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Time-delayed quantum interference and single-photon echo

in coherent three-level systems

S A Moiseev

Abstract. A new version of time-delayed quantum interfe-
rence of photons is proposed, which may be manifested in the
emergence of a single-photon echo signal in coherent three-
level macroscopic media. Nonclassical properties of this type
of interference, reflected in peculiarities of the interaction
between the field and the medium, are analysed along with the
properties of the emitted echo signal.
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1. Introduction

Considerable advances in laser technology stimulated the
interest in experiments in which the quantum-mechanical
nature of light becomes a decisive factor. In such investi-
gations, the experiments devoted to extremely weak light
fields ‘containing’ a countable number of photons (one-,
two-, three-, etc. photon fields) and to their interaction with
atoms, molecules, and macroscopic bodies occupy an impor-
tant place. Special interest towards these fields is due to the
fact that their nonclassical properties may determine the
basic features of the experimentally observed effects. A wide
range of problems in the physics of weak light fields is co-
vered in monographs [1—3] dealing with fundamental prob-
lems in quantum optics.

This work is devoted to the interference of photons in
macroscopic coherent media. The formation of an interfer-
ence pattern by a flux of single photons was detected expe-
rimentally for the first time in Refs [4, 5]. Such a pheno-
menon is referred to as quantum interference (in the case of
light, it is called optical, or amplitude interference) [6]. A
detailed analysis of the features of quantum interference was
carried out by Feynman [7] for an electron flux. In Refs [4,
5], the flux of single photons was created by extreme attenu-
ation of light. The methods of preparing nonclassical states
of light (in particular, for weak light fields) have been consi-
derably improved in recent years [6], which is very impor-
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tant, in particular, for solving problems in quantum infor-
matics [8, 9].

Note that the interpretation of quantum interference
properties is directly connected with the interpretation of the
basic concepts of the quantum theory. This is reflected in the
fact that a number of important physical problems in the
quantum theory of measurements [10, 11] and quantum
informatics [12, 13] proved to be connected to a certain
extent with the study of interference properties of photons in
various states. While analysing these problems, it is appa-
rently worth noting that single-photon interference in macro-
scopic media may be formed under more general physical
conditions than in the above-mentioned experiments [4, 5].
Namely, in the presence of phase memory in a substance,
interference of light (which will be considered below in the
Fresnel — Young scheme) becomes possible even when the
path difference L,; for a photon propagating along two spa-
tially separated trajectories in the interferometer is consi-
derably larger than the length of a photon wave packet
dlpn = Bty (Ly > 8lyy), where 3ty ~ (Scoph)’1 is the dura-
tion of the wave packet; dwpy, = cdk is the spectral width
of the wave packet [the definition of ok will be given be-
low after formulas (1)-(3)l; Ly = L, —Ly; Ly, is the
distances propagated by a photon along each of the two
possible optical paths [14—16]. Such an interference will be
referred to as time-delayed single-photon (TDSP) inter-
ference [14].

It should be emphasised that in the formation of the
TDSP interference in a substance, the direct interference of a
photon with itself is ruled out completely. Note also that the
inclusion of the effect of phase memory of a substance on
the formation of quantum interference is a problem on the
transient stage of formation of a classical response — the
event occurring in the medium itself as a result of its
interaction with a photon or in a detector external relative
to the medium. The transient stage of the response itself
includes the formation, evolution, and decay of macroscopic
coherence of the medium, which is induced by the interac-
tion with a photon or any other microparticle being mea-
sured (see, for example, Ref. [17]).

The existence of phase memory in a medium permits the
implementation of various versions of the TDSP interfer-
ence differing in the type of interaction of light with atoms;
some of such versions were proposed in papers [14—16, 18,
19]. In Ref. [20], the TDSP interference is considered from
the point of view of the quantum theory of continuous
measurements applied to a macroscopic body. Note that
dynamic mechanisms of the TDSP interference under study
may be applied in the search for new methods of generating
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new nonclassical states of transient light [15]. For this
purpose, a number of schemes (including those in which
squeezed states of light are used) were proposed in the recent
paper [19], in which the methods suggested in Refs [14, 15]
are developed.

In this paper, a new version of the TDSP interference is
studied (Fig. 1). It is based on the interaction of photons
and laser radiation with a system of three-level atoms (three-
level medium) having the A configuration of allowed tran-
sitions. This version of the TDSP interference may display
both classical and quantum properties of light depending on
the method of its observation. Quantum effects can be
observed due to the fact that, in contrast to the traditional
amplitude interference, the TDSP interference in a three-
level coherent medium may be realised as a dynamic [15, 16]
interference pattern rather than as the static pattern ob-
served in Refs [4, 5]. To be more precise, the TDSP inter-
ference may be formed only in the polarisation of the
medium, determining the nonclassical dynamics of this pola-
risation. The probability of spatial excitation of atoms in the
medium is not modulated in this case.

