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The Quad Confinement Plasma Source is a novel plasma device developed for space propulsion applications,
whose core is an E × B discharge with open electron drift. The magnetic field is produced by indepen-
dently powered electromagnets able to generate different magnetic field topologies with the ultimate aim
of manipulating the ion flow field for achieving thrust vectoring. In this work, we map the ion velocity in
the plasma ejected from the Quad Confinement Thruster with different magnetic configurations using non-
intrusive Laser-Induced Fluorescence diagnostics. Measurements show a steep ion acceleration layer located 8
cm downstream the exit plane of the discharge channel, detached from any physical boundary of the plasma
source. In this location, the ion velocity increases from 3 km/s to 10 km/s within a 1 cm axial region. The ion
acceleration profile has been characterised under multiple testing conditions in order to identify the influence
of the magnetic field intensity and topology on this peculiar ion acceleration layer.

I. INTRODUCTION

The Quad Confinement Thruster1 is a novel magne-
tized Direct Current plasma source developed for high
specific impulse space propulsion applications. The QCT
was originally proposed in 2010 at the Surrey Space Cen-
tre and underwent multiple development and industrial-
ization programmes during the following years2, result-
ing in the first flight model launched in September 2018
on board the SSTL NovaSAR-1 satellite for an in-space
technology demonstration. In a previous experimental
characterisation3, the QCT has shown a maximum spe-
cific impulse of 860 s, a thrust of 3.2 mN and an efficiency
of 4.6% at the nominal anode power of 200 W. A gen-
eral schematic of the plasma source is provided in Fig.1.
The device presents a square discharge channel with the
anode of the system located at its closed end. The pro-
pellant enters the channel around the periphery of the
anode plate and ionization is driven by electron-neutral
collisions. An external hollow cathode discharge provides
primary electrons for ionization and for neutralising the
ejected ion beam. The magnetic field is characterized
by four cusps located at the channel walls, generated by
electromagnets. The resulting magnetic flux density is
strongest at the walls and features a cancellation region
in the center of the channel (see Fig.1). The cusps and
magnetic null region extend throughout the length of the
channel upward to the anode. The magnetic field con-
stitutes a barrier to electron migration, enhancing the
electron resident time within the discharge channel. Dif-
ferent combinations of current magnitudes can be sup-
plied to the electromagnets to manipulate the magnetic
field topology, changing the properties of the generated

a)Electronic mail: a.luccafabris@surrey.ac.uk
b)Presently at Lawrence Livermore National Laboratory, 7000 East
Ave., Livermore, CA 94550, USA

plasma and potentially achieving an active thrust vector
control without the use of a mechanical gimbal1. While
the overall QCT propulsive performance has been exten-
sively characterized in previous works3–6, this paper ad-
dresses the fundamental plasma physics in the thruster
plume, with a particular focus on the ion acceleration
mechanism.

The principle of operation of the QCT presents similar-
ities with other plasma sources which exploit an E × B
electron drift, such as Hall Effect Thrusters (HETs)7,
cusped field thrusters8,9 and, in particular, the linear-
type Hall thruster10. Typical Hall thruster plasma dis-
charges present an axisymmetric geometry with an annu-
lar or a cylindrical discharge channel11 and a radial mag-
netic field generated by either a system of electromagnets
or permanent magnets. In this layout, characterized by
an axial electric field and a radial magnetic field, elec-
trons are constrained in a closed E×B azimuthal drift12

generating a continuous Hall current loop. The E × B
region is a volume typically confined close to the dis-
charge channel exhaust plane and represents a zone of
high ionization. Ions (unmagnetized for the magnetic
field strength used in these devices) are subsequently ac-
celerated by an electric field generated by the increased
resistivity to axial electron motion through the channel
imposed by the radial magnetic field. Electrons loop sev-
eral times before migrating to the anode, yielding the
condition Jez/JeH � 1, where Jez and JeH are the cross-
field axial electron current and the Hall current respec-
tively. Electron transport in Hall thrusters is a complex
process which can not be described by the classical cross-
field diffusion theory13,14; several anomalous transport
mechanisms and models have been proposed in order to
properly represent experimental observations.

