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Abstract—The localization and transport of a photon through a subwavelength hole with the help of a neutral
atom are studied. A method proposed and realized in the study is based on the absorption of a photon by a
neutral atom directly in front of a subwavelength hole, the flight of the atom through the hole, and photon
emission on the other side of the screen. The influence of the interaction of the excited atom flying through
the subwavelength channel with the screen material is estimated. The estimate showed that the atomic exci-
tation can be quenched in holes with diameters smaller than 200 nm, which affects the photon transport effi-

ciency.
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1. INTRODUCTION

The efficient spatial localization of electromag-
netic radiation is an important fundamental and
applied problem. From the fundamental point of view,
the spatial localization of light is of interest for study-
ing the wave nature of radiation. In technological
applications, the localization of light is necessary for
overcoming the diffraction limit to increase the spatial
resolution of optical instruments. The problems of the
spatial localization of radiation are closely related to
the problem of optical data communication. A com-
munication channel should have not only high data
transmission speed but also minimal size.

Various methods of radiation localization and
information transfer can be quantitatively compared
by introducing the localization efficiency coefficient
K.+ defined as the ratio of the length / of the energy
localization region, equal to the information transfer
distance, to the transverse localization size d deter-
mining the minimal size of required elements:
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The greater this coefficient, the greater the infor-
mation transfer distance for the minimal transverse
size of the information channel. Figure 1 illustrates
various approaches used for spatial localization of
radiation and information (energy) transfer. The most
obvious and simplest method for spatial localization of
radiation is the use of a hole in an opaque screen. The
modern version of this approach involves the use of a
laser beam with the transverse spatial distribution

formed in an optical cavity. In this case, the spatial
energy localization in the micrometer range is
achieved. However, the degree of spatial energy local-
ization is restricted by diffraction losses. Optical radi-
ation can be tightly focused into a spot of size w, =
fA/mw, where fis the focal distance of a lens, A is the
radiation wavelength, and w is the size of a radiation
spot on the lens. In this case, the characteristic size of
the focal region is small and is determined by the

Rayleigh length z = nwg /A, and the efficiency coeffi-
cient is determined by the expression K.z = mtw,/A. In
the limiting tight-focusing case (w, = A/2), we obtain
the efficiency coefficient K= 1.6.

The most popular method for spatial localization
of radiation and its long-distance transfer uses the
localization of radiation in optical fibers. The localiza-
tion diameter in a single-mode fiber is determined by
the diameter of its core d = 8 wm. The IR absorption of
optical fibers is weak and the radiation propagation
length in them achieves many kilometers. In this case,
the efficiency coefficient (1) is determined by the ratio
of the characteristic length on which energy decays
e times to the fiber core diameter and is K~ 7 x 10°.

In the case of a subwavelength hole, the spatial
localization considerably increases; however, as was
first shown by Bethe [1], the efficiency of radiation
transfer through a subwavelength hole rapidly
decreases for wavelengths exceeding the hole radius »
as (r/A)*, where A is the wavelength. In practice, a sub-
wavelength hole is prepared in a finite-thickness
screen, which additionally reduces the transmission
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Fig. 1. (Color online) Methods of the spatial localization
of radiation.

efficiency [2—5]. The transmission efficiency of such a
hole can be increased with the use of photonic crystals
[6] by locating the hole in the field of an optical Tamm
state produced in a microcavity [7]. This approach
provides an order of magnitude increase in the effi-
ciency [8].

The discovery of the extraordinary transmission of
light through a subwavelength hole in a finite-thick-
ness metal screen [9] rekindled interest in studies of
light transmission through subwavelength holes. The
results of these studies contradict the standard diffrac-
tion theory. The following studies [ 10—13] have shown
that a central role in the extraordinary light transmis-
sion effect belongs to surface waves such as surface
plasmons representing electromagnetic waves on a
metal surface localized due to their interaction with
free electrons in metal [14]. In this case, radiation is
localized on a nanometer spatial scale. For radiation in
the optical range and a silver metal surface, the local-
ization of a light wave is on the order of a hundred
nanometers [15]. Metal nanowaveguides provide spa-
tial localization of a few dozen nanometers. However,
the propagation length of a plasmon wave does not
exceed a few microns. In this case, the efficiency coef-
ficient is K= 51.

In this paper, we propose a new approach to the
spatial localization of radiation energy and its efficient
transport using material particles—namely, neutral
atoms. This approach can reduce the spatial localiza-
tion of the light wave energy to the atomic scale. In this
case, as will be shown below, an atom moving in space
can transfer the localized energy over large distances.
In our experimental scheme, this distance is an order
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Fig. 2. (Color online) Basic idea of the localization of a
single photon with the help of an atom and its transport
through a subwavelength hole.

of 150 um and is limited by the excited-state lifetime of
the atom. In this case, the efficiency coefficient (1) is
K. = 3 x 10°, which is much greater than in the case
of laser radiation in free space and in the case of plas-
monic waves. Note that the efficiency coefficient can
be further increased up to its value achieved in optical
fibers by using atoms in metastable states.

