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Atomic Talbot interferometry as a sensitive tool for cavity quantum electrodynamics
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Atomic Talbot interferometry is shown to be potentially useful both for the experimental determination of
arbitrary electromagnetic cavity photon number distributions and for the demonstration of the quantum nature
of nearly classical light fields.
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I. INTRODUCTION stored in the arising diffraction pattern.
A viable compromise may be achieved using the Talbot

Technical advances in the field of cavity quantum electrodinterferometrical setup, which is the subject of the present
dynamics have led to the possibility of demonstrating soméaper. In this scheme a second, but clasgleaky, standing
of the most fundamental predictions of quantum theory inlight wave is introduced as shown in Fig. 1. If the atomic
systems so simple that experiments formerly considered tBux diffracted into the zerotttfar-field diffraction order is
be mere|y of the “gedanken” type have now become actu.measured while the intensity of the laser is varied, informa-
ally feasible. In addition to providing textbook examples oftion on the quantum field is gained. Although the way this
some basic quantum-mechanical issues, the novel expeiformation must be retrieved from the data is, from a theo-
mental methods have triggered a renewed interest in the cofetical point of view, less satisfactory than in a near-field
ceptual fundaments of our quantum description of natureapproach, the relative simplicity of the method, from an ex-
New questions related to guantum measurement theory armarimental point of view, makes it a better candidate for an
the borderline between the classical and the quantum worlg@ctual realization.
have been raised. In this paper we address both these ques-A particularly interesting aspect of our scheme is that it
tions in terms of two different experimental propositions for can also be used to null-test the quantization of electromag-
the study of the quantum properties of the electromagnetigetic fields, even if substantially more than just a few pho-
field inside an optical cavity. tons are involved. While unambiguous experimental demon-

Several authors have shown how atoms crossing the cagtrations of light quantization exist in some few-photon
ity under inspection may be used as efficient probes of théystems10], the quantum nature of a macroscopic field is
photon distribution inside if1-9]. Some of the proposed difficult to prove due to the correspondence principle. A
schemes make use of the fact that in the optical regime, thequantum lens” originally proposed to demonstrate photon
(statistics-dependentliffraction of atoms off a nearly reso- discreteness even in the classical lififit] turned out not to
nant light field is easily observable, contrary to the micro-Serve this purposgL2] because of a general tendency, in this
wave regime, where such mechanical effects would be muchmit, of quantum features to get washed out. Our way
too small to be detectable. Still, the fact that the measure@round this problem consists of considering a situation in
diffraction pattern depends on the quantum properties of thhich the correspondence principle predicts a vanishing
scattering field does not imply that its statistics can be readneasuring result. If an experiment reportsi@zeroresult,
off simply and unambiguously. In Ri9], for instance, itis  this would indicate that quantum mechanics is at play. In any
shown that the atomic near-field diffraction patterns pro-realistic experiment, however, different sources of aberration
duced behind a far-off detune@uantized standing light
wave may contain all, or absolutely no, information about *
the governing photon statistics, depending on the distance &
which they are observed. Although it is, in principle, simple
and straightforward to extract from the detected atomic spa-T| |||/
tial distribution (measured at some proper distance behind it

-
the light field all information needed for the determination .
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of the photon statistics, the practical implementation of suchd
a scheme is technically difficult due to the required high
spatial detector resolution. If, on the contrary, the atoms are D
observed in the far field, resolution requirements become les: | |
severe, but the need to detect all diffraction orders in order tc
reconstruct the light field statistics again makes such a Nes
scheme impractical. In addition, far-field approaches do not

generally allow a simple deconvolution of the information 0 %«
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FIG. 1. Basic scheme of the proposed atomic Talbot interferom-
*Electronic address: bernd@if.ufrj.br eter. The atoms are detected in the diffraction far-field.
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can mimic a quantum signature of the analyzed light field. Itscaled down, one obtains tAgomicTl introduced in[18,19
is thus necessary to identify these sources in order to estand thoroughly analyzed in RdR0]. We will skip a further
mate their influence and to visualize ways to get them undediscussion of this kind of Tl because they all wsaplitude
control. gratings, which will not be the subject of the present paper.

