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Abstract. The linear amplifier with the superposition of displaced Fock states (DFS’s) as an input
field is discussed. Theparameterized characteristic function (CF) of linear amplifier for the super-
position of two DFS’s is considered. Several quantum statistical expectation values for the output of
linear amplifier are evaluated once the time dependent CF has been computed. The Glauber second-
order coherence function is calculated. The squeezing properties of the output field are studied. The
s-ordered quasiprobability distribution function (QDF) for the output of linear amplifier driven by
DFS's superposition is investigated. The phase properties of the superposition of DFS'’s are studied.
Thes-parameterized phase distribution, obtained by integrating-legameterized QDF over radial
variable is illustrated.
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1. Introduction

The concept of the photon in the quantum theory of a radiation field has been built on the
Fock (number) statgn). However, the coherent state is another important state, it may be
defined by the action of a displacement oper&lée) on the vacuum state. These states
have been extensively studied [1]. On the other hand, the displaced Fock states (DFS's) are
very important kinds of states in quantum optics, defined by the action of the displacement
operator on the number state [2—-4]. They can be regarded as a generalized class of the
Fock and coherent states. They form a complete basis, and have interesting and unusual
physical properties [2—4]. The quasiprobability distribution functions (QDF’s) have been
represented as a series in terms of these states [4]. Experiments have been performed to
prepare the Fock states, coherent states, and states derived from them, in recent times [5,6].
The various schemes proposed have been built on the motional dynamics of the centre of
mass of trapped ions [5].

The generation of nonclassical states of light is at the heart of quantum optics. In par-
ticular, the superpositions of quantum states [7,8], are considered as an important type of
nonclassical states. These states are of particular interest because they possess various
nonclassical properties, such as squeezing and sub-Poissonian statistics [8]. Non-classical
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properties of a superposition of DFS’s have been discussed [9]. Particular interest has been
devoted to the generation of these states in ref. [9].

The QDF’s have already become customary tools of analysing experimental results in
detecting quantum states of systems like an ion oscillating in a harmonic trap, or fora mode
oscillator [10]. The quantum mechanical systems can be described by QDF’s, and quantum
mechanical expectation values of operators are calculated completely. The different QDF’s
are associated with the different orderings of operators. These are not in general true
probability densities and they sometimes become negative or more singular than a delta
function. In this sense, they are also called quasiprobability densities [11].

It is well known that a linear amplifier modifies the statistical properties of the light
amplified. In particular, when the incoming field exhibits sub-Poissonian photon statistics
or squeezing, these features can then be lost after amplification when the gain is too high
[12-16]. The increased use of lasers in ultra-high precision measurements, especially the
work on gravitational wave detection, has focussed the attention on optimization criteria
for laser amplifiers. Also, in communication applications the ultimate performance limit
may constitute an important factor in dimensioning the optical systems [14].

The purpose of this article is to examine the statistical properties and phase distribution
in full generality, by using the DFS’s superposition as an initial input field for the linear
amplifier. The use of such non-classical states not only lead us to a deeper understand-
ing of the nature of light, but also have applicability to detect weak signals and quantum
communications.

This paper is organized as follows. 8, the construction and properties of superposi-
tion of DFS’s will be discussed. 183, thes-parameterized CF on a linear amplifier with
DFS’s as an input field will be calculated. Some applications fostbedered CF: namely;
moments and squeezing will be studied§4n thes-parameterized QDF will be covered.

In §5, thes-parameterized phase distribution will be investigated. Finally, the conclusions
are made ir36.

