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INTRODUCTION. ABOUT THE NATURE OF EXCITED FIELDS

As 1s known, an oscillator whose natural frequency is near the transparency region
of the medium is capable of emitting electromagnetic waves. In the region of field
opacity, there is no radiation in the middle and far zone. The dominant frequency in
the radiation spectrum will be the frequency of the medium closest to the natural
frequency of the emitter.

Spontaneous emission. The radiation of many-particle systems often retains the
features of spontaneous radiation (which, due to phase mismatch, creates an average
radiation intensity proportional to the number of emitters or oscillators), at least at the
initial moment of time. In a number of cases, the initially spontaneous field of many
emitters or oscillators under noise conditions is not capable of synchronization, that is,
of transitioning to the superradiance mode. Because fluctuations in a number of
systems of oscillators and emitters often do not allow the latter to synchronize, which
preserves precisely this mode of incoherent radiation. A similar situation occurs, for
example, in the atmosphere of stars, is represented in seismic vibrations at the boundary
of the crust and mantle of planets and in a number of technical devices. For the
occurrence of forced (induced) emission modes in such cases, special conditions are
required (see, for example, [1-6]). That is, the threshold for the occurrence of forced,
induced radiation of a system of emitters and oscillators must be exceeded during the
development of processes of their phase or spatial synchronization, for example, due
to an external or integral field.

Competition between spontaneous and induced emission. Such competition can
arise because the source of radiation is the same system of oscillators or emitters in the
system. Of interest is the formation of stimulated emission pulses near the threshold
for the occurrence of stimulated emission due to this competition. This threshold for
quantum systems was discovered and justified in particular in [7]. Similar phenomena
are observed in the atmosphere of stars, where the intensity of pulses of stimulated
radiation of a characteristic triangular shape are comparable to the intensity of

spontaneous radiation of stars (the main background radiation). And this despite the
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fact that the number of emitters providing the intensity of spontaneous emission ;
many orders of magnitude greater than the number of emitters forming the field of
induced wave packets [8, 9].

Near seismically active zones, where the level of fluctuations at the boundary of
the planetary crust and mantle is high, but not sufficient for a powerful earthquake,
external natural or artificial disturbances can increase the level of fluctuations, which
can exceed the threshold of stimulated emission of seismic waves in this environment.
This can cause significantly more powerful earthquakes (see the note at the bottom of
page 46 of the book [6]). This, too, is ultimately due to competition between
spontaneous and induced processes in fairly large-scale systems. Although in a number
of technical electronic devices, in laboratory and other production systems, the levels
of spontaneous emission from systems of emitters and oscillators are relatively small
and can be neglected. Indeed, in lasers and masers, for example, the intensity of
spontaneous radiation is many orders of magnitude lower than the intensity of induced
radiation. Therefore, the main attention is paid to the generation of induced, stimulated
radiation, which will be discussed below.

Features of the description of systems of quantum and classical emitters. The
nature of superradiance. 1f the active particle-emitters of a quantum system are
located at distances where their wave functions do not overlap (the de Broglie lengths
of the emitters are less than the distances between them), their interaction is possible
only due to the electromagnetic field. In this case, to describe the process of field
generation in a system of such emitters, one can use semiclassical theory (see, for
example, [10]).

The superradiance field arises as the total field of initially spontaneously emitting
emitters and oscillators, even in the absence of a waveguide and resonator. The process
of transition of spontaneous emission to the superradiance mode of a system of
oscillators or emitters can be considered a phase transition. That is, there is a certain
genetic connection between spontaneous radiation and superradiation.

It is obvious that the total (integrated) field of a system of unsynchronized emitters

or oscillators at the initial moment is spontaneous. For a system of oscillators,
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synchronization of their phases leads to greater coherence of the total radiation. T};
reason for the synchronization of distributed quantum emitters is due to a sufficiently
intense electromagnetic field in their volume, capable of suppressing fluctuations
existing in the system. This phenomenon was even called collective spontaneous
radiation, which can cause misunderstandings, although V.L. Ginzburg definitely
classified superradiation as an induced effect [4].

How can you explain the synchronization process? The reason for phase
synchronization of individual oscillators is external to them, or the total (integral) field
of the system. If the amplitude of the external field relative to the value of the radiation
field of a given oscillator particle is large, the phase of its own radiation changes. This
leads to synchronization of its phase with the phase of the total field (see, for example,
[11,12]) in the region of its localization. For moving emitters, synchronization, leading
to the coherence of their radiation, can manifest itself as a result of their spatial
grouping (see, in particular, [13]). And here the reason for such grouping is the external
field (or the total field of the system). Since there is no phase in the description of
quantum emitters, the question arises about the nature of the synchronization of such
emitters. Here it should be taken into account that the probability of radiation from a
quantum emitter is determined by the amplitude of the electromagnetic field in its
volume, and the phase of the radiation corresponds to the phase of this field (see, for
example, the books of A. S. Davydov and also work [21]). Let us recall that the
superradiance regime discovered for a compact bunch of particles [13—20] manifested
itself as the emergence of coherence in the study of most of the emitters. This
phenomenon clearly manifested itself both in the quantum case [22] and in the classical
case. In distributed systems of gas and solid-state electronics, due to the fairly large
distances between particles, the interaction between them, as already noted, occurs only
due to their own electromagnetic fields [23—24]. The process of phase synchronization
can also arise as a result of large-scale fluctuations, when a small part of emitters or
oscillators forms a coherent community that takes on the functions of a forcing field
[25], initiating the synchronization process.

That is, with an increase in the level of fluctuations, a regime when the conditions
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for the development of instability can be met is possible with an exponential increa;
in the amplitude of the integral field, which is both a consequence and a cause of
synchronization of the emitters.

However, this process of self-synchronization is quite slow and, in addition, can
be disrupted due to the same fluctuations in the system. Therefore, to accelerate and
stimulate the process of synchronization of emitters in the superradiance mode, a fairly
large initiating field is used [25], but, of course, much less than the maximum
achievable field in the developed mode. The intensity of the average field in such a
developed superradiance mode may turn out to be proportional to the square of the
number of emitters, that is, this field 1s forced, induced.

On comparison of fields excited in waveguides with fields in superradiance
regimes. A description of the process of generation or amplification of a high-
frequency field by moving emitters in waveguides and resonators of electronic devices
in a substantially nonlinear regime was proposed in [26] based on the formalism
presented there. When using a constant magnetic field in waveguides, electromagnetic
waves are excited by electrons!' rotating in a constant magnetic field - oscillators [27—
29]. A significant increase in interest in describing the excitation of oscillations by
beams of charged particles and oscillators in waveguide systems has caused numerous
publications (see, for example, the bibliography in [29]).

The so-called dissipative generation modes [30-32], where the levels of
absorption, as well as the removal of radiation energy from electronic devices, are
significant, forced a detailed study of these processes. It is precisely these modes of
generation and amplification in open (for energy output) systems that were of interest
to the creators of electronic devices. In such devices it was possible to find so-called
operating points that ensure maximum energy output from the system or optimal
efficiency, as was particularly presented in [34-35]. Typically, such problems were

solved under conditions where emitters and oscillators in the active zone of waveguides

"In [36], it was shown that the equations describing the excitation of cyclotron oscillations by rotating
electrons in the presence of a constant magnetic field in a waveguide can, under certain simplifying
conditions, be reduced to a system of equations for oscillators.
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and resonators interacted only with a waveguide or resonator field, the type of Whic;
was strictly determined by the geometry of the system. The induced field of the
resonator or waveguide synchronized the emitters due to phase changes or due to
particle grouping, which led to a significant self-consistent increase in the field
amplitude. Moreover, the interaction of emitters and oscillators with each other was
usually neglected.

The development of high-current electronics has forced us to begin to take into
account the changing current and fields of charged flows in the system (see, for
example, the work of the author [35]). This was first required to search for the stability
of the active zone, that is, beams of charged particles and oscillator systems. Later,
attention began to be paid to the high-frequency radiation fields of individual emitters
and oscillators. The question arose about the role of the intrinsic radiation of system
particles in the process of generation and amplification of oscillations in waveguides
and resonators under conditions of sufficient proximity between the frequency of the
resonator and the natural frequency of the emitters or oscillators. By placing this
ensemble of active elements both inside and outside the resonator or waveguide, it was
possible to verify that its total radiation intensity in the superradiance mode was
comparable to the intensity of the waveguide and resonator fields [34]. Thus, in
existing microwave generators and amplifiers of various types, it is possible to compare
the intensities of induced waveguide and resonator radiation and superradiation
provoked by the initiating field. Attempts to discover the similarity between the
regimes of dissipative instability and superradiance in open systems began to be made
in [33], see also [6]. These works also showed that the dependence of the maximum
achievable intensity in the superradiance regime of a system of stationary oscillators
on the level of nonlinearity (for example, caused by relativistic effects) is almost linear.
A similarity between the nature of the process of dissipative instability in the resonator
and the superradiance regimes was noticed. The amplitude and characteristic time of
development of processes with increasing amplitude of the external field required to
stimulate superradiance were estimated. For the same system of emitters (which is

either placed in a waveguide or resonator, or located outside the waveguide or
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resonator), the achievable intensity levels of these two lasing options turn out to ‘t;
comparable [33, 37]. But for a correct comparison of the resonator excitation and
superradiance modes, the areas filled with particles, their number and position must be
identical.

Although, as shown in this work, in reality, in waveguides and resonators, the
field of oscillators and emitters is first formed at their natural frequencies in the
transparency region of these devices. It turns out that it is the intrinsic field of the
system particles (essentially, this is the superradiation field) that forms the resonator
and waveguide fields due to the effects of reflection from the ends. In this case, the
amplitudes of the resonator and waveguide fields can differ significantly from the total
field of active particles generating them. Although it is impossible to distinguish
resonator and waveguide fields in the structure of the total field of system particles,
such fields are nevertheless quickly formed due to reflections from the ends of the
system?.

In different generation modes, as shown in this work, both the waveguide field,
determined by the geometry of the system, and the field of the total radiation of system
particles, that is, the superradiance field, can dominate. A similar approach to
describing the generation of an open system—gyrotron in the superradiance regime was
proposed by A.G. Zagorodny and P.I. Fomin [39]. A feature of the operation of devices
such as the gyrotron is the very low group velocity of electromagnetic waves, the
frequencies of which are located near the cutoff frequency, and the relatively small
reflection coefficient from the boundaries. A rational choice of generation modes can
provide a high level of output radiation, characteristic of the operation of such devices,
which was subsequently confirmed by numerical modeling of such processes [37].

The purpose of this work is to study the competition between such types of

radiation as spontaneous, induced waveguide (resonator) and superradiation. If the

2 Attempts have even been made to take into account simultaneously the field of a resonator or
waveguide, as well as the summary radiation field of particles (essentially being a superradiance field
[38]). However, such a representation of the field acting on particles formally turned out to be
redundant. Although after the formation of a waveguide field due to reflection, one could talk about
the presence in the system of two fields simultaneously (see Section 5 of this work) - the waveguide
and the summary 1 radiation field of particles in the core.
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competition between spontaneous and induced processes can be noticeable in outer
space, then the competition between induced fields: waveguide and superradiation can
manifest itself in a number of technical devices of microwave electronics. In addition,
the conditions for implementing ultraviolet and x-ray generation modes under

superradiance conditions are of considerable interest.
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KAPITEL 1/ CHAPTER
COMPETITION BETWEEN SPONTANEOUS AND INDUCED RADIATION

The process of competition between spontaneous emission and stimulated
emission can be most simply traced using the example of a two-level quantum system
of certain types of particles. As is known, if the difference in the number of excited and
unexcited states-energy levels in such a system, which is called population inversion,
turns out to be positive, then we can expect the occurrence of stimulated emission [1,2].
However, it turned out that the threshold for the occurrence of stimulated emission is
determined by the equality of the square of the population inversion to the total number
of states.

The nature of the competition between these two types of radiation is due to the
fact that both draw energy from an array of excited particles, the number of states of
which for cosmic objects in the equilibrium case is equal to the number of unexcited
states. Spontaneous emission is the action of excited particles, while induced is possible
when the threshold discovered by A. G. Zagorodniy and V. M. Kuklin is exceeded. It
is clear that such competition between spontaneous and stimulated emission can be
observed only when the excited and unexcited states of the particles, which form such
a two-level quantum system, are approximately equal.

In the photosphere of stars exactly this equality is observed. Moreover, collisional
processes form the upper energy levels - excited particles, and relaxation processes -
accordingly, the lower energy levels of this system. A slight excess of the number of
excited states over the number of states of relaxed-unexcited particles can form
characteristic stimulated emission pulses with a steeper leading edge and a flatter
trailing edge.

In the vast majority of known cases of implementation of population inversion
of energy states of systems, for example, in electronics, the intensities of spontaneous
radiation are many orders of magnitude lower than the achieved intensities of induced
radiation. Therefore, spontaneous emission of particles is not taken into account,

assuming it to be negligible.
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1.1. About the new threshold of induced radiation

In the simplest case [1], the equations describing a quantum system with two

energy levels in the presence of radiation at the transition frequency 2~ 41~ ") are as

follows:
a”z/‘%:‘(uzl+W21'Nk)'”2+W12'Nk'”1, (2.1)
6”1/af:_wlz'Nk'n1+(“21+W21'Nk)'”2, (2.2)
ON,
a_tk:(uZI+W21'Nk)'n2_(W12'Nk)'nl (2.3)

b

n+n,=N=Const u
I , 21 -here

and the total number of particles of the system is constant
is the rate of change in the number of quanta of the excited level due to spontaneous
emission processes. The rate of change in the number of quanta (particles) at these

Wy - Ny le‘Nk”ﬁ, N i

levels due to induced processes of radiation " and absorption

the number of radiation quanta at the transition frequency. First, let's find the threshold

of coherent radiation when the inversion #=™ 7" <<™:™ This threshold was
discovered in [7,8]. This threshold was discovered in [7] and explained in [8].

The system of equations in the absence of energy losses can be rewritten in the

form.
OM /0T =-N,-2M-N (2.4)
ON /0T = (N, /2)+M-N (2.5)
where  M=#lptg, T=wy-piy-t= 1y, N:Nk//'lo, the only free parameter is

No=g-N/p5 t=p(r=0)
Let us show that the nature of the process changes if the initial inversion value is

— (2N)1/2

greater or less than a threshold value equal to #7472 . The suppression of the

B 112
exponential growth of quanta in this case #0 <#m2=CN)" indicates not only a

change in the process regime, but also gives grounds to assume that the process of
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stimulated emission is suppressed by the predominant growth of spontaneous emission.
In Fig. 1.1. the dynamics of process development is shown for cases of different values

N, c(30+0.01)

of the parameter . Attention should be paid to the change in the nature

of the process when crossing the threshold

Hrpra =~2(m +ny) (2.6)

.

The figure 2.1 shows that for large values of the initial inversion, the parameter

N 1s small (NO <l

), stimulated emission begins to manifest itself, and the regime of
exponential growth in the number of quanta becomes more and more clearly visible.
So, it is not enough to require a positive inversion value to realize stimulated emission;

the real threshold for stimulated emission (2.6) is somewhat higher.

0 T

Fig.2.1. Behavior of a quantity over time for the parameter value,

No=(m+m)/(m=m)* y Ny=30,5 Ny=10.3 No=5.,4 Ny=2,5 Ny=1.¢ Ny=05

Ny=02, o Ny=0.1, o Ny=003,

0 . 10_No=0.01

57 8 . Source [8]

Let us consider the case of approximately equal number of particles at two levels.
If the threshold (2.6) is exceeded during continuous emission of spontaneous radiation
from the second energy level, additional generation of an induced radiation pulse is

possible. To understand in detail the nature of the process, one can divide the radiation
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quanta by origin. Let the relative number of quanta of spontaneous emission

Ninc — Nk(incoh) /,Uo

and the relative number of quanta of induced emission

N =N, (©h .. : o : :
¢ =k #o | then it is possible to formulate a qualitative system of equations with

the division of quanta according to their origin, along with the traditional description

(see Table 2.1)

Table 2.1 Qualitative and traditional systems of equations

Qualitative system of equations Traditional system
with separation of quanta according to equations

their origin

8M1/8T=—N0—2M1'NC . aM/aT:_NO_ZM'N.

b

(2.8)
ON /0T =(N,/2)+M-N-0-N

N, /0T =(Ny/2). 2.7

N, /0T =M,-N,-0-N,

Source [7,8]

Here, the absorption of field energy is taken into account by the value of 0=01 1y

, where 0 is the decrement of field absorption in the medium. The solution of the
traditional model for small absorption is shown in Fig. 2.2 thin lines. We note that the
inversion decreases to a negative value, and the growth of the total number of quanta
is limited. A qualitative system of equations in a non-absorbing medium (¢=0) makes
it possible, although approximately, to understand in detail the nature of the radiation.