The paper is organized as follows. First, in Sec. Il, theOn the contrary, and as we will briefly derive in the next
concept of Talbot interferometry will be introduced, with section, a standing light wave which is strongly detuned
special emphasis on its atom-optical realization. In Sec. llIfrom a given atomic transition acts as a pure phase grating
far-field diffraction off a quantized light grating will be stud- for atoms. Far-field diffraction from such a grating made of
ied with and without a second, classical light field in place.light was demonstrated in Ref1,22. To date, and to our
Section IV discusses how a quantum nondemoliti@iND) knowledge, a corresponding study of the near field and its
measurement could be performed with the described apparaelf-imaging phenomena has not been reported.
tus. Section V is devoted to the detection of a quantum sig- The Moireand Talbot effects do not depend on the spe-
nature(without an actual measurement of the photon statiseific nature of the gratings producing them. In order to visu-
tics) when a “macroscopic” field is being analyzed. Finally, alize this, let us consider the two above-mentioned most
in Sec. VI, we try to identify the most important sources of common gratings in current atom optics. The transmission
aberrations, estimate their importance, and propose ways fanction of a microfabricated grating with open fraction 1/2,
eventually circumvent them. for instance, is the periodic repetitiom(x)=T(x+\,), of

the unit cell

Il. TALBOT INTERFEROMETRY

Moire fringes are an optical phenomenon that arises when T(x)= 0 for —\J2<x<0 2

the shadows of two or more consecutive gratings superpose. 1 for O=x<\ 2.

Quite generally, geometrical shadows are expected when the

light wavelength is substantially smaller than the involvedan identical second grating placed zt D/2 will produce

grating constants. As these are reduced, diffraction effectoiré fringes which depend on the relative displacement of

start to become increasingly apparent, and simple shadowge two diffraction structures. Since the Talbot shadow of the

will only be expected in the proximities immediately behind first grating is displaced by half a grating period at this dis-

a grating. However, in a first-order approximation beyondtance, a second grating at this position will absorb all atoms,

geometrical optics, a notable exception shows up. In additioff ynshifted with respect to the entrance grating.

to the expected proper shadows at short distameels be- A phase grating, on the contrary, is inherently transparent.

hind the grating, wher® is the fundamentalalbot length  Under the circumstances specified in the next section, a
standing light wave(wavelength\) in atom optics is de-

_ 20 scribed by a transmission function of the form

D=

oY)

z
_ QIASIP(2ax/N

and \, and A\, denote the grating constant and the wave- T(x)=e ( g )
length, respectively, additional “shadows’self-image$ of
the grating emerge at integral and half-inteddsd] multiples  where the numerical constatdepends on the physical pa-
of D. Since it was discovered in 18364/, this Talbot effect rameters of the interaction. Using a terminology reminiscent
has been extensively studied and applied. A concise introef ultrasonically produced gratings, we cdlthe Raman-
duction and overview can be found in Ref$5,16. For our  Nath parametef15]. Note that the grating perioN,=\/2.
present purposes it is enough to know that a pair of identicaBuch a grating corrugates the incident plane wave by super-
gratings separated from each other by a distdhger D/2) imposing to it a position-dependent phase. The process can
can produce Moirdike fringes even in a domain where dif- be reversed by placing a second, identical grating at half the
fraction dominates. We note that at other intermediate disTalbot distance behind the first one, as schematized in Fig. 1.
tances the diffraction patterns can become arbitrarily comideally, the decorrugation is perfect and a new plane wave
plex, and do not lend themselves to such a simple picture. kxits the two-grating configuration. If this Tl is hidden in a
must also be emphasized that, sifitelepends on the wave- black box, it looks like nothing ever happened to the atomic
length, in order to observe Moirkinges in a diffraction- beam.
dominated regime a well-monochromatized source is manda- In the far field, a single grating may be looked at as a
tory. For an isotopically pure atomic beam, this implies thatmultiple beam splitter. From such a point of view, a phase-
from now on we will assume that its velocity distribution has grating Tl may be seen as a multiple beam interferometer, in
been sufficiently compressed around some average value which the first grating acts as the splitter and the second one

