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Two examples are presented where the photon emission on spontaneous parametric down-co
is prevented when attempts are made to infer the moment of emission. This inhibition is analy
terms of the disturbance caused on the system by the modifications that must be introduced in o
make possible such inference. [S0031-9007(96)00372-9]

PACS numbers: 42.50.Dv, 03.65.Bz
ed
b

er
o

in
n
ig
it

he
I

po
le
ea

o
his

o
an
lin
en
n
to

iat
he

es
y
ss
s
ve
ca
ch
th
.
ha
de
o

n
to
ta

ne
o

ng
e

d to

d)
th
nd
irs
tric
ion
is
tion

rs
l,
and
ve

f
ill

th

me

ler
of

ler
een
The Zeno effect refers to the inhibition of the isolat
temporal evolution of a dynamical system when the o
servation of such evolution is attempted [1]. This obs
vation is usually described by frequent measurements
the system performed in order to discover whether the
tial state has changed or not. In the limit of very freque
measurements, continuous observation, or arbitrary h
resolution, it may happen that the system is locked on
initial state and the evolution, which was the aim of t
observation, is in fact inhibited and does not occur.
has been studied in atomic transitions [2], double-well
tentials [3], and neutron spin dynamics [4], for examp
Parallels can also be drawn with the interaction-free m
surements [5].

In the first derivation the state reduction postulate
quantum mechanics was used [1]. According to t
axiom, any measurement will abruptly change the state
the system under consideration so that it will be left in
eigenstate of the measured observable. This would
the Zeno effect directly with the quantum measurem
theory. Since then, other approaches have been prese
by means of purely dynamical terms without having
appeal to the reduction postulate [3,4,6].

In most cases, in order to observe the intermed
stages of the evolution, it is necessary to modify t
observed system in some way. The effect of th
changes can be determined and understood only b
full quantum mechanical treatment of the whole proce
which shows that even the most careful of all the
observations inevitably leaves a trace on the obser
system. In other words, the appearance of this effect
be attributed to this modification, or disturbance, whi
makes the observation possible, irrespective of whe
the planned measurement is actually carried out or not

Here we present two examples of Zeno effect t
suit this framework. In both examples the process un
observation is the simultaneous emission of a pair
photons by spontaneous parametric down-conversio
a nonlinear crystal. The entangled nature of this pho
pair has been utilized hitherto in a number of fundamen
experiments in quantum optics [7]. In our context, o
of the emitted photons is evidence of the emission
the other. We will consider two different schemes usi
this fact in order to infer when the emission of the oth
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photon takes place. In both cases these attempts lea
the inhibition of the emission.

Firstly, we briefly recall the isolated (or unobserve
dynamics of the system. A nonlinear crystal of leng
L in Fig. 1(a) is pumped by a strong, classical, a
coherent field (not shown in the figure) to produce pa
of signal and idler photons via spontaneous parame
down-conversion. Using the interaction representat
with respect to the Hamiltonian of the free fields, th
parametric process is described by the effective interac
Hamiltonian [8]

H  h̄gsay
s a

y
i 1 asaid , (1)

whereas, ai are the slowly varying annihilation operato
for the signal and idler beams, andg, assumed to be rea
is a coupling parameter depending on the pump field
the nonlinear characteristics of the medium. We ha
also assumed the frequency resonance conditionvp 
vs 1 vi, wherevp, vs, and vi are the frequencies o
the pump, signal, and idler beams, respectively. We w
denote byt the interaction time associated with the leng
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FIG. 1. (a) Outline of a parametric down-conversion sche
with a crystal of lengthL showing the inputas, ai and output
a0

s, a0
i complex amplitude operators for the signal and id

fields. (b) Modified scheme in order to infer the moment
emission and made ofN crystals of lengthDL  LyN . After
each piece, the output idler beamsã0

ik are removed by mirrors
inserted in the idler path and replaced by different input id
fields aik in vacuum. In both cases, the beams have b
represented parallel for simplicity.
© 1996 The American Physical Society
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L of the crystal. We focus on the generation of the sig
beam from the vacuum. The interaction Hamiltonian
produces, after the interaction timet, the following general
relation between the output complex amplitudea0

s for the
signal field and the input signal and idler onesas, ai :

a0
s  mas 1 na

y
i , (2)

where m  coshgt and n  2i sinhgt. Taking into
account that before entering the crystal the signal and i
fields are in vacuum, we have that the probability of hav
n output signal photonsPssnd is given by the Bose-Einstein
distribution [8]

