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Quantized light lenses for atoms: The perfect thick lens
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A cylindrical light lens for atoms is studied in the limit of high detuning. The dynamics of atomic motion in
a quantized electromagnetic field is shown to be separable into strictly classical and purely quantum-
mechanical aspects when an ideal lens of arbitrary thickness is assumed. New insight is gained in the thick-lens
regime, both in the classical and quantal domain. Different sources of aberration in nonideal lenses are studied.
Their inclusion in a subsequent feasibility discussion for the observation of focal structures caused by field
guantization sets experimental tolerances for an eventual measuring apd8405)-29476)08112-7

PACS numbsgs): 03.75.Be, 32.80.Lg, 42.50.Vk

I. INTRODUCTION ing the estimation of diffractive limits for the focal spot size.
Also the modeling of the light field has been enhanced. In
Recent advances in the field of atom optics have demortheir seminal papef14], Averbukh, Akulin, and Schleich
strated several techniques for manipulating neutral atonredict a focal substructure caused by the quantal nature of a
beams. In particular, since the first realization of a converihin light lens for two-level atoms in the limit of high detun-

gent lens for atom§l], a wide range of focusing schemes '”gl' h H N g
has been conceived and concretized experimentally, among " (€ present paper we show that even under exireme

e : i tal conditions, the influence of light quantization
them radiation pressure forde2], Fresnel{ 3], and magnetic periments ' =
hexapold4] lensing. The first demonstration of atomic beam " the detailed focal shape of perfect atomic light lenses can

X . . . 'be completely ignored in the classical limit.
focusing with laser light was however based on the dipole Here is a brief outline. After specifying the system we are

force and made use of.a red detuned TggMser beam that interested in and proposing a dynamic model for its descrip-
caused the copropagating near-resonant atoms to be attracigth, ihe essentials of the atomic focusing process are studied
to its centerS]. A similar technique using a blue detuned i, getajl. Under these idealized conditions a clean separation
TEMg, mode has been proposed in order to minimize sponpf “classical” ray-optical and “quantum” wave optical
taneous forces by attracting the atoms to the zero field at thgroperties is possible, thus establishing a very intuitive rela-
donut-laser corg6]. Alignment problems are less severe tion among the usual atom-optical viewpoirt6] and the
when the atomic beam intersects a standing laser field oresults presented if14,15. Expressions describing the size
thogonally, but the ideal, i.e., parabolical shape of the opticabf the “classical” focus(disregarding details imposed by the
potential will only be realized close to the maxirrainima) given photon statistigsare derived as well as the geometry
of the red(blue) detuned standing light wave. Such a cylin- of the “quantal” focal distribution. Since we deal with a
drical lens potential can have quite a large period, if formedparabolic lens of arbitrary thicknegsvith obvious restric-
above a mirror by reflection at a near-grazing incidencéions on the interaction time imposed'by diffusive'aberre)tion
ang]e_ With a Sing|e period of such a |ensy |mag|ng of a|t bec_omes pOSSIble to Study the thick-lens regl_me. On the
microstructure was demonstrated for the first tifig Mul-  classical level and contrary to what one would naively expect
tiple periods can be used as an array of cylindrical lensed extrapolating thin-lens results, we find that our atom lens
which focus the incoming atomic beam into a parallel set offhould become divergent for high enough laser intensities.
lines. By depositing these onto a substrate, a Iithographign the quantum level, an interesting “eight”-shaped distri-

technique was creatd@—10. For an appropriate choice of ;quct)n ?]f fpmloverdt_r;g focal plam(aj IS fofund. In S?C‘ \éthed
relative phases and polarizations, a pair of orthogonal linStrict physical conditions Imposed So far are relaxed an

early polarized standing waves forms a two-dimensional aryarious Sources of aberration are studied. The ?tage is then
et for discussing the observability of focal details imposed

ray of atom lenses and could be used for depositing a hig y the quantum nature of light. A simple criterion is given