That a pair of gratings separated By(or D/2) can be as the beam merger. No mirrors are necessary, since the vari-
used for interferometrical purposes was first pointed out andus diffraction orders are not physically separated at the
demonstrated by Lohmann and Si\&/]. A series of appli- near-field position of the recombining grating, making this
cations of these opticalalbot interferometer¢TIs) are dis-  entire picture somewhat artificial. A true multiple beam atom
cussed in[15]. If light waves are replaced by atomic de interferometer based on light gratings will be presented else-
Broglie waves and the grating period is correspondinglywhere[23].
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ll. ATOMIC DIFFRACTION phase grating for atoms, corresponds to the regime in which
FROM STANDING LIGHT FIELDS the semiclassical approximatidrx,p,]=0 can be applied.

The diffraction of atoms by quantized and classical Iightone then obtains

fields has been thoroughly studied in previous pap24s.
Our brief introductory presentation here is mainly intended(V:Xt=
to define the physical situation and our particular notation. In ©
order to reduce the problem to a one-dimensional conserv

tive one, a series of assumptions have to be made. First, t If th i h and broad h
intrinsically three-dimensional spontaneous-emission pro_zone. the entrance apertures smooth and broad enough,

cesses must be eliminated. This can be achieved by detuniride second exponential, which describes the free evolution of
the cavity far enough from the atomic resonance frequenct e wave function inside the interaction region, may be ne-

0| ) :Wyei v(gztim/A)sinz(wa/)\)ei(htint/ZM)(dZ/dxz)f(X)

ﬁ_gr the wave function at the exit of the quantized interaction

and by preparing the atoms in their ground state, in whic lected. Then

they will then remain all the time. Second, the atomic veloc- o 2

ity v, along the beam’s propagation azishould be so large (1. X,t=0gh) = (v, X,t=—tin )& (8" i/ DS Zm)
that a classical treatment of this motional degree of freedom (10)

becomes possible. In essence, this amounts to a parametriza- . o ] )
tion of the coordinatez through the time variable. If L s_atlsfles our gbove definition of_a grating and the transmis-
denotes the interaction length of the caigg], this defines ~ Sion function is of the forn{3), with A=»Q, where

an interaction time;,=L/v,. The only nontrivial dynamics )
then takes place in the orthogonal plane. If we addition- Q= 9 it
ally assume that the system is uniform alonghe “effec- A
tive” one-dimensional Hamiltonian

(11

is the maximal phase shift per photon. We assume through-
P2 #lg(x)|? N out the paper that the value @fis known by the experimen-
=T A 2@ @ talist.

In the near field, a wide aperture is also a necessary re-
provides a good description of the atom-light interaction.quirement for the appearance of Talbot self-images. Ideally,
Here M is the atomic massA the detuning, andy(x) the @ plane entrance wave normalized to unity-(1) propagates
position-dependent coupling witmeeigenmode of the cav- freely, after interacting with the grating, according to
ity. Its quantum nature is described by the pair of ladder

operatorsa anda’, [a,a']=1. The precise field geometry [ M= e )
inside an optical cavity consisting of a pair of spherical mir- (v x,t>0]¢)= i2mht %dx gMODEIT(),

rors can be rather compleg26], but under suitable condi- (12)
tions we can approximate the field close to its center by

H

« It is not difficult to show that, in addition to the obvioasg
x)=asinl 27— 5 periodicity along the x axis, the wave function is
9x)=9 ( 77?\) © D-periodical along the=v,t axis, whereD is obtained from
Eqg. (1) by setting\, equal to the de Broglie wavelength

times a Gaussian-shaped turn on/off in theirection[25].  h/Mv,. For typical parameterghermal atom velocities and
We will expand states in terms of the product basis,  [ight grating constants of several 100 nrb is of the order
. 10 %to 10 2 m.
* It is natural to introduce rationalized coordinateg,
> dx'|v,x, t)(v,x' ,t| =1, (6) ]
v=0 J -
X=\ i (13
(v.X' X" 1)=8,,8(x' —X"), (7) 2m
of eigenstates ofi'a and x. Throughout the paper, greek l
indices will refer to the photon degree of freedom. If an z=vt=Do—, (14)

entrance aperture functidrfx) is used to describe the shape

pf the atomic de.Broglle. wavefront beforg entering the CaV-go that the rationalized wave function
ity, which in that instant is assumed to be in an arbitrary state

w (g g)_— v )\ e
14 1 ' in.'v 277.

