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Temporal Behaviour of a Four-Level Atom with Multiphoton
Transition under Several Specific Conditions
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Abstract-The performance of a four-level atom with multiphoton transition confined in a single-mode optical cavity is
investigated theoretically. The temporal behaviour of the atom-cavity system is delineated on the basis of the master
equation, by using some physical quantities, the classical fourth-order Runge-Kutta method is utilized to solve it
numerically. By applying multiple specific conditions, the four-level atom shows the behaviour of a three-level one for
each transition, which the simulations results confirm this process.

Keywords: cavity quantum electrodynamics, four-level atom, fourth-order Runge-Kutta method, master equation,
multiphoton transition.
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1. Introduction

Here the time evolution of a four-level atom
enclosed in an optical cavity is studied. A similar
four-level atom has been investigated in [1], in
which the transition between levels 2 and 3 occurs
via one-photon, but here the multiphoton transition
is considered between these two levels. In previous
work, the behaviour of a three-level atom in a A
configuration with multiphoton transition has been
analysed in the steady state regime [2]. A closed
set of equations describes the temporal behaviour
of the atom-cavity system. To solve these
equations numerically, the classical fourth-order
Runge-Kutta approach is utilized with known
initial conditions. By applying some circumstances
along with a weak driving limit, the four-level
atom illustrates the same behaviour as a three-level
one for different transitions.

2. Four-Level Atom

The four-level atom with multiphoton transition is
enclosed in the single-mode optical cavity as
shown in Fig. 1. The transition from level 1 to
level 4 is driven by a classical field with the Rabi
frequency € at the resonance which is considered
as a real quantity. The successive spontaneous
emission rates from level 4 to level 1 arey ,I and

&, respectively. A fully time description of the

atom-cavity system is given by the following
master equation [3,4]:
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in which the second to the fourth terms refer to
successive spontaneous emissions from atomic
levels 4 to 1, respectively, and also the last term is
related to the cavity decay with the rate x. The
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coupling constant of the 2-3 atomic transition with
the cavity field mode is g . The transition between
the atomic levels 2 and 3 happens through the
number of ¢ photons at the resonance. The
annihilation and creation operators of the cavity
f

mode are aand a', respectively. The atomic

raising and lowering operators are 4 ’s. Instead of

solving directly the master equation (1), we use the
following expectation values:

C = <a""’aﬂ>, @)
H = <12144a"'"a”>, Q)
J,={dga"a), @)
F,=(Aua"a"), )
L = i< 1,a"a" - 2114a"'”a”>, (6)
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Fig. 1: The four-level atom with multiphoton

transition which is trapped in the optical cavity.
equations (2) to (6) are established for n >0,
while the last equation holds for # >1. The time
evolution of the set of Egs. (2) to (7) can be
deduced from the following equations:

8

C, gZ( j(n'/ n-— m)')DHM—KnC ©

H,=-(Q/2)L,—(y+xn)H,, ©)
J,=-gD,, +yH,—(T+xn)J,, (10)
(11)

F = gZ[ j(n'/ n-m)")D, ., +TJ,

—(E+kn)F,,

Al e yiws BB www.opsiir Colu o a5 el Ll gl ls oo 0 las oy



The 27" Iranian Conference on Optics and Photonics (ICOP 2021)
The 12" Iranian Conference on Photonics Engineering and Technology (ICPET 2021)

AYY 51 0F axas

L, =20H,-QC,+QF +QJ, (12)
~((7/2)+xn)L,
D,=-2gF,,., (13)
—1)!

+2gmzo( ]#]nl)l) n+q-m-1
—0.5(F+&+x(2n+q-2))D
The column vector ¢, is defined as follows:

(14)

T
¢n = (Cn Hn Jn E1 Ln Dn) ’
to determine the initial conditions, we assume that
at the beginning of time the atom is in the ground

state |1> and the field is in the coherent state |a> s

in this case for n > 0, we will have:
0)=lef"(1 0 0 0 0 0).

Now that the initial conditions are specified, the set

of Egs. (8) to (13) can be solved by the fourth-
order Runge-Kutta method for any values of ¢ [5].