2. Superpositions of displaced Fock states

We start by reviewing some of the properties of DFS’s [2-5]. In addition to this, we discuss
the properties of the superpositions of these states [9]. The 2R3>, is defined by

ja, n) = D(a)|n) (2.1)
with D(«) the displacement operator, given by [1]
+

D(a) = exp(aa™ — a*a), a = |ale®, (2.2)

wherea (o) is the annihilation (creation) operator of the boson field.
The scalar producis, m|a, n) is given by [3]

(Blayy/ 2l = By LMo = B2),  m >
(Blayy/ 2B — o) L ™ (o = BP), m>m

where the scalar product of two coherent states has the well known {@llag =
exp[—(1/2)(|a)* + |B|?) + aB*], andL?, (z) is the associate Laguerre polynomial

(2.3)

(8, m|a,n) =
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mw=3 (o) ek @.4)

s=0

We consider the superposition of these states in the form [9]

0,,) = A% {|ag,m) + K| — ag,m)}, (2.5)
whereA is the normalization constant given by

A={1+|KP+ (K +K*)e 2L (4]a0|*)}. (2.6)

For K = 0 we have the DFS’s, but fak = 1 or —1 the resulting states depend on
If m is an even number anl = 1, we have superposition of even states and while odd
states are obtained whéh = —1. But whenm is an odd number the result is reversed.
According to Cahill and Glauber [11] the (Glauber—Sudarshari); (Wigner) and@
(Husimi) functions may be expressed in an integral form

1 .
F(a,3) = 2 [ C(5.5) exp(3a— )5, @)
whereC(, s) is thes-ordered generalized CF,

C(8,5) = DBl exp (515°) (2.8)

ands is a parameter which defines the relevant QDF’s. According to the following values
s = 1,0,and— 1 the Glauber—SudarshdP-function, the Wigner function, and thg-
function have been obtained, respectively.

3. Linear amplifier

There are three standard optical detection methods: heterodyne, homodyne, and direct
detection which are realizations of the quantum measurements of photon number, single
field quadrature, and both quadratures, respectively [15]. Correspondingly, there are three
different optical amplifiers, the phase-insensitive linear amplifier, the phase-sensitive linear
amplifier, and the photon number amplifier. The output of each of the amplifier preserves
the measurement statistics of the input for the three different detection methods applied to
the amplifier output [15].

An amplifier is a device that takes an input signal and produces an output signal by
allowing the input signal to interact with the amplifier's internal degrees of freedom. A
linear amplifier is one whose output signal is linearly related to the input signal. A phase-
insensitive linear amplifier is one of the linear amplifiers whose phase shift of the input
signal produces the same or opposite phase shift of the output signal, or the noise added
by the amplifier is distributed randomly in phase [16]. The complete quantum mechanical
description of linear amplifier can be found in ref. [16].

The used model is one which consists of a single-mode radiation field of frequency
which interacts with a large number of identical two-level atoms. The statistical properties
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of the field are governed by the following master equation for the density opgrattine
field in the interaction picture

% =nNy(2atpa — aa™ p — paa™) + NNy (2apa™ — atap — pata), (3.1)
wherea anda™ are the usual single-mode photon annihilation and creation operatgrs,

is the average population of the excited atoms &ndhat of the unexcited atoms, and
denotes the coupling constant between the atoms and the field. The coupling constant is
proportional to the square of the atomic transition matrix element with dimension (time

[13].

The equation of motion (3.1) can be converted to the Fokker—Planck equation with initial
different field states [12]. The statistical properties of the linear amplifier oscillator are
expressed exactly in terms of the QDF’s. The linear amplifiers have been largely studied
with coherent state input field [12—16]. Carusotto established the normally ordered CF of
the output field for the amplifier and concluded that the output field is a superposition field
of a thermal and an initial field [12]. Hillery and Yu [13] examined the linear amplifier
of three kinds of higher-order squeezing and concluded that the fourth-order squeezing
disappears at the output if the gain on the amplifier is greater than 2. The quantum statistical
properties of the output field of linear light amplifier with squeezed state input field are
reported in ref. [12a].

