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Enhanced diamagnetism by energetic tail electrons in a magnetized plasma
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Measurement of an internal azimuthal plasma current in a collisionless low § plasma expanding in a magnetic
nozzle is presented. The electric field is removed from the plasma ensuring a negligible electron E x B
drift resulting in a purely diamagnetic electron azimuthal current. The electron energy probability function is
non-Maxwellian, having an energetic tail component in addition to the thermal bulk electrons. The measured
azimuthal current is significantly larger than the electron diamagnetic current estimated by considering only
the bulk electrons. This can be well explained by considering the energetic tail electrons, which have a density
of only about five percent of the total density. These results experimentally demonstrate that the energetic tail
electrons are major contributors to the diamagnetism of the plasma even if their density is a small fraction of the

total electron density.
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Diamagnetism is a fundamental and inherent characteristic
of magnetized plasmas and distorts the external magnetic
fields by reducing the field strength inside the plasma [1].
This can be often characterized by 8 given by the ratio of the
plasma pressure to the external magnetic field pressure. Due to
significant changes in the magnetic fields for high 8 plasmas,
various phenomena can be observed in natural and terrestrial
plasmas, e.g., modification of the earth’s magnetic field [2],
auroral substorms [3], magnetic holes in the solar wind and
near a comet [4], and field-reversed configuration for fusion
reactor [5]. Even for low B plasmas, analytical, numerical,
and experimental studies have shown that the diamagnetism
significantly contributes to the momentum conversion process
in an expanding magnetic field commonly called a magnetic
nozzle [6-8].

The diamagnetism is often governed by a pressure balance
of V(p+ B*/219) =0 in a magnetohydrodynamic (MHD)
approximation, where p, B, and po are the plasma pres-
sure, the magnetic field including both the external and
plasma-induced components, and the magnetic permeability
in vacuum, respectively. This implies that it is possible to
reduce the magnetic field pressure in the plasma compared
with the vacuum magnetic field. The diamagnetic behavior
originates from internal plasma currents generating a mag-
netic field opposite to the externally applied magnetic field.
However, the reduction of the magnetic field strength in
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low-temperature laboratory plasmas has often been smaller
than that expected from the MHD pressure balance, even for
high B conditions. Under these weakly magnetized conditions
the effects of electric fields [9], magnetic field penetration
and dissipation [10], and the neutral pressure [11] have been
discussed.

In weakly magnetized, low B, and collisionless laboratory
plasmas, the plasma potential is generally finite and electric
fields perpendicular to the magnetic fields spontaneously de-
velop, which affect the force balance of the electrons [9]. For
the case where the ion temperature/pressure are negligible
and a finite ion Larmor effect reduces the ion E x B drift
current, the momentum equation of the electrons can provide
the azimuthal electron current jy, due to both the electron
diamagnetic and E x B drift currents [12]. Therefore, the
diamagnetism of the plasma is modified by the electric field.
Furthermore, the electron energy distributions are assumed
to be Maxwellian for both the MHD and fluid approxima-
tions, while electron energy probability functions (EEPFs)
frequently deviate from Maxwellian distributions in a variety
of plasmas, e.g., as observed in the Van Allen belts [13], solar
wind [14], laser plasmas [15], magnetically-confined fusion
plasma reactors [16], and low-pressure cathodic and radiofre-
quency plasmas [17-20]. Investigating the diamagnetism
resulting from non-Maxwellian electrons is essential to un-
derstand the interaction of the plasma with external magnetic
fields. However, the effect of non-Maxwellian electrons on the
diamagnetism is difficult to quantitatively investigate in labo-
ratory experiments due to the superposition of the electric field
effect, i.e., the E x B drift current, despite the important and
fundamental problem relating to the various plasma phenom-
ena in the majority of observations, experiments, and models.

Here the diamagnetic effect for the particular non-
Maxwellian EEPFs containing tail electrons is experimentally
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FIG. 1. Schematic of the experimental setup.

investigated in the magnetic nozzle, where the electric field
is removed from the system, allowing a purely diamagnetic
situation. The results quantitatively demonstrate the diamag-
netism enhanced by the fractional energetic tail electrons for
the first time, where the azimuthal internal plasma current
can be well described by considering the measured tail elec-
trons in the EEPFs; hence, considering these tail electrons is
crucial to understand magnetic field structures modified by
plasmas.