Differently from the coaxial configuration, Hall plasma
sources with a linear geometry are characterized by an
open electron drift. In these devices the discharge chan-
nel presents a rectangular cross section with the mag-
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Figures/QCT_schematics_assembled.pdf

FIG. 1: Quad Confinement Thruster. (a) General schematic of the Quad Confinement Thruster. The discharge
channel presents a square cross-section. Primary electrons produced by an external hollow cathode source (not

shown) migrate toward the anode of the system ionizing the working gas via electron-neutral collisions. The neutral
gas is injected at the periphery of the anode. (b) A magnetic field, characterized by cusps at the four lateral walls,
impedes the electron axial transport creating an E ×B electron drift with direction reversal in the four quadrants.

netic field aligned along the smaller dimension. As a
consequence, the E ×B drift develops along the perpen-
dicular dimension and the electron path terminates at
the channel wall10. The linear geometry HET, developed
as an attempt to address the lack of efficient annular
HETs in the low power range (10-100 W), presents man-

ufacturing advantages because of its compact design and
simpler magnetic circuit in comparison with the coaxial
configuration. However, in the linear design the open
electron drift may affect the discharge performance. The
generation of an interrupted Hall current instead of a
continuous Hall current can lead to a decrease in ion-
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Figures/Photograph2.pdf

FIG. 2: The discharge channel of the QCT presents
peculiar light emission structures. The strongest light
emission originates from two specific quadrants of the

channel. The photograph shows a SSTL QCT
qualification model during testing at the European

Space Agency Electric Propulsion Laboratory.

ization and limitations in establishing a potential gra-
dient for ion acceleration. Similar considerations apply
to the QCT discharge configuration. Indeed, the QCT
is characterized by open E × B drifts, which point in
opposite directions in contiguous quadrants due to the
reversal of the magnetic field direction, as is illustrated
in Fig.1. The open, alternating-direction electron drift
induces a strong non-uniformity of the plasma discharge;
visual observation of the device (Fig.2) shows a brighter
plasma emission coming from the regions characterized
by an outward E × B vector suggesting that the combi-
nation of electric and magnetic topologies drives electrons
into this volume causing a higher number of excitation-
radiative relaxation events. A recent study of the QCT
discharge using electron kinetic modeling15 has identified
the E × B driven electron transport and the ambipo-
lar diffusion as the physical mechanisms causing these
peculiar visible light emission structures. Moreover, in
the central magnetic-null region electrons may find a di-
rect path to the anode leading to an increased axial elec-
tron current density in this portion of the channel cross-
sectional area, as experimentally observed in cusped field
thrusters16. Once ions are produced in the channel, they
are accelerated downstream by the electric field with-
out being directly affected by the magnetic field because
of their heavy mass. In the original QCT conceptual
definition, the hypothetical mechanism for establishing
this electric field was the impeded electron flow due to

the transverse magnetic field barrier as in the HET case;
however the experimental investigation presented in this
paper shows a different physical framework. Moreover,
previous studies have shown that plasma discharge prop-
erties are strongly influenced by the background residual
pressure in the vacuum chamber6, suggesting a coupling
between the physics of the plasma within the channel and
that of the outer plume. By visual observation (Fig.3),
the latter features a semi-spherical structure which ex-
tends about 6 - 8 cm from the thruster exit plane.

Figures/Photograph1.pdf

FIG. 3: Light emission structure from the plume of a
QCT. The photograph was taken during testing of a

SSTL QCT qualification model at the European Space
Agency Electric Propulsion Laboratory.

