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Abstract

Recent progress in studies of transient or perturbative plasma transport in tokamak and helical plasmas is
reviewed. Perturbative transport study involves monitoring temporal evolutions of plasma perturbations in-
duced by various perturbation sources: typically, sawtooth oscillations, modulated ECH power, modulated
gas puff rate, impurity or ice pellet injection, and fast ramp-up of the plasma current. In tokamaks, the incre-
mental particle diffusion coefficient and electron thermal diffusivity obtained through a transient transport
study technique are typically larger by a factor of two to five than those obtained by steady state power bal-
ance. Thisindicates that the relationship between the flux and the parameter gradientsisin nonlinear or offset
-linear. A reversal of electron temperature perturbations 6 7e is induced in ohmically heated tokamak plas-
mas by edge cooling using impurity or ice pellet injection and edge heating employing fast current ramp-up.
This can be explained by the sudden change in electron heat diffusivity in the plasma core region and near
the edge. This strong nonlocal or non-diffusive behaviour is not yet clarified. This 8 Te-reversal is never ob-
served in W7-AS stellarator. Theoretical models are being developed. A model including both ion and electron
temperature gradient-driven turbulence qualitatively explains the plasma responses for applied perturbations
observed in some tokamak plasmas, without any artificial nonlocal transport effects. In the near future, de-
tailed comparative studies between perturbative transport experiments and theoretical models would eluci-
date complex behaviours in turbulent transport in a toroidal plasma.

Keywords:

tokamak and helical plasma, turbulent transport, perturbative transport study, transient plasma response,
incremental thermal diffusivity, sawtooth oscillation, ECH power modulation, cold pulse propergation,
diffusive and nonlocal transport
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Fig. 1 Relationship between the heat flux and the electron tem-

perature gradient at ¢ = 0.25 in JET L-mode discharges
[2].
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Fig. 2 Examples of the relationship between flux and gradient, (a) a system having a non-linear relationship, (b) a system having an
offset-linear relation, (c) a system which may lose stability due to gradient perturbation and decay, (d) a system which may take
place a bifurcation from one branch to another by gradient perturbation, and (e) a system which exhibits a marginally stable state
defined by a critical gradient.
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Perturbation sources employed for a study of transient particle transport.

Perturbation sources Perturbation signals

Direction of perturbation propagation

Experimental devices

Gas puff modulation FIR interferometer signals From plasma edge to center TEXTI[26], LHD[27] etc.

TEXT[16], JET[10]
JIPP T-IIU[33], RTP[34]etc.

Sawtooth oscillations FIR interferometer signals From plasma center to edge

Ice pellet injection FIR interferometer signals From plasma center to edge, or from-

plasma edge to center

Table 2 Perturbation sources employed for a study of transient electron and ion heat transport.

Perturbation sources

Perturbation signals

Direction of perturbation
propagation

Experimental devices

Sawtooth oscillations

ECE signals,Soft X-ray signals

From plasma center to edge

ORMAK]13, 14], JET[10],
RTP[5] etc.

Power modulation in on-axis
ECH

ECE signals,Soft X-ray signals

From plasma center to edge

Doppler broadening of spectral
line in charge exchange spec-
troscopy

DIII-D[11], RTP[5), AUG[32],
CHS[24]W7-AS[17, 23] etc.

Power modulation in off-axis
ECH

ECE signals,Soft X-ray signals,
Doppler broadening of spectral

From deposition zone of ECH

power to plasma edge and cen-

DIIL-D[11], RTP[5], AUG[32],
W7-AS[17, 27], CHS[24]

line in charge exchange spec-| ter

troscopy
Plasma current ramp-up/down | ECE signals From plasma edge to center TEXTI[29], RTP[34],

JIPP T-1IU[33]

L-H transition, ELMs ECE signals From plasma edge to center JET[39, 40], JT-60U[41]
Impurity injection (laser blow-| ECE signals From plasma edge to center TEXT [28,29], TFTR [8, 30, 31],
off, impurity pellet,) JIPP T-IIU[33], W7-AS [36] etc.
Ice pellet injection ECE signals From plasma edge to center JIPP T-1IU[33], RTP[34] etc.

Te-perturbations caused by ne-

perturbations

ECE signals, FIR interferometer
signals

From plasma edge to center, or

from plasma center to edge

Examples listed up in Table 1
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Table 3 Perurbation source employed for a study of transient toroidal momentum transport.

