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In reversed-field pinches, two different mechanisms have been proposed to explain the dynamo process
which drives the poloidal current needed to sustain the magnetic configuration: the kinetic dynamo theory
and the magnetohydrodynamic (MHD) dynamo theory. Experimentally, they can be distinguished by the
radial behavior of the electron distribution function. In this Letter the trajectory deflection of frozen
hydrogen pellets has been used as a diagnostic of suprathermal electrons in the plasma. The classical
Spitzer-Harm distortion of the electron distribution function consistent with the MHD dynamo electric
field is found to give a better modeling of the pellet tragjectory.

PACS numbers: 52.55.Dy, 52.65.—y, 52.70.—-m

It is universally recognized that most of the matter in the
universe is in the plasma state and that these plasmas are
aways embedded in a self-generated magnetic field. On
a planetary, stellar, and galactic scale, a dynamo mecha-
nism converts kinetic to magnetic energy and it is now
clear that this is made possible by the random fluctuating
component of both the velocity and magnetic field in the
plasma [1].

Thereversed-field pinch (RFP) isthe only laboratory de-
vice which allows one to reproduce, in a broad sense, the
basic mechanism of astrophysical dynamos and to docu-
ment in some detail its microscopic dynamic behavior
[2]. Indeed, it is experimentally well established that this
toroidal magnetic configuration can be sustained by ap-
plying atoroidal electric field only. This entails a dynamo
mechanism which drives the poloidal current in the region
where the magnetic toroidal field component changes sign.
Two different mechanisms have been proposed to explain
the RFP dynamo: the kinetic dynamo theory (KDT) [3]
and the magnetohydrodynamic (MHD) dynamo [4]. In the
framework of the KDT the dynamo current is driven as
follows: suprathermal electrons (hereafter referred to as
KD electrons) are accelerated in the plasma core by the
externally applied toroidal electric field and collisionless
diffuse towards the plasma edge traveling along stochastic
magnetic field lines. Numerical calculations have shown
that the KDT could in principle account for a stationary
RFP configuration [5,6] where the KD electrons would
provide a substantial contribution to the poloidal current
in the plasma outer region.

While the KDT relies on the magnetic field stochastic-
ity due to the fluctuations of the confining field, the MHD
dynamo mechanism is also based on magnetic fluctuations
[4], but in the latter caseit istheir quadratic effect with co-
herent fluctuations of the velocity fields which generates
the mean eectric field necessary to drive the parallel cur-
rent density everywhere in the plasma. It should be noted
that, taking into account the relatively low temperature of
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present RFPs, such aMHD dynamo electric field is associ-
ated with a substantial classical Spitzer-Harm distortion of
the electron distribution function [7]. Hence both the KDT
and the MHD dynamo are consistent with the presence of
suprathermal electrons in the plasma. The main difference
isthat the KDT predicts the suprathermal tails to be much
more robust at the edge and less so in the core compared
to the MHD dynamo, as highlighted aso in [6].

In favor of the KDT many experiments [8—11] reported
edge probe measurements of suprathermal electron tails
which could account for alarge fraction of the edge current
density. Conversely, it was noted elsewhere [12] that the
insensitivity of the magnetic profiles to plasma collisiona -
ity callsfor the presence of an MHD dynamo, and a recent
work [7] has shown that the edge probe measurements on
the Reversed-Field Experiment (RFX) are consistent with
the MHD dynamo.

A useful diagnostic tool for the suprathermal electron
populationsisthe analysis of the ablation process of frozen
hydrogen pelletsinjected into the plasma. As supported by
experimental data [13,14] the effect of the suprathermal
electrons is to enhance the pellet ablation rate and, since
the tail is stronger on the electron drift side, to accelerate
the pellet along the magnetic field due to the rocket effect
resulting from asymmetric ablation. The sensitivity of the
method islinked to the fact that the most efficient electrons
for ablating the pellet are those whose energy is5—10 times
the local temperature, which is the range of energy where
the distortion of the Maxwellian distribution is expected to
become significant. The effect depends on the local char-
acteristics of the electron distribution function. The pellet
penetration and trgjectory can be measured throughout the
plasma cross section, therefore the technique provides very
valuable space-resolved information.

This Letter presents a study of the tragjectory deflec-
tion and the penetration of hydrogen pellets injected into
a reversed-field pinch, which are found to be well ac-
counted for by the classical Spitzer-Harm distortion of the
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Maxwellian distribution function caused by the MHD dy-
namo electric field.

The pellets analyzed in the following were injected
on RFEX (minor radius a = 0.46 m, major radius R =
2m) [15] into discharges with plasma current [, =
700 KA, density n, = 2-4 X 10" m~3, and temperature
T, = 250 eV. Two types of pellets are considered in
particular; small pellets with particle content N, =
1.5 X 10* aoms and velocity V, = 400-500 m/s,
which penetrate up to the center of the discharge and
exhibit a moderate deflection (=20 cm); larger pellets of
5.0 X 10% atoms injected at 100—120 m/s, which suffer
a dramatic deflection and completely ablate at the plasma
periphery (r/a = 0.5). The above two cases are well
representative of the typical behavior found in a larger
database of 70 well documented experiments [16].