Considerable attention will also be paid to the discussion
of the ‘nonlocal’ (in time) nature of the photon interaction
with macroscopic media, which is responsible for an
interesting realisation of the ‘Schrodinger cat’ state, whose
physical nature remains an object of current interest. In the
given case, the existence of the Schrodinger cat state is a
necessary condition for the formation of the TDSP inter-
ference which, in turn, may be manifested as a single-photon
echo signal.

2. Formation of TDSP interference

We will assume that light in the form of the flux of
individual photons propagates through a system of slits and
mirrors and then is incident on a coherent medium contai-
ning a system of three-level atoms, the features of interac-
tion with this medium being of interest to us. The schematic
of the proposed experiment is shown in Fig. 1. We denote
by |¥;,) the state of each photon before its incidence on the
mirror. Behind the semitransparent and 100 % mirrors, a
new state |¥,,) is formed in medium (3) representing a
superposition of two macroscopically different states of the

type |¥in):

[Pin) = |¥pn1) 0]
1
|qloul> = 72 (|'Pph1> + |'Ilph2>)v 2
[¥on12) = J dskl,zFLz(wkl,z;kl,z — Kt = —00)
X [expi(wg, ,112)]ax, ,|0)]g)- (3)

Both states |¥,,,) are written in the interaction repre-
sentation using the output modes of the field (behind all the
mirrors) (see, for example, Refs [1-3; 6]); |g) = H/A; 1) is
the ground state of medium (3); [1;) is the lower state of
the jth atom of medium (3); |0) is the vacuum state of light;
ajf (ay) are the creation (annihilation) operators for a pho-
ton of mode k; Fy(wy, 3 ki 5 — Kj ;1 = —00) are quadrati-
cally normalised wave functions of a photon in the & space,
which have maximum values for k; ~ K; or k, ~ K, and
for frequency wy,, =w,, and correspond to the wave
packets propagating along the direction K; or K, (the
deviations in the lengths of wave vectors k, , from K, for

Figure 1. Schematic of formation of TDSP interference and single-
photon echo for Ly — Ly > ¢ty wpp = @31 (1) laser pulse (Kyg, 0 =
3,); (2) photons (87, wpp); (3) coherent medium.

which the functions Fi »(wy,,; ki, — K ;1 = —oc0) are close
to maximum are within the range 8k; f;, is the time of
emergence of each of the two photon wave packets in
medium (3); and t =1, — t; = Ly /c is the relative delay;
henceforth, we assume that ¢1; =0 and 7 = ¢,.

Note that the presence of a macroscopic distance
between the regions of localisation of the two spatially
separated photon states |¥,n;) and |¥,,) considerably
extends experimental potentialities of studying nonclassical
properties caused by the spatial delocalisation of photon
states. Various experiments of this kind are being made and
analysed at present (see , for example, Refs [10, 11, 13]; a
detailed analysis of some of such experiments based on
quantum kinematics is given in recent paper [21]). A dis-
tinguishing feature of the problem considered below is that
it is oriented on the properties of nonclassical dynamics
accompanying the formation of the TDSP interference.

Taking into account the initial state (1)—(3), consider the
interaction of a photon with the system of three-level atoms
of medium (3) (Fig. 1), when the photon frequency w,y, is in
resonance with the atomic transition [1) < [3) (wp, = ¢k,
= w3;). Let a short laser pulse whose frequency wy,, coin-
cides with the frequency of the second allowed atomic tran-
sition |2) < |3) (ws = ®3;) be also incident on medium
(3). We assume that the time #,, of action of the laser pulse
satisfies the condition f,; > 8¢p; i.€., the laser pulse enters
the medium after the first wave packet (the time of arrival of
the first wave packet #; = 0).

The second wave packet of the photon enters the medi-
um after the action of the laser pulse at instant #, = 7 > f,.
Therefore, the interaction of the photon with the macro-
scopic medium, which is ‘split’ into two trajectories with a
time interval t between them, is additionally perturbed by
the action of the intense short laser pulse on the medium.
Note for comparison that in the schemes of single-photon
interference studied earlier [14—16, 18, 19], it was assumed
that a laser pulse acts on medium (3) only after the arrival
of both photon wave packets in it, when the single-photon
interference pattern has already been formed in the sub-
stance.

In a real experiment proposed by us, the scheme of
interaction of a photon and a laser pulse with medium (3)
depicted in Fig. 1 should be multiply repeated and the
results of measurements should be accumulated. We con-
sider as measurable quantities the amplitude E,,(z,r) and
intensity /,,,, (¢, r) of the field reemitted by the medium at the
frequency ® = ws,. Other details of such experiments are
also considered in Refs [14—16].

