PHYSICAL REVIEW A

VOLUME 48, NUMBER 1

Mode entanglement in nondegenerate down-conversion with quantized pump

Gabriel Drobny and Igor Jex
Institute of Physics, Slovak Academy of Sciences, Dibravska cesta 9, 842 28 Bratislava, Slovakia

Vladimir BuZek*
Chemical Physics Department, The Weizmann Institute of Science, 76100 Rehovot, Israel
(Received 11 January 1993)

We study entanglement between field modes in the process of nondegenerate two-photon down-
conversion with quantized pump. We show that due to the quantum nature of the dynamics, strong en-
tanglement between the pump and the signal-idler subsystems can be observed. We find that the higher
the initial intensity of the pump mode the stronger the entanglement between the pump and the signal-
idler subsystem is established during the first instants of the time evolution. We also show that the signal
and the idler modes are strongly entangled (correlated). This entanglement is much stronger than the
entanglement between the pump and the signal-idler subsystem. Correlation between the signal and the
idler modes leads to a high degree of two-mode squeezing, which can be observed during the first in-
stants of the time evolution when the pump mode is still approximately in a pure state. On the other
hand, the back action of the signal-idler subsystem on the pump mode leads to a strong single-mode
squeezing of the pump mode. At the time interval during which squeezing of the pump mode can be ob-
served the pump mode is far from being in the minimum uncertainty state. We also analyze the long-
time behavior of the quantum-optical system under consideration and we show that the interesting
collapse-revival effect in the time evolution of the mean photon number and of the purity parameters of
field modes can be observed. Finally, we show that the degree of entanglement between modes in the
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nondegenerate quantum-optical down-conversion strongly depends on the initial state of the system.

PACS number(s): 42.50.Dv, 03.65.Bz

L. INTRODUCTION

Nonlinear quantum-optical processes are generally
considered as candidates for the production of highly
nonclassical states of light [1]. In particular, a great deal
of attention has been paid to quadratic processes, both
degenerate as well as nondegenerate, described by the fol-
lowing Hamiltonians [2]:

Bp=0,8"2+1,7[@ P exp(—iw, ) +a%explin,t)] ,
(1.1)
By=0,8"2+0,5"5+1yy[25 exp(—in,1)

+ab explio t)] ,

where 2 and @' (b and 57) are the annihilation and the
creation operators of the signal (idler) mode, respectively.
These operators obey the usual bosonic commutation re-
lations [@, at =1, I(in; ]—1 The coupling constants A,
and Ay are proportional to the second-order nonlinear
polarizability of the medium. The pump mode is as-
sumed to be a classical field with amplitude ¥ and fre-
quency @,.

The degenerate two-photon down-conversion process
with the classical pump described by the Hamiltonian
(L.1) has served as a prototype of the quantum-optical
process in which a single-mode squeezed-light field can be
produced [3]. In fact, Kimble and co-workers [4] using
the degenerate down-conversion process described by the
Hamiltonian (1.1) have experimentally generated

(1.2)
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squeezed light exhibiting a high degree of quadrature
noise reduction. On the other hand, the nondegenerate
Hamiltonian (1.2) describes a process in which a pair of
highly correlated signal and idler photons is created.
This correlation results in a high degree of two-mode
squeezing (for details on squeezing see the recent review
articles [5]).

Generally it is understood that by increasing the
amount of energy transferred from the pump into the
down-converted mode(s), the degree of squeezing can be
enhanced. Nevertheless, in real processes the transfer of
large amounts of energy from the pump to the down-
converted field modes is associated with the depletion of
the pump mode and the back action of the down-
converted modes on the pump field. These two effects as
well as the role of quantum fluctuations of the pump field
are completely neglected in the parametric approxima-
tion, when the pump mode is assumed to be a classical
field with a constant amplitude.

In a proper quantum-mechanical treatment one should
take into account the quantum nature of the signal and
the idler as well as the pump mode. In this case, instead
of the Hamiltonians (1.1) and (1.2), we have to consider
the following Hamiltonians [6-9]:

Ap=wata+200%+A[@2N e +a%1], (1.3)

Ay=o,8'8 40,5+ (0, +0, e +A, (1.4a)

int »
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where

a,.=ra'ble+abe’), (1.4b)
where we have assumed the pump mode ¢ to be in the
resonance with the signal and the idler modes (i.e.,

®, =20, or &, o).

