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Abstract—This paper reports on the generation of a directed f lux of electromagnetic radiation with an energy
content of 10 J in the frequency range of 0.2–0.3 THz at a microsecond pulse duration in a beam–plasma
system. The flux is generated when a relativistic electron beam (REB) pumps electron plasma waves in a mag-
netized plasma column. In the described experiments, this fundamentally new approach to generate terahertz
radiation was carried out at the GOL-PET facility in the conditions of varying the beam current density and
the plasma density in the appropriate ranges of 1–2 kA/cm2 and 1014–1015 cm–3. From the comparison of the
flux energy spectrum measured experimentally in the frequency range 0.15–0.45 THz with the calculated one
obtained using the previously proposed model of radiation generation in a beam–plasma system it was shown
that this process occurs through resonant pumping by REB of precisely the branch of upper-hybrid plasma
waves. Mastering this new method to generate terahertz radiation opens the prospect of its use to obtain
multi-megawatt radiation fluxes in the frequency range up to 1 terahertz and higher. For such a development
approach the most promising beam for pumping plasma oscillations seems to be a kiloampere REB generated
in a linear induction accelerator.

Keywords: relativistic electron beam, plasma column, beam–plasma interaction, waves in plasma, terahertz
radiation, megawatt radiation flux
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INTRODUCTION

Terahertz radiation has the ability to spread
through substances and various materials that are
opaque in the optical and infrared ranges, simultane-
ously exciting vibrational modes of supramolecular
structures and crystal lattices of solids, as well as rota-
tional levels of complex molecular formations. The
presence of these properties leads to more active use of
terahertz radiation in various areas of human activity,
such as diagnosis of various conditions of human tis-
sues and organs without a harmful effect on living sub-
jects [1]. The terahertz range is also important for cre-
ating radar systems with the ability to visualize small
hidden objects [2] and spectroscopy and excitation of
phonon vibrations in molecular crystals and supramo-
lecular structures [3]. Thus, the development and cre-
ation of high-power sources of electromagnetic radia-

tion in the terahertz frequency range (0.1–10 THz) is
one of the priority tasks of modern physics.

In our opinion, one of the promising approaches to
generate high-power radiation f luxes in the frequency
range of 0.1–0.9 THz is to use the mechanisms of
intense beam–plasma interaction [4] and the further
transformation of plasma oscillations pumped by the
beam into electromagnetic waves from the plasma, as
it was assumed to explain bursts of radiation coming
from the solar corona [5]. In the case where electron
beams with a particle energy of ~1 MeV and a current
in the range of 1–10 kA [4], the power of which
reaches the gigawatt level are used, one can expect the
generation of terahertz radiation f luxes with a power
on a scale of tens and even hundreds of MW. Master-
ing this new method to generate radiation makes it
possible to significantly expand the range of applica-
tions of high-power radiation f luxes of the frequency
331
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range 0.1–1 THz. It is important to emphasize that the
use of this beam–plasma mechanism in the terahertz
spectral region opens a unique opportunity to quickly
change the frequency of the generated radiation f lux
by varying density of the plasma. Experimental studies
in this direction started at the GOL-3 facility in the
Budker Institute of Nuclear Physics Siberian Branch,
Russian Academy of Sciences, using an electron beam
with an energy up to 1 MeV, a beam current of 10–
15 kA, and a pulse duration of 5 μs, which was injected
into a magnetized plasma column [6]. In experiments
on the relaxation of a high-current relativistic electron
beam (REB) in a plasma column with a density of
~1014 cm–3, the features of the radiation f lux for the
spectral range 0.1–0.5 THz escaping in the direction
normal to the magnetic field lines were established [7,
8]. Based on the results of these and further studies,
the mechanisms of the radiation generation were iden-
tified. One of these mechanisms is the excitation of
upper-hybrid plasma oscillations by the electron beam
followed by their subsequent transformation on
plasma density gradients into the f lux of electromag-
netic radiation at the frequency of this branch of
plasma waves [8–11]. Another mechanism occurs
during a nonlinear process of two upper-hybrid oscil-
lations merge into one electromagnetic wave with a
frequency equal to double the value of the oscillation
frequency of the origin [5, 12, 13]. During the experi-
ments, it was found that the transverse emission of
electromagnetic radiation at the indicated frequencies
is localized at distances on a scale of 1 meter from the
point of the beam injection into the plasma column,
which corresponds to the relaxation length of the REB
in the plasma [14]. Subsequent experiments carried
out at the GOL-PET facility demonstrated that the
increase of the plasma density results in redirecting the
radiation f lux from the normal to the plasma column
to the one along its axis [15]. In further studies at the
GOL-PET facility, the regularities of influence of
plasma density gradients on the spectral composition
and the power of the generated radiation f lux were
established. In the same experiments a new mecha-
nism for the f lux generation during the beam interac-
tion with the plasma was discovered, which occurs in
the following way. In the presence of a regular periodic
structure of density gradients in plasma, direct pump-
ing by the beam the branch of electromagnetic oscilla-
tions in the plasma is possible [10, 11]. In the experi-
ments, conditions to provide effective output of the
radiation f lux from the plasma column end into a vac-
uum, which propagates along the axis of the beam–
plasma system were determined. As well, during the
experiments the necessary conditions for effective
output of the radiation f lux from the vacuum chamber
into the atmosphere of the experimental hall through
a dielectric polymer window [16, 17] were found.
Moreover, the results of these experiments allowed us
to carry out our first measurements of the energy con-
tent in the radiation flux with a microsecond pulse
duration [18]. These measurements have shown that
the high power density in the radiation f lux leads to a
strong pulse shortening down to 1 μs at the output into
the atmosphere, while the duration of the radiation
flux, measured directly in vacuum, reached 3.5 μs. We
explain this phenomenon of the radiation pulse short-
ening in entering the atmosphere by the developing of
the surface RF breakdown on the vacuum side of the
output window [19].

