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Abstract

The effect of changing the value of Rabi frequency has been studied in six level atomic
system, Optical Bloch equations where used as the main tool to get the final shape of
the model to treat the model. In this work we present a theoretical study of the non-linear
optical properties of materials as a result of their interaction with laser radiation in
resonance state. Density matrix was used in our formulation of Optical Bloch Equation.
These equations were solved using Matlap program for Six-levels Inverted-Y Atomic
Systems. A formula for calculation of electrical susceptibility was obtained. With
increasing the real and imaginary parts of the electric susceptibility have also increased
gradually which effects the index of refraction of the medium (real part), and the
absorption window (described by the imaginary part). Moreover, when increasing the real
and imaginary parts of the electric susceptibility decreased and we noticed that with
increasing the value of the signal laser field related to transition |2) < |6)a distortion starts
to appear on both real and imaginary parts.

Key Words: Rabi frequency, Density matrix, electrical susceptibility, laser, Optical
Bloch equations.
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Introduction:

Nonlinear optics is one of the important issues in optics. Nonlinear optical properties refer
to the changes in a material's response when it interacts with high-intensity light. This
interaction modifies the material's optical properties, transitioning from a linear to a
nonlinear response. The interaction of light with matter has been studied in both quantum
[1, 2], and semiclassical treatments [3]. In the semiclassical approach, atoms are treated
guantum mechanically, where all the fields are treated as classical vector fields [4].
Nonlinear electric susceptibility one of the nonlinear properties, it contains both real and
imaginary parts, the real part related to the index of refraction, and the imaginary part
related to the absorption. The nonlinear absorption and refraction in multilevel system
described by density matrix [5, 6]. In its simplest configuration, two electromagnetic

fields excite an ensemble of three-level atoms in Aconfiguration and the optical properties

of the atomic medium are described by the first-order complex electric susceptibility £ «
1. . . . :

. Its real part Re { &} is related to the index of refraction of the medium, the absorption
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window is described by the imaginary part Im{ X 1e} [7, 8]. Furthermore, there are several
studies on the four and five levels systems and their applications [9-13].The effect of the
Rabi frequency on the electric susceptibility for A -type atoms was studied and clear
distortion has been seen in both the real and imaginary parts of the electric susceptibility.
With increasing the Rabi frequency of the laser pulse that in resonance with the lower
transition the distortion will produce a new peak in the electric susceptibility parts, both
the real and imaginary ones [14].

In this paper we have studied the effect of changing Rabi frequency on the electric
susceptibility of the six-levels inverted-Y atomic configuration interacts with three laser

fields shown in figure(1).The analytical model is applied to *’Rb atom.

|5
L —

gy — 1

Figure (1) Six-levels Inverted-Y configuration

The transition |[1)«[2) is driven by a weak probe laser field of frequency “= , and

associated Rabi frequency £xof the first pulse in the resonance of the lower transition,
The transition |6)«»|2) is interacted with a signal laser field of frequency @s, and Rabi
frequency £2:. A strong coupling laser field with frequency @. and Rabi frequency {2.
simultaneously couples transitions between the state |2), and three closely spaced states

|3), |4) and |5). The frequency separations between the levels |3)—|4) and |5)—|3) are 51
and 92, respectively

Theoretical Treatment

The non-linear response of a material system to an applied optical wave can be described
by expressing the material polarization as a power series expansion in the electric field.
The Hamiltonian Hfor the system can be written as [14]:

H=H,+H, (1)
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where Hodescribes the H=miltonian for atom without presenting the electric field of the

light, which is the laser. ~ 'is the Hamiltonian of the interaction with the electric field of
the laser. Now for six states [n>with the condition:

6

Z In)nl| =1 , {nlm) = &, 2)

n=1

The Hamiltonian Ho can be written:

6 6
H, =(Z | n)(nl)hwn(ZIn)(nl)
n=1 n=1

(hw, O 0 0 0 0:

0 hw, O 0 0 0

0 0 hw, O 0 0
Ho=| o 0 0 hwy, O 0 ®)

0 0 0 0 hw; O

0 0 0 0 0 hawg

The electric field equation of the three used lasers is:
E={¢,,cos (wpt) +¢,.cos (w, t) + ¢ cos(w.t) +c.c (4)
Where &, &, &, are the amplitudes of the laser fields that has frequencies w,, w, w;