From eq. (3.1) Carusotto [12] was able to find the normally ordered0GH(, t) ,
which is defined as

On (¢, t) = Tr[p(t) exp(¢a™) exp(=(a)]. 3.2)
Itis found that

Cn (G 1) = Ci(C, ) Ca(C, ), (3.3)
where

C1(G,t) = Tr[p(0) exp(G™¢a™) exp(~G(a)] (34)
and

Cal(t) = exp |~ (G — DICP (35)
with

G(t) = exp[n(Ny — Nyt — iwt], (3.6)

wherep(0) is the initial density operator, andthe frequency of the field. It is clear that
the system is an amplifier i, > N;. The quantityG|? is the gain of the amplifier, in
fact|G|? will be the gain, wherV, > Ny, or the loss, whedV; > N-, factor.

For an input field on the linear amplifier, the superposition §t&tg) which is assumed
in the form of eq. (2.5) is chosen.

The density operator for an input state of the single-mode field given by the superposi-
tion of a pair of DFS's, takes the form
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p(0) = [T, >< l. 3.7)

By using the operators identities, we can write $herdered CF in this form,

c¢os.0) = oo | {257 + 3162 = 2@} 162 ] { |exp { ~3162 } Lallc?]
[exp[G*ag( — GaoC™] + | K| exp[~G*ag ¢ + Gao(™]]

+K exp {—%K — 2a0|2} Ly]|¢ — 2a0|2]
+ exp { =316 + 200l L+ 2001 (38)

where

M(t) = 52 (G 1. 3.9)

Thus, thes-parameterized CF is obtained; and from it, any expectation value for the field
operators can be calculated.

3.1Moments

The moments of the photon operators for the output of linear amplifier with superposition
of DFS’s as an initial state will be calculated. Therdered average value @andae T can
be calculated in the following way

(la*"a'),)= Trlp{at"a'},]
8k 3l
ko=
or through an integration involving the functiéf{s, s).

The average values of the annihilation and creation operators are derived by differenti-
ating the CF eq. (3.8) with respectd@and—(*, respectively:

C(Casat)kiﬁ*zo (310)

(%) = S (1 — K*) 205 expl-2laof 1L}, (o)
+ag exp[-2|ao | Ln(daol)| + 051~ K} = ((@)*.  (312)
Similarly,
(a*a*) = T (1 4+ K [a(03)? expl-2lao )2, s (4o )

+4(ag)? exp[—2|ao|*] Ly, (4]ao*)
+(ag)” exp[—2|aol*] L (4]aol*) +(1—IKI2)[a32]}=(<aa>)*- (3.12)
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The average number of photons can be acquired analogously:

(fa*al) = XL 0 + 1)~ tlaof? exp[~2la0 P12, (4aol?)

+{(1 = oo} exp[2lao *| L}, _, (4lao )
{0l + A1} exp[—2|ao ] L (4]ao )]

+(1 = (K)o +m = 4]}, (3.13a)

where
4= L =8 3.13b
1—@{7*‘ ()}7 (3.13b)

and{a*a™aa) can be analogously calculated.
The Glauber second-order coherence function is defined by

(2 _ (a+2a2>
g (aray (3.14)

It has been classified that the light wigh?) < 1 is a sub-Poissonian light, the light with

1 < g®® < 2is a super-Poissonian light, and the light wjtR) > 2is called super thermal
light [18]. It is well known that the coherency is unity for the coherent light (Poissonian
light). Substitution ofla*a*aa) and (3.13) into (3.14) yields the coherence function for
the output of linear amplifier driven by superposition of DFS’s.

Figure 1. The coherence functiop® (t) plotted against the interaction tinteand
ap, for K = 1 and the gain factojG| = exp(0.2t). The number of photons have the

values: & m = 1; (b) m = 2; (c) m = 3.
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The autocorrelation function(® () of eq. (3.14) against the interaction tirhand the
displacement parametay, is plotted in figure 1. We assume the parameters as follows:
the gain factolG| = exp(0.2t) (i.e.,w = 1; N» = 1 andN; = 0) and the number of
photons are assumed as: fa)= 1; (b) m = 2; (c) m = 3. The constank has the value
K = 1. From figure 1, it is noted that the sub-Poissonian light exist$ fer0 and small
ap. Even though the case of light initially starts with sub-Poissonian distribution, it turns
to Poissonian aa, develops. The super-Poissonian statistics exist whaavelops and
smallay with m = 1. A small difference appears in the behaviouy 6% (t) for different
values of the photon number.

