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Abstract:

The study of steady electron density profiles in the absence of external
sources provides a convenient way of assessing the particle transport
properties of the tokamak plasmas. Indeed, such a study in JET suggests
a link between the ratio V/D (particle convective speed over particle
diffusivity) and the safety factor (q) profile which represent the pitch
of the magnetic field lines around magnetic surfaces. This result is in
agreement with a recent theoretical work [1]. The evidence for this
relation is given, together with a model of particle transport,

including ions, which is compared with experimental results.

I)Definitions and method used:

The well known conservation equation for particles of species « is

—gn +Vra=sa and, in the tokamak geometry, the radial particle flux

ot «
across a magnetic surface of area A may be written in the form: I' = -D
Vn + nVp with D particle diffusivity and Vp particle convective speed

where S, is the particle source density. It is easy to obtain an

expression for the ratio V/D:

va Vna ra 1 on 1
D & 'nD “npD A 3t 4V with ra= A 53V
o o o o



By carefully selecting steady state conditions in the absence of
external particle sources, we can neglect the last two terms on the
right hand side of equation (1) and relate directly the ratio V/D to the

density profile expressed by the ratio Vn/n.

Since in a large tokamak such as JET recycling neutrals penetrate only a
few percent of the minor radius, particle sources are indeed negligible
over most of the plasma volume. As for the steady state condition, we
select periods during the pulse where the volume averaged density is
held constant and we superimpose the available measured density profiles
in order to estimate the uncertainties in the measurements.

In JET, three separate diagnostics are used to measure the electron
density profiles: LIDAR Thomson scattering, seven chords interferometer

and reflectometer for edge density profiles.

IT1) Results of the investigation of density profiles:

We will now compare various reference steady profiles from pulses which
have different global parameters such as volume averaged density,
current, magnetic field and additional heating power.

First, we notice that we can divide the density profiles into three
regions: an outermost one dominated by sources due to the penetration of
the recycling neutrals; an intermediate region characterized by a slope
Vn/n indicative of the ratio V/D; and a central region affected by an
M.H.D. instability which periodically flattens density as well as
temperature profiles on a very short time scale (typically 100 us in
JET) and whose period varies between few tens of millisecond to several
seconds. We have observed that in this central region the density shows
little evolution between two successive redistributions indicative a

small V/D ratio.



Secondly, the slope of the intermediate region once we’ve normalized the
profiles to their central density value, appears to be independent of
averaged density or temperature profiles when total current and magnetic
field are kept constant.

Fig. 1 illustrates this for three different profiles corresponding to
three different densities at SMA and 3 Tesla. Note also that the
flattening of the central region 1is clearly vislible. A similar
resilience in normalized density profiles is also shown in Fig. 2. This
time temperature profiles are varied by using different levels of

additional heating power.

III)A model for particle transport:

The above observations suggest a dependence of the ratio V/D on plasma
current and magnetic field. By varying these parameters independently,
it would appear that a dependence on q only is sufficient. Furthermore,
the clear difference 1in the ratio V/D between the central and
intermediate regions is consistent with the fact that the q profile is
also flattened during the instability and evolves only on a resistive
time scale between successive redistributions, however the details of

this redistribution are not very well understood. We therefore suggest

an empirical expression for V/D in the form Vg which gives a steady
vn Vq
electron density profile described by -EE? = - T or neqa=constant

{in pure plasma). An estimation of the dimensionless parameter « is made

n_(r)q(r)*
possible by computing f = — for the various reference density
ne(O)q(O)

profiles discussed previously. A value of %? if found to agree with
experimental results when the q profile is taken from the magnetic

equilibrium constructed from experimental measurements.