2. BASIC IDEA OF PHOTON
LOCALIZATION AND TRANSPORT
BY ATOMS

The basic idea of localization and transport of a
single photon with the help of an atom is illustrated in
Fig. 2. The moving atom absorbs a laser photon. In
this case, the reduction of the wave packet of a single
photon takes place resulting in localization of the elec-
tromagnetic energy on the atomic scale, which is con-
siderably smaller than the radiation wavelength. The
distance / over which the atom can transfer the photon
energy is determined by the excited-state lifetime. This
distance depends on the atom velocity v and its
excited-state lifetime T, /= vT, and can achieve several
dozen millimeters when atoms in metastable states
with lifetimes T = 100 ps and thermal velocities v =
300 m/s are used.

In the classical treatment, the spatial localization
of the photon energy by an atom is determined by the
physical size of the atom. In the rigorous quantum-
mechanical consideration, it is necessary to take into
account the wave properties of a material particle,
which will determine the size of the spatial localization
of the photon energy.

For material particles, as in the case of electromag-
netic waves, the probability that an atomic particle will
pass through a subwavelength hole decreases as the de
Broglie wavelength approaches the hole size. The
probability that an atom will pass through a hole with
Vol. 125
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diameter much smaller than the de Broglie wavelength
of the atom is negligibly small. For example, for cold
atoms with temperature about 1 uK and, correspond-
ingly, having the de Broglie wavelength about 1 pum,
the probability of an atom passing through a hole a
fraction of micron in size is negligibly small, although
the atom (considered classically) is substantially
smaller than the hole size. For atoms with thermal
velocities, the corresponding de Broglie wavelengths
lie in the subnanometer range and, for the hole dime-
ter down to a few dozen nanometers, the wave nature
of the atom does not play a substantial role.

We will show below that the proper choice of the
hole size, atom velocity, and the excitation wavelength
of the atom can provide efficient photon transport
through a subwavelength hole. Note that the experi-
mental realization of photon transport is restricted by
a number of factors related to the interaction of the
excited atom with the surface of the hole screen, which
will be considered below.

The localization of the photon energy and its trans-
port by an atom can be performed in experiments with
atoms flying through a subwavelength hole, as shown
in Fig. 2. If the atom lifetime considerably exceeds the
characteristic time of flight through the hole (thisis a
channel in real experiments), the transition of the
atom from the excited to ground state with the photon
emission can, under certain conditions, occur on the
other side of the screen, which means the localization
and transport of the photon energy.

Let us compare the efficiency of photon transport
by an atom through a subwavelength hole with the effi-
ciency of transmission of “a free photon” in a laser
beam incident on the hole. It was shown in [16] that
the ratio of the probability P, of transmission of a
photon with the wavelength A through a subwave-
length hole with radius » with the participation of an
atom to the photon transmission probability P
without an atom is determined by the cross section
Onole fOr photon scattering by the hole and the atom
excitation cross section G, and is

( = from ~ Cuom ()" @

_ Zatom
Ghole r
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For the radiation wavelength A = 800 nm and the
hole radius » = 50 nm, the ratio of photon transfer
probabilities is { = 2 x 10% Thus, the efficiency of
photon transport by an atom can be many orders of
magnitude higher than the probability of transport of
“afree photon” through a nanohole. Such a high pho-
ton transport probability is caused by the reduction of
the wave packet of a single photon due to its absorption
by the atom resulting in its localization in a volume
with the characteristic size much smaller than the
radiation wavelength and the subwavelength hole. The
single-photon single-mode wave packet of laser light is
transformed to a single-photon multimode wave
packet in a free space. Because the atom emission
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occurs spontaneously after its flying through the sub-
wavelength hole, the absorbed and emitted photons
cannot be considered identical. In the process under
study, the atom transfers only the energy of a single
photon.

The probability ratio (2) is obtained in the ideal
case of the interaction of a single atom located near a
subwavelength hole with a single photon in resonance
with a certain laser radiation mode. In real experi-
ments, the probability of excitation of a single atom by
a single photon is extremely small even when radiation
is focused into a spot of size smaller than the absorp-
tion cross section G, of the atom [17]. Note that the
atom excitation effectivity can be increased by using a
light pulse identical to the light pulse of a spontaneous
photon emitted by the atom [18], which is very diffi-
cult upon excitation of atoms in a thermal beam.

Aside from fundamental physical limitations on the
experimental realization of photonic transport by an
atom, a number of technical limitations also appear,
such as the background laser radiation during the reg-
istration of the atom flight, radiation from excited
atoms in front of the screen, and some other limita-
tions considered below.

3. CHOICE OF AN ATOM AND ITS
EXCITATION SCHEME

One of the main parameters determining the length
of photon transfer by an atom is the excited-state life-
time of the atom. We used Rb atoms in our experi-
ments. Consider the energy level diagram of the Rb
atom (Fig. 3a) from the point of view of the optimal
choice of the energy state for realizing photon trans-
port by the atom. If a thermal atomic beam excited
with 780 nm on the transition 5, , — 5P; , with a life-
time of the excited state of about 27 ns is used, the
expected transfer length is about 8 pum. The photon
transfer over such a short distance is difficult to per-
form and therefore atomic levels with longer lifetimes
should be used.