This article is devoted to solution of the problem of
preventing RF breakdown and achieving the maxi-
mum energy content in the radiation f lux into the
atmosphere. In order to provide detailed comparison
of the generated radiation spectrum with the result of
the theoretical consideration, experiments with the
purposeful maintenance of a plasma density uniform
over a cross-section that were practically constant
during the period of generation of the radiation f lux
were carried out. In the article the spectral composi-
tion of the radiation f lux measured under these exper-
imental conditions and distribution of the spectral
radiation power density in the frequency range of
upper-hybrid plasma oscillations calculated in numer-
ical simulation are compared.

EXPERIMENTAL FACILITY
The described series of experiments on the genera-

tion of terahertz radiation in a beam–plasma system
was carried out in the Budker Institute of Nuclear
Physics Siberian Branch, Russian Academy of Sci-
ences at the GOL-PET facility. The scheme of this
facility and used diagnostics were described in detail in
[16–20]; therefore, we will only briefly touch on some
key aspects of this issue. The diagram of the described
experiments is presented in Fig. 1.

To create an electron beam for injection into the
plasma, the U-2 accelerator with a magnetically insu-
lated diode is used. In this device the electron beam of
a ribbon cross-section is generated under conditions of
cathode–anode gap insulation by a magnetic field
with an induction that varied in the range of 0.12–
0.3 T depending on the purposes of the experiment
[21]. The ribbon beam formed in the accelerating
diode with a cross-section of 350 × 56 mm propagates
further along a slit vacuum channel with a gap between
planes of 80 mm [21]. Then it passes through the spa-
tial region of the vacuum chamber, where its cross-
section is transformed into a circular one in accor-
dance with the geometry of guiding magnetic field
lines. Finally, the beam is compressed to a diameter of
40 mm as the field induction increases to 4.3 T. Mea-
surements have shown that using such a scheme of the
beam cross-section transformation and compression,
the U-2 accelerator provides injection into the plasma
column of the electron beam with an energy in the
range of 0.4–0.8 MeV and an angular divergence of
particle velocity of 0.1 rad [22] at a pulse duration of
5 μs. In the described experiments the current density
PLASMA PHYSICS REPORTS  Vol. 50  No. 3  2024
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Fig. 1. A scheme of the plasma part of the GOL-PET facility demonstrating propagation path of the terahertz radiation flux and
the location of diagnostics for its registration. (1) Injected REB, (2) plasma column, (3) radiation flux, (4) deflecting mirror,
(5) polychromator, (6) calorimeter, (7) interferometer, (8) Thomson scattering.
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of the beam passing through the plasma was determed
by the ratio between the values of magnetic field
induction in the accelerating diode and in the plasma
column. It had two values: 1 and 2 kA/cm2. The beam
was injected into a plasma column with a diameter of
80 mm and a length of 1.2 m, confined in a solenoid
with a corrugated magnetic field with the ratio of the
maximum and minimum induction values
Bmax/Bmin = 4.5/3.2 T. A description of the process to
create a plasma column with different density distribu-
tions over the column cross-section was presented in
[20]. This paper demonstrated that it is possible to cre-
ate a plasma column with different density distribu-
tions, both along the column cross-section and along
its length [20]. This distribution is achieved by the spe-
cial choice of the conditions for pulsed injection of gas
into the vacuum chamber (the moments of opening
the valves and the duration of their open state), choos-
ing the geometry of the discharge electrodes and the
moment of applying a high (20 kV) voltage pulse to the
discharge gap filled with gas. In addition, if the degree
of ionization of the gas cloud in the vacuum chamber
resulting from the high-voltage discharge current f low
is far from unity, then the plasma density may increase
and its distribution along the plasma column may
change during the beam injection.

