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Electromagnetic signals generated by a wide-aperture electron beam in the laboratory plasma under condi-
tions limitedly modeling the interaction between waves and particles in the near-Earth plasma have been
studied at the large-scale Krot device. The spectrum of electromagnetic radiation includes whistler noise,
which is presumably due to the current instability, and discrete (narrowband) signals near harmonics of the
electron cyclotron and plasma frequencies. It has been shown that narrowband signals with a positive fre-
quency drift that are observed at the injection of the electron beam are caused by nonstationary variations of
the plasma density due to an additional ionization of a neutral gas by accelerated electrons. These effects
should be taken into account to interpret nonconventional forms of the dynamic spectrum in various labora-
tory experiments simulating processes in the Earth’s ionosphere and magnetosphere.

DOI: 10.1134/S0021364023603524

The generation of electromagnetic radiation by
high-energy electron beams is a phenomenon well
known in the space plasma; attempts of its laboratory
simulation continued during almost five decades [1].
Laboratory simulation is considered as a promising
approach that supplements nature studies and allows
the qualitative understanding of the nature of devel-
oped plasma instabilities, as well as the verification of
theoretical and numerical models using similarity cri-
teria [2].

A significant part of types of radiation in the near-
Earth plasma (chorus, hiss, triggered emission, whis-
tling sferics, etc.) are generated in the form of whistler
waves with frequencies satisfying the condition f;, <f<
Jee <[y, Where f, f.,, and f are the frequencies of low-
hybrid, electron cyclotron, and plasma resonances,
respectively [3]. The generation of whistler waves by
electron beams is also actively studied in the labora-
tory plasma. It was previously found in laboratory
experiments that “narrow” monoenergetic electron
beams with the width smaller than 6, = ¢/(2mf,) (where
c is the speed of light in vacuum) in the background
magnetized plasma are stable and emit whistler waves
only in the presence of the initial modulation [4]. Lab-
oratory experiments with a “wide” spatial distribution

T Deceased.

27

of electrons having the energy distribution function
with a “tail,” where the generation of electromagnetic
signals due to the development of certain instabilities
is observed are closer to the natural situation. Radia-
tion bursts with a complex spectrum similar to magne-
tospheric chorus emissions [5, 6] are observed in the
nonequilibrium plasma of the electron-cyclotron res-
onance discharge [7, 8] and at the injection of wide
electron beams into the laboratory plasma [9, 10]. In
addition to whistler waves, signals at frequencies of ion
and electron gyroharmonics are quite widespread [ 11—
13]. The theory predicts that such signals are generated
most efficiently under the conditions of double plasma
resonance [14], which was also observed in laboratory
experiments [ 15].

In [16], we described the current instability
induced by an electrode under a high positive voltage
in the magnetized plasma column, which is accompa-
nied by the generation of a wide spectrum of whistler
waves. It is remarkable that, although the beam of
accelerated particles was formed by their extraction
from the background magnetized plasma and energies
and velocities were comparatively low, the general pic-
ture of generation of whistler waves and some features
of their spectrum, including a dip near half the gyrof-
requency, were similar to the results that were previ-
ously obtained with wide-aperture electron beams and
were attributed to the development of kinetic instabil-
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Fig. 1. (Color online) Schematic diagram of the plasma
device: (/) vacuum chamber, (2) high-voltage source,
(3) Langmuir probe, (4) loop antenna or microwave reso-
nator probe, (5) solenoid, (6) hot cathode, and (7) induc-
tors for plasma generation.

ities to explain magnetospheric effects [10]. For this
reason, to better understand the possible nature of
observed signals, we carried out a new experiment on
the injection of the wide-aperture electron beam into
a large magnetized plasma column with the plasma
parameters close to both those used in [16] and the
parameters of the setup in [9, 10].

Figure 1 presents the schematic diagram of the
Krot plasma device [17], where the experiment was
carried out. The plasma was induced by a pulsed
inductive discharge in argon at a pressure of p, =

4 %10~ Torr in a magnetic field up to 1 kG. The max-
imum plasma density at the source operation was

about 2x10"2 cm~3 and the electron temperature was
T, ~ 5 eV. The device operated in the pulse-periodic
regime with a pulse repetition interval of 20 s. Experi-
ments were conducted after the end of the ionizing
pulse in a quite decaying plasma with the characteris-
tic diffusion decay time of several milliseconds. In the
process of decay, electrons were cooled to 7, ~ 0.5 eV
in a time of about 1 ms, and the ion temperature was
T, = T,. A high (within 1%) reproducibility of the
plasma parameters in all “shoots” of the plasma device
allowed multiply repeated measurements, collecting a
huge body of experimental data.