We should note here that nonlinear dynamlcs de-
scribed by the Hamiltonian (1.1) stimulated investigation
in the direction of generalization to higher-order process-
es. It was expected that processes with Hamiltonians

B, =wt'a-+r (@ exp(—kiot)+a*explkion)]
(1.5)

describing the production of a bunch of k photons from a
classical current, can lead to the definition of new in-
teresting states. Nevertheless, it was shown ‘that the ap-

proach starting from such a generalization faces serious
mathematical difficulties [9]. One possibility of how to

overcome these mathematical problems was proposed by

Hillery [9], who suggested taking into consideration ex-
plicitly the quantum nature of the pump mode. The in-
clusion of the quantum nature of the pump is also stimu-
lated by the fact that the statistical properties of the
pump can have serious effects on the nature of the gen-
erated down-converted modes. Such influence can be
completely eliminated by an eventual parametric approxi-
mation beforehand (see, for instance, Ref. [10]). More-
over, the Hamiltonian (1.1) cannot be regarded as a para-
metric approx1mat10n of the Hamiltonian (1.3) except in
the region of first instants V2yA, pt < 1 (Ref. [10]).

The aim of the present paper is to study the entangle-
ment between the modes in the process of the nondegen-
erate two-photon down-conversion with the quantized
pump described by the Hamiltonian (1.4). We will show
that due to the quantum nature of the dynamics, strong
entanglement between the pump and the signal-idler sub-
systems can be observed. We will show that the higher
the initial intensity of the pump mode, the stronger the
entanglement between the pump and the signal-idler sub-
system is established during the first instants of the time
evolution. We will find that in the process under con-
sideration the signal and the idler modes are strongly en-
tangled (correlated), which results in a high degree of
two-mode squeezing observable during the first instants
of the time evolution. We will show that the back action
of the signal-idler subsystem on the pump model leads to

a strong single-mode squeezing of the pump mode. At

the time interval during which squeezing of the pump
mode can be observed this mode is far from being in the
minimum uncertainty state. We will also analyze the
long-time behavior of the quantum-optical system under
consideration and we show that the interesting collapse-
revival effect in the time evolution of a mean photon
number and purity parameters of field modes can be ob-
served. Finally, we will show that the degree of the en-
tanglement between the modes in the nondegenerate
quantum-optical down-conversion is highly sensitive with
respect to the quantum-statistical properties of the initial
state of the system under consideration.

II. QUANTUM DYNAMICS
OF THE NONDEGENERATE TWO-PHOTON
DOWN-CONVERSION

It has been shown recently that one cannot solve
analytically in a closed form the von Neumann equation
for the density p with the nonlinear Hamiltonians of the
type (1.3) and (1.4) [11,12]. On the other hand, the nu-
merical analysis based on a diagonalization of the Hamil-
tonians in the interaction picture turns out to be very
efficient and allows one to study the time evolution of the

_quantum-mechanical systems described by trilinear Ham-

iltonians (see [13,14] and references quoted therein).
The purpose of this paper is to study quantum correla-
tions between the pump, signal, and idler modes in the

“quantum nondegenerate two-photon down-conversion.

As we will see later, the quantum dynamics described by
the Hamiltonian (1.4) leads to a strong entanglement be-
tween the pump and the signal-idler subsystem and be-
tween the signal and the idler modes. The entanglement
between the modes leads to the increase of marginal en-
tropies of the pump, signal, and idler modes, respectively
{even though the total entropy is constant and equal to
zero, if we assume the system to be initially prepared in a
pure state and neglect losses in the system). The
quantum-mechanical entropy S; (as defined by von Neu-
mann) of the mode i (i =a,b,c) [15] (we assume the
Boltzmann constant kp to be equal to unity),

Si = —Tr,-(f)} lnﬁ,) ’

is defined through the reduced density operator p; of the i
mode. In particular, the reduced density operator of the
pump mode p, is given by the relation

ﬁc =Trabﬁ ’

where Tr,;, denotes tracing over the signal and the idler
variables.

In what follows we will utilize the Araki-Lieb theorem
[16], which can be expressed in the form

IS, —5,| <S <5, +8, ,

(2.1)

(2.2)

(2.3)

where S, and S, are the marginal entropies of two sub-
systems which compose the whole system. From (2.3) it
follows that if the pump, signal, and idler modes are ini-
tially prepared in pure states, i.e.,

i Sa,‘t=0,=,‘Sb,|t=o=o=Sc|t=o ’ (2.4)

then the entropy S of the total system is initially equal to
zero. Due to the fact that we do not take into account
losses in our model, the total entropy is an integral of
motion, i.e., S =0 for any ¢ >0 and

S, =S, fort>0, 2.5)

where S, is the entropy of the signal-idler subsystem.
Additionally, from the Araki-Lieb theorem it then fol-
lows that

18,831 £5,,=S.<5,+85, . (2.6)

One possibility of how to quantify the degree of the en-



tanglement between two subsystems is to evaluate the in-
dex of correlation I3 defined as (see, for instance, [17])

IOF=S,+S,-5,, . @7

From the above it follows that in our case the index of
correlation I} between the pump and the signal-idler
system is equal to twice the marginal entropy of the
pump mode:

abe =25 - (2.8)
The stronger the entanglement, the higher the value of
the index of correlation and the larger the entropy of the
pump mode. In this paper we will study the nondegen-
erate down-conversion process for such initial states for
which the marginal entropies of the signal and idler
modes are equal for any ¢ >0. This additional assump-
tion enables us to express the signal-idler index of corre-
lation I7%" in the form

I557=S,+S,—S,,=2S,—S, , (2.9)
from which it follows that for given values of the signal
and idler entropies the index of correlation between the
signal and idler decreases with the increase of the pump
entropy.