According to the qualitative description, after decreasing the amplitude of the coherent

radiation pulse N, (solid curve), the number of spontaneous emission quantaNi”C
(dashed line) continues to increase. That is, after a decrease in the amplitude of the
coherent pulse, the main contribution to the total number of quanta can only come from

a spontaneous process.
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Fig.2.2. The behavior of values of the traditional model, as functions of time, is

represented M and N for (‘9 =0.2 ) small dense dots. For a qualitative model,

the value M, is represented by a dotted line, N._ solid, Nine _ dash-dotted line

NO = N/Iug = 0'05’9 = 0), Source [ 798]

(
It 1s important to note that the appearance of the stimulated emission pulse takes
on a characteristic triangular shape with a steep leading edge. Spontaneous emission
demonstrates its previous intensity. When the threshold (2.6) is slightly exceeded, the
intensities of spontaneous and stimulated radiation from the same source turn out to be
comparable. Therefore, it is in this range of parameters that competition between these

two types of radiation manifests itself.
1.2. On the generation of sawth-shaped pulses in outer space

Astrophysicists know that in the photosphere of stars, the equilibrium conditions

for the processes of collisional excitation by free electrons of the main gas of active

atoms and their radiative relaxation are satisfied Iy :0, mainly due to spontaneous

radiation. The conditions of this equilibrium for a two-level system can be written in

_ 2
the form , where (v =uyp) [y Iy = ”0[0, and is the effective frequency of collisions of

active trace atoms with fast electrons, which ensures the transition of atoms from the
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lower energy level of the quantum system to the upper energy level. When Iy<0

the
population inversion is negative and there is no induced radiation, but if the collisional
excitation is high or there is a source of excited atoms entering the active zone of the

Iy >0. In this case, the

photosphere from the lower heated layers of the star, then
population inversion is positive and in the stationary case the emission consists of
spontaneous and induced, and the presence of the latter can noticeably increase the
brightness of the star.

In most cases, stimulated emission quickly reduces the population inversion and

Iy :0. The process of this restoration leads to the

restores the equilibrium state
appearance of stimulated radiation pulses, which have a characteristic sawtooth
character, and the integral intensity of the radiation sometimes increases several times.
Note that if the overlying layers are sufficiently thick, due to the effects of scattering
in them of radiation emanating from the active zone of a two-level system, the radiation
spectrum of an absolutely black body is formed there, as noted by S. B. Pikelner in his
work “Atmospheres of Stars.” That is why the presence of a coherent component
characteristic of stimulated emission is often not detected.
Let's return to the equations that describe changes in the number of states at two

energy levels

Om /0t =g-ny—p-Np +v-m/wy =[(V—uy)/ wyl-m—pu-Ni, (2.9)

Ony [ 0T =—{(v —uy) [ wy ]-my + p1- Ny (2.10)

Some remarks should be made here. First of all, collisions for atoms are a random
process, therefore, in the absence of an external coherent field, the radiation of excited
atoms is also random in nature, that is, it meets the spontaneous criterion. When a
coherent field appears, the latter forces the particles of the upper level to synchronize,

M-N

which is described by terms of the form ¢, while the induced component of the

radiation N, increases. The reason for the appearance of the induced field is the
exceeding of the threshold (2.6). It is obvious that below the threshold (2.6) there is no

induced field, but spontaneous emission from the second energy level is present.
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Since for ly= 0, the qualitative system of equations can be rewritten as

oM /0T =-2M-N, (2.11)
8I\Iinc /oT :(NO /2)_9'Ninc (212)
ON,/0T=M-N_-0-N, (2.13)

In addition to the collisional excitation of atoms in the active medium, the process
of transfer of a certain number of excited atoms from the hot lower layers of the star is
also possible, which can be written in the form [7-9]

—V-oM/oX =V -M/L=K-M
where " is the rate of such transfer and L is the spatial scale of the change in inversion.
When taking such transfer into account, the first of the previous system of equations
takes the form

M /0T =K-M—-2M-N, (2.14)

A one-parameter system of equations describing the pulse generation process can

be presented as follows

ON,/0t=M,-N,-2N, (2.16)
<E’> tywy,

N:
Wherer=5t,M2:ﬂW21/5, > dzhe S ,K2:2K/‘9,

M2 T T

107

0

Fig.2.3. Phase diagrams (M, Ny) or the system of equations (2.15) — (2.16) when

Ny(0)=4 5 _ N,(0)=6

choosing initial conditions in the form 1 — 2 3-

N,(0)=8 , N,(0)=9 o N,(0)=96

4 5 . Source [ 9]
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(29 K2

System (2.15) — (2.16) has a singular point /2) . The phase trajectories turn

out to be closed lines, which indicates the presence of stable periodic solutions.The

graph of changes in the number of quanta M has the form of a sinusoid for phase

K /2). For phase trajectories far from a singular

trajectories near a singular point(z’
point, the change graph takes the form of a saw: a sharp increase and a slow decrease.
Similar behavior is typical for the luminosity of Cepheid stars, where thermonuclear
fusion has reached its limiting element - iron: significant sawtooth fluctuations in the
luminosity of the star Delta Cepheus and small sinusoidal fluctuations in the luminosity
of the Polaris. It is possible to represent solutions (2.15) — (2.16) in variables accepted
in astrophysics, for example, the relationship between the apparent magnitude m and
luminosity / (using the known value of the distance to the star in parsecs, the

relationship between the absolute magnitude (visible magnitude from a distance of 10

My =m->5lg(d/ 10} The solutions to

parsecs ) and apparent magnitude m, that is
equations (2.15) - (2.16) are presented in these variables in Fig. 2.4 and Fig. 2.5. Here
is the change in the magnitude of the star Delta Cepheus and Polaris [40]. Along the
ordinate axis the values of the apparent magnitude are plotted, along the abscissa axis

the time in fractions of the period of change in the brightness of the star.

m
36| RN
N

IfL /{

W

~_
Phase

Fig.2.4. Variation in magnitude of the Delta Cephei star over time. (solid curve -

/

I 1 1 1 L1 I
0.0 01 02 03 04 05 06 0.7 08 09 10 .

44

obtained in the 1930s by N.F. Florey using a visual photometer), <http://heasarc.
gsfc.nasa.gov/W3Browse/all/gcvs.html>. The solution of the equations of the
system (2.15) - (2.16) in the same variables, when selecting the level of total
spontaneous radiation (already the entire star) and scales (dotted line) Source |

40,9]
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Fig.2.5. Change in the magnitude of the Polar star over time. (solid curve) and
solving the equations of the system (2.15) — (2.16) in the same variables, when
selecting the level of total spontaneous radiation (already the entire star) and

scales (dotted line Source [40, 9]

Since there are a number of other descriptions of these luminosity oscillations of
these two almost similar stars, we note the advantages of this model. The pulses here
always have a pronounced triangular character with a sharp leading edge. In addition,
only a quantum mechanism is capable of providing such a clear periodicity. When the
amplitude of the pulses is small, they become sinusoidal. Since the stars are similar, a
decrease in the pulse amplitude (for small amplitude Cepheids - DCEPS) leads to a
30% increase in the period, which is important to take into account in astrophysical

measurements.
1.3. Processes in electronics in a two-level description

It can be shown that in the equations of the quasilinear theory, which describes
the change in the distribution function of an electron beam in a plasma during the
generation of oscillations, one can also see the same two-level system, which has
properties similar to the quantum system discussed above. The equations of the

quasilinear theory look like this (see, for example, [41])
ON /ot = 2n*e*w” | i) - { f, + N(hk | m)of, | ov} (2.17)

o,k £(@,K) i the dielectric

where is the frequency and wave number of oscillations,

constant, 7 1s the electron mass, Jo=1p (V) is the velocity distribution function of
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electron beam particles, in particular, for the Maxwellian distribution the expression is

valid

Jp =y /\/;"Tb]'eXI){—(V—VOb)2 /V%b} . (2.18)

Here Y00 V70 =N 2k5Ty 1My are the average and thermal velocities of the beam

electrons. The velocity interval in which changes in the distribution function can be

_ Owe(w,k) 2 a)lzye |

2
(hk / m) = Swhw-0w " dzha’ (k) |

k

traced is chosen to be equal to

the number of quanta (plasmons) per unit volume and if we move to another time scale
T=Qr'eo’ | 1k’)t and use the obvious relation K/ M- df | frdv=(1=1,11,) ,
equation (2.17) can be represented as
AN/dT ={f, +N-(f; = /) ={n, +N-(ny —m); ={n, +N-M  (2.19
)

Here /2 corresponds to the upper level of the system, and /1 _to the lower one.
The inverse influence of oscillations on the distribution function is described by
an equation that takes into account only the influence of the induced field (for the

quasilinear theory this was sufficient)
21512
e |E"w
of, | ot =2x* %}(”az 1, 1 ov? (2.20)
m .

-m/ hk

From the expression offov=_(f2= /) you can understand how to

transform the derivatives in equation (2.19), which takes the form

%

a—T=—f2—(f2—f1)-N (2.21)

5

where on the right side a term is added that takes into account the influence of

spontaneous radiation. For the first level the following expression is valid:

9 _

aT—fz_(fl_fz)'N‘ (2.22)

Using this expression for /2 and the same for /1 we obtain for their difference
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oM
—— =Ny —2N-M 2.23
T 0 | (2.23)

Thus, as a result of these transformations, it is possible to describe quasilinear
relaxation taking into account spontaneous processes in the form of a two-level system.

One remark should be made. In electronics, the case of comparable intensities of
the spontaneous field and the field of stimulated radiation is rarely observed under
modern conditions. Only superradiance (superluminescence), which inherits the
properties of spontaneous emission, is able to compete with waveguide or resonator
stimulated emission in generators and amplifiers. First of all, because it is virtually no
different from stimulated radiation. But this will be discussed below.

Although at the dawn of the development of plasma electronics, noticeable
intensities of spontaneous radiation were discovered for relatively low-current beams
of charged particles in the entire spectral region occupied by plasma, even where the

conditions for excitation of stimulated radiation were not met [42,43].
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KAPITEL 2/ CHAPTER 2
COMPARISON OF INDUCED RADIATION IN RESONATORS AND
SUPERRADIATION MODES

At the beginning of the section, we will consider the nature of the process of
excitation of electromagnetic waves by an ensemble of emitters, which is a two-level

system of dipoles.

2.1. Semi-classical equations, describing the generation of oscillations

Let us pay attention to the fact that in the quantum case we are not talking about
synchronizing the phases of the emitters, as in the classical consideration, but about
increasing the probability of radiation, which actually leads to the same result. If the
active zone is rarefied, the emitters are separated in space, the overlap of their wave
functions becomes either weak or completely imperceptible. In this case, their
interaction will be determined only by electromagnetic radiation fields.

To describe such a two-level system of dipoles, we will use the semiclassical
model of interaction between the field and particles (see, for example, [10]. In this case,
the medium is represented quantum mechanically, and the field will be described in the
classical representation. As is known, the radiation intensity of a quantum emitter is
determined by the amplitude of the electromagnetic field, and the radiation phase
corresponds to the phase of this field in its volume [21].

Let us consider a one-dimensional model for electric field disturbances £,
polarization P, and population inversion # slowly varying with time, describing the
excitation of electromagnetic oscillations in a two-level active medium, the equations

of which can be presented in the form (10]).

O’E  _O0E ,0°E P
+0—-—c =—47r—- 3.1
Lo o A’ o’ G-D
o°P oP 20|d,,
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+ J— = —_— < E —_— >’ 3 .3
o Tl )= o< B (3-3)

where the frequency of transition between levels @ corresponds to the field frequency,

we neglect the relaxation of inversion due to external causes, J is the field absorption
decrement in the medium, b is the matrix element of the dipole moment (more
precisely, its projection onto the direction of the electric field), H=n-(Py=Ps) is the

population difference per unit volume, Pa andPb is the relative populations levels in

the absence of a field, Vab is the width of the spectral line, NW=7Va=7 1s the
reciprocal of the lifetime of levels, 7 is the density of dipoles of the active medium.
Here the linewidth is inversely proportional to the lifetime of the states, which is due

to relaxation processes. The fields are presented in the form L =Re[E(?)-exp(—iat)]

and F= Re[P(t)-exp(—iwt)] E(t), P(¢)

, Where are slowly varying amplitudes.

2 _ 2
Wherein <& >=| E(1)| /2.

Let us pay attention to the relationship between the values of the characteristic

inverse time of change in slow amplitudes (increment) and the linewidth of the wave

packet. When 7 >>|0E (1) E()o| relatively low levels of electric field intensity and
small values of population inversion are realized. This is the case discussed above. The
behavior of a two-level system can be described by so-called balance equations. These
equations were analyzed in the previous section. Ifthe line width is less than the inverse
time of change in the slow polarization amplitude of the radiation (increment), and the
population inversion is significant, the field intensity is high and one should use
description (3.1) — (3.3), actively used by Yu. L. Klimontovich and his colleagues.
Generally speaking, a resonator, even an open one, determines the spatial
configuration of the excited field. In the first traditional case of describing the process
of excitation of oscillations, the interaction of particle-emitters with each other is often
neglected, and their interaction only with the resonator field is considered. In the

second case of describing generation, in the superradiance mode, on the contrary, the
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field is formed as the sum of the fields of the emitters. So, either the so-called resonat(;
(waveguide) mode of excitation of oscillations, or the superradiation mode is often
considered.

In reality, the fields are first formed by an ensemble of particle-emitters, and only
then, due to reflection effects, a resonator (or waveguide) field is formed.

In this total field, the resonator (or waveguide) field can then be isolated.

But to discuss the features of the excitation of these fields, we will consider two
modes separately - 1) excitation of the field of intrinsic radiation of active elements-
emitters, that is, the superradiance field, and 2) excitation of only the resonator
(waveguide) field.

Let us pay attention to the fact that these two modes are considered, firstly, quite
artificially, and secondly, they should be separated from each other, because in each
there is a different mode of interaction of emitters with fields.

Let us dwell on the case of superradiation. Such a system of dipoles can be located
in the resonator or outside it. For the purity of the description, let the system of particle-
emitters be located outside the resonator. Then the field that they emit at the initial
moment is spontaneous. And only synchronization of the emitters leads to greater
coherence of the total radiation. This phenomenon in the absence of a resonator was
initially called collective spontaneous radiation, and later superradiation. To accelerate
and stimulate the process of synchronization of emitters in the superradiance mode, a
fairly large initiating field was often used [25], but, of course, much less than the
achievable field in the developed generation mode.

Superradiation field. 1Let us place quantum emitters along the Oz axis, the field
emitted by them is directed along Ox. Their total number M =67 is divided into S
particles, 7 is the density, ? is the length of the system, M /S is the number of emitters

z; ((=1,...,9)

in one large modeling particle, and is the coordinates of large particles

located evenly along the length of the system. The polarization of the emitter—one

pP= (dbapab + dabpba )

molecule [10] is equal to . Equations (3.1-3.3) use polarization

density (polarization per unit volume) © =" ="(dhaPas *dabPoa) 1o fieiq
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equation of a polarized molecule (at point z0) has the form.

0’E, 2 0’E,
o’ oz>

= 47z'a)2p(l‘) et o(z— ZO) (3.4)

From equation (3.4) for a slowly varying amplitude of the field emitted by one

molecule, we obtain

E(z,)=i-27-p-w-c ' eM 2l (3.5)
Then, the amplitude of the field emitted by the system (superradiance field) is
equal
i 2r-w 1 S iklz—z
Egp(z,1) = -EZPS(O-@"' ! (3.6)
s=1 .

Here, d=clb jtis actually the ratio of the energy flow from the system to its
total energy.

Field in a resonator. If a system of emitters is placed in a resonator, then the
latter, in the presence of reflections, will form the spatial structure of the field. Equation

(3.4) for one emitter — a polarized molecule at point z, can be written as

2 2

Assuming that the resonator field has the form

E — E+ (t) ) e-i(l)l+ik2 + E_ (t) . e-i(l)l—ikZ (38)
and, therefore, for slowly varying field amplitudes we have
OFE, (t .
2 )+5Ei(t)=i-27z-a)-p-5(z—zo)e+lkz (3.9)

For a system of particles we obtain equations for the amplitudes of the resonator
field

OE. (1
ot

1 .
+§Ei(t):i-27z-a)-§ZPS-e“kzs (3.10)

and, in fact, the field itself

MONOGRAPH 26 ISBN 978-3-98924-100-8



A%
s

Scientific thought development ‘ 2025 Part 4

E, . (z0)=E (t)-¢" +E_(1)-¢ (3.11)

Polarization and inversion. From equation (3.2) for a slowly varying polarization

amplitude, one can easily obtain the equation for the polarization amplitude
2
oP (Z N ) |dab|

ot

+ypP(z,t) =i u(z,t)-E(z,t) (3.12)

Similarly, for a slowly varying inversion, from equation (3.3) we obtain

2—’;[+}/1(y—,uo):é(EP*—E*P). (3.13)

2.2. Models of generation by a system of quantum emitters

Next, we will compare the fields generated by open systems in the cases of 1)
excitation of only the resonator field, 2) excitation of only the field of self-radiation of
active elements-emitters, that is, the superradiance field. Let us rewrite equations (3.6—

3.10) in dimensionless form using the following notation:

dp,|-E
Ey =\2n0huy, By =|d,|- ty, 7o=| lzll - ®=6/y,, E=E/E,, P=P/PR, P=iP,

Z=kz/2r, v=y,t.

Assuming additionally that 7 701 and 11/70 OCI,, we obtain the following

system of equations.