The wide-aperture electron beam was produced by
the hot cathode, which had the form of a flat tungsten
spiral coated by lanthanum hexaboride and having a
pitch of 5 mm and a diameter of 80 mm. Electrons
were accelerated by a pulsed voltage with a duration of
50—120 ps, a magnitude of U, = 30—300 V, and a neg-
ative polarity with respect to the chamber wall applied
to the cathode; the total emission current of the cath-
ode reached 1.5 A. The hot cathode was mounted on a

sliding rod with a vacuum seal; in all experiments,
the cathode was placed on the axis of the plasma col-
umn with the spiral plane perpendicular to the mag-
netic field.

The electron beam was injected into either the
background plasma (N, = 10" cm™, f; = 2.85 GHz,
T,= 0.5 eV) or neutral argon gas at a pressure of p, =

4x10™* Torr. The static magnetic field varied in the
range B, = 40—180 G (f,, = 110—500 MHz). The tem-
perature and plasma density were measured by the
Langmuir probe; the plasma density was also inde-
pendently measured by a microwave-resonator probe
on a section of a double line [18]. The ac magnetic
field of signals generated by the electron beam was
measured by a single-loop antenna 1 cm in diameter,
which was placed in an electrostatic shield and was
isolated from the plasma by a dielectric layer. The
probes and antenna mounted on rods could freely
move across the plasma column.

The waveforms were recorded by Tektronix MDO
4054-3 (500-MHz band) and Tektronix MSO 54
(2-GHz band) digital oscilloscopes; spectral charac-
teristics in their dynamics were determined by the dig-
ital processing of waveforms using the window Fourier
transform method. It is important that the incorrect
application of modern broadband digital oscilloscopes
can provide false signals and erroneous results, in par-
ticular, in the laboratory simulations of magneto-
spheric emissions (see, e.g., [19] and the subsequent
correction in [20]). For this reason, when analyzing
signals whose spectrum is not known a priori in detail,
great attention was paid to the control of the spectral
composition of waveforms under processing in an
extended frequency band and to their anti-aliasing fil-
tering, as well as to the control of processing proce-
dures on simulated (test) waveforms.

Figure 2a presents the electron density and the
parameters of the electron distribution function mea-
sured at the injection of the electron beam into the
magnetized background plasma. Here and below, the
results of the experiment are presented in the Carte-
sian coordinate system that is associated with the cath-
ode and is shown in Fig. 1: the z axis is directed along
the chamber axis and the magnetic field, whereas the
x and y axes are horizontal and vertical, respectively.
Before the application of an accelerating voltage pulse,
a depleted density region or “shadow” existed on the
cathode due to losses of particles of the background
plasma. After the beginning of injection, an additional
ionization of neutral gas and the heating of the plasma
with the formation of a two-temperature distribution
function (7,, =2 eVand T,, = 5 eV) occurred in a mag-
netic tube based on the cathode. Due to the additional
ionization, the electron density N, on the axis of the
electron beam after about 100 us was even higher than
the background value.
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Fig. 2. (Color online) (a) Distribution of the plasma den-
sity and electron temperature in the cross section of the
plasma column at the injection of electrons. (b) Current—
voltage characteristic of the Langmuir probe obtained on

the axis of the electron beam at By =90 G and U, = 125 V.

When electrons were injected into the neutral gas,
the plasma was induced only in the magnetic tube
based on the cathode and had the form of a thin
plasma column 5 cm in diameter with the maximum
electron density N, = 10'' cm=3. In this case, the two-
temperature distribution function of electrons was also
formed, but the temperatures of both populations
(T,,= 6 eV and T,, = 17 eV) were about three times
higher than those in the case of injection into the
plasma probably due to lower losses on heat conduc-
tivity in the background medium.

