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A non-contact low-frequency (LF) method of diagnosing the plasma surrounding a scaled model in a shock tube is
proposed. This method utilizes the phase shift occurring after the transmission of an LF alternating magnetic field through
the plasma to directly measure the ratio of the plasma loop average electron density to collision frequency. An equivalent
circuit model is used to analyze the relationship of the phase shift of the magnetic field component of LF electromagnetic
waves with the plasma electron density and collision frequency. The applicable range of the LF method on a given plasma
scale is analyzed. The upper diagnostic limit for the ratio of the electron density (unit: m~3) to collision frequency (unit:
Hz) exceeds 1 x 10!, enabling an electron density to exceed 1 x 102° m~3 and a collision frequency to be less than 1 GHz.
In this work, the feasibility of using the LF phase shift to implement the plasma diagnosis is also assessed. Diagnosis
experiments on shock tube equipment are conducted by using both the electrostatic probe method and LF method. By
comparing the diagnostic results of the two methods, the inversion results are relatively consistent with each other, thereby
preliminarily verifying the feasibility of the LF method. The ratio of the electron density to the collision frequency has a
relatively uniform distribution during the plasma stabilization. The LF diagnostic path is a loop around the model, which is
suitable for diagnosing the plasma that surrounds the model. Finally, the causes of diagnostic discrepancy between the two
methods are analyzed. The proposed method provides a new avenue for diagnosing high-density enveloping plasma.

Keywords: low-frequency alternating magnetic field phase shift, shock-tube plasma diagnosis, electron den-

sity, collision frequency
PACS: 52.70.—m, 52.70.Ds, 52.40.Db, 07.55.Nk

1. Introduction

Shock tubes are hypersonic flow field simulation devices
frequently used in ground experiments. Built-in scaled models
in shock tubes are important research tools that have rapidly
advanced in the fields of near-space hypersonic aircraft target
characteristics, communication interruptions, and plasma flow
control.'=®1 It is crucial to obtain the electron density and col-
lision frequency distribution of plasma in such work. Over the
past decade, the propagation of low-frequency (LF) electro-
magnetic waves in plasma surrounding a model has attracted
much attention.[”~13] LF refers to electromagnetic wave fre-
quencies that are much lower than the plasma frequency, and
the motion of charged particles at such frequencies can be ap-
proximated as conduction current. When LF waves are inci-
dent on an enveloping plasma, a closed current loop forms on
the surface of the plasma. As the conduction current is much
greater than the displacement current, the plasma is equiva-
lent to a loop resistance,!'* which closely relates to the ra-
tio of the plasma electron density (n¢) to collision frequency
(ve). Therefore, directly obtaining the ne/ve values within the

plasma proves more convenient for studying the characteristics
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of LF wave propagation in plasma whereas predetermining the
ne/ve values provides references for subsequent research on
enveloping plasma non-contact diagnostic methods.

Howeyver, there is no direct non-contact method available
for obtaining . /v, values of the enveloping plasma of a shock
tube. In general, shock-tube plasma has an electron density

ranging from 10° cm~3 to 10'3 cm™3

, a collision frequency
ranging from 1 GHz to 100 GHz, and a duration of only tens
of microseconds. The diagnosis of shock-tube plasma thus
requires a method having a wide dynamic range and precise
time resolution. At present, in the methods commonly used
to obtain the shock-tube plasma electron density and collision
frequency, the Langmuir electrostatic probes and microwaves
are adopted.

The electrostatic probe method!!>-18]

is straightforward
and portable and has a time resolution better than 1 ps and a
measurement dynamic range spanning nearly three orders of
magnitude. The electron density and electron temperature can
be calculated through measuring the voltammetry characteris-
tic curve by using probes, and the collision frequency can be
obtained from an empirical formula.!'®) However, the insertion

of electrostatic probes inevitably disturbs the flow field. Mean-
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while, the surface material of the electrostatic probe tends to
undergo ablating and spalling when exposed to the impact of
hot airflow, leading to compromised functionality and poten-
tial misdiagnosis.

The microwave interferometry and the transmission
methods[?*-2#! obtain the average electron density on the prop-
agation path and have the advantages of not interfering with
the flow field, a wide dynamic range, and a precise time
resolution. Among these methods, microwave interferome-
try measures the phase difference between the signal trans-
mitted through the plasma and the reference signal without
plasma.?°l Microwave interferometry calculates the electron
density through adopting microwave propagation phase dif-
ference. However, the plasma collision frequency cannot be
obtained from the phase shift alone. Microwave interferom-
etry is thus unsuitable for obtaining ne/v. values. The mi-
crowave transmission method is used to measure the attenua-
tion and phase shift of the transmitted signal. By combining
the attenuation and phase shift with the characteristics of the
plasma medium, it is possible to obtain the electron density
and collision frequency separately.!*!! However, when using
the microwave transmission method to diagnose the plasma
surrounding a model, the accuracy of the diagnostic method
heavily relies on the main beam alignment of transceiver an-
tennas. This requires the transceiver antenna to have a narrow
beam and strong directivity. In addition, it requires the receiv-
ing antenna to be installable in a small model. However, it is
usually a challenge to design narrow-beam antennas that sat-
isfy the requirements of diagnostic experiments. Therefore,
both the electrostatic probe and microwave method have limi-
tations in diagnosing the plasma that surrounds the shock tube
built-in model.

