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ABSTRACT

We report the presence of the nonclassical prasenamely squeezing and antibunching
in three mode Bose-Einstein Condensate (BEC) systémre the atomic mode is
coupled with two molecular modes. Here photo asgiwei stimulated Raman adiabatic
passage (STIRAP) prepares the molecular modesnjugation with Bose stimulation.
Both squeezing and antibunching are found for atomode whereas the molecular
modes remain coherent. The coupled mode squeeziolgserved if one of the mode is
necessarily atomicandthe coupled mode antibundsimgesent only for atomic-excited
molecular mode. No nonclassicalities are found xoited molecular-stable molecular
mode. The model Hamiltonian is solved analytichlya well-established approximation
technigue and the solutions are plotted with restdalme. These solutions are well
supported by numerical simulations. The criteriadubere to examine nonclassicalities
are practically realizable.

Keywords: Squeezing, Antibunching, Nonclassicality, BEC, SAR Sen-Mandal
approach, MBEC.

1. Introduction

The squeezing and antibunching are the nonclassitates required for the
implementation of various other quantum mecharstatkes in numerous useful purposes
such as dense coding [1], quantum cryptography] [@;3guantum teleportation [4].
Antibunching is a quantum mechanical characteribiit is essential in realizing single
photon sources [5]. In the recent past, BEC bagstdms are reported to make notable
contributions in the actualization of quantum cotmmyu devices [6-9] e.g., the optical
fiber coupled cavity consisting of two component@Ecan transfer quantum mechanical
states [9].

The single photon state is said to be the mostlassical of all the quantum states of
light [10]. But the nonclassicalitycan also involaelarge number of photons. For the
criterion of nonclassicality, one may think of Ghew-Sudarshan quasi-probabilty
distribution or the P function [11]. For all thenabassical states, P function is negative or
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more singular thawfunction. For practical applications, several othenstructions of
nonclassicality criterion such as negativity of Wag function, Q parameters etc. have
come into existence. We have resorted to some iexpetally realizable nonclassial
criteria relating to squeezing, intermodal squegziantibunching and intermodal
antibunching.

The quantum states of BEC have marked both therdtieal and experimental
significance [12-14]. Molecular Bose-Einstein Consil#e (MBEC) can be produced
using coherent photo association from an atomic HE&16]. In this report, we
investigate squeezing and antibunching (single maslevell as coupled mode) in a
system of three mode atom-molecule BECs prepare@HRAP having interactions
between different modes in which the stable mokacuhode has maximal population
density in comparison with excited molecular maotig, 18].

The paper is organized as follows. In sec. 2, ti@yéical solutions of the equations
of motion constructed from the Hamiltonian of thystem of interest are presented. Sec.
3 gives the account of the presence of squeezidgan 4 deals with the occurrence of
antibunching. Finally, it is concluded in sec 5.

2. The model Hamiltonian and the analytical solutions
The Hamiltonian of the model system [17] is asdiaf

H = 8b%h — 2 (ab + a?bT) -~ (bt + be'). 1)

where a, b and ¢ are the bosonic annihilation operators for atommicde, excited
molecular mode and stable molecular mode with epoeding eigenstatds, 12) and
13) respectively.The stable and excited moleculaestdiffer by energy whereasv and
€ are the interactions between atomic and exciteE®IBnd between excited and stable
MBEC respectively. The commutation relations amtiregfield operators are given by

[a, a*] =1,[ab]=0
[b,bT]=1,[b,c] =0 (2
[c,ct]=1,[c,al =0

The stable molecular mode is maximally populatedifantwo photon resonance, atomic
and stable molecular energy levels are exactly ssra#hown in the following schematic
[17],

11) ~00—00—80-3)

Figure 1. The schematic of three mode atom-molecule BEC
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The Heisenberg's equations of motions for the fagdérators are given by the following
set of equations (eqn. (3)). Hére= 1 is taken throughout the solution.

a(t) = iwat (©)b(b),
b(t) = —isb(t) + i%az(t) + igc(t), (3)

. .6
¢(t) = lib(t).

The coupled, nonlinear set of equations (3) dodshawe an exact analytical solution.
Thus, an approximate technique called Sen-Mandptoagh [19] has been adopted.
These solutions are also featured in some of theoel earlier work [20] and are given
by the following set of equations considering teup& 0 (e2) and0 (w?),

a(t) = f1a(0) + f,a™(0)b(0) + f3a’(0)a?(0) + f,a(0)b*(0)b(0)

+ fsat(0)c(0),
b(t) = g1b(0) + g,a*(0) + g3¢(0) + g4b(0) + gsaT(0)a(0)b(0), (4)
c(t) = hyc(0) + h,b(0) + h3a?(0) + hyc(0).

The parametric functiong; (i = 1,2,3,4,5), g;(i = 1,2,3,4,5) andh; (i = 1,2,3,4)are,

fi=h = 1'0)
fo =29, = EG(t)'
_ fa w? .
f3= 5= %)6: [G(t) —idt],
fs = Zhg = _W[G(t) — idt],
g1 =€, (5)
€
gz =hy = %G(t),
2w? + €2 . ,
gs = —TQJG (®) + ist],

(1)2
gs = —ggl[G*(t) + idt],
62

e =—452

[G(t) — idt].

