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1. Introduction

The charges in the medium are displaced from their equilibrium positions when an
electromagnetic wave interacts with the medium. At low wave intensity, the dielectric
polarization of materials response linearly to the wave electric field. While at high wave
intensity, the response becomes nonlinear. In general, several fundamental properties
of mediums dependent on the response type such as nonlinear absorption, refraction,
second harmonic generation. They can be probed using nonlinear optical spectroscopy
[1]. Two-level system (TLS) is compatible representation for wave-matter interaction
and provides good approximation to more complete theory [2]. The total number of
particles (molecules, atoms) is distributed between the levels; also the probability density
of population is distributed between the levels in deference values, but equal to one at
specific time of interaction [3].

For many physical considerations, it is already sufficient to take only two energy
eigen states into account, for example, those which are related to the laser transition. The
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pumping of the laser can be later described by phenomenological relaxation processes
between two levels. The description of statistical dynamics of a statistical ensemble of
TLS atoms interacting with a classical electric field has described by the Bloch equations
[4-5]. More realistic description of media, especially of typical laser media a coherent
additional field in addition to the coupling to the environment, the Hamiltonian has to be
extended by the dipole interaction, we use the interaction Hamiltonian in rotative wave
approximation (RWA) [6].

2. Theory

When the large system of indistinguishable atomic particles interacts with the wave,
the density matrix (p) is a powerful method for describing the time evaluation of the
interaction [7]. The motion equation of density matrix can be defended as follows [8-9]:

dp 1

o 11, p),,

a e r
In two-level system, let the levels are labeled |g> and |e> refer to the ground and exited

level, respectively. Their energies are separated by transition energy (hwg). The total
Hamiltonian of interaction of the system H consist of three types of Hamiltonians given
as defined in the following equation [10-11]:

(1)

H,=H,+H,+H, (2)

where H,, H;are the Hamiltonian operator without and with external field effect,
respectively, and H r is the relaxation Hamiltonian operator describes all of the processes
that return the ensemble to the thermal equilibrium [10]. The spontaneous emission
process which results by the decay from level |e to level |g described by diagonal elements
of the density matrix (pg,, pe.). The relaxation operator matrix elements obey the Liouville
variant of the Schrodinger equation [12-13] as shown in bellow form:

d 1 P 1

~p =—[H,, —Le - _[H, 3

dt pee lh[ R pee]ee ’TE lh[ R pee]ee ( )
P, (l_pgg) 1
Lee X %/ " [H,, 4
T; ,1-; lh[ R pee]ee ( )

where (T,) is the life time of the excited level, which called the longitudinal relaxation
time (T1) or thermal relaxation time [13], Which describes the rate of longitudinal decay

1
appropriate period time called the relaxation time (T,) or dephasing time [14]. The

(7/” :TLJ While the off diagonal elements pg,, p,, decay toward an equilibrium through

. . . 1 L.
dephasing time introduces to the transverse decay rate [;@ :TJ which is occurred by
2

the coherent superposition of wave functions of the upper and lower level of system due to
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the elastic collision [14]. Then the longitudinal and transverse relaxation times are lead to
circulation of population density between TLS levels.

2.1. Optical Bloch Equations (OBE)

The motion equation of the density matrix can be expressed in terms of the matrix elements
of density matrix as the following [15]:

dp

in gg=[Ho,p]gg+[pr]gg+[HR,p]gg (5a)
dt

_dp,,

ih— = Hos Pl + Hys plge +[Hs pl,, (5b)
d . . .

i =D =[Hy, pl +[H, Pl +[Heo Pl (50)

Then Eq. (5) can be written as the bellow formula:

dp, P —P0(8)
d—ngI(peg —ng)QCOS(a)Ot)—%—gO) (63)
dpg (pge)

df :za)egpge+Qcos(a)0t)(pee—pgg)— T, (6b)
ap.. __ Pe=pu(e)