3.2 Squeezing

We study the squeezing properties of the superposition of DFS’s. Moreover, the average
values of the quadrature operators are presented. It is known that the quadrature operators
of the single mode field are given by
X :1(a+a+), X, :l,(a—a"') (3.15)
2 21
such thaf X, X>] = i/2 which satisfies the uncertainty relati¢f X;)2)((AX5)?) >
1/16 with the variancg((AX;)*) = (X7) — (X;)*. The field is said to be squeezed if
(AX;)? < 1/4for (j=1or2).
The average values of the quadrature field operators and their varigiggs(X,),
((AX1)?) and{(AX>)?) are directly computed.
The squeezing is best parameterized by

{(AX))?) - 0.25
%= 0.25 ’

such that squeezing exits ferl < ¢; < 0. Squeezing in one quadrature is achieved at the
expense of increased noise in the conjugate quadrature; therefore, if@yigisfless than
zero, then the other should be greater than zero.

In figure 2, we ploty; against the interaction timeand the displacement parametey.

The parameters are assumed:ray 1 andK = 1; (b)m = 2 andK =i.

It is apparent that the degree of squeezing decreases with incréa3ihg maximum
squeezing in the case o= 0 in figure 2a and.09 < a( < 0.75 is found. However, the
maximum squeezing in figure 2b in the case ef 0 and0.09 < ay < 0.25.

Numerical calculations show that as thg increases the squeezing degreg pfle-
creases. From this one can conclude that the output of linear amplifier with superposition
of pair of SCS’s as initial state exhibits different nonclassical effects which depend on the
particular choice of the phagg.

j=1,2 (3.16)

4. s-Parameterized quasiprobability function

The QDF's for a quantum state of a physical system are useful tools for investigating the
dynamical and statistical properties of a quantum mechanical system [11]. They include the
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Figure 2. The plot ofg, against the interaction timeand the displacement parameter
ap. The parameters are assumea).7p = 1 andK = 1; (b) m = 2 andK = i. The
gain factor has the same value as in figure 1.

Glauber—Sudarshan function, the Wigne#¥V function and the Husim® function which

are closely related to the operator ordering in the mathematical description of a physical
system. The most widely used distributions &€unction with the normal ordering, the

W function with the symmetric or Weyl ordering, and teunction with the antinormal
ordering. These functions provide a way to characterize the non-classical nature of a quan-
tum field. When theP function of a radiation field is not accepted as a classical probability
density, the radiation field is said to be nonclassical, otherwise classical. They have now
actually become accessible to measurements [17].

The s-ordered distribution functions are defined as a Fourier transformation af the
ordered CF, and can be obtained by using (3.8) in (2.7). Upon performing the integration,
the s-ordered distribution function for the output linear amplifier field may be written in
the following form:

ron0 = e (7)) () {e"p ekl

j=0
_ 2 2 *
+|K|? exp { |:13| ] L; [|VV31| ] + Kexp [4A|ag|2 + 2a5§ —2ap g*]
X exp Wvs o, A% + K" exp 4A|a0|2—2a*ﬁ+2a0’8*
141 J 141 OG G*
VgV 97
X exp {I‘i—:] L; [5—17] } (4.1a)
where
{1—s+2M(t)} B "
v = T’ v = G Qo | (4.1b)
_ (5 * — [9A0* B*
vy = a—{—ao , vy = |2 ao—a , (4.1¢)
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Figure 3. Three-dimensional time dependence of a Wigner distribution function for the
output of the linear amplifier driven by the DFS’s superposition wih= 3, m = 1

and K = —1. The amplifier parameters assume the same values in figure 1. The
interaction time has the valuesa)(t = «/6; (b) ¢ = x/3. HereX = Re(3) and
Y =Im(B).
vs = [2Aqq + B , v = | —2Aag — b , (4.1d)
G G*
-1 1
vy = |:—2AO(0 + % 5 A= 5 B + §|G|2 — M(t) (416)

