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MEASURING THE SELF-GENERATED MAGNETIC FIELD AND
THE VELOCITY OF PLASMA FLOW
IN A PULSED PLASMA ACCELERATOR

In phase of radial compression the unsteady plasma flow at the exit of a pulsed plasma accelerators
is related to the generation of fast high-energy charged particle beams, to plasma density perturbations,
to the internal plasma pressure is opposite to the external magnetic pressure (5%/2u0) associated with
plasma column’s self-generated magnetic field. The last one listed above is of particular interest. The
investigation of the magnetic field of plasma flow relatively gives information about the above
mutually close factors cause to plasma flow instability.

In this paper a miniature high-frequency magnetic probe are made for measuring and further
investigating the pulsed self-generated magnetic field of plasma flow, in particular, at the exit of the
accelerator in an experimental setup of PPA (located in KazNU, IETP). The magnetic probe dimensions
are following: coil diameter is 2,12 mm, number of turns is 7, copper wire diameter is 150 um, and
winding length is 1, 1 mm. The coil inductance is about 0,113 uH and the temporal resolution of the
magnetic probe is 2,3 ns. The magnetic probe was calibrated using a Hall sensor on the magnetic field
of a multi-layered solenoid connected to an alternating power source of 15 A. Thus, the evaluated
measurement error of the probe was no more than 10%.

Key words: pulsed plasma accelerator, plasma flow, self-generated magnetic field of plasma flow,
magnetic probe.
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TOA-Dapabu atbiHAaFbI Kasak, yATTbIK, yHUBepcuTeTi, KasakcTaH, AAmarb K.
Z3KCNEePUMEHTTIK XK8He TEOPUSIAbIK, (U3MKA FbIAbIMU-3epPTTEY MHCTUTYTbI, KasakcraH, AAMaThl K.
*e-mail: aigerim_kz271295@mail.ru

MMNyAbCTIK NAQ3MaAbIK YAETKILUTeri NAa3MaAbIK, aFbIHHbIH,
©3AIK MarHUTTIK OPICiH )KoHEe XXbIAAAMADBIFbIH OALLIEY

Paananabl CbIFbIAY Ke3eHiHAETT MAA3MaAbIK, YAETKILLTEPAIH LIbIFbICbIHAAFbI MAA3MaAbIK, aFbIHHbIH,
TYPaKCbI3AbIFbl  KenTereH akTopAapra 6araaHbiCTbl. OAap, ©Te XKbIAAAM, >KOFapbl 3HEPrUsAbl
3apSIATaAFaH OOALIEKTEPAIH, MAA3MaAbIK OEAAIKTIH ©3AIK MarHMTTIK epiCi TYAbIpaTblH MarHUTTIK
KbICbIMFa KApCbl MAa3MaHblH ilKi KbICbIMbIHbIH MaiAa G0AYbl XK8HE MAa3Ma TbIFbI3AbIFbIHbIH GipTEKTI
TapaaMaybl. CoAapApblH iWIHAE NA@3MaAblK, aFblHHbIH, ©3AiIK MarHMTTIK epiciH 3epTTey epekiue
KbI3bIFYLLbIAbIK, TyAblpasbl, cebebi oA >Xofapblaa aTaaFaH e3apa 6arAaHbicKaH hakTopAap TypaAbl
CaAbICTbIPMaAbI TYpAE aknapaT 6epe aAaabl.

byA >xxymbicta UMY (KasYY, DTDOF3U) akcnepnMeHTTIK KOHAbIPFbIAQ, aTan aiTKaHAQ NMAA3MaAbIK,
YAETKILUTIH, WbIFbICbIHAAFbI MAA3MAABIK, aFbIHHbIH 63AIK MarHUTTIK ©pIiCiH eAlley YLIiH >XoHe 3epTTey
YWIiH, >OFapbl >XMIAIKTI, WaFblH MArHUTTIK 30HA >KaCaAAbl. MarHMTTIK 30HATbIH T€OMETPUSIABIK,
OALLIEMAEPI KeAeciaen: KaTyllKaHblH AMameTpi 2,12 MM, opamM caHbl 7, MbIC CbIMHbIH AMameTpi 150
MKM, OpaMHbIH, Y3blHABIFbI 1,1 MM. ©Alleyill KaTylwKaHbiH MHAYKTUBTIAIM 0,113 MKIH, 30HATbIH,
cesriwTiri 2,3 Hc KypanAbl. COHbIMEH KaTap MarHUTTIK 30HA WaMacbl 15 A TeH aiHbIMaAbl TOK Ke3iHe
KOCbIAFAH Kemn KabaTTbl COAEHOMATbIH XOAA CEHCOPbIMEH aHbIKTaAFaH MarHMTTIK  epiciHAe
KaAmbpAaeHAi. Kaanbpaey HOTUXKECi KOPCETKEHAEN, 30HATbIH BALley KaTeAiri 10% acrnaabl.