We will solve the Schrodinger equation using the Hamil-
tonian
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Here, P\J) = [m;)(n;| are the operators of the transition of

the jth atom from the state |n;) to the state |m;) (m,n =
=1-13); d = d3, = dy3 is the dipole moment of the atomic
transition; N is the number of atoms. The first two terms in
(4) are the energy operator for the field and the system of
three-level atoms, the third term is the operator of the ener-
gy of interaction of atoms with the laser field, and the
fourth term is the operator of the energy of interaction of
atoms with photons.

We will describe the action of a laser pulse on atoms [the
third term in Eqn (4)] using the classical expression for the
electric field &(z; r, k) of the pulse with preset parameters:

ga(l‘; r, klas) = E(ZQ r, klas) + E*(I; rvklas)7 ()

1
_elasEO( ((,ngl - k]dS

E(l; r, klas) = 2

tlds) exp [ (plas)}' (6)
The interaction of radiation with atoms in Eqn (4) is
written in the rotating wave approximation. We assume
that the frequencies of transitions between states |n;) and
In;) of different atoms are described by the expression ,;,
= Wp(1 + &), where ¢; is the pdrdmeter determining the
correlated frequency shift 8w/ = iy, between different
pairs of energy levels of the jth atom. We will describe the
set of frequencies in the system of atoms by introducing
conventionally the distribution function f (¢) of the Gaus-
sian type with a maximum at & = 0. For the A diagram of
allowed transitions, the interaction constants satisfy the
condition g, (k) < g3,(k), g3;(k). The remaining notation in
Hamiltonian (4) is standard (see, for example, Refs [1-3,
22-24)).

We will seek an approximate solution for the wave
function considering individual stages of the problem.

2.1 First stage (time interval 0 <t <t,)
For ¢ < t,, the second wave packet does not manage to
reach the medium, so that its interaction with the photon is
limited only to the first wave packet and determines the
evolution of the first term |¥ ;) in superposition (2). Thus,
the solution for the wave function assumes the form
1

Y(t =|Y,(1)) = —(|¥,(z Yo (— ,(7

PO, = ¥l = 5 (¥1(0) + ¥l o). D)
where, in accordance with the initial conditions determined
by relations (1)—(3) and the form of the interaction
Hamiltonian, the term |¥,(¢)) is described by the expression

W (0) = [ W (1) + |20 (1)) = j ChF, (o k — Ky 1)
N
xaf10)lg) + 3 B (1)e s P 10)]g). )
where !
. t 00
fj)(’):*ij le d’kgs) (k)

x exp [ikr; — (g — o)) (1= 1) Fy (o k — K1), (9)

In relations (7)—(9), the interaction representation is used;
the first subscript in the wave function |¥.})) indicates
excitation of the atomic subsystem, the second subscript
indicates the number of the wave packet of the photon, and
the superscript shows the number of the atomic level.

While calculating function |¥ (7)), we confine our ana-
lysis to the special case of an optically thick medium, which
is the case when the size L of the medium satisfies the con-
dition oL > 1, where o' is the Beer depth of the resonant
absorption of light [24]. For this purpose, we assume that
the spectral width of the resonance transition |1) — |3) con-
siderably exceeds the spectral width of the photon wave
function: dwj;; > Sdwp,. Under such conditions of light pro-
pagation in a substance, the wave packet of a photon is
absorbed almost completely by a system of resonance atoms
during the time 8¢ ~ 8¢, + oc’l/ ¢, so that the wave function
in expression (8) acquires a simpler form:

P ()|~ P (60).

>0t

The problems on the propagation of a light pulse in a
resonance medium have been thoroughly investigated [24].
For example, a well-known analytic solutions was obtained
for the problem of light propagation in the form of a single-
photon wave packet [25]. This type of solutions is used, in
particular, in problems on the propagation of y-quanta
through a system of Mossbauer resonant nuclei (see, for
example, Ref. [26] and references therein). For the chosen
conditions of resonant interaction, the envelopes of light
pulses and, hence, of the photon wave packet do not change
during propagation to the bulk of the medium, but only
experience resonance decay with a constant « if the photon
frequency is tuned to the centre of the atomic line. Under
these conditions, the components of the wave function
|‘P |(5t)> corresponding to the exc1tat10n of atoms in
the bulk of the medium (~ ﬁ1 (t)P ) can be determined
using expression (9) and taking into account the decay of the
field amplitude inside the medium in accordance with the
law exp[—a(mr;)/2] (where n; = K,/K;), as well as the
emergence of an additional phase shift exp (iK;r;) caused
by the delay.