We propose a generalized expression for the radial flow of particles of



the form:

- e ne E Vg
r =-D |Vn + + a[n +In ]-——]
e,a e e e i .
L kT q
- Zie ni E
Fl a=—Di Vn, - ]
’ - kTi

To these flows should be added the neoclassical flows which are
themselves functions of the radial electric field required to maintain
ambipolarity in presence of turbulent fluctuations as discussed by
T.Stringer [3]. The anomalous diffusivities De and Di are linked to the
anomalous heat diffusivity as described in [2] with the anomalous energy
transport coefficients being given by the Rebut-Lallia-Watkins critical
electron temperature gradient model [4].

Fig. 3 shows various simulations of temperature, particle and q profiles

using this model, we have also included plots of the quantity (1 - f).

IV)Discussion:

A theoretical expression based on the properties of magnetic turbulence
has been derived by Taylor [1] where the ratio V/D is related to the

current density profile. Using the usual definition of the safety factor

r Bz
R Bp

q in cylindrical geometry (q = ) the theoretical expression for the

ratio V/D in a pure plasma with n,=mn, =n, gives the same dependence on

i
Vn A Vq
q:-ﬁ——=———=—26—. Note that the coefficient a=2 is different from that

D
deduced from observations of JET density profiles and can therefore be
excluded.
It should also be noted that in some cases density profiles show
normalized slopes considerably flatter than expected by the present
model. This may imply that M.H.D. activity can also affect the

intermediate region. This thesis is endorsed by the fact that as soon as

additional heating is applied the density becomes peaked again, even



though the density is sometimes even higher. This is seen in fig. 4
where about 8 MW of either ICRH or NBI (sources being taken into

account) are applied.

V) Conclusion:

Experimental observations suggest that a model where the ratio V/D would
depend only on the g profile would apply to a large range of the JET
tokamak discharges.

This result 1is extended to a general expression for radial particle
transport both for 1ions and electrons. Simulations using these
expressions show good agreement with JET experimental data. But in some
cases additional M.H.D. effects might have to be taken into account.
Validation of the model for other tokamaks than JET together with its

testing for high Z impurities (Nickel injection in JET) is under way.
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Abstract:

The study of steady electron density profiles in the absence of external
sources provides a convenient way of assessing the particle transport
properties of the tokamak plasmas. Indeed, such a study in JET suggests
a link between the ratio V/D (particle convective speed over particle
diffusivity) and the safety factor (q) profile which represent the pitch
of the magnetic field lines around magnetic surfaces. This result is in
agreement with a recent theoretical work [1). The evidence for this
relation 1is given, together with a model of particle transport,

including ions, which is compared with experimental results.

I)Definitions and method used:

The well known conservation equation for particles of species a is

9 +r

1% a=sa and, in the tokamak geometry, the radial particle flux

across a magnetic surface of area A may be written in the form: I' = -D
Vn + nVp with D particle diffusivity and Vp particle convective speed
where S, is the particle source density. It is easy to obtain an

expression for the ratio V/D:

va Vna ra 1 an 1
D % “npD "HD A Bt dv with ra= A Sadv
oo o a



By carefully selecting steady state conditions in the absence of
external particle sources, we can neglect the last two terms on the
right hand side of equation (1) and relate directly the ratio V/D to the

density profile expressed by the ratio Vn/n.

Since in a large tokamak such as JET recycling neutrals penetrate only a
few percent of the minor radius, particle sources are indeed negligible
over most of the plasma volume. As for the steady state condition, we
select periods during the pulse where the volume averaged density is
held constant and we superimpose the available measured density profiles
in order to estimate the uncertainties in the measurements.

In JET, three separate diagnostics are used to measure the electron
density profiles: LIDAR Thomson scattering, seven chords interferometer

and reflectometer for edge density profiles.

II) Results of the investigation of density profiles:

We will now compare various reference steady profiles from pulses which
have different global parameters such as volume averaged density,
current, magnetic field and additional heating power.