15
(vx,A =t ) =W, F(). ® “’> 13

We define a grating as an optical element which multipliesbecomes doubly 2-periodic. Since typical interaction

an incoming wave with a given periodic functidnThen our  lengthsL satisfyL <D, for the sake of notational simplicity
situation of interest, where the interactidf) describes a we will consider the interaction to happen instantaneously

023601-3



B. ROHWEDDER AND M. FRANQA SANTOS PHYSICAL REVIEW A61 023601

and introduce the convention that, at the light field positionsdiffraction maxima away from the zeroth order. The far-field
U, (€,0) refers to the moment immediatebfter the inter-  diffraction intensitied z//j|2 for this Tl are a straightforward
action. generalization of Eq(17),

Using this notation, the identity

VQ_C), (21)

D)= £+ 70 16 =3, i

represents the mathematical expression of our previous com-
ment that a shifted shadow of the grating is produced at hafnd correctly reduce to E¢17) asC—0. For the measure-
the Talbot distance. Equatidi6) is a special case of a for- ment of the photon number distribution in an arbitrary quan-
mula derived in Ref[16]. tum light field, the presence of the classical light field does

In the far field, a wide entrance aperture guarantees sp&0t eliminate the in-principle problem that equations of the
tially well-separated diffraction maxima. Then the intensity form (17) and (21) cannot be analytically inverted so as to
| ;| of thejth diffraction order is obtained by evaluating the €xpress the probabilitigsv,|? in terms of the measured dif-
Fourier decomposition of the transmission function, squarin{action intensitie ¢;|*. This seems to be a general draw-
the modulus of théth Fourier component, and tracing over back of far-field approaches, as opposed to near-field meth-

the photon degree of freedom, explicitly ods[9].
The advantage of introducing a classical “compensating”

~ L[ vQ field relies on the fact that the phase sltiftcan be easily
| |%= 2 |w, |2J; (7) (17)  changed by varying the intensity of the autoreflected laser
=0 beam. Instead of determining the complete atomic diffraction
whereJ; denotes a Bessel function. pattern, it is then only needed to measure the intensity of the

In principle, in order to deduce the photon number distri-Undeflected(zeroth order component whileC is scanned
bution in the cavity, it would be necessary to measure th@Ver a reasonable interval. This represents an essential ex-
intensities of all atomic diffraction orders. In practice, this Perimental simplification. The remaining theoretical prob-
would be extremely difficult to do. This need may be over-1€M. the determination of the p2r10ton number statistics from
come by adding a second, classical light field atrr, i.e.,in  (he measured dependency|gh|* uponC, will be the sub-

a Tl configuration with respect to the quantum field. As longl€ct of the following section.

as the semiclassical approximation that led from &.to

Eqg. (10) may again be applied, the effective Hamiltonian V. ATOMIC TI AS A QND MEASUREMENT TOOL

describing the interaction with the classical field reads Once the dependency bfiy|2 upon the parameteE has

& been determined experimentally, E@1) can be used to

5)’ (19 deduce the photon-number distribution inside the cavity. In
principle, this could be done by treating the occupation prob-

ey 2 - . .
whereG? is proportional to the laser intensity. In analogy to 2Pilities |w,|* as fitting parameters to be chosen in such a

the per-photon phase shift produced by the quantized field, W& that the right-hand side of E1) matches the mea-
it is convenient to define thémaxima) phase shiftC pro- sured intensity curvejE&0) as well as possible. Under suit-
duced by the classical field as able conditions, however, such a clumsy approach turns out

to be unnecessary. In fact, if we knewpriori thatw,=0 for

hG?
Heﬁ=Tsin2

G2ty v>n, then it would be sufficient to measufe|? for (n
= - (19 +1) different value<,, . . . ,C, of the paramete€, for the
set of linear equations