Our recent theoretical and experimental studies reported
the characteristics of the propagation of LF electromagnetic
waves through shock-tube plasma.l'%13] When LF electro-
magnetic wave is incident on the plasma, the magnetic field
component of the LF electromagnetic wave induces a cur-
rent in the plasma. The magnetic field generated by the in-
duced current offsets the original incident magnetic field. This
mechanism enables the alternating magnetic field component
to transmit high density and collision plasma with low attenu-
ation while inducing a phase shift. We found that the attenu-
ation and phase shift both strongly correlate with the incident
wave frequency, the route of the induced current, and the value
of ne/ve. It is thus possible to directly obtain the values of
ne /ve according to the relationship between the LF alternating
magnetic field phase shift and plasma parameters. In addition,
owing to low attenuation at LF in high density and collision
plasma, this method may have a wide diagnostic range.

This work introduces a novel contactless LF diagnostic
method for the plasma surrounding shock-tube built-in scaled

models. The proposed method enables the direct measurement
of the electron-density-to-collision-frequency ratio along the
plasma loop path. The relationship between the LF phase shift
and plasma parameters is analyzed and used for diagnosing
shock-tube plasma, and the application range of the LF diag-
nostic method is analyzed. Furthermore, LF diagnostic exper-
iments on a shock tube are conducted to validate the proposed
method. The findings of the study are important to both theo-
retical plasma research and engineering applications.

The remainder of the paper is arranged as follows. In Sec-
tion 2, the mathematical derivation of the LF diagnosis method
is described. In Section 3, the theoretical analysis of the LF
diagnosis method is presented. In Section 4, the experimental
results are given and discussed. Finally, some conclusions are
drawn from the present study in Section 5.

2. LF diagnostic theoretical analysis

According to the theory of the propagation of electromag-
netic waves in plasma,'?>! plasma is a lossy dispersive medium
with the equivalent dielectric constant
2 2 2

) ) v, )
8r:1_7p.:1_ 2 £ 2 _Jﬂ ) 2 27(1)
®(®—]jVen) 0* +Vz 0 0> +VvZ

where @ is the angular frequency of incident wave, ve, is the
collision angular frequency, @, is the plasma frequency, and
the @, and electron density n. are related by

nee?
@p = o 2

with e being the unit charge, m. the electron’s mass, and &) the

permittivity of free space. In electromagnetic wave theory, the
conductivity ¢ and relative dielectric constant & are related by
2
, . O
E=1-—2—j—. 3)
Vi, =~ 0&
By comparing Eq. (1) with Eq. (3), the conductivity is obtained
as
€0Ven - a)g
=i @
O+ vy,
AtLF, @ < @p, @ < Ve, 0 can be further simplified into
80003 2ne

o~ = —. 5)
Ven Me Ven

In the case of enveloping plasma, the propagation char-
acteristics of LF electromagnetic wave can be analyzed by
adopting electromagnetic interference (EMI) theory. At LF,
the plasma is electrically small, and the electric and magnetic
field components of the electromagnetic wave can be consid-
ered separately.!'*] When an LF alternating magnetic field is
incident on the plasma, the plasma induces a magnetic field
whose direction is opposite to that of the original magnetic
field, thereby causing the attenuation and phase shift of the
original magnetic field. This process is illustrated in Fig. 1.
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Fig. 1. Equivalent circuit model of LF alternating magnetic field incident on
plasma: (a) schematic diagram of plasma shield structure and (b) equivalent
circuit.

In Fig. 1, Ey is the induced voltage in a loop on the plasma
surface, L is the equivalent inductance of the loop, and Ry is
the equivalent resistance of the loop. The induced voltage Ey
is given by!%0]

d
Eo=— / HoHods = —jopoHoA, ©)

where @ is the angular frequency of incident wave, U is the
permeability of a vacuum, and A is the plasma shield cross-
sectional area. Denoting the original incident magnetic field
as Hy, the induced current i(z) in the equivalent circuit is

Eo i wﬂoAHo
Ri+joLs R+ jwLg

i(1) = (7)
Denoting the magnetic field transmitted through the plasma
shield as H;, the induced voltage E; is expressed as
. . Ep - Rs
Ei=—-jouAH;=i(t)Rs= ——. 8

i JOUpAL; l() s R+ jaLs ®)
Combining Eqgs. (6) and (8) gives the transmitted LF alternat-
ing magnetic field as

R

Hi=Hy—. 9
i ORs+j0)Ls ( )

Therefore, the transmission coefficient 7 of an LF alter-
nating magnetic field passing through the plasma is
H; Ry

=t (10)
Hy Ri+joL,

The inductive impedance is the main impedance of the
loop when an LF alternating magnetic field is incident on the
plasma. The induced current i(¢) generates a magnetic field
with a direction opposite to that of the incident magnetic field,

thereby canceling out part of the magnetic field within the
plasma. The degree of cancelation relates to the incident an-
gular frequency w, plasma equivalent loop resistance Rs, and
loop inductance Ls. The Ry inductance and Ly are determined
by some factors such as the shape and size of the plasma.