P _ME (3.14)
ot
=~ - _—(EP'+E'P), 3.15
or 2( ) ( )
E (7 o1& i27Z-7,|

Sup( ’T)__'_ZPS(T)°6 > (316)

0 S5

E, (Z,7)=E, (r)-¢** +E _(r)-¢ %7, (3.17)
aE+ 1 0 Fi2nZ

=+OE,=—) P e,
o s S; e (3.18)
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As already noted, the system is divided into S large particles, therefore equations
(3.14-3.15) are solved for each particle. In formulas (3.16-3.17), the fields are also
calculated for each large particle. In all cases, equations (3.14-3.15) are solved, but the
form of the fields E is different. In the first case (excitation of only the resonator field),
equations (3.18) are solved, the field is found according to formula (3.17). In the second
case (excitation of only the field of self-radiation of active elements-emitters)

E=E.(Z.7) the field is taken in the form

E:Esup(Z’T)+Eext(Z), (319)

_ L i2nZ L2z
Eeu(Z2)=Eq, e TE-e , E e (Z) is the external field initiating the

where
process.

Results of numerical simulation. A comparison was made of the above models
for describing generation. For all models, calculations were carried out under the same
initial conditions and different values of the loss coefficient ®, defined as the ratio of

the energy flow from the system to the total energy in its volume. Initial conditions:

. €(0;1)

the length of the system is equal to one wavelength (ZJ ); number of particles

S=800; initial inversion M;(0)=1 ; the initial polarization has an amplitude of 0.1 and

random phases 4 (P" (0)=0.1-exp(ip) ); Eg: =0.01_ initial values for the amplitudes
of the resonator field, as well as constants for the external field (3.16). Figures 3.1-3.3
show for two modes the dependence on the level of energy loss ® of the maximum
|2

field intensity in the volume of the emitter|Em‘flX (Fig.3.1), the rate of energy output

OfF EP dr

) { 1 d|E |2J
max| (Fig.3.2) and the reverse time (increment) of the process | max
(Fig.3.3).

EPA Epgy I

max | s selected for each moment

On the graphs, the maximum intensity |
in time. The solid line marks the resonator mode, the superradiance mode is represented

by dotted lines in the graphs. It is important to note that taking into account the emitters’
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0.5

Fig. 3.1. Dependence of  Fig. 3.2. Dependence of  Fig. 3.3. Dependence of

the maximum field the reciprocal time
; the rate of energy output (increment) of the
oc| E|

process

o | E[7(d|EF /dt)
cases: solid line (res) —

(res) —generation of a eneration of a resonator O: solid line (res) -
resonator field; dotted g generation of the

line — superradiance field; dotted line — resonator field; dotted
line — superradiance

mode (sup) Source superradiance mode mode (sup). Source
[24.33] (sup) Source [ 24.33] [24.33]

2
on @ O|E] on O for the
for the cases: solid line

intensity

on

own fields when excitation of the field leads to a higher field intensity and a higher rate
of energy output and reduces the characteristic development time of the process as ®

decreases. For the resonator mode, the maximum rate of energy output occurs at =0.7.
2.3. Excitation of the field by currents of classical oscillators

Let us discuss the nature of field excitation by a system of classical oscillators.
Let us consider an oscillator whose charge (electron) moves along the OX axis, that is

¥ =(x(1),0,zy) x(t)=i-a-exp{—iot+iy}

where at the same time

RG XxX=a- Sln(a)ot - W) . In thlS case, the Speed and current

J, =—edx/dt=—e-a-w,-expi-iot+iy}. can be written as

dx/di=a-wy-expi-iot+iy} .4 qe equation describing the excitation of the field

by the oscillator current
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82Ex _iasz_4_7[8‘])6_4_72-.6.61.(02.1'.@)( {—ia)t+i }-5(2—2) (320
PYSIRCIP 2 ot o2 0 p 14 0 )

Let us set the dielectric constant of the medium in the absence of oscillators equal

to unity % =1 We will look for a solution for the amplitude of the electric field in the

formE =(E-expi-iot +ikz},0,0) ¢hat is E, =E-exp {—ia)t+ikz}’ assuming a slow
change in the complex amplitude E(1,2) :
1 0 0
——F (t,2) << w —FE (t,z)|<<k
IEX(LZ) Py w(t,2) | |Ex(t,z) % +(t,2) | (3.21)

Below we will consider the excitation of the field by an ensemble of resonators,
which in our one-dimensional case are uniformly distributed in the active zone over an
interval equal to the radiation wavelength. Let us discuss two modes of excitation of
fields by currents of an ensemble of oscillators.

The first mode of excitation of the resonator (or waveguide) field corresponds to
the traditional description of generation (or amplification) in electronic devices, when
all oscillators (emitters) interact only with the field of the resonator in which the active
zone 18 located. In this case, we exclude the interaction of oscillators with each other.
That is, we do not take into account the own fields of the emitters in the system. The
second mode of field excitation by an ensemble of emitters takes into account only the
own fields of the emitters located in the same interval of the active zone, and in this
case there is no resonator (waveguide) field. It is not difficult to see that this process
corresponds to the superradiance regime. By the way, in this case the resonator or
waveguide may be absent altogether.

It is worth recalling that these two modes are considered, firstly, quite artificially,
and secondly, they should be separated from each other, because in each there is a
different mode of interaction of particles with fields.

The summary field of oscillators (superradiance mode). Generally speaking, the
field excited in a system of oscillators consists of the sum of all the fields of individual
oscillators. Let us consider the superradiance regime, when there is no resonator field

or waveguide field. An important circumstance is the conditions for synchronization
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by the own radiation fields of the oscillator system in the superradiance mode. It turrg
out that only when taking into account the nonlinearity of the oscillators, it becomes
possible in this case to ensure synchronization of the phases of the field and the
oscillator [11,12] (see also [6]). First, let's find the field of one oscillator. For the
radiation field amplitude slowly varying in space, the equation holds:

OF
P ean’ % cexpliy +ikz}-0(z—2y) = A-8(z—z,) (3.22)

0z

E=C+1-0(z-z,) 0(z<0)=0, H(z20)=1

the solution of which is , where

— (e _ 12\ —
Since for the wave emitted by the oscillator the equation D(@,k)=(w"gy~k") =0 is

valid, the roots of which are ki, =t(wyRegy /c)(1+ilme, / Regy) = H(amy&, / c)(1+i0)

k=k >0
a

, then for a wave propagating in the direction * ~ 20, the wave number nd

the value of the constant C should be chosen equal to zero in order to avoid of the field

s .. ... z<z
at infinity. For a wave propagating in the direction 0, the wave number

k=k, <0

, the value of the constant, for the same reasons, should be chosen equal to

—/. The amplitude of the electric field in this case

E . =2reawyM ¢ Vexp{—iot + iy} [exp {iky(z—2zy)-U(z—2zy) +
+exp{—ik(z—2zy)-U(z—2zy)},

(3.23)
U(z)=1

where at 220 and U(2)=0 4t 2 <0 For one particle in such a volume of

unit cross section and resonator length®?, M it is numerically equal to unity.
The equation of motion for an oscillating electron has the form

d v, e
dx, a | P L
-=Y; I-=3
dt c

(3.24)

where
X (t)=i-a;-exp{-iot +iy} =i4-exp{-iot}, v, =o-a;-exp{-iot+iy}=wA-exp{-iot}

Using these notations, we write (3.24) in the form
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J
dt 4c? / 4c?

M 1 ul ik(z,—z —ik(z,—z
__meM ZAS( 00,2 )+ T 00~ 7)),

dAd. |34.F &’ 34.. F @
BATen Bl e A=

(3.25)

Let's choose dimensionless variables and parameters

2
ne

A=4/ay, kz=2nZ, 70:a)pe/2, y§:w§8/4=ﬂ7, Yot =7, P=m/my, kb=2xb,

2m v @-
5=S, ©=51y, E,=2"N0®% g_pip o q-3 (k).
b e 4y,

Let us consider the excitation of a field in a resonator whose longitudinal size ?
is equal to the wavelength (without loss of generality, the results are generalized to the

case of several wavelengths), the group radiation velocity is ¢, and the effective field

c

attenuation decrement is equal to b . If we take into account the radiation from the

system (which, due to the small size of the system, can be considered distributed), then

~ 2 = .
the process increment is 7 ~7 0/0=1/ ®, and ©>70. Note that in all the cases

discussed, due to the chosen placement of the ensemble of oscillators, the increments

of the non-dissipative (that is, without energy loss © =0) mode turn out to be the same

and equal Yo [33]. We obtain the expression for the superradiance field

1 & 2277
B, (Z,0)=——> A&7
+(Z,7) @ng s (3.26)

5

and the equation of motion describing the dynamics of the oscillators takes the form
dA;
dr

1104 2
=)l A-EZ0) (3.27)

b

where for the general field the following expression is valid:

E(Z,7)=E,(Z,7)+E.(Z,7) (3.28)
the second term in (3.28) is the external initiating field, which is often necessary to
speed up the process and can be written as

E, (Z,7)=E,, e*"* +E, ¢ "*"* (3.29)

5
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The nature of synchronization of oscillators in this and other modes is quite

obvious [12,6]. Let's return to equation (3.27), which can be written differently

dllA; lexp(iy )] ia 2 . :
a = A 1A et ) [BZ 0 - exatin)

(3.30)

Then the equation for the oscillator phase, which follows from (3.30), takes the

form

dwj o 2 .
7—5.\Aj\ =—{|B(Z;,0)|/]A; ]} -sin(p -y ) (3.31)

You can pay attention to the fact that the right side of the last equation is quite

|E(Z;,7)/ A, [>>1

large . This causes the phase of the individual oscillator to synchronize

with the phase of the ensemble's total field Vi This explains the need to use the
starting initiating field (second term (3.28)) for the development of the superradiation
process. The amplitude of such a field should noticeably exceed the amplitude of the
spontaneous emission of an individual oscillator.

ia Aj|2

The value 2 provides regularization, that is, a certain spread of phase
values.

However, the synchronization process is significantly affected by the spread of
oscillator amplitudes. The synchronization process was considered for different
distributions of initial amplitudes. The squares of the initial amplitudes were randomly
distributed in the range so that the average value of the amplitudes at the initial moment

A =Ly
was equal to J=1 . Calculations of the system (3.26-3.28) were carried

_ 2 _q. . . . .
out with such parameters N=900 a=1 Ag=1l AAT=1040.650.750.5; 1.

The spread of amplitudes of oscillators with a random distribution of their phases

at the initial moment can be as follows
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Fig. 3. 1. Phase planes “amplitude-phase” for different cases of initial
distribution of oscillators. Source is an authoring.

For these cases, we can give the nature of the change in the energy of the oscillator

system and the behavior of the field amplitude.

3
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E
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Fig.3.2.a. Changes in the energy Fig. 3.2.b. Behavior of the field
amplitude for different levels of
amplitude spread. Note that in all
levels of amplitude spread. Source is cases, the maximum intensity is

selected for each moment in time

2 2
| [~ Epa |

of the oscillator system for different

an authoring.
. Source is an authoring.

From Fig. 3.1 and Fig. 3.2 it is clear that for efficient generation, in particular in

the superradiance regime, it is necessary to achieve an insignificant spread in the
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i 2
amplitudes (or energy) of the oscillators. Note that the quantity 2 Aj| , which
characterizes the nonlinearity of the oscillator, thereby ensures regularization, that is,
a certain spread of phase values.

Resonator field. In the presence of reflections, a field can be formed in a resonator
(or waveguide) in such a way that the type of the field does not depend on the radiation
of individual oscillators. Note that such a field, generally speaking, should consist of

traveling waves in two directions (k> 0)

E =FE -exp{-iot+ikz}+ E_-exp{-iot—ikz} (3.32)

where the slowly varying complex wave amplitude has the form E; =| E, |-explip,} :

The interaction of oscillators with these fields can be described by the equation
[9,25]

OF dn
2iwn (=24 5,) = —ew” 0
(24 5p) = ey

: j a,dz-expliy, Fikz}-5(z—z,)

(3.33)

b

where added Op is the wave absorption decrement in the absence of sources,

4j=a, exp("’//f). We use the equations of motion in the form (3.24). We accept the

el EW)|explioh o 2
my oy, ,70tzr,7/0=7ren0/m:a)pe/4 A =a;/a

following notation ,
_ 30,

a= koay)?
kozy=227; =517, 47/0( 09)

— this parameter takes into account the weak
dependence of the relativistic mass of a particle on the speed and we write (3.33) and

(3.24) in the form

5 1 & .

EEi‘FHEi:NJZ:;AJCXpl{ﬁ-ZEZ]} (334)
dA (AT AD )= 1 ' o

e mia(A— jO)__E[E+'eXpl{ nZ }+E_-expi{-27Z;}]  (3.35)

It is useful to set the second term on the left side of (3.35) equal to zero at the initial
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_ 2
A=alA;l

moment  / . Then

d : 1 : .
EAj—za(Aj A |2):—5[E+ -expi{2nZ;}+E_-expi{-27Z;}] (3.36

)
The law of conservation of energy can be obtained in the form
200 P +[E =223 A,
o7 + - ot j (3.37)

When choosing dimensionless variables and parameters

62

A=4/ay, kz=2nZ, yoza)pe/Z, 702:a)12,e/4:ﬂ, vot=t, [B=m/my, kb=2xb,
m

MV D
5=S, @=5/y, E,=2"1®% g_pipo q=32 g ).
b e 4y,

For the resonator field in this case we obtain the expression

E, (Z,71)=E, (1) +E_(r)e"*** (3.38)

b

where the components corresponding to the propagation of radiation in different

directions can be written as

6E+ _ 1 —i27nZ
P +®E+—W§As-e (3.39)
OE_ 1 i27Z
+OE_=—)> A, s
- - NZS‘, e (3.40)

b

and at the initial moment their values should be set
E.(0)=Eq. jpnq E-(0=Eq (3.41)
The equations of motion for oscillators take the form

dA,
dt

o 2
==l A-Eu 2.0 (3.42)
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On the connection between the description of the generation of a system of
oscillators and the excitation of cyclotron oscillations>. 1t was shown in [38] that
the equations describing the excitation of cyclotron oscillations by rotating electrons
in a constant magnetic field in a waveguide can, under certain conditions, be reduced
to a system of equations for oscillators. This circumstance indicated the existence
of a common phase synchronization mechanism for all these cases. On the other
hand, this provided grounds for studying the nature of the excitation of oscillations
in a simpler system, which made it possible to more thoroughly identify all the
characteristic features of the excitation of a resonator (analogue of a waveguide)
field and a superradiance field. It is possible to imagine systems of equations that
describe the excitation of two electromagnetic waves of different polarization with
k =k

frequency @ and wave vector n:0%) in a smooth metal cylindrical

waveguide of radius v by an electron beam in cases of resonance ®~ """ 5 where
®B is the cyclotron frequency of electron rotation. Induction of a constant magnetic

field 8=(0.0.8) The electron beam occupies a cylindrical layer in the cross section

of the waveguide, which we will consider to be quite thin. All centers of Larmor

rotation (the radius of which "Belectrons are at the same distance 'C from the axis
of the waveguide.

TE wave. The equations describing the excitation of a TE wave by a system of
electrons rotating in a magnetic field, the centers of rotation of which are stationary
(this wave does not have an electric field component in the direction of its

propagation), can be written in the form (see, for example, [45])

N
ddEe +0, E, =N a;-J,(a;)-SinQ7; +27Z; +@,)
. < , (3.43)

3 The use of a simplified system of equations for oscillators, which follows from more general systems
of equations to describe the generation of cyclotron waves, is rational, because it allows one to
understand the nature of the phenomena. However, it is useful to realize that the use of such simplified
models is correct only if they are directly derived from proven descriptions and is not permissible
when using phenomenology and simulation modeling.
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N
d‘”; ~A,=EN) "> a;-J,(a,)-Cos(2n; +27Z; +@,)

=1 . (3.44)

The equations of motion of electrons in the field of this wave in the presence
of a constant magnetic field are as follows:
dd; n?
2r—+=mn;+nE,-J,(a;)-[1-—]-Cos(275; +27Z ; + ,)
dz Z , (3.45)

da; | dt =-n-E,-J,(a;)-Sin27g, +27Z; +@,) (3.46)

5e2 :462'6019'NbO'[me'c'kris'rw"]rfl(xms)'(l_mz/'xms) D ] ri—n(kms'rc)ﬂ

where,

Dw:8D/8a):8{[a)2—(kzz+k,is)c2]/[a)2—kzzcz]}/aa)bzo, r=5, R, =k wg k2, 5,

=e-bg Sy (k1) I, '6'5@, Zj =k 127 s the position of the electron rotation
center along the waveguide axis, ¢~ fm’s =KnVo /@5 @p =eB/ime Ny s the

number of particles of the unperturbed beam per unit length. Here b5 is the
amplitude of the wave, and the longitudinal component of the magnetic field of the

B.=by-J,(k

ms

r)-expi{—iot +ik_ z +im3}

wave has the form in a cylindrical coordinate

J, (x) J (x)=dJ, (x)/dx

system (r, 4, z), m is an integer, and is the Bessel function
and its derivative. The requirement that the tangential component of the field vanish
at the waveguide boundary determines the values of the transverse wave number

k =k, =x, /T, dJm(x)/dxzo.