To increase the photon transport length, it is con-
venient to use the 5Ds ), state with the lifetime 240 ns.
The atom can be excited to the 505, state by the two-
step scheme [19]: at the first step, the atom is excited
at the 58, , — 5P;, transition by a laser at 780 nm and
at the second step — at the 5P;,, — 5D;s , transition by
a laser at 776 nm. One can see from the energy level
diagram of the Rb atom that the 5D; , state has several
decay channels. In the 5Ds5,, — 6P;,, — 58/, decay
channel, blue photons are emitted at 420 nm and it is
appropriate to detect the photon transport at this
wavelength. In this case, a great difference between
excitation (780 and 776 nm) and fluorescence
(420 nm) wavelengths allows one to suppress (with the
help of optical filters) the background radiation of
exciting laser fields, which is partially transmitted
through a subwavelength hole.
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Fig. 3. (Color online) (a) Energy level diagram of a Rb atom. The red arrows show atomic transitions for exciting the atom to the
long-lived 5D5 , state. The green arrow shows the decay of the 5Ds , state to the 6P, state from which the atom undergoes a
transition to the ground state emitting a blue photon at 420 nm. (b, ¢) The time dependences of the population of the 5D5 /2 and

6P3, states during laser excitation.

We analyzed the excitation of atoms to the 6P;),
state and subsequent spontaneous transitions from the
excited to ground state by calculating the temporal
population dynamics of atomic states excited by the
two-frequency laser field. Calculations were per-
formed both quantum-mechanically using the density
matrix and by the quasi-classical method using the
rate equations. Both these approaches gave compara-
ble results on the population dynamics of the 55,
5P;), 5D;s ), and 6 P; , states. Calculations showed that
for large saturation parameters for both transitions
58\, — 5P;), and 5P;;, — 5D;),, atoms can be effi-
ciently excited to the 5Ds , state [20].

Consider the population dynamics of the energy
levels of rubidium atoms calculated by solving the rate
equations. The rate equations have the form

Ass(t) = Agpsshep(t) + (Asp + BspssWig)
Xnsp(f) — BssspWasonss(?),
Asp(t) = BsgspWagohss(t) — BspspW776nsp(1)
H(Aspsp + BspspW 776 )15p (1) = (Asp + BspssWag0)nsp(?)

Asp(t) = BspspWi76hsp(1)
—(Asp + BspspWi76)n5p(1),

H6p(1) = Aspephsp(t) — Agphep(t),

Hap(t) = Agpaphsp(t) — Asphap(),

Hes(t) = Agpestiop(t) — Agshs(t),
where nsg, 1sp, Bsp, Hep, Nap, and ngg are populations of
corresponding levels, A and B are the Einstein coeffi-
cients related to the rates of spontaneous and stimu-
lated transitions between corresponding levels; Wi,
and W, are the electromagnetic field densities at
wavelengths 780 and 776 nm, respectively. Figures 3b

3
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and 3c show the time dependence of the populations
of atomic states 6 P; , and 5Ds , excited by a laser field,
which were obtained from the numerical solution of
rate equations laser excitation intensities used in
experiments (presented below). The calculation
showed that the atom undergoes a transition from the
5Ds, state to the 6P;, state with probability 35% and
then to the ground 5, , state with probability 31% by
emitting a photon at 420 nm [21, 22]. Calculations
showed that the excitation time of the atom in the
5Ds ), state is T, = 50 ns. This time restricts the minimal
size of the excitation region in front of the screen,
which should be greater than /= vt; = 15 um.

The solution of rate equations with initial condi-
tions nsg (1 =0)=0,n5p (t=0)=0,n5, ¢ =0) =1,
ngp (t=0)=0, nyp (t=0) =0, and neg (= 0) =0 gives
the photon emission time at the 420-nm 6 P;, — 55
transition. The results of this calculation are presented
in Fig. 4. The 5D;,, — 6P, — 58, decay of the 5D; ),
state with emission of a photon at 420 nm occurs with
the decay time 500 ns. Such a long lifetime provides
the transfer of the photon energy by the atom over a
distance of about 150 um. This value is sufficient for
the flight of the excited atom through a subwavelength
hole in a screen and for efficient laser excitation of the
atom to the 5D;), states in front of the screen. Note
that a consideration of the efficiency of excitation to
the 5D;), state shows that only 2% of all atoms flying
through the excitation region emit blue photons at
420 nm. This value restricts the photon transfer effi-
ciency by the atom in this scheme.