(a) Pt
Ve N
// -T=~ Spkrical
/s lasia
/ I/ e Il \{) }P
% N t
VU JiT
H, v\ Iy ]
~ // / /
incident LF MO\ ./
magnetic H;S~4 -7 7
field indudedLE) — F7 D
magnetl O&}C;e&;
field F*

Fig. 2. Enveloping plasma shapes: (a) spherical plasma and (b) cylindrical
plasma.

For example, Ls and R of the spherical shell plasma in

Fig. 2(a) are respectively?”}
27 pgrn? 27mn?
L= ———— = 11
s o Re=5- an

where r is the radius of the plasma sphere, d is the thickness
of the plasma shell, o is the equivalent conductivity of the
plasma, and n is the equivalent number of turns. By inserting
Eq. (11) into Eq. (10), the transmission coefficient of the LF
alternating magnetic field passing through the plasma shell is
obtained as

_ R, _ 1

 Ry+joLs  1+jouyrdo/3’
The relationship between the attenuation and phase shift and

12)

the ratio of the plasma electron density to collision frequency
(ne/ve) are further obtained by Combining Egs. (5) and (12) as

ne
Att = 20log;, |1 1 + a)/.iorde

- (13)
A@ = —arctan (T] o, e

Ve
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In the example of the cylindrical plasma in Fig. 2(b), L
and Ry are

- n’uomr? - 2mrn?
1 7Y die’

Ly (14)

where [ is the length of the cylindrical plasma, r is the radius
of the plasma, d is the thickness of the plasma, # is the number
of equivalent turns, and ¢ is the equivalent conductivity of the
plasma. When the spatial distributions of the plasma parame-
ters are uniform, the induction path can be equivalently repre-
sented by the path located in the center of the plasma, and we
thus have r = rp+d/2. By inserting Eq. (14) into Eq. (10), the
transmission coefficient of the LF alternating magnetic field

passing through the cylindrical plasma is obtained as

R 1
T = = . 15
Ri+joLs 1+jouprdo/2 (15)
Furthermore, the attenuation and phase shift are given by
o\ 2
Att =20log,o |1 /1/1+ (5°) 7
Ve
ne
A@ = —arctan <<§> — o,
Ve
ouyrde®
== 16
5 4nme (16)

Equations (13) and (16) show that no matter whether the
enveloping plasma is spherical or cylindrical, the attenuation
and phase shift of the LF alternating magnetic field relate to
ne/ve. The rectangular enveloping plasma in Fig. 1(a) can
be equivalently represented as a cylinder with the same cir-
cumference as the rectangle, and Lg and R can be obtained
from Eq. (14),1?8] which ultimately gives the transmission co-
efficient. Furthermore, for any shaped electrically small en-
veloping plasma, if the equivalent loop inductance and loop
resistance are determined, the equivalent circuit method can
be used to obtain the LF transmission coefficient. Therefore,
the transmission coefficient of an arbitrarily shaped envelop-
ing plasma transmitted by an LF alternating magnetic field is

expressed as

T = f(ne/ve, &), (I7)

where & is determined by the incident LF and the plasma shape
dimension. Under any enveloping plasma, the LF phase shift

can also be expressed as a function of ne /ve

A(p:g(ne/"evé)' (18)

As long as ne /ve is obtained, the phase characteristics of
the LF alternating magnetic field passing through the plasma

can be calculated by using an equivalent circuit. Conversely,

ne/ve can be diagnosed by using the LF phase characteristic
formula (18). In this work, the cylindrical shock-tube plasma
is taken for example and analyzed by using the cylindrical en-

veloping plasma model.

3. Analysis of LF diagnostic method

The attenuation and phase shift of an LF alternating mag-
netic field are affected by the plasma geometry, size, electron
density, and collision frequency. The diagnostic of plasma pa-
rameters demands a small attenuation of the incident magnetic
field and for the phase shift to effectively reflect variation in
the plasma state. According to Egs. (13) and (16), as the phase
approaches 90°, ne /v, tends to infinity, and the inverse solu-
tion method is inapplicable. It is thus necessary to estimate the
relationship between the incident wave and plasma state before
performing inversion. For a more intuitive analysis, the atten-
uation and phase shift introduced by different plasma charac-
teristics are calculated by adopting EMI theory (Eq. (15)) and
CST Studio Suite (CST), which is a professional electromag-
netic simulation software.

Figure 3 illustrates the CST simulation model with pa-
rameter settings of a wall thickness a = 20 mm, plasma thick-
ness d = 25 mm, missile body model radius » = 15 mm, and
length [ = 200 mm. The electron density () ranges from
5% 10 m=3 to 5% 10" m™3, the collision frequency (ve) is
setto 5 GHz, 10 GHz, 50 GHz, and 100 GHz, and 7. /v, ranges
from 5 x 10° to 1 x 10'°. Open boundary conditions are used,
and plane waves are radiated from the far field region, sequen-
tially incident on the Teflon shock tube wall and plasma layer,
and finally reach the center of the LF probe. Since the in-
fluence of the plasma layer on the magnetic field component
of the electromagnetic wave is considered, only the magnetic
field strength and phase at the surface of the LF probe are
recorded. Similar simulation is conducted while the plasma
layer is replaced by air. By comparing the magnetic field
strengths and phases under these two conditions, the relative
attenuation and phase shift caused by plasma can be obtained.
The results of the attenuation and phase shift calculations are
shown in Figs. 4 and 5, respectively.