,and “ms — s—is the root of the equation
TM wave. The equations describing the field of a TM wave (which has an
electric field component in the direction of its propagation) can be written in the
form (see, for example, [27])
7 —+06,-E, =N ZJ (a;)-Cos(27g; +27Z ; + ¢y)
‘ = : (3.47)

N
4P _p, — (B, NY" 3, (a))-Sin@ag, + 277, + ;)

J=l . (3.48)
The equations of motion for electrons in the field of this wave, which do not

move along the axis of the waveguide, are as follows:
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Mﬁ:m +2L.E, - J.(a;)-Sin(27, +27Z ; + )
- " , (3.49)

da;/dt=—(n/a;)-E;-J,(a;)-Cos(27¢; +27Z ; + p;,) (3.50)

Wherer = 5ht , 55 :462 'COB 'NbO '[me 'rvi 'Jr'r?(xms)'Dw]_l (krfzs /Q)Bkzz)‘]zi—n(kms 'rC)’

= 2 . 2 . .= . . .. .
R, =k - 0p [k -0 , Zj =k 127 s the position of the center of rotation of the electron

Eh:e'h"]n1+n(kms'r)'(krzzs/kaZ)/me.éh h is the

along the axis of the waveguide
amplitude of the wave, and the longitudinal component of the electric field of the

wave has the form £z =/ Jm (k) -expiiot + ik z +imJ}

in a cylindrical coordinate
system (r, ¢, z), the remaining notations are similar to the previous ones used to
describe the TE wave.

Integral. Note that for these two waves the integral is valid

N
|E]* —n"" -N_IZajz. = Const
J=1 : (3.51)

moreover, this integral (3.38) is valid for =0 if €#0on its right side

t
Const — Const+0-| dt'|[E(t\ | _ . ,
-[0 IE . It 1s useful to pay attention to the consequence of the

integral in the absence of field energy losses (¢ =0). If the change in transverse

.m N el
AWLza’Bm—ezboN 12(‘1]2'_41]2'0)

motion energy is equal to ms J=1 , then the ratio of the

change in field energy to the change in transverse motion energy can be represented

as @/ neg . Note that the system of equations for the TE wave can be transformed
into the known system of gyrotron equations under the conditions of neglecting the
longitudinal motion of electrons even in the presence of low-density plasma [46-48]
[Taking into account relativism (the effect of negative mass, see, for example, [48]

leads to changing the nature of particle motion in the equations of motion (3.45) and

(3.49), and o= (1=va /¢

=0
2

Transition to equations for describing superradiance [6,49-52]. Let us limit
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ourselves to considering the excitation of the TE wave. The case of radiation of an
individual particle (out of a total number of particles equal to ) should be considered

as follows. The equation for the field that an individual particle emits can be written

asS
i 1% ) (a) exp{-2mic Y expl-ik.z,}-0(z2)
Vg P —lN q(a;)exp{—27il ;}exp{-ik,z; z—z; (3.52)
0B, A=id_ ] (a)expi=27il Y expi—ik.z )}
—L=2-6(z-z)) ~i oy, )X jI CXPITINZ
or 0z , Where g ,

B. =C+/1-9(Z—Zj)

the solution of which / , where C is the constant to be

determined. Since for a wave emitted by an oscillator the equation P(@-%)=0 g

2
k.12 =*ReD(1+iImD/Re D)~ +(2o-—k2)*(1+0)
C

valid, the roots of which are , then

k,=k,;>0

for a wave propagating in the direction ~ ” %}, the wave number "z and the

value of the constant should be chosen equal to zero in order to avoid unlimited

growth of the field at infinity. For a wave propagating in the direction * <%i, the

:k22 <O

wave number ¥ value of the constant should be chosen equal —4 to for the

same reasons. The field amplitude in this case
a4 .
B, (Z)= IWJn(aj)exp{—Zmé’j}-

g

[exp{27i(Z - Z;}-U(Z-Z,)+exp{-27i(Z - Z,}-U(Z; - Z)], (3.53)

where U =1 ¢ 220 and U(2)=0 4 2<0_ Let us draw attention to the fact
that the direction of the strength vector of the longitudinal component of the
magnetic field in this case does not depend on the direction of wave propagation.
This is due to their suppression of the rotating electron’s own magnetic field when
emitting waves in both directions. Obviously, for a system of ¥ oscillators, the

equation for the field can be written in the form
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R IR P .
B(Z)=l2N9;ajJn(aj)exp{—2m§j}'

[exp{27i(Z ~Z 3 UZ =2 +exp{27i(Z =2} UZ; =20 (3 54

§=2W Ny I M =2v,/d-&

where is the ratio of the maximum increment to the

: - v, /d . .
attenuation decrement due to radiation from the ends of the system =~ & . It is

important to note that in such notation the ratio of the wave energy along the length

=2rk.d

of the system Zu to the particle energy is represented by the expression

IIB(f)I dg”/—Zazo

=1 and since the ratio of the energy emitted from the system
to the total field energy during the time 1/9 in the system is equal to ¥, then the

efficiency of the system (if the unit of time is chosen to bel/d ) can be assessed as

— I | B)| df/—Zalo

=l Equations of motion for beam electrons

25— ) {1——2]%& J (@) [Sin{27(¢,— )+

+27m(Z; = 2;); U(Z; = 2;) +Sin{2n(s; =6 ;) =27(Z; = 2)} - U(Z; = Z)], (3.55)

da;/dr=-n-J () %Za J,(a)[Cos{27 (¢, —¢ )+

+20(Z,=Z )} U(Z,= 7))+ Cos 25, =) =222, = Z )} UZ, = Z)) (356

Please note that the field values are not required for calculations; they are
already taken into account in the right-hand sides of (3.55) - (3.56). Nevertheless, it
is possible to calculate the values of the longitudinal magnetic field (3.54), using
which you can restore all other wave components at any point in the waveguide and

outside of it. It turns out that for linear oscillators that do not move in the direction
of wave propagation, subject to the following conditions: , #=1, 6=0 A=0,

(0—)—(0,y/<—>27z§+7z/2, R>0 for small @ (Jl(a,-)ai_)o—ml./z

b
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J(a. —1 '"(a. 1/2
0(@, )a,-—>0 , Jl(a’)“f—)‘) >l ) and wusing the known relations

Sina =—Cos(a +7/2) ,Cosa =+Sin(a+7/2) , the system of equations for TE

and TM waves (3.43)—(3.46) and (3.47)—(3.50) coincide with the equations of the
system (3.34)—(3.35) or in dimensionless form (3.61)—(3.66) — up to the choice of
the field sign and value. Similarly, the system of equations for superradiance of a
system of oscillators (3.26)—(3.28) or in dimensionless form (3.57)-(3.59) can be
obtained from equations (3.54)—(3.56).

Conditions for the development of generation in the superstudy mode in the
presence of noise. The equation describing the change in the complex amplitude of an
individual oscillator in the presence of noise takes the form [49]

dA .
J :£.|A.|2A._E(z.,r)+i-5-r~(r)-A~
07 o 1A J J 7 (3.57)

where the last term on the right side of (3.57) is additionally introduced, which takes

into account the influence of external noise’/ (@) . Here — takes random values from —1
to +1, changing at intervals A7 on a selected time scale, ¢ — is the maximum value of

this impact. Expression (3.26) is valid for the field E(Z,7) :

A2
av

P

09 |

08

07

06

Fig. 3.3 a. Change in the average value | Fig. 3.3 b. Time dependence of the

of the squared amplitude field in the system in the absence of
I 1 i| A |2 noise (0=0) . Note that in all cases,
av N for each moment in time, the
s=1 in the system over
: : : . |EPAME._ .
time. Source [49] maximum intensity max | jg
selected. Source [49]
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Random exposure, switched at intervals A7 =04 leads to weakening of
synchronization or even complete chaotization of phases. The calculation results below

use the following parameters: N =900 number of particles, nonlinearity parameter

a =1 noise switching interval A7 = 0.4 system length b=1 (one wavelength).
In Fig. 3.3a one shows the change in the average value of the squared amplitude
N
A= 2|
in the system NS over time for different values of the external noise level

0. In Fig. 3.3 b one shows the behavior of the maximum field amplitude

E .x = max E . (Z) av
Ze(0.h) and the volume-average field amplitude

system of oscillators in the absence of noise 6 =0 Even from these figures one can
see the existence of a threshold: in this case ¢ =0+1_ the field value reaches 0.22 at the
selected scale.

Below the threshold value there is no field growth, the energy extraction from the
oscillators is weakened (the average energy remains at the level of 96% of the initial
one). In this case, a turbulent state is formed with an average field value close to the
spontaneous electric field strength level of 0.03—0.04. The peak level of fluctuations

exceeds the average level by two or more times (see Fig. 3.4).

0.06 | B max

0.05 |

0.04

0.03

0.02 |

0.01

10 15 20 25 30 35

T

Fig. 3.4. Average field values and peak fluctuation values at noise level ¢ =3

Source [49]

When approaching the threshold, the average values of the amplitudes of the

MONOGRAPH 43 ISBN 978-3-98924-100-8



At
Scientific thought development ‘ 2025 Part 4 %

2
oscillators (at o 1.8 ,Aav <0.97 ) change slightly, that is, no noticeable energy
extraction from the system of oscillators is observed. however, when approaching the

threshold, the peak values of fluctuations increase (see Fig. 3.5)

Fig. 3.5. Growth of fluctuations when approaching the threshold of generation

development under superradiance conditions. Source [49]

By considering the region near and below the threshold, it is possible to find out
how the external field influences the occurrence and development of generation under
superradiance conditions. The time dependence of the maximum generation field of

the oscillator system at different amplitudes of the external field is shown in Fig. 3.6.

E

meaz

015

or

0.05 §

Fig. 3.6 Influence of an external initiating field Ey =0.03;0.06;0.09 on

generation at 0=1.8 under superradiance conditions. Note that in all cases, the

2 2
. . ... |E['=|E . o
maximum intensity [ BT =] By | is selected for each moment in time.

Source [49]

In Fig. 3.6. It can be seen that an increase in the amplitude of the external initiating
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field £o=0.030.06:0.09 "oyep in the case of noise (9~ 1:8), leads to an increase in the

maximum lasing field up to values that are realized in the absence of noise.

Thus, the noise in the system forms the generation threshold. When this threshold
is exceeded, even in the absence of an initiating external field, a significant part of the
excited oscillators are capable of generating fields whose maximum amplitudes are
comparable to the generation amplitudes in the absence of noise. Below the presented
threshold, no field growth is observed.

Numerical modeling of superradiance from an ensemble of oscillators. In this
section, we will take into account only the own fields of oscillators located in the same
interval of the active zone. The resonator field is absent, as 1s the resonator itself. The
dimensionless system of equations in this case takes the following form. For the
superradiance field the following expression is valid:

1 & R
By (Z,7) =g 2 A Vs (3.58)
s=1

and the equations of motion describing the dynamics of oscillators can be written
as
dA,
dt

:%|Aj|2Aj—E(zj,r) (3.59)

where for the general field the following expression is valid:
E(Z’ T) = ESV (Z’ T)+E€X (Z’ T) , (3.60)

moreover, the second term in (3.60) — the external initiating field, usually used in

superradiance modes to accelerate the process, can be represented in the form

E,.(Z,7) =By, €™ +E, e (3.61)

Calculations were carried out under the same initial conditions and different
values of the loss coefficient ®, defined as the ratio of the energy flow from the system

to the total energy in its volume. Initial conditions: the length of the system is equal to

Z; €(01). E,. =0.01

one wavelength ; number of oscillators N=1000; V= — constants for
the external field (2.60); taking into account nonlinearity (relativism) is determined by

the coefficient a =1.
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The case of excitation of oscillations in the superradiance mode, the dependence-s

on the loss coefficient ® of the field intensity /% i (solid line), the reciprocal time

1 d|EP

- 2
. d
(increment) L El ’

Jmax of the process (dashed-dotted line), and the rate of

2
energy output ®fE| (dashed line) are presented. In the superradiance regime, the
most effective energy extraction would be around the values of ©=2-2.5, with an

output one and a half times greater than in the case of excitation of the resonator field.

0.0r

T T T T T T T T

0.06

0.05

0.04

0.03 e . -

002 L NLCL T ———

e
——
—— —
- ——

0.01

0 Il Il Il Il Il Il Il Il

Fig. 3.7. Dependences on the loss coefficient O for the case of excitation in

2
the superradiance mode: solid line — field intensity o E] ; dash-dotted line —

y=(1E17d|EF[dz)

reverse time max (increment) of the process; dotted line — rate

2
of energy output OlE[" Note that in all cases the maximum intensity is selected
2 2
[T = Epa | . Source [33]

Simulation of the process of excitation of the resonator field while excluding
the interaction of oscillators with each other. In the traditional description of
generation, all oscillators interact only with the field of the resonator in which the active
zone 18 located. In this case, we exclude the interaction of oscillators with each other.
We use equations in dimensionless form that describe this process. The resonator fields
in this case can be represented as the sum of two wave processes propagating in

opposite directions

E,o(Z,7)=E, . (1)e?™ +E,,_(r)e*" (3.62)

5
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Moreover, the components corresponding to the propagation of radiation in

different directions can be written as

OE g+ 1 _i2x7.

St OE =) AT (3.63)
aEW = 1 i2nZ

8rg +®Ewg— :NZAs'e * (364)

At the initial moment you should set their values
Ewg+ 0)= EOwg+ , Ewg— (0) = EOwg— , (3.65)

The equations of motion for oscillators take the form

dA . i 2
dl/ :7'|Aj| A,-E, . (Z,,7) (3.66)
Under the same initial conditions (%/ €V, N=1000; Eo:=001. o )

calculations were carried out for different values of the loss coefficient ®.

0.06

0.05 | mae |

0.04 N

0.03

0.02

0.01

0

Fig.3.8. Dependences on the loss coefficient O for the case of excitation in

2
the resonator field mode: solid line — maximum field intensity | E| ; dash-

y=(1EI*d|EF [dz)

dotted line — reverse time max (increment) of the process;

®|ET

dotted line — rate of energy output . Note that in all cases, the maximum

2 2
intensity is selected for each moment in time [ BT =] By | . Source [49]

For this case of excitation of the resonator field without taking into account the

o E

own fields of the oscillators, the field intensity (solid line), the increment
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_[ 1 d|EP

3
[EF 47 of the process (dashed-dotted line), and the rate of energy output

2
O|E]| (dotted line) are presented in Fig.3.8. If we focus on the excitation mode of the

resonator field without taking into account the oscillator’s own fields, then the most

effective energy extraction would occur in the region of about ®=2.5-3 [37].
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KAPITEL 3/ CHAPTER 3
DIFFERENT GENERATION MODES

3.1. Generation in a system of oscillators under pumping conditions

System of superradiance equations taking into account pumping. In the
previous section, the relaxation of a system of excited oscillators in different regimes
(Cauchy problem) was discussed. However, of no less interest are modes with constant
energy pumping into the system to ensure the process of continuous generation of the
integral field of a system of oscillators in the superradiance mode. Let us consider the
development of such generation modes with constant energy pumping, namely, with
the restoration of a certain value of the amplitude of the oscillators [50].

The superradiance mode is more sensitive to the nature of the spatiotemporal
external influence. Therefore, the influence on the nature of generation of various
pumping methods is more pronounced and makes it possible to understand both the
mechanisms and the consequences of this influence.

Therefore, below we will limit ourselves to studying the superradiance regime of
classical oscillators with the addition of a pumping mechanism (the last term of the

second equation):

pl 2 7|7 — 4.1
E(Z,T) E:A '612”|Z Z| (
N *
s=1 , )
J _ 2: i27|Z-Z | 7z 0,
dz- —T‘AJ‘ Aj_ﬁs:lAs'e —Eo-e +]/p(|A0|€ _Aj) )

where y=vo!0p=ne’M /me;  E=eE/mwya, A=Alay; kyz=2nZ;

.2 2 2
a=3kaw/d4y. T=yt; yy=meng/m=w, /4 M=b-ny. p is the length of the

space under consideration in the longitudinal direction, "0 is the density of particles

per unit volume, Ej is the amplitude of the external field running in the positive

iS5,
- R . 7oAl =, )
direction of the Z axis. Pumping is represented in (4.2) by the term
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, Where ’p is the pumping rate, here the pumping amplitude is chosen equal to the

initial value of the oscillator amplitudes [ Ao |, and /7 — varying from zero to 27

pumping phase. The phase in general can vary randomly in time and space.

Random distribution of the pump phase in space. Let the pumping phase %/ be
randomly distributed along the system along the OX axis, which does not change with
time. Changes in the pumping phase for fixed points in space are selected from zero to

27 and do not change in time. Calculations were carried out for this case at different

pumping rates /7. Let's choose the following parameters. Number of particles N=300,
nonlinearity parameter @ =1, amplitude of the external field initiating the
superradiance process, E¢=0.05. Let at the initial moment of time the oscillators be

uniformly distributed along the system, the magnitudes of the amplitudes of the

A O)=]A,]=1

oscillators are equal to unity , their phases v;(0) have random values

i’//j(T)
e
).

