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Abstract Steady state full non-inductive current Tore Supra plasmas offer an opportunity to study the local
parametric dependence of particle pinch velocity, in order to discriminate among different theories. The
existence of anomalous pinch is unambiguously demonstrated. The results support the turbulent theories based
on Jon Temperature Gradient modes (ITG) and Trapped Electron Modes (TEM). In zero loop voltage plasmas,
the density peaking is mainly determined by the profile of safety factor (q). An anomalous inward pinch
generated by Vq/q is found to be dominant in the gradient region (normalized radius 0.3 < r/a < 0.6). In contrast,

the direction of the anomalous pinch in the plasma core (r/a < 0.3) is more sensitive to the electron temperature
(T.) profile.

1 Introduction
Particle transport is being intensively investigated in most of current tokamak devices. It is
one of crucial issues for magnetized fusion plasmas. Indeed, the density profile (n.) plays an
important role in the plasma performance. A peaked density profile can stabilize micro-
instabilities (ITG and ETG) and reduce heat transport. In particular, it is favorable for fusion
reactor, to enhance the fusion power (Pg,; o< density) and to generate a large bootstrap current
fraction (o< poloidal beta, thus density) required for continuous operation.
The general expression relating the particle flux (I') and the density (n.) profile is:
I'=-D.Vn.+V.n. (Eq.1)

D is the diffusion coefficient and V is the sum of the neoclassical (Vo) and anomalous (Vay)
pinch velocities. Vye, includes the so-called Ware pinch (Vwae) [8] proportional to the
toroidal electric field (Ey), and the contributions of main ion temperature (T;) and impurity
density gradients. The existence of V,, is predicted by turbulence theories based on ITG or
TEM micro-instabilities. These theories predict two main mechanisms related to the profiles
of the electron temperature [1,2] and of the safety factor [3,4], which are confirmed by several
turbulence simulations and analytical approach [5-7]: 1) turbulent thermodiffusion [1,2]
generates a pinch velocity, inward or outward, proportional to VT¢/Te; ii) Turbulence Equi-
Partition [3,4] drives an inward pinch proportional to Vq/q (called curvature pinch).
Accordingly, Eq.1 can be expressed as:

I'=-D [Vne+ (Cq Vq/q - Cr VTe/Te) ne] + Vieo e  (Eq.2)
Anomalous particle pinch has been invoked in several experiments: DIII-D [9], JET [10],
TCV [11], TEXT [12], TFTR [13]. But in several cases, a neoclassical pinch is high enough
to explain the peaked electron density profile (e.g., AUG [14], JET [15]). These experiments,
in fact, have been carried out in conditions where either the resistive current does not vanish,
thus Eg still subsists, or without an ignorable central particle source (i.e., using neutral beam
heating). Therefore, the respective contribution of the neoclassical and anomalous pinches to
the density profile peaking cannot be clearly identified. Recently, significant experimental and
computational results are recorded. Evident of anomalous pinch has been observed in
experiments with Electron Cyclotron Current Drive (ECCD, e.g., in TCV experiments [16])
or Lower Hybrid Current Drive (LHCD, in Tore Supra experiments [17]).
In Tore Supra experiments, the anomalous pinch has been unambiguously identified. Peaked
n. profile has been maintained over a time ~80 times longer than the current diffusion time.
Taking advantage of these plasma conditions, the local parametric dependence of anomalous
pinch is investigated in order to discriminate among thermodiffusion and Equi-Partition



mechanisms. The main finding of the present work is that the thermodiffusion is found to be
small. The density profile is mainly governed by an inward pinch driven by Vg/q in the
gradient region (normalized radius 0.3 < r/a < 0.6, a being the plasma minor radius).
Nevertheless, the direction of the pinch in the plasma core (r/a < 0.3) is rather sensitive to
VT./T. [18] when the Ware pinch vanishes.

