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Flowing plasmas are of significant interest due to their role in astrophysical phenomena and
potential applications in magnetic-confined fusion and spacecraft propulsion. The acceleration of
a charge-neutral plasma beam using the radio-frequency self-bias concept could be particularly
useful for the development of neutralizer-free propulsion sources. However, the mechanisms that
lead to space-charge compensation of the exhaust beam are unclear. Here, we spatially and temporally resolve the propagation of electrons in an accelerated plasma beam that is generated using
the self-bias concept with phase-resolved optical emission spectroscopy. When combined with
measurements of the extraction-grid voltage, ion and electron currents, and plasma potential, the
pulsed-periodic propagation of electrons during the interval of sheath collapse at the grids is found
to enable the compensation of space charge.

1

The interesting fundamental physics of plasma acceleration [1–3], and its potential applications in thermonuclear fusion [4, 5] and spacecraft propulsion [6–8] have driven significant
research interest. Gridded-ion and Hall-effect thrusters are now established propulsion technologies [9], and plasma thrusters that can operate without an external neutralizer are under
development [10, 11].
Using the Neptune plasma-thruster prototype, the acceleration of a broad, collimated
and charge-neutral plasma beam, without the use of an external neutralizer, has recently
been demonstrated to exhibit comparable performance to traditional gridded-ion propulsion
sources [12, 13]. Its design is based around the principle of plasma acceleration, whereby the
coincident extraction of ions and electrons is achieved by applying an oscillating electrical
field to the gridded acceleration optics. In traditional gridded-ion thrusters, ions are accelerated using a designated voltage source to apply a direct-current (dc) electric field between
the extraction grids. In this work, a dc self-bias voltage is formed when radio-frequency (rf)
power is coupled to the extraction grids due to the difference in area of the powered and
grounded surfaces in contact with the plasma.
To maximise thrust efficiency using a single rf power source, it is important to regulate the
electron and ion fluxes that vary on nanosecond time scales. Further, boundary conditions
in the plasma source and diffusion region can play a significant role in determining the
plasma propagation behaviour [14]. These require a more detailed understanding of the
beam dynamics with respect to distance, time and particle energy.
Non-invasive optical diagnostic techniques have previously proven useful to the investigation of electric propulsion sources, providing enhanced spatial resolution compared to
electrostatic probes. For example, optical emission spectroscopy has been used to measure
neutral-gas heating in electrothermal plasma thrusters [15], and imaging and laser induced
fluorescence velocimetry are effective for the study of cross-field electron transport [16] and
ion velocities [17] in Hall-effect thrusters.
Of particular importance to space-charge compensation in the Neptune beam are the
spatially and temporally resolved electron dynamics at the extraction grids. Phase-resolved
optical emission spectroscopy (PROES), which enables the spatial and temporal dynamics of
selected excited species to be measured on nanosecond time scales [18, 19], has successfully
been applied to low-pressure [20–25] and atmospheric-pressure [26–28] capacitively coupled
plasmas. Here, we use PROES to directly observe the transient propagation of energetic
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electrons to determine their role in compensating space charge in the exhaust beam.
The experimental setup is shown in Figure 1. Neptune comprises an inductively coupled
plasma source (ICP: Teflon-insulated 8 × 12 × 12 cm3 cavity, ferrite-enhanced 7-turn planar
antenna driven at 4 MHz, 2 mm thick ceramic window) operated in H-mode and two rectangular extraction grids (stainless steel, optical transparency 0.6, aperture diameter 2.5 mm,
inter-grid distance 2 mm) that are used to accelerate ions.
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FIG. 1. Illustration of the experimental setup. For electrical measurements the beam target, Langmuir probe and retarding field energy analyser (RFEA) can be positioned at (r, z) = (0, 100) mm
as shown by the open circle, and these are removed for measurements of the optical emission with
the camera. The RFEA can be rotated to face the plasma source (rotation angle 0◦ shown) or
in the r-direction (rotation angle 90◦ ). During ‘rf operation’, rf power is distributed between the
ICP coil and extraction grids. In ‘dc operation’, rf power is coupled to the ICP coil only and a dc
voltage source is connected across the grids.