An important parameter of the efficiency of photon
transport by the atom is the ratio of the number of
photons transferred by atoms to the number of pho-
tons transmitted through the subwavelength hole
Vol. 125
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without the participation of atoms. To determine the
efficiency, we will estimate the number of photons that
can be transferred through a single subwavelength hole
by a flux of excited atoms. The number of atoms inci-
dent on a single hole with area S per unit time is
Naom = F§ where Fis the atomic flux. Each atom can
transfer no more than one photon, and the number of
photons transferred by atoms will be

N photons
atom

— nNatomS — nFS’ (4)
where 1 is the photon transfer efficiency. The param-
eter | is determined by the excitation efficiency of an
atom in front of the screen and the probabilities of
relaxation of excited atoms over all possible decay
channels. In the case of a two-level atom, the maxi-
mum value of the parameter 1 = 1 appears when the
population inversion is achieved. In the case of Rb
atoms in the excited 5D;s), state, this coefficient is 2%.

The photon transfer by atoms can be efficiently
performed using a flux of thermal atoms incident on a
screen with subwavelength holes. The maximal atomic
flux in an effusion beam is = 10'* at/(s cm?). For such
an atomic flux and the hole radius 50 nm, the maxi-
mum possible number of transferred photons is

extremely small N 2™ = 7.9 x 103 photon/s.

atom
To excite atoms efficiently, the laser radiation inten-
sity should be equal to the saturation intensity of the
atomic transition. Consider the interaction of an atom
with electromagnetic radiation. The probability of pop-
ulation of an excited level in the stationary state is

— I/Isat
1+4A/) + 1)1,

In the case of resonance excitation of atoms
(A =0) and the absence of the excited state relax-
ation caused by atom—surface interaction, the coef-
ficient n = p,, = 0.25.

Laser photons exciting atoms also propagate
through the hole. Consider the excitation of atoms by
a laser field normally incident on a screen with a sub-
wavelength hole. In this case, according to the Bethe
theory, the number of photons transmitted through
the hole is determined by the expression

Pee (%)

Nphotons — IGhole , (6)

atom
ho
where, according to the Bethe theory,

3.6
hole — w (7)
27\

Let us determine the ratio of the number of pho-
tons transported by atoms to the number of photons
transmitted through the subwavelength hole without
the participation of atoms. The intensity of excitation
field is I = I,,. The saturation intensity is described by

the expression I, = hwl /206,,,m, where the resonance
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Fig. 4. (Color online) Time dependences of populations of
the 5D5 /2 (red curve) and 6P5/, (blue curve) levels of the
Rb atom during the decay r[rom the 5Ds,, state. The
5Ds;5 — 6P3,; —> 58 /; decay with emission of photons at
420 nm has t(le decay time about 500 ns.

absorption cross section for the atom is G, = 3A%/2T.
Using expressions (4)—(6), we obtain
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Figure 5a shows the dependences of the number of
photons transferred by atoms calculated by (4) and the
number of photons (6) transmitted through the hole
without an atom on the hole radius. The atomic flux
was taken to be F= 10" at./(s cm?). Figure 5b shows
the dependence of the coefficient k£ on r obtained
from (8). Calculations were performed for excitation
parameters A = 780 nm, I, = 1.6 mW/cm?, and I =
21t X 6 MHz, corresponding to the D2 line of rubid-
ium atoms. The calculations show that the efficiency
of photon transfer by an atom strongly depends on the
hole size. A significant advantage in the efficiency can
be obtained only for holes with » < 40 nm.

The low efficiency of photon transfer by atoms
under real experimental conditions is explained by a
great difference in the atomic and photon fluxes inci-
dent on the screen. The increase in the atomic flux
leads to the increase in the transfer efficiency. How-
ever, the increase in the atomic flux is a complicated
technological problem.

The estimates presented above show that the use of
exciting laser radiation normally incident on the
screen surface in experiments on the transfer of pho-
tons by atoms through subwavelength holes leads to a
considerable parasitic signal. Therefore, the use of
exciting laser radiation propagating parallel to the
screen plane is preferable. In this case, 6, — 0 and,
according to (8), the coefficient kK — oo, which pro-
vides the efficient atom-assisted photon transport
through a hole of any diameter.
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4. EXPERIMENTAL DEMONSTRATION
OF PHOTON ENERGY TRANSFER
BY AN ATOM

The photon transport by an atom in the excited
state through a subwavelength hole was demonstrated
in a scheme shown in Fig. 2. A Rb atomic beam in a
vacuum chamber intersected at a right angle an excit-
ing laser beam. The flux of rubidium atoms from an
atomic oven was formed by a set of apertures. For the
temperature of the atomic source 140°C, the atomic
beam intensity was = 2 X 10 at. s/cm?. Atoms were
excited directly in front of the screen using the two-
stage scheme (Fig. 3) involving excitation of Rb atoms
from the ground 5 , state via the intermediate 5P,
state to the 5D, state (58, = 5P;,, = 5Ds,). This

= |¢)

Moving
, atom

Exciting field

Transported
photon

Fig. 6. (Color online) Scheme of the experiment on study-
ing the spatial photon energy transfer by an excited atom in
a free space.
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was performed using two diode lasers. The first one
emitting at 780 nm excited atoms at the 55,, — 5P;),
transition. This laser was frequency-stabilized using
saturated absorption spectroscopy with an external
cell containing rubidium atoms vapors. The second
laser emitting at 776 nm excited atoms at the 5P;, —
5Ds , transition. The emission frequency of the second
laser was stabilized with the help of a high-finesse
Fabry—Perot etalon. The measurement and control of
the wavelengths of lasers and their radiation frequency
tuning were performed using a hugh-precision
A-meter. The size of the laser excitation region was
90 um. After excitation of an atom to the 5D;, state,
the atom experienced a transition to the 55, , ground
state emitting spontaneously a photon at 420 nm,
which was detected with an avalanche photodiode or a
two-dimensional CCD camera.