number of identical, arbitrary patterns onto a substraig. . . X
The recent observation of multilevel effects in direct- and tested using very extreme, reper)tly achlleve.d experimen-
write lithography using Cr atomfd 2] shows that the present tal parameter$25]. After a quantitative estimation of the
g]axmal tolerances that an eventual measuring apparatus

state of the art is in need of a deeper understanding of th . . g
basic interaction of atoms with near-resonant light. As anWOUId have to fulfill, the paper closes with the proposition of

example for a useful extension of two-level atomic models,several observational schemes._ . .
In order to ease the comparison with prior work, we de-

we mention here the recently proposed possibility of improv- . . :

ing the parabolic shape of standing-wave optical potential |ded_to keep as close as possible to the notational conven-
by making use of a three-level configuratipt3]. The de- ions introduced irf15].
scription of the external degree of freedom can be improved
as well, by going beyond ordinary particle optics. For some
lens configurations, both corpuscular and wave-mechanical We consider a tightly collimated beam of neutral atoms of
descriptions have already been develop&d0], thus allow- massM that moves in the-z-plane along<=«>0. We will

Il. THE MODEL
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assume that the atoms are prepared in such a way, that thand of widthL. Experimentally we will usually encounter
can be well described as two-level systems with a charactesinusoidal standing waves and we will therefore assume
istic transition energyiw, . In the interaction region-L<z
<0, the atoms cross an orthogonal one-mode standing light
wave detuned by an amoufit=w, —w from the atomic reso-
nance. The velocity, of the atoms along the beam axis ) _ ) ]
axis) is considered to be sufficiently large so that the spatiafSince spontaneous forces are smaller in regions of low-field
dependence of the electromagnetic field alangan be re-  intensity, we will expandg|? up to quadratic order,
placed with the explicit time dependente z/v,. For the

L . . ) 277G
sake of simplicity the system is assumed to be uniform in the |g(x)|22(—
y direction, i.e., we are analyzing the properties of a cylin- A

drical tum light lens. - . . : .
rica quantim Tgh 'ens Czglround a field intensity minimum and requieed<<\/4. This

Under these circumstances, the physical problem effec=, = = < "™~ .
tively reduces to analyzing the quantum dynamics of a twoSituation is in the spirit of7,16] and should be contrasted

level system moving in one dimensiéx axis) and interact- with the more usual situation, in which the atomic beam

ing with one mode of a given, quantized electromagneticwIdth is much larger than the standing-wave period em-

field. If |[+) and |—) denote the upper and lower atomic ployed.

21X
) (3.1

gx)=G sin(T .

2
X2, (3.2

states, respectively, the extended Jaynes-Cummings Hamil- tlfbwe_ expand the quantum-mechanical states in the prod-
tonian describing this situation reads uct basis,

hw p2 * AN ’ H ’ —
H=fhwa'a+ —= o,+ 5 +h[ao,g(x)+a'o_g*(x)], j:2+ nzo C_AX[EnxH(nx =1, B3

2 2M

(2.) :
(j,n.x", tlk,m,x",t) = 6 Symd(X' —X"), (3.9
where o, =|+)+|—|-X—|, o.=|+}—|=0" and the pair
X,pyx Of complementary operatorx[p,] =i describes the
atomic motion along. The one mode of the electromagnetic
field is represented by the operataranda’, [a,a'] =1, and

by its space dependence which is included, together with th
electric dipole moment of the atomic transition, in the cou-

of eigenstates ofr,, a'a, andx, the Schrdinger equation

corresponding to Eq2.2) decouples into a set of equations

for each photon numbear=0,12 ... .Because of the initial
ondition selected, the atoms remain in their lower state all
e time. Thus foA<0 we get a simple harmonic-oscillator

pling constang(x). Outside the interaction regiay(x) =0, problem,
of course. d w, p3
We will concentrate on the limiting case of high detuning, i — (—=,nx"tlg)=(=,nx" t|hon— ay X
for which Eq.(2.1) reduces to the effective Hamiltoni@h7] dt 2 2M
M w?x?
ho 2 hlg(0))? +—
Hormhoalat o? g+ o 4 Aol ca'a. (2.2 2 1) (39