7:—1(,0% —pge)Qcos(th)—U—o) (6¢)

e

where Q is Rabi frequency [16]. In the off-diagonal elements, for simplifies the equations
of motion by taking a new variable (p,). For a slowly varying amplitude of the off-diagonal
elements, can be rewrite ( pge) and ( ,oeg) in the following form [9,15]:

o i@ —A)t o _+io,

po=pe eV = preta (7)
w —il@, At o —io,

Pug = Pue (ea=2) = ple (8)

where (Aza)eg —a)o) is the detuning of the angular frequency of the wave from the
transition frequency. Inserting Eqs. (7) and (8) in the set of Eq. (6), can be obtained the
following set of equations:

dp. P~ P
%=é(p§_p;)g_u+@ (9a)
dpg (o) (9b)

dt =iApy, +%Q(pfe _pgg)_

Indian Journal of Science and Technology Vol 13(07), DOI: 10.17485/ijst/2020/v13i07/149792, February 2020

789/798



790/798

Simulation of the Effect of the Detuning in the Performance of the Two-level System

(/’ee —Fo (e)) (9¢)
T

e

Consider a new variables U,V, and W as the Bloch vectors [17-18].

U= Py tP, (10a)
V:i(p;;—p;) (10b)
W=p, =P, (10¢c)

d U
—U==-AV-— 11
= T (11a)
Y _quraw-Y (11b)
dt T,
W-W,
Z—sz—m—u (11c)

1

where W, = p, (e)—p, (&) is the thermal equilibrium of the system .The set of equations
(11) is called the optical Bloch equations (OBE), Egs. (11a) & (11b) represent the time
variation of dispersion and absorption components of nonlinear polarization density,
respectively, while Eq. (11c) represents the population inversion of the TLS [17-18]. It is

t
convenient rewrite the set of Eq. (11) as a normalized form normalized time [1’ =—j as
the following form: 2

v =—A(T,)V-U (12a)
dr
av
d—:A(T2 U +Q(T, )W -V (12b)
T
W-W,)T.
d_V:_Q(Tz)V—( )% (12¢)
dr )
So convenient used the normalization for relevant parameters as:
5=A(T,) (13a)
7(t):Q(T2) (13b)
T
S 13c
n T (13¢)
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where 7 is relative ratio of the longitudinal to the transverse relaxation time. Then the
normalized optical Bloch equation can be writing as a form:

d—U:—6V—U (14a)
dt
d—V:éSU+yW—V (14b)
dt

WwW-W
d_W: _y(t)v_u (14c¢)
dt n

2.2. The Saturation Parameter

The variation time of density operator equation must be including the spontaneous
emission (decay process). The evolution of the density operator is given by the following
expression [19]:

d 1 .
92 _ _[H,p)+ Ap

dt ih (15)

where the last term describes the decay process and given by [19-20]:

Aﬁ:_z[g+0_ﬁ—20_ﬁ0+ +ﬁ0+0_:|
2 (16)

where I is the atomic decay rate, o, = |e><g|, and o_= |e><g| are the atomic transition
operators.to obtain the evolution of p must consider the decay terms in calculation as

follows:
d_P:(d_pj {d_/’J (17)
dt dt ), dt deay
dp 1 . (dp r . . .
here | — | =—[H,, p],| — =——|o. 0 p-20 po +poc.oc
w [dtl — Op](dtlmy Slo.op-20 po+poo ]
The solution of Eq. (17):
dpee =0 (183)
dt ),
J5
(ﬁ} =0 (18b)
dt
0
dbe A
[ dtg] =—i,, P, (18¢)
0
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and

(19a)
db
[%J =Tp, (19b)
decay
dp, r,
% =—— 19¢
( dt Jdecay 2 pEg ( )

The equation of motion for the matrix elements of p can be obtained from Eq. (17)

AT
dt decay “
dp
& =T A
( dt Jdecay pee
% =—iw H — £ A
dt decay * peg 2 peg

dp, T,
—2 | =] -, -— 2
( dt ]decay ( Ia)eg 2 Jpeg ( OC)

