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An experimental study on the magnetic field permeability of
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Inductive-pulsed plasma thruster is an in-space propulsion device that generates thrust by ionizing and accelerating
plasma through pulsed electromagnetic field. In this paper, the correlation between plasma structure evolution and magnetic
field permeability is studied using a B-dot probe array system, combing with high-speed camera and electrical parameter
measurement. Further discussions explained the mechanism how the magnetic permeation characteristics affect the energy

deposition between circuit and plasma.
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1. Introduction

Inductive-pulsed plasma thruster (IPPT), also known as
pulsed inductive thruster (PIT), is a sort of electric propul-
sion device that generates thrust by ionizing and accelerat-
ing gaseous propellant through a pulsed inductive electromag-
netic (EM) field.!") Owes to its megawatt power capability,
wide propellant compatibility, and wide range thrust regula-
tion ability,”! IPPT becomes a promising candidate for fu-
ture nuclear electric propulsion,?! and low-orbit air-breathing
electric propulsion. ¥

Despite over 50 years’ development, IPPT has not yet
been tested in space. On one hand, the life time of com-
ponents such as pulse valve and pulse switch are not suffi-
cient, on the other hand, the performance of the thruster is
not yet reliable.®! The TRW developed IPPT-type thruster PIT
Mark-1 (I, = 1897 s, 1 = 29%)!% and PIT Mark-Va (I, >
5000 s, N = 50%)!7! both achieved impressive propulsive per-
formance, but their respective successors, the PIT Mark-IV
Usp =820s, m = 15%)'8! and PIT Mark-VI Usp = 2750 s,
N = 19%),°! neither achieve comparable performance respec-
tively. Those facts supply that the understanding on the effi-
cient acceleration mechanism of plasma in IPPTs is still un-
clear.

To find out the reasons for the performance difference be-
tween PIT Mark-I and PIT Mark-1V, Lovberg compared the
radial magnetic field B, at different coaxial positions along
the center line between inner and outer diameter of drive-coil.
The result showed that the axial permeability of coil magnetic
field in PIT Mark-I is obviously weaker than that in PIT Mark-
IV. Lovberg believed that the magnetic field penetration would
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not only weaken the electromagnetic force on the plasma, but
also reduce the utilization of the propellant, resulting in the
so-called snowplow loss.[1"]

More recently, in an IPPT-type device named Faraday ac-
celerator with radio frequency assisted discharge (FARAD),
Polzin measured the B, curves at two different axial locations.
The data was compared with PIT Mark-Va and the result in-
dicated that, within the early few us, the axial penetration of
the magnetic field in FARAD is more obvious than PIT Mark-
Va. Polzin concluded that, IPPT with low discharge energy
tends to occur a delayed gas breakdown, which subsequently
leads to serve energy dissipation through circuit resistance and
plasma resistance.!!! Little implemented a theoretical anal-
ysis of the magnetic field permeability characteristics of the
current sheet by embedding a one-dimensional magnetic field
permeability equation into the electromechanical model. The
calculation results show that the magnetic-impermeable state
can only be achieved over certain specific ionization ratio is
achieved.[!?!

Conclusively, the magnetic field permeation in plasma
makes an important effect on the ionization and acceleration
process of propellant. This effect might vairy with the dis-
charge process and be influenced by the neutral gas distribu-
tion, the plasma ionization degree and the electric parameters
of drive-circuit. However, two relevant fundament questions
still remain unclear. Namely, how the plasma structure works
on the magnetic field permeability, and how the magnetic field
permeability influences the energy deposition and conversion
between circuit and plasma.

In this study, a transient magnetic field diagnostic sys-
tem utilizing B-dot probe arrays is developed and calibrated.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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An in-depth study on the relationship between plasma struc-
ture evolution and magnetic field penetration under varied op-
erational parameters is accomplished. Further analysis corre-
lates the magnetic field diagnose, high-speed photographing,
and electrical parameter measurement results. The mechanism
about how magnetic permeability affects the plasma energy
deposition and macroscopic kinetic energy conversion is also
explained.

2. Experiment setup and method

As shown in Fig. 1, the experiment system primarily con-
sists of a laboratory IPPT prototype, a discharge chamber, rel-
evant measurement, and control devices. The IPPT prototype
includes a planar drive-coil wound by multi spiral conductors,
a pulse switch and a capacitor group. More details have been

(141 The plasma region in front

introduced in an earlier study.
of the drive coil is separated from atmosphere by a transparent

PMMA tube. During experiment, only the discharge cham-

Vacuum gauge

Vacuum pumps

ber is vacuumed, while the propellant argon is fed through the
bottom flange.