It should be noted that in the presence of signifi-
cant radial gradients of plasma density, the pulsed
power of the radiation f lux generated in the beam–
plasma system increases by more than an order of
magnitude compared to the case of a uniform distribu-
tion of that density [11]. The article describes experi-
ments and presents results of both density distribu-
tions over the plasma column cross-section: ingomo-
geneous and gomogeneos.

To measure the beam current in the diode and in
the magnetic compression system, as well as the cur-
rents f lowing through the individual sections of the
plasma column, a set of Rogowski coils located in dif-
ferent sections of the vacuum chamber along the facil-
ity axis was used. It should be noted that in the case of
a high (exceeding 2 × 1014 cm–3) plasma density along
the entire length of the plasma column, the Rogowski
coils surrounding the plasma column do not register
PLASMA PHYSICS REPORTS  Vol. 50  No. 3  2024
any magnetic field of the beam current, since under
these conditions the beam current is fully neutralized
by the plasma return current.

The energy of the electrons in the beam injected
into the plasma column is determined by the voltage
applied to the accelerating diode. To measure the
plasma density, we use infrared laser diagnostics: a
Michelson interferometer at a wavelength of 10.5 μm
[23], and a Thomson scattering system at a wavelength
of 1.053 μm [24, 25]. Changes in plasma temperature
in different sections of the plasma column during the
beam injection are estimated using the signals from
diamagnetic loops, which are proportional to the
transverse plasma pressure.

The experiments described in this paper were
focused on achievement of the maximum per pulse
energy content in the radiation f lux propagating along
the axis of the facility and then into the atmosphere. In
order to achieve this result, the radiation f lux and
high-current REB from the end of the plasma column
are separated according to the following scheme. At
the end of the plasma column, where a sharp decrease
in plasma density occurs, a strong decrease in the
induction of the guiding magnetic field along the axis
of the facility begins. This leads to a significant cross-
section expansion of the electron beam. The beam
with decreased current density is absorbed by the
annular graphite collector. In its turn, the radiation
flux without change of its previous cross-section prop-
agates in a metal tube to a radiation reflector made of
a thin stainless steel foil. The mirror plane foil of the
reflector is inclined to the facility axis at an angle of
45 degrees. After reflection, the radiation f lux is
directed through another metal tube whose axis is
directed at an angle of 90 degrees with respect to the
symmetry axis of the plasma column. Next, the radia-
tion f lux enters the atmosphere through an exit win-
dow made of polymethylpentene, which transmits ter-
ahertz radiation with low losses [26].

