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Abstract
In the basic plasma physics device TORPEX, progress in the fundamental understanding of
supra-thermal ion transport is achieved by extensive sets of three-dimensional (3D) data,
together with numerical simulations of supra-thermal ion tracers in fluid turbulent fields. A
miniaturized lithium 6+ ion source injects fast ions with energies up to 1 KeV and a
double-gridded energy analyzer is used as a detector. The source is mounted on a toroidally
movable system and the detector can be moved in the poloidal cross-section, allowing one to
reconstruct 3D fast ion current profiles. Synchronous detection is used to enhance the
signal-to-noise ratio. A modulated biasing voltage is applied to the fast ion source and an
analog lock-in amplifier is used to demodulate the detector signal. The analog lock-in
amplifier is specially designed to remove the capacitive noise associated with the voltage
modulation. Radial transport of the fast ions, associated with plasma turbulence, is
characterized. A synthetic diagnostic allows comparing the experimental results with
numerical simulations of the fast ion transport in a global fluid simulation of the TORPEX
plasma. A good agreement is shown.

(Some figures may appear in colour only in the online journal)

1. Introduction

In astrophysical plasmas, such as the solar wind or the
magnetosphere, ions can be accelerated by wave–particle
interactions to high energies [1, 2] and become harmful to
spacecraft functioning. In fusion devices, supra-thermal ions
may be created by fusion reactions or additional heating.
Achieving a good confinement of these particles is required
to reach burning conditions [3]. The understanding of fast ion
transport is an essential issue for laboratory and astrophysical
plasmas.

The transport of supra-thermal ions is generally non-
diffusive [4–6]. Non-diffusive transport [7, 8] is characterized
by the time evolution of the mean-square displacement of the
particles: σ 2(t) ∼ tγ , where σ 2 is the variance of the fast
ion positions and γ is the transport exponent. The transport
regime is called superdiffusive or subdiffusive if γ is greater
or smaller than one, respectively. When γ = 1, classical
diffusion is recovered.

In this paper, we describe experimental and numerical
investigations of fast ion transport conducted in the basic
plasma device TORPEX [9] in a simple magnetized torus
configuration [10, 11]. TORPEX has a major radius of 1 m and
a minor radius of 20 cm. A small vertical magnetic field,
Bv = 2 mT, superimposed on a toroidal magnetic field, Bt =
74 mT, creates helicoidal field lines with ∇B and curvature
terminating on the vessel. These are the first measurements
of fast ion transport in a basic toroidal device. Similar
measurements of fast ion transport have been performed
previously in the linear device at the large plasma device
(LAPD) [5, 12]. The experimental setup, presented in
section 2, consists of a fast ion source and a fast ion detector
inserted in the TORPEX vacuum chamber. This setup permits a
reconstruction of the time-average three-dimensional (3D) fast
ion beam, revealing the main features of the fast ion dynamics,
including the effect of the plasma turbulence. The turbulent
transport of these fast ions is evaluated by measuring the radial
width of the beam as a function of the toroidal distance traveled
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by the ions. The measurement analysis method is presented in
section 3.

Extensive numerical studies of the interaction between
the electrostatic TORPEX turbulence and the fast ions are
conducted by following tracer particles in the turbulent electric
field provided by global fluid simulations. A synthetic
diagnostic is used to benchmark the simulations, which are
used to extract a value of the transport exponent. The
theoretical framework and the numerical simulations are
presented in section 4, while the synthetic diagnostic is
presented in section 5.

2. Experimental setup

2.1. Fast ion source

The source is based on a two grid accelerating system with
a thermionic emitter similar to the one used at the LAPD
at UCLA [13, 14]. The emitter is made from lithium
aluminosilicate, purchased from HeatWave Labs Inc [15].
The original design of the fast ion source [16, 17] has been
improved to have a better electrical insulation of the different
components by carving paths for the different electric wires
directly in the boron nitride casing. To facilitate the assembly
of the source, the original design of the boron nitride casing,
consisting of a cylinder with a screw cap, has been modified to
a design with two boron nitride pieces encasing the emitter and
the grids, held by ceramic screws. Speeding up the mounting of
the source is important since the 6Li ions emitter has a relatively
short life expectancy (∼40 h).

