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The Lindblad approach to continuous quantum measurements is applied to a system composed of a two-
level atom interacting with a stationary quantized electromagnetic field through a dispersive coupling, fulfilling
guantum nondemolition criteria. Two schemes of measurements are examined. The first one consists of mea-
suring the atomic electric dipole, which indirectly allows one to infer the photon distribution inside the cavity.
The second one schematizes a measurement of photon momentum, which permits one to describe the atomic
level distribution. Decoherence of the corresponding reduced density matrices is studied in detail for both
cases, and its relationship to recent experiments is finally discUss&a50-294{©8)04407-2

PACS numbgs): 03.65.Bz, 42.50.Ar, 42.50.Md

[. INTRODUCTION porating quantum nondemolition measurements within the
language of modern quantum measurement theory was not
Interaction between atoms and photons has been a fundaddressed specifically, to our knowledge, although important

mental issue since the early days of quantum mechanics, afiePs were taken in Reff8,9]. In this paper, we analyze a
it continues to be a central topic, especially in connectiod"°d€! for QND measurements based on Lindblad formalism,

with controlled manipulation of small numbers of photor1Sspecializing it to measurement strategies aimed at describing

. continuous gquantum nondemolition counting of photons con-
and atoms at the quantum leydll. In this framework, em- fined in a cavity or atoms interrogated to be in a certain

phasis has been place_d recently on re_peated measuremepiS mal state. The system is described by a density matrix
on atoms and photons in a quantum regime requiring that thgith an evolution equation introduced for generic open quan-
measurement process be explicitly taken into account. It isym systemg10] and already applied to other, demolitive
often desirable that the outcome of a measurement is neheasurement schemes such as the ones involving the quan-
influenced by the previous ones, which has been found to beim Zeno effect in hyperfine atomic spectroscdfg], op-
possible by a clever choice of the measured and measurirtggravitational cavitie§12], superconducting circuitf13],
systems. Indeed, a class of measurements aimed at repeand trapped ion$14]. In both cases the evolution of the
edly monitoring the same observable has been introducegoherence of the monitored system is studied, providing a
and shown to be compatible with the foundations of quantunsimple picture of its decay during continuous QND measure-
mechanics, the so-called quantum nondemoliti@ND) ments. Even starting from fa.ct'orized states for atoms and_
measuremen{]. Many QND schemes have been proposedph_otons, the measurement originates an entanglement that is
and some of them have been implemented, to monitor variultimately responsible for the |n(_j|rect decoherence of the ob-
ous measurable quantities, e.g., displacements of macr§erved system through t_he continuous collapse o]‘ the state_of
scopic oscillators below the standard quantum lif8i; the the prol:_)e. The |mpI|cat|0n§ of the_ model are discussed n
photon number in travelinf4] or standing[5] electromag- CONNection to recent experiments implementing nondemoli-
netic fields, magnetic flux in superconducting interference';'ve counting of photons in cavity QE[5] and atoms con-

devices[6], and the vibrational energy of an atom confined ined in electromagnetic trajd5].

in a Paul trag7]. _ _ _ 1. QUANTUM NONDEMOLITION COUPLING
From the theoretical point of view, the problem of incor- AND OPEN QUANTUM SYSTEMS

A. General formalism

*Permanent address: Dipartimento di Fisica “G. Galilei,” Uni- In this section, we recall some useful concepts related to
versitadi Padova, Via Marzolo 8, Padova 35131, Italy. Mailing quantum nondemolition measurements, referring the reader
address: Department of Physics and Research Laboratory of Elete Ref.[3] for a more detailed account. Although some mea-
tronics, 26-259, Massachusetts Institute of Technology, 77 Masssurements may occur through direct observation of the same
chusetts Ave., Cambridge, MA 02139. Electronic addressobservable under study, QND measurements are the most
roberto@amo.mit.edu important example of indirect measurements, whereby the
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interaction of the systen® with another systenP is re- of reading the outcome as due to an external environment

quired_ The dynamics of the monitored Observmf the Wh|Ch Continuously interaCtS W|th the Observed SyStem. From
systemSis inferred through the modifications induced on the@ Physical viewpoint, any process in which the interrogations