2 777 2M A
o o o . for eachn, whose angular frequency is given by
In this limit, the atoms remain in their initially prepared in-

ternal state, which we will assume to pe). If this is a true ) 2h [2wG\?
ground state, spontaneous emission plays no role at all. More YT TAM (T) n
realistically, however, for a given interaction tinfe=L/v,

there exists a nonvanishing probability of finding the atom in - N )
its excited level and one has to operate sufficiently far from B. Initial conditions and solution
resonance in order to keep the average number of spontane- In a real experiment, the lateral velocity of the atoms

ous decays well below one. We will assume such conditiongefore entering the interaction region will in general not ex-

(3.6

and thus neglect diffusive aberrations in this paper. actly equal zero. On the one hand, the orthogonal beam-
beam alignment is only possible within certain experimental

IIl. ESSENTIALS OF THE FOCUSING PROCESS margins. On the other hand, mechanical vibrations of the
standing wave relative to the atomic beam and its nonvan-

A. The perfect lens ishing transverse temperature will cause fluctuations both in

First of all we want to learn about the basic physics in-« and in the initial lateral momenturp. For these reasons
volved in the focusing process. For this purpose we willwe will assume that just before entering the standing light
make some further assumptions about our system. In théeld, the system is described by
spirit of [18] “rather than confuse the physical results by

mathematical complexity, we shall set up a different, but ) 1 1(x' —k\?
analogous, expression which leads to a simpler mathematical (=X, =Tly)=w, \/: exg — 21 g
form.” This is why we will imagine that the collimation of wd

the atomic beam is accomplished witiGaussianinstead of
a rectangularslit of width d. On the contrary, the usually
Gaussian laser-beam profile will be modeledrestangular

—%@(X’—K) , (3.7)
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whereZgw,|n) is the electromagnetic field photon statistics. features also in the quantum-mechanical reésud): After
(Because of our lack of information about the single atom inbouncing back and forth inside the harmonic pot, the atomic
a beam, the center-of-mass motion should in fact be dewave packet is suddenly released &0 and, as the explicit
scribed by a statistical operator, as pointed odtli®. In the  calculation shows, continues moving straight as would be
name of conceptual simplicity, here we will, however, stickexpected from a classical object.

with the popular bias and describe the initial atomic state as

a pure one, i.e., by a Schiimger wave function Doppler C. Two kinds of foci

shifts and the corresponding velocity-dependent forces can
be neglected, as will become appararosterioriwhen we
discuss the restrictions that have to be imposed on the ma

This classical behavior can be well described in terms of
ffective “dipole forces” and has already been thoroughly
tudied in the context of atomic beam focusing and manipu-

nitude ofp. . . .
The dynamics of a Gaussian wave packet in a halrmoniCl_atlon. Observe that theth wave-packet trajectories,
oscillator potential is well knowfi20]. After traversing the X' =x\(T)—v/(T)t, (3.14

interaction region, the atom is “released” and moves freely

again. By applying the free propagator and computing they all parallel (and paraxial, i.e.j¢|<1) incoming atoms in-
squared modulus of the resulting wave functiontfo, one  tersect each other at exactly one point,

gets the time-dependent Gaussian

(=X’ tlg)? (x) ~ay CT0nT)

= : (3.15
Dn(t) ' @n

_w? p{ )
VaDi(t)
(3.9 which is thus a focal spdfactually a focal line along) of
this cylindrical atomic lens. We will call it alassicalfocus,
whose widthD (t) is given by since most of the involved physics can be readily understood
semiclassically and described using geometrical optics. Its

f i idth is gi b
Dn(t)Ed[(z—) (ont CoiwnT)vLsin(wnT))z wi IS given by
d“Mw,

112 D (t$hH= f !
(39) nitn dM(,()n |Slr'l(a)nT)| '

(3.19
+ (cod w,T) — wpt sin(w,T))?