In order to perform 3D measurements of the fast ion
beam, the source is mounted on a rail that allows it to be
moved in the toroidal direction (figure 1). A schematic of the
experimental setup is detailed in figure 1 of [14]. The source
is moved between discharges and a high-resolution poloidal
cross-section of the fast ion current profile is measured by
the detector for each toroidal position of the source. The
complete system is contained inside the vacuum chamber
of TORPEX. The possibility of moving the source without
having to open TORPEX and breaking the vacuum is essential
in this experiment. Indeed, the lifetime of the emitter is
greatly diminished when it is exposed to atmospheric pressure.
An ultrasonic piezoelectric motor was chosen to move the
source on the rail. Ultrasonic motors are particularly well
suited to work in vacuum and magnetized environments since
they do not need any greasing and do not embed permanent
magnets.

2.2. Fast ion detection

The detector consists of two identical miniaturized gridded
energy analyzers (GEA) allowing measurement of the fast ion
energy and current [14, 16, 17]. The two GEAs face opposite
directions so that differential detection is used to remove a
significant part of the background noise. Measurements are
made with two detectors positioned at different ports along the
toroidal direction. Using two detectors allows doubling the
number of measurements without having to open TORPEX.

Figure 1. Photograph of the fast ion source mounted on the
toroidally movable system in one of the TORPEX sectors. The
source is positioned in the lower part of the device to maximize the
distance traveled by the ions before they reach the upper wall
because of their vertical drift.

As the fast ion current is extremely weak (∼10 µA)
and its signal is small compared to the background noise,
a synchronous detection scheme is used to improve the
signal-to-noise ratio [18]. In our case, the emitter bias is
square-modulated by a reference signal (figure 2(b)) at a given
frequency (fref = 1073 Hz) chosen to avoid harmonics of
the electrical grid (50 Hz). The fast ion current is therefore
‘switched’ on and off at this frequency, while the background
noise remains independent of this modulation.

The detection is made using a phase-sensitive detector
(PSD), also called a ‘lock-in’ amplifier, usually consisting of
a switch operated at the reference frequency, an RC low-pass
filter and a differential amplifier (figure 2(a)). The switch
inverts the signal periodically, resulting in a signal consisting
of the fast ion current and the background noise during the ‘on’
phase and only the inverted noise during the ‘off’ phase. The
low-pass filter averages the resulting signal over many periods
of the reference signal, effectively averaging-out the noisy part
of the signal and giving a dc signal proportional to the fast ion
current. Unfortunately, in our setup, the modulation of the
emitter results in undesired space-dependent capacitive effects
in the detector (figure 2(c)). In order to remove this capacitive
noise, a new lock in amplifier allowing one to set a dead-time
has been developed. The dead-time is introduced with the help
of a second switch (figure 2(a)). The two switches are opened
and closed according to the pattern shown in figures 2(d) and
(e). During the dead-time, the two switches are open and the
common-mode rejection of the differential amplifier removes
the capacitive effects from the output signal. The duration
of the dead-time is adjusted to remove capacitive effects. The
final signal is then integrated to obtain a dc output proportional
to the fast ion current.

3. Measurements analysis

3.1. Poloidal cross-section of the fast ion current

Poloidal cross-sections of the fast ion current are reconstructed
from the time-averaged current measurements. The detector
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(a)

(b)

(c)

(d)

(e)

Figure 2. (a) Electronic diagram showing the principle of a lock-in
amplifier with a dead-time. The system consists of two switches
operated in a staggered pattern, an RC low-pass filter and a
differential amplifier. (b) Time trace of the reference signal used to
modulate the source bias voltage. (c) The resulting signal in the
detector with capacitive effects due to the voltage modulation of the
source. (d) and (e) Switching pattern for the two switches. On these
time traces, a signal value equal to zero represents an open switch.

