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The deflection of V-level atomic beam in two-mode quantized cavity field in a twin-photon state is
investigated. Depending on the atom-light interaction scheme, two-dimensional position patterns in a
subwavelength range, as well as the effects of spatial entanglement, are reported.

Hccnenos HO p ccesHue mydyk V-TUD  TOMOB H JBYXMOJOBOM KB HTOB HHOM IIOJIE€ B JIByX-
¢oToHHOM cocTodHUM. B 3 BUCUMOCTH OT X p KTEpUCTUK B3 UMOIEHCTBUS TOM-—IIOJIE UCCIIENOB HbI
IBYXp 3MepHbIe MPOCTP HCTBEHHbIE TOMHBIE CTPYKTYPBHI B OOJI CTSIX MEHBIUMX, YeM UTHHBI BOJIH, H
9hpeKThl IPOCTP HCTBEHHOU IEpenyT HHOCTH.

PACS: 03.67.Mn, 01.30.Cc, 03.67.-a

INTRODUCTION

One of the basic processes of atomic optics is the deflection of atomic beams when
interacting with a standing light wave inside an optical cavity. The deflection pattern of
atoms from a single mode of a quantized cavity field has been investigated in detail. In
particular, it has been shown that deflection of atomic beams by a one-mode cavity field is a
sensitive function of the photon statistics (see, for example, [1,2]).

In the present paper, novel effects resulting from deflection of a V'-level atomic beam in
a two-mode quantized cavity field are considered. The two-mode field is supposed in a twin-
photon state or photon-number correlated state (PNCS) which can be generated by parametric
down-conversion processes. The role of photon-number correlations is important in the
proposed scheme. Indeed, it was found that the atomic deflection patterns, in the transverse
plane to the direction of the center of atomic mass motion, are essentially different for the
cases of independent or correlated modes, respectively. In particular, an atomic deflection
pattern for the case of twin photons displays spatial correlations between atomic position
variables in the transverse directions, which are understood as the spatial entanglement in the
deflected pattern.

It is well known that the measurement of the state of a standing wave may lead to the
localization of the position of the deflected atom [1-3]. As will be shown here, for narrow
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initial position distributions of atoms, the localization procedure for this scheme leads to
producing controllable pattern structures with feature spacing smaller than a wavelength of
the light in the cavity. We illustrate these effects, considering various regimes of interactions
of a V-type three-level atomic beam with two crossed standing electromagnetic waves in
PNCS.

1. SUBWAVELENGTH STRUCTURES
IN THE ATOMIC DEFLECTIONS

Let us consider the quantum dynamics of a three-level atom with a V-type configuration
of energy levels moving along the z direction and passing through a cavity electromagnetic
field (see Fig.1). Our aim here is to investigate the position patterns of deflected atoms in the
x — y plane. We concentrate on the interaction of a three-level atom, initially prepared in a
ground atomic state |1), with two quantized cavity modes at equal frequencies and opposite
circular polarizations.

We investigate the transverse atomic motion in the x — y plane, assuming that the initial
transverse distribution of atoms is Gaussian in the form

_ __ 1 (z — (2))? (v — )
P(%y)—P(f)P(y)—mexp {—W]exp {—W}, (1)

with widths Az = \/((z — (2))°) centered at the nodes of both waves (z = x, 7).
Two standing quantized modes are chosen in a photon-number correlated state,

field) =Y " An[n)a|n)s, )

where |n)2, |n)3 are the photon states corresponding to the transitions |1) — |2) and |1) — |3),
respectively, and A,, is the probability amplitude of twin photons, i.e., the amplitude of finding
n-photon pairs.

[

Fig. 1. Schematic diagrams showing the investigated model. @) The atomic flux crossing the interaction
region. b) Energetic levels of a V-type atom interacting with two cavity modes with coupling constant
g2 and gs
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It is also assumed that the interaction time between the atom and the cavity fields is short
compared to the cavity lifetime and the inverse decay rates of the excited |2) and |3) atomic
states, respectively. The Hamiltonian describing such a system reads as follows:

H =

P2
27;4—77/ Z Ai|i><i\+h92a5012+h93a§013+h.c., 3)
ic{2,3}

where PZ2 denotes the center-of-mass motion momentum operator of the atom with mass m,
while A; = w;1 — w (¢ = 2,3) are the corresponding detunings of the excited atomic level
frequencies {ws1, w21} from the cavity one w; a; and az are the annihilation and creation
operators of the ith mode, while o12 = |1)(2]| and o135 = |1)(3| are the corresponding
transition operators of a three-level atom. The couplings of the atom to the two modes are
determined by the spatial mode functions Q3 = g3 sin (ksx) and Qo = gosin (k2y), where
{ks = kg, ko = ky} with k; = ky = w/c, while go = Epe;(1|d|2), and g3 = Epe_(1|d|3).
Ey = y/w/2v is the so-called electric field per photon; e and e_ are the polarization vectors,
while (1]|d|2) and (1|d|3) are the dipole moments of the corresponding atomic transitions. The
foregoing article is based on the Raman—Nath approximation; i.e., we neglect the transverse
kinetic energy in comparison with the atom—field interaction energy.