Intense electromagnetic noise was generated at the
injection of electrons into both the plasma and neutral
gas (Fig. 3a). The typical amplitude of noise in the fre-
quency band 10—750 MHz is 100—500 uG and the
peak amplitude is about 1 mG. Dynamical spectra
(frequency—time spectrograms) of noise are shown in
Figs. 3b—3d. All spectrograms were normalized to the
amplitude of the noise spectrum before the beginning
of injection.

If the plasma in the beginning of the injection of
electrons was absent or its density satisfied the condi-
tion f, < f,, (rare plasma case), the noise amplitude at
any time is maximal near f,. A “plasma line” f'= f,(7)
analogous to the time dependence of the electron den-
sity N, before the condition f, = f,, was formed on the
dynamic spectrum (see Fig. 3d). If electrons were
injected into the background plasma under the condi-
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Fig. 3. (Color online) Electromagnetic noise detected at
an accelerating voltage of Uy = 250 V. (a) Waveform of

noise in the frequency range of 10—750 MHz (injection
into the background plasma at By = 62 G and f,, =

174 MHz). (b—d) Spectrograms of noise (b, ¢) at injection
into the background plasma at (b) By = 62 G and
fre =174 MHz and (c) By = 86 G and f,, = 243 MHz and
(d) at injection into neutral argon at By = 144 G and
Jfee =404 MHz; the dashed line is the plasma frequency.

Gyroharmonics are marked by arrows.

tionf, > /., (dense plasma case), pronounced dynamic
spectral components with increasing frequencies,
which are similar to the plasma line, are also present in
the initial stage (see Figs. 3b and 3c¢).

Spectrograms of signals with frequency drift in the
dense plasma are shown in more detail in Fig. 4. The
frequency of some spectral elements increases at a rate
of about 10 MHz/us; the duration of such elements
varies in the range of 3—10 us. Bursts appear with the
time at increasing frequencies, and the general behav-
ior of the dynamic spectrum approximately corre-
sponds to the evolution of the electron density N, (7) in
the magnetic tube based on the cathode. According to
probe measurement data presented in Fig. 2a, the
plasma frequency f,, during the first 50 s of the injec-
tion of electrons increased from 1 to 2 GHz, which
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Fig. 4. (Color online) Fine dynamic structure of the spec-
trum of signals in the beginning of electron injection into
the background plasma at (a) By = 86 G and f, =
243 MHz and (b) By = 125 G and f,, = 350 MHz. Gyro-

harmonics are marked by arrows.

corresponds to the general behavior of the intensity of
bursts in a frequency—time domain.

In about 50 us after the beginning of the injection
of electrons into the gas or the plasma, the electron
density N, was established at a quasistationary level
corresponding to the dense plasma case f;, > (>>) /.. In
this case, a continuous noise spectrum weakened near
the gyrofrequency f,, was detected (see Figs. 3b and
3c). Above £,,, in the plasma evanescence band to elec-
tromagnetic radiation, narrowband signals with fre-
quencies close to the gyroharmonics 2 f,,, 3 f.., 4 f..,
etc. were certainly detected inside the electron beam.

Time-averaged frequency spectra of the longitudi-
nal (B,) and transverse (B,) components of magnetic
noise inside the electron beam and at its periphery are
shown in Fig. 5. The components B, and B, inside the
electron beam are comparable, and their power spec-

trum decreases by a law close to o< f 2 At frequencies
f > f.. inside the electron beam in the source region,
broadband noise is also present but its level is lower
than that in signals at gyroharmonics nf,. The
spectrum outside the electron beam has a sharp edge
f = f... noise consists of whistler waves emitted into the
ambient plasma.

Let us now discuss in more detail various spectral
component of electromagnetic signals.

Noise of the continuous spectrum is close in prop-
erties to the whistler instability at the extraction of
electrons from the plasma to the electrode [16]. First,
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Fig. 5. (Color online) Spectra of the longitudinal (B,) and

transverse (B,) components of magnetic noise in experi-
ments (a) inside and (b) outside the electron beam in the
time interval 45—65 us after the beginning of injection at
By =86 G and f,, = 243 MHz. The noise of the system is
shown in gray, the black vertical straight lines mark the
first and second harmonics of the electron gyrofrequency,

and the dashed line is PSD o f_z.

