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Abstract A system consisting of a three-level atom trapped in a single-mode optical cavity is theoretically investigated. Under
different conditions, this system can illustrate the behaviors of a semi-classical laser or quantum treatments. The descriptive master
equation of this system is solved numerically in the atom and cavity basis. The results show that near the semi-classical approximation
for when a large number of photons are present in the cavity, the system described by the semi-classical laser theory and for when
a small number of photons exist in the cavity and in the weak driving limit, the emitted light by the system is antibunching which is
a quantum effect.

1 Introduction

Interactions of atoms and electromagnetic modes of an optical cavity form the basic theme of cavity quantum electrodynamics
[1]. Cavity quantum electrodynamics has been a subject of many recent studies because of its importance in understanding the
fundamental physics of the photon-atom interactions and potential for a wide array of applications in quantum physics and quantum
electronics [2—4]. The system of an atom or a quantum dot interacting with the quantized field of a high-Q microcavity represents an
important tool for the investigation of quantum electrodynamic effects. The possibility of realizing high-Q cavities both in optical
and microwave regimes has enabled the observation of a number of remarkable effects, including vacuum Rabi splitting [5], photon
antibunching [6], and conditional phase shifts for quantum logic gates [7]. Recently, a one-atom laser consisting of a single atom
trapped inside a high-quality factor microcavity and externally pumped has been realized [8]. It was shown that the characteristics of
the pumped atom-cavity system are qualitatively different from those of the familiar many-atom lasers. In particular, this one-atom
laser produces nonclassical light and can act as an efficient source for deterministic generation of single-photon pulses [9-40].

In the previous work [41], to solve the master equation, a combination of the continued fractions method and the quantum
optics toolbox approach was used, which did not give an acceptable physical answer for some numerical values. Here, to solve
this problem, the master equation is solved in the atom-cavity basis, which does not have the limitations mentioned in the previous
methods. On the other hand, usually in the one-atom lasers, due to the self-quenching phenomenon, the lasing occurs in a limited
domain [41,42], while, here, due to the non-occurrence of this effect, the possibility of happening the lasing process exists in larger
intervals. Here is a three-level atom enclosed in an optical cavity; the behavior of this system is examined from the perspective of
dimensionless parameters. The master equation of the system is solved numerically in the basis of the atom and cavity interactions.
It is shown that in the semi-classical approximation, the solution of the equation is independent of the critical photon number N, .
The problem is then examined from a more general prospect of completely quantum explanation. The quantum model can conclude
the conditions under which the semi-classical model is valid. The conclusions show that for large enough N, ’s, the system behaves
like a semi-classical laser, and for small enough values of N,, and in the weak driving limit, the system behaves as a two-level atom,
under which the quantum effects of photon antibunching can be explained.

A summary of the results of this work is as follows: The three-level atom model confined in the cavity, the master equation
of the system, and its solution in the semi-classical approximation are mentioned in Sect. 2. In Sect. 3, the master equation is
solved numerically via a more general and complete prospect in the basis of the atom-cavity and comparing its simulations with the
outcomes of the semi-classical approximation. The conditions of establishing the semi-classical approximation are discussed in the
same section. The requirements for converting the three-level atom to an effective two-level one are given in Sect. 4 to explain the
quantum effects. An outline of the results is also written in the last section.

4 e-mail: parvin@maragheh.ac.ir (corresponding author)

Published online: 01 March 2022 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-022-02506-z&domain=pdf
http://orcid.org/0000-0003-0165-3081
mailto:parvin@maragheh.ac.ir

290 Page 2 of 9 Eur. Phys. J. Plus (2022) 137:290

2 Three-level laser

As shown in Fig. 1, the three-level atom is enclosed in the single-mode optical cavity. The 1-3 transition of the atom is driven
by an incoherent pump field with the rate I'’. The coupling of the 2-3 atomic transition with the cavity field mode occurs with
the coefficient g. The spontaneous decays of the atom from level 3 to level 2 and level 2 to level 1 occur at the rates y and I,
respectively. Consider the 2-3 atomic transition frequency is in the resonance with the cavity one. The temporal evolution of this
system is demonstrated in terms of the following master equation [43]:

p=—i [g (611432 + amzs) , ,0] + L31p + L3p + Li2p + Lep, )

where A; j = li){j| are the atomic raising and lowering operators. a and a' are the photon annihilation and creation operators of
the cavity field mode, and also we have:
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where L3 p is related to the incoherent pumping of the 1-3 atomic transition, £30 and £ p are associated with the spontaneous
emissions of the atom from level 3 to 2 and from level 2 to 1, respectively, and also L. p is corresponding to the cavity decay with
the rate «. Now that we have the master equation, the equations are first solved in the semi-classical approximation, then the master
equation is written in the basis of the atom and cavity, and from then on, we compare their results. The temporal evolution of some
physical quantities can be written as follows:

