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The paper discusses three different modes of electromagnetic field generation by an ensemble of quantum emit-
ters placed at the radiation wavelength in the one-dimensional case. The excitation of the resonator field is consid-
ered, which, as a rule, is determined by the geometry of the system, with and without taking into account the eigen-
fields of the emitters. The superradiance mode of the same ensemble of emitters is also analyzed. Since the main
indicator of generation is the level of energy output from the system, the position of the maximum of this indicator
determines the operating point of the device. Taking into account the intrinsic field of the emitters enhances the
generation intensity and significantly changes the position of the operating point.

PACS: 03.65.5q

INTRODUCTION

Let us consider the excitation of electromagnetic
waves in limited systems, which impose the choice of
wavelengths of the modes of the wave packet and form
the spatial structure of the field in the resonators. The
dominant frequency in the radiation spectrum will be
the frequency of the system closest to the natural fre-
quency of the emitter. Let the resonator be filled with a
medium representing a two-level system of dipoles. To
describe such a system, we use the semiclassical model
of interaction between the field and particles (see, for
example, [1 - 3]). In this case, the medium is represent-
ed quantum mechanically, and the field 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 phase of the radiation
corresponds to the phase of the field in its volume. If the
wave functions of the emitters do not overlap, then their
interaction is possible only due to the electromagnetic
field (see, for example, [1 - 3]).

When describing the resonator excitation process, in
addition to the resonator field, one should take into
account the own field of the emitters, which at the initial
moment is spontaneous and only the synchronization of
the emitters leads to a greater coherence of the total
radiation. This phenomenon in the absence of a resona-
tor is called collective spontaneous radiation, or super-
radiance. To accelerate and stimulate the process of
synchronization of emitters in the superradiance regime,
a sufficiently large initiating field is used [4], but, of
course, it is much smaller than the achievable field in
the developed generation regime. In the resonator, the
role of the initiating field is taken over by the resonator
field. A similar problem for a system of oscillators in
the classical representation was considered in [5].

The purpose of this paper is to compare the fields
generated by open systems in the cases of 1) excitation
of only the resonator field, 2) excitation of only the self-
radiation field of active emitter elements without the
presence of a resonator, that is, the superradiance field,
and 3) joint excitation of the resonator field, taking into
account the intrinsic fields of emitters. Let us show that,
on the one hand, it is necessary to take into account the
intrinsic field of the emitters, because it qualitatively

affects all the characteristics of the mode of oscillation
generation. On the other hand, a comparison of the
achievable amplitudes of the resonator field and the
superradiance field for one system of emitters showed
that they are of the same order [6]. This is an additional
argument for the need to take into account the eigen-
fields of the emitters in the resonator.

1. DESCRIPTION OF THE PROCESSES
OF GENERATION BY THE SYSTEM
OF QUANTUM EMITTERS

Consider a one-dimensional model for perturbations
of the electric field E, polarization P and population
inversion « slowly changing with time, describing the

excitation of electromagnetic oscillations in a two-level

active medium, the equations of which can be repre-

sented as ([1, 6, 7])
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where the transition frequency between the levels @
corresponds to the field frequency, we neglect the inver-
sion relaxation due to external causes, ¢ is the field
absorption decrement in the medium, d, is the matrix
element of the dipole moment (more precisely, its pro-
jection on the direction of the electric field),
u=n-(p,—p,) is the population difference per unit

volume, p, and p, are the relative populations levels
in the absence of a field, y,, is the width of the spectral
line, »; =y, =7, is the reciprocal of the lifetime of the

levels, n is the density of the dipoles of the active me-
dium. Here, the line width is inversely proportional to
the lifetime of the states, which is due to relaxation
processes. The fields are presented in the form
E=Re[E(t)-e] and P=Re[P(t)-e "], where
E(t), P(t) - slowly changing amplitudes. Wherein

<E?2>HE®) /2.
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1.1. SUPERRADIATION

Quantum emitters are located along the Oz axis, the
field emitted by them is directed along the Ox. Their
total number M =b-n is divided into S particles, n is
the density, b is the length of the system, M /S is the
number of emitters in one modeling particle,
z; (i=1..,S) are the coordinates of the particles dis-
tributed evenly along the length of the system.

The polarization of one molecule [1] is
P = (dyaPap +dap s ) - Equations (1)-(3) use the polari-
zation density (polarization per volume)
P=np= n(dbapab + dabpba) '

The field equation for a polarized molecule (the
molecule at the point z;) has the form

’E, 5 0°E,
ot oz°

From equation (4) for a slowly varying amplitude of
the field emitted by one molecule, one obtains

E(z,t)=i-27-p-w-ct-eklZ-%l (5)

Then, the amplitude of the field emitted by the sys-

tem (field of superradiance) is equal to

i . . S :
Eup(z) =" 23 R EL ()
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Here & =c/b, that is, is actually the ratio of the en-
ergy flow from the system to its total energy.