First, we notice that we can divide the density profiles into three
regions: an outermost one dominated by sources due to the penetration of
the recycling neutrals; an intermediate region characterized by a slope
Vn/n indicative of the ratio V/D; and a central region affected by an
M.H.D. instability which periodically flattens density as well as
temperature profiles on a very short time scale (typically 100 us in
JET) and whose period varies between few tens of millisecond to several
seconds. We have observed that in this central region the density shows
little evolution between two successive redistributions indicative a

small V/D ratio.



Secondly, the slope of the intermediate region once we've normalized the
profiles to their central density value, appears to be independent of
averaged density or temperature profiles when total current and magnetic
field are kept constant.

Fig. 1 illustrates this for three different profiles corresponding to
three different densities at SMA and 3 Tesla. Note also that the
flattening of the central region 1is clearly visible. A similar
resilience in normalized density profiles is also shown in Fig. 2. This
time temperature profiles are varied by using different levels of

additional heating power.

ITI)A model for particle transport:

The above observations suggest a dependence of the ratio V/D on plasma
current and magnetic field. By varying these parameters independently,
it would appear that a dependence on q only is sufficient. Furthermore,
the clear difference in the ratio V/D between the central and
intermediate regions is consistent with the fact that the q profile is
also flattened during the instability and evolves only on a resistive
time scale between successive redistributions, however the details of

this redistribution are not very well understood. We therefore suggest

an empirical expression for V/D in the form Vg which gives a steady
Vn Vq
electron density profile described by -EE? = - «a T or neqa=constant

(in pure plasma). An estimation of the dimensionless parameter a« is made

ne(r)q(r)a
possible by computing f = — for the various reference density
ne(O)q(O)

profiles discussed previously. A value of -%— if found to agree with
experimental results when the q profile is taken from the magnetic

equilibrium constructed from experimental measurements.

We propose a generalized expression for the radial flow of particles of



the form:

en, E Vg

r _=-D [Vn + + a[n +Zn.]——ﬁ
e,a e| e e ¥

kT q

e

Zie ny E

Fl a=—Dl[Vn - ]
’ kTi

To these flows should be added the neoclassical flows which are
themselves functions of the radial electric field required to maintain
ambipolarity in presence of turbulent fluctuations as discussed by
T.Stringer [3]. The anomalous diffusivities De and Di are linked to the
anomalous heat diffusivity as described in [2] with the anomalous energy
transport coefficients being given by the Rebut-Lallia-Watkins critical
electron temperature gradient model [4].

Fig. 3 shows various simulations of temperature, particle and q profiles

using this model, we have also included plots of the quantity (1 ~ f).

IV)Discussion:

A theoretical expression based on the properties of magnetic turbulence
has been derived by Taylor [1] where the ratio V/D is related to the

current density profile. Using the usual definition of the safety factor

r Bz
R Bp

ratio V/D in a pure plasma with n_=n, =n, gives the same dependence on
Vn V Vq

q:-ﬁ——=-ﬁ—=-26—. Note that the coefficient a=2 is different from that

q in cylindrical geometry (q = ) the theoretical expression for the

deduced from observations of JET density profiles and can therefore be
excluded.

It should also be noted that in some cases density profiles show
normalized slopes considerably flatter than expected by the present
model. This may imply that M.H.D. activity can alse affect the
intermediate region. This thesis is endorsed by the fact that as soon as

additional heating is applied the density becomes peaked again, even



though the density is sometimes even higher. This is seen in fig. 4
where about 8 MW of either ICRH or NBI (sources being taken into

account) are applied.

V) Conclusion:

Experimental observations suggest that a model where the ratio V/D would
depend only on the q profile would apply to a large range of the JET
tokamak discharges.

This result is extended to a general expression for radial particle
transpert both for 1ions and electrons. Simulations wusing these
expressions show good agreement with JET experimental data. But in some
cases additional M.H.D. effects might have to be taken into account.
Validation of the model for other tokamaks than JET together with its

testing for high Z impurities (Nickel injection in JET) is under way.
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