To record the spectral characteristics of the gener-
ated terahertz radiation f lux, detectors based on
Schottky barrier diodes (SBD) supplied with fre-
quency-selective bandpass filters are used. These eight
detectors together make an eight-channel polychro-
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mator designed to analyze the spectral composition of
the radiation f lux in the frequency range from 0.1 to
0.6 THz [27]. To measure the energy content in the
flux of electromagnetic radiation, a specialized calo-
rimeter provided to us by the authors of [28] was used.
The process of measuring the energy content of the
radiation f lux using the calorimeter is based on the
electromagnetic radiation energy absorption in a thin-
walled cylindrical metal-ceramic shell and recording
changes in its temperature by a large number (about
1000) of thermocouples connected in series. The cal-
orimeter responsetivity measured at a frequency of
about 100 GHz, has a value of 90 μV/J, which is
slightly different from the 70 μV/J measured at a fre-
quency of 10 GHz and indicated in [28]. A description
of the measurement procedure and the results of the
first experimental series on measuring energy content
in a pulsed f lux of terahertz radiation are given in [18].
Based on the above comment on the calorimeter
responsetivity measurements, we can assume that
measurements of the absolute value of the energy con-
tent in the radiation f lux in a single radiation pulse are
provided with good reliability in our experiments.
Taking into account the time dynamics and amplitude
of the radiation signals recorded by the channels of the
eight-channel polychromator during the pulse of gen-
erated radiation f lux, we calculate the absolute value
of the average power over the pulse duration in that
part of the spectrum where the high spectral radiation
density is localized. To indicate the distribution of the
radiation f lux density over the its cross-section visu-
ally, which is important for recording the percentage
of the captured f lux fraction in the calorimeter, panels
of gas-discharge neon bulbs are used. In the cavity of
the bulb a high-frequency discharge occurs when the
specific f lux power exceeds a threshold value, which is
estimated at the level (1–2) × 104 W/cm2. The high-
frequency discharge that occurs in the bulbs is uni-
formly distributed over the area of the polymer panel
is accompanied by a bright glow. The optical image of
these glowing bulbs recorded by a SSD camera brand
SDU-205 indicates that the measured f lux power
exceeded the determined threshold level (Fig. 1 in [18]).

THE FREQUENCY SPECTRUM AND ENERGY 
CONTENT IN A RADIATION PULSE 

AT INHOMOGENEOUS PLASMA DENSITY 
IN THE BEAM CROSS-SECTION

As noted above, the results of previous experiments
on measuring the energy content in a pulsed radiation
flux were described in [18]. During those experiments,
the calorimeter was placed in the atmosphere of the
experimental hall and the radiation f lux exited the
vacuum chamber through a teflon window with a
diameter of 14 cm. The window was located at a dis-
tance of 30 cm from the metal mirror, providing f lux
deflection at 90 degrees in the direction transverse to
the axis of the plasma column. The calorimeter was
located at a distance of 60 cm from the teflon window.
In this distance the cross-section of the radiation f lux
propagating freely in the atmosphere already reached
a diameter of 30 cm. In order to direct the radiation
flux to the entrance aperture of the calorimeter with a
diameter of 11.5 cm, a steel tube with a diameter of
18 cm was installed between the output window and
the calorimeter. The tube provided transport of the
radiation f lux emerging from the output window to the
calorimeter entrance. In this experimental configura-
tion breakdown along the vacuum surface of the out-
put window limited the pulse duration of the radiation
flux into the atmosphere to a level below 1 μs. The
energy content in the f lux captured by the calorimeter
at a shortened pulse duration reached 2–2.5 J. Since
the inlet aperture of the calorimeter (11.5 cm) was
noticeably smaller than the diameter of the tube
(18 cm), we can say that the energy content in the
pulsed f lux is at least no less than the indicated results
of the calorimetric measurements.

To prevent RF breakdown development at the vac-
uum side of the output window we reconstructed the
unit that transmits the radiation f lux from the vacuum
to the atmosphere [29]. The output window was
shifted from the radiation reflector to a distance of
150 cm with a stainless steel tube 12 cm in diameter.
Simultaneously, the material of the window was
replaced by polymethylpentene, which is more suit-
able for these experiments. Unlike teflon, this new
material has higher transmittance in the terahertz
spectral region and it transmits light in the optical
range. Increasing the distance from the reflector to the
output window made it possible to reduce the hydro-
gen concentration near its end, which increases during
the propagation of the gas f low from the area of the
plasma column. Moreover, when the radiation f lux is
reflected by the steel mirror local areas of increased
power density in the immediate vicinity, contributing
to the occurrence of breakdown, occurred. When the
radiation f lux from the reflector propagates along a
long tube, these localizations of increased power den-
sity are blurred and the probability of the high-fre-
quency breakdown is significantly reduced.