Shock tube wall (Teflon)

LF probe (Teflon)

Ly

..

Fig. 3. Plasma LF alternating magnetic field propagation model in CST
software.
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Fig. 5. Phase shifts of LF alternating magnetic fields having frequencies

ne (m=3) /v, (Hz)

ne (m=3) /v, (Hz)

of 1 MHz, 3 MHz, 10 MHz at collision frequencies: v, = 5 GHz (a),

10 GHz (b), 50 GHz (c), and 100 GHz (d).

Figures 4 and 5 show that the results of the theoretical
computation and CST simulation are well consistent in the
specific ranges of the electron density and collision frequency.
At ne/ve =1 x 109, there is a deviation between the value
of 10 MHz obtained by EMI theoretical calculation and the

CST simulation value. This deviation is due to the EMI theo-

retical calculation selecting an induction path passing through
the middle of the plasma. As the conductivity increases, the
skin effect strengthens, causing the induction path to shift and
generate errors, but the errors are still within a small range.
The attenuation and phase shift have a nearly-linear correla-

tion with the given values of n./ve, validating the accuracy
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of the theoretical calculation model. When the LF wave is not
attenuated, the phase shift has already occurred. When the col-
lision frequency is constant, the phase shift of the alternating
magnetic field at the three frequencies gradually increases with
the electron density increasing. The phase shift becomes more
pronounced when 7, /v, exceeds 1x108. At n. /v, less than
1 x 103, the plasma parameter changes slightly, and the phase
shift changes at 1 MHz, 3 MHz, and 10 MHz are small. For
all plasma states, the maximum phase shift of the LF is 55°,
which still falls within the effective linear range. Under typical
experimental conditions, a shock tube generates plasma with

=3 and a collision fre-

an electron density exceeding 10" m
quency of a few tens of GHz. Generally, n. /ve for shock-tube
plasma exceeds 1x108. The plasma states adopted in simu-
lation analysis cover the typical range of shock-tube plasma
parameters. Nevertheless, the simulation results clearly indi-
cate that the attenuation of LF magnetic field waves is no more
than 10 dB, and the fluctuation in the LF magnetic field phase
shift meets the requirements for shock plasma diagnostics. It
is evident that the LF phase shift can be used for diagnos-
ing shock-tube plasma. In experiment, only the phase shift
of the LF alternating magnetic field having passed through the
plasma needs to be recorded, when the plasma size and inci-
dent wave frequency are known. The n. /v, values are directly
determined.

As the phase shift and n. /v, solved by the equivalent cir-

Phase shift (°)
0 101!

—3.913
—7.825
—11.74
—15.65
—19.56
—23.48
—27.39

// —31.30 109

1017 1018 1019 107 1018
ne (m—3)

1011

1010 1010

ve (Hz)
ve (Hz)

10°

ne (m~?%)

cuit method are arctan functions, as n. /v, increases infinitely,
the phase shift only approaches 90° indefinitely. In this case,
the phase shift does not reflect the change in n. /v.. We set the
linear interval of the phase shift change as [0°, 80°], with val-
ues beyond 80° being invalid. The two-dimensional distribu-
tion of the LF alternating magnetic field phase shift with elec-
tron density and collision frequency is calculated by adopting
the equivalent circuit method, and the results are presented in
Fig. 6. In the figure, the contours of the LF magnetic field
phase shift coincides with those of n. /ve, indicating that the
phase shift is a function of n /ve. At low electron density or a
high collision frequency, the LF magnetic field phase shift is
smaller. At an electron density of 5x 10! m~3 and a collision
frequency of 1 GHz, the phase shifts of 1-, 3-, and 10-MHz
alternating magnetic fields are 31.30°, 61.40°, and 80.8°, re-
spectively. At this point, the 10-MHz phase shift exceeds the
critical value. The upper diagnostic limits of the three frequen-
cies are 4.67x 10!, 1.56x 10", and 4.67x10'°, respectively.
The upper limit of n. /v diagnosis can thus be improved by re-
ducing the incidence frequency. On a given plasma scale, the
phase shift is inversely proportional to the collision frequency
and directly proportional to the electron density, and the upper
limit of LF diagnosis exceeds 1x10'!, the corresponding elec-
tron density exceeds 1x10%° m~3, and the collision frequency
is lower than 1 GHz.

Phase shift (°) Phase shift (°)
0

O 1011
—7.675 —10.10
—15.35 —20.20
—-23.03 —30.30
—30.70 T —40.40
—38.38 & —50.50
—46.05 —60.60
/ —53.73 / —70.70
/ —61.40 10 —80.80
1019 1017 1018 1019

ne (m=3)

Fig. 6. Two-dimensional diagram of phase shifts of LF alternating magnetic fields at frequencies of 1 MHz (a), 3 MHz (b), and 10 MHz (c).

4. Experiment and discussion
4.1. Principle and setup of electrostatic probe method

Electrostatic probe method is commonly used for diag-
nosing shock tube plasma. In this work, a dual-probe mea-
surement method was used, and its circuit schematic diagram
is shown in Fig. 7(a).