The increase of the entropy of the pump mode in the
two-photon down-conversion reflects the fact that the ini-
tial pure state of the pump mode is transformed into a
statistical-mixture state. On the other hand, in the para-
metric approximation described by the Hamiltonian (1.2)
no quantum entanglement between the pump and the
signal-idler subsystem can appear; therefore, if the signal
and idler modes are initially in pure states (for instance,
in the vacuum state), then the entropy S, is identically
equal to zero for any ¢ >0 and both the signal and the
idler are maximally correlated for any ¢ >0 [17]. From
here we conclude that the parametric approximation
leads not only to neglecting of the important role of the
pump fluctuations and the pump depletion but also to
neglecting of the pump-signal entanglement.

In this paper, instead of evaluating entropies of the
modes, we will evaluate the so-called purity parameters
SP* which are also functions of the reduced density ma-
trix ;. The purity parameter SF is defined as

Spr=1—Tr,[($;)*1, (2.10)
and it can be shown that the purity parameter represents
a lower bound for the corresponding entropy S;, i.e.,
SPr<S;. For a pure state SP*"=0, otherwise SP*'>0.
Moreover, the purity parameter (by the choice of our ini-
tial states) will satisfy relations valid for the entropy, such
as, for instance, the Araki-Lieb theorem (2.6). The purity
parameter of the chosen system is never greater than the
purity parameter of its subsystem. For our particular
case this implies

SPU=SPr< ghr<S§pur, (2.11)
From a computational point of view, the parameter SP™
can be evaluated much more easily than §;. Therefore we
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will analyze the entanglement between modes using the
purity parameter and not the entropy S°.

II1. ENTANGLEMENT BETWEEN THE MODES:
SHORT-TIME BEHAVIOR

In this section we will analyze the entanglement of the
field modes in the case when the pump mode is initially
prepared in a coherent state and the signal and the idler
modes are in the vacuum state at ¢t =0:

[W(r=0))=10),10),17). ,

where |y ), describes the coherent state with a real am-
plitude y:

(3.1

- n
ly .= exp(~¥*/2) ,,EOT/YTTT'" e - (3.2)
Using the numerical approach described in Refs.
[13,14] we can study the time evolution of the initial-state
vector (3.1) governed by the Hamiltonian (1.4). The puri-
ty parameter of the pump mode at the early stages of the
evolution is shown in Fig. 1 for various initial intensities
2. From this picture we learn that the higher the intensi-
ty of the initial pump mode, the larger the purity parame-
ter SP* of the pump, i.e., the stronger the entanglement
between the pump and the signal-idler system. More-
over, we see that after the first increase of the parameter
SP* a clear minimum is formed. These “oscillations” in
SP" are repeated few times before the purity parameter
reaches an almost steady state with small osciilations (see
the long-time behavior). From the time evolution of the
purity parameter it is clearly seen that the pump mode
remains in a pure state only at very early stages of the
time evolution. In addition, the larger the intensity of the
initial pump mode, the shorter the interval at which
SP¥~0 [see Eq. (3.6)].
At the early stages of the time evolution the evolution
operator
O(t)= exp(—iByt) (3.3)

can be well approximated by the first two terms of the

- 1,1 W

0.0 R e T B B B S S B
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scaled time

FIG. 1. The time evolution of the purity parameter SP* for
various intensities of the initial coherent state of the pump
(y=1, line with stars; y =3, dashed line; ¥ =35, solid line).
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FIG. 2. Parameters of the pump mode
(y=5): (a) the Q, function at At =0.2, (b) the
photon-number distribution at At =0.2, (c) the
Q. function at At =0.5, (d) the photon-number
distribution at At =0.5, (e) the time evolution
of the single-mode squeezing, and (f) the time

evolution of the MUS parameter.
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formal Taylor expansion of the right-hand side of Eq.
(3.3):

O()~1—iflyt . (3.4)

The time evolution of the state vector of the whole sys-
tem is then given as (we drop the free evolution term)

()Y =0(0)|0),10),lv),
~(10),10Y, —itAy 1)1,y ).