actually measured observabfkap of the probe. The total on the observed system are made at a repetition rate larger
Hamiltonian operator is written as ' than its intrinsic characteristic frequencies may be schema-

tized as a continuous measurement. By restricting to so-
A=AgtAp+A,,, 1) called n(_)nselectiveensemble _evolutions that can be repre-
sented in terms of a density operator, the most general
and the evolution of the overall system is described by thélynamical law preservingcomplete positivity and normal-
density-matrix equation ization of the density operator was derived for a system in
interaction with a Markovian environment in the form of a
- i . - so-called Lindblad master equati¢tO], later successfully
giP(V=—7[H®,pD)]. (2)  exploited in modeling quantum optics experimefit]. De-
coherence is introduced into this picture of open system evo-
The key idea behind a QND measurement is that the subdyutions as the dynamical quenching of the off-diagonal
namics of the observabiis of the monitored system, albeit density-matrix elements, a key property first used to explain
influencing the evolution of the probe, is not affected by thisth® absence of superposition states in a measurement appa-
last. This nonreciprocity is obtained if the interaction Hamil- atus in Ref[18]. Within this perspective, measured systems

tonian A, depends oris but does not commute withp, are _nothmg but a special class of open quantum systems, the
i o environment being represented by the many-mode field of

the macroscopic measuring apparatus and the measurement
process being equivalent to repeated instantaneous effect-
valued measurementl9,2q, or decoherentization kicks
given to the density matrix21]. We are thus led to the
following master equation for the density of the coupked

+ P system undergoing a measurement throi\gh

[Asvﬂint]zoi [AP 1Hint]7&0- (3)

The subdynamics for the observablég; and A, are then
ruled, in the Heisenberg picture, by the equations

ih——=[Hs,As], ih——=[Hp+Hi.Ap]. (4 d. i .. N e .
| sl gy e Al @ SP(0=— 2 A.50]- 5TAs [Ae OT. (5

In addition, the observabl@g should be protected against R
the evolution of all the other system observables whose subFhe probe observablep plays the role of a Lindblad opera-
dynamics is instead unpredictably affected by the measurdger representing the influence of the external environment,
ment, in compliance with the Heisenberg principle. This re-and the parameter, with dimensiong x]=[t~*A~2], gives
guirement restricts the class of the observables that may kee coupling(generally time dependenof the probe to the
monitored in a QND way, a further sufficient condition being measurement apparatus. By choosing a continuous function
that the observable is a constant of the mation in the absena# time «(t), a continuous measurement process is obtained.
of interaction, i.e.[As,Hg]=0.

This description is still not a measurement model. In par- B. Atom-photon Hamiltonian
ticular, the unitary evolutiori2) is in contrast with the gen- In the followi il di d It
eral expectation that a measurement process should introduce n t € following, we Will diSCUSS quant_um hon emo_|t|on
irreversible signatures into the evolution of the system. Ac-Sounting Scheme.s for pOth photons confined in a_caer_y and
tually, the interaction whereby the systeiis monitored by ~ two-level atoms in a given eigenstate. By denoting véth

the probeP does not alone define a measurement process. Aanda’ the standard annihilation and creation bosonic opera-

a next step, the observables has to be registered and, in tOrS, the I—'|amilltonian of the free single-mode electromag-
order that a measurement is defined univocally, this shoul@etic field is written as

correspond to a deterministic, classical, amount of informa- N ~pn

tion. It is the irreversibility implied by this act, with the Hphotori =t @', (®)
pointer choosing only one of many possible quantum alter-

natives, that cannot be accounted for within the closed dywhile the two-level Hamiltonian can be expressed as
namics discussed so far. At the beginning of quantum theory,

this problem was solved by introducing a postulate, which in H sion= i 0o 05 (7

the von Neumann form states the instantaneous collapse of

the wave function on the eigenstate corresponding to thgith respect to the basis of the energy eigenstheddf),
observed eigenvalugl6]. This approach, although applied woi=(Eo— E;)/%. It is convenient to shift the zero of energy
even in recent times to various situatidirscluding the cav-  jn "order to haveE;=0, which is equivalent to choose the
ity QED case as in Ref5]), has been overcome by a differ- following shifted two-level Hamiltonian

ent description where a unified dynamics for quantum sys-

tems is built, without additional postulates, using the theory

of open quantum systems. In this framework, the irreversible "
nature of the measurement is recovered by imagining the act