During ‘rf operation’, rf power at 100 W is distributed between the ICP coil and
Grid 1 (closest to the cavity as shown in Figure 1) using an impedance matching network
and blocking capacitor, while Grid 2 is electrically grounded. These conditions correspond
to a time-varying, approximately sinusoidal voltage waveform at the extraction grids with
a peak-to-peak voltage V = 200 V and a time-averaged self-bias voltage Vsb = 100 V (see
Figure 4 (a) later). During ‘dc operation’ (described further below) rf power is coupled to
the ICP coil only and a 100 V dc voltage source is connected across the extraction grids.
Neptune is connected to a plasma-propagation chamber (1 m long, 0.7 m diameter,
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2500 L/s pumping rate) and is fed with 25 sccm of argon. Under these conditions the
source pressure is 1.5 mTorr, while that in the propagation chamber is 0.2 mTorr.
An intensified charge coupled device camera (ICCD: Andor iStar 320T, 1024 × 256 pixel
array, 26 µm2 pixel area) is used to detect the optical emission from the plasma beam through
a view port in the propagation chamber. This enables a 20 × 7.5 mm2 region-of interest
that is axially elongated and centred at z = 100 mm as shown in Figure 1. The spatial
resolution of the optical measurements is determined to be 26.7 pixel/mm. Measurements
are undertaken using a 50 ns gate width and a 50 ns gate step. Images are acquired with a
sampling frequency of 500 kHz for an exposure time of 20 s. The observed optical emission
is therefore integrated over thousands of rf cycles to ensure reproducibility.
The ICCD is fitted with an interference filter for spectral discrimination. This has a
central wavelength 750 nm and full width at half maximum of 10 nm, and hence the transitions under consideration are Ar(2p1 − 1s2 ) at 750.4 nm and Ar(2p5 − 1s4 ) at 751.5 nm.
Cascade processes from higher-energy excited states into the Ar(2p1 ) level are understood
to have only a minor influence under these conditions, but could play a more significant
role for the Ar(2p5 ) level [29]. In the absence of cascade processes, the measured optical
emission is considered to be indicative of electrons with energy greater than 13.48 eV for
direct-impact excitation of the Ar(2p1 ) level. However, since we cannot exclude the optical
emission at 751.5 nm from the Ar(2p5 ) level, the contribution from cascade processes cannot
be neglected. If significant, this would result in an increase in the effective lifetime of the
optical emission and a decrease in the temporal variations observed.
For electrical measurements, a Langmuir probe (LP), rf-compensated retarding field energy analyser (RFEA), and floating beam target are positioned in the centre of the regionof-interest at (r, z) = (0, 100) mm as shown in Figure 1. These enable measurements of
the on-axis and isotropic electron energy probability functions (EEPFs), on-axis ion energy
distribution function (IEDF), together with the electron current, ion current and beam potential with respect to time. For EEPF measurements, the LP is used to detect (isotropic)
electrons of energy 0 < Ee < 12 eV, and the RFEA can be rotated such that it faces the
source along the z -axis (0◦ rotation angle) or in the perpendicular r -direction (90◦ rotation angle) for collection of directed and isotropic electron fluxes, respectively, of energy
12 < Ee < 21 eV.
As shown in Figure 2 (a), during rf operation a multi-peaked and broad IEDF is ob4

served, which is consistent with the similar values of the 4 MHz grid voltage and ion-plasma
frequencies [30]. It is also in agreement with previous measurements, where multiple peaks
in the spectrum were suggested to be caused by a spatially varying sheath profile at the

IEDF [rel. units]

multi-aperture extraction grids [12].
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FIG. 2. (a) Ion energy distribution function (IEDF) and (b) electron energy probability functions (EEPFs) measured with a Langmuir probe over 0-12 eV and 12-21 eV using a rotating
retarding field energy analyser (RFEA) during rf operation.

Measurements of the EEPF, shown in Figure 2 (b) for isotropic (LP, RFEA 90◦ ) and
on-axis (RFEA 0◦ ) orientations, demonstrate the presence of an anisotropic electron beam.
These electrons could be accelerated by a local reversal of the electric field during the Grid 1
sheath collapse [31]. As the electron beam is propagating in the same direction as the ion
flux the conditions are consistent with the presence of an accelerated plasma beam [13].
To investigate the electron dynamics with reference to traditional dc gridded-ion sources,
the thruster is operated in two modes as described above: ‘rf operation’ where rf power is distributed between the ICP and extraction grids resulting in a dc self-bias voltage Vsb = 100 V,
and ‘dc operation’ where a dc bias voltage Vdc = 100 V is applied across the extraction grids
and the ICP is driven by the rf power source. For simplicity, no cathode neutralizer is used
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in the study of dc operation. Beam stalling is avoided due to its self-compensation in the
grounded propagation chamber, together with a relatively high gas pressure greater than
0.1 mTorr [32]. Here, the transport conditions have been continuously controlled using measurements of the beam potential at the source exit and the ion flux. The power dissipated
in the extraction grids is comparable between rf and dc operation [13].
Figure 3 (a) and (b) show the variation in optical emission with respect to time and axial
distance (radially averaged) for rf and dc operation, respectively. In rf operation, electrons
with energy greater than 13.48 eV are observed to propagate axially from the source once
per 250 ns rf cycle, as observed through a 20 % increase in the optical-emission intensity for
intervals commencing at 50 ns, 300 ns, and 550 ns. The relatively weak temporal modulation
observed in rf operation is indicative of cascade contributions to the excitation of the Ar(2p5 )
level as discussed earlier.