In TLS, the atom interaction with a light field, the total Hamiltonian of the atom in the
field is given by H + H, + H}. To obtain the evolution of matrix elements p can be used as
the first terms of the set egs. (9) Which are representing the interaction and add the set of
egs. (20) Which represents the decay to obtain:

(20a)

(20b)

dpee iQ @ w
PRt G (212)
dp iQ
&8 _ _ == o _ o
TP (P (21b)
dp, r iQe ™"
Eg__ . - o _
o (zw@g+2]peg+ 5 (ng pee) (21¢)

By using the definition of the population difference as following:

V=P P (22)

And p,, + p,, = 1, and the optical coherence p, = pj;
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%:—F(w+l)+iQ(p:—pc)

d .
dt 2 2

Consider the adiabatic regime where

dw _dp. _,
dt dt

In this regime, Eqs. (23,24) yield [19,20].
0=—F(w+1)+iQ(p: —pc)

—Fw+iQ(p: —pc)zl"

r iQ r iQ
0=|iA——|p, ——w|iA—— =—w
(-3 o250 %

The solution of Egs. (26,27)

where (s) is the saturation parameter and
iQ

" :Z(I;—iAj(l+s)

Also the saturation parameter (s) in can be written as [21]:

QZ
N S SR |
- r 2 Fz_ 2A2
2= —iA| AT+ 142
2 4 r

Where s. is the non-resonance saturation parameter and is defined as

ey

S = rz

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

For low saturation, the population is mostly in the ground level (w = —1). For high
saturation s >>1, the population is approaching to distribute between the ground and
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1
excited levels (w~0and p,,, p,, = E). The parameter s, can be written in another form
[20] as:

L
5, =t (32)

where I, , is the initial intensity of laser beam, I, is the saturation intensity.

3. Results and Discussion

A computer program has been prepared to solve Bloch equations (Eq. 11) numerically by
using Rung-Kuta-Fehelbereg method. The time variation (time behavior) for absorption
and dispersion components, their effect on the performance of an atomic system, and
the distribution of system particles between the two levels for both resonance and non-
resonance interaction have been simulated.

Figure 1 shows the detuning effect on the behavior of absorption and dispersion in
TLS for different values of detuning. Figure 1(a) shows no dispersion growth at value of
A= 0. The result has been explained as a sequence of resonance interaction which leads
to formation of equal electrical dipoles moments. While the growth of dispersion appears
at no resonant interaction as shown in Figure 1(b)-(c). In addition, noted distinguished
variation of dispersion behavior according to the detuning value as shown in case of A =
3,6, respectively, the case A = 3 appear the dispersion behavior starts from minimum value
approximately to 0.0069 and contrast to the highest value at 0.597 approximately, and
the steady state achieved at 0.2906 approximately as shown in Figure 1(b). In the case of
increasing of detuning to became A = 6 as shown in Figure 1(c), noted that the dispersion
alternate between the highest value approximately 0.473 and the steady state at 0.271, the
study explain that due to the non-coherence growth with the detuning increase and due to
the formation of a weak electrical dipoles moments.

Concerning of the absorption behavior during the resonance and no resonance
interaction time, Figure 1(a) shows the absorption behavior at resonance interaction
case, it is approach to maximum value at 0.15. While at non-resonance interaction case

b

0.2 .8 _ c
1A 08 —— Dispersion component 06 . i
0.0 “ \‘ | absorption component 0.4 Dispertion component
| ‘\ \‘ N 0.4 - ———  Absorption component
/
021 | v ] 02|
1 0.0 ||
R |
044 ‘\ a “\ o.o—\\f\M,—
Dispersion component | V
| -04-
0.6 H‘ —— Absorption component ‘0-2’|‘
1l 1
-0.8 T T T T T 1 0.8 T T T T T 1 04 T T 1
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Normalized time Normalized time Normalized time

FIGURE 1 (a,b,c). Dispersion and absorption components behaviorat A=0,3,6,d=2,n
=5,
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approach to 0.112 and 0.107 at A = 3, 6, respectively as shown in Figure 1(b) and (1c). The
study interpret that due to the high order of satisfaction of quantum conditions for exact
interaction as long as convergence state of wave frequency and TLS transition frequency(A
=0 or small value ) to be caused strong absorption.

