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Abstract: In this publication, for a model descibed by the quantum theory of
electromagnetic field interaction with a three-level atom, we study the Pancharatnam
phase and the geometric phase that arises in the state vector, with an extra Kerr-like
medium for one mode. The results demonstrate that adding Kerr-like medium has a
significant impact on the characteristics of the Pancharatnam and the geometric phases.
In the Pancharatnam phase, it has been shown that the information on the field statistics
and atomic coherence are expressly provided. Numerical results show The general
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1.Introduction

In quantum physics, the geometric phase
(berry phase) [1] and the Pancharatnam phase
[2] have a significant effect within a variety of
quantum phenomena. The geometric phase
relies on the quantum theory’s state space
structure [3] and it is very essential for and it is
very important in all physics branches. For
example, the Jahn-Teller effect [4], the spin-
orbit interaction [5], the quantum Hall effect [6]
and in many topics of quantum optics [[7] -
[11]]. Also, decoherent effect can be included
in quantum computation by applying geometric
phases [[12] - [25]]. Studies show the
importance of the Pancharatnam phase in the
spread of a light beam in which its state
polarization changes regularly [26]. The total
phase (or the Pancharatnam phase) includes
both the dynamical and the geometric
components and it obtained through a gauntum
system’s wave function.

The dynamical phase was previously defined
for the state as system was Hamiltonian
dependent. Also, the geometric phase was
dependant on the path selected in the space
covering all probable quantum system
condtions. The Pancharatnam phase for a two-
level atom one mode model was studied [27].

Furthermore, Some researchers in the recent
years has studied The geometric phase for a
three-level atom crosses a double cavity [28].

The model consists in the current work of a
single three-level atom with a single field of the
mode surrounded in an ideal cavity by a
nonlinear kerr-like medium. The Kerr-like
medium can be specifically developed as
anharmonic oscillator with frequency w. This
paper will be sorted out as follows. In Section
2, we present at any time t > 0 the model and
the expressions for the final state vector. In
Section 3, when Kerr-like medium impacts are
included we display the Pancharatnam and the
geometric phases calculations. Finally in
section 4, we present our conclusion.

2 Basic equation

We consider the Hamiltonian for a single
three-levl atom with a single mode in an ideal
cavity (Q = oo) containing a Kerr-like medium
in this cavity. The effective Hamiltonian of the
system in the rotating-wave approximation
(RWA)can be written as:

12 CiAgt A
Hypr = yat"a? + 4, (e"™taci? +
eMtqtol?) + 2, (e 2 ao}® + e2tatgl?),

)
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where Ay = w — (w1 — w3), A = w — (W, —
w3) and y denotes the coupling to the third-
order nonlinearity Kerr-like medium. We have
an atom whose levels have energies w;, w, and
ws. The operators ¥, 6,/ (i,j = 1,2,3) are the
lowering and raising operators between the two
levels i and j. Also, A, and A, are the coupling
constants between the field and the atom. The
initial state of the total atom-field system is

|¥(0)) = |¥_A (0)) @ ~ [¥_F (0)), (2)

where |W,(0)) is the initial state of atom
and |Wz(0)) is is the initial state of field.
Anywise, we take |¥(0)) in the form

P(0)) = XE(y_1|n,1) +y2 In+1,2) +
y_3 |n+ 2,3)), (3)

Where
yi=qnk_(i+ni)(n1=0n2=
n_3=1), q.n=n|¥Y_F (0)) is the number-
state expansion coefficients and k; is the
amplitude of finding the atom in state i and
k_i = (n|¥Y_A (0)). At any time t >0, the

wave function becomes

|Y() =Y n#E(An(t)|n 1)+
Bn((t)n+ 1,2)+ C_n (t)|n+ 2,3)).(4)

For simplicity, we set A; = A, = A, and
hence using the following schrodinger equation
when A = 1.