The temporal plasma structure is captured by a high-
speed camera (Phantom V2012). The exposure time of the
camera is 0.9 us and the sampling rate is around 66 kHz, which
results in a sampling interval about 1.5 ps. The circuit current
I, is detected by a Rogowsky coil (Pearson 5046) and the ca-
pacitor voltage V is measured by a high voltage probe (Tek-
tronix P6015A).

In order to concentrate the induced Lorentz force on axial
direction, the conductors of drive-coil are carefully wounded
so that the axial component of magnetic field is neglectable.
Meanwhile, since the thruster is axisymmetric, the angular
component is also neglectable. Therefore, only the radial com-
ponent B, of magnetic field intensity is investigated in this
study. The time-varying curves of B, at different axial loca-
tions z along the midline of drive-coil are measured by a B-dot
probe array-based magnetic diagnostic system.
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Fig. 1. Experimental setups.

2.1. Magnetic field diagnostic system

The transient magnetic field diagnostic system is shown
in Fig. 2. The probe array contains 8 sampling coils whose in-
terval is 1.5 cm. Commercial micro inductor chips (812SMS-
R12GLC) are used as the sampling coil to improve the con-

sistency between probe arrays. A printed circuit board is de-

signed as the skeleton of inductor chips to improve the accu-
racy of direction and location. The probe signal is transmitted
by 0.3-mm diameter coaxial cables commonly used in mobile
phone RF antenna. An RC integration circuit shown in Fig. 3
is used to integrate the original probe signals. The probe as-
sembly is encapsulated in a 5-mm diameter quartz glass tube to
protect the inductor chips from plasma erosion, small enough
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to distinguish the spatial features of the plasma current sheet,
whose thickness was several centimeters reported in Ref. [10].

Feedthrough

Micro-inductor chips Signal processing circuit

Fig. 2. Transient magnetic field diagnostic system.

Micro inductor

B Co-axial line |

Integrator

Fig. 3. Signal processing circuit.

2.2. Probe calibration system

Due to the geometric errors of inductor chips, as well as
the stray capacitance and inductance of the transmission line,
the actual B-dot probe coefficient nA (n is the number of turns
of single inductor chip and A is the cross section of each turn)
usually deviates from its theoretical value and relies on the
field frequency f. Considering this, the probe needs to be cal-
ibrated within the designed operating frequency range. ']

A Helmholtz coil is used to provide the standard and uni-
form magnetic field for probe calibration. Apparently, the
frequency response character (FRC) of Helmholtz coil itself
should exceed the probe chip, and the size of uniform area of
the standard field needs to be larger than the probe chip size, as
well. However, those two requirements turn out to be conflict
and after several attempts, a high frequency Helmholtz coil as
shown in Fig. 4 is accomplished. The radius rg equals 36 mm
while the number of turns ng is 40.

Jie
|

Fig. 4. Photograph and equivalent circuit of the Helmholtz coil.

The actual equivalent circuit of Helmholtz coil is shown
in Fig. 4, where Cs, Ly, and R represent the stray capacitance,
stray resistance, and self-inductance, respectively. The current
meter A measures the total current /; including the displace-
ment current Ic passing through Cs and the conduction current
Iy passing through L and Ry, of which only /iy can generate the
standard calibration magnetic field. The FRC of Helmholtz
coil is tested using a signal generator. According to the cir-
cuit waveforms of IPPT, the nature period of each discharge
is around 10 ps, whose corresponding frequency is 100 kHz.
To capture the detailed features of discharge, the characteris-
tic frequency is expanded to 10 kHz—500 kHz. It can be seen
from Fig. 5 that the operating frequency range of Helmholtz
coil is about 0 MHz—-1 MHz, entirely covering the character-
istic frequency of the magnetic field in IPPTs. The axial and
radial distribution (see Fig. 6) of the standard field is measured
using a Gauss meter. As shown in Fig. 7, the magnetic field
generated by Helmholtz coil has a good uniformity within the
size range of the probe inductor coil.

100 10?2 104 106 108
J (Hz)
Fig. 5. Frequency response characteristic (FRC) of Helmholtz coil.
T T T T T
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Fig. 6. The axial and radial distributions of the field generated by
Helmbholtz coil.