First we measured the excitation dynamics of
atoms followed by their deexcitation with emission of
photons (without a screen with a hole) (Fig. 6).
Atoms were excited by pulsed laser radiation (T =
300 ns; A= 780 nm) produced with the help of an
acoustooptic modulator (AOM). Fluorescence from
atoms at 420 nm was detected for different delay times
with respect to the exciting pulse (Fig. 7a).

Figure 7b shows the dependence of the fluores-
cence signal of atoms on the time delay of their exci-
tation. Measurements were performed for atoms freely
moving in a vacuum chamber and for atoms colliding
with a surface after interaction with the laser field. The
deexcitation probability of atoms in collisions with a
surface was measured with a glass substrate with a
deposited 20-nm thick chromium layer oriented per-
pendicular to the atomic beam. The distance from the
Vol. 125
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Fig. 7. (Color online) Time distribution of a fluorescence signal upon pulsed excitation of flying atoms: (a) the time pump—probe
sequence; (b) time distributions of a fluorescence signal upon excitation in a free space and near a surface.

exciting laser beam to the substrate surface was
100 wm.

The plots in Fig. 7b show that the maximum of the
fluorescence signal is shifted with respect to the exci-
tation pulse by approximately 200 ns. This is explained
by the delay in population of the 6P,/ state of the
atom. The shape of the fluorescence signal repeats the
calculated dependence in Fig. 4.

The fluorescence dynamics of atoms moving to the
surface and excited in front of it is different because
they are deexcited in collisions with the substrate sur-
face. This can be seen in the dependence of the fluo-
rescence signal (Fig. 7b) showing the signal decrease
at large times.

To visualize the spatial energy transport by atoms,
we studied the spatial dependence of fluorescence.
The excitation and relaxation regions of atoms were
imaged on a two-dimensional CCD with the help of a
high-numerical aperture objective. Figure 8 presents
the experimental and calculated spatial distributions
of fluorescence of a moving atom at a wavelength of
420 nm. One can see (Fig. 8b) that the fluorescence
region is displaced with respect to the excitation
region, which is explained by the delay in the popula-
tion of the 6P, level (see Figs. 3 and 7b). Figure 8 also
shows the exponentially decaying fluorescence signal.
The decay occurs at the characteristic scale 150 um
coinciding with the photon transport length calculated
earlier and determined by the decay of the excited state
of the atom.

Figure 8a presents the results of numerical calcula-
tions using the rate equations of the spatial distribution
of fluorescence during the flight of atoms through the
excitation region (shown by the dashed curve) 90 um
is size. Calculations took into account the Maxwell
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velocity distribution of atoms. Theoretical curves
completely coincide with experimental data.

5. EXPERIMENTAL DEMONSTRATION
OF THE SPATIAL LOCALIZATION
OF THE PHOTON ENERGY BY AN ATOM

To demonstrate the spatial localization of the pho-
ton energy by an atom, we studied the flight of the
excited atom through nanoholes with different diame-
ters. The scheme of the experiment is shown in Fig. 2.
The atom moves to a screen with a nanohole and
absorbs a laser photon directly in front of the screen. If
the lifetime of the excited atom considerably exceeds
its flight time through the hole (in real experiments,
through a channel), the atom can undergo a transition
from the excited to ground state with emission of a
photon on the other side of the screen, which means
the photon energy transfer through the nanohole. The
detection of a photon emitted by the atom on the other
side of the screen will indicate the localization of the
absorbed photon energy to the transverse size smaller
than the hole diameter.

The photon energy transfer by an excited atom
through a nanohole was first demonstrated in [16],
where it was shown that the spatial localization of radi-
ation at the atomic scale does occur in this process.

As mentioned above, one of the main parameters
determining both the efficiency of photon transfer by
an atom thorough a subwavelength hole and the exper-
imental possibility of this process at all is the lifetime
of the excited atom. The lifetime of the excited state of
atom T should exceed the time of flight of an atom
through a subwavelength hole channel in a finite-
thickness screen (T > h/v, where 4 is the screen thick-
ness and v is the velocity of atoms). The increase in the
lifetime of the atom in the excited state reduces the
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Fig. 8. (Color online) Spatial distribution of a fluorescence signal at 420 nm during the flight of atoms through the excitation region
of width 90 um: (a) theoretical curve; (b) experimental curve. The dashed curve shows the regions of excitation by laser radiation.

probability of the decay of this state in front of the
screen, which in turn reduces the number of reemitted
spontaneous photons in front of the screen and,
accordingly, leads to an increase in the distance to
which the atom is able to transport the photon. The
photons emitted in front of the screen can propagate
through nanoholes (without the participation of
atoms) and determine the background signal in the
measurement of the photon transport by the atom.
The number of background photons depends both on
the lifetime of the atom and the excitation region size
[ in front of the screen and is Ny, ~ I/vT. It follows
from this expression that, for a finite excitation region
of the atom (determined by the necessary condition
for the high excitation efficiency), the decrease in the
lifetime leads to the increase in the reemission of pho-
tons by the atom in front of the screen, which in turn
determine the background signal.