It will now be convenient to introduce the dimensionless
Assumingp=0 and by a different method, a simitaexpres- parameter
sion has been obtained ji5]. With the introduction of the 5
quantitiesx’(T) andv'(T) in Eq. (3.8 we are led to an _d°M
. . . . . a=—— (3.17
extremely simple physical picture. Let a classical mass point AT

M be subjected to the Hamiltonian
and the short formp,=w,T. A clumsy way of writing the

2 Mw?x'? beam width(3.9
Hc|=p—+ , (3.10 39,
2M 2 ol
_ Pn o _(QR2
with the initial conditionsx’(0)=« andp’(0)=g. The coor- D"(t)‘dH ZoZ +SiMen| (wnt=wnt)
dinate and momentum of the particle after a tifnare given "
by 1
+ .
coS o, + az(pﬁsinz(pn ' (3.13
, . cofwT+q)
x(T)=« cosp ' (311 makes evident both its symmetry around
. 2 2
sin(wT+ ¢) OF a‘pp—1
"(M=pg ———— = ! ot =sin ¢,co - 3.1
p (T)=p Sind Mo'(T), (3.12 ntn $nCOSpy, codont a?olsiPen (3.19
where and its linear growth foft|—c which, by extrapolating the
asymptotes, seems to indicate beam convergence at the po-
ang= 7 (313 sition z3F=v,t9", whereD,, in fact becomes minimal, thus
n$= Mok’ : defining a quantal focus for thenth partial Schrdinger

wave. Its width is given by
Since in Eq(3.5) the potentials involved are not “worse”
than quadratic, it is no surprise to find essentially classical d

D, (t%NH) = .
o \/COSZ(pn-i- achﬁsinchn

(3.20

IsSee the discussion in the section about spherical aberration. If we restrict ourselves to photon numbers
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f(—A) A \2 could in principle be observed with a scheme similar to the
nN>——a+\ 5| (3.2) one described in16]. Note however that using the param-
2d*°M \27G . ) 2 "
eters leading to Fig. 2 of that paper, the critical condition
we getag,>1 and thus w(atayT=m/2 corresponds to an unrealistically higtw) la-
ser power of~15 W. Obviously a better suited transition and
Dn(thF)<d, (3.22 a higher coupling constant will be needed for demonstrating

_ ) o ~the transition from the convergent into the divergent focus-
i.e., the quantal foci are narrower than the initial beam widthjng regime.

IV. CLASSICAL AND QUANTAL PROPERTIES B. The quantum focal curve

A. Thin vs thick lenses The focal curve in the-z plane is obtained by introduc-

In many experiments, the trajectories of the particles ard"d Ed. (3.19 into the trajectory(3.14 and can be conve-
usually only slightly curved by the optical potential. In our Niently rationalized via

context, this condition means that,<1 must hold for all W OF
relevantn values, and we will call it the thin-lens condition. ( OF E( Kén _ (4.6)
According to Eq(3.15), in this limit the rays coming in with Z; alg,

identicalp but differentk all intersect at . . L. .
This parametrized focal curve has a surprisingly simple

XCF) 1 ( —p/M) structure, since one can show that for largé rapidly ap-
= T'

CF|=— (4.1 proaches the asymptotical form

Zn ©n U,
—Ly24 21
which means that the focal leng#{” decreases asr/ (|6l =2)"+ &h=1 4.7
If we further assume “classical light,” i.e., a coherent

with growing n. The condition(4.7) defines the double cir-

state cular lobe depicted in Fig. 1. The stretching factaetsand «
(afa)" ) depend solely on properties of the atomic beam. Whilexthe
|W“|2:n—l e (@) (4.2 amplitude equals its initial lateral shift, the amplitudeziis

proportional to the momentum of the atoms in this direction
and the square of its width.