A schematic diagram of the calibration system is shown
in Fig. 7, where an RLC pulse circuit is used to generate the
exciting current. The frequency is adjusted by changing dif-
ferent valued capacitors. The calibration results of all the four
adopted B-dot coils are shown in Fig. 8§ where competent con-
sistence between inductor coils and varied field frequencies
are confirmed. Identical nA value equaling 5.9 x 107> m? is
adopted for all the four B-dot coils, with a relative error of

about 5%.
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Fig. 7. Probe calibration system.
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Fig. 8. Probe calibration results.

3. Experiment results

Firstly, the thruster is operated under atmosphere to ob-
tain the unloaded discharge characteristics as a contrast. After
that, loaded discharge is investigated using argon as propel-
lant, under varied initial capacitor voltage V) and ambient fill

gas pressure pg.

3.1. Unloaded discharge results

The unloaded circuit current I, waveforms under varied
W are shown in Fig. 9.

<

=

[y

-

g

9]

g

=

9]

b

5 13.0 kV

-5 17.2 kV 1
0 5 10 15 20 25 30

Time ¢ (ps)

Fig. 9. Unloaded /. curves under varied V.

It can be seen that /. exhibit obvious underdamped si-
nusoidal trend owes to its RLC self-excited oscillation nature.
The peak value of [, drops with Vjy, while the periods under dif-
ferent Vj values are exactly identical, equaling about 12.6 ps.

The B-dot array is initially adopted to measuring the ra-
dial magnetic field intensity B, at four different axial locations

along the central line of drive coil, which is marked in Fig. 10.

Fig. 10. The locations of B-dot probes.

The results of Vy = 17.2 kV are provided in Fig. 11.
It is apparent to see that, although the amplitudes of B,
curves at four different axial positions are different, their time-

dependent feature are all consistent with I.
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Fig. 11. The unloaded B; curves at different values of z. The unit

1 atm=1.01325%10° Pa.

Connecting the B, values at different z at the same time
in Fig. 12, it can be seen that the magnetic field strength of
the drive-coil decreases exponentially along the axial direc-
tion. At z =3 cm, the field intensity achieves about 0.21 T,

while at z = 12 cm, remains about 0.07 T.
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Fig. 12. Unloaded B; magnitude at different z.

3.2. Loaded discharge results

When po drops to around 10 Pa, a bright break-
down of neutral gas can be seen in the discharge cham-
ber.  Figure 13 provides the B, curves at four posi-
tions (z =3 cm, 6 cm, 9 cm, 12 cm) along the midline
of drive-coil. The results of py = 10/20 Pa and V =
8.4 kV/13.0 kV/17.2 kV are compared. For the convenience
of analysis, high-speed photographs at six typical instant (r =
1.5 pus/4.5 us/7.5 ps/10.5 us/13.5 us/16.5 us) are attached in
the figure, while the positions of the B-dot coils are marked by
different symbols and colors. Since the magnetic field is ini-
tially induced by drive-coil, the circuit current I, waveforms
are also attached in the plots as contrast.

Comparing any of the loaded B; curves in Fig. 13 with
unloaded curves in Fig. 11, it is apparent to see that the mag-
netic field strength at different axial positions no longer decay
exponentially when plasma emerges, and the time traces of
different positions are no longer synchronized with each other,
either.

The high-speed photograph indicates the radiation inten-
sity distribution of the plasma. Though the plasma in the
thruster is initially produced by the gas breakdown driven by
angular electric field, during most of the time of discharge
process, the ionization is dominated by the Ohm’s heating of
plasma current density. Relevant numerical researches have
demonstrated that the plasma is approximately in a local ther-
mal equilibrium (LTE) state, so the radiation intensity distribu-
tion (namely the high-speed photograph) can be used to indi-
cate the distribution of both plasma density, plasma ionization
rate and plasma current density.['”) The plasma current sheet
is such a compound structure that carries most of the plasma
mass, plasma current density, as well as electrons and ions.

Owes to the highly conductive nature of plasma current
sheet, magnetic field induced by drive-coil is screened by the
current sheet. This effect strengthens the field between drive-
coil and current sheet, while weakens the field beyond current
sheet. As a result, notable departure of magnetic field magni-
tude and phase occurs on the two sides of current sheet. This

effect can be seen from the comparison between unloaded dis-

charge (Fig. 11) and loaded discharge (Fig. 13(c)).