The Vp and Ip are the operating voltage and current be-
tween the two probes, while the volt—-ampere characteristic
curve is shown in Fig. 7(b). Assuming that the two probes
are exactly the same, i.e., they have the same collection area
and equal electron saturation current and ion saturation cur-

rent, equation (19) can be obtained as follows:

Ip =1 —Ii =1 _1627

Vo=V, —V_,
Ve = ¢p1 - ¢p27

Ler = Ieexp [e (V- — 0p1) /kpTe], (19)
where V., and V_ are the potentials at the ends of the two
probes, ¢p1 and ¢, are the plasma potentials in the space
where the probes are located, I.; and I, are the electron cur-
rents collected by the two probes, I, is the electron saturation
current, and I is the ion saturation current. In the experiment,
the two probes are very close to each other, so Vo = 0. From
Eq. (19), we can obtain

i _ op |:6(VD—VC):| —exp ( eVp )
I kBTe kBTe
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Ip + L ( eVp >
= =ex . (20)
it P\ kT
The I-V relationship of the dual probe is then obtained as
eVp
Ip = —Itanh 21
D si tan (ZkBTe) ) ( )

where kg is the Boltzmann constant, and 7; is the electron tem-
perature, which can be obtained from the slope at the origin as

follows:
df L
Shy & 22)
dWp ;o 2ksTe
Ip
(a) R |— (b)
——— S
lbI Vo Vo
™ — vl
Q Q e
@ 2 Plasma § g
e A

Fig. 7. Electrostatic—dual-probe diagnostic principle: (a) circuit schematic
diagram and (b) volt—ampere characteristic curve.

During the experiment, an electrostatic probe measure-
ment system was used to measure the plasma flow field param-
eters in a shock tube. A triangular wave voltage sweep was
adopted to measure the electrostatic dual-probe volt—-ampere
characteristic curve. The peak-to-peak value of the triangular
wave was 2.5 Vpp, frequency was 500 kHz, and the response
time was less than 1 ps. The geometric shapes, areas, and ma-
terials of the two probes were all the same. The volt-ampere
characteristic curve was obtained by measuring the probe cur-
rent [ and the scanning voltage V. Under electrically neutral
conditions, the ion density is the same as the electron den-
sity. By substituting the ion saturation current collected by the
probe and the electron temperature into Eq. (23), the ion den-
sity n; can be obtained, and thus the plasma electron density
ne can be determined to be

7\ 1/2
e
Iis = —0.605en; <M> S, 23)

where M is the ion mass, and S is the surface area of the probe.

In the calculation of the collision frequency, the post-
shock pressure is needed. The pressure is obtained from a
pressure sensor. When the shock wave passes through the
pressure sensor, the pressure will rapidly increase from steady-
state to several tens of kilopascals in a very short time. This
requires the pressure sensor to have fast response, good fre-
quency response, and anti-interference capability. In the ex-
periment, PCB series sensors were used to measure the post-
shock pressure. Owing to the axial symmetry of the shock
tube flow field, the pressure sensor and probe were symmetri-
cally placed to ensure that the pressure measurement did not
interfere with the probe measurement. This ensured consis-
tent flow field parameters and reduced the error in calculation

of the collision frequency. During the experiment, the sam-
pling rate of the electrostatic probe measurement system and
the pressure measurement system is 10 MHz, with a sampling
duration of 10 ms. The collision frequency is further deter-
mined according to the flow field pressure and electron tem-

perature as follows: ‘]

5.82x10'2P(atm)
Vo =
) VT

(24)

4.2. LF experimental setup

A shock tube is a closed metal tube with an aluminum di-
aphragm separating low-pressure section from high-pressure
section. In electromagnetic experiments, part of the metal tube
in the low-pressure section is replaced with a Teflon tube to
create a test section. The inner diameter of the test section
is 80 mm. A 30-mm-diameter projectile model is located in
the center of the test section. Inside the projectile model, an
LF magnetic field probe is installed to receive LF signals, and
electrostatic probes are installed at the projectile tail as shown
in Fig. 8. Using both the electrostatic probes and LF method,
plasma can be diagnosed, and the measurement data from the
electrostatic probes can be used to verify the accuracy of LF
diagnosis. During the experiment, the high-pressure section is
charged with a mixture of hydrogen and oxygen. When the
aluminum diaphragm breaks, a shock wave propagates toward
the low-pressure section. This shock wave compresses the air
around the projectile, ionization occurs, and a plasma sheath
forms. The LF magnetic field probe is completely covered by
the plasma, avoiding issues related to the directional transmis-

(1 Single or mul-

sion and diffraction shielding of LF signal.
tiple frequencies can be chosen, and multi-frequency compos-
ite signals are transmitted simultaneously to enhance the effi-
ciency and reliability of the experiment. The multi-frequency
composite signals overlap in the time domain whereas they
are discrete in the frequency domain. The mathematical ex-

pression of composite signals is

n
s(t) = Zcos(Znﬁt). (25)
i=1
LF magnetic .
Electrostatic / Feigl semall %ﬁ?}hc base

probes signa‘[\;j}‘L .