Figure 2(a,b,c) represents the detuning effect on particles distribution between the TLS,
which can be recognize the steady state of population for low level (first level) proportional
with the value of detuning, while vice versa to the steady state population for upper level
(second level). The study interpret that because of the weak interaction intensity due to
incompatibility in frequency values of electromagnetic wave and the system transition
frequency, based on this reason, the weak transition of particles between the energy levels
occurs whenever the detuning increased.

Figure 3 represents the detuning effect on the population inversion behavior of TLS
particles. Figure 3(a) simulates the population inversion at resonance interaction(A = 0),
its maximum value approaching to 0.335 at the time coupling, while at the steady state
approach to —0.046. Figure 3(b) shows the maximum value of population inversion at non-
resonance interaction (A = 3), it is clear that the population inversion value approaching to
—0.364, While approach to —0.752 at A= 6 as shown in Figure 3(c). The study interprets the
variance of behavior (values) due to the weak wave-system interaction due to increasing of
detuning which is lead to weak opportunity for the particles of the first level to transform
to the second level.

b
a

10 Bl 1.0; —— Second level population 1.0 N

14 ——— seco i 0 ) - -

‘\ nd level population \ First level population

0.8 \‘ First level population 0.8 “V‘ 0.8

f - | c

|

0671\ 0.6 067 ——— second level population
0.4 ‘v 0-4; 0_4; First level population
0.2 02 0.2
0.0 T T 1 0.0 . : . 0.0 T T T T T 1

o 0 20 30 0 10 20 30 o 1 20 30

Normalized time Normalized Normalized time
FIGURE 2 (a,b,c). Two-level system population at A=0,3,6,atd=2,n=>5.
0.4+ a 021
b c
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FIGURE 3 (a,b,c). Population inversion component behaviorat A=0,3,6,d=2,n=5
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FIGURE 4 (a,b). Saturation parameter behaviorat A=3,6,atd=2,n=>5.

Figure 4(a,b) shows the variation of saturation parameter for no resonance state.
It can be noted the alternated value of saturation parameter at the levels coupling time
and display the steady state at later time of interaction. At the steady state can be noted
proportional relation between the saturation parameter and the detuning. The study
related this result to dependence saturation parameter value on the population inversion
by inversely proportional which shown in the previous section.

Figure 5 shows the desired saturation intensity (Isut.) to obtain the steady state of
population inversion as a function of the initial incident intensity (Ilint.). Figure 5(a)
illustrates the saturation steady state for population inversion required obtained at
saturation intensity approach 0.048IL,, at the resonance interaction. While at non-
resonance interaction, the steady state of population inversion obtained at saturation
intensity approach 0.0063 I;,,,. At A = 3, and 0.0008 I;,,,.. At A = 6 as shown in Figure 5(b) and
5(c), respectively. The study interpret the decreasing of (I,./I;,;.) due the weak interaction
between the wave and the system whenever the detuning value increase.

a 0.020 c
60 0.06 0.016
E g . 0.012.]
E 40 = 0.04-] £ 0.012
S0 = ]
2 2 5
3 0.008
20 0.02 1
| 0.004
0 T T T T T 1 0.00 T T T T T ] ]
0 10 20 30 0 10 20 30 0.000 T J !
Normalized time Normalized time 0 10 20 30

Normalized time

FIGURE 5 (a,b,c). Relative saturation intensity behaviorat A=0,3,6,d=2,n=5

4. Conclusion

The performance of TLS when interacting with an electromagnetic wave shows two
behavior periods. The first is the effective coupling period; the second is the steady state
period as the following:
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1.

2.

The values of dispersion, absorption, and population inversion components are
decreasing at the strong coupling and steady state periods at non-resonance interac-
tion with increasing of detuning value.

When transform from resonance to non-resonance interaction, the saturation param-
eter values decrease with increasing of detuning value.
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