In a recent experiment in measuring the energy
content in the radiation f lux into the atmosphere, the
inlet aperture of the calorimeter was connected to an
output window made of polymethylpentene, with a
minimum gap between them. At the same time, the
radiation f lux transmitted through the window into
the atmosphere is limited by the inner diameter of the
vacuum tube of 12 cm, which only slightly exceeds the
calorimeter inlet aperture of 11.5 cm diameter. During
the experiments, the plasma density in the electron
beam cross-section passing through the plasma col-
umn was maintained at level 4 × 1014 cm–3 with the
radial density profile presented in Fig. 2a. The pre-
sented plasma density profile is obtained by measuring
the radial plasma density distribution by Thomson
scattering and averaging of the measurements over
PLASMA PHYSICS REPORTS  Vol. 50  No. 3  2024
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Fig. 2. The density distribution along the radius of the plasma column at a time of 2 μs (a) and the energy in the radiation pulse
recorded by the calorimeter after the output window made of polymethylpentene (b). The results are averaged over 5 shots under
identical beam and plasma conditions.
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a series of five shots with the beam injection. As one
can see, the time of heat propagation from the calo-
rimeter surface absorbing radiation to the layer where
the thermocouples are located has a scale value of 10 s,
while the characteristic time of cooling exceeds 100 s.
In accordance with the result of the absolute respon-
sivity calibration, it can be stated that the energy con-
tent in the pulsed f lux from the output window under
these conditions is about 4 J.

To measure the spectral composition of radiation
flux, the calorimeter was replaced by an eight-channel
polychromator. Before entering the input aperture of
the polychromator the radiation f lux propagating from
the output window was collimated to a diameter of
4 cm by a hole in the radiation-absorbing screen. Fur-
thermore its intensity was weakened homogeneously
over the entire radiation spectrum. The results of mea-
suring the spectral composition of the radiation f lux
under these conditions with the polychromator are
presented in Fig. 3.

First, two main local frequency bands, that is, the
low-frequency band corresponding to the range of
0.14–0.16 THz, and the high-frequency band, to the
range of 0.3–0.4 THz, are to be noted. The first one
corresponds to the frequency region of the branch of
upper-hybrid plasma oscillations extending from 0.14
to 0.19 THz, at the obtained values of the plasma den-
sity (3–4) × 1014 cm–3 and the magnetic field induc-
tion B = 4 T. These electromagnetic waves are gener-
ated during the transformation of upper-hybrid
plasma oscillations on plasma density gradients (see
[9, 10, 13]). In turn, the high-frequency band (0.3–
0.4 THz), corresponding to frequency values two
times larger compared to that contained in the low-
frequency band, we associate with a nonlinear process
in which two upper-hybrid plasma oscillations merge
into one electromagnetic wave [12, 13]. Two other fre-
quency bands of generated radiation, at 0.11–0.12 THz
PLASMA PHYSICS REPORTS  Vol. 50  No. 3  2024
and at 0.22–0.24 THz, as we believe, are associated
with the harmonics of the radiation emitted by plasma
electrons moving in cyclotron orbits. The fundamental
frequency is fc = eB/2πmc = 0.11 THz (at В = 4 T)
and its doubled value is 0.22 THz.

In these experiments, measurements of the energy
content in the pulsed radiation f lux by the calorimeter
had a value of 3.5–4 J, which significantly exceeds the
level of 2–2.5 J recorded in the previous series of
experiments. The increase in the energy of the radia-
tion f lux captured by the calorimeter is caused by an
increase in the duration of the f lux pulse from the vac-
uum chamber into the atmosphere. As the waveforms
from frequency-selective channels of the polychroma-
tor demonstrate, the pulse duration of the radiation
flux reached 4 μs in this series of experiments. At the
same time, it should be taken into account that the
power level reaches its maximum during the first
microsecond and then gradually decreases.