A =—-(I"+T)An —TA3+T, (6)
. N 1

App = —ig(Aa’) — E(F + I A, @
. A 1

Az = —ig(Apa) — 5()’ +I'Ai3, ®)
. . La . A 1

Apz = —iga +ig(Aa) + 2ig(Azza) — E(V + M)Az, ©)
A3z = —ig(Axa) +ig(Ara’) + I Ay — yAs, (10)
& = —igAas — %a, (11)

due to the appearance of such expected values (A23aT), (143351), etc., in Egs. (7) to (10), these equations do not form a closed set.
By applying the semi-classical approximation which assumes that the cavity field a resembles a classical field. This allows us to
factorize operator expectation values such that (a O) ~ (a)(O) for any atomic operator O [44—48]. In this approximation the closed
form of these equations is obtained as in the following:

Fig. 1 The configuration of the
energy levels of the three-level
atom enclosed in the single-mode
optical cavity
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after substituting « = ™, Az3 = iBy3, Aj2 = iBj2 and A3; = Aj3, Egs. (12) to (17) take the following form:

A =—I"+ Ay —T'Axs + T, (18)
. 1
Bz = —gAia — 5 (I' + I'")Bi2, (19)
. 1
Az :gBlza_E(V+F/)Al3’ (20
. 1

B3 :—ga+gA11a+2gA33a—§(y+1“)323, (21)

Az = —2gBysa + I Ay — y Ass, (22)

Q= gBn— Sa. (23)

after defining the following dimensionless parameters, Eqs. (18) to (23) are solved in the steady-state:
2 1
Ky y r y n

N = —F, N = —F, = —, = —, = —, 24
A 4g2 14 4g2 p y n A m Ny ( )

where N4 is the critical atom number corresponding to the number of atoms required to have an appreciable effect on the intracavity
field, N, is the critical photon number refers to the number of the photons needed to saturate an intracavity atom, p is the pumping
strength, 7 is the ratio of spontaneous emission rates, and m is the scaled photon number and n = |«|? is the intracavity photon
number [49-53]. In the steady-state, two answers are obtained for m, one of which is m = 0, and the other is calculated from the
following equation:

o =m-a+ M Na)p — Na(1+1n)
nNaQ2np + 1)
since the solution of m is independent of N,,, in the next section it will be confirmed that for large enough N, ’s, the semi-classical

approximation is established which is also to be expected physically. For sufficiently large amounts of p, the saturated scaled photon
number is derived from this equation:

, (25)

ooo_nd=m-d + )Ny
sat 27]2NA

; (26)

the root of m in Eq. (25) is given by:

_ Na(l+1n)
n(l—n) — (1 +n2Ns’

which characterizes the laser threshold. In Eq. (25), the sign of m is specified by the numerator’s one; if m is negative, then m = 0
will be the stable solution, defined as the nonlasing regime; if m is positive, below the threshold for p < p1, the solution of m = 0 is
stable, and above the threshold for p > p1, the nonzero m is the stable solution which is called the lasing regime [54—56]. Physically,
m can take zero or positive values. In the parametric space, the plotted N4 curve in terms of 7 in Fig. 2 distinguishes the lasing and
nonlasing regimes from one another. The system is on the lasing regime below this curve and the nonlasing regime above the curve.
Since 11 = «n is the rate of photon emission out of the cavity, its nonvanishing value as « tends to zero delineates the appearance of
a finite laser output even as we get arbitrarily close to a perfect cavity, by a corresponding increase in the photon generation inside.
It is physically interpreted as an explosion of stimulated emission, typical for the lasing regime [57]. In this case, it can be shown
as:

p1 (27)

_U=mnp

= , 28
2np + 1 (28)

R | =
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which is an increasing function of p. Below threshold for p < p;, we have:
By =0, (29)
14
A= —"7—, (30)
I+p+np
A33
A =—, (3D
p
and above threshold for p > p1, we have:
By3 = Nayv/m, (32)
Ay = P Nap(n+1) —nmNa (33)
n(1+2p) ’
A3z +mNy
Ay =———=. (34)

p

In Fig. 3, the graphs of the atomic population inversion A33 — A and the scaled photon number m are shown in terms of p
for N4 = 0.01 and n = 0.6. The population inversion is the probability difference of finding an electron between the second and
third levels. It is clear from the figure that the population inversion is positive, and the m curve shows a distinct laser threshold; with
increasing p, the scaled photon number steps up until it finally reaches the saturation value (see also Fig. 5). The following section
examines the conditions for which quantities of N,, the semi-classical approximation to hold.