An example for the distribution of the individual foci
along this curve for different values of is also included in
Fig. 1. Already fora=1 the foci concentrate mainly along
2 9 the central tangent at~=0 and only very close t@,=mm,

) 4.3 m=0,1,2 ... will they be found far away from the axis.
(From the inequality(4.9) it follows that this becomes in-
which provides an order-of-magnitude estimation for the siz&"€@singly true with growing1.) Again, as in the classical

(in the z direction of the focal spot which is centered at ~ ¢@S€, We _observe that fO; somewe get unphysica(*‘vir-
tual”) foci at negatlvet;g . The relation among the two
¢ (—A)My, ( N

with large (a'a), the single classical foci corresponding to
eachn will be distributed over a distance characterized by
the width(a'a)'? of Eq. (4.2), i.e.,

(—A)Muv, [ A
2hT | 27G

2 1 kinds of foci will be analyzed in Sec. IV C.
“a'a” T 2T \27G) (ala)’ S

C. Relation among classical and quantal foci
If »=0, the focal spot width in the direction is approxi-

; F
mately given by Let us assumerg,=1. One then easily checks thaf"|

=|t%| and that classical and quantal foci become (et
2 1 tual) for the same value of. Since they both lie on the
@a)’ (4.5  trajectory line(3.14), it is geometrically evident that they
should essentially coincide in position when close to

which does not contaiti nor the atomic masM anymore. the z axis. This is the case when the condition
As a consequence of EG.1), fluctuations of the initial lat- @@ aSin’e,>[cosp,|, or equivalently
eral momentumyp will widen the spot in thex direction |cospr|
beyond the diffraction limit(4.5). Fluctuations ofx will < a? (4.9
broaden it additionally due to the shift®.5 and (5.6) onsit e,
caused by spherical aberration.

The thin lens is intrinsically convergent. As can be seen iris fuffilled, since we then get
Eqg. (3.195, this behavior will, however, change as we in- oF
creasda'a). As soon asp,>7/2 (“thick-lens” regime), the x5 <x. (4.9
classical focal length will become negative and the lens a
divergent one(For even larger intensities and as long as the®
entire model keeps its validity, the lens should become con-
vergent again, etgln terms of the classical picture given at 29F~y,T - (4.10
the end of Sec. Il B this result is not at all surprising. It @nSINgy,

o (A
Data(tiara) = g7 (2776

lassical and quantal foci will then be equally distributed,
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FIG. 1. lllustrative examples of the quantum focal distribution de¥0.4 (a), a=1 (b), anda=4 (c). In (a) a slight deviation from the
asymptotic form(4.7) can be noticed. In realistic situations>1 and essentially all the foci concentrate close to the origin.

and we will introduce the superscript F as a short form for

referring to both.

In the case of thin lenses and, more generally,
| ,—mar|<1 holds for a givem=0,1,2 . .. but Eq.(4.8) is
still fulfilled, the positions(4.10 simplify to

zﬁzL ;, (4.19)
¢n n— M

and the distance between two consecutive foci, whes
large, becomes

L 1

n (¢n—mm)*’

F ~
VA

(4.12

Correspondingly, whenevep,— (m+ 1/2)7| <1, we get

zF~L [m(m+1/2)— 4.1
n= on QDn]a (4.13

and

F_F ~L
Zn Zn+1_2n

(4.19

is m independent.

V. ABERRATIONS

A. Chromatic aberration

Chromatic aberration arises from the velocity spread in

wheneveg,q incident atomic beam. The momentum correlations in a

realistic matter wave beam have not been conclusively deter-
mined until now[21]. Our initial assumption that can sim-
ply be parametrized byt tacitly implied that we are mod-
eling the atomic motion along with a plane wave traveling
at velocityv,. In such a context the velocity spread in the
atomic beam is described by an incoherent mixture of plane
waves with different velocities. This means that different at-
oms will have different interaction times with the light field,
which produces a corresponding smearing of the focal spot.
Let us consider a velocity shitt,—v,+ év, and its conse-
quencezl —zh+ 62 :

F

67" = v, f =6v,T (5.1
z

27" 1
T T siten

Since we are only interested in real foci, the expression in
square brackets is always positive and unfortunately the lens
cannot be made achromatic by a suitable choice of param-
eters.