Thus, restricting ourselves to the plane-wave approx-
imation and disregarding spontaneous decay into the side
modes of the field during the time 3¢ of interaction between
the wave packet and the medium, we obtain

> Z“l CU;] 6031)%1("/')

j=1

(> 80)) = | (80

o(m 1)
2

xexp | - +i(0n + Kir) | P 10)]g).  (10)
where y,(r;) is the function determined by the field
distribution in a plane perpendicular to direction n;, and

oo

oy (0l — w31) 71 () = _iC“J dtJ d’kgs (k)

—0Q

(11)

X Fy (o k —Ky; 1=—o00) expli(wy] — )t +i(k — Ky)r;]

(we assume that #; = 0). The constant C,, can be determined
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from the normalisation condition for the state |¥$)(1 > &81)),
which corresponds to complete transition of excitation from
the wave packet to the atomic subsystem:

N
i 2
(PR1EDY =D Jor (3] — 31)[ 77 (1) exp[—a(myr)] = 1.(12)
Jj=1

Thus, in the case of prevailing inhomogeneous line
broadening, the dipole moments of different atoms in the
state |lI’§13)(z > dt)) become dephased for 7 > 8¢. As a result,
the macroscopic polarisation of the medium decreases
strongly, weakening the coupling between the excited states
|T§f)(t)> of atoms and decreasing the field in the state
|¥on1 (1)) Before the second wave packet enters the medium,
the wave function associated with atomic excitation varies
only due to spontaneous noncollective (single-atom) proc-
esses. In subsequent analysis, we will take into account
the role of spontaneous noncollective processes by intro-
ducing the exponential coefficients exp[—7 (7, +73;)/2 and
exp (— ty5;/2) (where y,,, are the constants of a spontaneous
transition of an atom from level m to level n) of the wave
functions for the excited atomic states [see formulas (16) and
(17) below]. However, dephasing of the atomic dipoles in the
medium immediately after the arrival of a photon in the
medium is not necessarily irreversible, and this fact will be
especially important for the subsequent analysis.

The following circumstance is also worth noting. The
state | (7)) formed for ¢ > 67 is a quantum superposition
of two macroscopically separated states, which are also
different from the physical point of view. The first state
|9’§13)(t)> is a superposition of a macroscopic number of exci-
ted atomic states. The second state |¥,,(¢)) describes the
second wave packet of the photon, which is at a macro-
scopic distance (~ L,;) from the medium. Thus, the state
|V (f)) is an example of entangled states of the two
subsystems (of the photon and macroscopic medium) which
are also known as hybrid states [27] because the states of the
microsystem (photon) and macrosystem [medium (3)] are
entangled in them. These states are sometimes referred to as
the Schrodinger cat states (see Ref. [28]). Obviously, the
coherence of atoms in the state |¥.(¢)) should ultimately
decay under the effect of local field fluctuations in the
macroscopic medium.

Unless the second wave packet reaches the medium (¢ <
T~ Ly /¢, see Fig. 1) or irreversible processes on the
medium destroy the atomic coherence of the |Y’S)(t)>state
which has already been excited, the complete system formed
by atoms and a photon can be described by the quantum
superposition |¥.(7)). The lifetime 7, of the intermediate
state | (7)) is bounded from above by the phase memory
time 7, of the medium (¢, < T,). Because the time 7, in
some media may be as long as a few microseconds, the
|'P.(7)) state may be an interesting object for studying long-
term properties of the behaviour and decay of hybrid states.
In this connection, the possibility of restoration (rephasing)
of the macroscopic coherence induced by a single photon
and rapidly decaying immediately after the photon enters
the medium may become of special importance.

2.2 Second stage (t < 1)

Let us find the wave function after the action of a laser
pulse incident on the medium at instant 7 = #j, > 8t,,. We
assume that the duration of the pulse is small enough for
describing its action by the unitary operator U(9, ky,s):

Uy = P{' + cos(9/2) (P + Pi)) +isin(9/2)

(13)

X [Pg exp(i{;) + Pg) exp(—iCj)] ,

where the effect of the difference in the transition
frequencies of atoms during the action of the pulse is
disregarded, the interaction representation is used, and the
following parameters of the pulse are introduced: ky,, is the
wave vector; m,, = s, is the frequency; 3 = /i~ dEy8t,,, is
the area; Ot is the duration (3t < 1); {; = kit
-l—w;é) flas + @1as 18 the phase in which the phase of the field
and of the jth atom during the action of the laser pulse are
taken into account (see also Ref. [16]).

As a result of evolution, the wave function takes the
form

|'{,([las + 8tlas)) = U(‘g»klas”lptr(tlas»

1
= 7§ [U(‘gy k1a57 tlas)|q1ﬁ)(t1as)> + “Pph2(tlas + 6l‘las)>]

= 75 [cos(9/2)| ) (1)) +isin(9/2) 0] (1)

+ "PphZ(tlas + 8t1as)>] > (14)

where
N .
|(Pa$12)(tlas)> = ZOH (603({) - 6031)%1(";‘) exp[— (myrj)/2
=1

+ i(I(l - klas)rj - i(w3('2/)zlas + (plzls)]P;lj)IO>|g> (15)

is the state of the atoms excited to the second level, which is
therefore connected with the first trajectory of the photon.