Understanding the fundamental physics of the plasma
discharge, particularly the ion acceleration mechanism,
is a key step in evaluating and exploiting the thruster’s
propulsive capability and performance. Pursuant to this
goal, we characterize the ion velocity field in the plasma
ejected from a 200 W QCT laboratory model using a non-
intrusive laser-induced fluorescence (LIF) diagnostic17,18.
Time-averaged local measurements of most probable ve-
locity vectors and corresponding velocity distribution
functions are carried out for different magnetic config-
urations and anode voltages in several locations in the
QCT plume providing an unprecedented picture of the
ion flow-field. The conclusions achieved by this study
have an important impact on the future optimization ac-
tivities of the thruster since they represent a step-change
in the understanding of the fundamental physics govern-
ing the plasma produced by the device. Two perpendic-
ular velocity components have been characterized under
different operating conditions and using different mag-
netic topologies generated by the flexible electromagnet
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arrangement. The steering of ion trajectories generated
by the distortion of the magnetic field has also been in-
vestigated in order to verify the magnetic thrust vector
control capability of the thruster.

II. EXPERIMENTAL SETUP

The QCT used for this study is a laboratory devel-
opment model operating in the 200 W power range3.
The discharge channel, made of boron nitride, presents a
square cross section with a side of 35 mm and a length
of 64 mm. The tantalum anode has a square cross sec-
tion as well, with a 25 mm side length. A commercial
hollow cathode neutralizer has been used with its orifice
located 3.2 cm downstream the channel exit plane and
9.4 cm outward from the centerline, pointing at about
60◦. The magnetic field is generated by four electromag-
nets wrapped around blade-shaped soft iron rails which
concentrate the field lines and create magnetic cusps at
the midpoints of the four lateral walls (see schematic in
Fig.1). The resulting field topology has a quadrupole
configuration with the strongest magnitude at the walls
and a cancellation point at the channel center. The mag-
nitude of the magnetic field is roughly constant along the
length of the channel and decreases toward the exit plane
as shown in the experimental measurements and simu-
lated profile reported in Fig.4a. Magnetic flux density
maps in the near-field and mid-field plume regions are
shown in Fig.4b. Since the QCT front plate is made of
aluminum, the magnetic field leaks out from the iron rails
and partially extends in the downstream region. Plots of
the magnetic field topology obtained using a 3D magne-
tostatic simulation, details of which can be found in19,
show strongly three dimensional field lines in this region.
These field lines, as seen in Fig.5, exhibit bulging struc-
tures beyond the exit plane of the thruster that start to
appear as soon as the field lines detach from the electro-
magnet blades and propagate further downstream into
the plume region.

The test campaign is carried out at the Stanford
Plasma Physics Laboratory. The QCT is mounted inside
a 1.5 m diameter and 4 m long stainless steel cylindrical
chamber, equipped with a two-stage cryogenic pumping
system, reaching a base pressure of 4 × 10−7 Torr with-
out propellant flow and maintaining 3 × 10−5 Torr (un-
corrected for xenon) while operating the thruster. The
background pressure might play a critical role in the ex-
perimental characterisation of the QCT. A prior inter-
laboratory characterisation of the QCT6, performed at
the Surrey Space Centre and European Space Agency
Electric Propulsion laboratories, demonstrated a signif-
icant change of the QCT voltage-current characteristics
when the background pressure was varied in the 3.8 -
9 × 10−5 Torr range using an additional mass flow in-
put. Variations of the measured thrust were also ob-
served. Extensive literature describes the effects of the
background pressure on Hall Effect Thrusters testing re-

vealing an influence on the performance, discharge chan-
nel physics and plume characteristics20–22. In particular,
relevant to the results presented in this article, a recent
study23 has analysed the effect of the background pres-
sure in the range 1.7 - 8 × 10−5 Torr on xenon ion velocity
distribution functions in a SPT-100 thruster plume char-
acterised through laser-induced fluorescence velocimetry.
The analysis shows the background pressure influences
the ionization and acceleration zones, with an observed
upstream shift of the axial ion acceleration front when
the pressure is increased; nevertheless, the ultimate ion
velocity after acceleration appears unaffected.

