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The paper considers the development of the process of superradiance of radiating oscillators interacting with each other by means of
an electromagnetic field. The interaction of oscillators occurs both with the nearest neighbors and with all other oscillators in the
system. In this case, the possibility of longitudinal motion of oscillators along the system, due to the action of the Lorentz force, is
taken into account. It is shown that, regardless of the motion of the oscillators, for example, due to their different masses, the maximum
attainable amplitude of the generation field changes little. However, the radiation efficiency depends on how this field is distributed in
the longitudinal direction. In the case of a shift of the field maximum towards the ends of the system, the radiation efficiency can
noticeably increase. In addition, the direction of the phase velocity of the external initiating field is important, which accelerates the
process of phase synchronization of the oscillators. This can also affect the ejection of particles outside the initial region, and here the
total number of ejected particles and their speed turn out to be important. It is discussed how the density of oscillators and the size of
the region occupied by oscillators will change.

Keywords: Superradiance of moving oscillators, shift of the field maximum in the volume, change in the density of oscillators.
PACS: 03.65.Sq

Interest in the processes of generation of oscillations in superradiance regimes began with the well-known work of
R.N. Dicke [1]. Superradiance is usually realized in open systems, when high-frequency energy is removed from the
system. To a certain extent, this energy output can be equivalent to dissipative processes of a distributed type.

Previously, dissipative regimes of excitation or generation of an electromagnetic wave in open waveguide resonator
systems such as a traveling wave lamp traditionally corresponded to the case of the interaction of the waveguide
electromagnetic field with emitter particles, most often with moving beam electrons (see, for example, [2]). Since the
system is open, the field leaves the waveguide, which for short systems is equivalent to losses or dissipative processes of
a distributed type. The field damping decrement in such a waveguide or resonator without emitters or oscillators for such
generation or amplification modes may be greater than the development increment of the generation process in the
presence of these active elements [3—5]. In particular, one could consider the case of the interaction of a system of fixed
oscillators with the field of an open resonator. In this case, the oscillators did not interact directly with each other, but
only through the resonator field common to the system. The superradiance regime (see, for example, [1, 6, 7]), on the
contrary, ensured precisely the interaction of oscillators with each other both with their nearest neighbours and with all
other oscillators in the system. Moreover, due to sufficiently large distances between the particles, the interaction between
them occurs only due to their own electromagnetic fields. The mechanism of phase synchronization of the radiation of
such oscillators was discussed in [8—10].

Attempts to discover the similarity between dissipative instability regimes and superradiance in open systems began
to be undertaken in [11, 12]. It is remarkable that the systems of equations describing the interaction of electron beams
rotating in a magnetic field with the fields of a waveguide at cyclotron resonances, when simplified, were reduced to the
descriptions of the interaction of oscillators considered in the above papers [13]. This circumstance indicated the existence
of a common phase synchronization mechanism for all these cases. A detailed comparison was made of the dissipative
mode of field generation in an open system, a resonator, with the superradiance mode in the same resonator uniformly
filled with immobile excited oscillators. The analysis showed that the increments of the processes and the maximum
achievable amplitudes of the field of these two regimes practically coincide [14].

If this resonator is filled with an active medium, a dissipative excitation regime is also possible, in which quantum
oscillators interact only with the resonator field, and there is no direct interaction between them. The regime of
superradiance in the same resonator, when quantum oscillators interact only with each other, is also discussed. It is
important to note that at a relatively low density of oscillators, their wave functions do not overlap [15]; therefore, they
can affect each other only by their own radiation fields. And here the increments of the processes and the maximum
achievable amplitudes of the field of these two regimes practically coincide [16].

In this paper, we consider the behavior of a system of oscillators similar to the case studied earlier [14], but we take
into account the possibility of longitudinal motion of oscillators along the resonator due to the action of the Lorentz force.
We will be interested in how the maximum achievable amplitude of the generation field will change, how this field will
be distributed in the longitudinal direction, how the density of oscillators and the size of the region occupied by oscillators
will change.
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SYSTEM OF EQUATIONS TAKING INTO ACCOUNT THE MOTION OF OSCILLATORS
The paper [14] gives equations for slowly changing the amplitude of oscillators and their total field in the case when
the oscillators are stationary. Let us consider a system of oscillators [14], but take into account that the electric field

Ex(z,t), which arises when the oscillators oscillate, leads to the appearance of a magnetic field H, (z.1). (Al

designations correspond to [14]). As a result, the Lorentz force F, acts on the oscillator, moving the oscillators along the
longitudinal axis of the system:
OE, _ 10H, iw ¢ OE, v