In Fig. 4.1 shows the time dependence of the average energy of the oscillators

|47, =%Z|Aj|2

A;=|A; (@)

in the range 0—27 (

(Fig. 4.1a) and the field at the left and right ends of the system, as well

as the maximum field in the system (Fig. 4b) in the case of no pumping (7/ P=0).

‘ Af |E|
al

\ 0.4
0.5

0.2

0 0 .
0 10 20 30 T 0 8§ 16 24 32 1
Fig. 4.1a. Time dependence of the Fig. 4.1b. Dependence of the field

modulus on time in the absence of
pumping: 1 — maximum field in
the system, 2 — right end of the
system, 3 — at the left end of the
system Source [50-53]

average energy of oscillators in the

absence of pumping Source [50-53]
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As can be seen from Fig. 4.1, due to the synchronization of the oscillators, a surge

in the field is observed and then a slow process of damping of the oscillations. In Fig.

4.2 and Fig. 4.3 show the same dependences at low (7= 0.1) and high (”»= 1) pumping

rates.
‘A 2"" ‘Alzev
1 INC
05 05
0 % 10 20 30
0 10 20 30 T t
a) b)

Fig4.2. Time dependence of the average energy of oscillators at different

pumping rates: a) Y= 0'1, 0) Source [50-53]

|E| |E|
N\
015+ - \ .....................
02 L e A T R A S R R R R O
0.1 1 2 3
0.1
0.05
0 0
0 8 16 24 32 1 0 g 16 24 32 1
a) b)

Fig 4.3. Time dependence of the field modulus at different pumping rates:
maximum field in the system — 1, field at the right end of the system — 2, field

= — 1
at the left end of the system — 3. Pumping rate: a) 7p =01 0) Vp

Source [50-53]

From Fig. 4.2 and Fig. 4.3 one can see that pumping with random phases that do
not change in time along the system prevents the synchronization of the oscillators, as
a result of which the field value remains at the “noise” level. At the same time, at a low
pumping rate, a more rapid decrease in the average amplitude of the oscillators is
observed (Fig. 4.2a) than without pumping (Fig. 4.1a). At a higher pump level, the
average amplitude stabilizes at a fairly high level, but, as already noted, due to the
suppression of synchronization, this does not lead to an increase in the field.

The pumping phase is constant in space and random in time. It is useful for

generality to discuss the case where the pump phase is constant along the system but

varies randomly with time. Let the pumping phase O be constant along the system
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(and that means at any moment in time it is the same for all oscillators) but randomly
varies with time in the range from zero to 27 . Calculations were carried out for this
case at different pumping rates 7 and different periods of random phase changes Ar.

Fig. 4.4 shows the time dependence of the average energy of the oscillators at a

low (77=0.1) pumping rate and different periods of random changes in the pumping

phase At. In Fig. 4.5 for the same conditions the fields in the system are presented.

2 2

4 4
1 1 1

0.5 V_/ 0.5 0.5

0 50 100 150 1 0 20 40 60 80 ¢ 0 10 20 30 40 ¢

a) b) c)

Fig. 4.4. Time dependence of the average energy of oscillators at different

periods of pump phase change: a) At =, b) At =35, ¢) At = 0.5. Source [50-53]

|E| |E| |E|
0.8 0.6 0.6
3

0.6

0.4 0.4
0.4
02}, 02 02 IR WA DAY
0.' 0 0

40 80 120 160 1 60 80
a)

Fig.4.5. Time dependence of the field modulus at and different periods of
pump phase change: maximum field in the system — 1, field at the right end of
the system — 2, field at the left end of the system — 3. Period of pump phase
change: a) At =0, b) AT =5, ¢) At = 0.5. Source [50-53]

When the pumping phase is constant both in time and in space (see Fig. 4.4 a and
Fig. 4.5 a), the system reaches a stationary mode (t > 100) with a fairly high level of
average amplitude and maximum field. The field level indicates the emerging effective

phase synchronization of individual oscillators. An increase in the frequency of phase

-1 : o : .
changes (A7 ) leads to a noticeable stochastization of processes with a decrease in the
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average amplitude of the oscillators and field in the system (see Fig. 4.4 b, c and Fig.

4.5 b, ¢). Increasing the pumping rate ’p does not change the qualitative picture of the
process. Thus, for constant pumping (At = o), an exit to a stationary regime is

observed, but in a shorter time and at high levels of average amplitude and field (t > 5

at /r= 1). Acceleration of the process of stochastization of the system in the modes of

-1
changing the pumping phase and increasing the frequency of phase changes (AT )

also occurs with increasing pumping rate ’p . The selected pump control mechanism
limits the growth of oscillator amplitudes to a certain fixed value. The most important
thing here is the change in the pumping phase. Modeling of these processes is quite
complex, so only certain modes of pump phase change were selected. However, by
considering these regimes of pump phase shifts, it is quite possible to get an idea of
how a change in the pump phase affects the efficiency of field generation.
Inhomogeneity of the pumping phase. In the first mode, the phase at each point
along the length of the system is different and, generally speaking, randomly selected,

but there are no phase changes over time. In the case of a low injection rate of pump

energy (7/ ?<(.1), the characteristic time of which is much less than the characteristic
time of development of the generation process, the field amplitudes in the system at a

low pump injection rate (Fig. 4.3a) turn out to be half as large as in the absence of

pumping (Fig. 4.1. b). The high injection rate (7/ P=1) keeps the amplitudes of the
oscillators quite large, but the amplitude of the excited field decreases somewhat (see

Fig. 4.3 b) compared to the previous version of the low pump injection rate (Fig. 4.3a).

With a further increase in the pump injection rate (77>1), the behavior of the system
does not change qualitatively.

Slightly different dynamics are observed when the phase of the pump field is
constant along the system, but varies randomly with time (Fig. 4.4. b, c and Fig. 4.5. b,
c). Let us compare these regimes with the case when changes in time of the pumping

phase do not occur at all (Fig. 4.4.a and Fig. 4.5.a). In this case, it can be seen that the
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amplitudes of the oscillators remain significant and the field, at least inside the systerg
reaches values that are almost twice as large as in the case of no pumping (Fig. 4.1).
However, these significant fields are observed only inside the system, and at its ends
the field is several times smaller. In particular, if changes in the pump phase occur quite
rarely, that is, the time of these changes is many times greater than the characteristic
time of the generation process, then significant values of the fields inside the system
can be observed (Fig. 4.5.b). At the ends of the system, there is still a tendency for a
noticeable decrease in the field amplitude. With frequent changes in the pump phase
(Fig. 4.5 c), when the period of change is less than the characteristic generation time,
the generation efficiency drops, and the generation mode takes on a characteristic
multi-periodic oscillatory appearance. The period of noticeable changes in the field at
the ends of the system is an order of magnitude greater than the characteristic
generation time. In this case, small quasiperiodic field oscillations are also observed
inside the system with a period close to the period of change in the pump phase. Thus,

the most effective pumping method remains the mode with a slow input of energy into

the system (’7< 0.1), and the nature of the field phase distribution along the system

can be either random or with a certain spatial period, but weakly changing with time.
3.2. Generation of oscillations by moving oscillators

System of equations taking into account the movement of oscillators under the
influence of HF field pressure [50]. In the previous sections, equations for the slow
change in the amplitude of oscillators and their total field are given if the oscillators

are stationary. Let's consider the same system of oscillators, but take into account that

in addition to the electric field £+(%!) , which directly affects the oscillator oscillations,

(

there is also a magnetic radiation field H, Z’Z), taking into account which is necessary

to determine the Lorentz force. The movement of the oscillators occurs under the

influence of the Lorentz force '= along the longitudinal axis of the system. Let us limit

ourselves to considering only the most interesting superradiance regime. In this case,
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obviously, the system of oscillators is located in a limited space. But oscillators can be

pushed by fields beyond the boundaries of the original area.

OE 10H, e c OF v
X _ =—H, H=——"2%F =——~H 43
oz c Ot c 7 Y iw 0z c 7 (4-3)

The electric field of the oscillator (electron) at a point “0 is equal to
Ex — 27['6'14-(0-0_1 Lomiot (eik(z—zo) -0(z- ZO)_I_e—ik(z—Zo) ~(9(ZO—Z)) _ 27Z-e-A~a)~c_1 oot .eik\z—zo|

Therefore, the magnetic field of this oscillator is equal to

OE . . o 4.4
Hy :.i X =27Z"€°A'(0‘C_1 .e—la)t (elk(z Zy) 'Q(Z_ZO)—Q ik(z-z,) 'Q(ZO—Z)] (
io 0z )

and for a system of oscillators we obtain the magnetic field of the system

meo M iy 1L ik(z—z,) _ik(z=2,)
H(2.0) = "5 WéAs(e O(z-2,)—e 0(z,-7))  (4.5)

and the force acting on the oscillator at the point */
(4.6
)

Unlike previous cases, the longitudinal coordinates of the oscillators change. The

1 Al ik(z,—z. —ik(z;—z,
sz:—ﬂ'e2-k2-M-R{Aj 'NZ_;AS(e & J-H(zj—zs)—e & )'Q(ZS_ZJ))]

equations of motion of oscillators under the influence of force (4.6) have the form

v, gt kM A . (2~ _ik(z,-2.) 4.7
g -_ Re| 4. -— A(el “ Z“')-Hz.—z —e T ~92—z.)
" " ; NSZ:; ’ (z;-z) (z,-2z;)

dz (4.8

J

a7 )
The equation describing longitudinal motion, together with the equation for
changing the amplitude of the oscillator, complements the system of equations for
describing modes with radiation of a system of moving oscillators.
In dimensionless form, the system of equations takes the form
dA; ja
dt :7

2 1 & i27Z;-Z| 27iZ,
"AJ‘ Af—ﬁzAs‘e " =Epe T =
5=l (4.9)

o 2 1 27iZ,
:7"AJ‘ A= BZ;T)=Ee-e
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dVy 4o « 1 277 ~7.|

=—f-—Re|A, - — > A e “sign(Z. -7
R B 3 ( j st’ ’ gn(Z,-Zy) (4.10)
dZ . 1

J

= V,. 4.11

dr 2x Z]_ (-11)

Here 7:y§/5D:7ze2M/mc; E=eE/mwya, A=A4/ay;, kyz=2rZ;7 =71,

e =7re2n0/m:a)12,e/4, a:3k§a§a)/47, L =mim, , M=b-n0, b is the length of the

space under consideration in the longitudinal direction, " is the density of particles

per unit volume, "~ ""1 are the masses of the electron and the oscillator, respectively,
Ey 1s the amplitude of the external field propagating in the positive direction of the Z
axis.

The electric field strength of the oscillator radiation in dimensionless units is
written by the expression

y N
E.(Z,7) =WSZ_;,AS exp{i2n|Z-Z |} (4.12)

Results of numerical calculations [50]. In the previous sections, calculations
were carried out in the case of stationary oscillators. For system (4.9)—(4.12), similar
calculations (fixed oscillators) were previously carried out at N=3600, N=10000,
N=20000. The results were practically the same, so further all calculations were carried
out at N=10000.

The following parameters were selected. Number of particles N =10000, « =1
nonlinearity parameter, amplitude of the additional external field initiating the
superradiance process, Ey=0.02. At the initial moment of time, the oscillators are

0)=0

uniformly distributed along the system, their speed is equal to zero Va the

4,0

amplitude modulus of the oscillators 1, and their phases ¥ have random values

in the range (-7-7) . additional external field initiating the process of superradiation
E¢=0.02. The parameter B (the ratio of the charge mass to the total mass of the

oscillator) took values of 0, 0.1, 0.5, 1. Larger values of the parameter correspond to
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lighter and more mobile oscillators.
Figure 4.6 (a, b, ¢, d) shows the time dependence of the absolute value of the
maximum field value in the system and the field at the edges of the system (Z=0 and

Z=1) and for different values of the parameter f3.

B [Ey|
1
0.4 2 oh 04 2\ -
3 Al \ 3 'o' “‘
0.2 4 '." ','-~ 02 f ‘...t‘ i
’ * o2, "'\. .' ‘: y ‘-;.
0 --"'.. ." i N Vi - )
0 10 20 T % 10 20
a) B=0
)P b) p=0.1
E, E,
0.4 12 \ \ 0.4 1
0.2 A S 02, N\ SR - 3
% 10 20 T % 10 20 =
c) p=0.5 d) p=1

Fig. 4.6. Dependence of the field modulus in different parts of the system on

max|Ex|’ 5_ |Ex(Z:1)|, 3

time 1: 1- — |Ex(Z - 0)| Source [50-53]

As can be seen from these figures, taking into account the motion of the oscillators
does not affect the maximum field value in the system. At f=0 (the oscillators are
stationary) and at =0.1 (the oscillators are massive and inactive), the field maximum
is observed inside the system, which was observed in the previous sections. But at
B=0.5 and B=1, the field maximum is observed at the end of the system (Z=1).

Since the energy output from the system is determined by the field value at the
ends, in the case when the maximum amplitude is achieved at the end, the radiation
efficiency is greatest. The change in efficiency can be assessed by the ratio of the
squares of the field amplitude at the end to the corresponding value at the maximum.
For =0 and B=0.1 this ratio is equal to 0.66, for f=0.5 and B=1 this ratio is obviously
equal to 1.

In Fig. 4.7 and fig. Fig. 4.8 shows the distribution in space of velocities and
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amplitude moduli for all particles at f=1 at the moment the field reaches its maximum

=12.

v : ' ! Al

1.5F

L i
0
05 o0 05 1z

Fig.4.7. Distribution in space of Fig.4.8. Distribution of oscillator
velocities of oscillators V at f=1 at the amplitudes |E| in space at p=1 at the
moment 1=12. Source [50-53] moment 1=12. Source [50-53]

As can be seen from the figures, particles come out from both ends of the limited
region we have chosen. Moreover, particles fly out to a greater distance in the direction
of movement of the external field (the wave vector of the external field is oriented in
the direction of the Z axis) from the end of the system (Z>1), where the field is
maximum, and the particles emitted at the beginning of the system (Z<0) are located
more compact. By the time the field reaches its maximum 1=12, the coordinate is Z<0
for 15% of particles and Z>1 for 10% of particles. Those. a larger number of particles
flew out through the beginning of the system against the external field. There is an
expansion of the area occupied by the oscillators and its shift. In Fig. 4.9 and fig. Figure

4.10 shows the dynamics over time of the expansion of oscillators

0.5 0.7
0.4
0.3 0.6
02 0.5
0.1
0 0.4
0 0 4 8 12 16 T

Fig.4.9. Dependence on time of the Fig. 4.10. Time dependence of the

fraction of particles escaping through f.5ction of particles in the first half
the ends of the system, 1 — escaping of the system (Z<0.5)

through the beginning of the system
Source [50-53]

(2<0), 2 — escaping through the end of
the system (Z>1) Source [50-53]
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From the figures it follows that until the moment 1=8 the proportion of particles
in the first half of the system decreases (Fig. 4.9) and a larger number of particles leave
through the end of the system, the particles shift as a whole in the direction of
movement of the external field. But from the moment 1=8 the dynamics become
opposite, the system of particles, continuing to expand, shifts towards the beginning
against the direction of the external field. It is important to note that in the units
considered, the average amplitude of spontaneous emission of 10,000 oscillators is
approximately 0.01. On the other hand, the maximum amplitude of the stimulated
emission of these oscillators, the phases of which were completely correlated, would
reach unity. Therefore, the amplitude of the initiating field was chosen to be only twice
the level of spontaneous emission (E¢=0.02). The achievable field amplitude in the
system is approximately 0.5. That is, the same trend is observed - the degree of
coherence of radiation is about 0.25. In other words, the energy density of the initiating
field is four times higher than the corresponding spontaneous level of radiation of
oscillators with a random phase distribution. The achieved radiation level, in turn, is
four times less than the maximum energy density of all these oscillators, if their phases
were completely correlated.

Mode of constant pumping of energy into the system due to particle injection.
Let us consider the process of constant injection of particles from the left side of the
resonator and the removal of a corresponding number of them from the right side. In
this way, a mode of constant pumping of energy into the system is implemented. Let
us recall that the electromagnetic field in the system considered in Section 3 is actually
the sum of the fields of individual oscillators and can be interpreted as a superradiance
field. A constant speed is set - the coordinates change.

dr , (4.13)

here the phase of the particles changes, but grouping by coordinate does not occur - the
distance between the particles remains constant. The effects of field reflection from the

ends of the system were not taken into account; the system is completely open.
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Calculations were carried out with the following parameters:

N=900 a=1 6=1 Ay,=1 V,=0;0.1,0.15;0.2

max T T T T
E
sr °

0.3 . .