TyHiH ce3aep: MMMYAbCTIK MAA3MaAbIK, YAETKILl, MAA3MaAbIK, aFblH, MAA3MaAbIK, aFblHHbIH ©3AiK
MarHWUT epicCi, MarHUTTIK 30HA.
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M3mepeHue COOGCTBEHHOr0O MarHMTHOIO MOASI U CKOPOCTH
NAA3MEHHOr0 NMOTOKAa B MMITYAbCHOM MAA3MEHHOM YCKOpUTeAe

HectabrabHOe TeuyeHWe NAA3MEHHOMO CrycTKa Ha BbIXOAE U3 MAA3MEHHbIX YCKOPUTEAEN B CTaAUM
PaAMAABHOTO CXKaTUSl CBA3AHO CO MHOMMMM (DaKTOpamMm: reHepaumert BbICOKOSHEPIMYHbIX MyYKOB
3apsKEHHbIX YacTWL, BO3MYLUEHMEM MAOTHOCTM, BHYTPEHHWM AABAEHMEM MAa3Mbl 0OpPATHOro Mo
HarpaBAEHMIO BHELLHEMY AABAEHME COBCTBEHHOIrO MArHWTHOIO MOAS MAA3MeHHOro wHypa. Ocobblii
MHTEpEC M3 HWUX BbI3bIBAET MOCAEAHEE, MCCAEAOBAHUE COBCTBEHHOrO MAarHUTHOMO MOAS MAA3MEHHOMO
MOTOKA, KOTOPbI OTHOCUTEABHO AdeT MHMOPMALMIO M O BblleCKa3aHHbIX B3aMMOCBS3aHHbIX MEXAY
cobon hakTopax.

B 3T0I1 paboTe Hamu OblA M3rOTOBAEH BbICOKOYACTOTHbIA MAarHUTHbIA 30HA MAAOIO pasmepa AAS
M3MEPEHNS M AAQAbHENLIEro MCCAeAOBAHMS MMMYAbCHOIO MAarHMTHOIO MOAS MAQ3MEHHOrO MoTOKa B
akcnepumMeHTaabHol yctaHoBke MIMY (KasHY, HUMITD), B yacTHOCTU Ha BbIXOAE M3 YCKOPUTEAS.
MarHuTHbIN 30HA MMEET CAeAYIOLLIME FreOMETPUYECKME pa3Mepbl: AMaMeTp KaTywku — 2,12 MM, UMCAO
BUTKOB — 7, AMAMeTp MeaHoro nposopa — 150 MKM, AAMHA HamoTku — 1,1 MM. MIHAYKTMBHOCTb
KaTywkn coctaBageT 0,113 MKIH, BpemMsi OTKAMKA MarHMTHOIO 30HAQ paBHa 2,3 HC. MarHUTHbIN 30HA
OblA OTKAAMOPOBaH C MOMOLLBIO AaTuMka XOAAQ HAa MAarHUTHOM MOAE€ MHOFOCAOMHOIO COAEHOMAQ,
MOAKAIOUEHHOTO K TMEepeMeHHOMY TOKy cuaoi 15 A. Takum 06pasom, MOrpewHoCcTb M3MepeHus

cocTaBAgeT He 6oaee 10%.

KAtoueBble CAOBA: MMIMYAbCHbIM MAAQ3MEHHbI YCKOPUTEAb, MAA3MEHHbIM MOTOK, COOBCTBEHHOE
MarHMTHOE MOA€ MAA3MEHHOr0 NMOTOKA, MarHUTHbBIA 30HA,.