] 5
BT

\ | \;<— Metallic head

Electrostatic/\(' s
probes \ LF magnetic

field probe

Fig. 8. Installation of electrostatic probe and LF magnetic field probe.
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Electrostatic probe measurement system AWG
s(t) =Y cos(2nf;t) F2
Loop i
anteqna Al diaphragm
Metal head Pressure transducer _L
| 1
| = |
N/ Ve U‘é % Shock wave «—| OtHy+N,
LF probe = m
4‘ N | e
} i T
| Metal Langmuir Velocity | |
) Teflon transducer
Inversion | probe I I
| |
o 308 I I
Osc1llpsc0peT LNA Trigger signal | |
| ¢ 5 le >l
< >« >
Low-pressure chamber High-pressure chamber
Fig. 9. Principle of LF diagnosis of shock-tube plasma.
407 T T T T ing through the plasma, the signal is captured and output by
30+ ] the LF magnetic field probe. The received signal is ampli-
20F . fied by a low-noise amplifier (LNA) and then acquired by us-

%\ 10} . ing an oscilloscope (MSO54, Tektronix). The oscilloscope’s

w or . sampling rate is set to 125 MHz and the sampling duration to

@

S 10k Il 10 ms. Considering the short duration of the plasma, advanced
—20} i triggering is adopted to provide the trigger signal before the
—_30k i shock wave enters the test area, thereby guaranteeing com-
_aoLs ) ) ) ) plete observation of the plasma’s generation, stabilization, and

! %ime (“s) 4 > ultimate dissipation. Once the acquired data are processed by

Fig. 10. Composite signal s(¢) waveform.
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Raw data

s(t)

| Phase

Fig. 11. Synchronous demodulation algorithm.

As shown in Fig. 9, the LF diagnosis system for the
shock-tube plasma has two main parts: (i) composite signal
transmission and reception and (ii) data recording and process-
ing. In the composite signal transmission stage, an arbitrary
waveform generator (AWG) (SDG2122X, Siglent) generates
the multi-frequency composite signal (), which then radiates
into the surrounding area through a broadband loop antenna
as the LF alternating magnetic field wave. The composite sig-
nal s(¢) waveform is shown in Fig. 10. The signal s(¢) am-
plitude can be adjusted through the AWG, and the maximum
output amplitude of SDG2122X is 20 Vpp. The loop antenna
is placed around the experimental section so that the magnetic

field waves are uniformly incident on the plasma. After pass-

the synchronous demodulation algorithm as shown in Fig. 11,

the amplitude and phase information is extracted.

4.3. Experimental results and discussion

Theoretical analysis reveals that the LF alternating mag-
netic field waves at frequencies of 1 MHz, 3 MHz, and 10 MHz
fulfill the requirements for shock-tube plasma diagnosis un-
der typical experimental conditions. The composite signals
of these three frequencies are thus used to ensure the experi-
ment’s reliability. We carry out several LF diagnostic experi-
ments by using shock tube equipment. Photograph of the ex-
perimental scene is shown in Fig. 12. The Teflon experimental
section, which is a square structure on the outside and cylin-
drical structure on the inside. Table 1 gives the experiment
parameters for the tests.

The phase shifts measured in two shock tube experiments
are shown in Fig. 13. The phase shift increases with the in-
cident wave frequency increasing, and plasma durations are
35 ps and 75 ps respectively. Experiments are conducted to
measure the temporal evolution of the flow field pressure (P)
and electron temperature (7¢) following shock compression,

and the results are shown in Fig. 14.

055204-8



Chin. Phys. B 33, 055204 (2024)
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i Shock tube (NI chamber (Teflon)
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Oscilloscope

LF data processing
system

—

Fig. 12. Photograph of LF diagnostic experiment on shock tubes.

Table 1. LF diagnostic experiment parameters of shock tube.

Frequency Velocity of Low-pressure Gas ratio High-pressure
(MHz) shock wave (km/s) chamber’s pressure (Pa) 0,:H,:Np chamber’s pressure (Pa)
1
3 6.01 65 1.47:11.53:5 1.82x10°
10
3 4.93 216 1.47:11.53:5 1.82x10°
0 0 T T T T T T
(a)
_90}k b
20 20 | (b) |
£ _aol £
R= =
G @ —40} |
2 60 %
£ —— 1 MHz £ L Mi
a, _gol — 3 MHz |
3 MHz — 10 MHz
—80F —— 10 MHz ]
—100 ' r— ’ ' ! 890710 20 30 40 50 60 70 80
0 5 10 15 20 25 30 35 .
Time (ps) Time (us)

Fig. 13. Experimental phase shift of multi-frequency LF alternating magnetic field at V = 6.01 km/s, P; = 65 Pa (a) and V = 4.93 km/s,
Py =216 Pa (b).

3.0 T T T T T T T T
(a)

25l —V=6.01 km/s, P, =65 Pa |
—V=4.93 km/s, P, =216 Pa

2.0 R

104

1.5

1.0

Pressure (Pa)

0.5} —— V=6.01 km/s, P, =65 Pa

—— V=4.93 km/s, P, =216 Pa 4

Electron temperature (eV)

102

0 10 20 30 40 50 60 70 80 010 20 30 40 50 60 70 80
Time (ps) Time (us)

Fig. 14. Temporal evolution of (a) electron temperature and (b) flow field pressure.
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Fig. 15. Time distribution of collision frequency at V = 6.01 km/s,
P; =65 Pa(a) and V =4.93 km/s, P; = 216 Pa (b).