We demonstrated the photon energy localization in
experiments with photon transport by an atom
through an array of subwavelength holes with different
diameters made in an opaque screen. The hole array
was made in a 40-nm thick SiO, membrane covered
with a thin silver film. Subwavelength holes in the
metal film—membrane screen were produced by a
tightly focused Ga*' ion beam. Through holes with
diameters from 55 nm to 6 um were made. The screen
with nanoholes was prepared in two stages: (1) A
20-nm thick silver film required for producing holes
by an ion beam was deposited on a SiO, membrane;
(2) after the preparation of an array of subwavelength
holes, a 190-nm thick silver film was additionally
deposited to increase the optical density of the screen.
The total screen thickness was 250 nm. We made
arrays of through holes with the following parameters:
(a) the hole diameter d = 175 nm and array period 7=
1.6 um; (b) d =260 nm, 7=2 um; (c) d =400 nm, 7' =
2 um; (d) d = 480 nm, 7= 2.5 um; (e) d = 540 nm,
T=25um.
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Aside from subwavelength holes, control microholes
6 um in diameter were also made in the film. These
microholes were used to measure parasitic radiation
emitted by atoms colliding with the screen and not fly-
ing through subwavelength holes. These atoms emit
radiation that can also propagate through nanoholes,
producing a parasitic background against which a signal
from atoms transmitted through holes is detected.

Measurements of photon transport by an atom
through subwavelength holes were performed in the fol-
lowing way. A Rb atomic beam was directed on a screen
with holes. Two laser beams focused by cylindrical
lenses intersect the atomic beam directly in front of the
screen and excite Rb atoms to the 5D;s), state. The size
of the region of interaction of atoms with laser radiation
was 50 um. The parameters of laser beams were chosen
to provide single excitation of the atom to the 5D; , state
during its flight. This was achieved at the Rabi frequen-
cies Q50 = 21 %X 100 MHz and ;7 = 2w X 2 MHz on
the corresponding transitions.

Excited atoms transmitted through holes in the
screen were detected on the other side of the screen by
a fluorescence signal at 420 nm. The fluorescence sig-
nal was detected with a two-dimensional high-sensi-
tivity EMCCD camera (Princeton Instruments). The
screen with hole arrays was imaged by a high-numeri-
cal aperture lens (N4 = 0.54) on the EMCCD array.
The radiation collection solid angle was 0.48 sr. The
two-dimensional EMCCD camera simultaneously
detected fluorescence from atoms flying (1) through
all subwavelength hole arrays in the screen,
(2) through microholes 6 um in diameter and also
(3) the background signal through a part of the screen
without holes.

By measuring the fluorescence signal from micro-
holes, we determined the fluorescence of atoms in front
of the screen and the photon transfer efficiency through
a subwavelength hole. By detecting the fluorescence
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No.3 2017



380

signal through the screen without holes, we determined
the contribution of the background fluorescence signal
from excited Rb atoms in front of the screen.

The efficiency of photon transfer by an atom
through a subwavelength hole was determined by mea-
suring the fluorescence signal from atoms at 420 nm as
a function of the distance L between the screen and
the excitation region. The results of these measure-
ments are presented in Fig. 9. It can be seen from
Fig. 9 that the fluorescence signal for all subwave-
length holes increases with increasing L and achieves
its maximum for L = 100 um. As the distance L is fur-
ther increased, the fluorescence signal from atoms
transmitted through holes drastically decreases. This is
explained by the fact that for a large distance between
the atom and screen, the excited atom spontaneously
decays to the ground state in front of the screen and
therefore atoms transmitted through holes in the
excited state are absent. As expected, such a decrease
in the signal occurs at distances corresponding to the
time of flight of the atom in the excited state, which is
approximately 150 um. The decrease in the fluores-
cence signal at distances smaller than 100 um is
explained by the decrease in the excitation region of
atoms in front of the screen.

A signal obtained from arrays with subwavelength
holes (Fig. 9) was compared with signals from the
screen without holes and from microholes (6 Um in
diameter). A comparison of signals from subwave-
length holes with different diameters show that the
florescence signal decreases more sharply with
increasing distance for holes with the smaller diame-
ter. This is explained by the fact that large holes also
transmit parasitic radiation from atoms in front of the
screen emitting at 420 nm. According to the Bethe
theory, this background signal is stronger for holes
with larger diameters. This leads to different decay
rates of the fluorescence signal for different hole
diameters in Fig. 9. The parasitic effect is most notice-
able for holes with large diameter (540 nm) for which
the signal has the “nonzero base” at large distances
from the excitation region to the screen.