2.3 Third stage (t > 1)

Let us find the wave function after the interaction of the
medium with the second wave packet of the photon (at
instant ¢ = t,; see Fig. 2). In this case, the interaction with
the medium affects the evolution of the second term |¥p))
in expression (7). In analogy with the derivation of
formulas (8) and (9), we obtain the following solution
for this part of the wave function (7):

|¥pn2(2))

= [¥80) +¥a(0)]

1>1+8tp, al > 1

(16)

where we again use the condition that the medium is
optically thick for the photon. The wave function |¥3)(7))
can be described by an expression of type (10). The
evolution of \'P;?(t)) after the cessation of the coherent
interaction between the photon and the medium is again
determined only by the effect of noncollective spontaneous
processes. Taking into account spontaneous processes, we
can write the function |'I’£)(t)) in the form

~ |73 (1),

W3 (1)) = exp[—(y31 +732) (1 = ©) /2] |3 (x + 81)). (17)

Taking this expression into account, we can write the
following expression for the wave function describing the
excitation of the atomic subsystem immediately after the
arrival of the second wave packet in the medium:
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Figure 2. Scheme illustrating the emergence of single-photon echo: (/) pho-
tons; (2) laser pulse; (3) echo signal, teno =t + (T — f1as + 1) 031 /032,
kecho = klas + K, — K.

(1)) = exp[—(y31 +732) (1 = 7)/2]| 73 (1)) + cos(8/2)

x exp[—(y3; + V32)f/2HlPa1 (5f)> +1isin(9/2)
(18)
This solution is valid for >t and will be used for

determining the parameters of the field emitted by the
medium.

x exp[—(y31 + y32)7/2] |€0;$12)(T)>-

3. Single-photon echo as a manifestation
of TDSP interference

Let us analyse the behaviour of averaged atomic operators
(PiE(1)) and (Py (£)Pyf (1)) since the amplitude (E(r, )) and
intensity (I;(r, 1)) = (E; (r, ) Ej (r, 1)) of the field emitted in
the direction k can be determined in terms of these atomic
operators [22—24] averaged over the atomic state (18). For
the emitted field operator E;(r, 1+ r/c) at point r, we have

k
Ei(r,1+7/c) ~ ¥[ [2‘;322” PE(D), (19)
where
. ()4
pl exp 71 kr +w
; 23 2 1)) 20)
P (1) = (Pe (1)

In subsequent analysis, while using (19) and (20), we will
restrict ourselves to the frequency range close to the atomic
frequency ws,, because the detection of the TDSP inter-
ference is possible just in this range.

4. Field amplitude (E;(t,r))

Using relations (16)—(18), we can calculate the electric
component of the field (Ej(¢,r)) emitted in the direction &:

(Ex(1,r)) = (E{ (1,r)) + (Eg (1,7)), 21
where
(Ex (t,1)) = (E (t,9))"; (Eg (1,r)) oc (P (1,7))

= (B 01PE 19,(0) = i Zsin(9/2)

X exp[—(y31 4 732) (£ + tias — 7) /2] A(t = techos K, Kecho)

X exp[—iw32(t - [echo) + ikechor]; (22)
lecho = T+ (T - [las)w31/w32; kecho = klas + K2 - Kl;
A(t — lechos k7 kecho) exp[—iw32(t - techo) + ikechor]

(pdl |ZP exp —i( w3(2’>l+kl ”‘I’g(r» (23)

The functlon A(t = teeho; k, keeno) can be derived by going
over to the continuous distribution of atoms in the medium
of volume V and carrying out independent integration over
space and the spectral distribution of atoms:

N

A(t = Leho; K, Kegho) = €0 21: o (03 = o3 (o)) — o)
=
X 11 (1)1 (ry) exp[—a(myr; + nar;) /2 4 i35 (1 — teehno)
—i(k — kecno)¥j] = Vi, T12(t — echo )€ 74, (24)
where the functions
N
et = 3|, OV DL+ )2
—i(k — Keeno )| o€ 8p gy (25)
Tialt — tano) = | 4103 (Gomalcos)
X expliéwsa (1 — lecho)]- (26)

are introduced.

The functions y;,(r) and exp[—a(nr+ nyr)/2] vary
slowly over distances of the order of the radiation wave-
length /; therefore, the function y,_, , has a sharp peak
near k = k.q,,. The function T,(7 — 7..,,) also has a peak at
t = teeno, Which corresponds to the emergence of single-
photon echo signal (see Fig. 2). Note that the echo signal
[see Eqns (24) and (26)] is proportional to the product
o (Ews))on(Ews;), where the subscripts 1 and 2 at « corres-
pond to the two trajectories of the photon, for which the
time of arrival at the medium differs by 7. Thus, the echo
signal is a consequence of the existence of quantum super-
position of single-photon states (2).