2 Evident anomalous pinch

Very long discharges can be routinely obtained in Tore Supra, at zero loop voltage, thanks to
full real time control implemented recently [19, 20]. Sawtooth free LHCD discharges, with
duration up to 6 minutes, were performed at: plasma current I, = 0.5 — 0.7 MA, central density
n(0)=2- 3.5 x10”m>, central electron temperature T.(0) up to 8 keV, central ion
temperature T;(0) < 2.5 keV, effective charge Z.s around 2. These plasmas were well
diagnosed. Electron density and temperature profiles are measured by various diagnostics
such as interferometry, Thomson scattering and a superheterodyne radiometer. In particular,
the density profile is accurately measured by a powerful reflectometry system with high
temporal resolution (At = 25 us) [21]. In addition, the current density profile was
reconstructed by the integrated package of codes CRONOS [22] using the profile of fast
electron bremsstrahlung to determine the LHCD current profile. Fast electron profiles are
measured by a Hard-X ray tomographic system [23]. It is moreover constrained by the
measurements of Faraday rotation angles and of plasma inductance. Interpretative analyses
are performed in a fully self-consistent manner: the whole system of transport equations
together with the current diffusion, the plasma equilibrium and the sources (i.e. heat and non-
inductive current) for multiple species plasmas are computed by CRONOS. They provide
therefore confidently the profile of E,, thus the neoclassical pinch computed with the code
NCLASS [24] of the package CRONOS. In these plasmas, the plasma current was fully
driven by LHCD over a time much longer than the current diffusion time. Transformer flux

was kept exactly constant using the real time controls. E, vanished thoughout the plasma
2.4

cross section after a few tens of T T T 4 CTPoee
seconds, thus the Ware pinch. In 22} . 2LZ‘*” '
these unique conditions, the % ,| o= o ot TransTormer TTx
. . \% N e b
density profile is found to be = Xy 0
. NEORT N | 0 100 200 300
significantly =~ peaked,  with 7% s ‘
negligible central particle R = o Steady-state| Line density (x10"’m")
source. As shown in Fig.1, the gl & o Transient T(0)
value of the density peaking 0010 2, 30 408060 g
Eg{mV /m) 0 100 200 300
(defined as n(0)/<n>where . . . . 5
<n> is th 1 d Fig.1: Variation of density peaking i, A A .
De ls‘ ¢ volume averaged ¢ function of inductive toroidal Density peaking
value) is arround 1.6 when ciecrric field measured at the last E¢ (V/m) @1/2=0.2,0.4,0.6
. . . . 0
Vanlshmg E(p measured at the closed surface during both transient 0 100 _ 200 200
last closed surface. Time 4nd steady-state phases for a series Time (s)
luti ¢ 1 lasti of 30 discharges Fig. 2: Time evolution of a full
evolution of a plasma lasting LHCD plasmas (#33299).

6 minutes, with real time zero loop voltage control, is illustrated in Fig. 2. It can be seen that
the density profile is peaked (n.(0)/<n.> ~ 1.6) while Eg, is null over 6 min. In this case, there
is no central fuelling since the plasma was heated by the LH waves. The same density peaking
was observed in both deuterium and helium plasmas. Main particle sources from the external
gas puffing and the recycling on the pump limiter have been evaluated with the 3D neutral
code EIRENE [25] and are found to be located in the outer part of the plasma. As shown in
Fig. 3a, the radial profile of these sources indicates that less than 1% of total ionized
deuterium, is located inside r/a = 0.7. This result is consistent with n. profiles measured by



reflectometry (Fig. 3.b), which exhibit a gradient in the edge region higher. The ionisation
source due to the intrinsic impurities, mainly Carbon and Oxygen, was also evaluated. Its
contribution to the electron density was evaluated consistently with the measurements of Zg,
T; and the neutron rate, taking into account C°" and O®" ionization stages. The fraction of
electrons due to these ion impurities ( ~ 3x10"®m™) is small compared with n. > 1.5 x10"’m”
inside r/a = 0.7. Therefore, the peaked n. profile inside the core region (1/a < 0.6) is related to
the particle transport properties, not to the central source. The observed inward pinch has to

be anomalous. Since Ve, mainly due to the impurity contribution, does not exceed the value
of 1x107 mys.
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Fig.3: (a) Neoclassical pinch velocity during ohmic (dashed curve) and full LHCD (full curve) phases of the
discharge displayed in Fig. 2, respectively at t = 4s and 140 s; (b): lonization source from the external gas
puffing and recycling, computed with the 3D EIRENE code.