(15)

3.Converting steps of the 4-Level Atom

The way of transforming the four-level atom
confined in the cavity of Fig. 1 into the three-level
one is discussed under some special conditions, in
the three-photon transition case. We first assume
that x[1 2g, in this case, the transition from level

3 to level 2 takes place at the rate I, :
(16)

in the next step, it is supposed to be I'Ll I',.. By

r,=8g"/x,

applying these two circumstances, the four—level
atom of Fig. 1 is turned into the four-level one in
Fig. 2(a). In the weak driving limit in which
Q[ y, one can show that the population of the

fourth atomic level is as follows:
2 2
A, =(Q/y) (1—exp(—yt/2)),

since Q1 ¥, so to a good approximation the

amn

fourth level can be omitted from the calculations,
in thisoccasion, the transition from level 1 to level

3 occurs at the rate . :

—Q?/y. (18)
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Thus, the four-level atom of Fig. 2(a) is converted
to the three-level one of Fig. 2(b).By solving the
related equations of the three-level atom, it can be
shown that the time dependence of the third level
population and the output mean photon number
from the cavity, by applying the initial conditions,
can be derived from the following equations:
P, = x,exp(=A.1)+ y,exp(=A,1) + z,, (19)

n=x,exp(—A.t)+ x, exp(—A,1) (20)
+x, exp(—«t) + x,,
in which we have:

A= 7E+r2+§ 27/5 _2":87/5_2&E @D

/1+=(;/E+FE+§+\/X)/2, (22)
A =(re+Ty+&-A)/2, (23)
20= & (E(re +Te)+7,T ), 24)
yO\/K =2y Vs> (25)
XA = =22, + 7, (26)
x, =3I ,.x, /(K—/L), (27
X, =3FEyO/(K—l+), (28)
x,=3l,z, /K, (29)
Xy = |0{|2 =X, =X, — X, (0)
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Fig. 2: The stages of converting the four-level
atom of Fig. 1 to the effective three-level one.

In Figs. 3 and 4, the graphs of the third level
population and mean photon number are depicted
interms of the scaled time, in the dashed line based
on the calculations of part 2 and in the solid line on
the basis of the three-level atomic model for
and transitions.

theone-photon two-photon

Al e yiws BB www.opsiir Colu o a5 el Ll gl ls oo 0 las oy

3



The 27" Iranian Conference on Optics and Photonics (ICOP 2021)
The 12" Iranian Conference on Photonics Engineering and Technology (ICPET 2021)

AYY 5100 axas

Comparison of diagrams in these figures indicates
that the four-level atom acts like the three-level
one and the results are very close to each other.
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Fig. 3: The graphs of (a) third level population and
(b) mean photon number versus the scaled time for
xk/g=30,I'/g=0.003,y/g=3,

Q/g=0.13,/g= 0.1and|0{|2 =1lin the one-

photon-transition.
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Fig. 4: The diagrams of (a) third level population
and (b) mean photon number in terms of the scaled
time for x/g=35, I'/g=0.001, y/g=3,

Q/g=0.17, &/g=0.15 and |af =1 in the

two-photon-transition.
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Fig. 5: The curves of (a) third level population and
(b) mean photon number against the scaled time

for x/g=30, [/g=0003, y/g=41,

Q/g=026, £/g=03 and |of =1 in the
three-photon-transition.

In Fig. 5, the third level population and mean
photon number are drawn versus the scaled time,
in the dashed diagrams based on the computations
of  part 2 and the solid curves in accordance with
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Egs. (19) and (20) related to the three-level atom,
in the three-photon transition case. By comparing
the graphs in this figure, it can be said that under
applied conditions, the four-level atom shows the
same behaviour as the three-level one.

4. Conclusions

In this paper, the behaviour of the four-level atom
trapped in the optical cavity has been investigated
in the one-photon to three-photon transitions by
applying several specific conditions, in the time-
dependent regime. By using the closed set of
physical quantities in order to solve the master
equation, the fourth-order Runge-Kutta approach
has been applied. In the three-level model, the
related relationships of the third level population
and the output mean photon number from the
cavity have been obtained in the three-photon
the
simulations of the four-level atom have been
compared to the acquired results of the related
calculations of the three-level one for each
The depicted curves
demonstrate that the four-level atom enclosed in

transition case. Eventually, numerical

transition. in Sec. 3

the cavity indicates similar behaviours to the
effective three-level one.
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