— 40, | = hweos 0 =hwedly, (8)

2

atom= 1 W
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where &, ,o_ and ﬁe: o.0_ denote the Pauli displace- the photonic state. These phase shifts contain the useful in-

ment operators and the projector over the excited $tte formation about the system that needs to be extracted
respectively. Based on the previous considerations, wérough the measurement on the probe. In Secs. Ill and 1V,

choose an interaction Hamiltonian which is linear in both theV€ Will examine two complementary measurement proce-

~yn . LA dures based on this optoatomic coupling.
photon number operata’a and the atomic projectdi, P ping

HintZZﬁYéTaﬁea (9) Ill. QND ELECTROMAGNETIC FIELD MEASUREMENTS
VIA ATOMIC DIPOLE QUADRATURE

the coefficient 3, a measurement angular frequency, quan-
tifying the strength of the quantum nondemolition coupling.iS
The occupation probability of levele) for an atom in a

generic statg@°™ s P.=Tr{p@°™[I }. We note that, pro-
vided the Hamiltoniani8) is reinterpreted as a single-particle A~ . . A ngn
operator for an ensemble of independent atoms, and collec- Hs=Hphoonn  Hp=Haom As=a’a. (14)

tive effects due to quantum statistics or interatomic forces

are neglected, the probability, is related directly to the Accordingly, Hamiltonian(10) represents the fact that the
average numbem, of atoms in level|e) through n,  photons in the cavity induce a state-dependent dynamical
=Pnt, ny being the total number of atoms. Once chosen astark effect on the atom and a selective phase shift of the
the system observablgs, both the photon number operator atomic wave function. Due to the requirement of noncom-
and the atomic occupation probability automatically satisfymutativity between the probe observable and the interaction
the commutation relationship with the respective Hamilto-Hamiltonian, we discard any operator proportional to the
nians(6) and (8) since, in the absence of interactions, theyPauli matrix &Z as an atomic probe operatérp. On the

are conserved. The total Hamiltonian to be used in(Bgis  other hand, in order to model a measurement which is sen-

A first class of QND measurements in optoatomic systems
obtained by monitoring the photon field using nonresonant
atoms as the probe system. This corresponds to

written explicitly as sitive to the dephasing accumulated between the components
R fin . fynn e and f of the atom interacting with the mode, phase-
H=fwa'athiweo,o0_+2hya'ac,o_. (100  sensitive observables like the quadrature components of the

4atomic dipole operator, = (o, — o )/2i, are natural candi-
ldates. Indeed, we observe that for a proper atomic super-
position state, |¢)=ale)+b|f), a=|alexp (&), b
=|blexp (¢y)./al,[b|#0, and the average valugoy)
. * =|al|b|sin (¢,— ¢y,) is nonzero whenever a relative phase
pO= 3 S panpn(Dlambml, (A1 (.- ) is present. By comparisorier),=|al[b| cos @,
a.b=ef nm=0 — ¢y), maintaining finite values even if the relative phase,
vanishes. We therefore choose

We will be working in the representation of the unperturbe
(field plus atom eigenstates, expanding the density operato
as

where pn pm(t) ={(an|p(t)|bm). It may be worth looking,
for a moment, at the closed evolution of the density-matrix ~ s

elements. By projecting Eq2) [or Eq. (5) with x=0], we A=l 7= (15)
find 2i
pintm=—i@(N—M)ptn tm» as the_ probe ot_)servable, a_md by using &j.we obtain the
' ’ following equations of motion:
ben,em: _i(w+27)(n_m)Pen,ema (12 ) K
. . an,fm:_iw(n_m)pfn,fm_ Z(an,fm_pen,em)v
Ptn,em= — | [(u(n— m)— Wef— Zym]an,ema
whose solutions are simply rotations of the initial density- _ K
matrix elements Penem= | (0+27y)(n— m)pen,em_ Z(Pen,em_an,fm)a
) (16)
Pinim(t) =exp[—io(n—m)t]p¢, 1m(0),
penem(t) =€Xp[—i(@+27)(N—M)t]penen(0), (13 Pinem=~1L@(N=M) = wer=2yMIpinem
. K
Ptnen(t) = exp{—i[e(n—m)— we;— 27m]t}an,em(O)r - Z(pfn'em"’_ Pen fm)

and pen,fm(t)zp}*m’en(t). These equations imply obviously )

that both the average photon number and the average occpean m= P?m,en- We note that the evolutions for atomic diag-
pation probabilities of levele) are time independent, con- onal and nondiagonal entries are decoupled but, at variance
sistent with the QND nature of the interaction. On the othemwith the situations analyzed in Refd1-14, the measure-
hand, the photon-atom interaction induces additional phaseent affects all components.

