VOLUME 78, NUMBER 5 PHYSICAL REVIEW LETTERS 3 EBRUARY 1997

Direct Detection Feedback for Preserving Quantum Coherence in an Open Cavity
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It is shown that the Yurke-Stoler coherent state of field in an open cavity preserves its nonclassical
structure if the outgoing radiation is measured by a photodetector and the photocurrent is used for phase
modulation of the intracavity field. [S0031-9007(96)02264-8]

PACS numbers: 42.50.Lc, 03.65.Bz

One of the most peculiar features of the quantum de- OperatorsA, and A; obey usual boson commutation
scription of the world, most brightly distinguishing it from relations:
the classical description, is the notion of quantum super- [A,.A%] = 1
position of two states of the system, which cannot be e ’
considered as arising from the lack of information aboutand therefore they can be considered as lowering and
the system state. Schrédinger was perhaps the first whaising operators for a basic set of vectdré), N =
realized that quantum superposition can take place als@ 1,2,... in the Hilbert space of harmonic oscillator [7]:
in a macroscopic system, for example, a cat in a closed .
box, if described quantum mechanically, can in principle ApIN) = VNIN = 1), (1
be in a superposition of the states of life and death [1]. A;|N> =N + 1IN + 1).

In the last few years this phenomenon has been Wlde%\s A;Agp — a*a, these vectors are eigenstates of both

studied for one of the most simple quantum systems—"" . .
single-mode field in a cavity, in which case the superi¢A¢ @nda”a and therefore they may differ from Fock

position of two coherent states with opposite amplitudesStatesz) only by phase:
N(la) + e?| — a)), where 6 is arbitrary andN is a INY = /% |n).
normalization constant, is usually called the Schrédinger . . , )
cat state [2]. The density operator of this state has théﬂqlt'plymg both sides of Eq: (1) byn — ,ll and S,UbSt"
fOrm p = pmix + Pint, Wherepmix = N2(la)(a| + | — tuting for A, and|N) we obtain the following relation:
a)(—al) corresponds to a mixture of two states while PGS VPTL a L
pint = N?2(e"?| — a){a| + e %a)(—al) describes the _
interference between these states. Such states have bdE}€ assume the phase shift for vacuum state to be zero,
widely studied in recent years in connection with theirthen
possible applications to quantum cryptography and quan- nn — 1)
tum computation [3,4], but using quantum superpositions Dy =@y =~ pln = 1) = T
in quantum computers is highly complicated by fast decay
of the interference part of the density operator in the pres-
ence of dissipation, the phenomenon generally known as Ayl A) = AlA),
quantum decoherence [5]. The rate of this decay for th
case of a cat state in an open cavity2ig|a|?, wherey
is the energy decay rate [6], i.e., the larger the cat size |A) = ~llap f ﬂ—N|N>
|a|?, the faster decays quantum interference (quantum co- ¢ & JN!
herence). In this Letter we describe an experimentally re- o
alizable way for preventing quantum coherence from fast = —n),
decay in a dissipative system. = n!

Our approach is based on the properties of operatorgng represent a subclass of generalized coherent states [8].
which may be called generalized photon creation and Tpe most interesting case arisesgor= 7. Taking into

The eigenstates of operatay,,

have the following form:

¥ .
eié|ﬂ|2 ZOO Arel®

annihilation operators: account that for an ordinary coherent sthate,
A, = elvay e a) = |ae'?),
A} =ateiene, it is easy to verify that

imata S - _
wherea* anda are usual photon creation and annihilation © alla) + il = a)/V2 e
operators, an@ is ac-number. X (lay + il — a))/V2;
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that is, the eigenstate df,. is the so-called Yurke-Stoler corresponds to shifting the phase of the cavity fieldby

(YS) coherent state [9]: in each act of feedback interaction. Such a shifting can
1 . be realized by increasing the optical length of the cavity
|A) = W; (la) + il — a)), by means of an intracavity electro-optical modulator.

] ) The physical meaning of such a feedback can be un-
wherea = i A. Using close analogy between the op-yerstood in the following way. If the field going out of
eratorsA, anda we can find master equations and cor-4 cavity with the decay rate is measured by a photode-

responding processes preserving the structure of the Y@ tor and in the time intervél, 1) exactlyn photocounts
coherent state. For example, the density operatof a .y at times, . 1,. .... ,,, then the conditional state of the

single_mode of an open cavity with decay ragtebeys the  fiaiq is given by the following expression [16,17]:
following master equation [10]: P . .
() = y2e 3¢ alt=t,) j,=3a altu=ta) oo, Faan