The diagnostics for the pellet ablation and trgjectory is
aH, emission analyzer composed of a set of position sen-
sitive detectors (PSD) [17] tracking the position of the
barycenter of the emitting cloud and permitting a three-
dimensiona reconstruction of the pellet trgjectory. The
acquisition frequency is 50 kHz (about 70 points per tra-
jectory), the absolute space resolution isafew millimeters,
but is limited in practice to about half the size of the ab-
lation cloud due to the nonuniformity of the H,, radiation:
i.e, =1.2 cm perpendicularly to the magnetic field and
=~=2.5 cm aong the magnetic field. As said above, the de-
flection of the pellet trgjectory results from an acceleration
along the magnetic field, due to the unbalance of ablation
between the electron and ion drift sides. The magnitude
of this acceleration is given by the conservation of the mo-
mentum of the pellet-cloud system [18]:
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HeredN, . ;/dt aretheloca ablation rates on the elec-
tron and ion side, respectively, ve IS the expansion ve-
locity of the ablated material and the factor 1/2 accounts
for the projection of v, on the field line. In addition to
the pellet initial number of particles and velocity, calculat-
ing the pellet trgjectory requires thus the knowledge of the
ablation rates on each side of the pellet and the expansion
velocity of the ablated material. The latter, vep, iS equal
to \/yksTo/m(H;), where y = 7/5, m(H,) is the mass
of molecular hydrogen, and T is the temperature of the
ablatant at the pellet surface (from2 X 1072 to 107! eV
according to [19]). An averaged value Ty = 5 X 1072 eV
is used in the following simulations and we have verified
that, for different T, values within the given range, the
trajectory modifications are not larger than the cloud size.
Thisis explained by the change in the ablation rate due to
the different plasma temperature and density seen by the
pellet on the displaced trajectory, which tends to compen-
sate for the change in acceleration caused by the different
value of vep.

In RFPs, the magnetic field is lower than in tokamaks,
the diffusion of particles larger (by a factor =100) and
the stronger magnetic shear favors a rapid homogenization
of the ablated material in the background plasma. The
ionized part of the ablation cloud is less dense than in
tokamaks by almost two orders of magnitude, as measured
by interferometric techniques [20], and the shielding is
essentially dueto the neutral part of the ablation cloud. The
corresponding ablation rate obeys the neutral gas shielding
(NGS) scaling law [21]. To account for the distortion of the
electron distribution function, it must be properly averaged
over the latter [22], yielding the following expression for
the ablation rate on each side of the pellet:

de,e*i
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where r, is the instantaneous pellet radius, n the target
plasma electron density at the pellet location, ny the solid
hydrogen atomic density. f.—_;(e) is the electron distribu-
tion function computed according to the local plasma pa-
rameters and averaged over the range of pitch angles seen,
respectively, on the electron and ion side of the pellet be-
cause of their mutual shielding. All the quantities are in
MKSA units except for the temperature and energy which
arein eVv.

To start with, we have built a ssimulation to study the
effects expected on a pellet injected in a RFP where the
MHD dynamo generates the paralel electric field neces-
sary to sustain the configuration. To this end the electric
field hasbeen computed as E = nJ) where n istheclassi-
cal Spitzer resistivity and Jj is the parallel current density
consistent with the external magnetic measurements ac-
cording to the u and p moddl [23]. The form of f._;(e)
to be used in (2) is deduced from Spitzer and Harm [24]
(hereafter referred to as SH distribution). It depends on
the effective charge of ions (Z.¢) and on the current den-
sity, temperature, and electron density profiles. Its typi-
cal shapeisillustrated in Fig. 1.

The Z.¢; value is given by visible bremsstrahlung mea-
surements and a profile taken from [25]. Then, assuming
a constant impurity content during pellet ablation, the Z.g
profile is evolved taking into account the local dilution by
the ablated material. The change in the average ionization
state is also varied consistently with the perturbed tem-
perature. The current density profile is assumed to remain
unchanged during pellet ablation. This is justified both
theoretically, because the resistive time on the scale length
of the pellet path (10-50 ms) is much longer than the
ablation time (1-1.5 ms), and experimentaly, since the
changes in the current profile as deduced from u and
p magnetic reconstruction do not exceed 5%. The tem-
perature profile is measured by Thomson scattering and
the time behavior of the core temperature by a double
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FIG. 1. The electron distribution function normalized to f;(0)
on the ion and electron side of the pellet is shown for Spitzer-
Harm and KDT modeling with local plasma parameter at r/a =
0.75 and compared with a Maxwellian distribution.

beryllium filter system with an acquisition frequency of
10 kHz. The electron density profile is measured by a
12-chord midinfrared interferometer with atime resolution
of 4 us. During the transient phase caused by pellet in-
jection, the time evolution of the electron temperature has
been recovered with the use of a transport simulation with
empirical parameters, which fits the available experimen-
tal data