Perturbation sources Perturbation signals

Direction of perturbation Experimental devices

propagation

Power modulation in co- Toroidal rotation velocity

and counter- NBI power

Deposition zone of NBI power | JT-60U[12]

to plasma edge and center
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Fig. 3 Sawtooth oscillations in electron density observed in an
ohmicdischarge ofthe TEXT tokamak, where the top trace
is the central soft x-ray signal and the others are the chord
-averaged interferometer signals [16]. The discharge

conditionis followings: the safety factor at the plasmasur-
face is g(a)=2.3 and line averaged electron density along
the central chord is 4 x 10'® m™3. Density sawteeth are
in phase with the central soft x-ray signal. The inversion
radius of the sawteeth is Pinv ~ 9 cm.
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Fig. 4 Density and electron temperature perturbations associ-
ated with the sawtooth crash observed in JET[10]. The
peculiar point is a negative density perturbation just after
the crash, while the temperature perturbation is always
positive. These perturbations are composed by fast and
slow eigenmodes (8 fast~1.7 m%/s and 6 gy~0.19 m?/s),
where the former and latter are indicated with a broken
and chain curve, respectively.
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Table 4 Characteristics of heat and density pulses induced by a sawtooth crash in JET which are derived using the following coupled
equation for electron density and temperature perturbations[10]:

a - ~

Ttu=AV?u, U= AlNeo, Us=T/Teo, A= ﬁ;: ﬂ;ﬁ ]
Here, the linearlized transport matrix is defined as A in the coupled equations. Two eigenvalues of A are obtained as 9 155t and
0 siow, Where they characterize fast and slowly evolving components in each disturbance, respectively. The eigenvectors for fast

and slow components are respectively given as erast and egow, and ey ( er ) is a vector of the relative density ( temperature) per-
turbation.

Eigenvalues (m?/s) Ofast =1.7 = 0.4 (fast component)

851ow=0.19 * 0.04 (slow component )

Amplitude ratio of slow component to fast | Electron temperature perturbation = 0.22 = 0.05
one for electron temperature and density | Electron density perturbation =—29 * 0.7

perturbations

Amplitude ratio of the initial perturbations | 0.3 * 0.05
of electron density and temperature

Elements of linearized A11=0.30 = 0.06,
transport matrix (m2/s ) Ap=—03 = 03,
A21=—05 = 0.2,
A2=16 £ 04
Eigenvectors Fast eigenvector : ep =—0.19%n +e

Slow eigenvector : ey, = 2.5en +eq
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(a) Radial profiles of phase and amplitude of the first and second harmonics of electron temperature perturbations induced by

modulated ECH in the RTP tokamak, where ECH power is deposited at the plasma centre[5]. The solid curve indicates the simu-
lation curve using a smooth electron heat diffusivity xPe" shown in (b), where it is enhanced by about a factor 2 compared with that
derived from the stationary power balance. (b) The smooth heat diffusivity xP®" profile that provides a fit to all on-axis ECH power
modulation data. The xP profile was derived from the stationary power balance analysis.
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obtained using a smooth heat diffusivity xP®" profile( chain curve) in (b). The solid one corresponds to the diffusivity profile with
an internal transport barrier shown by a slid curve in (b), where the barrier is located just outside the sawtooth inversion radius.
The model profile with the barrier gives the best fit for most of RTP shots.
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curves are results obtained by IFS-PPPL, IIF, MM and
GLF23 models, respectively. The GLF23 model agrees
well with the experimental data for both electron and ion
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-100

8T (eV)

-200

-300

-400

-500

8t (ms)

8t (ms)

Fig. 9 Temporal evolution of the relative change in electron tem-
perature after a step-down of the ECH power at 0 t=0 by
0.45 MW in W7-AS stellarator [22]. These experiments
were carried out in the standard magnetic configuration
(left) and a hill configuration (right) where the ECH power
is absorbed in a local minimum and maximum of the mag-
netic field, respectively (see inset). Three simulation re-
sults are shown: solid, dashed and dotted curves are ob-
tained for the assumptions of (1) Xe=Xo(P/Po)%5, (2) Xe=
20(T/To)15 and (3) xe=xo(V T/V Tp). In the case of (1), Xe
changes instantaneously with the power P.
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Fig. 10 Characteristics of an ohmic discharge in TEXT where
carbon was injected by a laser blow-off technique [29].
The electron temperature, density, radiation powers at
©=1.0and 0.85, spectral line related to C*2 ions and pol-
oidal magnetic flux change are shown.
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Fig. 11 Time evolution of electron temperature in the ohmic

plasma shown in Fig.10 [29]. The dotted curves are ob-
tained using a model "electron heat resistivity" (7=1/xe)
profile shown in Fig.12, where it is reduced in the edge
region and enhanced in the core region within 0.1 ms af-
ter the carbon injection.
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Fig. 12 Relative change in a model heat resistivity (7=1/xe) for
that just before the carbon injection [29]. This model
profile gives the best fit to the experimental data shown
in Fig.11.
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Fig. 13 (a) Discharge waveforms of an ohmic discharge with a

fastcurrentrampinthe JIPP T-11U tokamak[33]. (b) Time
evolutions of electron temperature and local currentden-
sity at various radial locations measured with a fast re-
sponse Zeeman polarimeter near the edge. The electron
temperature in the core region responds much faster
than the radial penetration of the ramped-up toroidal cur-
rent.
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Fig. 14 Radial profiles of phase and amplitude of electron pertur-

bations induced by Fe-injection using laser blow-off
pulses of 4 Hz in the AUG tokamak [32]. The data for the
second, fifth and eighth harmonics of perturbations are
shown. The inversion of electron temperature perturba-
tion takes place ate ~ 0.5.
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