Introduction

Coaxial plasma accelerators having energy
more than 5 J and 1 MJ are widely used in a
various types of applications for scientific and
applied assignments. For instance, they are used in
astrophysics, thermonuclear power engineering,
nanotechnology, plasma chemistry, radiography
and other fields [1-5].

The operation principle of plasma accelerators
is based on the following: a vacuum chamber of
accelerators is filled with a working gas at low
pressure, usually, it is a D-T gas mixture to
generate high-energy neutrons and X-rays [6-8].
During discharging the capacitors connecting to the
coaxial electrodes, the current flowing between
anode and cathode ionizes gas. Then an ionized gas
develops to plasma column and this process can be
divided into three stages: 1) gas breakdown and
formation of plasma sheath, 2) axial acceleration of
plasma shetah, and 3) radial compression of plasma
sheath [9]. Detailed description gives below.

When the gas breakdown takes place, thin
spark channels are formed between anode and
cathode. These channels merge to each other and
form a homogeneous plasma sheath [10, 11]. The
current density in the plasma sheath is sufficiently
high, that can create a strong magnetic field. Due to
this, an electrodynamic force J X B appears,

corresponding to Ampere's law. This electrody-
namic force has an axial component; consequently,
the plasma sheath is accelerated along the axis of
the vacuum chamber towards the open end of a
pulsed plasma accelerator. Then plasma flow is
strongly compressed radially at the exit of the
accelerator by its self-generated magnetic field.

In the stages of axial acceleration and radial
compression, plasma column becomes more
inhomogeneous and unstable due to particles
density perturbations in plasma flow related to
plasma oscillations and internal plasma pressure is
opposite to the magnetic pressure [12]. Plasma
instabilities are well investigated theoretically and
numerically by MHD model [13, 14], however,
there are a few experimental studies. An
experimental investigations of plasma flow in a
pulsed plasma accelerators and the plasma
acceleration dynamics are possible, for this it is
necessary to obtain a map of the current density,
magnetic field distributions and other especially
important plasma parameters (charged particles
density, plasma flow energy and energy density,
etc.) or to study the accelerated plasma sheath
dynamics (speed, acceleration, etc.).

There are various types of methods for plasma
flow diagnostics in a pulsed plasma accelerators:
laser diagnostics, spectral diagnostics, electric
probes, magnetic probes and etc.
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Measuring the self-generated magnetic field and the velocity of plasma flow in a pulsed plasma accelerator

Using magnetic probes, it is possible to
measure the magnitude of self-generated magnetic
field and velocity of plasma flow. Magnetic probes
are miniature measuring coils. The operation
principle of magnetic probes based on Faraday's
law of electromagnetic induction [15-17].
According Faraday's law, the magnetic field, which
is measured causes to EMF in the coils of a
magnetic probe, which has an area S and a number
of turns n. As can be seen from expression (1), the
EMF with a magnitude of magnetic field related as

follows:
dB (1)
e=nS TS

Since the EMF is proportional to the derivative
of magnetic field, it must be integrated. For this, an
integrating electrical circuit (RC) is connected
between a probe and an oscilloscope. The
capacitance and resistivity of the capacitor and
resistor are chosen so that the integration constant ¢
= RC is longer than the time of the ongoing
process, but so as not to reduce the amplitude value
of an input signal. In this case, the expression for
an output signal (2) is written as follows:

B
=nS—. 2
£=nS o 2

A magnetic probe has some privileges; they are
short temporal resolution time of the order of
several nano and microseconds, sensitivity to high-
frequency oscillations, which makes it possible to
use them in plasma installations operating in a
pulsed mode.

The temporal resolution time of magnetic
probes is obtained by the expression (3) [18]:

TSRy 3)

where L is the coil inductance, it depends on the
radius () and the number of turns of the coil (n), Ry
is the impedance of a coaxial cable. As can be seen
from (3), the temporal resolution time of
measurements with a magnetic probe not only
depends on the choice of the parameter 7, but also
on the coil inductance. When the amount of
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number of turns is high and the radius of the coil is
large, the inductance of magnetic probes increases,
due to which the temporal resolution time of the
probe becomes high. Therefore, to manufacture the
magnetic probe and to use it in measurements, it is
necessary to take into account all the above
disadvantages.