B. Isotopic aberration

When the atomic species used in the beam consists of
various isotopes, the exact focal positions will vary accord-
ing to the different atomic masses. Since it is the momentum
Muv, which defines the de Broglie wavelength of the par-
ticles, this aberration is in fact part of the chromatic one.

In this section we will try to estimate the relevance of the  we will not consider isotopic shifts of, and we will

chromatic, “isotopic,” and spherical aberration. Other assume that the velocity preparation is mass independent.

sources of aberration, like the one caused by fluctuations ofhen a shiftéM of the atomic mass will cause a position
the detuning, can be analyzed essentially in the same maghitt,

ner. Spontaneous aberration, on the other hand, is beyond the
scope of this paper. We will also relax the conditions im- zﬁ 1
posed so far on the profiles of the light and the atomic beam. LT+ sirfe,
We will concentrate on the region close to thexis where,

according to Eq(4.10, classical and quantal foci nearly co- of the nth focus. This aberration can obviously be removed
incide. by employing isotopically pure sources. On the other hand, if

dZ, &M
828 =6M T

aM " 2m 62
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guantum focusing turns out to be a feasible method for li- [ 2mx
thography, the isotopic aberration could be used for creating g(x,z=v,t)=f(1)G SIH(T). (5.7)
gratings with lines made of alternating isotopes.

C. Spherical aberration It has been show[R3] that our results remain true for arfy

If we wanted to evaluate the spherical aberrations due t@s long as the turning on is adiabatic and the time varigble
the anharmonicity of the optical potential in the general caseis replaced byr=[dt f*(t). If we thus take a Gaussian
we would have to solve the quantum dynamical problem af (t) =exd(—t/T)?] instead of a square field profilé(t) =1
least up to the quartic term ¢g|°. However, this problem is for a timeT] and if the assumption of adiabatic conditions is
not much simpler than the original one with the full sinu- justified, we only have to change the parametrization of time
soidal potential, whose analysis requires Mathieu functionsccordingly and make sure that the region of interest is well
and introduces energy-band structures. outside the interaction area, so that the two descriptions es-

Here instead we will limit ourselves to thin lenses andsentially coincide. In particular, this will be the case in the
establish a simple connection with the results givehli. example(using Cs atomsgiven below.

There the thin-lens condition is assumed from the very be-
ginning and it therefore makes sense to expand(&q) up
to quadratic order arounxi=« instead ofx=0. Now observe E. Rectangular slits

that for ideal lenses like the one we analyzed so far, the Originally we introduced a Gaussian slit of widthbe-

origin for the Taylor expansion is irrelevant, since any qua-cse it simplified the mathematical treatment and allowed a
dratic expansion always reproduces the original parabol

. : . ; gimple understanding of the focusing dynamics. In a real
|dent|call_y. Thls statement does not hold anymore if there argyperiment, however, such a slit will have a rectangular pro-
any deviations from the perfect harmonic shape. For in

: 2 . 'file and will give rise to a more complex quantum focal
stance, the expansion (d|* from Eq.(3.1) up to quadratic  ,auem The problem can still be solved analytically if ex-
order aroundk=« defines a new harmonic-oscillator prob-

| ) pressed in terms of Fresnel integrals, but the somewhat tech-
lem with a shifted angular frequency nical details will be reported elsewhere. In very close anal-
4 ogy to the situation depicted in Fig. 3—-6 ¢8|, the
2 2_ 2 TK
wht Swh= wnC0< —) (5.3  fundamental processes do not change, but plots of the focal

A shape like Fig. @) acquire additional structure in thedi-
: rection.
le., In the next chapter we analyze a case which is symmetri-
cal with respect to the atomic beam axis. Secondary struc-
) wﬁ 41ri\? tures due to sharp edges of the entrance slit do not influence
dop=—% |~ (54 the general results obtained there.
and whose center igwithin the same approximatiordis- VI. OBSERVABILITY OF QUANTUM FOCUSING

placed away from zero by an amount We will assume now that=0 andp=0, so that the quan-