L(d|¥(t)))/dt = H_eff |¥(0)). (5)
Now, we solve Equation.(5), so the
amplitudes of Eq. (4) are given by:
Ap(t) = (yicos(vyt) — iatsin(v,t))e Hnt,
B,(t) = bte 't + (b'lcos(Vyyot)
+ id; b sin(v, 4o t)) e " Bnt,
Cn(t) = cte tn+1t 4 (ccos(Vy43t)
+ idy,c M sin (v, 45t)) e " Bnet,
The abbreviations in that variables are given
by the following :

an=ynn+1),
Pn=y(n+1)"2+A/2,
a(n+1)=xy(n+1)(n+2),
B_(n+1)=y(n+2)"2+A4/2,
On=y(n—1)+4/2,

O (n+2)=xy(n+1)+A4A/2,

0_(n+3)=xy(n+2)+A4/2,
v.n =V(0_n"2 + n(A_172 + 1_272)),

Vnyz = \/95+2 +(n+2)(AF + 23),
Vpz =025 + (n+3)(22 + 1),
Qn=(n-1"2-24/2),
a’ = (y_16_n+evn)/vn,
aMl=(y10_(n+2)+e/(n+
2))/v.(n+2),
a1l =(y_10n+e'(n+3))/v_(n+3),
€ =MAy2+ 4y3,
b = (A2"2y 2—212.2y3)/(A_172
+1.272),
b1 = (e 1)/(A_172 + 1_272),
br111 = (e6_(n + 2))/(A_172 + 1.272)
— (1N (n+2)),
M= (A1 2y 3-A112y.2)/(A_1"2
+21.272),
M1 = (e2.2)/(A_172 + 1_2"2)
cM11 = (e6_(n + 3))/(A_1°2 + 1.272)
— 1V +3)).
3 Pancharatnam and geometric phases

The Pancharatnam phase (or the total phase
¢.) between the two state vectors |¥(0)),
|W(t)) is given by [2]:

¢, = arg(Y(0)[¥(t)) = Tan (Y (t)/
X(t)), (6)

where

X(t) = T (11 (y1c05Qtcosvyt —

alsinQ,tsinv,t)

+y_2 (b1 cosa_nt+ b"11 cosf_n tcosv_(n
+2)t)+y_3(c*l cosa_(n
+1)t

+ccosBp41tCOSV, L 5t)
+ Ay, b sing, tsinv,,, ot

+A 2y _3cM11sinf_(n+ 1) tsinv_(n
+3)1),

Y(t) ==Y n#E(y_1(y_1sinQ_ntcosv_nt
+ a”1 cosQ_n tsinv_nt)

+y_2 (bl sina_nt+ b*11 siny_n tcosv_(n
+2)t)+y_3(c*lsina_(n
+1)t

+c*11sinf_(n+ 1) tcosv_(n+ 3) t)

— A1y 2b"11cosf ntsinv_(n+2)t

—A_2y_3c*11cosf_(n+ 1) tsinv_(n
+3)1t).
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In addition, the dynamical phase ¢, is
achieved with the time integral of the
expectation value of the Hamiltonian during the
time t = 0 to t for any quantum evolution from
timet =0tot,

¢$_d=
—[ _0rtE(P()|H ef f |W(t))dt, h=1.

After compensation for [¥(t)), we get

G2 .
bgq = Z (¢t + ﬁstvnt

+ Sin2v, 4ot

4Vn iz

(s

(o .
+ sinl}, ot —
n+2 n+2

sinAAp 4t

LS

{7
sin2v,, 3t + ——sinl} 3t
4V 43 " Fn+s "

1

a + .
5 SinAppat +i(& + &L expitt
n+3 Fn

a' =y iAnt a +y;
et — G

—(a™1 -y 1)/A_(n+2) exp(—iA_(n

+2) 1))

111

a -+ .
—yl exp_lrn+3t

exp_irn+2t

—$a(

F'n+3

111
a - yl i
— —exp lA‘n+3t)

An+3
$s $6
— 2v,t —1) —
+ 2v, (cos2v, ) T,

- 1)
=& 7/(4v_(n+3))(cos2v_(n+3) t —1))),
where

(cos2v, .t

1
(G =01+ G2+ 03+ s+ s+ EM:
1 12 2
(11 = _EXn(n - 1D(a" +v1)
1
Q12 = =5 an(2b* + b1 + 250119,

1
{3 = —EanH(chz 4 c11? g A%clllz),

G4 = _%(/11)’11911(\/H +Vn +2)

u = a'n(e, — y1Vn(Ai + 13)),
¢ = xn(n — 1)(a12 —¥{) —Vny (A, p"?

