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Within the framework of quantum dynamical theory, we present a new method to control the quantum statistics

of an atom laser by applying a powerful input light. Differing from the case in the rotating wave approximation, the

non-classical properties can appear in the output atom laser beam with the evolution of time. By choosing a suitable

phase of the input light, it is capable of realizing a steady and brighter output of coherent atom laser.
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I. INTRODUCTION

Recently, there has been much interest in creating
an atom laser and exploring its novel properties.['=3!
In 1997, the MIT group first realized a pulsed atom
laser;[* subsequently Sun et al.l5] presented a won-
derful theoretical analysis for the MIT output cou-
pler of the trapped Bose—Einstein condensate with the
rotating wave approximation, which showed that the
initially coherent condensate remains in such a state
while the output atomic pulse is also in a coherent
state. In this paper, we will generalize the work of
Sun et al. to the case without the rotating wave ap-
proximation, which corresponds to a powerful input
light, and the virtual photon process can no longer be
ignored.l%] In the resonant case, it is shown that the
non-classical properties, such as sub-Poisson distribu-
tion and quadrature squeezing effect, can exist in the
output atomic field. This indicates an interesting opti-
cal control on quantum statistics of the output matter

wave.
II. MODEL AND SOLUTIONS

We begin by assuming that the atoms have two
states, |1) and |2), with the initial condensation oc-
curring in the trapped state |1). State |2), which has
different trapping properties and is typically uncon-
fined by the magnetic trap, is coupled to |1) by a co-
herent light tuned near the |1) — |2) transition with
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frequency wg. The Hamiltonian we consider here of a
fully coupled photon—atom system can be written as

(h=1)
H= (.dob;bg +wgata+ g(abg +atby + ab, —i—aTb;), (1)

where bg, a’, by and a are respectively the creation and
annihilation operators for the atoms in the untrapped
state |2) and the photons with frequency w,; ¢ is the
coupling constant. Note that the nonlinear atom-—
atom interaction has been ignored, which is reasonable
for a dilute atomic system; and the Hamiltonian (1) is
the effective one in the Bogoliubov approximation. /5]

The initial state of the system is supposed to be:
$(0)) = o)1 @ | B(0)) with |5(0)) = [0)z @ |a). Here
|p)1 is a Glauber coherent state of the operator by
characterizing the condensed atoms in the trapped
state |1), namely, by|p) = v/N.e ?|p); |0)2 represents
that the initial untrapped state |2) is a vacuum state
since there is no occupying atom in it; and the initial
state of the input optical field is a coherent state |a),
ie., |a) = D(a)|0),, where D(a) = exp(aal — a*a),
and a = |a|e?’. Here we only need to study the com-
ponent |@(0)) = D(«a)|0), |0) = |0)2 ® |0),, since
the condensed component being initially in a coherent
state |a); remains in such a state in the Bogoliubov
approximation.

The Heisenberg equations about the operators b,

a, b; and a' are
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.0 | a(t) g Wa
1— =
ot | bi(t) 0 —g
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where we have replaced by by b. By applying the tech-
nique of diagonalizing the coefficient matrix, the above
equations can be solved exactly. To avoid tedious cal-
culations, we here consider the resonant case, namely,
w, = wg = w, and ¢ € w, then in the first-order
approximation of g/w, one can obtain the following

solutions:

b(t) = 71b(0) + 72b' (0) + y3a(0) + v4a'(0),
a(t) = 11a(0) + v2a' (0) + 73b(0) + 74b(0),  (3)

where
1 . .
== |:(1+ g) eflult_i_ (1 _ g) e*”’zt:| ,
2 w w
o = 4i(efiult ivit efiu2t + eiuzt)7
w
V3 = L [ 1+ g) e it _ (1 - g) e*i"zt} ,
2 w w
Ny = %(6*1"175 _ eiult + efiu2t _ eiuzt) (4)
W

andvy =w+g, s =w-—g.