) tum focal curve becomes a straight line along zfeis. The
K 4m<) (5.5 probability density of finding the atom at the position
31 A ' ' X,z=v,t irrespective of its internal state is then given by

The anharmonicity of the true potential thus produces a
shift 525 in the focal positions given by

33 X P
S F 1 (477/()2 L (5 6) . '
Z«=—>\|—~V—| 5- . © 2 P2
enl 2 = & exp{ —[X—} ] (6.
n=0 \/;Dn(t) Dn(t)

At the price of becoming increasingly useless for larggr
the treatment if15] is therefore superior in the thin-lens

limit, since it automatically includes spherical aberration ef-ynder which circumstances can the individual foci be ob-
fects. served? Along the atomic beam axis=0 the above expres-
sion can be explicitly written as

D. Gaussian light beams

So far we have assumed a flat-topped laser intensity pro-

o 2, 2q: 1/2
file. Sharp edges are, however, never realized in actual ex- S w2 (CoS'pn+ o’ ppsien)
periments, neither in pulsed nor in cw configurati¢@g]. d n=0 n coo + alolsiro. t—tF]2
Usually the turning on of the coupling.1) is modeled by 4 \/ P& PnST Pn "1
some smooth functiorf that describes the cross-sectional a

shape of the laser beam (6.2
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(27rd)2 2G°T
X - >1. (6.5

This expression does not contain the atomic mass and de-

pends on the wavelength only via the adjustable ratio If

we now, for instance, set A/2=3G(a'a), we find that

the foci will only be distinguishable i is very large and

the photon number comparatively Iq&4]. We now want to

quantify this statement.

We present a calculation based on the parameters of Ref.
[25]. There the extremely high value &/27=20 MHz is
achieved by coupling thé6S;,,, F=4, Mg=4)—(6P,
F’'=5, M{=5) transition of theD, line of Cs atA\=852 nm
-0.03¢ to a high-finesse optical cavity. The atomic mads is
' o o T 2.26x10 % kg and T equals seveiifree) spontaneous life-
times 7,=32 ns. Using these values a maximal number of
separable quantum focal peaks can be estim@ép

Figure 2 shows the atomic density along thaxis for a
Poissonian(coherent photon distribution with(a'a)=81
and the detuning-A=54XG, whend=\/3. The individual
foci are clearly separated in this graph, which however rep-
resents idealized experimental conditions. We will now con-
sider the effect of aberrations and the observational require-
ments they impose.

A (small) nonzerox or g offset is not critical, since it
only displaces the entire focal pattern in the plane. Fluc-
tuations around these values can, however, wash out what we
want to observe. Mechanical vibrations will cause varying
i ] incidence positiong and shifts in both focal coordinates due
(b) T : : : N : : : c to spherical aberration. Equating the interfocal distance
(4.12 with the expression for the spherical aberrat{érb)
one finds a maximal fluctuation amplitude

x/a 0

2

FIG. 2. Focal distribution for the parameters given in the text
and(a'a)=81. Plot(a) shows contours of constant atomic prob-

ability density in thex-z plane. In(b) a cut alongx’=0 is shown. Py A (6.6)
The wiggled curve is the sum over the individual quantum foci 2my2(a a>'

corresponding to each photon numbeotted lineg. The ordinate

is in units of 14. which for the given case equals 10.5 fithe corresponding

shift (5.5) alongx can then be neglect¢drhis can readily be
which shows that in order to get clearly separated peaks, thechieved using active stabilization techniques as in F33f.
expression in square brackets has to satisfy the condition More problematical is rotational noise, which contributes to
the fluctuations ofy. Although these only displace the foci
laterally, the small focal width imposes very strict limitations

cof e, + ale3sir? toF, —t9F N
ent aenSimen tams—ty |>1. (6.3  on the fluctuation amplitudg. Indeed, if one equates;/d