In order to increase the precision of the energy
content measurements in the radiation pulse gener-
ated by the electron beam in the plasma column, a
series of experiments was carried out with a calorime-
ter directly connected to the vacuum chamber instead
of the output window. This was performed by remov-
ing the output window separating the working cavity of
the calorimeter, where the radiation f lux is absorbed,
from the steel tube through which the f lux propagates
in vacuum. Under these conditions, pumping out the
volume of the calorimeter to a high vacuum was done
simultaneously with the creation of vacuum condi-
tions in the plasma part of the facility. We note that the
calorimeter body was connected to the tube through a
special dielectric gasket so that there was no electrical
contact between the calorimeter and the vacuum
chamber of the facility. It should be recalled that the
diameter of the tube through which the radiation f lux
propagates is 12 cm and the inlet aperture of the calo-
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Fig. 3. The spectral power density in the radiation f lux into the atmosphere (a) recorded by an eight-channel polychromator at a
plasma density distribution shown in Fig. 2a. The ordinate axis shows the spectral radiation density in relative units presented tak-
ing into account calibration of the each channel absolute responsivity in its recording spectral region. Current of the injected elec-
tron beam and energy of electrons (b). Radiation intensity signals received from the polychromator channels in the frequency
range 0.1–0.12 (c), 0.14–0.16 (d), 0.19–0.22 (e), 0.29–0.33 THz (f). All presented signals are averaged over a series of 9 shots.
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rimeter is 11.5 cm. Under these conditions the small
annular edge of the cross-section of the f lux propagat-
ing through the tube was not captured by the calorim-
eter, which could lead to a slight underestimation of
the energy content in the f lux measured per pulse by
the calorimeter.

The results on the measuring the energy of the radi-
ation f lux obtained in the described variant of the cal-
orimeter placement are presented by the blue line in
Fig. 4. It should be noted that in these experiments the
diameter of the electron beam in the plasma was 4 cm.
According to this beam diameter, the calculated aver-
age over the beam cross-section current density was
jb = 1 kA/cm2. This current density was maintained in
all experiments described above in the text.

The results on measuring the energy of the radia-
tion flux obtained in the described variant of the calo-
rimeter placement are presented by the blue line in
Fig. 4. The waveforms of the voltage obtained at the
thermocouples connected to the calorimeter body
(Fig. 4) indicates that the temperature rise time
slightly differs compared to the case with the presence
of atmosphere inside the calorimeter cavity. On the
PLASMA PHYSICS REPORTS  Vol. 50  No. 3  2024
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Fig. 4. The energy in a radiation pulse measured by a calorimeter directly connected to a vacuum tube, in the cases of the beam
current density is close to 1 (curve 1) and 2 kA/cm2 (curve 2).
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other hand, in vacuum conditions in the calorimeter
cavity the decrease in the temperature of the working
fluid requires a much longer time than for that with
atmosphere. One can state that the heat removal from
the calorimeter working f luid is largely influenced by
the presence of an air mass inside its cavity.

It should be noted that previously carried out
experiments on plasma heating by relativistic electron
beams with a pulse duration of ~100 ns showed [30]
that in order to achieve a high level of pumping of the
plasma oscillations at a plasma density of (4‒5) ×
1014 cm–3, the beam current density in the plasma has
to significantly exceed 1 kA/cm2. Taking these results
of previously carried out experiments into account,
the current density of the beam in the plasma column
in the following experiments was increased. For this
the magnetic field induction in the U-2 accelerator
diode was reduced from 0.25 to 0.19 T and the field
induction in the plasma column was increased from 4
to 4.5 T. Such actions allowed us to increase the cur-
rent density of the beam passing through the plasma
column to a level of 2 kA/cm2. Under these condi-
tions, the intensity of the beam–plasma interaction
did increase. The energy content in the radiation f lux
at its microsecond pulse duration increased by approx-
imately two-fold for the same plasma density of 4 ×
1014 cm–3, as evidenced by the result of calorimetric
measurements, as represented by the red line in Fig. 4.

This energy content increase in the radiation f lux
pulse is directly related to the increase in power of the
radiation f lux as soon as the pulse duration remains
unchanged. This indicates that a further increase of
the beam current density in the plasma will allow one
to generate a radiation f lux at a higher plasma density.
For example, the use of a linear induction accelerator
as a source of kiloampere REB to provide a current
density level of about 10 kA/cm2 will make it possible
PLASMA PHYSICS REPORTS  Vol. 50  No. 3  2024
to experimentally achieve generation of radiation at a
higher plasma density and correspondingly to achieve
radiation frequency range of ~1 THz [31].