Using Eqgs.(10) and(16), the latter implying the approxi-

mationf=1 to be applicable, we obtain for the wave func- Jz(__CO J2<Q_CO) Jz(”Q_CO) |wol?
tion after the second interaction o 2 o 2 ot 2 w2
x :Wyei »Q sin2(§/2)eiC co§(§/2)_ 20 : : E :
vu(€,m) @ | leh o-c, no-c,
In the particular case when the quantum field is in a Foc Jo T Jo I 90 T ||
state|N), a classical field tuned such th@t=NQ produces
a new plane wave at the exit of this atomic TI. A less trivial |40(Co)|?
case arises when the quantum field is in a coherent state with |4o(Cy)|?
an average orfxlz(aTa) photons. Intuitively, for largéN one = (22

again expects a plane atomic wave emerging from the TI if

the conditionC=QN is matched. This conjecture turns out | ho(Ch)|?

to be true, as will be explicitly shown in Sec. V. Deviations,

which (in the absence of other aberrational effgetsuld be  can be solved by matrix inversion. For two practical reasons
a signature of the quantum nature of the first light field, area much larger number of measuring points will have to be
best observed in the far field, where they produce measurabtietermined, though. First, we do in general lack a previous
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1T, (x)I? hy, |*
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FIG. 2. Plot of|Jo|2 (whereJ denotes a Bessel functipas a (a) C

function of its argument.

knowledge of the measured state, so that the minimum num- 0.351
ber n of measuring points needed to apply the matrix inver- i |2 0.3
sion method must first be estimated from the graph'™0

|46(C)|2, which thus has to be known with sufficient accu- 0.257
racy. Second, in order to minimize the impact of measure-
ment errors on the matrix inversion process, it is important to
make a judicious choice of th€ values to be used for this 0.154
purpose. A quick glimpse at the graph\lﬁfin Fig. 2 readily

allows us to figure out a convenient strategy. Since the cen- 0.1
tral maximumJg(O): 1 is very pronounced, one expects that 0.051
by choosing
) 10 20 30 40 50 60
C.=uQ, (23) (b) C

FIG. 3. Zeroth-ordefundeflecteyl atomic flux|yo|? as a func-
tion of the classical light intensitfRaman-Nath paramet&®) of
the second sinusoidal phase grating(dnthe quantal light field is

the approximatiorj#(C,)|?~|w,|* will be a good one as
long asQ/2 is larger than the central peak’s width. In our

S|mulat|qns we usezthe valti®=7. In Fig. 3@’ the ex- assumed to be in a coherent state wifia)=6. In (b) the follow-
pected signally(C)|? is shown for a quantum field prepared ing photon number distribution has been assumeds|2=0.1
in a coherent state witta'a)=6. Even without further cal- IWi[2=0.15, || 2= 0.25, [w,|2=0.3, andjw,|2=0.2 -
culations, the Poissonian photon-number distribution can be ' 2 TR T oo
immediately inferred from this graph by simple inspection. A

In principle, th ted QND sch Id b lied
second example is shown in Figh3, which shows a corre- n principle, the presented QND scheme could be applie

: . . in a single run. Due to cavity losses, however, the available
sponding curve for an arbitrary superposition of Fock state$ e for the measurement is limited, and it will depend on

2 _ 2_ 2 _ 2_ 2
(Iwo|*=0.1, [wy|*=0.15, [w,|*=0.25, [ws*=0.3, |w,| the intensity of the atomic source, if enough atoms pass the

=0.2). Also here the main peaks already allow a crude ess4yity pefore its field has substantially decayed. The strin-
timation of the photon-number distribution and, therefore, o

f : : .
S ; ) . ent requirements on atomic beam prepara(gse Sec. VI
the minimum numben of measuring points required for the 9 : prepara Y

L : o ; and the need to sca@ over a sufficient range during the
matrix inversion. As we have verified numerically, by choos-

; , ; ) available measuring time additionally complicate the prob-
ing the value<C,, according to strateg{23), the inversion of o0y "Because of these technical reasons, it will probably be
Eqg. (22 turns out to provide reliable values for the coeffi-

. 5 . 0 ; o necessary to repeat the experience several times, with iden-
cients|w,|* evenif up to 10% Gaussian noise is superposedijcajly prepared quantum states, in order to accumulate

to every selected measuring point. We have also graduallgnough data points for the method to be applicable.
reduced the value dP and verified that the method ceases to

apply for Q<2, because individual maxima then start to

overlap and become indiscernible from each other. V. ANULL TEST OF LIGHT QUANTIZATION