We will use the normalisation (12) and the approxi-
mation exp[—o(nr + nyr) /2] = exp ( — anr) = exp ( — an,r),
which is satisfactory when the direction K; does not differ
strongly from the direction K5, so that the two wave packets
overlap in the medium almost completely. In this appro-
ximation, for k = k.y,, and ¢ = t.,,, we find that A(0; ke,
techo) = 1. Thus, we can write the following expression for
the field amplitude of the echo signal:

(B (17 o (P (1) = = 25in(3/2) a1~ o)
X exp[— (731 + y32) (1 + tias — 7)/2]
X exp{ [6032 t - techo) - kechor + qolas}}' (27)

Expression (26) shows that if the inhomogeneous line
broadening prevails, the time evolution of echo (27) is deter-
mined by the single-photon wave function (i.e., by the
spectrum of the function o] (Ews;)a(Ews;)). For a reliable
detection of the echo signal in the case of accumulation of
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vast body of experimental data, it is necessary that all the
three instants ¢, #,, and ¢, (see Fig. 2) be coupled, because
the phase and the instant 7., = T+ (T — f15)w31 /w3, of the
emergence of the signal are shifted upon a change in the time
tas Of laser pulse action. Such a coupling to laser pulses in
the case of generation of single-photon wave packets was
realised, for example, in the recent experiments on tele-
portation of single-photon states [§].

5. Radiation intensity (I, ,(t,r))

The radiation intensity can be expressed in terms of atomic
operators [22]:
2

w?z [k [kd3,)] <Pk+Pk_>-

L) ~—2 | Bl
<k> r2 C2k2d32

To study nonclassical features of radiation, it would be in-
teresting to compare the behaviour of the field amplitude
(27) with the behaviour of the intensity (f; , (¢)) of the field
emitted also in direction k., after the interaction of the
medium with the second wave packet of the photon. In this
case, we can find (P; P, ) by using again the wave function

(18):
2

(P Pi) = (P (DIPE (1) P ()] Pa(1)) = %{0082(9/2)

(28)

x exp[—(y31 + 132)1]p11 (£ 62,81) + exp[— (31 + 732)
X (t —1)|pxn(t;7,7) + cos(9/2) exp[—(731 + 732)

X (1 =1/2))[p12 (1581, 7) + pyy (17, 81)]}, (29)
where

Pun(t: 2/, 1") = (P (| PE O P (|28, (30)
Using expressions (8)—(12) for functions |‘Pﬁ>(0)) and
|‘P£)(r)> and taking into account expressions (25) and (26),
we obtain for the functions p,,,(¢;¢',t") the following
relations:

011 (8;82,81) ~ T11(0) = 1, (31)
pa(t;t,7) =~ Tn(0) = 1, (32)
p12(1:0,7) = exp(iw317) g, —x, T12(7) ~0, (33)
1>81ty,7
P21 (£;7,0) = exp(—iw37) g, —x, T21(7) ~0. (34
1>8ty,7

Here, functions 7, are formed in the same way as
functions 77, (26).

Relations (29) and (31)—(34) show that the intensity of
the emitted field is isotropic and decays with the character-
istic time (735 +73,) " without the emergence of a spike
corresponding to echo signal. Thus, the relation between the
dynamics of the field intensity ([, 4 (#,r)) and the field
amplitude do not satisfy classical concepts; i.e.,

<Iw33kecho(lv V)> 7é <E<;32kech0([: ”)><E(1J)r32kecho(t7 V)) (35)

The reason behind the disagreement in the behaviour of
the field amplitude and intensity is associated with the
single-atom nature of the state |¥,(¢)) (18) of the medium
excited by a single photon. In contrast to the amplitude

(Ei", (1,r)) (27), the behaviour of the field intensity (I , (1))
is determined by independent spontaneous emission of
individual atoms. This is just reflected in the time depend-
ence (29). In this case, the radiation intensity (29) is the sum
of only two terms including (31) and (32) and exponentially
decaying in time in accordance with the decay of an indi-
vidual atom. Each of these two terms is associated with the
arrival of one of the two photon wave packets in the
medium. In this case, any interference of the fields associ-
ated with different trajectories of photons is suppressed in
the intensity (Z;_ , (¢)), so that the corresponding terms con-
taining expressions (33) and (34) become close to zero.
The emergence of coherent collective properties in the
radiation emitted by a system of atoms is possible only in
the presence of two-atom excitations in the medium since
the radiation intensity (/;(¢)) can be expressed in terms of
two-atom operators [see Eqn (28)]. The classical relation
between the behaviour of the field amplitude and the field
intensity, when (I, x . (1,1)) = (Eq ., (6, ) (Eq k. (1,7)),
is restored if the initial quantum state |¥;,) contains a two-
photon component in addition to the single-photon com-
ponent. For instance, this is observed when the medium
interacts not with the single-photon wave packet, but with
the field in the Glauber state |«) even if the average number
of photons in it is |«|* = 1. In the present case, this result
appears as natural (see, for example, Ref. [19]) since the
state |«) usually reproduces the results of the classical ap-
proach to the description of an electromagnetic field.