shifts in the density matrix, which are proportional to the By introducing the two families of pseudofrequencies
strength of the coupling and depend upon the atomic and andw, defined as
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2 2
u(nm) =/ ¥2n-m?- T2 winm)= N - T a7

Egs.(16) are exactly solved, giving

£) = e~ (N=M)(+ Y)t—xt/4 i, St 0y X Sinut 0
pfn,fm( )=e cosut+i(n—m)y u pfn,fm( ) 4 u pen,em( )i
t)=ge {(n—M(w+y)t—«t/4 t—i(n— LUt 0 +££Ut 0 18
Pen,em() e cosut—i(n—m)y u Pen,em( ) 4 u an,fm( ) (18
t)= e (N=M)(w+y)t=xt/a i in+ sin wt 0 _ ksinwt 0
pfn,em() € cosw |[wef (n m)?’] W an,em( ) 4w pen,fm( )i

where the dependence of frequenaieandw on photon numbers andm is understood. As expected, E$8) reduce to Eq.

(13) when no measurement is performeds 0, and for open-system coupling small compared toy, the dynamics of the
coupledS+ P system is just weakly perturbed with respect to the closed case. In the opposite regimes»hesad a proper
measurement on the signal mode is performed, pseudofrequenerd w tend to become purely imaginary, introducing
overdamped oscillations and thereby decoherence. The time development of the electromagnetic field under the effect of the
measurement can be inspected by evaluating the reduced density matrix:

) ) K\ sinut
phm (D= 2 pan,am<t>=e'<“m><w”>‘“’4[ cosut+| i(n—m)y+4|—,—|eff*"(0)
. K\ sinut .
+[cosut+| —i(n—m)y+ 7| — p£§°”“<0)]paf:§'d><0), (19

where an initially uncorrelated state p,npm(0)  Of the atomic wave function. The evolution is strikingly dif-
=pm0)p(d(0) has been assumed. It is immediate toferent in the presence of measurement, since the phase dis-
recognize that, for every, field populations are unaffected tribution is progressively scrambled until it becomes com-
by the measurement, i.q;gfir,e'd)(t)=p§ﬁ,e'd)(0), in agreement pletely flat when field coherences are asymptotically
with the QND nature of the coupling. However, the processiestroyed,p{i=¥(t)—0, n#m. The probability distribution

of acquiring information on the field photon number cannot(20) is shown in Fig. 1 for various instants of time and two
be realized without a back-action on the conjugate field varidifferent values ofc corresponding to small and strong cou-
able, specifically an unavoidable degradation of the fieldpling with the environment. In the case of weak coupling
phase distribution. A direct visualization of the phase evolu{solid line), the splitting of the initial, well-defined phase
tion is provided by suitable phase-coherence indicators. Herdistribution, into two components traveling with different ve-
we adopt the formalism of the so-called Pegg-Barnett phast@cities is still recognizable.

distribution discussed at length in RgR2]:
IV. QND ATOMIC MEASUREMENTS

1S el _ VIA PHOTON MOMENTUM
IPE(o,n=1lim >— > plie@ (e ™ ™? (20 . o
s 2Tnm=0 A second class of QND measurements is obtained if, ac-

cording to the notations of Sec. Il A, we choose

We have analyzed in detail the evolution arising when the R

field is initially in a coherent statfrve'?) with a mean pho- Hs=Haom Hp=HFphotons As=1IIe. (21