——x =—H,6 H = , F=—e+H . )
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The electric field of the oscillator (electron) at a point is equal to

E =2r-e A o ¢ e’i”’(eik(z'z°)- 0(z—z,)+e " 9(20—2)):27z~ e A w- e MR

Therefore, the magnetic field of this oscillator is

H, :%88% =27 e A - w-c' e (eik(z’z°)~ 0(z—z,)—e ™. «9(20—2)),

and for the system of oscillators, we obtain the magnetic field of the system
2 e-w- M .1 . e
Hy(z’t):&_ e—z(ut . _iAv (ezk(z—zd) . Q(Z_Z_y)—eﬂk(_ Z) | H(ZS—Z)),
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and the force acting on the oscillator at the point
2 2 * l ik(zj —zy) *ik(Zj*Z‘)
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In contrast to [14], the coordinates of the oscillators change. The equations of motion of oscillators under the action
of force (2) have the form

de- c et kz‘ M * 1 ik(z;—z, —ik(z;~z

dtj :_MTR{ A NZ:AS(ek(/ . H(ZJ—ZS)—e ke H(ZS—ZJ))}, 3
iy o
dt

Equation (3-4), together with the equation for changing the amplitude of the oscillator ([14], equation (19))
constitutes our system of equations.
In dimensionless form, the system takes the form

dav,, 4o « 1 1272, ~Z; ;

“ Ly ™)
dr 2z 27

here y=y;/58,=ne’M /me; E=eE/mwya,, A=Alay; kz=27Z; c=yt; 7, =nenlm=w, /4,

a =3kja;w /4y, f=m/m , M =b-n,, b -is the length of the considered space in the longitudinal direction, 7, is
the density of particles per unit volume, m, m, - are the masses of the electron and the oscillator, respectively, EO is the

amplitude of the external field traveling in the positive direction of the Z axis.
The intensity of the electric field of oscillator radiation in dimensionless units is written by the expression

E.(Z,7)= %2& expli2n|Z-Z, |} . )
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RESULTS OF NUMERICAL CALCULATIONS
In the article [14], the calculations were carried out with the number of particles N=3600 in the case of motionless
oscillators. For system (5-8) similar calculations were carried out (£ =0, fixed oscillators) at N=3600, N=10000,
N=20000. The results practically did not differ, therefore, all further calculations were carried out at N=10000.
The following options are selected. The number of particles N =10000, « =1, the amplitude of the additional external
field that initiates the superradiance process, Eq=0.02. At the initial moment of time, the oscillators are uniformly
distributed along the system, their velocities are equal to zero V,(0) =0, the amplitude modules of the oscillators are

equal to unity |A (0)| =1, their phases y . have random values in the range (—7, 7 ) , additional external field that initiates
j j g

the process of superradiance E¢=0.02.

The parameter f (the ratio of the mass of the charge to the mass of the oscillator) took the values 0, 0.1, 0.5, 1. Larger
values of the parameter B correspond to lighter and more mobile oscillators.

Figure 1(a,b,c,d) shows the time dependence of the modulus of the maximum value of the field in the system and
the field at the edges of the system (Z=0 and Z=1) and for different values of the parameter .
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Figure 1. Dependence of the field modulus in different parts of the system on time t
1- max|E |, 2 [E.(Z=1)],3- [E.(Z=0)|

As can be seen from these figures, taking into account the motion of oscillators does not affect the maximum field
strength in the system. At =0 (the oscillators are immobile) and at =0.1 (massive and slow-moving oscillators), the field
maximum is observed inside the system, which was observed in [14]. But at f=0.5 and =1, the field maximum is observed
at the end at the end of the system (Z=1).

Since the energy output from the system is determined by the value of the field at the ends, in the case when the
maximum amplitude is reached at the end, the radiation efficiency is the highest. The change in efficiency can be estimated
from the ratio of the squares of the field amplitude at the end to the corresponding value at the maximum. At =0 and
=0.1 this ratio is equal to 0.66, at f=0.5 and =1 this ratio is obviously equal to 1.
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Figure 2. Distribution in space of velocities V of oscillators
at p=1 at the moment 1=12.

Figure 3. Oscillator amplitude distribution |E| in space
at B=1 at the moment t=12.
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Figures 2 and 3 show the spatial distribution of velocities and amplitude modules for all particles at f=1 at the
moment of reaching the field maximum t=12.

