasma current,
I, = 400 kA instead of 800 kA as in our previous experi-
ments [15]. The magnetic field was about 2.2 T, resulting in
the edge safety factor of go5 = 8. The measurements are
made with the usual diagnostics available on a tokamak. In
particular, T, is measured by a 60 channel electron cyclo-
tron emission (ECE) radiometer, sampled at 32 kHz.
Similarly to our previous studies, [15], the value of
R/Ly was varied by changing the ratio of the power
Pgcy,, and Pgcy,, of two ECH beams, while keeping the
total power constant, at about 0.65 MW in this case. The
beams ECH;, and ECH,,, were deposited at pgcy, = 0.35
and pgcy,, = 0.55, p being the normalized toroidal flux
radius. The analyses were made at p =~ 0.45. The line
average electron density i1, = 2 X 10! m™3 was low to
guarantee low collisionality and weak coupling between
the ion and electron channels. These conditions provide
T, = 1.3T; and low ion heat flux. The power modulation,
made at 30 Hz on Pgcy, . was about =10% of the total
ECH power and the induced T, remained a small pertur-
bation. The rather high ¢gq5 value keeps sawtooth amplitude
and inversion radius small and the sawtooth induced heat
pulses do not perturb the modulation analysis.

The experimental results are given in Fig. 1. The experi-
mental heat flux exhibits indeed a clear change of slope at
R/Ly = 3.The values of Pgcy,_ are indicated in the figure
to show the fine heat flux scan required at low values of
R/Ly, . For low values of Pgcy, , the experimental uncer-

tainties on ¢, are dominated by those on 7;, whereas at
high values of Pgcy, they are determined by those on
Pgc,, > as reflected by the error bars in Fig. 1. The simu-
lations using the empirical transport model with @ = 1.0
and & = 0.8 were performed with constant R/Ly_ and .
adjusting only y, to have good agreement with the experi-
ment around the threshold and at the upper boundary of the
R/Ly range. As expected, for @ = 1.0 the quadratic de-
pendence of g, is somewhat more curved than for o = 0.8.
The results with @ = 0.8 are somewhat closer to the ex-
perimental points. The line indicates the growth rate 7y of
the TEM, taken at the maximum of y/k%, as yielded by
linear GS2 calculations for conditions in agreement with
the experimental values within their uncertainties. The
values of kyp; decrease from 0.2—0.18 as 7y increases in
the range shown in Fig. 1. Comparisons between linear and
nonlinear calculations for the TEM modes indicate that,
unlike the simulation for ITG turbulence, linear and non-
linear gyrokinetic calculations yield very similar results
[27]. Tt is explicitly shown that for TEMs zonal flows have
a weak influence. In the same work it is also shown that the
growth rate of the TEM corresponding to the maximum of
v/ k2l represents at best electron heat transport. Therefore,
the threshold indicated by our linear calculations is ex-
pected to be close to the actual threshold. The GS2 calcu-
lations suggest that below the threshold the ITG may drive
the residual heat flux. However, neither the experimental
accuracy nor these linear calculations allow for a clear
statement on the character of the residual electron heat
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FIG. 1. Upper plot: electron heat flux versus R/Ly , experi-
mental data, and simulations with the empirical model. The line
indicates the growth rate of the TEM at the maximum of y/ kzl.
Lower plot: ™ and }2™*° versus R/Ly, . Experimental data
and results from modeling as indicated by the legend.
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flux below the threshold. In the lower plot of Fig. 1 the
behavior of e exhibits a clear jump at R/L; =3,
corresponding to the change of slope in g,. Below this
value ¥2™ and y2"™* are similar and at low value. Above

R/Ly, =3 both quantities increase, xe = stronger than

X2 This behavior is caused by the change of

dq,/(n,dVT,) and interpreted as a threshold. For purely
diffusive transport one would expect 2™ = y2'™ the
difference being due to damping [22]. The situation

X2 > yPhae ghserved here for R/ Ly > 3is an additional
signature for the existence of the threshold. In fact, if
R/Ly > R/Lr, the heat pulses excited by ECH,, and
propagating toward the center reach a region around
ECH;, where R/Ly drops below the threshold.
Therefore, each heat pulse arriving there will cause a
modulation of R/ Ly, around the threshold where Pgcy,
is deposited. This cyclic change of transport in a region
with a high and localized power density provided by Pgcy,
excites a secondary heat wave which interferes with the
incident one. This causes a distortion of both amplitude

and phase profiles of the 7, modulation with respect to

what would happen without this effect. As yz'* and A Lhase

depend on the square of the respective radial derivative of
these profiles, they are very sensitive to this effect. The

. has
main features of x:"" and x> are reproduced by the
amp,sim

empirical model (Fig. 1). Below the threshold y and
XErasesim are small and have comparable values. At the
threshold, a jump in y¢"™*™ is observed, stronger for & =
0.8 than for @ = 1.0, due to the different dependencies of
g. on R/Ly . The model is very simple but indicates
clearly that the behavior of the data is compatible with
the existence of a threshold. In particular, it reproduces the
unusual situation Y™ > y2™* which is directly related to
the existence of a threshold. It is clear that the exact
behavior of the apparent propagation of the heat pulses
depends sensitively on the details of the onset of the driven
transport just above the threshold. This is reflected by the
model which shows that a small change in « has a strong
effect on the modulation data. In summary, the behavior of
the electron heat flux, the strong change of the experimen-
tal heat pulses propagation at R/Ly =~ 3, and GS2 calcu-
lations provide convincing evidence for a nonlinear
behavior of g, versus R/Ly , compatible with the TEM
instability under such conditions.