=l§>ab‘y>c . (3.5)

Such a factorization is possible only for times ¢ for which
[10] )
t<tc=—1— LT e s s e (3,6)

YA

From Eq. (3.5) it follows that for times ¢ <¢, the pump
mode remains almost completely disentangled from the
down-converted modes. In other words, during the time
interval ¢ <z, the statistical properties of the pump are
not affected by the interaction with the signal-idler sub-
system. To see this, we plot in Fig. 2 the Q function and
the photon-number distribution of the pump mode. The
Q; function of the particular mode is defined as [18]

Qi(a)=%(a|p}|a> ; 3.7
and the photon-number distribution (PND) as
P(n)=(n|p;ln) . (3.8)

A. Statistical properties of the pump mode

In Fig. 2 we plot the Q function and the PND of the

‘scaled time

2(a) and 2(b) we plot Q, and P.(n) at time At =0.2. The
shapes of these functions are almost identical to that of
the initial coherent state, i.e., the Q function has a Gauss-
ian profile and P.(n) is the Poissonian distribution. As
an additional check of the behavior of the state of the
pump mode during the early stages of the time evolution,
we evaluate the deviation of the pump mode from the
minimum uncertainty state (MUS). As a measure of the
degree of deviation from a MUS state we can adopt the
following parameter:

u, =AY (A, ") — L& ,
where the quadrature operators b'¢ . and ?c are defined as

o _twtew’ o _ew—ew’
¢ 2 Toe 2i ’

(3.9)

e(t)=2explio,t) , (3.10)

and
(AR =(R)—(£.)% (AP D)=(P)—(F,)?.
(3.11)

This function is zero for MUS states and is positive oth-
erwise. The time evolution of the function u, is shown in
Fig. 2(f). We see that for short times the parameter u,
equals zero and then starts to grow rapidly, which means
that under the influence of the down-converted modes the
pump mode starts to deviate from the MUS. Comparing
Figs. 1 and 2(f), we can conclude that the pump mode
starts to deviate from the MUS at the same time that it
starts to be strongly entangled with the signal-idler sub-
system. We can conclude that the back action of the
down-converted modes affects significantly the statistical
properties of the pump mode. In Fig. 2{(c) [2(d)] we plot

pump with ¥ =5 for two different values of time. In Figs.  the Q function (the PND) of the pump mode at time
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At=0.5 (for y=5). We see that the Q. function is
“squeezed” in one of the directions and stretched in the
other. The photon-number distribution exhibits oscilla-
tions similar to those of the squeezed state [3]. More-
over, the PND becomes much broader when compared
with the Poissonian distribution and it indicates a consid-
erable increase in the probability of finding lower number
states. From the above we can conclude that the back ac-
tion of the down-converted modes leads to a squeezing of
the pump mode. In Fig. 2(e) we plot the time evolution
of squeezing parameters defined as [5]

g:=4((AR,?)—1, ¢,=4{(AT,?*)—1. (3.12)

From this figure it follows that the back action of the
down-converted modes leads to a considerable reduction
of quadrature fluctuations of the pump mode. The max-
imum degree of squeezing is obtained at times around
At =~0.6, after which quadrature fluctuations become rap-
idly superfluctuant and do not become squeezed again.

B. Statistical properties of down-converted modes

Now we turn our attention to the down-converted
modes. The purity parameter SB* of the signal-idler sub-
system is equal to that of the pump mode. This naturally
means that at the very early stages of the time evolution
the signal-idler subsystem is in a pure state. While the
pump is still in a pure state, a two-mode squeezed vacu-
um state is generated in the signal-idler modes. The
two-mode squeezing can be described by introducing two
quadrature operators 2 i

+d'  , _dw-d"n
2 > 2 . ]

_dw
2= V2 iv2

(3.13)

573

where

2= a exp(iwat)-;g expliog,t) .

The degree of two-mode squeezing can be quantified us-
ing two parameters z;(¢) ({ =1 and 2):

z()=4((AZ;*)—1,

(3.14)

(3.15)

where ((A2,2)=(22)~(2,;)? and 100% squeezing is
obtained for z,(t)=—1. The time evolution of z(t) is
shown in Fig. 3(a). During the first instants of the time
evolution a high degree of two mode squeezing is ob-
tained. During the initial period the energy is transferred
from the pump mode to the signal-idler modes. With the
increase of the transferred energy the degree of squeezing
becomes larger. This scenario is valid until the moment
when the back action of the signal-idler modes on the
pump mode becomes significant. Before that a pure two-
mode squeezed state is generated in the signal-idler
modes. This pure (SH*~0) two-mode state is a
minimum uncertainty state. One can check this by in-
specting [see Fig. 3(b)] the time evolution of the MUS pa-
rameter u,,(¢), which is defined as

uab=((A21)2)<(A22)2)“‘% . (3.16)

With the initial condition (3.1) the reduced density
operators of the signal and idler modes 5, and p;, have
the same form, from which it follows that the signal and

idler modes have identical statistical properties, i.e.,
SPr=8F", P,(n)=Py(n), and Q,(a)=Q,(a). (3.17)