As seen from the spectral composition of the radi-
ation f lux presented in Fig. 3, the frequency band in
the spectral region of upper-hybrid plasma oscillations
is quite wide. This is explained by significant varia-
tions in plasma density in the cross-section of the
plasma column and its length, where intense beam–
plasma interaction occurs. In order to compare the
experimentally measured radiation spectrum in this
frequency band with the predictions of the theoretical
model [9, 10, 13] that describes the excitation of
upper-hybrid waves in a homogeneous plasma we
focused on creating experimental conditions under
which the density distribution is uniform both over the
cross-section and along the length of the plasma col-
umn. The results of such experiments are described in
the next section.

THE RADIATION SPECTRUM 
AT HOMOGENEOUS PLASMA DENSITY 

IN A PLASMA COLUMN

In order to compare the spectral composition of
the generated radiation measured in experiments with
the theoretical prediction, a plasma column with a
density distribution that is sufficiently uniform in its
cross-section and changing slightly along its axis was
created. This homogeneous plasma column was cre-
ated by selecting the operating modes of pulse gas
valves and a high-voltage discharge. The results of
plasma density measurements obtained by optical
laser diagnostics are shown in Fig. 5. This plot was
obtained by averaging the measurement results over a
series of nine shots with unchanged specified plasma
and beam parameters. As can be seen from the graph
in Fig. 5a, the linear plasma density begins to rise
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Fig. 5. The evolution in time of the plasma density averaged over the diameter of the plasma column, measured by Michelson
interferometer at a wavelength of 10.5 μm (a); plasma density distribution along the radius of the column measured in time 1.2 μs
by a Thomson scattering system at a laser wavelength of 1.053 μm (b). The time is counted from the moment of the REB injection
start.
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sharply from the start of the REB injection. At 0.7 μs
from the start, the increase in the plasma density slows
significantly, and during the time interval from 1 to
2 μs, its density becomes close to constant at the level
of (6 ± 1) × 1014 cm–3. This level corresponds to the
complete ionization of the initial molecular hydrogen,
whose density is determined by the operating mode of
the pulse valves. The density distribution along the
radius of the column, as measured at 1.2 μs by the
Thomson scattering system, is shown in Fig. 5b. The
plasma density averaged over the plasma column
cross-section for this series of shots was (7 ± 0.5) ×
1014 cm–3. The close density values measured by opti-
cal diagnostics in two different cross-sections at the
distance of 22 cm allow us to assert that the plasma
density remained practically unchanged over such a
spatial segment of the plasma column in a time inter-
val from 1 to 2 μs from the moment of the beam injec-
tion.

Having identified the time intervals in the signals
from the polychromator channels that correspond to
exactly this time interval during the beam injection
and by carrying out computer processing on them we
constructed the emission spectrum in the generated
radiation f lux for a homogeneous plasma column. The
result of this processing is presented in Fig. 6. As this
figure demonstrates, in the frequency range from 0.1
to 0.4 THz, a high spectral radiation density is local-
ized in the region of 0.2–0.25 THz. A two-fold lower
level of spectral density was recorded in the vicinity of
a frequency of 0.12 THz. In the frequency range above
0.25 THz, the spectral density is negligible compared
to the two areas indicated above.

The observed spectral intervals with increased
spectral density were interpreted taking the parame-
ters of the processes measured in the facility during
this series of the experiments into account. Let us
compare the spectral power density measured in
experiments with that calculated based on theoretical
model of radiation generation with parameters that
meet the experimental conditions. We associate the
generation of radiation in the vicinity of 0.12 THz with
the individual movement of electrons along cyclotron
orbits in a magnetic field, whose induction in the
plasma column ranges from 3.5 to 4.5 T, due to the
corrugation structure of this field. The high spectral
power density in the region of 0.2–0.25 THz is
explained by the emission of the plasma at the fre-
quencies corresponding to the branch of upper-hybrid
PLASMA PHYSICS REPORTS  Vol. 50  No. 3  2024
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Fig. 7. The distribution of the spectral power density in relative units along the frequency axis in the vicinity of the Langmuir fre-
quency (ωp). The left part of the figure, designated (a), shows the calculated angular distribution of the spectral radiation flux
density in the vicinity of the frequency ωp, the position of which on the frequency axis corresponds to one. On the right half, des-
ignated (b), the blue line shows the spectral power density obtained by integrating over the angles θ of the distribution presented
in (a), and the red line shows the contour of the frequency region with the maximum spectral radiation power density, constructed
by the measurements results obtained with the eight-channel polychromator.
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plasma oscillations. The measured value of the plasma
density (6–7) × 1014 cm–3, as well as the given value of
the guiding magnetic field induction, allows us to indi-
cate the frequency range in which upper-hybrid
plasma oscillations are to be excited. This is the fre-
quency range from the Langmuir oscillations fp =
0.22 THz to the upper cutoff frequency of this branch
of plasma waves, which is fuh = 0.25 GHz [13].