Inside r/a =0.6, the ratio V., /D is determined by the

measured n. profile: V,,/D = Vne/n. (see Eq. 2). Its radial

profile is shown in Fig. 4. It can be seen that V,,/D is close

to 1 m in the region r/a = 0.2 - 0.7. To evaluate V,,, a 1D

simulation has been performed with a model described in

Ref [26] taking into account the parallel particle sink in the

scrape off layer. In the present case, D is assumed to be the

same as in the ohmic phase [27] (under estimated since we

do not take into account the power degardation of the figure. 4: Radial profile of the ratio
confinement). Vu/D, deduced from n, profile

The simulation well reproduces the measured n. profile (Fig. 5a). To obtain the right
simulated profile, we need a value of V,, two orders of magnitude higher than V,, in the
gradient region, and up to 10 m/s at the plasma periphery, as shown in Fig. 5b. Of course, one
could simulate the same n. profile by imposing a pinch velocity of the order of neoclassical

(<107 m/s) and D unrealistically lower than the collisional value ~ 2x10™ m%s.
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Fig. 5: 1D simulation of n, profile measured by reflectometry. a), Experimental (circles) and simulated (full
line) n. profile. b), Corresponding V., (full line/squares, in m/s) and D (full line/diamonds, in m’/s). Ve, is
computed by NCLASS (full line/triangles).

It is worth noting that the LH waves could contribute to this anomalous pinch due to: 1) the
electric field of the waves; ii) the detrapping of fast electrons. So far, such a contribution
cannot be confidently provided by existing codes. However, careful analysis of the time
evolution of Vn¢/n. indicates that the part due to the first mechanism cannot exceed Ve, (see



for example Fig. 7b in §3.1, where Vne/n, is seen to decrease when vanishing V., without
any correlation with the LH power which is rised up). For the second mechanism, the
suprathermal electrons cannot be detrapped by collisions since their energy is between 75 keV
and 175 keV. The main loss is due to the ripple which is < 5% in Tore Supra. To maintain the
observed n. peaking through this mechanism, an unrealistic pinch velocity of ~100 km/s is
needed, taking into account a measured suprathermal density which is less than 0.1% of the
thermal population [28]. In consequence, the pinch driven by the LH waves can be ruled out
in our experiments.

3. Parametric dependence of anomalous pinch
Turbulent simulations have been intensively performed to quantify two turbulent pinches in
Eq.2 [5-7]. But experimentally, It is quite impossible to identify different effects in Eq. 2
when the plasma is inductive because of the complex interplay between T, q and E, profiles
through the plasma resistive current. In several experiments, the density peaking is found to
be related to either T. (AUG [29]) or the g-profile (JET [30], DIII-D [12], TCV [16], TFTR
[3]).
Taking advantage of full LHCD discharges described in Sec. 2, we have studied the
dependences of V,, on VT./T. and on Vq/q. According to Eq.2, inside r/a = 0.6, since source
and V¢, are negligible, the density peaking is determined, by:

Vn./n.=-Cq Vg/q+ Cr VT/T, (Eq. 3)
To separate the effects of these two parameters, we vary one of them in fixing the other
constant. For this purpose, we have selected a set of seven full LHCD plasmas without
sawteeth. Because of the well known stiffness of T. profile [31,32], VT¢/T. cannot be varied
substantially at a given radial position in keeping Vq/q constant. The main parameters in the
data set are the following: ne(0) = 2.2-3.5 x10"°m>, qegge = 9-14, q(0) = 1.2-2, Te(0) = 4.5-7.8
keV, Ti(0) = 1.5-2.5 keV. For each discharge, the radial profiles are taken over time intervals
of Isor2s.
3.1 VT./T. dependence
Variation of Vne/n. versus VT¢/T., at fixed Vq/q value, is shown in Fig. 6. The slope and
origin of the linear fit correpond respectively to Cr and Cq4 (Eq. 3). The result clearly indicates
the thermodiffusion pinch has two opposite directions belonging two regions. Its direction is
found to change from outward (Ct < 0) to —~ 3
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In contrast, in the gradient region, 0.35 < r/a < 0.6, the outward thermodiffusion flux is
dominated by the inward curvature flux. As shown in Fig. 6b, linear fit of Vn¢/n. versus
VT./T. give Ct ~ -0.2 which is smaller than C, ~ 0.8. Thus, it seems to be dificult to isolate
this thermodiffusion contribution.

In the plasma core (r/a <0.3), the inward thermodiffusion cannot be clearly identified when
the inductive current is not completely relaxed. In this situation, the subsisting Vware
dominates. An example in shown in Fig. 7 which displays a discharge lasting 2 minutes with
combined LHCD and Ion Cyclotron Resonance heating (ICRH). During the relaxation of the
current (from 6s to 12s), after the LH power application, the flattening of n. profile in a
narrow plasma core is due to the decrease of Vware, not to the change in T, profile.