Pssnd 
1

m2

µ
m2 2 1

m2

∂n

, (3)

and the mean value of the number of signal photons
ka0y

s a0
sl  m2 2 1. The following calculations can be

carried out for an arbitrary value ofgt, but the analysis
becomes simpler if we consider the usual situation wh
gt ø 1. In this short time approximation the probabilit
of emission of more than one signal photon is negligi
compared with that for one-photon emission, and we
simplify the final expressions retaining just the first pow
ongt. In this approximation the probability of having on
signal photon, which coincides in this limit with the mea
value of the number of photons, is

Pss1d . ka0y
s a0

sl . sgtd2. (4)
The emission of the signal photon is always accom

nied by the emission of the idler one. In principle, we c
use this idler photon to detect the emission of the sig
photon without disturbing or interrupting the signal pa
along the crystal.

The first modification of the previous scheme in ord
to infer when the emission of the signal photon occ
is shown in Fig. 1(b). The crystal is divided intoN
equal parts of lengthDL  LyN, being the associate
interaction timeDt  tyN within each part. We can
assume that the signal beams of each part are perfe
superimposed and aligned, and that reflection at e
piece can be avoided or made negligible, for instan
embedding theN pieces in a linear medium with exactl
the same refractive index. For simplicity we do not ta
into account some possible small imperfections such
partial misalignments and reflection losses which do
alter the substantial features of the process. On the o
hand, the idler path is interrupted after each piece by me
of mirrors, for instance. The output idler beams af
each piece are completely removed from the idler p
being replaced by new input idler beams which are
vacuum. This modification makes it possible to obse
the N output idler beams to detect the emission when
occurs, for instance, by means ofN photodetectors. Then
the moment of emission can be inferred with accuracyDt,
and the relative resolution is given by the number of pie
Dtyt  1yN.

Next, we examine whether this arrangement has mo
fied or disturbed the emission of the signal photon. A
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consequence of the interruption of the idler path, a diff
ent vacuum modeaik , k  1, . . . , N, is at the idler input
of each of theN crystals, and the signal output compl
amplitudeã0

s is given by

ã0
s  m̃N as 1 ñ

NX
k1

m̃N2ka
y
ik , (5)

wherem̃  coshgDt, ñ  2i sinhgDt, and the validity
of the boson commutation relations can be verified.
have that the probability of havingn signal photons at the
output when all the incident fields are in vacuum is

P̃ssnd 
1

m̃2N

µ
m̃2N 2 1

m̃2N

∂n

, (6)

and the mean value of the number of signal photon
given by kã0y

s ã0
sl  m̃2N 2 1. In the short time approxi

mationgt ø 1, the probability of having one signal pho
ton is given by

P̃ss1d . kã0y

s ã0
sl . NsgDtd2  sgtd2yN , (7)

and the probability of having no signal photons c
also be approximated bỹPss0d . 1 2 sgtd2yN . These
expressions reflect the effect of the changes introduce
order to detect the emission of the photon. In compari
with the isolated evolution (4) we have that the probabi
of emission decreases whenN increases, being that this
the signature of the Zeno effect. Then, if the accur
of the observation is increased by increasingN , the
probability of the emission decreases at the same
In the limit N ! ` we would have a very frequen
or continuous observation, which would allow an ex
knowledge of the moment of emission. However, in t
limit N ! ` we have P̃ss1d ! 0 and P̃ss0d ! 1, and
there is no emission at all. We can note that whet
the attempted measurement on the idler modes is act
made or not appears to make no difference. It is suffic
that it could be made.