Another important characteristic of TEM modes is their
stabilization by collisions. To investigate this question,
discharges were run at 600 kA, 2.3 T heated by 0.7 MW
of ECH with *10% power modulation, deposited at a
single position pgcy = 0.38. In contrast to the above dis-
charges, the line-averaged electron density was not kept
constant, but increased in a linear ramp from 71, = 2.2 X
10" m™3 to 7, = 3.7 X 10" m~3 during the 2 sec of the
ECH. The analyses are carried out in the region 0.4 < p <
0.8. During the density ramp, the local density increases
proportionally to the line-averaged value and R/L, re-

mains constant. Of course T,, T;, and their gradients de-
crease, almost linearly with density, and R/L7, remains re-
markably constant at 10 = 5%, deduced with accuracy
from ECE channels. The value of R/Ly, is estimated to
remain constant at about 5 = 1. We calculated y!* at differ-

ent time points over time intervals of 150 ms. Here we have

the usual situation 2™ < y2"°_ During each of these

intervals the variation of density and other plasma parame-
ters is smaller than =8% around the value in the center of
the respective time interval. The profiles of y! for each
time point are shown in the left plot of Fig. 2. Three profiles
of xPB during the density ramp are also indicated.

One observes a strong decrease of y!P with increasing
density. Towards the end of the density ramp (7,19 =
3.2-3.7) x!P drops below xFB. This effect starts at the
plasma edge and propagates towards the center as density
increases. It is therefore logical to attribute this to colli-
sionality as shown in the right plot of Fig. 2, which shows
X/ xPB at 3 values of p versus ve(€/ €mean)”’?, Where €
is the inverse aspect ratio and €., the mean € value in the
range 0.5 < p = 0.78. The correction €*? is a rough
estimate of the dependence of v,; on € and of the TEM
destabilization by €. Indeed, this correction brings the data
at the different radii closer to each other compared to the
plot using v only (not shown). The normalization by
€mean Provides a value comparable in magnitude to the
range obtained using v in other studies. Figure 2 shows
that x!P/yPB clearly drops below unity over a significant
range of collisionality. It must be stressed that the experi-
mental uncertainties are small compared to the observed
effect. This is, in particular, due to the good conditions
provided for the power balance analysis which is carried
out rather close to the deposition of the ECH power and
even at high density the electron heat flux remains well
defined. The situation y!?/yPB <1 is unusual: the case
xP/xPB = 1 corresponds to the ideal case of purely dif-
fusive transport with constant y,, whereas, in general one
finds experimentally y!P/yPB > 1 [22], caused by y,
dependencies on plasmas parameters, for instance VT,.
Figure 3 gives TEM/ITG stability diagrams from GS2

. 1 m =05 ~+—
B2e %35 | © p=065 +
B gy ® p=078
03 I 04
04 05 06 07 08 09 0.3 1 .a/2 10
P Veit & €mean)

FIG. 2. Left plot: ' and xFB versus p for different values of
i, in 10! m™3 indicated in the plot. The symbols show y and
the lines x5B, which decreases with 7, for the 3 values 2.5, 3.3,
and 3.7 X 10" m™3. Right plot: Ratio y!F/xF® versus normal-
ized Veff-
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FIG. 3 (color online). Stability diagrams for TEM and ITG
showing contours of the mode frequency—positive for ITG,
negative for TEM, versus the collisionality used in GS2. In the
left plot T,/T; = 1.8, in the right plot R/Ly = 10. The range of
the experiment is indicated by the dashed polygons.

calculations including the experimental range. It shows
that the dominant mode changes from TEM to ITG with
increasing collisionality, the role of T,/T; being weak
compared to that of collisions.

Therefore, g, is TEM dominated at the beginning of the
density ramp and ITG dominated at the end. In the upper
plots of Fig. 4 we show for each of the two situations the
dependence of g, and ¢; as R/Ly is scanned in GS2
calculations. In each of the two scans all other parameters
(including T,) were kept fixed at their corresponding ex-
perimental values.

The results show g, > ¢g; in the TEM case and ¢, < ¢; in
the ITG case. The dependence of g, upon R/ Ly, differs
significantly in the two cases. For the TEM-driven case ¢,
increases monotonically with R/ Ly, . For the ITG-driven
case ¢, increases weakly and levels off in the range
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FIG. 4. Upper plots: Electron and ion heat fluxes from the GS2
calculations versus R/Ly in the TEM-dominated and ITG-
dominated cases. Lower plots: 2B and y°B derived from the
curves given in the upper plots. The experimental value of R/L,
is at about 10.

R/Ly, = 10, which corresponds to the experimental value.
This leads to x!P/xPB>1 in the TEM case and to
XIP/xPB <1 in the ITG case, as indicated directly by
the curves ! and yB of the lower plots. The heat fluxes,
are calculated following [27] at the maximum of y/k% and
expected to provide realistic values for the ratios ¢,/q; and
xP/xPB. In summary, experimental studies of electron
heat transport in plasmas with dominant electron heating
exhibit two main properties expected for TEM-driven
transport: existence of a threshold in R/ Ly, and stabiliza-
tion by collisions. Quasilinear gyrokinetic calculations
indicate that indeed the observed behavior can be ex-
plained by TEM-driven transport at low collisionality,
gradually stabilized and replaced by ITG-driven electron
heat transport as collisionality is increased.
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