The time evolution of the purity parameter SP*" of the

10.0 - \/
i b
8.0 ] \/ ®)
6.0 ]
4.0 ]
2.0 §
0.0 Frrrfrrrerrer T Ty
.0 0. 1.0 1.5 2.0
scaled time
0.6 . .
n @ FIG. 3. Parameters of the down-converted
- . .
.’)‘I,'o’\“\‘ 04 1 modes (y=35): (a) the time evolution of the
AN & two-mode squeezing, (b) the time evolution of
®o2 the two-mode MUS parameter, (c) the Q, func-
tion at At =0.2, (d) the photon-number distri-
0.0 S R bution at Ar=0.2, (e) the Q, function at
0 1o 20 3Q . .40 .. Az=0.5, (f) the photon-number distribution at
At=0.5.
0.06 i - -
()
004
?
X
0.02
0.00 - AT SR
0 10 20 30 40




574 GABRIEL DROBNY, IGOR JEX, AND VLADIMIR BUZEK 48
1.0 — : s B = Sl K -
. JE r—%ﬂ”fmwmw 0.8 'WM
0.8 1 4 0.6 -0.6
/ . }';ﬁs 4 0.4
§ . 0.6 A / = o
: 0z : -
%] ‘,’ T (a) : ) . (b)
041 /; g i ) q, 400 ." soio’ a'o.a’ 500 w0 00 800
H - g bu.{ed o e scaled time
0.2 4 ’/ gt 'V
,,' ', FIG 5. The time evolutlon of the purity parameter S"“r of
0.0 _+= o S I:he pump mode (a) and SP* of the down-converted mode (b) for
0.0 - O 5 1 0 - ~.*1 5 20

scocled time -

FIG. 4. The time evolution of the purity parameter SPU for
various intensities of the initial coherent state of the pump
mode (y=1, line with stars; y =3, dashed line; y =35, solid line).

signal mode is shown in Fig. 4. We see that for the given
intensity of the initial pump mode the purity parameter
SP™ increases during the initial period of the time evolu-
tion much more rapidly than the parameter S§;" (com-
pare Figs. 1 and 4). From here it follows that at initial
stages of the time evolution the index of correlation I S
takes its maximal values (i.e., ;5 =25, ), which is an ad-
ditional proof that the two-mode squeezed vacuum is
produced in the signal-idler modes [17]. As soon as the
pump mode is affected by the action of the down-
converted modes, the purity parameter SP* becomes
larger than zero, which results consequently in the
deterioration of the degree of correlation between the sig-
nal and the idler. ‘ _

In Fig. 3(c) [3(d)] we plot the Q function (the PND) of
the signal mode at the moment Af=0.2 (we assume
Y=5). We clearly see the thermal-like character of the
marginal photon-number distribution and the Q function,
which is the characteristic feature of the two-mode
squeezed vacuum state [5]. At later moments, when the
pump and down-converted modes become entangled
(S,>0), the field statistics of the signal mode are
significantly different from the thermal-like field. In par-
ticular, the photon-number distribution becomes very
broad [compare Figs. 3(d) and 3(f)]. At times much longer
than ¢, [see Eq. (3.6)] the three modes under considera-
tion become strongly entangled. They are not in pure
states anymore, but the quantum nature of the dynamics
leads to some new interesting features.

IV. ENTANGLEMENT BETWEEN THE MODES:
LONG-TIME BEHAVIOR

If we compare the time evolution of the purity parame-
ter of the pump mode SP™ [see Fig. 5(a)] and of the signal
mode SP™ [Fig. 5(b)] we find that during the initial stages
of the time evolution SP™ increases much more rapidly
than SP* [see the previous section and (2.11)]. Neverthe-
less, on the long-time scale the time evolution of both pa-
rameters is similar, i.e., both parameters exhibit small os-
cillation around some stationary value and a very
significant decrease and significant oscillations at some
particular moments. We can call this behavior the col-
lapse and revival of the purity of the field mode. We

- =5 on the long-time scale.

should note here that the minima of the parameters SP**
and SP* appear simultaneously and moments when they
appear coincide with the “revivals” of the mean photon
number of the signal (idler) mode (see Fig. 6) [14]. We see
that due to the quantum dynamics we can observe a par-
tial restoration of the initial purity of the modes under
consideration.

Estimation of the “revival®”’ time

The explanation of the collapse-revival behavior in our
case can be done using the eigenvalues E;(n) and
the eigenvectors |E;(n)) of the Hamiltonian a int given
by Eq. (1.4b):

B |E(n))=E/(n)|E(n)) , 4.1)
where 7 is the eigenvalue of the number operator N:
N=b'%+ete. (4.2)

For a fixed value of n, the eigenvalues E;(n) and the
eigenvectors |E;(n)) are obtained via the diagonalization
of the interaction Hamiltonian B, on the subspace ¥,
formed out of the set of vectors of the form
{i=0,...,n;li),li},ln—i),}. The dimension of the
subspace H, is n +1. The eigenvectors |E;(n)) are given
as superpositions of the basis vectors |i ), |i },|n —i),:

E(m)=3 a(n)i),lidyln—i), ,
i=0

where the actual values of E ;(n) and a;(n) can be found
by numerical calculations.