Experimental setup

The experimental setup is a coaxial pulsed
plasma accelerator with a stored energy on
capacitors of about 25 kJ. The vacuum chamber of
the accelerator is made of stainless steel, inside the
vacuum chamber there is a coaxial system of
electrodes. Furthermore, except vacuum chamber
and the system of electrodes, the experimental
setup includes the following units: a pumping
system including fore vacuum and diffusion
vacuum pumps, a high-voltage power supply, a
battery of storage capacitors, and a vacuum
discharger [19-25]. A principle scheme of the
experimental setup is shown in Fig. 1.

The total capacity of the capacitor bank is 1440
U1F, the operating voltage is in the range of 2-6 &V,
and the operating pressure is in the range of 10
mTorr — 1 Torr. Moreover, other types of gases can
be injected into the vacuum chamber: argon,
hydrogen, etc. For this, there is a special system for
gas inlet. In this paper, experiments were
performed with a residual air at low pressure.

Magnetic probe design

The inductive coil of the magnetic probe has 7
turns (copper wire is used), which were turned on a
glass tube with an outer diameter of 2,12 mm. The
measuring coil is placed inside a dielectric tube for
electrostatic screening to reduce the influence of
electric fields created by charged plasma particles,
electrons and ions. The magnetic probe is
connected to the LeCroy 354A oscilloscope (500
MHz bandwidth) through a coaxial cable with a
characteristic impedance of 50 Ohms, between
them there is an integrator. The integration time
equal to 5,4 us. The ends of the measuring coil are
covered with a dielectric film to avoid electrical
noises.
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Figure 1 — Principle scheme of an experimental setup of a pulsed plasma accelerator

Magnetic probe calibration

The magnetic probe was calibrated using a
multi-layered solenoid. The solenoid was connec-
ted to an alternating current source. The current in
the solenoid was measured with a clamp meter,
which was I ~ 5-15 A. An alternating uniform
magnetic field is created in the center of the
solenoid, where the measurement takes place. The
relation between the amplitude value of the EMF at
the ends of the probe and the magnetic field of a
multi-layered solenoid is expressed as follows (1):

& =nSwBy, = kB, @)
where w = 2zv is the cyclic frequency of the

alternating current. To measure By, a 49E852X Hall
sensor is used for £ 1000 G. The Hall sensor and

magnetic probe both were connected directly to the
oscilloscope. The oscillograms of the voltage
across the sensor and the magnetic probe obtained
experimentally are shown in Fig. 2.

In the technical support of the Hall sensor, a
calibration curve is presented, which we used to
obtain value of By. As a result, the measured value
of the magnetic field in the center of the multi-
layered solenoid by the Hall sensor at I ~ 5A was
about 0,1 T. The value of the same field measured
with a magnetic probe according to expression (4)
was 0,09 7. It follows from this that the
measurement error of the magnetic probe is: A =
0,01, about 1%. If we take into account the
measurement errors of the Hall sensor from the
technical support and other devices (including the
experimentator), then the measurement error does
not exceed 10%.
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Figure 2 — Output signal that comes out from a) a Hall sensor and b) a magnetic probe

Results and discussions

Measuring the self-generated magnetic field
magnitude of plasma flow in the PPA. A magnetic
probe is placed near the pulsed plasma accelerator
coaxial system of electrodes at a distance of 6 cm.
An axis of the measuring coil of a magnetic probe
is adjusted vertically to an axis of the cylindrical
vacuum chamber, see Fig. 3. Before conducting the
experiments, plasma accelerator vacuum chamber
was pre-pumped to a pressure of about 10 m7orr.
The measurements were carried out under the
following conditions: a) at a constant charging
voltage of capacitors U = 3 kJ and at various gas
pressures, in our case the residual air pressures are
30-260 mTorr; b) at a constant gas pressure p = 40
mTorr and at different charging voltages of
capacitors 2-5 kV. In Fig. 3, the typical
oscillograms of a current waveform of the PPA
(solid curve) obtained using a Rogowski coil, a
self-generated magnetic field derivative dB/dt
curve (dashed line) and a curve of magnetic field
magnitude  (dot-dotted  curve), respectively,
obtained using a magnetic probe with and with
absence the integrator (integration time constant is
7=15.,4 us) are presented.