ton numbera?, and the probe state is an equal superposition

of levelse,f. As it will become clear in Sec. V, these choices This corresponds to monitoring the atomic level via an elec-
will enable us a straightforward comparison with the resultsromagnetic field, and is realized ordinarily by means of an
reported in Ref.[5]. We note, however, that equivalent absorption process, i.e., by sending photons resonantly tuned
physical insight would be gained from using a different stan-at an energy-level gap. This technique is manifestly demoli-
dard quantum-optical distribution, the so-call@dfunction  tive for the interrogated atoms. An alternative approach con-
[23]. Starting as a sharply peaked function centered at sists in the detection of the phase-shift originated by the
= ¢, the Pegg-Barnett distribution retains its form when atom through a nonresonant interaction with a light beam,
=0, the only changes reflecting the rotation of the coherenthe atomic sample acting as a dispersive medium with a
state in phase space. Wher 0 but k=0, the phase distri- complex refraction index. A nice application of this tech-
bution is split into two components moving at different ve- nigue was recently reported in Rdfl5], where repeated,
locities with relative weights proportional to the coefficients nondestructive optical imaging of an atomic cloud confined
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FIG. 1. Time evolution of the Pegg-Barnett phase distribution FQG' 2. Square modulus of the atomic reduced density matrix
for a coherent state of the electromagnetic field and various valug@eil* VS time (in units of the measurement periag) for various
of the measurement coupling constarnt 10~ (solid line) and 10 values ofk. The oscnle_ltl_ons are also present in the closed case
(dashed lingin the continuous case. The first 20 energy eigenstate§<=0), although not visible in the scale, and corresponds to the
have been used as a truncated basis for the photon field, leading fhavior of Eq(25).
a numerical accuracy of 0.1%. The snapshots from above to below ) o )
are taken at times differing by one measurement period defined 4. the appropriate unmeasured contribution, shown explic-
Tm=27/2y. itly in Egs. (12). Since, as before, the probe observabjeis

diagonal in the system variables, no transitions are induced

in a magnetic trap was demonstrated. The modification of they the measurement process in the system. In this case, the
refraction index, proportional to the atomic optical density,andf components evolve independently, but a quite compli-
induces a phase shift of the probe field which is manifestedated structure of the couplings in the Fock space of the
in turn as a change in the amplitude of its quadrature comphotons is present in general. Equati¢@8) have been in-
ponent. The dispersive phase shifts may be also detectadgrated numerically for a field coherent state and an equal-
through amplitude modulation by means of classical, stanweight atomic superposition state. The reduced density ma-
dard techniques like dark-ground or phase-contrast imagingix that is appropriate to study the evolution of the signal
[15]. In our model, it is natural to choose the following mode during the measurement is the atomic density obtained

phase-sensitive photon operator by tracing the total density matrix over the photonic degrees
o of freedom,
. a'-a
Pes (D=2 Panpr(D)- (24)

as a probe observable. This choice, in addition to fulfilling
the QND criteria established above, corresponds to a me
surement configuration which is the dual of the one analyze
in Sec. IV. By exploiting the master equati@®) again, and
by evaluating the new Lindblad commutator, equations o
motion of the following form are derived:

3y analogy with the previous case, we expect that although
0 perturbation is introduced on the variable which is QND
fmonitored, i.e.,plm(t) = p{°™0), atomic coherence is
eroded due to back-action. In Fig. 2, the time dependence of
the coherence indicatdp.(t)| is plotted for different values
. x0) K of the coupling parametet. The evolution of atomic coher-
Panbm™ Panbm™ 2 (N+mM+1)panbm ence in the closed case=0 can be evaluated explicitly for
a coherent probe state since, from Ed),

+n(m+ 1)Pan71,bm+l+ m(n+ 1)pan+l,bmfl

©

—VNMPan—1pm-1— V(n+1)(m+ 1)Pan+1,bm+l pef(t):% ei‘”eftnzo GZiyntngeld)(O)
1 . .
= 5(N(N=1)pan-2pm*+ VMM=1)panom-2 =} eeos D) glloefratsnzn (o5
AN+ 1) (N+2) pans26m This shows that the quantitp.(t)|? oscillates with angular
’ frequency % between a maximum value equal cand a
. . .. 402 .
+V(MF D) (M+2)panpm2) | (23) strictly positive minimum equal t@ /4, leading to an

example of nontrivial reversible dynamics of the modulus of
) the atomic coherence. In the presence of measurement,
wherea,b=e,f andn,m=0, andpg’;fbnz indicates, for brev- atomic coherence damps exponentially to zero with a rate
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proportional to the parametet, still preserving the oscilla- . (Q2(N))mpmn
ior visible in Fi Hin=" a'all,. (27)
tory behavior visible in Fig. 2. int 5 e