20

...........................

40 o] 60 0 80.0
scaled time

FIG. 6. The time evolution of the mean pﬁoton number {n, )
of the signal mode for y=35.



We suppose the initial state of the whole system [1(0))
to be of the form

[4(0))=10),10),17),

0 n
=exp(—lylz/z)néo—‘/%lo>a|o>b|n Yo . (43)

The state vector |0),]0),|n ), can be decomposed in the
basis of the eigenvectors |E;(n)):

103,10}, 1n).
j=0

In Fig. 7 we plot a distribution of probabilities
P(j)=|cj(n)]2 [in fact, the coefficients ¢;(n) are real]
which indicate the overlap between the state
10),10),|n ), and the eigenstate |E;(n)).

From this figure it follows (for more details see Refs.
[13,14]) that for n =2 (even) the decomposmon (4.4) can
be well approximated as

[0),10),121) . =co(2D)|Eg(20)) +c,(2D) E(21))
+c,(2D|E,(21)) , @4.5)

with Ey(2])=0 and E,(2])=-—E (2]). In addition, from
Fig. 7 follows that ¢,(n)=c,(n). Consequently, the time
evolution of the state (4.4) is given as (we drop the free
evolution term proportional to exp[ —i(w, + ) )2It])

[y,(2)) = exp( —ifly1)[0),]0),[21),
mco(2D)|Eg(21))
+c¢,(21) exp[ —iE(2])t]|E(2]))
+e,(2D) exp[iE,(2Dt]|E,(21)) . (4.6)

For n =21 -+1 (odd) we can express the expressmn 4.4
approximately as

=3 ¢, mIEn) . @
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0.5

g

0.4

FIG. 7. Distributions of the probabilities P (j)=|c;(n)|? indi-
cating the overlap between the state |0),]0),|n). and the
eigenstates lEj(n)) for n =16 (line with squares) and n =17
(line with triangles). Increasing i indicates increasing absolute
value of eigenvalues.

[0),10),121 +1), mco(2] +1)|Ep(21 +1))
+e (21 +1|E (21 +1)) , 4.7

where Ey(21+1)=—E;(21+1) and c¢y(2] +1)=¢,(2]
+1) (see Fig. 7). The time evolution of this state is_
given as (we again drop the free evolution term
exp] —i(w, +aw, )21 +1)t])

+ exp[iEy(2] + 1)¢t]

Xeg(2l +1D|E (21 +1)) . (4.8)

Using the expressions (4.6) and (4.8), the time evolution
of the whole system with the initial condition (4 3) can be
written as

W)= S, QD {co(2D|Eg(21)) +ey(20) expl —iE (2DE]|E1(21)) +¢,(2]) expliE, (211 Ey(21))}

=0

0

+ 3 Q21 +1){ exp[ —iEq(2] +1)t]cy(2] +1)|E(21 +1)) + exp[iEo(2] +1)t]eo(2] + 1)|E (21 +1))} ,

where Q (n)=-exp(
A (O={(P2R Y1) ,

can be now well approximated as

4.9)

—y2/2)y"/V'nl. The time evolution of the mean photon number 7, of the particular mode x,

(4.10)



576 GABRIEL DROBNY, IGOR JEX, AND VLADIMIR BUZEK 48

()= § Q42I)

1=0 . =

2¢0(2D)e, (2D Eo(21)[2 12| E,(2D)) cos[ E, (2D¢]

+2co(20e, (214 Bg(2D12 R Ey(2D)) cos B, (21)e]+2¢3 (21 By (2DI& '8 | E,(21)) cos[2E, (21]

5 :
+ 3 c22(E,2D 2R |E,(21)) ]
=0 T -

+ 3 QX2 +1)
1=0

i=0

Terms in the expression (4.11) are proportional to cosines
of the eigenvalues E(2/), 2E,(2]), and 2Ey(2] +1). Us-
ing arguments similar to those used for the derivation of
the revival time for the coherent Jaynes-Cummings mod-
el [19], we can estimate the revival times for our case.
For a sufficiently intense initial coherent state |y ), the
relevant terms in the sums are those with n =~#=y% The
revival times tg, can be now estimated as times when two
neighboring oscillations with 27 ~y? and y*+2 acquire a
27 phase difference [19]:

2[E1(2T+2)—E1(2'l‘)]tR1 =27, (4.12a)
[E((2I+2)—E 2D)]tg =27, © O 4120)
2 Eq(2T+1)—Eq(2T—1)]tg =2 . T Td120)

A numerical analysis of the eigenvalues for n even and
odd shows that IR, =R, The other two revivals are

given by relations

0.10

1 ' o
+3 ci2(21+1)(E,-(2l+_1)|2T2A1E,-(_21A-lj_1))] .