0.2

0.1

Fig.4.11. Maximum field amplitude for each moment of time in superradiance

modes at different oscillator flow rates. Source [50-53]

At zero speed, due to the depletion of the energy of the oscillators that do not
leave the active zone, the field amplitude naturally decreases with time. At a speed
VO = O.l

A7(0)=10

equal to oscillators pass through the active zone in a time where

previously at zero speed at 7 =10 field maximum was formed. However, at Vo=0.1 the

maximum of the field shifts to A7(0-D =20 At higher speed Vo=0.15 , the maximum of
the superradiance field is achieved at longer times27(0-15) 230 " A fyrther increase in
particle velocity does not lead to a noticeable increase in the field in the time interval
under consideration. It is important to note that the maximum values of superradiance
fields in this interval of changes in particle shear rates0<V <1.5 practically do not

change.
3.3. About formation of a resonator field due to reflection effects

On the mechanism of formation of the resonator field. In this section, in addition
to particle injection, we will additionally take into account the reflection of the field
from the ends of the systems. Previously, two generation modes were considered, and

paying tribute to traditions, the first of them excited a resonator field, the shape of
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which was predetermined (for example, by boundary conditions, although the;
boundary conditions were not specifically taken into account in the calculation
process). It is important that the oscillators of the active zone interacted only with the
cavity field. The second mode is when there is no resonator field, and the particles
interact only with each other, creating their own total field - the superradiance field.
Both of these cases are quite artificial, because in each of them some interactions are
excluded. Below we will consider a more realistic case, when most likely the total field
of all particles in the active zone first arises, that is, the superradiance field, and then,
due to reflections from the ends of the system, a resonator field is formed. It is
important that this field is not given, but is the result of a natural process. It is clear that
the amplitude of the resonator field may be different, depending on the reflection
conditions and the choice of the velocity of the injected particles.

The resonator field in this one-dimensional model can be the result of reflection
of radiation from the ends of the system, and it is difficult to isolate this field from the
total total radiation field of the system of oscillators. The resonator field can be formed
as a result of reflection from the ends, and in this case it will contain two waves
propagating in opposite directions. With a sufficiently significant reflection coefficient,
the amplitudes of these waves are approximately equal, so the resonator field is a
standing wave. We will consider the field reflection from the ends of the system is
determined by the linear reflection coefficients. The total radiation field of all particles

is equal (cf. (3.26)):

N .
B, (Z,7)=—— YA (7)€
O-NI , (4.14)

in this case, the speed of particle-oscillators will be considered constant
dz,
dt

=V, = const

, (4.15)

moreover, at the initial moment, the particles are distributed uniformly from Z=0
to Z=1, have a speed V, are identical in amplitude Ay, but have random phases. The
oscillators move at a constant speed V) in the direction from Z=0 to Z=1. When the

oscillators are removed outside the resonator (Z>1), they are replaced by new ones on
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the other side of the resonator Z=0, with speed V,, amplitude modulus Ay, and a
random arbitrary phase. Obviously, the waveguide field (here is the resonator field),

subject to noticeable reflection, will have the form

E,(Z,7)=E (1)¢’™ +E_(r)e ™ (4.16)

Thus, the total field in the resonator can be represented as ,
E(Z,7)=E, ()™ +E_(1)e *™ +E,.(Z,7) (4.17)

E.(Z,)

Here is the summary radiation field of the oscillators (4.14), the field

2miZ —27iZ
E,(7)e E_(7)e I

reflected from the left end is , reflected from the right end is It

is total field (4.17) that acts on the particles. However, these waves (4.16), the
amplitudes of which are formed as a result of reflections from the ends, change under
the influence of the fields of moving oscillators when passing through the active zone.
Therefore, the effect of oscillators in the active zone on these reflected waves should
be taken into account. In this case, the resonator field will already consist of two waves
traveling in different directions, where terms are added to the amplitude of the reflected
waves at the boundary, qualitatively taking into account the effect of oscillators in the
resonator volume on these waves

E, ->E,+0.5E E_—>E +05E,,_

wg+>

(4.18)

. . . E, . (Z2)=05-(,,,-*™* +E _.e2"
The resonator field in the active zone is "¢ 2) v WET ),

1 227 1 227
- As.elﬂ'xj E - As.elﬂ's

T ON 4 T @N 4

where . Here we will assume that the

OE, <O®E

condition 07 “is satisfied (see (3.63)-(3.64)). The total field acting on the

oscillators in the resonator (4.17) will change taking into account these replacements
(4.18).

To find the amplitudes of two differently directed waves (4.16), we will follow
the following simplified procedure. The amplitudes of the reflected waves are found
from the conditions of reflection at the ends of the resonator based on the condition for

the amplitudes on the left (Z=0) and right (Z=1) sides of the resonator of the incident
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E . /E,_|,_4=-7 . .
and reflected wave: ' ¢ z=01= "1, , v _reflection coefficients at the left and

right ends. First, we determine the total radiation field of particle-oscillators at the ends
of the system. Obviously, at Z=0 and at Z=1, respectively

1 ZN 217 1 ¥ :
E Z:O,T - A .el Ly E Z:L _ E:A 27,
ol ) O-N=Z ° ol Denate

s=1 s=1

(4.19)
Let's consider the fields at the ends of the resonator Z=0 and Z=1

E+ (7) ‘Z:OZ 7 (E—(T) |Z=0 +Esr(Z - OaT))
(4.20)
E—(T) |Z:1: -1 (E+ (T) ‘Zzl +Esr (Z = 157))

4.21)

Where "' are the reflection coefficients, respectively, at the ends Z=0 and Z=1,
from where we obtain the values of the amplitudes of the waves that make up the
standing wave
7 (rr E,(Z=17)-E, (Z= 0,2’))

(A=7-7.)

B r(nEy(Z=0,71)-E.(Z=1,7))

+ s

(I=7-7.) (4.22)
If we take into account the influence of oscillators in the resonator volume (4.18)

on the reflected waves, then in formulas (4.22) we need to make substitutions

E,(Z=10) > B (Z=10)+05E,,, B (Z=0,)>E,(Z=0,1)+05E,,_

Numerical modeling of the formation of a resonator field. The influence of
oscillator speed. Let us first consider how the formation of the resonator field is
affected by the drift speed of oscillators, which are injected from the left side and the
same amount is removed from the right side of the resonator. The nature of the
reflection will be considered unchanged. The reflection of the field from the ends is
determined by relations (4.20) and (4.21). Field amplitudes (4.22) are updated after

each calculation cycle.
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The calculations, the results of which are shown in Fig. 4.12-4.15, were carried

out with the following parameters: N=900 a=l, 9:1, AO:I, reflection

:1, I’R 20.8

coefficients 'L . From Fig. 4.12. (VO :0'02) it is clear that the appearance of

the resonator field occurs after the formation of the total field of oscillators

0.5

0.4

0.3

0.2

0.1

Fig. 4.12 Behavior of the maximum field amplitudes for each moment of time:
the radiation field of the oscillators (solid curve) and the resonator field,

which owes its existence to the processes of reflection from the ends (V0 =0.02 ,

r =1, rp :0.8)

The structure of the fields is shown in Fig. 4.13. It can be seen that the resonator
field is a standing wave, and the total field has a maximum at the center of the resonator.
At a low drift speed of the oscillators, the standing wave formed due to reflection
effects - the resonator field - has a noticeably lower amplitude than the total field of the
oscillators. however, the situation changes if the rate of replacement of spent oscillators
in the system is accelerated due to their removal from the system with an increase in

the constant flow rate Vy=0.15

. In this case, the amplitude of the resonant mode turns
out to be comparable to the amplitude of the radiation field of the oscillators (in fact,

the superradiance field).
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Fig. 4.13. Amplitude at the moment of time of the total radiation field of the
oscillators (dashed line) and the resonator field (dashed-dotted line). The solid

line is the sum of the oscillator field and the resonator field (V0

=1 rp :0.8)

=0.02

Fig. 4.14. Comparison of the maximum field amplitudes in the system for each

moment in time: the radiation field of the oscillators (actually the superradiance

fields - solid line) and the resonator field (

Vo=0.151 =1, ry :0.8)

In the mode of constant pumping of energy into the system due to the injection of

excited oscillators, the speed of which in the active zone is V=015

almost an order of

magnitude greater than in the previous case, with sufficiently large reflection

coefficients, the resonator field is comparable to the radiation field of the oscillators,
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which practically corresponds to the superradiance field. A further increase in the flow
rate of oscillators, which corresponds to an increase in the constant pumping of energy

into the system, leads to the dominance of the waveguide field.

0.5

0.4

0.3

0.2

0.1

Fig.4.15. Comparison of the maximum field amplitudes in the system for
each moment in time: Dominance of the waveguide field formed due to
reflection effects in comparison with the particle radiation field (solid line)

Vy=02 r;=11,=038
9

Thus, with the same character of reflection from the ends, acceleration of the input
of new oscillators from the left edge of the resonator and an increase in their drift speed
leads to an increase in the resonator field.

Modeling of the formation of a resonator field with a change in the injection
rate and reflection conditions. The calculations were performed using constant
parameters N=2500, o = 0 = 1, rL = 1 (total reflection at the left edge). At the right
edge 7 in the region of the left end, particles with a random phase were injected. After
the quasi-stationary mode (t>50) was established, the averaged values over the
waveguide volume and time were calculated.

E,?=<(E,») . >» E,}=<(E)), >=<E,()e*™ +E (r)¢*™*> 2 K=E/J/E,’

av

The following operating modes can be observed: 1 — dominance of the oscillators' own

: < Esrz’ K :sz/Eer <

field generation - superradiance mode ( E,, 1), 2 — generation of

? > Esrzﬂ K= sz/Eer

the resonator field ( E,, >1 ), 3 —absence (collapse) of generation.
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Fig. 4.16.The oundaries between generation modes in the case of correction of
reflected waves, according to equations (4.18). Thin lines indicate the boundaries
of regions in the absence of such correction. Source is an authoring.

An increase in reflection at the right end of the system leads to the appearance of
a resonator field, the amplitude of which is already comparable to the total radiation
field of the oscillators (see Fig. 4.17).

E <
av

0.06 L

0.05 [

0.04 L

0.03 L

0.02 L

0.01 L

0

C

Fig.4.17. Time dependence of the averaged over the waveguide volume squares
of the particle field (dotted line) and the waveguide field (solid line) in mode 1
(V =0.15,7, =0.6

according to equations (4.18). Thin lines are the particle field and the reflected

), thick lines in the case of correction of reflected waves,

field in the absence of such correction. Source is an authoring.

In Fig. 4.18. we see the distributions along the waveguide length of the
amplitude moduli of the total field,the oscillator field and the waveguide field in

mode 1 at the moment t=100
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Fig. 4.18. Distributions along the waveguide length of the amplitude moduli of

the total field, the oscillator field and the waveguide field in mode 1 at the
V' =0.15,7, =0.6

moment t=100 for the parameters

reflected waves, according to equations (4.18). Source is an authoring.

A further increase in the oscillator velocity leads to an excess of the resonator

field in relation to the total field of particle radiation, i.e. in relation to the

in the case of correction of

superradiance field. An increase in the reflection coefficient leads to a similar effect.
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Fig.4.19. Time dependence of the averaged over the waveguide volume squares
of the particle field (dotted line) and the waveguide field (solid line) in mode 2

V =0.23,r, =0.6

, thick lines in the case of correction of reflected waves,

according to equations (4.18). Thin lines are the particle field and the reflected

field in the absence of such correction. Source is an authoring.

In this case, the distribution of the amplitude of the resonator field, the total

particle field and the integral field is shown in Fig. 4.20. Thus, even at a constant drift

speed of injected particles, one can see an increase in the amplitude of the resonator
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field with increasing reflection coefficients from the left end of the system

0.4
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Fig. 4.20. Distributions along the waveguide length of the amplitude moduli of
the total field, the oscillator field and the waveguide field in mode 2 at the

V =023, =0.6

moment t=100 for the parameters in the case of correction of

reflected waves, according to equations (4.18) Source is an authoring.
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KAPITEL 4/ CHAPTER 4
GENERATION OF CYCLOTRON OSCILLATIONS BY AN ELECTRON
BEAM IN THE PRESENCE OF A CONSTANT MAGNETIC FIELD

Let us consider the generation of electromagnetic waves of two polarizations,
discussed in Section 4 of this work, but we will take into account the possibility of

longitudinal motion of rotating electron oscillators in the active zone [6, 45].

4.1. Models descriptions

First, let's look at two generation modes. The first is the generation of a waveguide
field, in conditions where the oscillators do not interact with each other, but only with
the waveguide field. The second case corresponds to the generation of oscillator fields
and the formation of their integral field, that is, the superradiance field.

Such consideration is in a certain sense artificial. Generally speaking, often the
integral radiation field (essentially a superradiance field) first arises completely or
partially, and only then, due to the reflection of waves due to the boundary conditions,
the waveguide field is finally formed. In the future, most likely, only the waveguide
field remains in the stationary mode. But a comparison of the fields of a waveguide
and superradiance makes it possible to understand the nature of the development of
field generation in such regimes and to understand the features of excitation of open
waveguides.

TE wave. Let us use the notation of Section 3. Let us present the equations that
describe the generation of the field of a TE wave, the electric vector of which is
perpendicular to the axis of the waveguide. The structure of the waveguide field is
formed by the boundary conditions in the transparency zone and, generally speaking,
its spatial form weakly depends on the active zone filled with rotating electrons-
oscillators. The traditional description of the process of excitation of a waveguide field
assumes that the interaction of particles with each other in the active zone is neglected.
Particles interact only with the waveguide field.

The equations for the longitudinal component of the magnetic field and
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electromagnetic waves propagating in both directions have the form [6, 28, 52,53]

dB,
dr

. N
+0-B, :éN_l >a;-Jy(a,) exp(-2mig ;T 2miZ,) (5.1)
j=1

b

where the summary value of the magnetic field of the waves is equal to

By () =B exp(2iZ) + B_exp(-27iZ,) (5.2)

b

B, =| B, |exp{ip.}

and )

Equations of motion for electrons rotating in a constant magnetic field

205 = (1= + Re),@)-[1 -5 xp(2i6,) - [By (Z)])
: (53)

da; | dt =Re{i-J,(a;)-exp(27is;)-[Byy (Z)]} (5.4)

b

should be supplemented with two more equations that take into account the

longitudinal motion of the oscillators.

dn, | dr =2nd*Z, | dt* =Re{iR-a; - J,(a;) exp(27il;)-[By (Z)]} 55)

2ndZ; /dt =n, (5.6)

Another approach to describing the process of field generation by the same system
of oscillators in this waveguide assumes that each such oscillator emits the same wave
in both directions. Because the oscillator is capable of emitting only waves located in
the zone of transparency of the medium (or system - in this case, a waveguide). In this
case, the field of this radiation will act on all particles of the ensemble of oscillators.
In other words, all oscillators interact with each other. This mode can be considered a
superradiation mode, if, of course, the phase synchronization of the oscillators occurs
in the future.

Let us assume that there is no waveguide field, but only a superradiance field, that
is, a field that is determined only by the interaction of rotating electrons. To describe

the magnetic field of a wave, you can use the expression
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1 &
NG D aJ\(a;)exp{-27i¢ Yexp{2mi(Z-Z,} - U(Z—-Z,)+
j=1

+exp{-27i(Z—-Z,}-U(Z, - Z)].

B, (Z)=i
(5.7)

The equations of electron motion will retain the same form, but with the

replacement of the expression for the field

27[ ci,é,l = 771(1 —a) + Re{Jl (ai) [1_%] ) eXP(Zﬂ-lé/l) [BSV(ZZ)]} (58)
T 4

l
b

da; | dr =Re{i-B-J,(a;)-exp(27il;)-[B,. (Z)]} (5.9)
dn,/dr =27d*Z,/ dt* =Re{iR-a; - Jy(q;) exp(27is;) [B, (Z)]}  (5.10)
TM wave. The excitation of this wave can also be described as a mode of
generation of a waveguide field, with which all electrons rotating in the same constant
magnetic field in the same waveguide interact. And in this case, in the traditional
description, the interaction of oscillators with each other is neglected; the particles
interact only with the field of the waveguide.
Let us present the equations for two TM waves propagating in opposite
directions, the electric vector of which has a component along the direction of the
waveguide axis and for which these equations are written [6, 28, 52,53]

d

N
[E+®]Ei :%ZJl(aj)-exp(—Zm'(j127riZj) (5.11)

j=1

b

and the longitudinal electric field of the waves has the form
1
E, = E[E+ exp(27iZ;)+E_exp(—27iZ;)] (5.12)

The equations of motion can also be written for the case of excitation of the

waveguide field

2755 (1= )+ Ref-i-) (@) -exp (2, [Ey () G5.13)
dn, | dr =2rd*Z, | dt* =—Re{R-J,(a,)-exp(22{,)[Ey (Z)]} (5.14)
n, =2ndZ; /dr (5.15)
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da; / dtr =—Re{(1/a;)-J|(a;)-exp(27ig;) - [Ey (Z,)]} (5_16).
For a superradiance field, when the oscillators interact only with each other, if we
assume that there is no waveguide field, we can give the total longitudinal electric field
of the system

| , .
E_(2) :%;Jl(aj)exp{—27zl§j}[exp{2ﬂl(z_Zj}'U(Z_Zj)+ (5.17)

+exp{-27i(Z~Z;}-U(Z, - Z)]

and, accordingly, the equations of motion, taking into account a different value of the

wave field

2 ii’ =n;(1- )+ Re{-i-J|(a;) - exp(27i{;)-[E,,. (Z))]} (5.18)

b

dn, 1 dt =27d*Z, | dv* = -Re{R-J,(a;,)-expQal)E(Z)]}  (5.19)
n, =2rdZ; | dr (5.20)

da; / dr =—Re{(1/a;)-J,(a;)-exp(27il;)-[E,, (Z,)]} (5.21)

4.2. Results of simulation of generation of waveguide field

and super-radiation field of the tm wave [51]

Let's consider two generation modes. The first is the generation of a waveguide
field, under conditions where the oscillators do not interact with each other, but interact
only with the waveguide field. To do this, we use the system of equations (5.1)—(5.6).
The second case corresponds to the generation of a superradiance field, that is, the
system of equations (5.6) — (5.11). Let us compare waveguide field generation models
(5.1)(5.6). and superradiance fields (5.6)—(5.11). Note that the structure of the
waveguide field is already determined in the initial conditions. Below we will discuss
in detail the nature of the formation of the waveguide field due to the effects of
reflection from the ends of the waveguide. The following parameters were selected for

calculation. Number of particles simulating electrons of the beam N =1600, 0=1,
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R=0.05, @=0.5. At the initial moment, the dimensionless radius of rotation of the

O=L the integral phase of rotation 5,0
1;(0)=0.025

a - . .
electrons '/ is a random value in the range

(0,1), the initial longitudinal velocity is chosen such that the oscillators,
for the most part, remain in the volume of the waveguide during the characteristic time
of development of the process. At the initial moment, the particles are uniformly
distributed along the length of the waveguide. Initial conditions for the waveguide field

equation (5.2) By, =0.01, B, =0.