The local ion velocity components in the QCT plume
are measured by applying a non-intrusive laser-induced
fluorescence technique, extensively described in previous
literature18,24,25. A schematic of the LIF system exper-
imental setup is illustrated in Fig.6. The ion velocity
is determined by the Doppler shift of the LIF spectrum
of the QCT plume plasma relative to the optogalvanic
spectrum of a stationary plasma in a hollow cathode
lamp. The Xe II 5d[4]7/2 − 6p[3]5/2 transition at 834.953
nm (vacuum wavelength) is optically pumped by a laser
beam generated by a New Focus TA-7600 semiconductor
tapered amplifier seeded by a 20-mW tunable external-
cavity diode laser (New Focus, Model TLB-6817-P). The
fluorescence at 542.1 nm (vacuum), resulting from the
radiative decay to the 6s[2]3/2 state, is collected by a
100 mm diameter, 200 mm focal length lens within the
chamber, directed outside through a set of mirrors and
focused onto a Hamamatsu 1P21 photomultiplier tube
(PMT). A 10 nm bandpass filter, centered at 540 nm,
and an optical short-pass filter are mounted in front of
the PMT to reject photons originating from transitions
other than the targeted one. An additional mechani-
cal iris is placed in front of the PMT in order to reduce
the light collection volume. The intersection between the
collection optical path and the probe laser beam deter-
mines the measurement volume with typical size of ∼ 1
mm326,27. A translation stage system allows movement
of the thruster along two directions, enabling spatially-
resolved measurements.

The laser wavelength is scanned throughout a 30 GHz
range, encompassing the Doppler-shifted ion fluorescence
spectrum resulting from the QCT plasma and the sta-
tionary reference spectrum resulting from the plasma
generated in the hollow cathode lamp. The detuning pro-
cess is monitored by a Fabry-Perot interferometer whose
interference fringes are spaced by 1.5 GHz. An addi-
tional wavemeter provides a visual wavelength reading
while setting the laser operating parameters. The Xe I
transition probed in the hollow cathode lamp is centered
at 834.973 nm (vacuum), 9.03 GHz from the line center
of the stationary ion transition. A previous experimental
analysis using an independent stationary plasma source
determined a 360 m/s velocity accuracy for a similar LIF
setup25 with the same critical optical components and
wavelength reconstruction method.

Before entering into the vacuum chamber through a

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

00
62

55
5



5

Figures/magnetic_flux_density.pdf

FIG. 4: Simulated magnetic flux density for the QCT. The simulations are obtained using a 3D model of the
thruster’s magnetic field built with EMWork’s EMS software. (a) Axial profile of the magnetic flux density at the
center of a side wall of the discharge channel (comparison between measured and simulated values). (b) Magnetic
flux density maps on the Y = 0 plane; bottom map: near field plume (region between Z = 0 and Z = 40 mm); top

map: plume region between Z = 60 mm and Z = 100 mm.

side window, the laser beam is split into two beams which
are directed to the thruster plume from perpendicular di-
rections using a set of mirrors. This arrangement allows
for the simultaneous measurement of two perpendicular
velocity components (Fig.7). The two beams are modu-
lated at different frequencies using a mechanical chopper

enabling the application of homodyne detection through
lockin amplifiers to discriminate fluorescence originating
from one or the other beam and to filter-out the noise
content from the PMT signal. The ion velocity mea-
surements are performed on a symmetry plane of the
thruster and the resulting ion velocity maps are illus-
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Figures/magnetic_field_topology.pdf

FIG. 5: Simulated magnetic field topology of the QCT, using a 3D model of the thruster’s magnetic field built with
EMWork’s EMS software. (a) Bulging 3D structures of the magnetic field lines detaching from the electromagnet
blades and extending into the plume region. (b) Top view of the magnetic field lines launched at Z= 80 mm. (c)

Front view of the magnetic field lines.

trated and discussed in the next section. Measurements
are performed operating the thruster under a broad range
of conditions; in particular, the electromagnet currents
have been widely varied to study the effect of the mag-
netic field distortion on the ion flow field.