V. EXPERIMENTAL COMPARISON

The model developed here, describing decoherence infhe parametery of our model is therefore identified ag
duced by a continuous QND measurement, is characterized (Q?(r))/25. Concerning the parametas, the discussion
completely by the parameters and «. In this section we is more elaborate, since in the realistic situation analyzed in
discuss to what extent these parameters can be related toR&f.[5] the measuring meter is actually a beam of two-level
realistic experimental scheme. The example we take is thatoms crossing the cavity and the effect of the measurement
scheme proposed and implemented by a group at the Ecole taken into account using the von Neumann collapse for
Normale Supeeure[5], where atoms detect in a nondemoli- €ach atomic interaction. Distinction is made between two
tive way the photons stored in a high-cavity. In their  different configurations of the probe system, corresponding
scheme, the atom is schematized as a system with three Ry either atoms with a known initial velocity that are regis-
berg levelse, f, andi, with levelsi andf of the same parity, tered by the field ionization counters, or atoms which are not
opposite to the one of level The frequencyw of the cavity in a monokinetic velocity state and are not read. In the lan-
mode is detuned from the—i transition by an amouns  guage of quantum measurement theory, this difference can
= w—|w;¢|. The detuning is large enough to neglect photonbe restated in terms afelectiveand nonselectivemeasure-
absorption, but small in comparison to the angular frequencyents[11], nonselective dynamics being obtained by aver-
;e . The presence of photons in the cavity results in a phaseading over all the possible states of the probe, in this case
shift of thee state relative to thé state. We recall that the OVer the velocity distribution measurements and the two pos-
dynamical frequency shift induced on an atom in leveind sible outcomes of the internal level. To make an explicit

atomic dipoled and located at point in a cavity containing comparison with Ref|5], it was shown there that the selec-
N photons is tive evolution of the field density matrix at thek1)th

atomic detection event is given by
) 4E(r)?d? 112
Ae(r,N):z 1+WN -1
(k+1) ba(nvv)b;(mvv)

— (k)
E )2d2 QO )2 Pam (a,l))— pnm(a,v), (28)
S NN, 2 S Ioa(no)P

whereE(r) is the electric field at and the last approxima-

tion holds if absorption processes are made negligible. Th@hereb,(n,v) denotes the amplitude of the component
phase shift is proportional to the vacuum Rabi angular fre{a=e,f) corresponding to a generic atomic veloaityand a
quency((r)=E(r)d/A. Noticing thatN is the eigenvalue of photon numben. As first step toward nonselective measure-
the a’a operator, we can think of the spatially averagedments, we need to evaluate the weighted average over the

phase shift as due to the effective Hamiltonian possible final outcome of the probe, leading to
|
., TUQ U ie(n—
pam (0)= 2, ba(n,v)b (Mw)phin(v)= | sin’ =+ cos’ 7 SeTl<nmmol pif(w), (29

where the parameter measures the accumulated phase shiftions the phase distribution is broadened and tends towards a
per photon, and, is the atomic velocity corresponding to a flat behavior, only in the second case does the transient re-
m/2 pulse in the Ramsey zone used for interferometric detecsemble the behavior found for a nonselective measurement

tion of the dephasing. The next step is a second integratioBy using the effective Lindblad approach, cf. Fig. 1. In par-
over the atomic velocity distributioR(v): ticular, the velocity of the decoherence is proportional to the