From this formula the exact analytical expressions forstiparameterized QDF for the
output linear amplifier with the superposition of the coherent states and Fock states can be
found as special cases. Itis noted that®hieinction, i.e.,s = 1 exists for the output linear
amplifier with the DFS’s superposition states, when 7 /2.

In figure 3 plots the Wigner function, i.es,= 0 with the parameters having the values:

m =1, a9 = 3, andK = 1. The amplifier parameter {&/| = exp(0.2¢). The interaction

time is assumed as: (&)= «/6; (b)t = w/3. Itis clear that (at = 0) the Wigner
function has two negative peaks observed which may be easily foung at« o and the
oscillatory regime between the two peaks; at 0. As time increases one can observe that
the function rotates in the phase space and it spreads out with flattening of middle regime.
The nonclassical nature of the linear amplifier driven by superposition of two DFS’s is
indicated by the negative values of the Wigner distribution function.

The Wigner functions of the output linear amplifier with the pair of DFS’s superposition
state as input fom = 2, a9y = 3 andK = —1 are shown in figure 4. The parameters
have the same values as in figure 3. From the plots, two separated negative peaks and an
oscillatory regime between them can be observed=atr /6. The separation of the two
peaks is seen to increase with.

Generally, based on the numerical investigation, when0 the behaviour of Wigner
and the@ functions exhibit the standard distributions of the pair of DFS’s superposition
state as shown in ref. [12]. With increasing of time the maximum values of Wigner and
@ functions decrease and rotate in a clockwise direction. The rotation in the phase space
is due to the appearance of the frequency in the fagtorhe spreading and shrinking of
Wigner and® functions over thgg-plane is shown as time advances. The flattening of the
two peaks are shown with time, which means an increase of diffusion as interactian time

Pramana — J. Phys.Vol. 53, No. 5, November 1999 885



G M Abd Al-Kader

Figure 4a,b. The Wigner function (i.e.s = —1) for the output of the linear amplifier
driven by the DFS’s superposition with the same parameters in figure 3, but different
excition number of photom = 2.

progresses. Asbecomes greater tham the various quasiprobability functions (i.€,,W
and@ functions) behave in nearly the same way, and they almost have the same shape.

5. Phase distribution

Recently, Barnett and Pegg defined the Hermitian phase operator in a finite dimensional
state space [19]. They used the fact that, in this state space, one can define phase states
rigorously. The phase operator is then defined as the projection operator on the particular
phase state multiplied by the corresponding value of the phase. The main idea of the Pegg—
Barnett (PB) formalism is based on the evaluation of all expectation values of physical
variables in a finite dimensional Hilbert space. These give real numbers which depend
parametrically on the dimension of the Hilbert space. Because a complete description of
the harmonic oscillator involves an infinite number of states to be taken, a limit is taken
only after the physical results (mean values of observables), are evaluated. This leads to a
proper limit which corresponds to the results obtainable in ordinary quantum mechanics.
It can be used to investigate the phase properties of quantum states of the single mode of
the electromagnetic field [19].

Then finding the phase distribution of a quantum state is a nontrivial task. The reason
for this is that Hermitian phase operators are rare [20]. However, one approach that is free
of any such problems immediately offers itself. According to this approach, express one of
the quasiprobability functions of this state that is in polar coordinates (radius and angle),
and integrate it over the radius [21]. The resulting phase distribution is periodic in the
phase angle. For various examples of states, it satisfies all properties required by a proper
phase distribution.

The s-parameterized phase distributidt(6, s,t) can be obtained by integrating the
QDF, F(8, s, t), over the radial variablg3|.