1.2. WAVEGUIDE/RESONATOR FIELD

Equation (1) for one polarized molecule at the point
z,, takes the form
2 2
Zt—zE + 5%5 —c? ZTE =4n’pe”'5(z-175). (7)
Assuming that the waveguide field has the form
E= E+ (t) . e—i(ut+ikZ + E_ (t) X e—ia)t—ikZ 1 (8)
and, consequently, for slowly varying field amplitudes
we have

‘aESt—(t) +SE.()=i-27-@- p-5(2-2,)e™. (9)

unit

4ra®p(t)-e7 . 5(z—2,). (4)

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

aEgt(t) +0E, (t)=i-27- a)~%z P, (10)
S

and, in fact, the field itself

Eres (th) = E+ (t) . eikz +E_ (t) . e’ikz. (11)

1.3. EQUATION FOR AMPLITUDE
POLARIZATIONS AND INVERSIONS

From equation (2) for a slowly varying polarization
amplitude, one can easily obtain
2
.|d
% + 7Pz, 1) =—i %y(z,t) -E(z,t). (12)
For a slowly varying inversion, from equation (3) we
obtain

%‘Hyl(ﬂ—ﬂo):#(EP*—E*P). (13)

2. MODELS OF GENERATION
BY THE QUANTUM EMITTER SYSTEM

Next, we will compare the fields generated by open
systems in the cases of 1) excitation of only the resona-
tor field, 2) excitation of only the eigenradiation field of
active emitting elements, that is, the superradiance field,
and 3) joint excitation of the resonator field, taking into
account the eigenfields of active emitting elements. Let
us show that, in addition to the resonator field, it is
necessary to take into account the self-radiation field of
oscillators, because it qualitatively affects all character-
istics of the oscillation generation mode. Let us rewrite
equations (6), (10)-(13) in dimensionless form using the
following notation:

dy,|-E
E, = yz;m,hﬂo, Py =|dap]- 2. 70:| 12|h 0
®=6/y,, E=E/E,, P=P/Ry, P=iP,
Z=kzl2m, =yt
Assuming additionally that ., /y, <1 and
1!y, <cl, we obtain the following system of equa-
tions.
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As already noted, the system is divided into S large
particles, so equations (14), (15) are solved for each
particle, in formulas (16), (17) the fields are also calcu-
lated for each particle.

In all three cases, equations (14), (15) are solved, but
the form of the fields is different.

In the first case (excitation of only the resonator
field) E=E(Z,7), equations (18) are solved, the

field is found by formula (17).

In the second case (excitation of only the self-
radiation field of active emitting elements), the field is
taken in the form

E= Esup (Z,7) +Ee(2), (19)

Eext 2)= Eo. %% 4 Eo-- e 1272 ) (20)
where E, (Z) is the external, process-initiating field.

In the third case (joint excitation of the resonator
field, taking into account the eigenfields of the oscilla-

tors) — E=Eg,(Z,7) +Es(Z,7) -

(18)

3. NUMERICAL SIMULATION RESULTS

A comparison was made of the three above models
for describing generation. For all three models, calcula-
tions were carried out under the same initial conditions
and different values of the loss factor ®, which defined

50 ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. N2 4(146)



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
one wavelength (Z; €(0;1)); number of particles

$=800; initial inversion M, (0) =1; the initial polariza-
tion has an amplitude of 0.1 and random phases
@ (P (0)=0.1-exp(ip) ); E;. =0.01 are the initial
values (15) for the amplitudes of the resonator field, as
well as constants for the external field (16).

Figs. 1-3 show for three modes the dependence on
the level of energy loss ® of the maximum intensity of

the field in the volume of the emitter|E ., |* (see Fig.