In the frame of rotating wave approximation, the interaction Hamiltonian Hican be
written as:

0 §,P 6Pt 0 0 0 0
fpﬁne-iw"’t 0 E.Pyaeit F Pieict § Poceleet §P,ceiwst
1 D it
i s 0 §Pseiex 0 0 0 0 |
2 0 E.Pgeiot 0 0 0 0
0 & Pgye it 0 0 0 0
0 fspsze_i%t 0 0 0 0
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with the elements g,,,,,0f the dipole operator o = gr'that satisfy the condition g,,,,=

Onm”= (n|o|m) , The Rabi frequencies defined as: 2, = f”':"' 0, = _EC'ZZS' «Qq

$slPeal
P

This gives the interaction Hamiltonian with Rabi frequencies terms as:

[ 0 0,e'%relort 0 0 0 0
2,e Preiort 0 Ne%cet ) eWce'®t  (.ePce®t 0 eWsest
H, = —x 0 Qe Veem et 0 0 0 0 (6)
0 0.e Weeloct 0 0 0 0
0 N e Peemioct 0 0 0 0
i 0 Ne Wsemiost 0 0 0 0o |

Using eg. (3) and (6) , we can rewrite eq.(1) as:

i h
= X
2w, — 0,6'%r g 0 0 0 0
_npe-i¢;|g—lwp! 2w2 T Qc9i¢;9!9:¥ ot chwfe!"""r —.Q‘.ew"em"t _ﬂsew,ezm,r

0 — 0, e ¥cgmiut 2wy 0 0 0 )
0 — 0o Pcgmiect 0 2w, 0 0
0 —, g ¥cgmiect 0 0 2w; 0
0 — N g Wsgi0st 0 0 0 2wg

Using the co-rotating frame, the time independent Hamiltonian becomes:

2(wy + w,) -0, 0 0 0 0
- -Qp 2(“’2 + wc) _-Qc _ﬂc _-Qc _Qs
= h 0 -n 2w 0 0 0
H=—= < 3 8
2 0 -0, 0 2w; O 0 ®)
0 -0, 0 0 2ws 0
0 -0, 0 0 0 2(wg+w,.)]

The Hamiltonian in terms of the detuning:Ap’ Ao ds \wheredp = Wp — w2 F g
Ar=w,—wy + Wsg, A, =w; —wg + Wagives:
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-0, 2(8,-A4) -0, -0, -0, -0
G_h 0 -0, 2(A, — A) 0 0 0 1 9)
2| 0 -0, 0 2(Ap — Ac + &) 0 0
0 -0, 0 0 20, = A= 68) O
L 0 _-Qs 0 0 0 0 |

On the other hand, the density matrix can be defined as:
p= Z P, |n){n| (10)

where P.is the probability of the occupation of the system in case n. The Von Neumann
—i

equation p = & [H, p], for system under the study, using eq. (9) and eq. (10), the Von

Neumann equation is:

_ i 1
Pij = Z [— E(Hikpkj — puHy;) +5(Fikpkj + pikrkj)]
. . % ~ i i i i i
P21 = P12 = [lAp = }’211921 —=0, —=0.a303 —50R.0405 —502.052051 — 502:P61
2 2 2 2 2
. . % . i i
P31 = pis = [i(A. + B,) — a1 pa +502P32 —50:a32P2;
y o : i i
P31 = P14 = [I(Ac +A4,+6,)— )’41]941 +: 'Z'-Qp942 —E-Qca42p21

i

- . % . i

Ps1 = P15 = [l(Ac +4,-8)— }’51]P51 + 2-Qppsz -E-Qca-szpu
: 85 . : i i
P61 = P16 = [I(As =Ag)= }’611961 +3'Qpp62 —E-Qspn

’ s : i i i i
Paz = Pz = [iA. — ¥321p32 +5-Qp931 +E-Qca42P34 +E-Qca52p35 +E-Qspss

. % . i i i i
Paz = prs = [i(A+ 81) —Va2lpaz +E'Qpp41 +E-Qc032P43 +E~Qca52p45 +E-Qsp4s
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i