The influence of light quantization on the motion of near-
resonant atoms becomes apparent in the strong-coupling re-
The distance between two consecutive maxima in Fig. 2 continugime. It is for this reason that all proposed photon-statistics
ally decreases for larger arguments and converges asymptotically theasurement schemes assume coupling constamisthe
the value 2r. order of~1. AsQ is made smaller, a quantum field behaves
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more and more like a classical one. For instance, the atomiélthough the integrals may be expressed in terms of modi-
far-field diffraction pattern produced by a standing wave offied Bessel functionk , a more transparent result is obtained
light becomes nearly indistinguishable from the classicallyby assumingCQ/8<1, which then allows us to Taylor-
expected Kapitza-Dirac distribution. A sensitive experimen-expand the exponential to lowest order,

tal test of this statement could be performed with an atomic

TI. As we already commented at the end of Sec. Il, a per- 1 1 S

fectly matched TI using classical light gratings leaves an wlP=5— dko— dk’ e

! . . . . 2m) 2w 27 ) (2m)

incoming atomic beam intact. In order to see how this clas-

sical limit arises, we have to leave the strong-coupling re- CQ o
gime, in which light quantization shows up rather evidently, X|1- ?(smk—smk )7 3D
and assum&<1. The possibly most “classical” field is a
coherent state, After evaluating the remaining integrals, one finds
Ta\v
|Wy|zzﬂef(a*a)’ (24 |1|2= 6 {1-CQIB]+[ 51+ _1]CQM6, (32

v!
. + ) i.e., the fact that light is quantized shows up in anomalous
with an average numbéga'a) of photons. Then, if we use a (iffraction in the first and minus first orders. Without the

common integral representation &, restrictionCQ/8<1, also higher diffraction orders would be
1 1 populated. We note that E(2) is consistent with respect to
JIZ(X): - dk— dk’ gl (k=K gix(sink—sink’) flux conservation, since 1CQ/8+2XCQ/16=1. If only
2m ) (2w 27 ) (2m) the deflected beam components are dete(egl, by block-

(25 ing the zeroth diffraction ordgra nonzero result would be
an indicator of light quantization.

If the matching conditior{28) is not exactly fulfilled, the
same approximation that led to E@2) produces

the series in Eq(21) can be summed up explicitly. The
resulting expression,

1 1 )
2= — | dk—] dk'ellk=k) c-Q(a'a a'a)Q?[ _/c—Q(ata)\]”
AL T P 2 |¢||2=J|2( S 8>Q Jf( Sk
% e—<aTa>eiC(sin k—sin kl)Qexr{(a*a)e_ iQ(sink—sin k’)/z] (33

(26)  where the primes denote derivation with respect to the argu-
ment. Equation(33) correctly reduces to the previous result
(32) when the matching condition is satisfied. F{C
o 9 _ —Q(aTa))/2|<1.08,_the sign of J3]" is negative andJ3 _
g 1Q(sink=sink)2— 1 _j = (sink—sink’). (27)  decreases monotonically. This shows that the proper tuning
2 of C, satisfying Eq{(28), can be achieved byaximizingthe
measured atomic flukyo(C)|? into the zeroth diffraction

can be simplified, foQ<1 implies

The matching condition

order.
C=Q(a'a) (29 Real-life effects of different origins spoil this simple pic-
S _ o ture, of course, and even when perfectly matched, a TI will
further reduces the remaining integrals, finally giving produce some diffraction away from the propagation axis

) We now proceed to study different sources of aberrations.