1), the rate of energy output ®|Emax|2 (see Fig. 2) and

the inverse time (increment) of the process
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Fig. 1. Dependence on O of the maximum field intensity
o E * for the cases: solid line (res) —generation of the

resonator field without taking into account the radiation
field of oscillators; dotted line — superradiance mode
(sup); dash-dotted line —generation of the resonator
field together with the radiation field of oscillators
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Fig. 2. Dependence on O of the rate of energy output for
the cases: solid line (res) —generation of the resonator
field without taking into account the radiation field
of oscillators; dotted line —superradiance mode (sup);
dash-dotted line —generation of the resonator field
together with the radiation field of oscillators

Fig. 3. Dependence on O of the reciprocal time (incre-
ment) of the process: o| E [ ~(d |EJ? /dt) solid line

(res) —generation of the resonator field without taking
into account the radiation field of oscillators; dotted
line —superradiance mode (sup); dash-dotted line —

generation of the resonator field together
with the radiation field of oscillators

The solid line marks the resonator mode without tak-
ing into account the influence of oscillator fields on the
generation process, the superradiance mode is repre-
sented by dotted lines in the graphs, and the dash-dotted
line in the graphs corresponds to the case of cavity exci-
tation with allowance for the influence of oscillator
fields.

It is important to note that taking into account the
eigenfields of the emitters when the resonator field is
excited leads to a higher field intensity and a higher rate
of energy output and reduces the characteristic time of
the process development. The maximum rate of energy
output for this case occurs at @=0.7.

Figs. 4, 5 show the time dependences of the field at
the ends of the system and the maximum in the volume
at ®=1 for the waveguide model (see Fig. 4) and the
model, which takes into account the own fields of the
emitters when the resonator field is excited (see Fig. 5).
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Fig. 4. Time dependence of the fields on the left and

right edges E,.(Z =0) (left), E,(Z =1) (right)

and the maximum in the volume (max) at O=1

for the resonator model without taking into account
the eigenfields of the emitters
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Fig. 5. Time dependence of the fields on the left and

right edges E,,(Z =0) (left), E,(Z =1 (right)

and the maximum in the volume (max) at ©=1 for the

model of joint excitation of the resonator field, taking
into account the eigenfields of the emitters

CONCLUSIONS

The generation of electromagnetic oscillations in a
resonator filled with a two-level system of dipoles is
considered. The field of the resonator is determined by
the geometry of the system, and the emitters exchange
energy with this field without affecting its spatial distri-
bution. In addition, the emitters generate their own
fields, and even in the absence of a resonator, the inten-
sity of the total fields of the emitters in the superradi-
ance mode is comparable to the generation efficiency in
the resonator [5]. Therefore, when describing the excita-
tion of a resonator filled with a two-level system of
dipoles, in addition to the resonator field, it is necessary
to take into account the sum of the eigenfields of the
emitters. It turned out that the joint consideration of the
resonator field and the eigenfields of the emitters leads
to a change in the characteristics of the generation mode
compared to the case when the eigenfield was not taken
into account.

Since the main indicator of generation is the level of

energy output from the system (here it is ©|E,|"), the

position of the maximum of this indicator determines
the operating point of the device. It can be seen that
taking into account the self-field of the emitters enhanc-
es the intensity and significantly changes the position of
the operating point.

The authors express their gratitude to V.A. Buts for
constructive comments.
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YPAXYBAHHAA BJIACHHUX ITOJIIB KBAHTOBUX BUITPOMIHIOBAYIB
TP OITKUCI PEXKUMIB T'EHEPAIIIT

B.M. Kyknin, €.B. Iloxnoncokuii

OOroBOPIOIOTHCS TPH Pi3HI PEXKUMHU TeHEpallii eIEKTPOMArHITHOTO MOJIS aHCaMOJIeM KBAaHTOBHX BHUITPOMIHIOBA-
4iB, PO3MIILIEHUX Ha JIOBKUHI XBUJII BUIIPOMIHIOBaHHSI B OJJHOBUMIPHOMY BUIIaJKy. PO3risiHyTO 30yI5KEHHS pe3oHa-
TOPHOTO TIOJIs, SIKE, SIK TPABMJIO, BU3HAYAETHCS TEOMETPIEI0 CHCTEMH, 3 YPaxXyBaHHSIM Ta 0€3 ypaxyBaHHS BIaCHHX
TMOJIIB BUIIPOMIHIOBa4iB. AHATI3YETHCS TAKOXK PEKUM HAJBUIPOMIHIOBAHHS TaKOTO K aHCaMOJII0 BUIIPOMIHIOBaYiB.
OCKUIbKM OCHOBHMM TOKa3HMKOM TeHepalil € piBeHb BUBEJCHHS €HEprii i3 CHCTeMH, TO MOJIOKEHHS MaKCHMyMY
IIbOTO MTOKA3HMKAa BH3Hauae poOOUy TOUKY NPUCTpOI0. BpaxyBaHHS cBOTo moJsi BUIIPOMIHIOBAYiB MOCHIIOE 1HTEH-
CUBHICTB T€Hepallii i 3HAaYHO 3MIHIOE CTAHOBHUIIIE POOOIOT TOUKH.
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