- /12cll) -
03 = an(B3b1* — b11%) + V¥ 2(AFa 1 p1
— A1y1b™),

(4=anb"1(A1.1b"111 - b"11),
{(5=anb”1(A_1b"111 + b"11),

(6=a(n+1) 22 [c*111] 2
— [cr11) ~2) +V(n
+3)(A_272 a™11 ¢ 11
—A2y_1c™1),

(7=a_(n+1)c* (A.2c"111 —c"11),
(8=a_(n+1)c" (A.2c"111+ c"11),

§1=((n(A1b " +212c 1))/
TCnAn))(@a*1lvn—y_160_n)—
(A1 VYV +2)/T_(n+2)A_(n+2)))
X @MMlv_(n+2)—y_10_(n+2)) —
((A2cMVn+3)/T_(n+3)A(n+
3))(@1lv_(n+3)—y_16_(n+3)),

£2=1/2Vn(A.1b 1 + 2.2 c"1),
§3=1/221b"1V(n+2),
£4=1/222c"1V(n+3),
£5=(y1w/a"l +Vna1larl b1,
$6 = \/n—+2(/1%)/1b111 + A4atth'h),
& = \/n_-l-3(/1%)/16111 + Ayatltcily,
An=0n-—vn,
AMnM+2)=0_(n+2)—v_(n+2),
AMm+3)=0_(n+3)—v_(n+3),
I'n=0n+v.n,

T '(n+2)=0_(n+2)+v_(n+2),
[mM+3)=0_(n+3)+v_(n+3).

The geometric phase under Schrodinger
evolution is obtained by subtracting the
dynamical phase from the Pancharatnam phase
as follows [29].

pg=¢t—¢d (8)
¢_g =i _0rtE@p(O)|d|(t))dt (9)
¢_g =2n/np@®)|a" T a|P(t)) (10)

+ Lyic (Wn+vVn +3)), With T = 2m/n being the period, which is
1 proportional to the expectation value of the
15 = E(A%allbll Vi + 2 photon number operator, and inversely
+ A3alt1ciiln + 3),
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proportional to the transition photon-number n.
After restitution for |[W(t)), we get

¢y = 2112 [{¥2(cosv,t)? + a?(sinv, )2}
n
+{(n + 1)/n}{b**
+ 2b1b 1 cosv,,,tcos0,, ot
+24,b b sinvy, , ,tsing,, .ot
+ b11% (cosVp44t)?

2, . 2
+22b1117 (sinv,4,t)2} + {(n + 2) /n}{c?
+2ctcttcosv,, 4 3tcosb,, st + 2A,ct ettt
X SiNVyy43tsinBp, st + c112(cosv,,st)?

2, .
+25c111% (sinv,, 5 1) %]

4 Conclusion and results

The pancharatham phase and the geometric
phase for a three-level atom in the presenence
of Kerr-Like medium was studied in the
previous section. For our plots we have
assumed that 4, =1, =1 and A, = A, = A.
The time t has been scaled; one unit is obtained
by the inverse of the coupling Parameter A. We
introduce the Pancharatnam phase and the
geometric phase for the initial coherent field
with different values of Kerr-Like medium

parameter % In our calculations, we have taken
2 €[0,0.01]

Figure 1: Plots of The pancharatnam phase as a
function of the scaled time At of the initial

coherent field equal to n=25 and %z
0,0.05,0.5

Figure 2: Plots of The Geometric phase as a
function of the scaled time At of the initial

coherent field equal to n =25 and §=
0,0.05,0.5
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