III. RESULTS AND DISCUSSION

The plasma discharge operates with a xenon flow of
0.8 mg/s through the anode and an argon flow of 0.12
mg/s through the external hollow cathode discharge. The
use of argon allows to exclusively probe ions originating
from the main discharge channel and avoids the detection
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Figures/LIF_lay_out.pdf

FIG. 6: Schematic of the LIF system experimental
setup, optical components and equipment.

of ion populations originating from the hollow cathode
plasma, which can introduce misleading interpretations
of the results.

The following set of data is obtained for the standard
magnetic field configuration (i.e. using a current of 1 A
through all the electromagnet windings, generating the
magnetic field shown in Figs.1,4 and 5) and a fixed an-
ode voltage of 130 V. The anode current experiences a
long-term drift (over timescales of 20 - 30 min) within the
range 1.5 - 1.8 A during the several hours of continuous
thruster operation. The short-term dynamic behavior of
the discharge current is monitored through a shunt re-
sistor and high-voltage common mode differential ampli-
fier; the current presents a quiescent profile without any
relevant coherent oscillation within the 0 - 120 kHz sen-
sitivity range of the measurement system. No significant
short-term change of the discharge current is observed
while moving the thruster from one location to another
using the translation stages for spatially-resolved mea-
surements.

Spatial maps of most probable ion velocity components
are presented in Fig.8 using the same reference frame il-
lustrated in Figs.1 and 5 and depicted again Fig.7. The
origin of the frame is located at the exit plane of the
thruster on the discharge channel centerline. The X and
Y axis are aligned with the diagonals of the square dis-
charge channel and the Z axis is aligned with the chan-
nel axis of symmetry. Measurements are taken on the
XZ plane. The axial velocity map highlights that a steep
increase in ion velocity is taking place at about 8 cm
downstream of the exit with an observed increase from 3
km/s to 10 km/s (on the centerline) within a region of 1

Figures/LIF_layout_inner.pdf

FIG. 7: Two laser beams modulated at different
frequencies f1 and f2 are used for probing the axial and
transverse velocity components in the QCT plume. The

fluorescence photons are collected by a lens and
redirected outside the chamber by means of a set of
mirrors. The measurement volume is given by the

intersection of the probing laser beams and the
collection optical path. The figure also shows the XZ
reference frame used in the presentation of the results.

cm thickness or less. This layer is located in ”free space”,
i.e. in a region detached from the exit plane and physical
boundaries, characterized by weak magnetic field inten-
sity and lower neutral density in comparison with the dis-
charge channel. The location of the acceleration front is
atypical and differs from the one observed in other types
of open-channel thrusters, such as Hall Effect Thusters17

and Cusped Field Thrusters24. Indeed, in these latter de-
vices, ion acceleration takes place around the exit plane:
in some cases the front extends just few centimeters be-
yond the exit17, in other cases it is even located inside the
channel27. The observation of the velocity vectors and
angles on the centreline of the thruster, shown in Fig.8d
and Fig.8c respectively, reveals a ∼5 deg angular offset of
the velocity vectors toward the positive X axis, suggest-
ing the presence of slight asymmetries in the thruster
discharge or a small misalignment of the thruster with
respect to the optical components of the experimental
setup. The location of the acceleration front is high-
lighted further in Fig.9, representing the axial evolution
of the axial Ion Velocity Distribution Function along a
line located at a transverse coordinate X = −30 mm.
The profile features a sharp acceleration at an axial co-
ordinate of 75 - 80 mm from the exit plane with a most
probable ion velocity increase from 1 km/s to 8 km/s.
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Figures/M1_axial_vel.pdf Figures/M1_transv_vel.pdf