The current waveform of the PPA (see Fig. 3) is
a damped sinusoidal signal. At the moment when
current would rise, the energy stored on the storage
capacitors is transmitted to the coaxial electrodes
thereby the residual air filling the interelectrode
space is ionized and a plasma sheath is formed. The
plasma lifetime was obtained from the current
waveform curve, which was of ~ 300 us. Since a
magnetic probe is placed at 6 ¢m distance from the
coaxial electrodes, between two output voltage
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signals obtained from a Rogowski coil and a
magnetic probe, a time shift takes place, as can be
seen in Fig. 3 that corresponds the axial
acceleration of plasma sheath.

2,4 T T T T
1,81 — URogowski X 60
= = dBy/dt ]
1,21 - v p/
P

3000p  400,0u

t[s]

100,00 200,0p 500,0p

Figure 3 — Typical oscillograms obtained at pressure p = 40
mTorr and charging voltage U =5 kV from a Rogowski coil,
magnetic probe with and with absence integrator

By processing the current waveforms of the
PPA, which is obtained at different values of the
charging voltages, the current voltage curve of an
experimental setup was plotted, see Fig. 4.

As seen from Fig. 4, when the charging voltage
of storage capacitors increase the discharge current
in the PPA circuit increases linearly, since the
plasma has good conductivity, its resistance causes
insignificant affect on the total resistance of the
PPA circuit, respectively, on the current flowing
through this circuit. Moreover rising of current is
related with an increase of electrical field in space
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between the coaxial electrodes; consequently, due
to this a large number of ionization acts of gas take
place. The positive ions and electrons appeared
after ionization provides the rising of plasma
conductivity.

125000 T T T T

100000 - [
1[A] l
75000 ®

50000 40 mtor

25000 T T T T T T T
20 25 30 35 40 45 50

UVl
Figure 4 — Current voltage curve of an experimental setup

Using the oscillograms of output signals from a
magnetic probe the following what were measured
was self-generated magnetic field values of plasma
flow at the exit of the coaxial system of electrodes
(at a distance L = 6 cm). Measurements were
carried out depending on the gas pressure and
charging voltages of capacitors. Results are shown
in Fig. 5 and Fig. 6.

0,05 0,10 015 020 025
p [tor]

Figure 5 — Dependence of self-generated
magnetic field values of plasma flow on the gas pressures

As shown in Fig. 5, dependence self-generated
magnetic field value of plasma flow on a gas
pressure is nonlinear; notwithstanding, it can be
seen from the curve that the value of magnetic field
decrease when increase the working gas pressure.

Plasma parameters, including its magnetic field
depend on energy putting into the discharge.
Energy putting into the discharge sufficient to
ionize a gas defines as a function of gas pressure
according to Paschen's law, when the voltage and
distance between two electrodes not changed.
Moreover energy putting into the discharge can be
depended on other factors, for example, the
charged particles loss as plasma sheath expands
and approaches the outer electrode in gas
breakdown stage, dissipation of plasma energy and
etc.

14 =40 mtor -

0 T T T T T T

Al
200 25 30 35 40 45 50
U [kV]

Figure 6 — Dependence of self-generated magnetic field
values of plasma flow on the charging voltages of capacitors

It seen from Fig. 6 that when charging voltages
of storage capacitors increase, the value of the of
self-generated magnetic field of plasma flow also
increases, since magnetic field of plasma flow
depends on the plasma current density, therefore,
when the charging voltage is high, then the strong
electrical field appeared between -electrodes
provide to intensive ionization gas and formation a
large number of charges. These charges are the
primary carriers of the discharge current in plasma
column. However, as seen from Fig. 6 at extremely
low charging voltage of storage capacitors ~ 2 kV,
the values of self-generated magnetic field of
plasma flow substantially decrease in our
experiments. Analyzing this result, it was revealed
that the transfer of energy from the capacitors to
the electrodes was related with on the operation
and conductivity of a vacuum arrester. This of
course declines the operation characteristics of an
accelerator since transmitted to the electrode the
part of the energy is lost for the ignition of the
vacuum arrester.
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Measuring the self-generated magnetic field and the velocity of plasma flow in a pulsed plasma accelerator

Moreover in this work the processes of the
plasma flow breakdown to separate discharges
were observed. In the experiment the plasma flow
breakdown took place especially at high pressures
and low charging voltages, see Fig. 7.