=0 0- (29

1 A
2=|5—| dké'k
|¢-|| 27Tf(2-n—)

Physically speaking, the classical field exactly compensates In our analysis, we will assume two classical ideally

the atomic wave-front corrugation produced by the quantunmatched light fields of coupling consta@ and see how

field in the weak-coupling regim@®<1. This is precisely different sources of aberrations modify the expected far-field

the expected behavior in the semiclassical limit, as expressaetiffraction pattern.

by the correspondence principle. Most problematic is the velocity dependence of the Talbot
By considering more terms in the expansi@7), one is  distance,

able to predict what happens beyond the classical limit. The

lowest-order quantum correction is obtained by including the \

next higher Taylor coefficient in Eq27). By doing so and D(v,)= @D“VZ»’

after inserting the matching conditid@28), one gets

VI. LIMITATIONS OF THE METHOD

(34

which gives rise to a chromatical aberration. Namely, if the
1 1 kK ink—sink’)2 Tl has been adjusted with r t to the average atom veloc-
[P —— dk— dk’ eil (k—k")g=CQ(sink—sink)%/8 TI'has been adjuste espect to the average atom veloc
2w ) 2wy 27 ) (2m) ity {v,), it will no longer be adjusted for other speeds. Our
(30 natural distance units were defined according to
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¢ in Ref. [22] for a single grating. The essential result is
ED(<Vz>)=Z- (35  that the paramete€ gets multiplied by a Gaussian factor
exf — (2t )) 2/2\2], wherev is the atomic velocity com-
If the relative velocity mismatch is denoted by={[1 ponent along the tilted grating axis. Ideally, the orthogonality
—{v,)Iv,], for a given distance between the gratings the of the atomic beam with respect to the grating axes should be

modified wave functiony,, is given by so precise that the induced changedns not larger than
other inherent variations of, such as produced by laser
YE)=e 1)y (e b, (36) intensity fluctuations and frequency drifts. Note, however,

that as long as this tilting angle is identical for the two light
At the exit of the second light grating, themodified wave fields, the Tl matching condition itself is not spoiled. The

function then reads strictly parallel position may be actively controlled with an
additional optical interferometel29] or by mounting the
(& ) = eICSIT(EDg =i e(#%19¢%) giCeos(¢12), (37)  quantum cavity and the retroreflection mirror on a common
strucure with a low thermal expansion coefficidB0]. A
To lowest order ine, Eg. (37) is evaluated to be parallel light field alignment of the order of 18 rad has
been reported in31].
ic (1 2. C C\? Another important problem is posed by the finite entrance
Y& m)=e™) 1+ie 5| 5| +i5 cosE—| 5| COS28) 1. aperture of the TI. The number of grating periods the atoms

should “see” must be chosen large enough for two reasons.
First, the fidelity of a Talbot image depends on the length

In this form, the Fourier decomposition of the wave frgnt  over which the grating is illuminated. Second, the width of
can be directly read off. Inasmuch as the Fourier componentse diffracted beamlets should be much smaller than the lat-
correspond to the far-field diffraction amplitudes, we con-eral distance between them. The ratio between these quanti-
clude that for a realisticad of the order of 1%, the parameter ties is approximately given byl/(\/2). If the diffraction
C should be of the order of unity, if diffraction into nonzero orders cannot be clearly separated in the far field, both the
orders is to be kept at the percent level. For this reason, th@ND measurement scheme and the light quantization null-
assumptionCQ/8<1 that eventually led to Eqg32) and test method break down. The fidelity problem is the more
(33) in the preceding section & posterioriwell justified in  severe one, since a crude estimate of the necessary minimum
the weak-coupling regime and under realistic experimentahumber of comprised grating periods gives$(\/2)~20
conditions. [15]. A recent numerical and experimental study confirms

The reason why valueS>1 are inadequate for a practi- this[32]. For such a large value, the far-field diffraction or-
cal realization of the proposed null-measurement experimerders would be already well separated. Since the geometry of
becomes evident as soon as one plots the diffraction near high-quality factor optical cavity possibly restricts the
field produced by gratings of the for(8) for various values number of usable light intensity periods, it could be experi-
of C [16,27]. As soon asC> /2, the diffraction patterns mentally convenient to place the classical fiddfore the
become increasingly complex and depend more and morguantum field. From the symmetry of E&1) underC« »Q
sensibly on the distance behind the grating. Even for a it is clear that such an inversion does not alter the measured
monochromatic atomic beam, misadjustment of the distancdiffraction intensities. Atomic wave fronts with the required
D/2 leads to spurious diffraction into nonzero orders. Thelateral extent and coherence can be created by appropriate
mathematics is the same as above, only nosi fefers to  slit collimation. For instance, a widtth=5 um is used in the
the positioning error of the second grating,£,7+€). For  Innsbruck three-grating argon interferomef8d]. This ap-
Talbot distances in the I8 m regime, a relative position- proximately corresponds to 20 grating periods, if sodium is
ing precision of 1% should not represent major technicalused instead of argon. At the expense of atomic flux, even
problems. broader beams may be produced. Note, however, that the