Figures/M1_angle.pdf Figures/M1_vel_vectors.pdf

FIG. 8: Ion velocity measurements in case of nominal magnetic field. (a) Measured axial velocity map. (b)
Measured transverse velocity map. (c) Computed velocity angle. (d) Computed velocity vectors. Triangle markers

indicate the location of the LIF measurements. In subplot (b), negative and positive values are shown with the same
colour scale to represent the transverse velocity magnitude; however, the transverse velocity is negative for X < 0,
and positive for X > 0, i.e. this velocity component is always pointing outward from the centreline as inferred from

the velocity vectors shown in subplot (d).

The peculiar location of the acceleration front in the
QCT is due to factors determining the underlying plasma
physics in the plume and in the discharge channel. A
full description of the physical processes would require a
comprehensive investigation comprising multiple probes,
however the known physical features of the device al-

low the formulation of a hypothesis. The nature of the
acceleration is electrostatic and ion acceleration is trig-
gered by a potential drop, the position of which matches
that of the observed acceleration front. Potential drops
in narrow spatial regions detached from plasma bound-
aries have been observed in other laboratory plasmas28
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Figures/IVDF_Vz_x_30.pdf

FIG. 9: Axial profile of the axial LIF signal
(representing the axial Ion Velocity Distribution

Function) in the plasma plume along a line located at
X = −30 mm. LIF scans have been weighted by the

integrated scan intensity and normalised to the overall
maximum.

and are usually defined as single or double layers29 de-
pending on their characteristics. As an example, single
and double layers have been reported in multiple plasma
devices with electron drift current30,31 or in magnetized
expanding plasmas32,33. The location of the accelera-
tion layer observed in the QCT plume suggests a similar
structure. Electrons flowing from the hollow cathode re-
main attached to the magnetic field lines leaking from the
iron rails of the thruster (see Fig.5) and move through-
out a semi-spherical shell with a certain thickness and
certain radius depending on the relative position of the
hollow cathode orifice and magnetic field topology. This
electron rich shell creates a local breakdown of quasi-
neutrality, creating a potential jump bounded between
an ion-rich region (upstream towards the thruster) and
an electron-rich region (downstream). Particle kinetic
phase-spaces are characterized by trapped low-energy
electrons on the high potential side, a population of drift-
ing electrons accelerating from the low-potential side to
the high-potential side of the structure migrating from
the electron-rich shell towards the discharge channel, and
an accelerated beam of ions gaining energy from the po-
tential jump. The shape of the potential front influences
the direction of ion acceleration occurring in the direction
of the potential gradient. As a result of the spatial distri-
bution in the potential, the velocity vectors are aligned
to the z-direction at the centre of the plume and their an-
gle progressively increases moving outward and reaches a

value of about 65 - 70◦ at the periphery (see Fig.8d). Vi-
sual observation of the QCT plume reveals plasma emis-
sion is preferentially originating from a semi-spherical re-
gion in front of the thruster with a radius comparable to
that of the identified acceleration front, suggesting a cor-
relation between electrostatic topology and visual shape
of the plume (Fig.3).

Figures/acceleration_profiles.pdf

FIG. 10: Ion acceleration profiles under different testing
conditions. The black circles report the most probable
ion velocity at different axial locations from the exit
plane for nominal operating conditions. The green

triangles represent the case with reduced magnetic field
(half of the nominal magnitude). The yellow squares

identify the acceleration front at reduced power
operation (100 W power with 100 V anode voltage).

The red triangle shows the weaker ultimate velocity of
ions when the plasma discharge operates without

magnetic field.