2220 + 1) Eg(2] + DR TRIE (21 +1)) cos[2E(2] +1)t]

4.11)

I
29

T E2T+2)—E,2D)

ig, =2, . (4.13)

Using the actlglal'values of the eigenvalues E; (see Refs.

. [13,14]) given in Table I we find that tRl':-'ZS and

tg, =50, which is in agreement with numerical plots in

Figs. 5 and 6 (we have set ¥ =35). We see that during the
first “revival” at t ~ IR, the envelope of the purity param-

eter indicates just a small reduction of SP*. This reduc-
tion is much more pronounced at t=tg . Rapid oscilla-
tions of the purity parameter SP™ around Iy, indicate a

“very tapid change of statistics of the pump (as well as the
.. signal) mode. We illustrate this by plotting the Q.(a)
~ function and the corresponding photon-number distribu-

tion P.(n) of the pump mode at three subsequent mo-
ments in the vicinity of the revival time Iz, (see Fig. 8).
In Fig. 8(a) the Q. function is plotted at the moment
when the purity parameter reaches its local maximum.

(b)

FIG. 8. The Q, function [(a), (c), and (e)]
and the photon-number distribution [(b), (d),
and (f)] of the pump mode at times At =49.6,
50.0, and 50.8, respectively.
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TABLE L. The eigenvalues E;(n) of the interaction Hamil-
tonian (1.4b) for n =23-27. We adopt units =1 and A=1.

n E, E, E,
23 2.16876 ~2.16876 7.11631
24 0.0 4.58462 —4.58462
25 223132 —2.23132 7.304 19
26 0.0 470673 —4.70673
27 2.29114 —2.29114

748409

We see that the Q. function is formed by four identical
component states which are mutually out of phase by 90°.
The corresponding photon-number distribution has a
Poissonian-like peak around the initial 7 [Fig. 8(b)].
These results indicate that at this particular moment the
pump mode is in a statistical mixture state. On the con-
trary, at the moment when the purity parameter reaches
its local minimum we can observe a significant peak of
the Q. function at the origin of the phase space [Fig.
8(c)]. Simultaneously the photon-number distribution ex-
hibits significant oscillations [Fig. 8(d)], which can be ex-
plained as a consequence of quantum interference in the
phase space (see [20] and references cited therein). At the
subsequent moment when the purity parameter SP™
again reaches its maximum value the Q. function is com-
posed of four peaks [compare Figs. 8(e) and 8(a)] and the
photon-number distribution has a peak around 7 [com-
pare Figs. 8(f) and 8(b)].

V. ROLE OF INITIAL STATISTICS
OF DOWN-CONVERTED MODES

We can expect that the entanglement between the
modes will depend not only on the initial statistics of the
pump mode but also on the initial statistics of the down-
converted modes [10]. In this section we illustrate this
dependence on a simple example when the idler mode is
initially prepared in a number state |D ),, i.e., the total
state vector at ¢ =0 has the form

[4(0))=[0),ID),lv). .

In this section we will assume the number of photons in
mode b to be comparable or larger than in mode c.
Therefore, in what follows we will not denote mode ¢ as
the pump mode.

It can be shown easily that for the case D70 the fol-
lowing equations hold for the parameters of the a and b
modes:

S‘?ur=sgur ,
P,(n)=Py(n+D).

(5.1

(5.2)
(5.3)

The entanglement parameters of the ¢ and @ modes for
various values of D are shown in Fig. 9. We see that the
time evolution of SF* depends on the value of D. Name-
ly, the larger the value of D, the faster the purity parame-
ter SP* increases. The other interesting feature we can
see in Fig. 9 is the quasiperiodic time evolution of the
purity parameters S and SP** for various values of D.
At the early stages of the time evolution the state vec-

1.0 - - 1.0

084 ¢

o6 i~

H
0.2 T

0.0

00 05 1.0  15. 20 00 05 1.0 15 20
scaled time scaled time

FIG. 9. (a) Time evolution of the purity parameter for D =10

" (dashed line, a mode; solid line, ¢ mode). In (b) the parameter

D =100. In both cases y =3.

tor of the whole system can be naively (see below) ap-
proximated as (we drop the free evolution term)

[9(£)) =([0),1D ), —itVD +1Ay|1),|D +1),)ly).

=|§)ab|7’>c . (5~4)
Such a factorization can be done only for times
1
05t < ———=—=¢,, 5.5
AVD+1y € 6.

at which the purity parameter SP' is approximately
p ¢ PP

1.0

0.8

g,) 0.6

0.4

0.2
(a)
c0FH——7——7————+—+——7———
0.0 40.0 80.0 120.0 160.0
scaled time

1.0

0.8.