@ T from Eq. (4.1) with D(t%) in Eq. (4.5) one finds
In addition we have to guarantee that the effective Hamil- p=hld, (6.7
tonian description is applicable. This will be the case if the
detuning is made so large, that the inequality i.e., the atomic beam would have to be transversally cooled

close to the one-photon recoil limit. Although this could in
2 principle be achieved27], it is probably unnecessary, as
(—) >G%(a'a) (6.4  discussed below. In addition we have to consider rotational
2 noise, and takingv,)=310 m/s from[25] we find maxi-
mally permissible rotational amplitudes of less than 40
holds. If one introduces typical, experimentally reasonablenrad. In any case, the potential depits?(a’a)/|A|=0.11
values for the atomic masd (several AMU), the interaction eV limits the initial lateral velocity to a value below 0.4
time T (several 108 9), the coupling constar® (some 18  m/s. Only one Cs isotope is present in the atomic beam.
s 1), the (optical) wavelength\ and the slit widthd (some  Chromatic aberration is therefore just a consequence of its
fraction of M/2), one finds that the conditiof6.3) is most  longitudinal velocity spread. Using E¢5.1) one finds that
easily fulfilled in the thin-lens regime. If we thus assumevelocity ratiosv,/Sv, of 240 are necessary to avoid focal
en<ml2 and approximate?r —t9F,=dt%dn, the visibility  shifts larger than the average interfocal distance. Last but not
criterion (6.3) becomes essentially independent and reads least, we have to make sure the two-level model, on which
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the whole theory is based, can be applied. Experimentally
this could, for instance, be achieved by the method demon- *]
strated in[28].

Several methods can be visualized for observing the focal
structure. It has been proposed to use quantum focusing as a
lithographical technique, by placing a substrate along the fo-
cal line and letting the atomic beam enter the standing light .|
field with a lateral offset [14]. It is not obvious, however,
that such a configuration would measure the focal curve
given above, since it represents quite a different physical ot
situation: a substrate placed alorg0 behind the interac-
tion region is a boundary condition that should be included
as part of the problem from the very beginning. A less inva- s
sive approach would be scanning the focal area with a probe
laser parallel to they axis. One could also try to use the

quasiperiodicity of the focal structure as an intensity grating oL : e b e e ?
and observe the diffraction it produces on an incoming elec-
tromagnetic wave. The periodicity becomes bettetas) FIG. 3. Focal distribution along the axis for the same param-

is increased and using the atomic velocity of the above exeters as in Fig. 2 buta'a)=196 (and —A=84XG). Already for
ample, its wavelength is found to be in the optical regimehis average photon number the individual foci are hardly discern-
The dimensions of the structure in thedirection are, how- ple.
ever, much smaller than the diffractive focal spot size of an
eventual probe beam. A way out of this problem could be . . . .
making useof the aberration caused by fluctuations ¢af In the thlc_k—lens regime we predict atra_nsmon from conver-
Since these do not chang, the net effect would be wid- 9ent to divergent classical lens behavior. On the quantum
ening the focal spot widths. Also the lithographic method!evel a simple and nontrivial expression describing the focal
would be unsensitive to such fluctuations. Less stringent corflistribution is found. We discuss different sources of aberra-
ditions on the beam temperature would at the same timgon and estimate under which circumstances the quantum
increase the amount of available atomic flux. nature of light leaves a visible trace in the quantum focal
But even with such an untypically high coupling constantshape. We plan to include spontaneous emission and to
as we have considered here, not many more tha@0 pho-  verify up to which point adiabatic conditions are fulfilled
tons could be resolved. Figure 3 shows the focal shape for 8ghen a more realistic laser beam profile is assumed in a
average number of 196 photoisA=84xG) and all other o ;an1um Monte Carlo simulation. A sinusoidal standing
parameters unchanged. Even in the absence of any aberiga o i be used and Doppler shifts considered.
tions the focal structure due to light quantization can hardly
be seen and it gets completely washed out in the classical
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