the nonequilibrium (unstable) character of noise is
confirmed by the fact that its level is two orders of
magnitude higher than the estimated thermal noise on
the loop antenna in the plasma [21] even at the maxi-
mum electron temperature 7, = 5 eV (see Fig. 2) and
at the estimate of the resistance of antenna radiation
increased to R,y = 0.5 Q. After the end of electron
injection, noise at the trailing edge of the accelerating
voltage pulse disappeared in a time no longer than
10 us, which is one or two orders of magnitude smaller
than the relaxation time of the electron tempera-
ture T,

Second, the geometry of the electric current
induced at the injection of electrons into the magne-
tized plasma mainly repeats the current structure at
the extraction of electrons from the plasma on the
high-voltage electrode [16]. The accelerating voltage is
applied directly between the cathode and the
grounded wall of the vacuum chamber, but the cur-
rent—voltage characteristic of the Langmuir probe
(Fig. 2) shows that the plasma potential at a distance
of ~30 cm from the cathode does not change at the
application of the accelerating voltage. This indirectly
indicates that the entire voltage drop occurs in the
near-cathode region: the background plasma carries
the potential of the chamber wall to the region z <
30 cm due to its high conductivity. The maximum
gyroradius of electrons accelerated near the cathode
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corresponding to an energy of 300 eV and B, ~ 50 G
is p, = 1 cm; the gyroradii of electrons with 7, = 2—
5 eV do not exceed 1 mm. The mean free path of elec-
trons determined by Coulomb collisions is /, > 1 m in
the entire energy range. Thus, electrons accelerated in
the near-cathode regions are strongly magnetized, and
their gyroradii are much smaller than the sizes of the
cathode. Since the transverse sizes of the background
plasma are much larger than both the diameter of the
cathode and the magnetic tube filled with accelerated
electrons, the electric circuit can be closed only by the
parallel electron current flowing in the plasma along
the z axis. This geometry reproduces that described in
[16] with the accuracy to the direction of electron
motion: electrons in [16] moved from the plasma
toward the collecting electrode (collector), whereas in
this work, they move from the emitting electrode (hot
cathode) to the plasma.

Third, the spectral properties of noise correspond
to the picture from [16]: signals have a continuous
spectrum with the upper edge at the frequency £, out-
side the generation region. The noise amplitudes in
this work are also consistent with those in [16]. The
developed instability at the total current 7 ~ 100 A of
electrons extracted from the plasma and its density

J. ~ 1A/cm?led in [16] to the generation of noise with
a peak amplitude of about 10 mG and a standard devi-
ation of 0.1—1 mG. In this work, the total current of
emitted electrons passing through the area of the same
cross section is about two orders of magnitude lower
and the noise amplitude at similar plasma parameters
and the frequency band is smaller by a factor of 10—30.
Since electrical circuits are incompletely equivalent
and details of the spatial structure and the evolution of
the current are different, this agreement should be
considered as good and, moreover, as indicating the
closeness of mechanisms of noise generation with the
continuous frequency spectrum due to the develop-
ment of the current instability both at the extraction of
electrons from the plasma and at their emission into
the plasma.

Whistler noise with the continuous spectrum is
characteristic of a number of beam—plasma experi-
ments simulating the generation of electromagnetic
emissions in the Earth’s ionosphere and magneto-
sphere [1, 9, 10]. The results obtained in [16] and in
this work indicate that the mechanism of generation of
whistler noise in systems with the parallel current is
common for fast monoenergetic electron beams [9,
10] and for electron beams with a moderate velocity
and a high energy spread.

Signals at electron gyroharmonics are also quite
typical of beam—plasma systems. These signals are
usually not caused by the excitation of any eigenmodes
of the plasma (e.g., quasielectrostatic electron cyclo-
tron waves) but are due to the interference of the fields
of electrons moving along spiral trajectories and are
detected by magnetic antennas only inside the elec-
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tron beam [21, 22]. Outside the electron beam, radia-
tion at gyroharmonics is absent. This distinguishes the
laboratory experiment from space observations [13]
mentioned in the beginning of this work, where signals
at gyroharmonics detected by electrical antennas are
explained by the instability of Bernstein modes (elec-
tron or ion), in particular, under the conditions of
double plasma resonance.