Att =4 us, the field intensity at z = 3 cm is about 0.22 T
under unloaded discharge while 0.4 T under loaded discharge,
showing an notable field compression effect; at the same time,
the field intensity at z = 12 cm is about 0.06 T under unloaded
discharge while nearly O T under loaded discharge, showing an
effective screening effect. Contrasting the high-speed photo-
graph in Fig. 13(c), it can be seen that z=3 cm and z = 12 cm
located on the two sides of the of the plasma current sheet.
With the axial movement of plasma current sheet, the depar-
tures of the field at different locations change with the relative
position of current sheet. At ¢t = 16.5 ps, when the current
sheet has moved beyond the highest probe. The field strength
of all the 4 locations rises to around 0.1 T-0.2 T under the
compression effect of current sheet.

It should also be noticed that, between the plasma current
sheet and drive-coil, even though a strong EM field still exists,
a dark region with hardly any gas ionization is observed. This
fact supplies that, in this region, the gas density is extremely
low that no sufficient atoms for ionization. In other words,
the plasma current sheet has taken away almost all the gas it
sweeps.

As shown in case-1, B; at z = 3 cm presents an oscil-
lation characteristic similar to the I. waveform, while B, at
both z =6 cm and 12 cm is much smoother, indicating that the
plasma current sheet has partially screened the magnetic field
induced by drive-coil. Compared with the high-speed photos,
it can be seen that the discharge area of the plasma is obviously
more dispersed in this case. On the top of ionization region,
crown-like plasma branches indicate an ununiform ionization
of gas. Att = 7.5 us, the plasma structure has shrunk a lit-
tle and as a result, the magnetic field at z = 3 cm is obviously
higher than other positions, indicating that the magnetic field
screening effect has become stronger.

In case-2, Vj is increased to 13.2 kV and py remains
10 Pa. Att = 1.5 pus, the B, separation between z = 3 cm
and other three locations have increased compared with case-
1. This fits the fact that a more compact plasma current sheet
is formed closely above z = 3 cm. Keep raising Vj to 17.2 kV,
at t = 1.5 ps, By at z = 6\9\12 cm almost drop zero while
B; at z = 3 cm nearly achieves 0.1 T, which supplies that a
high-quality magnetic-impermeable plasma current sheet has
established between z =3 cm and 6 cm. After 3 s of axial
acceleration, the current sheet moves occasionally to z =6 cm
att =4.5 pus.

Effects of pg can be derived by contrasting the result of
It is
straightforwardly to make the conclusion that higher py can

case-1 versus 4, case-2 versus 5 or case-3 versus 6.

promote the formation a magnetic-impermeable current sheet
faster and better.
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case-6 (po =20 Pa, Vp = 17.2 kV).
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4. Theoretical analysis
4.1. Gas ionization and plasma compression

The most apparent difference of case-1 from other five
cases might be the crown-like ununiform branches shown in
the high-speed photograph at t = 4.5 ps. Indeed, similar phe-
nomenon can be found in case-2 at the same occasion where
the ununiformity is much smaller. The branches are the results
of ununiform gas breakdown far away from drive-coil, which
is dominated by the angular electric field Eyg.
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Fig. 14. Comparisons of the time rate of change of radial magnetic field
dB,/dt, which can be used as indicators to induced azimuthal electric field Ey.
(a) Case-1 (po = 10 Pa, Vj = 8.4 kV), (b) case-4 (pg = 20 Pa, V) = 8.4 kV).

According to Faraday’s law, ignoring the effect of axial
magnetic field, the magnitude of Eg is proportional to the time
rate of change of magnetic field intensity dB,/dz¢. The curves
of dB;/dt at the early times of discharge for case-1 and case-
4 are compared in Fig. 14. It can be concluded that, at both

t = 1.5 pus and t = 4.5 ps, in case-2, the value of dB,/dr at
z = 6 cm remains over 1/5 of the value at z = 3 cm, while in
case-4, the value of dB,/dr at z =6 cm is almost zero.

For those cases whose initial gas breakdown is insuffi-
cient (case-1, for instance), the magnetic field of drive-coil can
diffusive far into the neutral gas across the relatively uncom-
pact plasma current sheet. As a result, the induced angular
electric field Eg, which is generated by the time-varying mag-
netic field according to Faraday’s law, remains sufficient to
ionize the neutral gas far from drive-coil. However, owes to
the partial screening effect of plasma current sheet, the inten-
sity of Eg is rather ununiform and the ionization is ununiform
as well, exhibiting a crown-like branches of ionization region.
For other cases whose initial gas breakdown is sufficient, the
field is perfectly screened under plasma and the ionization re-
gion exhibits flat and compact appearance.

4.2. Energy deposition and conversation

The structure of the plasma current sheet evolves along
with the discharge process. Its uniformity and compactness
affect the magnetic field permeating into plasma and turns out
to influence the deposition of pulse energy into plasma and the
conversion into macroscopic kinetic energy.