6. Conclusions

The first version of the experiment on the observation of
the TDSP interference, which is based on the use of a reso-
nance two-level system, was proposed in Ref. [14]. Recent-
ly, this version has attracted attention again in connection
with the estimate of the observed signal for a number of
substances exhibiting photon echo and the use of accumu-
lated single-photon echo [18]. This version of observation
also stimulated the study of nonclassical dynamics of pho-
ton echo [19] predicted and studied most comprehensively
in Refs [15, 16] in the case of single-photon echo.

In this work, we studied the formation of the TDSP
interference in a three-level medium with the A configu-
ration of allowed transitions in atoms. To obtain such inter-
ference, it is proposed to use additional excitation of the
medium by a laser pulse, which transfers the excitation of
the medium caused by the first photon wave packet from the
third to the second atomic level. An important aspect of the
interference under study is that a laser pulse acts on the
medium in the time interval between the action of two wave
packets of the photon. In this case, the laser pulse will probe
not the result of interference of single-photon states in the
medium, but the intermediate entangled quantum state
| (1)) (also called the Schrodinger cat state or the hybrid
state) combining the states of the photon and the macro-
scopic medium.

Such an action of a laser pulse on the medium cannot be
reduced to the ordinary procedure of reading out the
interference pattern (even a single-photon pattern) in the
medium because the latter is formed only after the inter-
action of the second wave packet of the photon with the
atoms of the medium. The interaction of a photon and a
laser pulse with the medium can lead to the emergence of
single-photon echo. It is important that the echo signal is a
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direct manifestation of the TDSP interference in the medi-
um. It should be noted that the radiation consists exclusively
of the echo signal (E,z 4o (r, 1)) (27), which has the maximum
value for 3 = m, when the laser pulse completely transfers
excitation from the third to the second atomic level.

The interest in single-photon echo in itself can be
associated with the study of nonclassical properties of
the field reemitted by the medium because the observation
of single-photon echo in the radiation intensity [see relations
(28)—(34)] is impossible in view of the quantum origin of a
photon. In analogy with the well-known amplitude inter-
ference [6], note that the classical properties of the amplitude
interference are reproduced during the observation of single-
photon echo in the field amplitude, while no such repro-
duction is observed for the field intensity.

The nonclassical properties of the field reemitted by
coherent resonance media during their interaction with
photons have been studied insufficiently so far. For instance,
in the case of correlation between photons with different
wave vectors and frequencies in the two-photon state, the
behaviour of the amplitude and intensity of the echo-signal
field acquires other unexpected features [29]. Note in this
connection that new quantum features in the behaviour of
radiation were considered in Ref. [20]. It should be emphas-
ised that the experimental study of these questions is re-
quired for understanding the nonclassical dynamics of fields
associated with photons.

It is important that the detection of the echo signal
reflects the existence of the hybrid state |¥(¢)) of the
photon and the medium. In addition, it should be emphas-
ised that the echo signal becomes possible in the case of
determinate evolution of the interaction between the me-
dium and the photon whose initial state is delocalised on the
time interval including the action of a negligibly short laser
pulse on the medium. Consequently, it can be expected that
the experimental study of the single-photon echo will permit
a detailed study of fundamental problems in the quantum
dynamics of spatially delocalised states of the |¥ (7)) type.
In particular, it will clarify the mechanisms of evolution of
such states over time periods much longer than the time of
absorption of a photon by the medium possessing an inho-
mogeneously broadened resonance line. Such experiments
might provide valuable information on latent features in the
interaction between a photon and the substance, which are
determined by the features of irreversible absorption and
decay of excitations in a polyatomic macroscopic system.

Finally, note that the problems associated with the con-
trol of the evolution of delocalised states of the |¥,.(7)) type
and the prospects of their practical application in quantum
informatics may attract considerable interest. The above
scheme of the interaction of single-photon fields with macro-
scopic three-level media may be used for storing information
on the dynamics of quantised fields. The proposed scheme is
interesting because a photon experiences 100 % absorption,
and the quantum information transferred to the medium
can be subsequently extracted upon passing to another
frequency range which does not include the frequency of
laser radiation and, hence, does not affect the behaviour of
unexcited atoms.

Acknowledgements. The author is grateful to referees of
‘Kvantovaya Electronika’ for constructive remarks which
helped to improve the presentation of the material. This
work was supported by the Russian Foundation for Basic

Research (Grant Nos 98-03-33229 and 00-15-97410) and
foundations NIOKR Academy of Sciences of Tatarstan
(Grant No. 14-29) and Volkswagen (Grant No. 1/72-171).