The generation of narrowband bursts with fre-
quency drift is of particular interest for the simulation
of physical phenomena in the near-Earth plasma.
Some authors consider the appearance of signal with
frequency drift either positive (increasing tone) or
negative (decreasing tone) as evidence of the similarity
of the laboratory experiment to the space observation
[23]. At the same time, when nonstationary variations
of the electron density N,(f), which are due either to an
additional ionization of the neutral gas by injected
electrons or to the decay of the plasma, are taken into
account, the appearance of signals with the frequency
drift in the band corresponding to the range of varia-
tion of the electron plasma frequency f,(?) is less sur-
prising. In particular, measurements of the time
dependence of the frequency of the spectral line
excited near f, by the low-current electron beam
injected into the plasma are used for the precise diag-
nostics of the density of the decaying plasma [24]. In
our experiment, the generation of increasing narrow-
band tones can be caused by mechanisms characteris-
tic of a nonstationary beam—plasma discharge accom-
panied by the excitation of quasi-electrostatic (Lang-
muir) waves and signals at electron gyroharmonics
[25]. Obviously, the complete explanation of the fine
structure of the spectrum presented in Fig. 4 is impos-
sible in this stage but the relation of this structure to
the increase in the plasma density accompanied by the
dynamical variation of the electron plasma frequency
and dispersion properties of the plasma as a whole is
certainly seen.

To explain the effects of generation of noise-like
and discrete radiation bursts in some beam—plasma
experiments on the laboratory simulation of space
phenomena, the same mechanisms of interaction
between electrons and waves in cyclotron resonance
applied to interpret space phenomena are used [10,
23]. However, the cited studies are usually performed
in a low-temperature argon plasma, which has the
same parameters as in the Krot device, including the
electron density and the pressure of the neutral gas,
magnetic field strength, and the scale of the interac-
tion region of electrons with the background medium.
Despite obvious manifestations of the interaction of
electrons with the neutral gas such as bright optical
emission [23], the possible effect of the additional ion-
ization of the neutral gas or the plasma decay on sig-
nals generated by the electron beam was not discussed
in the cited works. Narrowband whistler signals with
decreasing frequency reported in [23] have a duration
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of about 1 ms, which corresponds to the characteristic
time of variations of the plasma parameters possible in
such an experiment. For this reason, we believe that
the radiation frequency drift shown in [23] can be nat-
urally attributed to the nonstationarity of the medium
rather than to the nonlinear wave—particle interac-
tion.

The results obtained in this work can be briefly
summarized as follows. The current instability respon-
sible for the generation of broadband whistler signals is
fairly universal; it is observed both at the injection of
accelerated electrons (with a monoenergetic or broad
spectrum) into the plasma and at the extraction of
electrons from the plasma by the parallel electric field.
Such an instability observed in various laboratory
devices should also be manifested in the near-Earth
plasma including the auroral ionosphere. Further-
more, electrons injected into the magnetized plasma
generate narrowband signals at electron gyroharmon-
ics and at frequencies close to the local electron
plasma frequency. In the latter case, the pulsed injec-
tion can result in the generation of signals with fre-
quency drift caused by the plasma dynamics due to the
additional ionization of the neutral gas. The additional
ionization can qualitatively change the conditions for
the generation of electromagnetic radiation due to a
change in the relations between resonance frequencies
of the plasma and create favorable conditions for the
ducted propagation of waves [26], which promotes an
increase in the efficiency of wave—particle interactions
in the near-Earth plasma, including active experi-
ments. All these effects should be taken into account
when planning experiments in the ionosphere, in par-
ticular with the injection of pulsed electron beams
from spacecrafts, and interpreting their results.

To conclude, we note a high significance of the lab-
oratory simulation results obtained in [9, 10, 23] and
in other works that provide valuable experimental
data, which can be used to propose new and to develop
existing models of the interaction between waves and
particles in the ionosphere and magnetosphere. The
reported experiment does not reproduce in detail the
cited beam—plasma studies, primarily in the energies
of electrons, which are several keV in those works, and
in the quality of the electron beam. However, it is
obvious that conclusions on the similarity of the gen-
eration of radiation bursts with a complex spectrum in
the laboratory and space should be made carefully
without the complete diagnostic information on the
plasma and the critical analysis of all features of the
laboratory experiment, including additional factors
such as the considered additional nonstationary ion-
ization of the neutral gas.
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