An example of simulation of the pellet trgectory is
shown on Fig. 2 for RFX shot 8066 (central penetration).
In this case, which belongs to the moderate deflection
dataset, a pellet with N, = 1.5 X 10?° atoms is injected
a vV, =470 m/s from an outboard, equatorial plane,
with an angle of —7°. The target plasma parameters are
as follows: toroidal current 7, = 670kA, initia central
density n(0) = 3.5 X 10" m~3, and temperature T(0) =
250 V. The experimental pellet trgjectory projected
on the poloidal and toroidal planes are displayed in
Fig. 2, together with the simulation result. On the
same figure is also shown an analogous simulation for
a low-velocity pellet (RFX shot 8092: injection angle
—7°V, =123 m/s, N, = 4.7 X 10* atoms, peripheric
penetration), injected in a target plasma macroscopically
similar. For both pellets, the asymmetry factor of the
ablation, A,—; = [(dN,./dt)/(dN,;/dt)], is between 1.1
and 1.4, with an average value of 1.2.

The agreement between simulation and experiment is
satisfactory both for the pellet tragjectory and penetration
depth. Since the most critical parameter in the simu-
lation is the electron temperature, we have performed a

5534

FIG. 2. Comparison of experimental and simulated pellet tra-
jectories for the RFX shots 8066 and 8092. The shaded area is
outside the H, detector field of view. The thick line is the first
wall of the device.

sensitivity analysis by varying its profile over the range
of experimental uncertainty. In all cases the simulated
pellet deflection did not change by more than twice the
error of experimental data. This demonstrates that the
Spitzer-Harm distortion of the electron distribution func-
tion due to the combination of the externally applied and
the MHD dynamo electric fields is able to explain the pel-
let deflection, consistently with the experimental behavior
of the plasma profiles.

In the framework of discriminating between the kinetic
and the MHD dynamo theories, one should consider that
the radial behavior of electron distribution function pre-
dicted by the KDT is quite different from the SH distortion
consistent with the MHD dynamo. In particular, a KDT
mechanism able to supply a significant fraction of the dy-
namo current would reduce the SH distortion in the plasma
core, transforming it into a robust collisionless suprather-
mal tail at the plasmaedge (see[6]) asillustrated in Fig. 1.
This corresponds to pellet deflections and ablation rates,
respectively smaller in the core and larger at the edge than
predicted by SH modeling. Since the results obtained with
the SH modeling are in good agreement with the experi-
ment, one is induced to conclude that the RFX pellet data
leavelittle room for the presence of substantial populations
of KD electrons. In fact, previous results [14] obtained
with arelatively small fast electron tail added to an other-
wise Maxwellian plasma, which were compatible with the
pellet tragjectory, did not provide a substantial contribution
to the parallel current density.
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In order to estimate how far the predictions of KDT
on pellet ablation trajectories would be from experimental
data, we have done asimulation where the KD tail hasbeen
characterized according to the numerical results shown in
[5,6]. Since the main differences are expected in the edge
region (the difference in the core affects only high energy
electrons which do not play asignificant role either for the
dynamo or for the ablation) we modeled the KD suprather-
mal tail only in the region where its contribution to the
dynamo is positive (roughly for r/a > 0.5). The KD
electrons are modeled as the sum of aMaxwellian tail with
n equal to 10% of the local density and temperature T, =
27(0) and of a half Maxwellian, with ny = 4|J4ynl/(ev;)
and temperature T, = 4T(0), where e isthe electric charge
and v, the suprathermal electron velocity. The results ob-
tained with this procedure are also displayed on Fig. 2. It
can be seen that the agreement with experimental data is
much worse than for the SH modeling. Indeed, in both
cases, KDT simulations are well outside the error bars of
the measured trgjectories. This can be understood taking
into account that the current density carried by the KD elec-
trons is proportional to n,T!/?, whereas the increase of the
ablation rate has a dependence @ n!/3T%4. It is worth
noting that modeling of the KDT [5,6], which has been
considered here, does not produce enough dynamo current
to fully account for the experimental RFP magnetic pro-
files of RFX. One could therefore conclude that if such
a satisfactory modeling of the dynamo could be achieved
by an improved KD modeling, then it would call for even
stronger disagreement with the pellet ablation data.

In conclusion, we have shown that the Spitzer-Harm
distortion of the electron distribution function provides an
accurate modeling of the pellet trgjectoriesin RFX, consis-
tent with the MHD dynamo theory. Simulationsdoneinthe
presence of afast electron population consistent with KDT
modeling give much less satisfactory results. This gives
confidence that in general a dynamo mechanism based on
a local mean field electrodynamic theory should be able
to account for the observed magnetic field. A kinetic and
nonlocal approach, necessary to deal with collisionless dif-
fusion of plasma electrons, does not provide a satisfactory
description of our laboratory results.
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