Fig.10 reports the most probable ion axial velocity in
different locations in the plume along the thruster cen-
terline for different testing conditions. The ion veloc-
ity profile obtained for the nominal magnetic field case
(black line in the figure) highlights again the velocity
increase from 3 km/s to 10 km/s at about 8 cm from
the exit plane. Conversely, the measured ion velocity
for the unmagnetized (i.e., null magnetic field) discharge
case (red triangle in the figure) presents a value of only 4
km/s at 11 cm from the exit plane, equivalent to a poten-
tial drop limited to 10 - 15 V. The comparison between
measurements obtained applying the nominal magnetic
field and that acquired for the unmagnetized discharge
mode demonstrates that strong ion acceleration takes
place only in the magnetized case. This highlights the
impact of the magnetic field on the discharge physics,
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Figures/nominal_B_frontview.pdf Figures/asymmetric_B_frontview.pdf

FIG. 11: Comparison of magnetic flux density and magnetic field lines in the QCT discharge channel between case
(a) with nominal magnetic field (all electromagnets are powered) and case (b) with asymmetric magnetic field (only

electromagnets C and D are powered).

in particular on the electrostatic potential distribution
determining ion acceleration. A decrease of the anode
power (case with 100 V anode voltage and 1 A anode cur-
rent) causes a weakening of the acceleration, due to the
reduction of the potential drop strength resulting from
the decrease of the anode voltage level. Finally, a reduc-
tion of the magnetic field strength to half of the nominal
value does not produce any significant change to the ve-
locity increase experienced by ions. The location of the
acceleration layer remains approximately fixed, at about
80 - 85 mm downstream of the exit plane, for all the
tested conditions with magnetic field. This latter obser-
vation reveals that the acceleration front is connected to
the system physical geometry and magnetic topology.

The decoupling of ionization and acceleration regions
and the generation of cross-field wall-less plasmas have
been the subject of much research within the space
propulsion community, aimed at mitigating wall-losses
and reducing the erosion of the ceramic channel34–37 thus
extending the operational lifetime. These studies have
demonstrated the feasibility of such discharge with ion-
ization and acceleration regions located in free space out-
side of a physical channel. A major drawback of these
devices is the high divergence of the ion velocity that
causes substantial radial losses. For the same reason, the
QCT generally presents a lower performance in compar-
ison with standard Hall Effect Thrusters.

The magnetic field was altered by switching off two
electromagnets. For the LIF measurements reported
in Fig.12, only electromagnets C and D are powered

(the four electromagnets are labelled using the letters
A,B,C,D according to the lay-out shown in Fig.1.).
The resulting asymmetric magnetic field is illustrated in
Fig.11, along with the nominal field shown for compar-
ison. The figure highlights the drastic decrease of the
magnetic field in the two quadrants of the discharge chan-
nel on the side of the two unpowered electromagnets as
well as a strong re-arrangement of the magnetic field lines
with a strong cusp structure in the opposite quadrants.
The discharge is therefore characterised by a higher mag-
netic field half and a lower magnetic field one. The dis-
tortion of the magnetic topology generates changes in
both the ion velocity field and the metastable (probed)
ion density. A non-uniform distribution of metastable
ions in the plume is observed, with higher LIF signal ob-
served on the X < 0 side, as illustrated in Fig.13. The
acceleration front is still located at about 8 cm from the
exit plane with an axial velocity increase from 3 km/s to
10 km/s taking place in a 1 cm region (see Fig.12a) as
in the case of the nominal magnetic configuration. How-
ever, a higher transverse velocity component is observed
on the X > 0 side with a consequent change in the ve-
locity angle (see Fig.12b and Fig. 12c, respectively). In
this specific case we can observe a transverse velocity
delta of about 2 km/s between the two sides of the mid-
plane (X = 0). The asymmetric magnetic field induces
a non-uniform electrostatic potential distribution within
the plasma, with a consequent effect on ion dynamics.
These results demonstrate the impact of the magnetic
field configuration on the ion velocity vector, providing
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Figures/M2_axial_vel.pdf Figures/M2_transv_vel.pdf