%’} 0.6
8

0.4

0.2

(b)
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0.0 40.0 80.0 120.00 180.0
scaled time
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8
6

(1)

4

2

. (c)

00 400 800 1200 160.0

.scaled time
FIG. 10. The time evolution of the purity parameter of the

pump mode (a) and the signal mode (b) on the long-time scale
for D =100 and y=3. In (c) we see the time evolution of the
mean photon number.
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equal to zero. On the other hand, at times longer than
time ¢, the ¢ mode becomes entangled with modes a and b
and the application of the parametric approximation is
questionable [10]. From Egs. (5.4) and (5.5) it follows
that the initial time interval during which the modes are
still not entangled should become shorter with increasing
D. Nevertheless, the exact calculation shows that in the
case when D >>v? the entanglement between the ¢ mode
to the a and b modes (i.e., the parameter SP**) is much
weaker compared with the case when D =0 [see Fig.
9(b)], i.e., the modes become entangled much later than is
indicated by z.. Let us note here that while in the case
D =0 at the early stages of the time evolution the two-
mode squeezed vacuum is produced in the (a +b) subsys-
tem, in the case when D0 a displaced two-mode
squeezed vacuum state [21] is produced in these modes.

In the previous section we have shown that in the
long-time scale our system exhibits a purely quantum
effect of collapses and revivals of the purity parameters.
In other words, the system under consideration exhibits
“spontaneous” disentanglement between the pump mode
and the down-converted modes. A similar behavior can
be observed when the idler mode is initially prepared in
the Fock state |D )b. Moreover, with the increase of the
initial number of idler photons the ‘“collapse-revival”
effect becomes even more pronounced (see Figs. 9 and
10). In the limit D >>v? there are moments during which
the purity parameter of the ¢ mode approaches zero,
which means that two “down-converted” modes become
disentangled from the ¢ mode. Simultaneously, the puri-
ty parameter SP"" becomes reduced, but the index of
correlation I;%" is still larger than zero, i.e., the “down-
converted” modes are still correlated.

In the case with D >0, the estimation of the “revival”
time is much more difficult compared with the case
D =0. This is mainly because of the fact that the decom-
position of states [0),[D),|n), into the eigenvectors
|E;(n)) is not as simple as in the case where D =0, Nev-
ertheless, for the limit case D >>y? an estimation for the
revival times of the mean photon number can be given
[22]. These revival times tg, are

two-photon down-conversion with a quantized pump. We
have shown that due to the quantum nature of the dy-
namics the strong entanglement between the pump and
the signal-idler subsystems can be observed. We have
found that the higher the initial intensity of the pump

" mode, the stronger the entanglement between the pump

and the signal-idler subsystem is established during the
first instants of the time evolution. We have also shown
that the signal and idler modes are strongly entangled
(correlated). This entanglement is much stronger than

~ the entanglement between the pump and the signal-idler

subsystem. Correlations between the signal and the idler
modes lead to a high degree of two-mode squeezing
which can be observed during the first instants of the
time evolution when the pump mode is still approximate-
ly in a pure state. On the other hand, the back action of
the signal-idler subsystem on the pump mode leads to a
strong single-mode squeezing of the pump mode. At the
time interval during which squeezing of the pump mode
can be observed, the pump mode is far from being in the
minimum uncertainty state. We have also analyzed the
long-time behavior of the quantum-optical system under
consideration and have shown that the interesting
collapse-revival effect in the time evolution of the mean
photon number and of the purity parameters of the field
modes can be observed. We have also shown that the de-
gree of entanglement between modes in the nondegen-
erate quantum-optical down-conversion strongly depends
on the initial state of the system. In particular, we have
studied the situation when the idler mode is initially
prepared in the Fock state |D),. We have found that
with the increase of D (D >>y?) the entanglement be-
tween the signal and the pump modes becomes weaker.
This strong dependence on the initial conditions requires
a more detailed analysis and is studied in Ref. {22].

On the other hand, in the long-time scale very
significant disentanglement between the ¢ (“pump”’) mode
and the down-converted modes can be observed. This
“spontaneous” disentanglement has quantum-mechanical
origin, and therefore it is difficult to say whether it can be
observed in real systems in which dissipative processes in
the long-time scale play a “destructive” role, i.e., they

tg, ~4mkVD, k=1,2,3,...,

which is in good agreement with Fig. 10(c). There are
some additional “small revivals” of the purity parameters
at times t==tp /2 [see Figs. 10(a) and 10(b)]. It turns out

that it is very difficult to estimate these additional revival
times.

VI. CONCLUDING REMARKS

In this paper we have studied the entanglement be-
tween the field modes in the process of nondegenerate

(5.6)

" rapidly destroy quantum coherences.
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