B, (Z2)=By,-expi{2zZ}+B_-expi{-27Z} (5.22)

Box were used to specify an additional initiating field

In addition, the same values
when calculating the superradiance field: During the calculation, particles extending
beyond the waveguide (Z>1) were replaced by new ones with coordinate Z=0, phase
and velocity as in the initial conditions. The total number of particles in the waveguide

remained unchanged. Note that if in the superradiance field formula (5.7) all particles

have an amplitude 4= : and are synchronized (for each point Z), then the theoretically

possible maximum of the superradiance field

1 X Ji() 0.325 4
B =— > 1-J()="L~% ~0.16-0
| sr |max ZNHE 1( ) 20 20 (523)
When O=1 = |By |~ 0‘16. At the initial moment, the magnitude of the

amplitude of the spontanecous field is  approximately equal to
By hana~ 0-16/N =0.16/31600 =0.004 pyy o h initinting field (and the initial

waveguide) is 2.5 times greater than the spontaneous one and 16 times less than the
“theoretically possible” one (for a larger difference between the initiating and
maximum fields, it is necessary to take a larger number of particles). To compare
models when calculating the generation of a waveguide field for a configuration of
particles formed under the influence of a waveguide field, the intrinsic field of these
particles was also estimated using formula (5.7). It is clear that this field was not taken

into account when calculating the waveguide generation model in the traditional
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description, but for evaluations such a calculated field was of interest. Similarly, when
calculating a model of superradiance generation for a configuration of particles formed
under the influence of the particles’ own field, the waveguide field of these particles
was also estimated, which in reality was not actually taken into account in this model.
The comparison results are shown in the figures below.Fig. 5.1 shows the time

dependence of the mean square of particle amplitudes

2 1 2
gy = _Zaj (5.24)
N =
] .
- .

) | av1 ]
0.8 \_— 08 | |
06 | 1 o6} |
04 | 1 o4l
02 | 1 02|

0 s - - 0 s . - -

0 50 100 150 T 0 50 100 150 200 T
a) b)

Fig. 5.1. Mean square of particle amplitudes, a — superradiance model, b —
waveguide model Source [54]

Figure 5.2 for the two models of the generation shows the time dependence of the
modulus of the waveguide field and the intrinsic field of particles (actually the
superradiance field) at the edges of the system (left — Z=0 and right — Z=1) and the
maximum value of the field modulus in the system (max). As can be seen from the
figure, the maximum of the superradiance field with the selected calculation parameters
1s 25% of the “theoretical” maximum and 4 times greater than the initiating field. From
a comparison of the two models (Fig. 5.2 a) and Fig. 5.2 b)) it follows that the
maximum of the particles’ own field is approximately one and a half times greater than
the maximum of the waveguide field. In addition, the maximum of the superradiance
field is located on the right edge of the system (Z=1), which is a consequence of the

fact that the initiating field is specified in the form of a wave traveling to the right:

B,.(Z2)=0.01-expi{27Z}.
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Fig. 5.2. Dependences on time of the modulus of the modulus field at the
edges of the system (left — Z=0 and right — Z=1) and the maximum value in the
system (max), a — superradiance model, b — waveguide model. Source [54]

In Fig. 5.3 for both models (superradiance and waveguide generation models), a

comparison is shown of the time dependence of the maximum field used in the model

with the field estimate for another model calculated for a folding configuration of

oscillators. In other words, the configuration of oscillators with their amplitudes and

phases obtained in the calculations of one model allows one to calculate the field for

another model.

Although only one of the models is actually implemented.
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max
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- =B 27
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-
0.02 L - ~Sa |
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b)
Fig. 5.3. Comparison of the time dependence of the field maximum: a)

model of superradiance, By, _ integral field of particles (used in the model), By _

estimate of the waveguide field that could exist for the same configuration of

oscillators; b) waveguide model, By _ amplitude of the waveguide field (used in

the model), By, _ estimate of the superradiance field, which could be for the

same configuration of oscillators. Source [54]

As can be seen from Fig. 5.3, in both cases the maximum of the integral particle
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field (in fact, the superradiance field) turns out to be greater than the maximum of the
waveguide field. In Fig. 5.4. for both models (superradiance and waveguide model), a
comparison is shown of the distribution along the length of the field system used in the
model with the field estimate for another model, calculated for the folding
configuration of particles. The distributions were taken at the moments when the field
maximum was reached, t=80 for the superradiance model, 1=197 for the waveguide

model.

0.04 . . . . 0.05

:
1By

0.04 L

0.03 L

0.03 |
0.02 | - - -

0.02

0.01 L B!l

0.01 L

0 f s s n (0] L L L L
0 02 0.4 0.6 0.8 z 0 02 0.4 0.6 0.8 z

a) b)
Fig. 5.4. Comparison of the field distribution along the length of the system at

the moments of maximum field: a) superradiance model, T=80, B — integral

field of oscillators (used in the model), By _ estimate of the waveguide field that
could exist for the same configuration of oscillators; b) waveguide model, =197,

By _ amplitude of the waveguide field (used in the model), By _ estimate of the
integral field of oscillators, which could be for the same configuration of
oscillators. Source [54]

Note that the amplitude of the superradiance field and the proportion of electrons
synchronized with the field increase in the longitudinal direction. That is, the advantage
of the superradiance mode is the growth of the field amplitude toward the end of the
system, which simplifies energy extraction and increases the generation efficiency.

As follows from formula (5.2), the waveguide field consists of two waves
traveling towards them with constant (at a specific moment in time) amplitudes
(actually a standing wave):

By, (Z2) =By, exp{27iZ} +By,_exp{-2riZ} (5.25)

where Bw+=0-5:B, By = O'S'B—, B.. B_ ire found from expression (5.1).
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The intrinsic field of particles (5.7) can also present in a formal way of two counter

traveling waves, but their amplitudes depend on the coordinate

B,,(Z) =B,,.(Z2)exp{27iZ} + B,,_(Z) exp{-27iZ} (5.26)
where
N N R . .
B, (Z)=i NG Zale(aj)exp{—zmgj —27iZ;}-U(Z-Z))
J=1 (5.27)
N
B, (2)=i—— ; a;J\(a;)exp{=27il , +2miZ }-U(Z; - Z)

(5.28)

In Fig. 5.5 and fig. 5.6. For both models (superradiation and waveguide generation
model), a comparison is shown of the distribution along the length of the system of
traveling field components used in the model with the assessment of these components
for another model, calculated for the folding configuration of particles. The
distributions were taken at the moments when the field maximum was reached, T = 80

for the superradiance model, T = 197 for the waveguide model.

004

0.04 L

003 L
0.03 L

002 fm om om o om omm o o o o = o=
0.02 F

001 L 0.01 L

0 L L L L 0 L L L L
0 0.2 0.4 0.6 0.8 z 0 0.2 0.4 0.6 0.8 z

a) b)
Fig. 5.5. Comparison of field components running in a positive direction along
the length of the system at moments of field maximum: a) superradiance model,

1=80, BS” *— for the oscillator field (used in the model), By, _ estimate for the

waveguide field, which could be for the same configuration of oscillators; b)
waveguide model, =197, By, _ for the waveguide field (used in the model),

sr+ — assessment of the oscillator field, which could be for the same
configuration of oscillators. Source [54]
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Fig. 5.6. Comparison of field components running in a negative direction along

the length of the system at moments of field maximum: a) superradiance model,

=80, By for the particle field (used in the model), By _ estimate for the

B

waveguide field. b) waveguide model, 7=197, ~7-— for the waveguide field (used

in the model), By _ assessment of the oscillator field, which could be for the

same configuration of oscillators. Source [54]

Figure 5.7 shows the distribution along the length of the system of particle

velocities at the moments when the field reaches its maximum.

004 |
003 |
002 L

001 L

0 02 0.4 0.6 08 z

Fig. 5.7. Distribution of the longitudinal velocity of particles along the length of
the waveguide: a — superradiance model, 7=80; b — waveguide model, T=197.

Source [54]

Thus, the component of the integral field of oscillators (actually the superradiance

field) running in the positive direction increases towards the end of the system. The
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component of the integral field of the oscillators running in the negative direction ;
much smaller than the component of the field running in the positive direction and
remained practically at the level of spontaneous emission. This predominance of one
direction is apparently a consequence of the openness of the system, the absence of
reflection of part of the field at the edge. Fig. 5.8 compares the time dependences of

the total field energy in the resonator volume for two models, calculated using the
formulas (5.29).

1 1
B.|=[1By(2)[" dZ, |Bl|={|B.(2)] dz (5.29)
0 0

6 X , a

0 50 100 150 200 T

b)
Fig. 5.8. Comparison of the time dependence of the total field energy in the

2
. B :
resonator volume:a) superradiance model, | B, |— energy density of the

2
oscillator field (used in the model), By |_ estimate for the waveguide field,
which could be for the same configuration of oscillators; b) waveguide model,
| Bjy | : : : B, |
— the energy density of the waveguide field (used in the model),— '~ ' an
estimate of the energy density of the oscillator field, which could be for the same

configuration of oscillators Source [54]

The maximum summary energy density of the particle’s own field (dotted line in
Fig. 5.8 a)) is approximately equal to the maximum energy of the waveguide field
(solid line in Fig. 5.8.b)), but, as noted above, at the right end of the waveguide Z = 1
the particle’s own field more than the waveguide (obviously when generating a field

traveling in the positive direction).
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Note that the relationships between the amplitudes and energies in the two modg
were determined by the choice of the shape of the resonator field and could be different
for a different shape of the resonator field.

On taking into account the effect of negative mass. Similar calculations were
performed at o=1.5. In Fig. 5.9 and fig. Fig. 5.10 shows the distributions of the field
and particle velocities at the moment of maximum field in the volume of the waveguide
for the superradiance model. The field maximum occurs a little later: t=80 at 0=0.5
and =107 at a=1.5.

A comparison of the field amplitude distribution along the length of the
waveguide at the moments when the maximum is reached (Fig. 5.9 and Fig. 5.4.a)
shows a tendency towards greater field uniformity with increasing a. Comparison of
Fig. 5.10 with Fig. 5.7a shows that the effect of negative mass changes the nature of
the grouping of particles.

0.025 . . . . 7

0.02 | 0.04 L

0.015 | 0.03 |

0.02 |

0.01 L

0 . . 1 1 0 | | )
0 0.2 0.4 0.6 0.8 z 0 0.2 04 0.6 0.8 Z

Fig.5.9. Field amplitude distribution Fig.5.10. Distribution of velocities of

along the waveguide length at T =107 particle-oscillators along the length of

and a =1.5 (superradiance model) the waveguide at T=107 and o=1.5
(superradiance model). Source [54]

Simulation of TE wave generation in a cylindrical waveguide shows that for a
short open system the field inhomogeneity along the length of the waveguide is
significantly manifested. Therefore, for modeling pulsed processes in such systems,
the superradiance model, which uses the integral intrinsic field of model particles, is

perhaps more adequate.
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4.3. About the generation of tm waves in a waveguide [52].

Let us consider and compare the generation models of the waveguide field (5.11)—
(5.16) and the superradiance field (5.17)—(5.29). The following parameters were

selected for calculation. The number of particles simulating beam electrons

N=2500, =1, R=0.05. The parameter o was set equal to 0.5 and 1.5. This
parameter determines the electron dynamics. If this value is greater than unity, this
leads to a negative mass effect and a change in the particle grouping mechanism [34].

At the initial moment, the dimensionless radius of rotation of the electrons

a;(0)=1, the integral phase of rotation is a random value 579 in the range (0,1), the

(0)=0.025 that the oscillators, for the

initial longitudinal velocity is chosen such 1)
most part, remain in the volume of the waveguide during the characteristic time of the
process development. At the initial moment the particles are uniformly distributed
along the length of the waveguide. Initial conditions for the waveguide field equation

Egy = £y =0.001 1 addition, the same values Lo were used to specify an additional

initiating field when calculating the superradiance field:

E,(Z)=E,, -expi{l2nZ}+E,_ 'expz{—ZﬂZ}, (5.30)
0.06 , . 008
—=T e —— A
- amE" I’ \‘ 006 || om R \
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Fig.5.11. Time dependence of the maximum field in the volume of the waveguide

at 0=0.5: a — model of superradiance; b — waveguide model. Source [54]

Figure 5.11.a shows the dependence of the maximum field in the volume of the

waveguide for the superradiance model. The particles moved under the influence of
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their own field, which was calculated using formula (5.17). The model corresponds to

the integral field of particles E g max (solid line), but at the same time the waveguide

max

field v is estimated for the current values of amplitudes and phases of particles
(dashed-dotted line). As can be seen from the figure, the maximum of the particles'
own integral field always exceeds the maximum of the waveguide field. Figure 5.11.b

similarly shows the dependence of the maximum field in the volume of the waveguide

m

for the waveguide model Ev™ The particles moved under the influence of a waveguide

field E$ax. The model corresponds to a waveguide field (solid line) EIVIVlaX, but at the

same time the integral field of particles is estimated for the current values of amplitudes

and phases of particles E g max (dashed-dotted line). Again, the maximum of the
particles' own integral field exceeds the maximum of the waveguide field. Figure 5.12
shows the distributions of the amplitude modulus of the model field and estimates from
an alternative model at the moments when the field reaches its maximum value

(maximum moments in Fig. 5.11).

0.06

0.06 |

0.04 L
0.04 L

0.02 L

0.02 L

b)
Fig.5.12.Distribution of field amplitude along the length of the waveguide at

0=0.5: a — superradiance model, T =110; b — waveguide model, T =400.

Source [54]

As can be seen in the figures, the intrinsic field of the particles is very
inhomogeneous along the length of the waveguide, while the waveguide field is an
almost constant value and is represented to some extent as the average value of the

field in the volume of the waveguide. Figure 5.13 shows the distribution of particle
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velocities along the waveguide at these moments.

n
0.04 |

0 0.2 0.4 0.6 0.8 z

Fig.5.13. Distribution of particle velocities along the length of the waveguide at
0=0.5: a — superradiance model, T =110; b — waveguide model, T =400.
Source [54]

From Figure 5.13 it is clear that in the superradiance model, in contrast to the
waveguide model, a significant effect on the parameters of the oscillators occurs only
at a distance of approximately half the wavelength from the right end of the waveguide.
This is due to the obviously uneven distribution of the field along the length of the
waveguide (Fig. 5.12.a).

Similar calculations were performed at o=1.5. In Fig. 5.14 and fig. Figure 5.15
shows the distributions of the field and particle velocities at the moment of maximum
field in the volume of the waveguide for the superradiance model. Comparison of Fig.
5.14 from fig. 5.12.a and especially Fig. 5.15 with Fig. 5.13a shows that the effect of

negative mass significantly changes the nature of the grouping of particles.

1

0.04 L

0.04 L

0.03 L

0.03 L |

0.02
0.02 |

0.01
0.01

0

0 0.2 0.4 0.6 0.8 Y4

Fig.5.14. Field amplitude distribution  Fig.5.15. Distribution of velocities of
along the length of the waveguide at  particle-oscillators along the length of
=150 and o =1.5 the waveguide at =150 and 0=1.5

(superradiance model) (superradiance model). Source [54]
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Thus, modeling of TM wave generation in a cylindrical waveguide showed th;
for a completely open system, the field inhomogeneity along the length of the
waveguide is significantly manifested. Therefore, for modeling processes in such
systems, the superradiance model, which uses the own field of model particles, is more
adequate. Let us recall that a similar approach to describing the generation of TE waves
in an open waveguide - a gyrotron in the superradiance mode was proposed by A.G.
Zagorodny and P.I. Fomin [39]. It was in this device that the influence of boundary
conditions was weakened. In addition, generation was realized near the cutoff
frequency of a circular waveguide, where the group velocity of the wave was very low
and synchronized with the drift speed of particles oscillating in the magnetic field of

electrons®.
4.4. Formation of a wave guide field due to reflection effects [54]

In the absence of field reflection from the boundaries of the waveguide when the
excitation threshold is exceeded, we can assume that only the superradiance regime,
studied in detail above, is realized. The presence of reflection at the ends of the
waveguide leads to the appearance of reflected waves and the formation of a standing
wave, which is actually a waveguide mode. Earlier, in the previous sections of this
chapter, the generation of the waveguide field was quite artificial. The shape of this
field was specified by the initial conditions and, in addition, the interaction of particles
(electrons oscillating in the magnetic field) in the active zone occurred only with this
waveguide mode. In this case, the particles did not interact with each other. Such
discrimination of the interaction of system particles with each other prevented the
formation of a total field of particles in the system—superradiance in the generation
description models used.