is mounted on a motorized two-dimensional (2D) movable
system [16]. A typical discharge lasts several minutes,
during which the plasma is continuously sustained by injecting
microwave power. The detector is moved in the poloidal
plane allowing measurements at several positions. For
example, the grey circles shown in figure 3 represent the
measurement positions used to reconstruct the poloidal fast
ion current profile (in color in the figure). The detector
is moved in steps and remains at each position for at least
10 s to provide a statistically relevant time average. The
time average is obtained using the analog lock-in amplifier
presented in section 2.2. The poloidal current profile is then
reconstructed by interpolating the scattered data points onto
a 2D uniform grid with 1 mm spacing using the natural-
neighbors method [19]. The offset arising from the analog
lock-in amplifier is finally removed by computing its value as
the average of all the interpolated data points that have a smaller
value than the 5% of the maximum ion current value of the
profile.

Figure 3. Poloidal fast ion current profile [A] at 2.2 m from the
source for ions with an energy of 70 eV. The grey circles represent
the measurements positions of the detector. The size of the circles
represents the size of the detector inlet.

3.2. Mean position and variance of the fast ion current
poloidal profiles

The motion of the fast ion beam is due to a combination
of the gyromotion and the vertical drift caused by ∇B and
curvature-drifts. In order to quantify the vertical drift, the
mean vertical position of the fast ion current distribution is
computed from the interpolated profiles (figure 3). The mean
vertical position of the beam is computed by taking vertical
slices of the profile every millimeter. In order to select the
relevant portion of the profile, only slices that have a maximum
value greater than the 30% of the global maximum value of the
current are taken into account. Then, the mean vertical position
is computed for each selected slice j as

ȳj =
∑

i yi · Ii∑
i Ii

, (1)

where the yi are the vertical positions along the y-axis and
the Ii are the corresponding ion current values. Finally, the
mean vertical position of the beam profile, µy , is computed
as the average of all the ȳi : µy = 〈ȳi〉j . The error on the
vertical mean position is given by the standard deviation of
all the ȳi and takes also the size of the detector into account:
eµy

= [ 1
N−1

∑N
j=1(ȳj −µy)

2]1/2 +d/2, where N is the number
of slices and d is the diameter of the detector inlet. This
method is used for both experimental profiles and profiles
from the synthetic diagnostic of numerical simulations (see
section 5). A comparison of the mean vertical position as a
function of the toroidal distance from the source, computed
from experimental profiles and from profiles reconstructed
from a synthetic diagnostic is shown in figure 4. The vertical
drift due to curvature and ∇B-drifts is revealed.

In order to quantify the turbulent radial transport, the radial
width, quantified by the standard deviation of the ion current
distribution profile, is computed using a similar technique.
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Figure 4. Mean vertical position as a function of the toroidal
position for ions with an energy of 70 eV. The blue dots represent
the experimental data and the band represents the value obtained
from profiles made with the synthetic diagnostic, where initial
injection parameters of the simulated ions trajectories are varied
within reasonable values (see table 1) to obtain the shaded area. The
vertical drift experienced by the fast ion beam is due to the curvature
and the ∇B drifts. Along the toroidal axis, one radian corresponds
to a distance of one meter.

Relevant horizontal slices are selected using the same criteria
and the radial standard deviation of each slice is computed as

σR,j =
[∑

i

(
xi − x̄j

)2 · Ii∑
i Ii

]1/2

, (2)

where xi represents the radial positions and x̄j represents
the mean radial position of the slice j . The radial standard
deviation of the entire profile is given as the average of the
standard deviation of all the slices: σR = 〈σR,j 〉j . Its error is
also given by the standard deviation of all the σR,j added to the
size of the detector: eσR

= [ 1
N−1

∑N
j=1(σR,j − σR)2]1/2 + d/2.

Figure 5 shows the radial variance of the experimental profiles
as a function of the toroidal distance from the source and a
comparison with the synthetic diagnostic. The oscillation of
the beam width due to the gyromotion of the fast ions is visible,
as is the spreading due to the plasma turbulence.