As shown in Fig. 7b, the value of Vn¢/n. at r/a =

0.3 decreases by a factor of about 2 when the Ware T ,Lﬁ,,,,ﬁ,,,,
pinch drops to zero due to the decrease of Eq, while T J'C"jgw B W
the value of VT./T. swings between 2 and 4. A IS N .
weak effect of the thermodiffusion can only be SMM ) M"‘”‘*
identified in the plasma core region when the Ware R S R R
pinch is completely suppressed. It can be seen in ZMM - WWW«MM
Fig. 7c, an increase of Vne/n. of roughly 30% is (L st LA VJ ]
clearly correlated with the increase of VT./T. from | valq 2-—~/vr‘=-
2 to 4 (consistent with a weak change seen in Fig. ; Ve e

6a), while Ve, is negligible corresponding to the R

absence of Ve over 20 s. Here, Vye, 1s computed .
. . . Figure 7: Combined  ICRH and LHCD
with the code NCLASS taking into account all . . . . T
. . ; . . discharge: (a) central line density (nlin 107" m™),
neoclassical effects, 1nclgd1ng the pinch drlven. bY LH and ICRH power in MW, (b) Correlation
the temperature and density gradients of all particle petween Viun, and the Ware pinch at r/a = 0.3;
species. During this phase, weak variations of Vq/q (c) Correlation between Vi/n, and VI/T, (in m*

. . . 1 _ . . .
(~20%) within the error bars cannot be responsible /- ]“5_;’/“/_. 0-;’ ;h@" ;’;””Sh;”g Walr e ;mci’ (Vieo
1s).
for the Change Of Vne/ne mn m/s inciuaing att neoclassical ejjec

3.2 Vq/q dependence

The dependence on Vq/q has been studied in
the gradient region (0.3 < r/a < 0.6), with
VT./T. = 6 £ 0.6, selected from the data set. In "5
this region, we found, again, an inward
curvature pinch which dominates outward
thermodiffusion pinch . As shown in Fig. 8,
Vne/n. increases linearly as a function of Vq/q
with a positive slope: Cq = 0.8 and Cr = - 0.15.

This result is in agreement with the o
observations in JET L mode [30] and TCV [33] ] 2 3 - 5
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Micro-stability analysis of these discharges has been analyzed using the linear electrostatic
gyro-kinetic code KINEZERO [34]. The spectra of linear growth rate (7) of the unstable
electrostatic eigenmodes have been calculated taking into account the non adiabatic response
of both ion and electron populations, covering large (kepi < 1, corresponding to ITG and TEM)
and small scales (kepi > 1, corresponding to TEM and ETG) instabilities. In these discharges,
the electron-ion collision frequency V. is between 0.5x10*s'and 4x10%™ for 0.1 <r/a < 0.6,
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to be compared to the vertical drift frequency of trapped electrons wpe = 0.5x10° - 1x10°s™ at
kepi = 1. The corresponding effective collision frequency Veg= (5/2)1/ 2 VeiR/cs, as defined in
[35], is between 0.1 and 0.3. Thus, the trapped electron contribution is not negligible [36]. To
quantify this contribution, we have performed two KINEZERO calculations. In the first one,
the effect of collisions is neglected (vesr = 0). In the second case, we neglect the trapped

electron contribution (Veg>>1).
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Fig. 8: Micro-stability analysis of a full LHCD discharge: (a) Spectrum of linear growth rate at mi-radius; (b)

Radial profile of maximum growth rate. Full curves: V,/wp,=0 (mixed ITG and TEM), dashes curves: V,/@p,
>>] (absence of TEMs).

The results of the analyses indicate that ITGs and TEMs are destabilized inside the region r/a
< 0.6. While the ETG modes are found to be stable at all radii. TEMs are more and more
dominant when moving from the core to the gradient zone. Conversely, in the core r/a < 0.3,
the unstable modes are purely ITG. The complete spectra of 7y calculated at mid-radius and
radial profiles of maximum growth rate are shown respectively in Fig. 9a. and in Fig. 9b.
Correlation between TEM unstable modes and dominant inward curvature pinch, in the
gradient region, is in agreement with previous results of transport simulations [6, 7, 36] in the
n, profile, are shown in Fig. 10. In this figure, both the measured and predicted profiles of n
are normalized to the value at r/a = 0.6. As can be seen in Fig. 10a, the empirical model
proposed by Boucher et al. in Ref[37], n.~ 1/q"°, matches well the experiments. This model
has been tested, previously in Ref [37], as against JET L/H-mode discharges and the ITER
database. When using the prediction n.~ 1/q, as proposed by Nycander and Yankov [38], we
over estimate the density peaking (Fig. 10b). The formula based on ITGs as proposed by
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4. ITER performance taking into account turbulence pinch