In reality, each particle, an electron (oscillator) rotating in a magnetic field, emits

waves that are transparent to the waveguide and which propagate in two directions.

* We also note the use of a corrugated central rod for mode selection, which, however, has virtually
no effect on the nature of the excitation of oscillations.
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Thus, first the total field of radiating particles is formed, essentially a superradianc;
field. his is easy to understand if we first assume that there is no reflection at all from
the ends of the waveguide. Moreover, it is important to note that in the superradiation
field it is difficult to identify integral waves that propagate in the volume of the
waveguide in two directions and form a standing wave—the waveguide field. Only
later, due to the effects of multiple reflection of the field, can such two integral waves
traveling in two directions be formed.

The traditional description of the process of excitation of the resonator
waveguide field (under conditions of its formation due to reflection from the
boundaries-ends of the waveguide) assumes that the interaction of particles with each
other in the active zone is neglected. The particles interact only with the waveguide
field. The equations for the longitudinal component of the magnetic field,
electromagnetic waves propagating in both directions (the interference of which is the
resonator waveguide field) [11-13] have the form (5.1) and (5.2), With a sufficiently
significant reflection coefficient, the amplitudes of these waves are approximately

equal, so the resonator field is a standing wave.
The summary radiation field of all particles By (%) is found according to formula

(5.7). Particles move along the waveguide with a speed i (7) that is found from (5.10).

When particles are removed outside the resonator (0<Z<1), they are replaced by new

ones with an initial coordinate Z=0, an initial velocity 70, an initial amplitude %, and a
random random phase. It is important to note that if the noise level is low, the initial
amplitudes of the oscillators - the radii of the rotating electrons - are the same, due to
synchronization we have a fairly significant superradiance field (similar to that
considered in the fourth section), which at the initial stage of the process creates
reflected waves, which form the resonant field of the waveguide.

Obviously, the waveguide field, subject to noticeable reflection, will have the

form

B, (Z,7) =B, (r)e*™ +B_(r)e ™ (5.30)

Thus, the total field in the waveguide can be represented as ,
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B(Z,7) =B, (0)e’™ +B_(r)e ™ +B,,(Z,7) (5.31)

Here is the summary radiation field of the oscillators Bs(£:7) (5.7), the field

B+ (T)eZHiZ B_ (z_)e—ZmZ

reflected from the left end: , reflected from the right end: Ctis
this total field (5.31) that acts on the particles. To find the amplitudes of two differently
directed waves, we will follow the following simplified procedure. The amplitudes of
the reflcted waves are found from the conditions of reflection at the ends of the
waveguide based on the condition for the amplitudes on the left (Z=0) and right (Z=1)

. . . B /B _ = —7; .
sides of the incident and reflected wave: e lz=01 Lr T T reflection

coefficients at the left and right ends.
The total radiation field of particles at the ends of the system is obtained from

(5.7)

N
B,.(Z=0)=i ! > aJi(a;)exp{-27i¢ ;}exp{2niZ ;}
N0 (532)
1 & . .
B, (Z=1)=i NG ;ale (a;)exp{-27iC ;}exp{-27iZ ;}

(5.33)
Let's consider the fields at the ends of the resonator Z=0 and Z=1. The field

B_(r)e ™ |,_, +B

incident on the Z=0 end is equal to o (Z=0.7) e reflected field

B, (r)e*™ B, (r)e*™ |,_ +B,.(Z =1,7)

is equal to z-0. Similarly for Z=1: incident

B_(7)e*™* |,

field, reflected field - . From here we obtain equations for the

amplitudes of reflected waves

B, () =-7(B_(r)+B,.(Z=0,7)) (5.34)

B_(r)=-7,(B,(7)+B,.(Z =17)) (5.35)

where 1" are the reflection coefficients, respectively, at the ends Z=0 and Z=1.
Solving system (5.34-5.35), we obtain the values of the amplitudes of the waves

that make up the standing wave
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B _r](rrBSV(Z=1,T)—BSF(Z=O,T)) B _rr(r,Bsr(ZzO,T)—Bsr(Z=1,2'))
" (=1-1,) C (A=r-1)

(5.36)

Equations (5.36) are obtained under the condition that the influence of particles

in the volume on the reflected waves, the sum of which is the waveguide field, is not

taken into account. If the influence of particles-electrons in the waveguide volume on

the reflected waves is taken into account, then in expressions (5.36) the following
substitutions should be made:

B, (Z=17)> B, (Z=17)+0.5B,,, B (Z=0,1)—B(Z=0,r)+0.5B

and "&T (5.37)

. N

l '

B,,.= Y a;-Jy(a;)-exp(-2mil; F2miZ ;)

where at |0B,01/ 07 [<< 0| B, | , 2Ne- o / / /
,see (5.1).

Numerical modeling of the formation of a resonator field. Influence of

oscillator speed and reflection coefficients. The waveguide contains a given number
of particles simulating the ensemble of electrons - N. At the initial moment, all particles
have a given amplitude, speed and random phase. Instead of particles leaving the
waveguide, particles are injected at the beginning of the waveguide in such a way that

their total number in the waveguide remains constant.

0.035

:
0.03 L 4

0.025 L

0.02 |

0.015 |

Fig.5.16. Time dependence of the particle field maximum for each moment

rp =0, r,=0

of time at zero reflection coefficients "L Source [54].

The amplitude, speed and phase of the new (replacement) particles are the same

as those of the particles at the initial moment: N =500, &=,

=05, a,=1, k=01 r =1 Constant parameters were used in the calculations (total
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reflection at the left edge).It is worth noting that in the absence of reflection there is r;
wave field; only the presence of reflection effects allows the formation of a waveguide
field.-Phase synchronization and formation of noticeable coherence of radiation of an
ensemble of particles in the active zone of an open waveguide with a large dispersion
(scattering) of the initial amplitudes of the oscillators (here these are the Larmor
rotation radii of the electrons) generally requires an initiating external field and noise
attenuation [49] to accelerate the generation process. It turned out that in the absence
of a spread of the initial amplitudes of the oscillators, an external field is not required,
the development of the generation process (see Fig. 5.16) occurs noticeably faster (a
similar phenomenon was discussed in Section 3, where Fig. 3.2a and 3.2c show the
influence of the dispersion of the initial velocities on the generation process). Under
the considered conditions, the proper field of the particles-rotating electrons turns out
to be large enough and can effectively form reflected waves of noticeable amplitude
due to reflection from the ends. Reflection from the ends of the resonator gives rise to
reflected waves traveling in the opposite direction. Reflected waves can be formed due
to field reflections from the ends according to (5.36). But generally speaking, these
waves can change when passing through the active zone under the influence of the
fields of moving oscillators in the volume of the active zone. Therefore, it is useful to
take into account the effect of oscillators in the active zone on these reflected waves.
And then the resonator field will consist of two waves traveling in different directions,
where the amplitude of the reflected waves at the boundary is supplemented by a term
that qualitatively takes into account the effect of oscillators in the resonator volume on
these waves (see the corrections (5.36)).

Below, two mechanisms for the formation of reflected waves that make up the
waveguide field are considered. The first is only due to reflections from the ends of the
waveguide according to (5.36) and the second, where the effect of particles in the
volume of the active zone on the reflected waves is additionally taken into account,
that is, taking into account the corrections after formula (5.36).

After a certain period of establishing generation in the waveguide, a quasi-

stationary regime is formed. Therefore, after this mode is established, the values of the
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squares of the resonator waveguide field and the total particle field, averaged over the

waveguide volume and time, as well as their ratio K, are calculated.
Esr2 =< (Esr2 av >t’ sz =< (sz)av >t’ K = sz/Eer
In Fig. 5.17, the boundaries between the generation modes are shown depending

on the parameters changed in the calculations: the injection rate and the reflection

coefficient at the right edge of the waveguide.

.l"ﬁ. ’_,——"' - ..--""'""_'_'_-
0.1 -

0,2 /

0.3 .’I / /
E II, / >

0,4 i

0,5 ,u"/

a 0,02 0,04 0,06 n

0.6

Fig. 5.17. The boundaries of the generation modes in the case of correction of
reflected waves, according to the conditions of the influence of particles on
reflected waves (3.57) (black line), the blue line indicates the boundary of the
regions in the absence of such accounting, according to calculations (3.56).

Source is an authoring.

L L L
200 300 400 500 600 700

Fig.5.18. Time dependence of the averaged over the waveguide volume squares
of the particle field (dotted line) and the resonator waveguide field (solid line) in

mode 1 ( 70 = 002,77 =0.2

influence of particles in the waveguide volume on the reflected waves, according
to conditions (5.37). Thin lines are the particle field and the reflected field in the
absence of such an influence of particles in the volume on the reflected waves

) thick lines in the case of taking into account the

according to conditions (5.36). Source is an authoring.
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The dotted lines correspond to the boundary of the regions in the case when tlg
average particle velocity in the waveguide volume is used, rather than the initial
velocity of the injected particles. In region 1, the generation of the intrinsic particle
field dominates (in fact, the superradiance mode), in region 2, the generation of the
resonator waveguide field of the traditional type, caused by reflection processes from
the ends. In the developed mode 1 - dominance of superradiance - the intensity of the
total particle field exceeds the intensity of the resonator waveguide field.

A decrease in the drift velocity of electrons along the system in developed

generation modes is characteristic. For mode 1 - superradiation:

T)av

0.02

0.015 L

0.01 L

0.005 L

o L

-0.005

L L L
[0} 200 400 600 P

Fig. 5.19. Time dependence of the average particle velocity over the waveguide

0.02, 7z =0.2 ) the bold line in the case of taking into

account the influence of particles in the waveguide volume on the reflected

volume in mode 1 ( 70 =

waves, according to conditions (5.37). The thin line - in the absence of such a
provision, according to conditions (5.36). Source is an authoring.

We can give the form of the fields for this mode. It is seen that the resonant
waveguide field retains the sinusoidal shape of the standing wave, the resonant
waveguide field increases towards the left end of the system. The resonator waveguide
field in this mode is less than the total particle field, the attenuation coefficient is
K =032

In the mode of traditional waveguide generation 2, the radiation field of particles
changes weakly in relation to the field of the same type in the superradiance model.
However, due to the increase in reflection and acceleration of injection, the amplitudes

of the resonator waveguide field increase noticeably.
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Fig. 5.20. Distributions along the waveguide length of the amplitude moduli
of the total field, particle field and waveguide field in mode 1 at the moment
7=800 for the parameters’ = 0927z =02 jp the case of the influence of particles
in the waveguide volume on the reflected waves, according to conditions (5.37).

Source is an authoring.

Fig. 5.21. Time dependence of the averaged over the waveguide volume
squares of the particle field (dotted line) and the waveguide field (solid line) in

the waveguide generation mode 2 ( 70 =0.06, 7z =0.2 ), thick lines in the case

of the influence of particles in the waveguide volume on the reflected waves,
according to conditions (5.37). Thin lines are the particle field and the reflected
field in the absence of such influence according to conditions (5.36). Source is an

authoring.

In the waveguide generation mode, i.e. in mode 2, the initial longitudinal velocity

of the electrons also decreases noticeably.
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Fig. 5.22. Time dependence of the average particle velocity over the

waveguide volume in mode 2 ( 70 = 9067z =0.6) the bold line in the case of taking
into account the influence of particles on reflected waves, according to
conditions (5.37). The thin line - in the absence of such influence, according to
conditions (5.36). Source is an authoring.

The waveguide-resonator field in this case is greater than the total particle field,

the excess factor is K =2.77

Fig. 5.23. Distributions along the length of the waveguide of the amplitude
moduli of the total field, particle field and waveguide field in mode 2 at the

Mg = 0.06, 7z = 0.6 in the case of the influence

moment =800 for the parameters
of particles in the waveguide volume on the reflected waves, according to

conditions (5.37). Source is an authoring.
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CONCLUSION

The work discusses various manifestations of spontaneous emission,
superradiation and stimulated emission and their competition. The introduction
presents problems associated with competition between different types of radiation that
have the same energy source. The second section of the work examines the competition
between spontaneous and induced radiation, which manifests itself especially clearly
in the surrounding outer space. At a low radiation density and at a close to zero
population inversion of the energy levels of excited atoms and molecules of a
substance, the generation of characteristic triangular pulses of stimulated radiation is
possible, which manifest themselves noticeably against the background of spontaneous
radiation from sources. For example, in interstellar space the intensity of such pulses
may be comparable or even exceed the intensity of the mostly spontaneous radiation
of stars. Based on these ideas, a model is proposed to describe the periodic change in
the luminosity of Cepheid stars. The features of this model are the formation of pulses
of a characteristic type and the clear periodicity of their appearance characteristic of
quantum systems. In laboratory conditions, levels of spontaneous emission are usually
much lower than levels of stimulated emission, although spontaneous effects are quite
capable of manifesting themselves.

Much attention is paid in the third section to the comparison in open systems of
microwave electronics of the generation modes of resonator (waveguide) radiation and
generation modes under superradiance conditions. In the first case of the traditional
description of generation, emitters or oscillators in the active zone interact only with
the field of the resonator or waveguide. Their interaction with each other directly is
ignored in traditional electronics models. As shown in this work, in vain. A connection
is presented between an ensemble of electrons rotating in a constant magnetic field,
which excite TE and TM cyclotron electromagnetic oscillations of the waveguide, and
a system of nonlinear oscillators. In the superradiance regime, which is genetically
close to the nature of spontaneous emission, it is the interaction of emitters and

oscillators in completely open systems that is dominant. As a result of this interaction,

MONOGRAPH 94 ISBN 978-3-98924-100-8



Scientific thought development ‘ 2025 Part 4 %
the effect of synchronization of emitters and oscillators and the appearance of inten;
coherent radiation in both classical and quantum systems arises. The similarity of the
dynamics of dissipative generation modes caused by the removal of energy from the
system and the development of superradiance modes in the same system of oscillators
is shown. In this case, for the same ensembles of oscillators, the characteristic time of
field rise in these two cases 1s almost the same, as are the achieved maximum field
amplitudes.

The fourth section discusses the influence of various types of pumping on the
nature of lasing in the superradiance regime in completely open resonators. For a
system of nonlinear oscillators, constant pumping modes are considered and the RF
field pressure, which causes the movement of the oscillators, is taken into account. The
nature of the formation of the resonator field due to particle injection and reflection
effects from the ends of the system is also discussed.

In the fifth section, the conditions for the generation of TE and TM cyclotron
waves in a magnetoactive waveguide by an electron flow, the rotation speed in the
cross-sectional plane of which significantly exceeds the longitudinal speed of
movement, are studied in detail. The modes of traditional excitation of oscillations are
discussed, when oscillators - rotating electrons interact only with the field of the
waveguide. Superradiance regimes when their interaction is decisive are also
considered. Of greatest interest are the studied conditions for the generation of
superradiance and the formation of a waveguide field when taking into account the
injection of particles and reflections from the ends of the system.

In different generation modes, as shown in this work, both the waveguide field,
determined by the geometry of the system, and the field of the total radiation of system
particles, that is, the superradiance field, can dominate. A similar flexible approach to
describing the generation of an open system—gyrotron, in particular in the
superradiance regime, was proposed by A.G. Zagorodny and P.I. Fomin [39]. This
review shows that in the absence of field reflection from the ends of the system, the
formation of a waveguide field does not occur. In the volume of the active zone, only

the total field of oscillating electron-oscillators appears. When taking into account the
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effects of reflection and additional particle injection, a waveguide field appears. X
further increase in the reflection of fields from the ends increases the amplitude of the
reflected waves, which form a waveguide field in the form of a standing wave. At the
same time, the amplitude of the own fields (essentially, the superradiance field)
remains practically unchanged.

The resonator field can be supported by particles in the waveguide volume, or it
can be formed only due to reflection effects. It is important to note that the zones of
dominance of superradiation and traditional resonator generation are always formed
under different conditions of energy exchange between reflected waves and oscillators
in the waveguide volume. Note that even with a decrease in the direct effect of
oscillators in the volume on reflected waves, which meets conditions (5.36), the zones
of different types of generation shift slightly. This is due to the presence of a total field
of oscillators, which is capable of acting as an intermediary between the oscillators in
the active zone and the waves reflected from the ends of the resonator, forming the
waveguide resonator field. It is noted that the amplitudes of the eigenfields of electron
oscillators in different modes differ slightly.

The authors express their gratitude to prof. V. A. Buts and as. prof. A. V. Kirichok,

who greatly contributed to the formation of the main ideas presented in this work.
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