This fact also indicates that this behavior can be tra
back to the disturbance introduced in order to ma
possible the observation, and the effect must be cau
by the removal of the output idler beams and th
replacement by vacuum states. However, we might reg
this inhibition as still paradoxical since the emission of
signal photon occurs spontaneously and at random,
the length covered by the signal beam within the nonlin
crystal is always the sameL and does not depend o
N . Its path is not disturbed, and also the pump
is not affected. The parametric down-conversion is
completely quantum process having no classical ana
as it is reflected by the nonexistence of the Glaub
Sudarshan representation of the density matrix for
times. Therefore, the spontaneous process consid
here is also fully quantum. Classically, there is no fi
generated in any of its realizations studied here, and
the classical theory cannot explain the different beha
of the emission. In order to understand their differen
4341



VOLUME 76, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 3 JUNE 1996

n
te

h
s
he
c

s
th
ffe

o
o

om
e

d

pl
se
fi
F
y
e
c

ld
t

ld
io
s
m
e
f
,
1

ili
m
u
.
-

ct
-
w
s-
o
h
u
th
s

h
e
f

ion

u-
an
re-
is
of

but
er

o
d

ity.
me
e

the
he
e
(1)

ted

ed
e
l-

on
to

al.
en
h as

e

the
ort
on
n

s

g
m

nal
of
the
a quantum description of the field is needed. To this e
let us express the probability (4) of the unobserved sys
in the form

Pss1d . ka0y
s a0

sl . N2sgDtd2, (8)
which corresponds to divide the crystal of lengthL into N
virtual parts of lengthDL  LyN. These virtual parts
could be made real if, in the scheme in Fig. 1(b), t
idler beams were also perfectly aligned and superimpo
instead of being interrupted, removing in this way t
possibility of observing the emission. The dependen
of (8) on N in comparison with that in (7) recall
the superradiance effect [8]. We may say that for
unobserved system the emission is a cooperative e
of the N parts, being proportional toN2, whereas for
the observed system we have an ordinary spontane
emission from theN pieces being then proportional t
N . This indicates that in the first case theN emissions
are mutually coherent and the final result arises fr
the superposition of probability amplitudes, while in th
second case the emissions are mutually incoherent an
have just the addition of probabilities.

A heuristic argument can be given to provide a sim
insight on this different behavior if we consider the
spontaneous emissions as stimulated by the vacuum
as it has been used in a closely related situation [9].
the unobserved case theN emitters are stimulated b
the same vacuum, imparting phase correlations betw
them. On the observed system the pieces are influen
by different and statistically independent vacuum fie
leading to mutually incoherent emissions. This heuris
picture refers to the idler instead of the signal fie
However, it has been shown that a truly induced emiss
of different idler modes by mutually coherent field
leads to the emission of mutually coherent signal bea
which otherwise are incoherent [10]. In fact, this induc
coherence has also been observed in the case o
induced emission, or emission induced by the vacuum
a situation closely related to the one studied here [1
We can regard this effect as caused by the possib
which offers this configuration to control the signal bea
by means of the idler one due to the strong quant
correlations established between them by this process

Alternatively, the probability of emission on the un
observed system can be considered as the constru
interference betweenN possible and intrinsically indis
tinguishable ways for the emission to occur. When
interrupt the idler pathN times, these ways become di
tinguishable by the possible detection of the idler ph
ton. This possibility wipes out the interference, and t
emission is modified. Modification of the spontaneo
emission by changing the surrounding environment of
parametric down-conversion has also been observed a
interference effect in Ref. [12].

The dependence of the probability of emission of t
signal photon onN in (7) is the one characteristic of th
Zeno effect. This parameterN is the relative frequency o
4342
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observation and also its accuracy. The complete inhibit
of the emission only occurs in the limitN ! ` which can
be considered as the limit of infinitely frequent or contin
ous observation. In our context it would correspond to
exact knowledge of the moment of emission. In the p
vious example, as in other situations, this kind of limit
only expressing a trend, but otherwise it could be void
meaning. This can be not only from practical reasons
also because for highN the situation can change and oth
facts should be taken into account [4].

In what follows we study another example of Zen
effect in parametric down-conversion which is controlle
by a more accessible parameter like it is an intens
Instead of dividing the crystal into pieces, let us assu
that in addition to the interaction described by th
Hamiltonian (1) there is another interaction between
idler mode and another field which we will describe by t
complex amplitude operatorb. We are going to assum
that this interaction is of the Kerr type, and we replace
by the interaction Hamiltonian

H̃  h̄gsay
s a

y
i 1 asaid 1 h̄ka

y
i aib

yb , (9)

L being again the length of the crystal, and the associa
interaction time ist. Now, the information concerning
the moment of emission of the signal photon is contain
in the phase of the modeb. Assuming that, in accordanc
with the short time approximation, only one pair of signa
idler photons is produced, the phase of the fieldb will
be proportional to the length covered by the idler phot
since it has been emitted or, equivalently, proportional
the time spent by the signal photon within the cryst
The instant of emission of the signal photon can th
be inferred by a phase dependent measurement, suc
homodyne or heterodyne detection, on the output fieldb.
Here, only one measurement is enough instead of thN
measurements of the previous example.