Experiments are performed with an electron-beam-excited
plasma source connected to a 15 cm diameter and 50 cm
long grounded diffusion chamber via a quartz tube as shown
in Fig. 1, which has been described previously [21,22]. The
beam source consists of a tungsten hot filament and a mesh
anode located at z = —20 cm, where z = 0 is the upstream
entrance of the diffusion chamber. Argon gas is introduced
from the beam source side with a gas flow rate of 5 sccm;
the argon pressure measured at the chamber sidewall is about
0.5 mTorr. A pulsed discharge voltage of about 200 V is
applied through a 15 Q resistor for t = 0-50 msec between
the filament and the anode, creating an electron beam that is
injected into the quartz tube. Due to the voltage drop at 15
Q resistor, the effective acceleration voltage of the electron
beam is about 100 V. Plasma is produced via the electron
impact ionization that generates the thermal bulk electrons
and cold ions. Two solenoids provide the axial magnetic field,
being fairly constant at about 22 mT in the quartz tube and
decreasing to about 4 mT at z =20 cm. As shown by the
calculated magnetic field lines in Fig. 1, the field lines ex-
pand in the diffusion chamber and form the magnetic nozzle
structure. The anode is electrically grounded; the previous
experiment has shown that the plasma potential is close to
zero [21], resulting in the absence of electric fields [shown
later in Fig. 4(f)].

An axially movable B-dot probe (BP) for detecting the
axial magnetic field is inserted through a downstream vacuum
port. By rotating the (dogleg) probe shaft with a stepping
motor, a radial measurement can also be approximately per-
formed. The voltage signal from the BP is proportional to the
temporal change in the magnetic flux; the magnetic field in-
duced by the plasma can be obtained by integrating the voltage
signal and multiplying by a calibration coefficient. The quas
steady-state magnetic field AB, induced by the plasma can be
estimated from the difference just before and after turning off
the plasma.
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FIG. 2. Two-dimensional profiles of the plasma-induced
axial magnetic field AB, (a) and the internal azimuthal
plasma current density j, (b), where the measurements are
taken at ~550 points (~37 and 15 points along r and g,
respectively).

Two-dimensional mapping of the plasma-induced mag-
netic field AB, in Fig. 2(a) clearly shows a decrease in
the axial magnetic field, i.e., AB, <0 characteristic of
diamagnetic behavior, over the region of the plasma expansion
along the magnetic nozzle. The internal azimuthal current
density jy can be expressed as
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since dAB,/or > 0AB,/dz has been previously vali-
dated [12]. As presented in Fig. 2(b), the azimuthal current
density jy is experimentally determined to be about 600—
800 A/m? for 10 < z < 25 cm and 200400 A/m? for 25 <
7 < 45 cm.

Measurement of the EEPFs is performed by replacing the
BP by a cylindrical Langmuir probe (LP). The bias voltage of
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FIG. 3. Typical EEPFs at various z positions for r = 0. Data
values larger than the noise level (bold horizontal dashed line) and
larger than 10"* m~3eV~3/2 (horizontal red dotted line) are used to
separate the total electron density n, and temperature 7o from the
bulk (only) electron density 7, u,x and temperature Tt pui-

the LP is swept from —140 V to 60 V for t = 20-50 msec,
where an analog differentiation technique is used to obtain
the second derivative. The signals are digitized by a 16-bit
data acquisition system and averaged over 50 shots. Strong
magnetic field is known to cause some limitation of the
EEPF measurement via the second derivative method, but
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such measurement is validated for weak magnetic field [23].
In the present study, the electron Larmor radius at z > 10 cm
is larger than the probe tip radius, and the EEPF measure-
ment is reliable. Figure 3 shows typical EEPFs at various
z positions, showing the thermal bulk electrons with an energy
less than about 20 eV and the energetic tail electrons with
energies up to about 100 eV being the remnants of the initial
beam with the energy corresponding to the cathode voltage
of about 100 V. A plausible interpretation for the presence of
the tail electrons would be the scattering of the energy and the
pitch angle of the source beam electrons by high-frequency
plasma waves as has been observed previously [24]. The in-
vestigation on such a high frequency instability is out of the
scope of the present paper and awaits a further experimental
program. It was found that the density of the tail electrons de-
cays and the temperature of the bulk electrons also decreases
along the axis. The electron density and effective temperature
can be calculated from the EEPFs. The bold horizontal dashed
line in Fig. 3 is the maximum noise level in the data acquisi-
tion system; signals smaller than the noise level are neglected
in the analysis, giving the total density n, and temperature
Ter. Furthermore, the EEPFs of the bulk electrons seem to be
fairly Maxwellian and can be analyzed by extracting the data
above 103 m~3eV—3/2 (horizontal dotted line in Fig. 3) in the
EEPFs, providing the density 7, pyx and temperature T puik
of the bulk electrons.