The present set of solutions satisfies the follgwoommutation relations which are
called equal time commutation relations,

[a(t),af(®)] =1
[b(t),pT(®)] =1 (6)
[c(o), ctT®)] =1
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The conservation law of total particle number soaatisfied,
at(®)a(t) + 2bT(©)b(t) + 2cT(t)c(t) = constant. )

3. Squeezing

The stable molecular state is considered to hawanmad population initially as evident
with STIRAP. All the three modes are in cohererdtes at the beginning and the
composite state is given by,

[W(0)) = |a) @ IB) @ ly). (8)

where |a), |B) and |y) are eigen states afband cwith the eigenvalues, f andy
respectively. Consequently, following eigenvalueattpns are valid,

a(O)[p(0)) = ala) @ [B)  ly),
b(0)|W(0)) = Bla) ® [B) B |y), 9)
c(O)W(0)) = vla) ® |B) @ |y)-

To study the squeezing effect in various modesgtiedrature operators are defined as
follows,

X; == [jt) +jT(®)]

Y= -1 - jT(®)] (10)

N| -

wherg = a, b orc.

The possibility of squeezing in any modeis there if any one of the following
inequalities is satisfied,

1 1
(AX]')Z < 7 (AY])Z < " 11§

And for the coupled mode squeezing, the quadratpeeators are given by,

1
Xjre = ﬁ“(” +i1() + k(@) + kT(0)]

Vi = 575 (O =1 @® + k(@) = k1 @] (12)

Whereas occurrence of any one of the following uradities validates the coupled mode
squeezing,

(AX;)? <7 (A2 <+ (13)
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wheréc = a, b or c andj # k.

Using (4), (5), (9) and (10), the fluctuations e tquadrature of modeis given by,

AX,)?
(((Aya))2> = %[1 +1L2IB12 £ (fifeB + fifsa® + fifsy +c.0)] (14)
a
wheres. ¢ stands for complex conjugate and the upper anerliasigns correspond to
(AX,)? and(AY,)?respectively. In case of the other modes, it isibthat

(AXp)*\ _ 1

((AW) K (19)
and

(AXC)Z _1

((AW) I (10)

Using (4), (5), (9) and (12) we obtain the varianfer the coupled modes as follows,

2
(W‘ab) ) T+ S1ARPIBR + 2 {(fig5 + figDaB’ + (figs + 91fu + 2922)aB +

(AYab)Z
(fifoB + fifsa® + fifsy) + c.c}] (17)
2
(8};))2) = [+ ILPIB12 £ G (B + fifsd + fifsy) +c.c.}] (18)
and
AXpc)?
(EAYSJ)Z) = 49

In order to trace the signature of squeezing, #pressions of the equations (14), (17)
and (18) are plotted with the dimensionless titewhich are shown in figure (2) and
(3). All the figures clearly depict the presencesgfieezing. The analytical treatments are
well supported by the numerical simulations. It bemoted that the amount of squeezing
can be variedby controlling coupling constants @taiwn in figure). The modésandc
remain coherent all through the time evolution.
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Figure 2: Plot of quadrature squeezing in madehere in (a3 is taken as 1.0 and (b)
y = 1.0.
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The quantum statistical properties for mad=mn be studied by calculating the second
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coupled modeax — c. The rest of the parameters are takerd &5.0, w = € = 5.0 X
order correlation function for zero-time delay

Figure 3: Plot of quadrature squeezing for (a) the couplextiera — b and (b) the
107*, a = 1.0 andy = 1.0. Here for (a)3 = 1.0 and for (b)3

4. Antibunching
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<at®at®a®)at)>
<at@®at)><at(t)at)>

g (0) =

02

The particle number distribution for modds sub-Poissonianif) < g (0) < 1and the
mode is associated with the nonclassical phenomealted antibunching [10]. The eqgn.
(21) can be written in the form

__ (AN)2—-<N>
T <n>?

g?0) -1 (21)

It is evident that numeratabd = (AN)2—< N > in the right hand side of eqgn. (21)
determines the quantum statistical properties. iSpaity speaking, the conditiond <

0, D =0 andD > 0 give the sub-Poissonian, Poissonian and supes®toan statistics
respectively. Using eqn. (4), the analytical expi@sforD,, is

Do = Ifo? (1812 + 6la2IB12 =3 1al*) + (f foa™* B + fi fsa ™"y +c.c.). (22)
Similarly, for the other modes

Dpy=D,=0 (23)
For intermodal antibunching, the following expresscan be used

<at@bT®Ob®)a(t)>

@) —

g7(0) = <at®a®)><bT(®Ob)> (24)
Correspondingly

Dgp =< at(®ObT(®b()a(t) > —< at(t)a(t) >< bT()b(t) >. (25)

Using equations (4) and (25), the following expi@ssfor the quantum statistics is
obtained

Dgp = —(41921* — lgs|®)|al*|BI?. (26)

We plot equations (22) and (26) with the scalecetimn (figure 4) and from these plots
the presence of antibunching is ascertained. Nibwamthing is found from any other
combination of modes.

5. Conclusion

We consider three mode atom-molecule BEC prepagedBdse Stimulated Raman

Adiabatic Passage. The Heisenberg’'s equations dfomalerived from the model

Hamiltonian is solved analytically using Sen-Man@lathnique. Using the solutions, we
study two of the nonclassical properties of variouedes namely, squeezing and
antibunching. The plots of the solutions suggest ekistence of both squeezing and
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antibunching in atomic mode as well as the couptesties involving atoms and the
analytical solutions are well supported by numérarees. Particularly for antibunching

to be observed in atomic mode, complex eigenvahrettie bosonic field operator

corresponding to excited molecular mode is takdme Jtable and the excited molecular
mode states remain coherent all through the tintdudon. There is further scope of

research if the system is made coupled with extematy.

S T
SN

T
it

(b)
Figure4. Plot for antibunching for (a) modeand (b) coupled mode— b. The

parameters are taken&s= 5.0, w = € = 5.0 X 10~*, @ = 1.0 andy = 1.0. Here for (a)
B =—i and for (b3 = 1.0.
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