Figure 9 also presents the dependence of the fluo-
rescence signal on the distance L between the screen
and excitation region for control microscopic holes
(at the 1 : 100 scale). One can see that the dependence
of the fluorescence signal on the distance for these
holes is less sharp than for subwavelength holes. This is
explained by the fact that in this case the signal con-
tains fluorescence from all atoms: both excited atoms
transmitted through the screen with holes and atoms
that emitted photons in front of the screen. A compar-
ison of signals from microholes and subwavelength
holes convincingly proves the photon transfer by the
atom through a subwavelength hole in the screen.
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Fig. 9. (Color online) Fluorescence signal from atoms at
420 nm measured with a CCD as a function of the distance
L between the screen and excitation region. The dashed
curve is a signal obtained from control holes 6 um in diam-
eter (the signal is 100 times reduced).

6. INTERACTION OF AN EXCITED ATOM
WITH A SURFACE

Our measurements of the photon transport by an
atom showed that the number of photons transferred
in experiments was considerably smaller than the cal-
culated number. Figure 10 shows the experimental

dependence of the number N """ of photons trans-

ferred by an atom on the diameter of a subwavelength
hole and this dependence calculated by (4). For the
hole diameter 175 nm, the signal becomes an unmea-
surably small. The calculated dependence is described
by the quadratic function of the hole diameter due to
the linear dependence of the atomic flux on the hole
area. The experimental dependence is different. The
possible reason is considered below.

The efficiency of photon transfer by an atom flying
through a hole is affected by its deexcitation inside the
nanochannel. The flight of the excited atom through
the hole in a metal screen is accompanied by the inter-
action of the atom with the screen material, which in
turn can lead to the nonradiative deexcitation of the
atom. The deexcitation probability of the atom near
the material surface is determined by the properties of
the atom and the physical and geometrical properties
of the surface. The deexcitation of the atom near the
metal surface includes the following processes [23]:
(i) The interaction of the emitting atom with the sur-
face plasmon—polariton modes of the metal screen;
(ii) the interaction of the emitting atom with the wave-
guide modes of the subwavelength channel; (iii) self-
interaction due to interaction of the emitting atom
with the electromagnetic field reflected from the sub-
wavelength channel surface; and (iv) nonradiative
decay due to excitation of electron—hole pairs in the
screen material.
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Fig. 10. Number of photons transferred by an atom mea-
sured as a function of the hole diameter; (squares) experi-
ment, (dashed curve) theory.

The atom deexcitation effect can be taken into
account by introducing the deexcitation coefficient
x(d) depending on the diameter d of a subwavelength
hole. Then, the number of transferred photons will be
determined by the modified expression (4),

NP () = FSy(d). 9)

The deexcitation coefficient x(d) and its depen-
dence on the subwavelength hole diameter can be
determined by measuring the number of photons
transferred by the atom through a control microscopic
hole assuming that the fraction of atoms deexcited on
channel walls during the flight through the micro-
scopic hole (d = 6 um) is negligibly small, i.e.,
x(6 pm) = 1.

The deexcitation coefficient y(d) is determined by
the expression

Nholeséum
W) = o
NS

ph

(10)

where N ¢ and N sﬂm are the numbers of photons per
unit time transmitted through subwavelength holes
and a control hole (6 um), respectively; S"° and SO+
are the areas of corresponding holes. Note that this
parameter is independent of the atomic flux, which is
quite difficult to measure in experiments.

The analysis of previous studies of the deexcitation
mechanism of quantum emitters near a surface shows
that, despite numerous investigations performed in
this research field, the deexcitation mechanism of a
dipole near a surface remains unclear [24—29].

In the case of a dipole near a nanoparticle, deexci-
tation is related to dipole—dipole interaction of the
dipole with its imaging on a metal surface. This theory
explains experiments on fluorescence quenching for
nanoparticles a few nanometers in size. However, the
theory cannot explain fluorescence quenching for
larger nanoparticles [30]. Theories based on the Ger-
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sten—Nitzan model [31—33] pretend to a more general
description of experimental studies. However, their
predictions are still far from complete coincidence
with experimental data. Recently an attempt was made
to improve the model by introducing empirical correc-
tions to permittivities making them dependent on the
nanoparticle size [30]. This improved the agreement
with experimental data for particles with different
diameters. However, these theories are based on the
classical consideration of the interaction of a dipole
with a material medium.

Based on [34], we estimate the deexcitation rate of
an atom in our experiment. According to [34], the
spontaneous decay rate I' of a dipole at a distance of z
from the silver surface can be written in the form

2
r=—ld 3 g,

- 3
12me iz A BC

1)

where

F, = g¥ 1 o
0, ko,

Fp=129 1
Op kpz

FC = ]SQ%L.
0,0, keZ

Here, |dj> is the atomic transition dipole moment
squared, ), is the plasma frequency of the material in
the Drude model, o is the Fermi frequency, & is the

Fermi wave vector, and g, is the electric constant. The
last two terms in (11) determine the dependence of the
spontaneous decay rate on the distance between the
dipole and surface in the form z~#, while the first term
gives the dependence z73.