4. Numerical investigations

The TORPEX plasma has been subject to extensive modeling,
including validation of a global plasma turbulence code
[20, 21]. These simulations have been performed in 2D and 3D

limits of the drift-reduced Braginskii fluid equations, adapted
to the TORPEX geometry and plasma parameters [22, 23].
These simulations have confirmed that the fluctuation spectra
in TORPEX plasmas are dominated by ideal interchange
modes at sufficiently high values of the ratio of the vertical over
toroidal magnetic field Bv/Bt . This is the case for all plasmas
studied in this paper. For a theoretical understanding of the fast

Figure 5. Radial variance of the fast ion current profiles as a
function of toroidal distance for ions with an energy of 70 eV. The
blue dots represent the experimental data and the line represents the
value obtained from profiles obtained with the synthetic diagnostic,
where initial injection parameters of the simulated ions’ trajectories
are varied within reasonable values (see table 1) to obtain the shaded
area. The oscillations due to the gyromotion and the spreading due
to the turbulence are clearly visible. Along the toroidal axis, one
radian corresponds to a distance of one meter.

ion transport in this turbulent regime, a large number (∼105) of
tracer particles is injected in the simulated electrostatic field,
with an injection geometry similar to that of the experiment;
their trajectories are solved using the Lorentz force equation.
These fast ion simulations explicitly include the charge and
mass of the 6Li ions, as well as the geometry of the helical
magnetic field, which effectively causes curvature and ∇B

drifts. The effect of gyroaveraging is also included with high
accuracy.

A comprehensive theoretical study of the behavior of
the fast ions as tracer particles [6, 24, 25] has shown that
the dispersion of fast ions in the radial direction is generally
non-diffusive, with

σ 2
δR(t) ∼ tγR , (3)

where γR �= 1. Here, σ 2
δR(t) = 〈(δR − 〈δR〉)2〉 and

δR(t) = R(t) − R(0), where R is the radial position of
the ions. Initially, the dispersion of the fast ions is ballistic,
with γR = 2. This ballistic phase lasts approximately
one gyroperiod, after which the interaction with the plasma
becomes significant (see figure 6). A large number of different
ensembles of fast ion simulations have revealed that the
transport during the interaction phase is influenced by two
mechanisms: gyroaveraging and drift-averaging [6]. The
importance of those two effects was previously investigated
as a function of two dimensionless quantities: the fast ion
energy compared to the electron temperature, E/Te, and the
amplitude of turbulent fluctuations relative to the electron
temperature, eφ̃/Te, where φ̃ is the standard deviation of the
plasma potential time series at the injection position. It was
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Figure 6. Variance of the radial positions of the simulated tracers as
a function of time. The transport is initially ballistic (γR = 2) during
approximately one gyroperiod, then it becomes subdiffusive, with
(γR � 0.35), as the ions start to interact with the plasma.

seen that, depending on the value of these parameters, the value
of γR can go from superdiffusive (γR > 1) to subdiffusive
(γR < 1) [6].

5. Comparison between experiment and theory

Comparisons between the fast ion current profiles measured
in TORPEX and the simulations are made with the help
of a synthetic diagnostic. This allows a characterization
of experimentally measured fast ion beam profiles with
the simulations. The synthetic diagnostic reconstructs
time-averaged poloidal fast ion current profiles using the
simulated tracer trajectories. To reconstruct the fast ion current
at a fixed toroidal position, the poloidal plane is tiled in
squares of a size comparable to the size of the fast ion detector
inlet (8 mm×8 mm), reproducing the experimental resolution.
To compare the time-average ion current measured from the
continuously emitting source with the results of the simulations
where the tracers are all launched simultaneously, the current
is integrated in each tile by letting all the tracers cross the
poloidal plane. The profile is then interpolated using the same
method used for the experimental profiles. The mean vertical
position and the radial variance are also computed in the same
manner as for the experimental profiles (section 3).