Anomalous curvature pinch, leading to a peaked density profile, could have beneficial effects
on micro-instability stabiliation and on reduction of heat transport. Since n. peaking depends
on the g-profile. There is therefore a possiblity to control ITG/ETG instabilities through the



g-profile control using an external non-inductive current drive method (for example ECCD or
LHCD). Moreover, peaked density profile enhances the fusion power. Stability analysis of
standard ITER plasma target, performed with the code KINEZERO, indicates that TEMs are
expected to be present. In such a plasma, Ve = 0.1-0.2 is similar to the Tore Supra conditions.
Therefore, curvature pinch will potentially exist in ITER plasmas. Its impact on the
performance of ITER has to be investigated.
For this purpose, we have performed a tentative simulation of the ITER reference scenario
with 40MW of Neutral Beam Heating as defined in Ref [39], using the 0D module of the
integrated code CRONOS. This simulation has been performed in a consistent manner using
various empirical scalings, namely boostrap current [40] and Zcs [41]. In particular, we used
the conservative scaling ITERH-98P(y,2) [42] less favorable in beta dependence for global
energy confinement. In this simulation, the density peaking is assumed to be consistent with
ne ~ q°°, according to the results in Ref [37] and in Tore Supra. Plasma dilution due to an
eventual impurity accumulation is not taken into account. But it includes an increase of Zcs
which varies from 1.55 to 1.7 due to its dependence on the radiated power that increases itself
with ne. The results of simulations show a potential gain of about 30% on ITER performance
when including the effect of curvature pinch.
As shown in Fig. 11, the fusion power is
around 530 MW corresponding to a fusion
gain Q~13 (defined as the ratio of the fusion
power and the input power), to be compared
with Pgs =390 MW (Q=10) when using a flat
density profile assumed in ITER. Note that,
for the flat n. case, our 0D code provides - in
spite of its simplicity (one simulation requires ‘ : :
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(400 MW) obtained with much more gig ;7. Fusion power expected in ITER reference
complex codes, within the error bar of 2.5%.  scenario(with 40MW of NBI). Dash: using ITER

assumed flat n,. Full: with Va/n, = 0.5 Vq/q

When using a more favorable global confinement scaling without beta dependence, recently
proposed in Ref [43], a larger amount of fusion power is expected for ITER. However, the
gain due to the density peaking is smaller, about 22%. A fusion power of 1.1 GW is obtained
taking into account the curvature pinch, compared to 900 MW in the flat profile case.
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5. Conclusions

Turbulent particle pinch is now evidently observed in tokamaks. In Tore Supra, it is
responsible for peaked density profiles in steady-state conditions. Peaked density profiles
were maintained over 6 minutes in discharges fully driven by LHCD by a particle pinch
velocity two orders of magnitude above the neoclassical value.

The results of parametric dependence study support the turbulent transport theories based on
ITGs and TEMs. The main findings are that both the thermodiffusion and magnetic
curvature pinches co-exist. Thermodiffusion pinch is found to be small. Its direction changes
from outward to inward when moving from the plasma outer part to the center, correlated
with respectively dominant TEM and ITG modes.

In the gradient region (r/a = 0.3-0.6), the pinch driven by VT¢/T. is outward, but its effect on
the density profile is weak. The electron density profile is mainly determined by an inward
pinch generated by Vq/q, correlated with TEM dominant unstable modes. In contrast, n
profile peaking in the plasma core (r/a < 0.3) is more sensitive to the temperature gradient
driven inward pinch, correlated with dominant unstable ITG branch, that can only be



observed when the Ware pinch is completely supressed. The change of the direction of
thermodiffusion flux with the nature of micro-turbulence is predicted in Ref [6].

In order to give additional support to the present results, the measurements of fluctuations
are being investigated in Tore Supra with a significant improvement of the reflectometry
system [21].

Finally, the impact of turbulent pinch on ITER performance has to be investigated for
predictive simulations, since TEM and ITG modes should be present in ITER plasmas.
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