: i : i i i
Ps2 = pag = [i(A— 82) —¥s2lps2 +_2-'Qpp51 + > N.az;ps;3 +-§-.Qca4gp54 +§'-Qsp56

i i i

- . & . i

Pez = Prs = [iA—Ve2]per + > 02,p¢1 + Z-Qca'32p63 o5 Z-Qcadfzpseg +"2"-Qcaszpss
. . % . i i

Paz = P3s = [—i8; — yaslpas +E-Qca32p42 —E-Qca'42p23

’ s 5 i i

P53 = P35 = [—162 —)’53]/353 +5-Qca32952 _EQCQSZPZS

. % : i i

Pe3 = P3s = [l(As & Ac)_}’aslpss + E-Qcaszpsz —E-Qspza

L i 3 i i
Pss = pyg = [—i(81 + 82)—Vsalpss +Eﬂca42P52 _E-Qca52p24

i

. . . i
Pes = pis = [i(A; — A + 81)—Vislpes + > N.aspe2 — E‘Qspa

i

Pes = Pzg = [i(A, — A; — 81)—Vselpes + >

i
N.as:pe2 — E-Qspzs (11)

For N atoms, the polarization using the density matrix is:
P(r) =N <p(r) > = NTr(pp)

P=NTrX
[pll P12 P13 Pi1a Pis P16] AO Pz AO AO AO AO
P21 P22 P23 P24 P25 P2el|'21 AO 23 Pas Pas Pac
P31 P32 P33 P3a P3s P3|l 0 Pz O 0 0 0 (12)
P41 Paz Pa3 Pas Pas PasllO P, O O 0 O
\llP51 Ps2  Ps3  Psa  Pss P56J| 0 P, 0 0 0 0 /
P61 Pe2 P63 Pes P65 Pee 0 ﬁez 0 0 0 0|

and polarization will be simply rewritten as:

P =AN(P12132£+ P21Pi2 + p23Pss + p2aPiy + p2sPsy + p26Pez + P32Poz + pazPos +
Ps2P2s5 + p62P26) (13)
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From the polarization P we can calculate the electric susceptibility for the system:

2N|P,,

€nlr

X:

(—.QPAP + iylg.(zp) (14)

2(A+iB)
From eq.(14) the real and imaginary parts are:

2N|P,,

€nlp

(QPAPA — '}’12-0;73) (15)
A% +B?

Vi 0, A—0, A, B
(1 g PP )(16)
AZ + B2

Xreal =

2N

Py,

€ndp

Ximaginary =1

Results and Discussion

In this section, we apply the calculation results to 8’Rb atom with the states shown in
figure (1). and with the help of matlab software, we have calculated the electric
susceptibility for different values of Q.and (.. Figure (2) represents the real and

imaginary parts of the electric susceptibility withQ. = 1 MHz Q, =1.5MHz (0, =09
MHz.

real(X), imagin(X)
o
«

30 20 10 10 20 30

o
delt p/gamma13

Figure(2): The real and imaginary parts of the electric susceptibility ( Q.= 1MHz)
A,/¥13, Q4 = 1L.5MHz < Qg = 0.9 MHz,A,= 0.6 MHz,A,= 0.8 MHz
With increasing the value of Rabi frequency Q.between levels |2)—|5)at the same value

of Q, and (), We notice increase in the values of both real and imaginary parts and the
behavior stay the same. . Figure (3) shows that at Q. = 2MHzwith the same parameters.
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Figure(3): The real and imaginary parts of the electric susceptibility (Qc = 2MHZz)
Qs = 0.9 MHz,A.= 0.6 MHz,A;= 0.8 MHz <A, /¥13, Q, = 1.5MHz

In figure (4) the increase in the value of both parts of the electric susceptibility becomes
much clearer as we increase . to 4MH:z.

6
H image part
4t |
l
|
=T I
=3 "
£ 2r [
£ /'
& / ‘l
E 1 / /‘ \
= /M
g N
g or Bd iV
I
ak /
2 )
[
S |
|
a . r .
-30 -20 -10 0 10 20 30
delt p/gamma13

Figure (4) The real and imaginary parts of the electric susceptibility (c =4MHz)

Qs = 0.9 MHz,A.= 0.6 MHz, A;= 0.8 MHz <A, /y;3, Q, = 1.5MHz

For different values of Rabi frequency, the real and imaginary parts of the electric
susceptibility drown in figure (5) figure (6) to prove the conclusion that we have reach.