Next, we examine whether this scheme disturbs
emission of the signal photon or not. Assuming the sh
time approximation, we can solve the input-output relati
in powers ofgt retaining just the first power. We the
have

ã0
s . as 2 gt

eiktbyb 2 1
ktbyb

a
y
i . (10)

We will consider that the input signal and idler beam
are in vacuum and the field in modeb is an arbitrary state
jwl. Since in this approximation the probability of havin
more than one signal photon is negligible, we have fro
(10)

P̃ss1d . kã0y

s ã0
sl . sgtd2kwj

∑
sinsktbyby2d

ktbyby2

∏2

jwl . (11)

We can see that the probability of emission of the sig
photon is always less than or equal to the probability
the isolated case, and it depends on the choice of
input statejwl of the field in modeb. On the other hand,
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the accuracy of the inference of the emission time of
signal photon also depends strongly on the choice forjwl.
This is because the resolution of a phase shift estima
after a single measurement is, under the best conditi
proportional to the intensity ofjwl [7]; the more intense
jwl is, the better is the resolution that can be achieved

In the limit when jwl tends to be the vacuum th
probability tends to be that of the isolated dynamics of
parametric down-conversion (4). However, in this lim
the output field in modeb tends to provide no informatio
about the time of emission. The emission is not disturb
but it is not possible to infer from the output field whe
the emission has taken place and no Zeno effect occ
In order to have a precise measurement of the phase
a field jwl with strong intensity is needed. However,
the limit of an intense fieldb, the probability (11) tends to
zero and the emission is here again inhibited.

We can give a rough estimation of this relation betwe
the probability of emission and the accuracy of the inf
ence. The uncertaintyDf on the phase shift estimatio
can be, under the best conditions, of the orderDf , 1yn,
wheren accounts for the photon number of the fieldb.
SinceDf  kDt, whereDt is the uncertainty of the in
ferred emission time, the sinc function in (11) depen
very roughly, onktn , tyDt. A true inference of the
moment of emission can occur only iftyDt ¿ 1, but in
such a case the probability of emission tends to be pra
cally zero.

In comparison with the previous scheme the inten
of the field jwl is playing here the role ofN there.
But this analogy refers only to its role in the resoluti
of the observation and not to the meaning of freque
in the measurement, since here only one measurem
is sufficient to infer the moment of emission. Th
limit of continuous observation, in the sense of arbitra
high resolutiontyDt, is more attainable here than
other situations, since it is approached by increasing
intensity and not by increasing the frequency of repea
measurements.

Here again it does not matter whether the output field
modeb is finally measured or not, the observed system
disturbed anyway. The inhibition of the emission is d
to the alteration of the isolate dynamics produced by
changes that must be introduced on the system in ord
make possible the observation of the intermediate sta
of the evolution. Here the Kerr interaction in (9) accou
for this. Sincebyb is a constant of the motion, the la
term in (9) can be regarded as an effective misma
between the signal and the idler fields, that depends on
intensity of the fieldb. This mismatch is more explicitly
illustrated if we express the idler amplitudeai as ai 
Ai exps2iktbybd, having fAi , bybg  0 and fAi , A

y
i g 

1. The equations of motion foras andAi are then the sam
as those that would be obtained from the time depen
effective interaction Hamiltonian arising just from th
first term in (9) after the said replacement. It is know
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that the down-conversion is correspondingly impeded
increasing the phase mismatch as it is reflected in the u
form in (11), here in terms of a fluctuating mismatch.
is then also possible to interpret this inhibition in term
of the impeded constructive interference of probabil
amplitudes. Photon number measurements based on K
like interactions do not disturb the photon number of t
measured system, in this case in the idler mode. Howe
they unavoidably affect its phase, and the parame
down-conversion is very sensible to the phase relat
between the signal and idler beams.

This action of the arrangement set for the observat
on the observed system accounts, as in the previ
example, for the inhibition of the emission of the sign
photon for this Zeno effect.
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