The results of computer calculations of the spectral
composition of the radiation from the plasma in the
frequency range of upper-hybrid plasma oscillations
performed on the base of the theoretical model
described in [13] are shown in Fig. 7a, where the fre-
quency is normalized to the plasma frequency ωp. The
result of the calculations is presented here in the form
of the spectral power density distribution over the
angle θ, counted from the direction of the magnetic
field induction.

The results of this theoretical calculation indicate
that the radiation generated by the beam propagates at
angles of 20–30 degrees to the direction of the guiding
magnetic field. At the same time, the spectral power
density integrated over angles θ is localized in the area
of 1–1.2 THz frequencies normalized to ωp, which
corresponds to the frequency range recorded in the
experiment at 0.20–0.26 THz. Figure 7b presents the
frequency range with high spectral density recorded in
the experiment together with the curve demonstrating
distribution of the spectral density of the radiation in
the f lux, calculated using the theoretical model men-
tioned above. A comparison of the results presented in
this figure shows that the curve describing the result of
calculating the spectral power density coincides well
with the contour covering the region of high spectral
PLASMA PHYSICS REPORTS  Vol. 50  No. 3  2024
radiation f lux density, which is identified according to
the experimental results.

CONCLUSIONS

Measurements of the spectral composition and
energy content in a f lux of terahertz radiation gener-
ated in a magnetized plasma column with a density in
the range from 4 × 1014 to 8 × 1014 cm–3 during relax-
ation of a pulsed REB with a duration of a few micro-
seconds and current density from 1 to 2 kA/cm2 were
carried out. It is shown that in the case of the signifi-
cant inhomogeneity in the plasma density over the
cross-section of the column with its average value in
the vicinity of 4 × 1014 cm–3, the spectrum of the gen-
erated radiation turns out to be quite wide. The spec-
tral power density has a maximum in the region of
0.15–0.2 THz corresponding to the localization of the
spectrum of the electron plasma waves. This f lux from
the plasma column end into the vacuum chamber con-
tains the energy about 10 J at a 4 μs pulse duration. The
energy content in the radiation f lux from the vacuum
chamber into the atmosphere through a window made
of polymer material is two times lower.

A two-fold increase in the current density of the
beam injected into the plasma column from 1 to
2 kA/cm2 provide effective generation of a radiation
flux in the plasma with a density that was also almost
doubled. Experimental conditions providing the
plasma density distribution uniform over column
cross-section with small perturbation along its axis in
a time interval ~2 μs were used. The spectral compo-
sition of the radiation measured experimentally under
such conditions has a relatively narrow band of high
spectral power localized in the frequency range
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0.20‒0.25 THz. A comparison of this experimental
result with the calculated spectrum obtained in theo-
retical consideration of pumping the waves in the
plasma with homogeneous density showed that the
generation of terahertz radiation in a beam–plasma
system is occurs through pumping plasma oscillations
on the branch of upper-hybrid waves.

The frequency of the radiation generated in a
beam–plasma system lies on the branch of upper-
hybrid plasma oscillations so that an increase in the
radiation frequency can be achieved by an increase of
the plasma density and/or the induction of the guiding
magnetic field. To achieve such an increase a linear
induction accelerator that had already been created at
the Budker Institute of Nuclear Physics, Siberian
Branch, Russian Academy of Sciences is to be used. It
provides generation of a kiloampere beam of MeV
electrons, which may be compressed in the cross-sec-
tion in order to achieve a current density higher than
10 kA/cm2. Such a beam current density allows one to
advance in a beam–plasma experiment into the region
of plasma densities that are an order of magnitude
greater than those described in this text, which will
provide the generation of multi-megawatt radiation
fluxes in the vicinity of a frequency of 1 THz.
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