FIG. 3. Intensity of the optical emission with respect to axial distance for (a) rf operation and (b)
dc operation.

Together with the periodic optical-emission structures that are evident across the regionof-interest, over 90 < z < 97 mm the intensity is observed to drop by approximately 50 %
as shown in Figure 3 (a). Similar behaviour is evident during dc operation, shown in
Figure 3 (b), for which no temporal modulation in the optical emission is observed.
It is important to note that the maximum intensity of the optical emission observed during
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dc operation is significantly lower (approximately 40 %) than for rf operation because the
dc electric field applied across the extraction grids acts to confine electrons in the source
region.
The role of pulsed-periodic electron fluxes on space-charge compensation during rf operation is studied by comparing the voltage at the extraction grids, spatially averaged and
time-resolved optical emission, ion current, electron current, and beam potential. As shown
in Figure 4 (a), the voltage applied across the extraction grids reaches V = 0 V once per rf
cycle. This corresponds to the sheath collapse at Grid 1 and the propagation of electrons in
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FIG. 4. (a) Voltage applied to the extraction grids and the (b) electron and ion currents, (c) spatially averaged optical emission (solid lines added for clarity), and (d) potential of the plasma
beam.
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The time-resolved ion and electron currents are measured by applying a dc voltage of
-50 V and 60 V, respectively, to the beam target (located at z = 100 mm) and measuring
the voltage drop across a 10 Ω low-inductance resistor. When biased at -50 V, it is assumed
that electrons are repelled from the beam target and hence only the ion current is collected.
Alternatively, when the beam target is biased at 60 V both electrons and ions with energy
greater than 60 eV, refer Figure 2 (a), are collected and hence the ion current can be
subtracted from the total to yield the electron current. During the brief interval of sheath
collapse, an increase in the electron current and decrease in the ion current is observed as
shown in Figure 4 (b). As distinct from the ion current, which exhibits one clear modulation
during each rf period, additional modulations are observed in the electron current within
the decay envelope.
It is expected that the periodic modulations in optical emission shown in Figure 4 (c) are
driven by the direct-impact excitation of the Ar(2p1 ) energy level. Here, it is important to
note that the temporal position of the spatially averaged optical emission has been adjusted
in post-processing to align with the interval of sheath collapse at Grid 1. The observed
modulations in the optical emission are consistent with the measurements of electron current
shown in Figure 4 (b), although the decay time for the optical emission is larger. While
it is reasonable to suggest that the higher-frequency modulations observed in the electron
current could potentially be mirrored in the excitation rate, it is not possible to extract this
information due to the limited temporal resolution of the current experimental setup. The
relatively weak modulation of the temporally resolved optical emission is consistent with the
elongation of the effective lifetime due to cascade processes populating the Ar(2p5 ) level, as
discussed earlier.
The temporal variation of lower-energy species, e.g. in the background plasma downstream of the source exit, is included in the measurements of time-resolved ion current, electron current and beam potential. It is therefore reasonable to suggest that their response
to the propagation of relatively energetic ions and electrons during the sheath collapse at
Grid 1 can be responsible for the additional modulations observed, e.g. electron current
Figure 4 (b), after the Grid 1 sheath re-forms. Further work to limit the influence of experimental boundary conditions, including the pumping rate and location of the propagation
chamber wall, is ongoing to understand these mechanisms in greater detail.
As shown in Figure 4 (d), the time-resolved potential of the floating beam target φ
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is observed to rapidly decrease from 16 V to 1 V at the same time as the grid voltage
approaches 0 V and the sheath at Grid 1 collapses. This is closely correlated with the
onset of modulations in the electron current (increase), ion current (decrease) and spatially
averaged optical emission (increase). Each minima in the beam potential corresponds to a
brief interval when the sheath at Grid 1 collapses and electrons propagate from the source.
Subsequently, for V > 0 V the sheath re-forms, effectively stopping the flux of these electrons
and increasing the beam potential due to the relative increase in positive ion flux.
In conclusion, phase-resolved optical emission spectroscopy has been applied in combination with electrical measurements (ion and electron energy distribution functions, ion
and electron currents and beam potential) to study the transient propagation of energetic
electrons in a flowing plasma generated by an rf self-bias driven plasma thruster. The results suggest that the propagation of electrons during the interval of sheath collapse at the
extraction grids acts to compensate space-charge in the plasma beam.
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