Figures 15 and 16 present the distribution of collision fre-
quency and electron density, respectively. Due to the high
shock wave velocity and low pressure in the first experiment,
the time required for air ionization is short, and the plasma du-
ration is also short, resulting in a relatively flat time distribu-
tion of plasma parameters. In the second experiment, the high
pressure in the low-pressure section results in a longer time
required for air ionization, leading both the duration of elec-
tron density and collision frequency to increase. The plasma
characteristics is determined by both the shock wave velocity
and the pressure of low-pressure chamber. When the pres-
sure of low-pressure chamber remains constant, an increase in
shock wave velocity results in more significant effects of shock
compression and viscous retardation, leading to a greater con-
version of internal energy. As a result, the temperature be-
hind the shock wave rises and ionization reactions intensify,
thereby producing higher-electron density and higher-collision
frequency. When the velocity remains constant, a lower pres-
sure in the low-pressure section indicates thinner air, resulting
in slower ionization reactions and smaller electron density and
lower collision frequency, and vice versa. Generally, the elec-
tron temperature is more significantly affected by the shock
wave speed, resulting in a higher electron temperature in the
first experimental. The pressure of low-pressure chamber has
a dominant effect on the post-shock pressure, resulting in a
higher post-shock pressure in the second experimental condi-
tion. Since the collision frequency is directly proportional to
the post-shock pressure and inversely proportional to the elec-
tron temperature, the collision frequency in the second condi-

tion is higher than that in the first experimental conditions. In
the theoretical derivation, the larger the ne/ve, the greater the
phase shift is. The measured phase shift in the first experiment
is higher than that in the second one, which is consistent with
the theoretical analysis. However, since the electron density
and collision frequency are affected differently by the shock
wave velocity and the pressure in the low-pressure section,
there is no obvious linear relationship between the n./ve and
the shock wave velocity or the low-pressure section pressure.
Similarly, there is no apparent linear correlation between the
LF phase shift and the shock wave velocity or the low-pressure
section pressure.

2.0 T T T T T T T
(a) —— Electron density (ne)

1.5} 1

ne (1019 m=3)
=
o

0 5 10 15

20 25 30 35

Time (us)
2.0 T T T T
(b) —— Electron density (n.)

? 151
g
S
= 1.0}
g

0.5F

0 20 40 60 80
Time (ps)

Fig. 16. Electron density obtained by electrostatic probes at V =
6.01 km/s, P; = 65 Pa (a) and V = 4.93 km/s, P| =216 Pa (b).

Figure 17 shows the diagnosis results of ne/ve, corre-
sponding to 7. /v, values ranging from 1x10° to 1 x 10'°, with
arelatively uniform distribution during plasma stabilization. It
is seen that the results obtained by using the LF method and
the electrostatic probes are relatively consistent during the pe-
riod when plasma is stabilized. However, the diagnostic results
vary with frequency. This is attributed to the induced current
always following the path of least resistance, where higher in-
cident frequencies exhibit a stronger skin effect. The actual
inductive path is thus longer than the inverse solution path,
leading to an overestimation of the 10-MHz calculation result.
Accordingly, the induction paths of 1 MHz and 3 MHz are the
same to a great extent, resulting in a higher consistency be-
tween the diagnosis resultsof these two frequencies. However,
the n./v. diagnosed results are in relatively poor agreement
in Fig. 17(b). This can be attributed to the slow shock wave
speed, the high pressure in the low-pressure section, and the
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extended time required for air ionization. After the shock wave
arrives, the electron density continues to rise. The plasma will
fill in the shock tube through its diffusing from the center to
the surroundings, and as the plasma with continuously varying
parameters spreads outwards, its spatial distribution becomes
more and more non-uniform. Conversely, figure 17(a) shows
that the plasma parameters are more consistent and the spatial
distribution remains more uniform after diffusion.

1011 T T T T T T T
1010
N
g
o 10°
<)
=
7 8
g 10 — 3 MHz
= 10 MHz
S qo7 — Probes_filtered ]
—— Probes
106 L L L L L 1 1 1
10 15 20 25 30 35

Time (us)

w
Z
g
~
e
g
g
—— Probes_filtered
| — Probes
71 . . . .
1075 20 10 60 80

Time (us)
Fig. 17. Variations of ne/ve with time obtained by the electrostatic
probe method and LF method at V = 6.01 km/s, P; = 65 Pa (a) and
V =4.93 km/s, P, =216 Pa (b).

In the LF method, the phase shift of the LF alternating
magnetic field is used to measure the n./ve. The phase shift
accuracy depends on the accuracy of the data acquisition os-
cilloscope and the LF magnetic field probe. The oscilloscope
(Tektronix MSO54) has high stability, with a bandwidth (cal-
culated rise time) of 500 MHz (800 ps), a vertical resolution
of 12 bits, automatic calibration and calibration functions, and
the phase stability of better than 40.1°.
netic antenna (EM-6992, Electro-Metrics Corporation) is used

A standard mag-

to calibrate the LF magnetic field probe. The experimental
data collected include phases with and without plasma. Sub-
tracting the two phases yields the phase shift caused by the
plasma, which avoids the errors caused by the experimental
environment. Therefore, the LF experimental equipment and
operational errors can be ignored. The electrostatic probe di-
agnoses the electron density and temperature at a fixed point
in space. The collision frequency is calculated by using the
electron temperature and pressure. The symmetric placement
of the probe and pressure sensor ensures consistent flow field
and reduces calculation errors. A mean filtering method is in-

troduced to process the ne/ve, and the original data and con-
fidence intervals of the probe are provided. It is necessary to
normalize the sampling times of the two diagnostic methods
to ensure time consistency when making comparisons.