3 Quantum outlook

In the previous section, the solution of equations in the semi-classical approximation and its relations were explained. In this section,
the applied constraints in the semi-classical approximation are set aside, and a close model to the real one or the same fully quantum
pattern is discussed. The results of the quantum model are compared with the semi-classical predictions, thus identifying cases
close to and far from the semi-classical approximation. For this purpose, first, the system’s behavior is studied near the threshold,
such as p = 1.3py; then, the master equation is written in the atom-cavity basis. In Fig. 4, several N4 curves are drawn versus n
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Fig. 4 The curves of N4 in terms . | . | . 1 A 1 A
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for different values of m(1.3p1). If we move down from the curve of m = 0 in this figure, it is obvious that we are moving away
from the semi-classical laser theory and the values of m (1.3 p1) grow. In this case, the quantum effects are expected to appear in the
system and based on the relation m(1.3py) = n(1.3p1)/N,, since with the appearance of quantum effects, there is a small number
of photons in the cavity, decreasing n(1.3py), thus holding this relationship requires smaller N, ’s. In short, the quantum effects
emerge in the system for small enough amounts of N, . If we move upward from the curve of m(1.3p1) = 5, it is apparent that
we are getting closer and closer to the semi-classical approximation; in this case, m (1.3 p1) declines, and the semi-classical effects
become visible in the system. Since a large number of photons are present in the cavity as the semi-classical effects appear, n(1.3p1)
increases, and larger N, ’s are required to establish the relationship m(1.3p;) = n(1.3p1)/N, . In brief, the semi-classical effects
occur in the system for large enough values of N,,. To confirm these claims, it is necessary to solve the master equation numerically
and compare the results with the semi-classical approximation in the previous section. The master equation (1) is written as the
following in the atom and cavity basis, i.e., |n, j) wheren = 0,1,2,... and j = 1,2, 3 [58-63]:

/jn,l;n,l = _(F, + KN)Pn1:0,1 + F,On,Z;n,2 +Kk(n+ l)pn+1,1;n+1,la (35)
pn,Z;n,Z = _ig\/ﬁpn—l,3;n,2 + igﬁpn,Z;n—l,3 —¥YPn3n3 — I+ Kn)pn,Z;n,Z +Kk(n+ 1))011—0-1,2;n+1,2» (36)

. . . 1
Pn—1,3;:n2 = _lgﬁpn,Z;n,Z + 1gﬁpn—l,3;n—l,3 - 5 (y+TI'+x@2n—-1) Pn—1,3;n,2 + K n(n + 1)pn,3;n+1,2» (37)

Pn3n3 = —igVn + 1ppp100,3 +1gvVn + 104 30412 + F/pn,l:n.l — (v +«kn)pp3n3+rk@m+Dpour130401,3  (38)

and also p::l’i;n’j = Pn,j:m,i- The notation |n, j) stands for the state in which n labels the nth Fock state of the cavity mode, and

the atom is in its first, second or third level. Equations (35) to (38) and their complex conjugates form a closed set. By applying the
condition of tr(p) = 1, these equations can be written as Ax = b, which can be solved numerically. For this purpose, it is necessary
to truncate the equations at a large enough n like N; in this case, if the truncated x is called as xy, the answer of x is acceptable
when it does not change any longer by varying n to N — 1 or N + 1. Once the matrix x is specified, the problem is solved, and the
desired physical quantities can be obtained. The depicted physical quantities here are as follows:

__{a'a)
m = N, (39)
242
g(2) 0) = w’ (40)
(aa)
Axn = (Ayp), (41)

in Fig. 5, the graphs of m against p are drawn in the semi-classical approximation and quantum regimes for various values of
N, . The curves of m are plotted according to Eq. (39) for different N, ’s. It is clear that as p increases, the scaled photon number
increases until it is eventually saturated. In Fig. 5a, by stepping up N,, the diagrams get closer and closer to the semi-classical
curve. It can be said that the m curve overlaps the corresponding semi-classical one for N, = 200. The same curves are depicted
near the laser threshold in Fig. 5b. In this figure, for N, = 200 and at p = 1.3py, the m graph coincides with the semi-classical
one. By dropping N,,, the curves gradually move farther and farther away from the semi-classical one. These conclusions verify the
description provided in Fig. 4, which means that by enhancing N,,, we get nearer and nearer to the semi-classical laser theory. On
the other hand, by decreasing it, we gradually get farther and farther away from the semi-classical approximation, and the quantum
fluctuations become noticeable in the system.
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The correlations are usually studied by using the normalized second-order correlation function g®, which can have values
ranging from zero to infinity. Values of g < 1 refer to photon antibunching, 1 < g® < 2 to photon bunching, and g® > 2
to photon superbunching or extrabunching. Photon antibunching, corresponding to the emission of single photons in a regular
manner, is a nonclassical phenomenon and has been the subject of intensive theoretical and experimental studies. Photon bunching is
characteristic of thermal light, whereas superbunching, indicating strong correlations between photons, has been found characteristic
of nonclassical states of light such as squeezed states and entangled Gaussian states [64—77]. According to Eq. (40) in Fig. 6, the
graphs of g (0) are depicted versus p at different intervals for some N, ’s. In the instance of N,, = 200 and below threshold, the
emitted light is thermal, and the coherent light is radiated above the threshold; thus, in this case, the system reveals similar behavior
to that of the semi-classical laser. As N,, decreases, the system emits bunched light and for smaller amounts of N,,, and in the weak
driving limit, the system emits an antibunched beam of photons, a quantum light. Therefore, from the above discussions, it can
be concluded that for large enough N,,’s, the system meets the semi-classical laser theory, and for small enough N, ’s, the system
signifies the quantum effects in the weak driving limit. In the next section, the effect of photon antibunching is explained based on
the two-level atom model.

4 Effective two-level atom

In this section, how the three-level atom trapped in the cavity behaves is explained for small N, ’s and in the weak driving limit and
how to explain the antibunching phenomenon. First, it is assumed that « >> 2g that is equivalent to the condition N, < NI%. In this
case, the transition from level 3 to level 2 happens at the following rate:

4g2
YE=—},
K

(42)

next, it is supposed that y < yg which is equivalent to Ny < 1. Applying these two conditions, the three-level atom confined in
the cavity of Fig. 1 is converted to the three-level one of Fig. 7a, which can be further simplified in the weak driving limit I’ < yg.
In the weak driving limit, the third level population is derived from this relation:

!

I
A3z = — = pNa, (43)
YE
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Fig. 7 The steps of converting the (a) 3 — (b)
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since I'" < yE, s0 A3z < 1, the third level can be omitted. In this case, by eliminating the third level, the three-level atom of Fig.
7a turns into the two-level one of Fig. 7b, in which the transition rate from level 1 to level 2 takes place at the rate I"". By solving
the related equations of the two-level atom in the steady-state, it is shown that:

(44)

m=-——————. (45)
Na(mp +1)

Note that Az, and m are independent of N,,. To see how the utilized approximations to what extent here are valid, the results of
Egs. (44) and (45) can be compared with those of the previous section. For this reason, the curves of Ay, and m are drawn in Figs.
8 and 9 on several different occasions. In Fig. 8, the second-level population graphs are plotted in terms of p for some values of
N, . The diagrams of A, are depicted according to eq. (41) for various N, ’s, and that curve for the two-level atom is drawn based
on Eq. (44). The figure shows that with decreasing N, , the simulation results get closer and closer to those of the two-level atomic
pattern; also, considering the weak driving limit in that p < 100, this approximation becomes even better.
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In Fig. 9, the diagrams of m against p are plotted for some amounts of N,, based on Eq. (39), and that graph for the two-level
atom is drawn according to Eq. (45). The smaller the critical photon number is, the closer the outcomes of the quantum model
simulations to the values of the two-level atom curve, and the completer the coincidence should be by including the weak driving
limit in which p <« 100. The physical reason for the antibunching effect of light is that once an atom has emitted a photon, it is
projected into the lower level and cannot emit a second photon until it is re-excited into the upper level, so that a photon may be
emitted again [78,79]. In short, under applied conditions, the three-level atom confined in the cavity reflects a similar behavior to
that of the two-level atom; accordingly, the antibunching phenomenon can be justified. So the results of this section show that under
certain conditions, the three-level atom behaves like the two-level one.

5 Conclusions

A theoretical model of a single-atom laser has been examined by trapping a three-level atom inside a single-mode optical cavity.
The master equation explains the behavior of the system, the solutions of which are calculated in two different situations: in the
semi-classical approximation, the exact solution of the equations has been written, and in the full quantum regime that is closer
to the real model, its approximate solution is obtained numerically in the basis of the atom and cavity field. The results show
that for a sufficiently large critical photon number, the treatments of the semi-classical laser emerge in the system, and the lasing
occurs over a large interval. For small enough critical photon number and in the weak driving limit, the three-level atom behaves
similar to the two-level one, and the system radiates an antibunched beam of photons that is a quantum light. In both semi-classical
approximation and two-level atomic pattern, the conclusions of the quantum simulations are highly consistent with the separate
outcomes of each of those two approximations. The lasing and nonlasing regimes have been specified in the semi-classical model,
and all the computations have been implemented in the lasing regime.
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