The fluorescence signal from atoms transmitted
through subwavelength holes in the experiment is pro-
portional to the number N, of atoms transmitted
through these holes remaining in the excited state.
This quantity depends on the atom velocity v, the
channel length / and the hole diameter

R
- Iz}
N, { Mmzexp (—TZ) dz. (12)

Determining N ;lf '“and N SL““ from (12) and using
them in (10), we can find the deexcitation coefficient
%x. Figure 11 shows experimental and calculated
dependences of the deexcitation coefficient y on the
hole diameter. Points show experimental data. The
dashed curve corresponds to the calculated coefficient
x(d) defined by (11). Calculations involved the follow-
ing relaxation channels of the atom from the excited
6P/, — 4D; ), and 6P;, — 4S5, . To compare experi-
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Fig. 11. (Color online) Experimental (black points) and
calculated curves of the deexcitation coefficient  on the
diameter of subwavelength holes. The dashed curve is cal-
culated for rubidium atoms. The green curve is calculated
using approximation with a single decay parameter I'y, =
7 X 10’24/z4. Experimental values are approximated by the

blue curve with the decay parameter Fexp =7X 10_20/z4.

mental results with calculations, we approximated our
calculated curve by the dependence with one parame-
ter, the decay rate. The best approximation was
achieved for 'y, = 7 x 1072*/z*. One can see from
Fig. 11 that the calculated and experimental depen-
dences strongly differ. The decay rate obtained in
experiments was I, = 7 X 10720/2%.,

Such a strong difference between decay rates can be
explained by two reasons. The first reason can be the
model used for theoretical estimates [34]. This model
takes into account only the stationary interaction of a
dipole with a flat metal surface. This does not com-
pletely correspond to the experimental conditions of
the flight of an atom through a subwavelength chan-
nel, where the atom can more strongly interact with
the surface. In addition, the parameter F was calcu-
lated assuming the zero temperature of the surface.
Experimental conditions considerably differ from
model conditions in the following: (i) interaction
occurs not with a flat surface but with a cylindrical
surface; (ii) interaction during the flight of an atom
through a subwavelength hole is nonstationary;
(iii) interaction occurs at room temperature.

The second reason may be a decrease in the holes
diameter due to the deposition of Rb atoms on the
holes. To verify this assumption, we studied the flight
of atoms through subwavelength holes at long times
(=3 h) and found that the fluorescence signal from
atoms transmitted through holes decreased with time
(Fig. 12). The characteristic decay time caused by fill-
ing with rubidium atoms was 42 min.

Thus, theoretical and experimental data presented
above suggest that for holes with diameters smaller
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Fig. 12. (Color online) Experimental decrease in the fluo-
rescence intensity of atoms caused by covering of a hole
with Rb atoms during experiments.

than 200 nm, fluorescence quenching caused by the
interaction of flying atoms with the screen material in
a subwavelength channel should be observed. How-
ever, measurements preformed by the moment do not
allow us to determine reliably the strength of this inter-
action, because holes are also partially covered by Rb
atoms. In the future, we plan to modify our setup for
eliminating the filling of holes with atoms, which will
allow us to determine the deexcitation parameters of
atoms interacting with the surface.

7. CONCLUSIONS

We have studied the localization and transfer of a
single photon by a single atom through a subwavelength
hole. This process was first proposed in [16]. The trans-
fer mechanism is based on the reduction of the wave
packet of a single photon due to its absorption by an
atom resulting in its localization in a volume with linear
dimensions much smaller than the radiation wavelength
and the hole diameter. During the photon transfer, a
single-photon, single-mode wave packet of laser light is
transformed to a single-photon multimode wave packet
in a free space. Each atom in this process transfers no
more than one photon through a subwavelength hole.
From this point of view, we are dealing with a nanolo-
calized source of single photons.

Our study has shown that the photon transfer effi-
ciency depends on the hole size, the material of a
screen in which the hole is made, the atom velocity
and its energy level diagram. We have estimated the
influence of the interaction of an excited atom flying
through a subwavelength channel with the screen
material. The estimate showed that for holes with
diameters smaller than 200 nm, the quenching of the
excited atom can affect the photon transfer efficiency.

The scheme of the photon transfer by an atom
through a subwavelength channel opens up possibili-
ties for studying new physical effects such as the inves-
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tigation of Van der Waals forces in the interaction of a
neutral atom with the screen material [35, 36] inside a
cylindrical cavity [37] and the study of the interaction
of excited atoms with plasmon nanostructures [38,
39]. In addition, the scheme can be used for studying
quantum friction processes [40, 41].

In this paper, we have studied the flight of atoms by
detecting photons at a wavelength of 420 nm. How-
ever, there exists another excitation decay channel
5Ds,, — SP;;, — 58, , with emission of two photons at
776 and 780 nm. The two-photon decay channel in
this scheme can be used for the development of a
nanosize source for generating photon pairs [42].
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