For the proposed QND measurement scheme, on the otherandatory fulfillment of the far-field conditiom>d?/\ 45
hand, larger off-beam deflections may be tolerated. K2ill, may lead to prohibitive interferometer lengths.
values of the magnitude shown in FigdaBand 3b) are A further point we want to make is the influence of
probably unrealistically large in view of the above results. Inspontaneous-emission processes. In the context of atom dif-
a real experiment, one would either be limited to small pho{raction by light, these have been studied in detail, both ex-
ton numbers or the ideal choic@=7 will have to be aban- perimentally and theoreticall\83—35. An easy way to sup-
doned. In fact, such a large coupling constant is a challengpress them is by using large enough detunii®jg. We want
in itself, even in view of the extreme values reported in re-to stress that atomic Talbot interferometry may also prove
cent workg 28]. SmallerQ values lead to larger errors when useful to study the limit between the diffractive and the dif-
the simple inversion method of Sec. IV is applied. In thatfusive scattering regime. If two classical light fields pro-
case, numerical fitting to the measuret(C)|? curve will  duced by the same source form an atomic TI, which has been
be necessary as a second step. matched in the diffractive limit, a gradual reduction of the

Also the angular alignment of the gratings must be keptetuning will lead to atomic deflections away from the beam
under strict control. A thorough theoretical and experi-propagation axig, and this effect will be solely due to spon-
mental analysis of the required precision can be foundaneous diffusion. This is another example in which a TI may
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help to filter out the information one is specifically interestedwhen the device is used as a null instrument, and it deter-
in. In this sense, what would be an aberration for a quantunmines its final sensitivity. With off-beam deflections reduced
measurement could become an interesting signal when a dife the percent level, quantum signatures|1,|>=QC/8 of
ferent phenomenon is being studied. the same order of magnitude should be detectable. A realistic
As another example of this general observation, let ughoice of parameters, for instan€e=5 andQ= 1/60, would
consider the situation in which the atomic ground state isallow us to demonstrate the quantum nature of a light field of
split into a nondegenerate multiplet of sublevels. If the atomabout 300 photons.
is in an arbitrary superposition of these states, this would
imply that each component is differently detuned from the
upper(excited level. Since the Raman-Nath paramefezof
the atom-grating interaction is inversely proportional to the The potential usefulness of atomic Talbot interferometri-
detuning from a given transition, the Tl can only be matchedcal methods for the purpose of cavity quantum electrody-
for one of the ground-state sublevels. Experimentally thisnamical measurements is studied. An alternative QND
problem can be circumvented using optical pumping techscheme for the determination of the photon-number distribu-
niques, thus leading to a true two-level system. Alternativelytion of an arbitrary light state is discussed. Its range of ap-
a Tl could be used tmeasurethe populations of the various plicability is shown to critically depend on the magnituG@e
atomic ground-state sublevels. Mathematically, the situatiof the Raman-Nath factor, for which the Tl can be matched
is analogous to E21), with the role of the infinite number with the required precision.
of |w,|? coefficients replaced by the finite number of sub- Also, a light-quantization detector based on measurable
level population probabilities. A recent example in which departures from a zero result expected in the classical limit is
such a measurement could be useful is given in R proposed. We show that its construction should be feasible
In conclusion, it should be technically feasitil#though  using state-of-the-art techniques.
experimentally challengingto build a phase-grating atomic
TI which deflects not more than a few percent of the incom-
ing atomic intensity away from the propagation axis. Such a
device would satisfy the requirements imposed by our pro- This work was supported by the Conselho Nacional de
posed cavity quantum electrodynamical experiments. Th®esenvolvimento Cierftco e Tecnolgico (CNPg and the
elimination of any kind of aberrations is especially importantLatin American Center for PhysidCLAF).

VIl. SUMMARY
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