temperature of the atomic beam, i.e., the beam variance. This
qualitatively agrees with the result established in R&d],
(k1) . ® concerning the direct proportionality between the measure-
Prm = | dv P(v)a;ef ba(n,v)bz (M,v)ppm(v). ment coupling constant and the temperature of the bath in
' (30) which the meter is embeddé¢til]. Unlike the parametey, it
is not possible to infer a simple relationship relatingo the
various parameters of the realistic configuration. This shows
In Figs. 3 and 4, the Pegg-Barnett phase distribution is plotthe advantages and disadvantages of the effective Lindblad
ted for a monokinetic atomic beaf&q. (29)] and a thermal approach: it is often impossible to relate it completely with
atomic beam Eq. (30)], respectively. While in both situa- the experimental setup; however, a general description of
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FIG. 3. Time evolution of the Pegg-Barnett phase distribution FIG. 4. Time evolution of the Pegg-Barnett phase distribution
for a Von Neumann measurement on a coherent state of the elefer a Von Neumann measurement on a coherent state of the elec-
tromagnetic fieldwith initial Pegg-Barnett phase distribution as in tromagnetic fieldwith initial Pegg-Barnett phase distribution as in
Fig. 1), corresponding to consecutive interrogations with a mono-ig. 1) with thermal atoms for two different temperatur@s arbi-
kinetic beam at two different velocities;/v,=0.3 (solid) and trary unit§ T=10"1 (solid line and T=10 (dashed ling The
v/vy=0.6(dashed The phase is progressively scrambled, althoughscrambling of the phase is faster than in the monokinetic case,
its spreading starts from well-defined regions. affecting all the phases, and is proportional to the temperature.

t is obtained without a detail \r%ill deserve a particular attention, since the influence of the
any measurement process 1S obtaned without a detalleflq ¢\ rement on the dynamics of the phase of the wave func-

knowledge of the 'actual experlm(_antal procedure. For th!%ion is a crucial issue in the study of macroscopic quantum
reason, the formalism may be easily adapted to the descrip-

tion of other relevant schemes, like the single photon-atorr?Oher?nce' More in gengral, this mode gives constraints on
coupling in a high-finesse Fabry-Perot cavig], the QND the minimum rate at yvh|ch coherence is progressively d_e—
counting of atoms in an optogravitational cavity based uporst’oyed during a continuous measurement process even if a
use of evanescent field&5,26], and the nondestructive im- quantum nondemolltlon monitoring is adopted, provided that
aging of a Bose-Einstein atomic condensfis]. For the all other possible sources pf Qecoherence have been
latter system, the dephasing of the atomic coherence inducétie€nched by proper technological improvements. As a con-
by the measurement process should generate damping of thgduence, similar considerations should also be relevant to
oscillatory behavior of either a two-species condensate exXnvestigate decoherence dynamics within QED-based quan-
hibiting Rabi-like oscillations, or two single-component con- tum computation proposal27,28 or quantum control strat-
densates spatially separated and undergoing coheremygies involving QND-mediated feedba¢R9]. Finally, we
Josephson-like oscillations—a situation similar to the onepoint out that, in the model described here, emphasis has
involving a superconducting circuit already analyzed in Ref.been put on considering the whole coupléystem plus
[13]. probe object as an open quantum system in interaction with
a measuring environment, the probe degrees of freedom be-
VI. CONCLUSIONS ing traced out on the total density matrix and not dynami-
cally eliminated from the beginning. This makes the descrip-
A model for the description of the decay of coherence intion formally different from other existing approachs9].
continuous quantum nondemolition measurements involvingy quantitative discussion of the equivalence between the two

photons and atoms has been developed and applied to phOth?ategies will be addressed elsewhgse.
and atom counting. Even if initially uncorrelated, atoms and

photons become entangled during the measurement and, al-
though conserving their number, they are subjected to deco-
herence due to the back-action via the probe. The dynamics

of the system has been analytically solved in the case of
photon counting via atomic detection. The decay of atomic Ve are grateful to Wolfgang Ketterle and Chandra S. Ra-

coherence has been proven when the atomic occupatidRan for a critical reading of the manuscript. Use of comput-
probability is measured through the monitoring of the lighting facilities of the INFN, Sezione di Padova, and MIT is

beam. Contact has been established with actual experimer@éknowledged. R.O. was supported by the CNR, ltaly,
in which decoherence induced by the measurement proce$drough the NATO Advanced Fellowships Program, and
is or could be observable. In particular, the nondestructiveMURST, Italy. L.V. was supported by the University of Pa-

monitoring of Bose-Einstein condensates of atomic dilutedova and wishes to acknowledge the MIT Department of
gas through dispersive imaging, demonstrated in Ri], Physics for its hospitality during the period this work began.
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