Two-dimensional profiles of the bulk and total densities
(n¢ vuik, ne) and the bulk and total effective temperatures
(Tetrvuik, Tefr) are presented in Figs. 4(a)-4(d), revealing the
plasma expansion along the magnetic nozzle. No visible
change in the density mappings in Figs. 4(a) and 4(c) can
be seen, while the total temperature T in Fig. 4(d) is much
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FIG. 4. Two-dimensional profiles of (a) the bulk density 7, puk, (b) the bulk temperature Zegpuk, (c) the total density n,, (d) the total
temperature T, () the density ratio of n, ;i /n., and (f) the plasma potential V,, using the same spatial resolution as that of Fig. 2.
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FIG. 5. Two-dimensional profiles of (a) the diamagnetic cur-
rent density jp, pux by the bulk electrons, (b) the diamagnetic cur-
rent density jp, by the total electrons, and (c) the E x B drift current
density jg.p by the total electrons.

higher than the bulk temperature Tifpyyx in Fig. 4(b). The
density n, o of the tail electrons can be estimated by 7, (,; =
n, — ne puik and the ratio of n, /0, is shown in Fig. 4(e),
which shows that the tail electron density is less than several
percent of the total density. These results imply that a small
fraction of energetic tail electrons can significantly increase
the effective temperature. Figure 4(f) shows the measured
plasma potential V,, which is very close to zero or slightly
lower than zero, validating the neglect of the electric field in
the plasma.

As discussed earlier, the plasma diamagnetism is due to
internal plasma currents; the electron diamagnetic current
due to the bulk and total electrons is calculated from the
data in Figs. 4(a)-4(d) as (1/B;)(dp./dr) and presented in
Figs. 5(a) and 5(b), respectively, where p, is the electron
pressure. The measured (1, puik, Tefrbuik) and (7, Tegr) are used
for the calculation of the electron pressures of the bulk and
total electrons, respectively. The diamagnetic current density
Jpe bulk generated by the bulk electrons shown in Fig. 5(a) is
less than 200 A/m? and is much smaller than the measured
current density jy in Fig. 2(b). However, the diamagnetic
current jp,., including both the bulk and tail electrons, can
provide the current density of about 600-800 A/m? for
10 cm < z < 25 cm as shown in Fig. 5(b), which is very close
to the measured jy. Figure 5(c) shows the electron E x B drift
current density jgyp estimated from n, in Fig. 4(c) and V,
in Fig. 4(f), justifying the neglect of the E x B drift current
density. From the results shown above, it is evident that the
fractional tail electrons make a major contribution to the dia-
magnetism of the plasma.

In summary, the diamagnetism, i.e., the plasma-induced
magnetic field opposite to the externally applied magnetic
field, is investigated under a controlled experiment that is
not influenced by the E x B drift, where the electron energy
probability functions include both the low-temperature bulk
electrons and the energetic tail electrons. The measurement
clearly shows that the azimuthal electric current density is
determined by the electron diamagnetic current density in-
cluding the small fraction of the energetic tail electrons. This
result demonstrates that the plasma diamagnetism is enhanced
by the non-Maxwellian tail electrons. Since EEPFs containing
high energy tail electrons are ubiquitously observed in space,
fusion, and laboratory plasmas, the present results require
reconsidering non-Maxwellian EEPFs in these broad fields
of research when investigating a change in the magnetic field
induced by a plasma.
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