In what follows, the conditional probability distribution function W (z,y, ¢) in deflection
of V-type atoms when they pass through the interaction region will be analyzed, if cavity
modes are in given phase states for each of the modes:

1 N
lo) = lw2)|ps) = o Zzez(nMﬁ 13) [ni)2|n;)s. 4)
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For the case of statistically independent modes the probability amplitude of having two-
photons factorizes, such that the position distribution is also factorized W (z,y) = W (z)W (y);
i.e., it is represented as a product of two independent probability distributions for z and y,
respectively. For the case of a PNCS of two modes, i.e., Eq.(2), the conditional probability
distribution reads as

2

W(z,y,¢) = % : (5)

Z Anein (F(:c,y) —Lp)

where ¢ = @2 + @3, while A,, is the probability amplitude of finding n correlated photon
pairs in the modes, and

F(z,y) = x2sin? (k2y) + 3 sin? (k3x), (6)

where y2 = g5t/As and x3 = g3t/As. Thus, the probability distribution (5) is not fac-
torizable function, i.e., W(xz,y) # W(x)W(y), and this could be understood as spatial
entanglement of the deflected particles.

The photon-pair distribution P, = |A,|* has been theoretically and experimentally in-
vestigated mainly for different regimes of parametric down-conversion processes. Here we
use a quasi-phenomenological approach to describe these states relying on both theoretical
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and experimental considerations; that is, for concrete calculations we use the PNCS with a
Poissonian distribution [4-6]

n N —-N
A, = —N/Q% and hence P, = —
n!

where o = V/Ne?, N = ||? is the averaged value of the total number of photon pairs
generated by a single pump pulse. We note that an average of 0.9 photon pairs per pulse was
experimentally obtained in a periodically poled lithium niobate waveguide [7].

The typical results for the atomic position patterns due to interaction of atomic beam
with twin-photon number modes are shown in Fig.2 for the cases of narrow initial position
distribution of atoms, when the width of the distribution (1) is smaller than the wavelength
of the cavity modes, and for ¢ = 6 which gives the best localization. Below we give an
interpretation of these results. If we take the width of the atomic wave packet to be much
smaller than the atomic transition wavelength and redirect it at a node of the field, we can
then replace the sinusoidal potentials in Eq. (5) with its linear expansion, i.e., sin (k;2) = k;z.
Then, according to formulae (5), (6), the maximal interference is realized for

; (M

n!

Ix2|(k2y)? + |xs|(ksz)? = 2mm, (8)

with koy < 1, ksz < 1 and m = 0,1,2,... The upper sign stands for identical detunings,
that is, (Ag,As) > 0 or (Az,Az) < 0, while the lower one for opposite detunings, i.e.,
Ag > 0,A3 < 0 or vice versa. It is not difficult to realize that the maxima of the deflection
pattern, which is characterized by W (z, y), adopt the form of a sequence of circles in the z —y
plane for the same detunings and of crossed lines for opposite detunings. Figure 2 depicts the
corresponding probability distributions W (z,y) for initially Gaussian atomic wave packets.
In particular, Fig.2,a shows the corresponding deflection pattern with correlated beams that
are identically detuned from the resonance, while Fig. 2, b describes the respective case with
opposite detunings. One can observe here that the sections parallel to the plane z — y in
Fig.2 are qualitatively described by Eq.(8). We see that the position distribution W (z,y)
focused on the case ¢ = 6 is indeed peaked at the nodes of the two modes. By increasing

Fig. 2. The position distribution atomic pattern W (z,y) (in units of 27/A?) as a function of
{ksz /7, koy/m} for correlated modes with ¢ = 6. Here N = 1, |x2| = |x3] = 10, and
Az = Ay =0.1X: a) {x2,x3} > 0; b) {x2 > 0,x3 <0}
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Fig. 3. The momentum distributions W (p2, p3) (in units of A\?) as a function of {pa/k2, p3/ks} for the
case of off-resonance interaction. Here x2 = x3 = 10, Az = Ay = 0.1\: a) the case of independent
modes in coherent states with the mean photon number equal to one and with ¢ = 0; b) the case of
correlated modes in PNCS with the mean twin-photon number N =1

the interaction parameter x for both modes, one can obtain smaller structures. Thus, this
scheme provides the mechanism for two-dimensional localization of atoms in the presence of
the photon correlation. Depending on the detuning’s sign we demonstrate the formation of
two types of subwavelength two-dimensional atomic structures via off-resonant interaction of
atoms with light beams in PNCS.

2. LOCALIZATION IN THE MOMENTUM SPACE

In this section the localization mechanism for the case of PNCS is shortly discussed in the
momentum space. For this goal the distribution W (p2, p3), in terms of the transverse atomic
momenta ps = py and p3 = p,, in the deflection patterns is calculated. The results are shown
in Fig. 3 for narrow initial atomic wave packets and hence, as we see, wider distributions in
the momentum space are realized. Calculations show that the momentum pattern for the case
of independent modes contains a set of maxima spread around the position ps = p3 = 0 in
concordance with the respective spatial distribution of the atoms. The momentum distribution
for PNCS and for narrow initial Gaussian atomic wave packet centered at the position of the
best localization shows the localization of the components of the momenta around the position
p2 = p3 = 0 as shown in Fig. 3.

In conclusion, I believe that this approach could be of some practical interest, particularly,
for problems of controllable formation of atomic nanostructures and quantum lithography.
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