Experiments are conducted with ions having an energy
of 70 eV, injected in the blob region [26–28] of the TORPEX
plasma. The ion velocity is mainly parallel to the magnetic
field lines with a small perpendicular component. This is
due to the beam divergence and to the small angle between
the source orientation and the magnetic field lines. At the
injection position, the electron temperature, measured by a
triple probe [29], is Te � 1.3 eV, and the standard deviation
of the plasma potential time series, indicating the level of
fluctuations, isσφ � 1 V. The two detectors are used to measure

Table 1. Initial parameters of the simulated ion trajectories. The
standard deviation of the Gaussian spreadings is also indicated. α is
the angle between the source orientation and the horizontal plane
and β is the angle between the source orientation and the toroidal
direction. Injection energy E, injection position X and fluctuation
amplitude, represented by the factor �, were all varied within the
indicated range to obtain the shaded area on figures 4 and 5.

α (rad) β (rad) E (eV) X (cm) �

Inital value −0.1 −0.1 [65,70] [−2,−0.4] [0.75,0.8]
Spreading 0.08 0.08 5% 0.012 —

fast ion current profiles at a toroidal distance from the source,
varying approximately from 0.2 to 2.2 m.

Simulations of the 2D fluid code introduced in section 4 are
performed with different values of the particle and heat sources
to match the experimental plasma potential profile measured
with the triple probe. The amplitude of the simulated plasma
potential fluctuations is then multiplied by a factor � = 0.75
to match the one measured with the triple probe [9].

In order to compute the value of the radial transport
exponent γR from the experimental measurements, the
synthetic diagnostic is used to verify the match between the
experiment and the simulations. Figures 4 and 5 show the
beam position and the beam variance computed from the
experimental profiles and from the profiles reconstructed with
the synthetic diagnostic for ions with an energy of 70 eV. A very
good agreement is apparent. The agreement is quantified by
the reduced chi-squared, computed as χ2

red = 1
N

∑N
i=1[(yi,exp−

yi,sim)/ei]2, where N is the number of experimental points,
the yi,exp and yi,theo represent the experimental and theoretical
values and the ei are the experimental errors. For the
comparison of the vertical position of the beam, we find
χ2

red = 2.4, and for the comparison of the radial spreading, we
find χ2

red = 0.9. Initial injection parameters of the simulated
ion trajectories are varied within the ranges indicated in table 1,
which allows one to quantify the simulation uncertainty,
represented by the shaded area on figures 4 and 5.

The transport exponent, γR , must be computed from the
evolution of the radial position variance as a function of time
(equation (3)). However, the experimental data are necessarily
time-averaged and the radial spreading is experimentally
accessible only as a function of toroidal distance. Since all ions
have slightly different toroidal velocities, there is not a unique
relation between toroidal position and time. Therefore, the
transport exponent is computed from numerical simulations,
where the dependence of the variance on time can be evaluated,
that best match the experimental data in the sense detailed
above. The plot of the radial tracer positions’ variance as
a function of time is shown in figure 6, where one can see
that for ions of 70 eV, the radial transport in the interaction
phase is subdiffusive with a transport exponent γR � 0.35.
As previous numerical studies of fast ion transport in the same
TORPEX regime, dominated by ideal interchange instability,
have shown [6, 24], gyroaveraging is the principal mechanism
responsible for subdiffusive transport in this case. When the
size of the ion Larmor radius is comparable with the typical
scale length of the turbulent eddies, ions effectively average
out the turbulent electrostatic field over their gyromotion and
the effect of the turbulence on their trajectories is reduced.
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6. Conclusion

Non-diffusive transport is revealed for ions with an energy
of 70 eV injected in the turbulent plasma of the TORPEX
device. Measurements of the fast ion beam width as a
function of the toroidal distance from the injection position
are compared with the results of numerical simulations from a
synthetic diagnostic and show a good agreement. The transport
exponent is measured from the numerical simulations to be
γR � 0.35, corresponding to subdiffusive radial transport.
Numerical investigations [6, 24] have identified gyroaveraging
as the main mechanisms leading to subdiffusive transport.
Further experiments will be conducted by varying the injection
parameters, as, for example, the fast ion energy, in order to
study the different regimes predicted by the cited numerical
studies.
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