In our previous research, '] the coupling strength and en-
ergy deposition between circuit and plasma were quantified
according to circuit parameters. The primary results are cited
in Fig. 15, where the Lovberg ratio L* evaluates the EM cou-
pling strength between circuit and plasma, the energy depo-
sition ratio € represents the fraction of pulse energy deposited
into plasma, and the exhaust velocity v; shows the acceleration
effects of propellant.

Combining the trend in Fig. 15 with the magnetic field
characteristics obtained in this study, further insight into the
physical mechanism of IPPTs can be derived:

The annular plasma current sheet induced by drive-coil
weakens the magnetic field downstream and meanwhile, com-
press and strengthen the field between current sheet and drive-
coil. The higher ionization degree of plasma, the larger con-
ductivity and the more obvious shielding effect.

Ambient fill pressure (Pa)
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Fig. 15. Comparisons of derived parameters: (a) exhausting speed vy, (b) Lovberg ratio L*, (c) energy deposition ratio €.
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Under higher Vj, not only the initial induced electric field
intensity is higher, but also the magnetic field intensity is
higher. The former causes the propellant to be rapidly and
efficiently ionized in the early stage of discharge, while the
latter causes the plasma to be compressed into a flatter and
compactor sheet form. Due to the extremely low EM field in-
tensity above current sheet, the ionization region is restricted
to a thin layer almost overlaps the current sheet. The current
sheet then sweeps away the neutral gas it encountered just like
a “snowplow”.

A schematic of this snowplow deposition mode is illus-
trated in Fig. 16(a). In this mode, the mutual inductance be-
tween drive-coil and plasma is stronger, the proportion of en-
ergy used to ionize the gas is smaller. The Lorentz force is
more concentrate and the utilization of the propellant is more
sufficient. All of these effects make us believed that, a high
performance IPPT device, like PIT Mark-Va, should operate

in a snowplow mode.

(a) Lorentz forc

e

Neutral gas

Plasma
®®®®®

Pulse switch | Flux lines

Capacitor

Fig. 16. Schematics of different energy deposition modes: (a) snow-
plow deposition mode, (b) diffusive deposition mode.

As is shown in Fig. 16(b), under lower Vj, it is difficult
to achieve sufficient ionization at the early stage, and it is also
more difficult to achieve effective compression of plasma dur-
ing the successive stages of discharge. Most of the time, the
EM field can penetrate deep into the propellant and as a re-
sult, a diffusive region of ununiform ionization emerges, for
instance, the forementioned crown-like plasma branches. In
this diffusive deposition mode, the mutual inductance between
drive-coil and plasma is relatively small, the distribution of
Lorentz force is more dispersed, and a large amount of en-
ergy is costed for propellant ionization. As a result, only small
amount of energy is conversed into macroscopic kinetic en-

ergy which can produce actual thrust effect. This diffusive de-

position mode can be found in most of the recent low-energy
and low-performance variants of IPPT.[11.15-17]

Larger py can provide more atoms to be ionized, which
turns out to enhance the conductivity of plasma and promotes
the establishment of a magnetic-impermeable current sheet.
However, under ambient fill condition in this study, larger pg
generally refers to bigger mass of bit been accelerated, which
may cause slower acceleration of the plasma and consequently
leads to abundant energy been dissipated through plasma re-
sistance. This phenomenon has been discussed employing the
dynamic matching theory in earlier researches, for more de-

tails one may refers to Refs. [18,19].

5. Conclusions

In this paper, a magnetic field diagnostic system for IPPT
is constructed and calibrated. Combining magnetic diagnosis,
high-speed photographing and electrical parameter measure-
ment, a study about the correlation between plasma structure
evolution and magnetic field permeability is conducted.

The results indicate that the formation of a flat and com-
pact plasma current sheet at the early stage of discharge can
effectively inhibit the magnetic field penetration into plasma.
However, establishing such a magnetic-impermeable current
sheet is much more difficult than pure gas ionization, which
requires higher neutral gas pressure and larger discharge volt-
age. The shielding effect of plasma current sheet on coil mag-
netic field is conducive to increasing the deposition of pulse
energy to plasma, but the conversion of pulse energy to macro-
scopic directional kinetic energy is further constrained by the
dynamic matching state of current discharge waveform and the
acceleration process of current sheet.

This study deepened the understanding of the internal
physical mechanism of IPPT. The conclusions and findings
can be referred to guide the design and optimization of high
performance IPPTs.
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