The differences in diagnostic results between the LF
method and the electrostatic probe method lie mainly in the
rising time of the plasma, which are caused by different physi-
cal mechanisms. The electrostatic probe method measures the
time-varying curve of the electron density and collision fre-
quency at a point in the surface normal direction of the ver-
tical projectile model. Upon breaking through the aluminum
diaphragm, the high-pressure mixture gas generates a shock
wave that travels downstream towards the low-pressure sec-
tion. This shock wave compresses the air, leading to its ion-
ization and the formation of a two-zone plasma. As the shock
wave advances towards the low-pressure section, it is accom-
panied by intense light radiation characteristics. Its velocity
is significantly higher than that of the shock wave, enabling
ions and electrons generated by the light radiation to reach the
surface of the electrostatic probe more rapidly. This results
in a step increase in the measured electron density and tem-
perature. At this time, the model is not completely enveloped
by the plasma, which is insufficient to affect the change in
the LF alternating magnetic field. As the shock wave arrives,
the plasma gradually fills the shock tube, and the LF phase
shift gradually changes, resulting in a gradual increase in the
LF diagnostic results. Once the plasma has filled the shock
tube, the diagnostic results of the two methods converge. Dur-
ing the plasma’s stable stage, the discrepancies arise from the
non-uniform spatial distribution of plasma within the shock
tube and the incomplete coincidence between the LF diagnos-
tic path and the probe diagnostic position. In the high-pressure
section, a hydrogen—oxygen mixture gas is introduced, and
during the plasma’s disappearance stage, HyO molecules and
other impurities generated when electrons and ions begin to
recombine. The 2-zone gas is no longer a pure plasma, result-
ing in discrepancies between the results from the electrostatic
probe and LF method. Nevertheless, the LF diagnostic results
fall within the confidence interval of the electrostatic probe,
initially suggesting the viability of the LF diagnostic method.

Although LF diagnostic method can directly diagnose the
ne/ Ve, it is difficult to directly obtain the separate distributions
of the electron density or collision frequency. When a parame-
ter is known, substituting it into the 7. /v, measured by the LF
method can determine the value of the other parameter. This
necessitates that the spatial location pertaining to the provided
parameters must align with that of the LF diagnosis. The LF
method directly measures the ratio between the plasma loop
average electron density and collision frequency. However,
existing diagnostic methods are unable to obtain parameters
on such a loop path, which necessitates a uniform spatial dis-
tribution of the plasma to ensure identical parameters on dif-
ferent paths. In this case, the accuracy of the other param-
eter obtained by substituting one parameter into the n./ve is
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higher. From another perspective, the LF diagnostic method
can be combined with other techniques to diagnose plasmas,
allowing for the acquisition of electron density and collision
frequency distributions. The application range of LF diagnos-
tic method encompasses a series of common plasma source
parameter ranges, making the combined diagnostic approach
suited for parameter diagnosis in various plasma sources such
as small-scale shock tubes, inductively coupled plasma wind
tunnels, and others.

5. Conclusions

A non-contact LF diagnostic method is proposed in order
to meet the diagnosis requirements of the scaled-model plasma
sheath in a shock tube. This method enables the direct mea-
surement of the ratio of the electron density to the collision
frequency of the plasma surrounding the model. The relation-
ship between the LF phase shift and the plasma parameters
is derived by using equivalent circuit theory, establishing the
inversion model for the ratio of electron density to collision
frequency. The LF diagnostic experiments are conducted in a
shock tube, and the inversion results are relatively consistent
with those of the electrostatic probe under the same experi-
mental conditions. This preliminary validation confirms the
effectiveness of the LF diagnostic method.

The LF inversion model under different plasma en-
velopes, such as rectangular, spherical, and cylindrical shapes,
is analyzed. Since the LF method directly measures the ratio
between the plasma loop average electron density and colli-
sion frequency, it is more suitable for enveloped plasma. Fur-
ther inference suggests that the LF method has the potential
application in diagnosing the plasma with arbitrary envelop-
ing shapes. Meanwhile, the applicable range of the LF method
on a given plasma scale is analyzed, where the electron den-
sity can exceed 1x10%° m~3, the collision frequency is less
than 1 GHz, and the ratio of the electron density to the colli-
sion frequency exceeds 1x10'!. This method can be used for
high-density enveloping plasma diagnosis.

The ratios of electron density to collision frequency in
the two typical experimental conditions are both on the order
of 10'°, and the time distribution is relatively uniform. Owing
to non-uniform spatial distribution of plasma, there is a devia-
tion between the actual induction path and the calculated path,
results in significant calculation errors. When the plasma ex-
hibits a uniform spatial distribution, and one parameter, either
the electron density or the collision frequency, is known, the
LF method can be used to derive the other parameter. Further
research will focus on the influence of plasma spatial non-
uniformity and explore the combined diagnostic approaches
involving LF method.
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