P@.5.0)= [ F(,5,0]81d3] (5.0
0
By inserting eq. (4.1) in eq. (5.1) and using the integral form
o u—1 _ 2 dz = (2 _u/2F l Dfu (L))
/0 ¥ exp(—vz® — yz)dz = (2v) (u) exp [81)] NG

(5.2)
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Figure 5. Pictures of phase distributions witlh = 1, m = 1 and the amplifier
parameter assume the same value in figure 1. The intergdtiave the values = 0
solid curve and = 7 /3 dashed curve. We havea)(P(¢,0,t), K = 1; (b) P(0, -1, 1),

K =—1land¢) P(6,—1,t), K =i.

whereD,(z) is the parabolic cylinder function [22]. Thereon, the phase distribution of eq.
(5.1) may be calculated in a straightforward manner.

In figure 5a we plot the phase distributi®t{é, 0, ¢) obtained through the Wigner func-

tion (s =0)form =1, ap = 1, |G| = exp(0.2t), w = 1 andK = 1. The interaction time
is assumed as:= 0 for solid curve and = 7 /3 for dashed curve.

Figure 5b and ¢ show the plot of phase distributi(@, —1, ¢) produced through th@
function(s = —1) with the same parameters in figure 5a, but with different valuds .of
The constank is assumed: (b = —1; (c) K = i.

The phase distributions are exhibited in the double peak, with their splitting, appearing
whent = 0. Itis clear that the phase graph with two peaks is moving and the peaks become
broader with increase of time. The phase information is lost as time develops. The high
difference between the two peaks fér= i in figure 5c.

The phase distributionB(6, 0, ) have negative values for smalas it is noted in ref.

[21] for the superposition of coherent states. Butf{é, —1, ¢) does not have the negative

values as may be expected.
It is seen that the phase distribution moves and broadens with the increase of time. A

shift of the peak toward-r is observed. The motion of the phase distribution is related to
the rotation in thes-plane of thes-parameterized QDF in figures 3 and 4.

Numerical calculation shows that the Pegg—Barnett results lie betwe&iah@ ¢) and
P(6,—1,t) distributions. Nearly all three phase distributions give the same shape of two-
peaks, with their splitting, but with differences: the sharpest peaks are thé¥d.df, ¢)
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and the broadest are thoseRft, —1,¢). The shape for all pictures is symmetric about
6 = 0, 7. When we taker, = |ap|e?? and choosé, = 7/2 then the graph is symmetric
aboutd = +x /2. The high values ofo make the phase distribution sharper.

6. Conclusions

The s-ordered CF and QDF for the output of linear amplifier with the pair of DFS’s su-
perposition state as input have been discussed. The formula fowtidered CF for the

output of linear amplifier with the pair of DFS’s superposition as an initial field have been
obtained. Several moments have been calculated using the characteristic function as a
function of the interaction time. The second-order correlation fungtiGh(¢) has been
investigated numerically. The squeezing properties for these fields have been discussed.
The three dimensional plots of the Wigner function for some parameters have been illus-
trated for the output of linear amplifier driven by the superposition of two DFS’s showing
nonclassical and interference effects. We have demonstrated the rotation of the QDF'’s in
the phase space as a function of interaction timdhey have also been exhibited the
asymmetrical diffusion for output fields. Our results generalize these in [12, 13, 23] for the
linear amplifier. The physical interpretation of the output of linear amplifier with superpo-
sition of DFS’s as an input tends to that for DFS’s input as we have shown [12, 23] while
time greater tham.

We have also obtained the phase distribution fromQhend Wigner QDF’s. The be-
haviour of these distributions have been shown as functions of the interaction of time.

The present work was motivated by the desire to realize physically certain specific quan-
tum states (superposition of DFS’s) and use them as input for the linear-insensitive ampli-
fier as one of its applications. It is hoped that the superposition of DFS’s will find applica-
tion in the quantum non-demolition measurements and quantum optics.
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