As can be seen from the figures, the particles exit from both ends, and particles fly out to a greater distance in the
direction 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 compactly. By the time the field reaches its maximum, =12, the coordinate Z<0 for 15% of the particles
and Z>1 for 10% of the 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 oscillators and its shift.

Figures 4 and 5 show the time dynamics of particle expansion.
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Figure 4. Time dependence of the fraction of particles emitted Figure 5. Time dependence of the fraction of particles
through the ends of the system, 1- departure through the in the first half of the system (Z<0.5).
beginning of the system (Z<0), 2- departure through the end of
the system (Z>1)

It follows from the figures that up to the moment t=8, the fraction of particles in the first half of the system decreases
(Fig. 5) and a greater number of particles leave through the end of the system, the particles move as a whole in the
direction of the external field. But from the moment t=8 the dynamics becomes opposite, the system of particles,
continuing to expand, shifts to the beginning against the direction of the external field.

It is important to note that, in the units under consideration, the average spontaneous emission amplitude of 10,000
oscillators is approximately equal to 0.01. On the other hand, the maximum amplitude of the induced emission of these
oscillators, whose phases would be completely correlated, would reach unity.

Therefore, the amplitude of the initiating field is only twice the level of spontaneous emission (E0=0.02). The
achieved field amplitude in the system is approximately 0.5.

In other words, the energy density of the initiating field is four times greater than the corresponding spontaneous
emission level of oscillators with a random phase distribution. The achieved level of radiation, in turn, is four times less
than the maximum value of the energy density of all these oscillators, if their phases were completely correlated.
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HAJIBUITPOMIHIOBAHHSA PYXOMUX OCHUJIATOPIB
Hoxkaonchkuii €.B., Torkan C.O.
Xapxiecvruil Hayionansrutl ynieepcumem imeni B.H. Kapaszina, Xapxis, Ykpaina
Csob00u na. 4, Xapxis, Yrpaina, 61022

Y poGOTi pO3TIISTHYTO PO3BUTOK MPOIECY HAJABUIPOMIHIOBAHHS OCIIJISATOPIB, IO B3aEMOJIIOTH 32 JOMIOMOTOI0 €1eKTPOMArHiTHOTO
TI0JIs MK c00010. B3aeMopist ocIiMIATOpiB BiNOYBAETHCS K 3 HAHOIIDKIIMU CyCiTaMH, TaK i 3 yciMa IHIIMMH OCIIIIITOPAMH B CHCTEMI.
IIpn npoMy BpaxoBaHO MOXIIMBICTH IIO3OBXHBOTO PYyXy OCHHJISATOPIB B3IOBXK CHCTEMH, 3yMOBIEHOro xi€io cuian JlopeHma.
[NokazaHo, 10 HE3aJEXHO BiJl PyXy OCLMJIATOPIB, HAIIPUKIAJ, Yepe3 iXHIO pi3Hy Macy, MaKCHMaJIbHO JOCSDKHA aMILIITyna IO
reHepanii 3MiHIOEeTbC Majo. OpHak, e(EeKTHUBHICTh BHIIPOMIHIOBAHHS 3aJISKUTh BiJ TOro, sIK Oyje ILie IojJe PO3IOALICHO B
MO3JJ0BXKHBOMY HANpsMKY. Y pa3i 3cyBy MakCUMyMy MOJISI IO TOPLIB CHCTeMH €(EeKTHBHICTh BHIIPOMIHIOBAHHS MOXE HMOMIiTHO
36inpuryBatucs. KpiM Toro, BayKIMBUM € HampsMOK (a30Boi MIBHIKOCTI 30BHIIIHBOTO iHII[IFOIOYOrO OIS, SIKE MPUCKOPIOE MPOLIEC
cuHXpOoHi3alii (a3 ocumnaTopiB. Lle Takok 3maTHE BIIMBATH HAa BHKHI YACTHHOK 3a MEXI MMOYATKOBOi 00JACTi, MPUIOMY TYT
BHSIBIISIETHCA BKJIMBUM 3arajibHa KiTbKICTh YaCTHHOK, IO BUXOZATH, i X MBUAKICTb. OOrOBOPIOETHCS AK 3MIHUTHCS LIUTBHICTH
OCILIIJIITOPIB Ta pO3Mip 00JacTi, 3alHATOI OCHMIIITOPaMH.

Koio4oBi c10Ba: HaIBUIIPOMIHIOBaHHS PyXOMHX OCIIHIIATOPIB, 3CyB MaKCUMyMY IOJIS B 00'eMi, 3MiHa TYCTHHH OCIIHIIATOPIB