Measuring the plasma flow velocity in the PPA.
To measure the plasma flow velocity two same
magnetic probes were used. The distance between
the probes was 17,5 cm. The measurements were
also carried out under two different conditions, as
in the previous experiment. One of the examples of
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oscillograms obtained from two probes is shown in
Fig. 8.

Since the magnetic probes are at a certain distance,
then on each of the magnetic probes EMF occurs at
different times. EMF first appears on the probe, which
is closer to the system of coaxial electrodes, pl, and
then on the probe p2, as seen in Fig. 8. Plasma flow
velocities were calculated by measuring the time
difference, depending on the gas pressure and the
charging voltage of storage capacitors. The results are
shown in Fig. 9 and Fig. 10.
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Figure 7 — Pictures of plasma flow breakdown
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Figure 8 — Output voltage curves of two magnetic probes
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Figure 9 — Dependence of the plasma flow velocity on the gas pressures

According to accelerating force J x B, the high
plasma current density provides the increasing of
plasma flow velocity. Current density depends
nonlinearly on the gas pressure corresponding to
Paschen's law, as mentioned above; therefore the
dependence of the plasma flow velocity on the gas

pressures is also nonlinear. As seen in Fig. 9 there
is a point of gas pressure with the maximum value
of plasma flow velocity and at this point the
pressure will be optimal for a pulsed plasma
accelerator with charging voltage of capacitors is 3
kV.

l(x) T T

p=40 mtor T

0 T

20 25 30 35

40 45 50

ULkV]

Figure 10 — Dependence of the plasma flow velocity on the charging voltages of capacitors

As seen from Fig. 10, with an increase in the
voltage across the storage capacitors, the plasma
flow velocity increases, however at high voltages,
the velocity decreases instantly. It was an
uncontemplated experimental result. According to
this we assumed that perhaps it is related with an
increase in the mass of plasma sheath, forasmuch
as at high charging voltage of capacitors the
sufficiently large number of ionization acts takes
place and the density of positive ions increases.

The mass of ions heavier than electron mass;
therefore, the mass of plasma flow is majority
concentrated on positive ions.

Conclusion
In this work, the self-generated magnetic field
magnitude and the velocity of plasma flow in a

pulsed plasma accelerator were investigated using a
magnetic probe. The calibration of a magnetic
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probe was carried out in an alternating magnetic
field of ~ 0,1 T, what was measured by the Hall
49E852X sensor. According to the calibration
results, the measurement error of a magnetic probe
taking into account the Hall sensor’s error was
about 10%.

In a vacuum chamber of the PPA magnetic
probes were placed at a distance of 6 cm and 23,5
cm of the end of coaxial electrodes, consequently,
the distance between two probes was 17,5 cm. At
first, depending on the gas pressures and charging
voltages of storage capacitors, the values of the self-
generated magnetic field of plasma flow were
measured. It was found that the values of the self-
generated magnetic field of plasma flow gradually
decreases with an increase in the gas pressure and
increases with an increase the charging voltage of
capacitors. In the second case, using two identical
magnetic probes, the plasma flow velocities were

measured and its dependence on the gas pressures
and the charging voltages of capacitors was
obtained. The obtained graphs had complicated
characteristic. From these graphs, it follows that
with an increasing the charging voltage, the plasma
flow velocity increases, however at a large value of
charging voltage, in our experiments of 5 kV the
velocity decreased. We assume that it perhaps
depends on mass of plasma flow. Moreover in the
case when the charging voltage of capacitors and the
distance between two electrodes are not changed,
according to Paschen's law, the plasma flow velocity
at a certain gas pressure have a maximum value.
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