9p
X |(0)). 3)

e %(2apa+ —a‘ap — pata),
This expression shows that when the initial state of the
feld is a YS statel(0)) = (lao) + il — ao))/+/2, the

and if the initial state of the field is a coherent sthig),
then with time the state remains coherent with decreasin

evolution of the state consists of two processes: between
two counts the amplitude of state decaist, ) + i| —

amplitudea(r) = age 7"/2. Therefore, if the dynamics
of the cavity field is governed by the master equation

ap Y + + + aN/N2—= (la,. )+ il — a; . ))/V2 (here we omit

£ = LA, pAL — AtALp — pALA,), /N2 — lay,., tan?)/ ,

at 2( Pl wAnp = pAzAz) normalization factors), where, is defined as above,
or equivalently while each photocount brings about a shifting by
ap 7 the relative phase of statefy,) and | — «a,):

oy = 3T apa e — atap = pata) () b il — g )/VE— () — il — @, )/NE. We
see that if the number of photons detected in the time
(2 interval [0,1) is known exactly, the conditional state of
then the initial YS stat@lag) + i| — ag))//2willremain  the field remains a YS coherent state. However, if this
a YS state with decreasing amplituaér) = age ?"/2. number is unknown, the interference of two states is
The structure of Eq. (2) is exactly that, typical for a sys-destroyed due to phase shifting after time of the order
tem with measurement mediated feedback, which gives ef average half-distance between two successive counts:
natural way for practical application of the formalism de-¢..., ~ 27 'y !|ay| 2. Feedback allows us to obtain an
veloped above. Using feedback for manipulating quanunconditional decaying YS state, restoring the phase of
tum properties of the field has become recently a widelythe intracavity field after a photocount occurs. The effect
investigated problem [11]. Possibility of creating [12] and of feedback is easy to see from Eq. (3), rewritten in the
preserving [13] quantum superpositions by means opresence of feedback as
quantum nondemolition measurement mediated feedback
has been illustrated in several recent theoretical works.
However, our approach is quite different and much more X a-el™ 9geT T Ay (0)) .
simple, as it does not require a highly complicated intra-
cavity quantum-nondemolition technique but uses direct It follows from the above that the proposed method for
detection of external radiation. preserving quantum coherence in an open cavity is very
According to the theory of feedback, based on theSensitive to quantum efﬁciency of the photodetec_tor. .
continuous photodetection theory [14,15], if the externaBelow we calculate the influence of the detector ineffi-
field is being measured by a photodetector and eacfi€ncy, introducing an addmonal channel of losses with
photocount is followed by fast, compared to cavity photorthe ratey(1 — =), and rewriting Eq. (2) as
lifetime, interaction between the feedback loop and the ap

L —X2ava(t—t,) imwa* —2ava(t,—t,—1) ima*
| C(l)>:’)/2£’ > ( )em'a a4ne” 3 ( 1)em'aa

cavity field, which interaction is described by equation o ynD(Az)p + y(I = n)D(a)p,  (4)
d
<a_p> =Lp, where the superoperatab(x) for any operatorx is
P /sb defined in the following way:
where L is some superoperator, then the master equation !
of the cavity field reads as D(x)p = E(2xpx+ —xtxp — pxtx).
9P Y el upat — atap — pa*a) . . .
91 5 \c€apa a ap — pa aj, To solve Eqg. (4) we will use the positive representation
where 7 is the feedback interaction time; < y~!. [18], where the density operator is represented as
In our case, to achieve the dynamics described by _ la){Bl ,
Eq. (2) we need p = iw[a*a, p]landwr = 7, which p(t) = [ P(“’ﬁ’t)<3 | a>d adp. )
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Equation (4) gives the following equation for the
guasiprobability density(«, B, 1):

9 _r(9 P
BtP(a"B’t) = <8aa + 8,8*'8 >P(a,,8,t)

+ ynaB[P(—a,—B,1) — P(a, B,1)],
which splits into two independent equations:

9 TR e
5P+(C¥,B,t> = 2<8aa + aB*B >P+(a,,8,t), (6)
J 4 G e
EP_(a,,B,t) = 2<8aa + 8,8*'8 >P_(a,,8,t)
— 2ynap’P(a,B,1), 7
by introducing new functions
Pi(a,B,t) = P(a,B,t) + P(—a,—B,t), (8)
P_(CY,B,I):P(CY,B,I) _P(_a’_B’Z)' (9)

For the initial YS state with the amplitude, the solutions
of Egs. (6) and (7) read as

P+(a,,8,l‘) = 0(a — a,)S(B - a;)

+ 8(a + a)8(B + ay), (20)
P_(a,B,0) = i{6(a + a;)6(B — a;)
= 6(a — at)5(B + a,)}
X e2|ao|2—277|a0|2(1—677/), (11)

where «a, is defined as above, giving according to
Egs. (8), (9), and (5) the following evolution of the
density operator:

p() = (el + | = a)i-al

+ ;;eﬁ(l*n)laol%l*f‘”)q - a,)

X <at| - |at><_at|)-

This expression shows that the additional channel of
losses results in the decoherence with the characteris-

tic time fgecon ~ 27 'y~ '(1 — u) " '|ay| 2, which corre-

sponds to one-half of the mean time interval between two ) o
dft3] P. Tombesi and D. Vitali, Phys. Rev. B0, 4253 (1994);

successive photons in this channel. So the inefficiency

the photodetector in the feedback loop restricts the maxi
mum size|ao|? of a cat, which can be preserved from fast

decoherence by the proposed method. The importance

the effect of feedback can be observed with more opti-
mism for realization quantum efficiency af = 0.5 in
which case the rate of decoherence will be twice less than
without feedback for any.

In conclusion we want to remark that our approach can
be considered as an example of a more general principle
of possibility to preserve the nonclassicality of the field in-
side an open cavity, using the information obtained from
the measurement of the external field for manipulating
intracavity field characteristics. In the considered case,
where the information obtained from direct detection of
external field is used for intracavity phase modulation,
though the mean number of photons inside the cavity de-
creases exponentially, the state preserves its highly non-
classical form—it remains a Schrodinger-cat-like state.
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