References

1. Mandel L, Wolf E Opticheskaya Kogerentnost i Kvantovaya
Optika (Optical Coherence and Quantum Optics) (Moscow: Fiz-
matlit, 2000)

2. Scully D F, Zubairy M S Quantum Optics (Berlin: Springer, 1997)

3. Walls D F, Milburn G J Quantum Optics (Berlin: Springer, 1994)

4.  Pfleegor R L, Mandel L Phys. Lett. 122 766 (1967)

5. Sanin A A, Zharko AV, Iveronova V 1, et al. Zh. Eksp. Teor.
Fiz. 56 778 (1969)

6. Klyshko D N Usp. Fiz. Nauk 164 1187 (1994); 168 977 (1998)

7.  Feynman R, Leighton R, Sands M Feynman Lectures on Physics,
Vol. 1 (Reading (USA): Addison-Wesley, 1963)

8. Bouwmeester D, Pan J-W, Daniel M, et al. Phys. Rev. Lett. 82
1345 (1999)

9.  Bouwmeester D, Pan J-W, Mattle K, et al. Nature 390 575 (1999);
Pan J-W, Bouwmeester D, Weinfurter H, Zeilinger A Phys. Rev.
Lett. 80 3891 (1998)

10. Aharonov Y, Vaidman L Phys. Lett. A 178 38 (1993)

11.  Elitzur A, Vaidman L Found. Phys. 23 987 (1993); Simon S H,
Platzman P M Phys. Rev. A 61 052103 (2000); Krenn G, Sum-
mhammer J, Svozil K Phys. Rev. A 61 052102 (2000)

12.  Deutch D, Ekert A Physics Today (3) 47 (1997)

13.  Czachor M Phys. Lett. A 257 107 (1999); Botero A, Reznik B
Phys. Rev. 4 61 050301(R) (2000)

14.  Kessel A R, Moiseev S A Pis'ma Zh. Eksp. Teor. Fiz. 58 77
(1993); Izv. Ross. Akad. Nauk. Ser. Fiz. 58, 135 (1994)

15.  Moiseev S A Extended Abstracts of Papers XXVII Congress
AMPERE (Kazan, 1994) p. 369; Hyp. Inter. 107 345 (1997); Opt.
Spektrosk. 83 280 (1997)

16. Moiseev S A Opt. Spektrosk. 82 1027 (1997); 84 797 (1998); Proc.
I Internnational Induced Gamma Emission Workshop (Predeal,
Romunia, 1999) p. 279

17.  Zurek W H Physics Today (10) 36 (1991)

18.  Krishna M R, Luo B, Maier S, Kroll S Phys. Rev. A 58 4348
(1998)

19.  Freidberg R, Hartmann S R Laser Physics 9 1093 (1999)

20. Moiseev S A, Kroll S, Ohlsson N Abstracts of Papers Interna-
tional Conference on Mossbauer Effect: Magnetism, Material
Science, Gamma Optics (Kazan, 2000, p. 185)

21.  Englert B-G Zs. Naturforsch. a 54 11 (1999)

22.  Agarwal G S Quantum Statistical Theories of Spontaneous
Emission (Springer Tracts in Modern Physics, Berlin: Springer,
1974), Vol. 70

23.  Andreev A V, Emel’yanov V I, II'inskii Yu A Kooperativnye
Yavleniya v Optike (Cooperative Phenomena in Optics)
(Moscow: Nauka, 1988)

24.  Allen L, Eberly J Optical Resonance and Two-Level Atoms
(New York: Wiley, 1975; Moskow: Mir, 1979)

25.  Davydov S A Teoriya Tverdogo Tela (Solid-State Theory)
Moscow: Nauka, 1976)

26.  Proc. I Intern. Induced Gamma Emission Workshop, 1997
(Predeal, Romunia, 1999)

27.  Wigner E P, in: Quantum Theory and Measurement (Princeton:
University Press, 1999)

28.  Sudbery A Quantum Mechanics and the Particles of Nature.

An Outline for Mathematicians (Cambridge: Cambridge Univer-
sity Press, 1986)

29.  Moiseev S A, Noskov M I Proc. SPIE Int. Soc. Opt. Eng. 3736

129 (1999)


http://dx.doi.org/10.1103/PhysRevLett.82.1345
http://dx.doi.org/10.1038/37539
http://dx.doi.org/10.1103/PhysRevLett.80.3891
http://dx.doi.org/10.1103/PhysRevA.58.4348
http://www.turpion.org/info/lnkpdf?tur_a=pu&tur_y=1994&tur_v=37&tur_n=11&tur_c=54
http://dx.doi.org/10.1070/pu1998v041n09ABEH000441