Using these solutions, we can calculate the aver-
age numbers and the fluctuations of the out-state pho-
tons, as well as the output atoms. For the out-state

photons, the final results are
2(0)|a’ (t)a(t)| 2(0))

[1+ cos(2gt)]|af? (5)

< Ny(t) > =

—~

N | =

and
< ANZ(t) >=— -|af[sin(4gt)
+ 2sin(2gt)] sin(26)+ < N4(t) > . (6)
Similarly, the fluctuation of the output atoms is
< AN (t) >=— |al[sin(4gt)
— 2sin(2gt)] sin(260)+ < Ny(t) >,(7)
where < Ny(t) >=[1 — cos(2gt)]|c|?/2.
It is well known that, to determine the statisti-

cal properties of a quantum field, we can define the

Mandel Q parameter asl®:
< ANZ2(t) >
Q(t) :7()
< N(t) >
< 0: Sub — Poisson distribution,
— 1< =0: Poisson distribution, (8)

> 0: Super — Poisson distribution.
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From Eqs.(5), (6) and (7), we can derive an interest-
ing result for the @ parameters of the out-state optical
field and the output atomic field:

Qa(t) | _ [ 1 sin(2gt) sin(26),  (9)

Qb(t) 1

which yields Q,(0) = Q,(0) = 0, as it should be. For
sin(20) > 0 (or nw < 6 < nmw + 7/2, n is an integer),
when the evolution of time ¢ satisfies sin(2gtg) > 0,
we have Q,(t) < 0, Qp(t) > 0. This means that
the optical field is in a sub-Poisson distribution and
that the atomic field is in a super-Poisson distribu-
tion; but when sin(2gtg) < 0, the situation will be
quite different: the atomic field has a sub-Poisson dis-
tribution. This periodically oscillating behaviour may
be expected to be observed in the laboratory. Besides,
we can see that the phase 6 of the initial optical field
has a great impact on the statistical properties of the
atom laser. For the case of § = nm/2, the outcou-
pled atomic pulse will always remain in the coherent
state. This suggests a method to realize a steady co-
herent atom laser through removing the non-classical
disturbance.

Now we proceed to calculate the quadrature
squeezing of the output atomic field. According to
Ref.[6], the field quadratures Xi,, X715, Xoq and Xg

are defined as

1 1
Xla = §(a+ aT)7 X2a = Z(a - aT)7

1

1
X = §(b+ bh), Xop = i(b —bh). (10)

Following Bruzek et al.,["! we introduce the squeezed
coefficients

g _ < (AX;)?2 > —1/2] < [ X1, Xo] >
' | < [X1, X2] > /2

then we obtain

Sip(t) =2 < Ny(t) > +2Re < b*(t) >
— (Re < b(t) >)?,
Sop(t) =2 < Ny(t) > —2Re < b2(t) >

— (Im < b(t) >)2, (12)
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where
< b(t) >= (M2 +y371a)+07; 0 =ysa+ya’. (13)

It is interesting that a non-zero term exists in the case

of |a| =0, i.e.

Slb(t) _ 1 gSin .
S |\ -1 | w (2wt) sin(2gt).  (14)

This means that the squeezing effect occurs even in the
vacuum stage. Obviously, for the initial state of the
atomic field, Eq.(14) yields S;(0) = 0, which means
When
the evolution of time satisfies: nm < wt < nmw + /2,
we have: Syp(t) > 0, Sa(t) < 0. This means that

that there is no squeezing, as it should be.

the quadrature component Xs; is squeezed. However,
when the evolution of time satisfies: nm+7/2 < wt <
nm + 7, but nm < gt < nmw + 7/2, the squeezing effect

will transfer to X1; component.
II. CONCLUSION

We have probed the impact of the strong optical
field on the properties of the output atom laser. In
the resonant case, it is shown that non-classical prop-
erties, such as the sub-Poisson distribution and the
quadrature squeezing effect, may appear in the output
atomic field. This differs from our previous work us-
ing a squeezing input light.[8] Our investigations also
shed new light on the problem of realizing a steady

and brighter coherent atom laser beam.
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