T T T T

i
ﬁ}
)
|

o)

I L L L L
2 10 10 2 0|

o
delt plgammal3

Figure (5) The real part of the electric susceptibility
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Ae= 0.6 MHz, Ay= «Q; = 0.9 MHz <A, /y1s ,Q, = 1.5MHz(= 1,2, 3, AMHz)
YVie = 0.8 MHZ, Y12 = 1MHZY13 = 0. BMHZ y YV1a = ZMHZ, Y15 = 0. 6MHz
1.5MHz, §, =5V/m

Also we have calculated the electric susceptibility for different values of Q.. figure(7)
represents the real and imaginary parts of the electric susceptibility with

Q. =1MHZz Q, = 1.5MHz20, = 0.9 f rabi frequency Qsat the same value of Q, and Q.

Figure(8) shows that at Q= = 2 MHzwith the same parameters, we notice decrease in the
values of both real and imaginary partsand a distortion starts to appear on both real and
imaginary parts. In figure (9) the decrease in the value of both parts of the electric

susceptibility becomes much clearer as we increase s to 4MHz

Figure (6) The imaginary part of the electric susceptibility (Q.=1, 2, 3, 4MHz)

A= 0.6 MHz, A;= 0.8 MHz, y;, = IMHz «Qg = 0.9 MHZz <A, /y,5 ,{, = 1.5MHz
Y16 = 1.5MHz, §, = 5V/m «y;3 = 0.8 MHz,y14 = 2 MHz, y15 = 0.6 MHz

real(X), imagin(X)
-
]
7

)
/ /t\
-

/
(
\\ /

-5 o
delt p/gamma13

Figure (7): The real and imaginary parts of the electric susceptibility (Qs = 1MHZz)

Ac= 0.6 MHz, A;= 0.8 MHz <. = 0.9 MHZ <A, /y,3,Q, = 1.5MHz
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Figure(8): The real and imaginary parts of the electric susceptibility (Qs = 2MHz)
Ap/Y13 ) .Q.p = 15MHZ

A= 0.6 MHz, A;= 0.8 MHz <, = 0.9 MHz «

0.8 ra
/ \ imaginary part
06 /\ real part
.6 [\
/ N\
\
r/ \
0.4l / \ B
/ \
3 ) \
5 oz2f / i
£ // \
£ ol _—— \ _ -
3 —_— -~
0.2} ‘\,//\ \\ / il
\_
0.4l \/ i
06 . . : . .
-15 -10 -5 o 5 10 15
delt p/gamma13

Figure(9): The real and imaginary parts of the electric susceptibility (Qs = 4MHz)
A= 0.6MHz ,A;= 0.8MHz «Q. = 0.9MHz «A,/¥13,Q, = 1.5MHz

For different values of Rabi frequency Q, the real and imaginary parts of the electric
susceptibility drown in figure (10) to prove the conclusion that we have reach.

0.2

ok

-0.2

0.4

_0.6F

-0.8

real(X), imagin(X)

Ak

B

-1.4

16 c c . : c
-1s -10 -5 o 5 10 15
delt p/gammai3

Figure (10) The real part of the electric susceptibility (=1, 2, 3, 4MHz)
A= 0.6 MHz, A;= 0.8 MHzy,5 = 0.8 MHz , y;, = 2 MHz, < Q, = 0.9 MHz «Q,, = 1. 5SMHz
Y12 = IMHz ¢y;4 = 1.5MHz, &, = 5V /m «y;5 = 0.6MHz
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Conclusion

Optical Bloch equations where used as the main tool to get the final shape of the model

to treat the model. In this work we present a theoretical study of the non-linear optical
properties of materials as a result of their interaction with laser radiation in resonance
state. Density matrix was used in our formulation of Optical Bloch Equation. These
equations were solved using Matlap program for Six-levels Inverted-Y Atomic Systems.
A formula for calculation of electrical susceptibility was obtained. with increasing £1. the
real and imaginary parts of the electric susceptibility have also increased gradually which
effects the index of refraction of the medium (real part), and the absorption window
(described by the imaginary part). Moreover when increasing s the real and imaginary
parts of the electric susceptibility decreased and we noticed that with increasing the value
of the signal laser field related to transition [2) < |6)a distortion starts to appear on both
real and imaginary parts.
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