Figures/M2_angle.pdf Figures/M2_vel_vectors.pdf

FIG. 12: Ion velocity measurements in case of distorted magnetic field. Only two electromagnets are powered
(Magnet C and D). (a) Measured axial velocity map. (b) Measured transverse velocity map. (c) Computed velocity
angle. (d) Computed velocity vectors. Triangle markers indicate the location of the LIF measurements. In subplot

(b), negative and positive values are shown with the same colour scale to represent the transverse velocity
magnitude; however, the transverse velocity is negative for X < 0, and positive for X > 0, i.e. this velocity

component is always pointing outward from the centreline as inferred from the velocity vectors shown in subplot (d).

a preliminary assessment on the potential for thrust vec-
toring. However, the latter capability needs to be cor-
roborated by either complementary measurements of the
ion flux or multi-directional direct thrust measurements.
As an example, a previous study on magnetic steering of
the ion beam of a stationary plasma thruster combined

probe measurements with thrust balance data for com-
puting the thrust-vector deviation angle38 and success-
fully demonstrated a steering of 5 deg of the trust vector.
Differently from the QCT, in which the main magnetic
system of the thruster is used, this previous investigation
included an external magnetic system to directly deviate
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Figures/M2_axial_LIF_intensity.pdf

FIG. 13: Measured axial LIF signal intensity in case of
distorted magnetic field with only two electromagnets

(C and D) powered. Triangle markers indicate the
location of the LIF measurements.

the trajectories of xenon ions in the plasma jet. Finally,
the impact on the QCT global performance metrics and
erosion patterns of the channel wall caused by an asym-
metrical field also needs to be assessed for drawing a final
conclusion.

IV. CONCLUSIONS

Laser-Induced Fluorescence ion velocimetry mapping
on a Quad Confinement Thruster (probing the Xe II
5d[4]7/2 − 6p[3]5/2 metastable ion transition at 834.953
nm) has revealed the presence of a free-space ion accel-
eration layer that is detached from the main physical
boundaries of the plasma discharge. The ion velocity
field exhibits an increase in axial velocity from 3 km/s to
10 km/s within a spatial region of 1 cm or less approxi-
mately 8 cm downstream of the thruster exit. Measure-
ments have demonstrated the location of this acceleration
front does not change when the magnetic field intensity
is reduced to half of the nominal value; however, a strong
reduction of the ultimate ion velocity is observed for the
unmagnetized case (null magnetic field), suggesting the
occurrence of the strong acceleration layer is linked to the
presence of the magnetic field. We attribute the cause
of this detached acceleration region to the presence of an
electrostatic potential structure similar to a double-layer.
Experiments have been performed for different magnetic
field topologies in order to better understand the effect
of varying the B-field on the ion velocities. The mag-

netic field topology is found to influence the distribution
of the plasma properties resulting in a different electro-
static potential structure responsible for ion acceleration.
Intentional asymmetries about the mid-plane generated
in the magnetic field result in corresponding asymmetries
in the laser-induced fluorescence signal intensity as well
as in the transverse ion velocity. This study represents
a key step-forward in understanding the characteristics
of the ion acceleration process in the Quad Confinement
Thruster, a novel plasma propulsion technology that has
been recently launched on board the NovaSAR-1 satellite
for an in-space technology demonstration. The discov-
ery of the peculiar presence of an ion acceleration layer
detached from the physical boundaries of the discharge
channel represents an interesting plasma physics prob-
lem that deserves a dedicated future investigation using
an array of probes for revealing its fundamental physics.
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 (b) Transverse Velocity 
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 (c) Velocity Angle From Z-Axis 
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 (a) Axial Velocity 
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 (b) Transverse Velocity 
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 (c) Velocity Angle From Z-Axis 
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 Axial LIF Intensity 
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