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Abstract
Wehave proposed and investigated for thefirst time an efficient way of photon transport through a
subwavelength hole by amoving atom. The transfermechanism is based on the reduction of thewave
packet of a single photon due to its absorption by an atom and, correspondingly, its localization in a
volume is smaller than both the radiationwavelength and the nanohole size. The scheme realizes the
transformation of a single-photon single-modewave packet of the laser light into a single-photon
multimodewave packet in free space.

1. Introduction

It follows frombasic principles of wave physics that the passage of awave through an aperture that is
considerably smaller than thewavelength can be neglected. In the classical work by Bethe [1] on transmission of
light by a subwavelength aperture in an infinitely thin and perfectly conducting screen, a simple expression for
the transmission efficiency of light has been obtained, which is scaled in relation to the aperture size as ( )lr 4,
where r is the radius of the aperture, andλ is thewavelength. The Bethes theory describes the efficiency of the
energy transfer of a wave as a continuously decreasing function of its wavelength. A remarkable discovery about
the transmission of light through a subwavelength hole in ametal screen of a finite thickness and a finite
conductivity that has beenmade by Ebbesen et al [2]has shown that the standard theory of diffraction by small
holes is invalid, and, in this case, the transmission of light through the nanohole can be strongly enhanced. The
majority of researchers [3–6] agree that the central role in this phenomenon is played by surface waves, such as
surface plasmons.

In this work, we propose and investigate a fundamentally differentmechanism bywhich a photon can be
transferred through a subwavelength hole. It is based on photon transport that involves the participation of a
particle other than a plasmon, namely, a neutral atom. In this scheme, a single atom transfers a single photon
through a nanohole.

The proposed scheme is anothermechanismof a photon’s transport through a nanohole which supplements
existing research [1, 2]. Besides the use of a newparticle for photon transport it opens up a new possibilities for
surface science. It is possible to use such scheme for investigation of van derWaals interaction because of atom–

surface interaction [7, 8]. Another application of the described scheme it could be useful for atom–plasmon
interaction investigation. Indeed the subwavelength hole is a highly nonlinear plasmonic element [9]. So the
interaction of excited atomwith such structure opens newway for tailoring the spectral properties of
materials [10].

2. The basic idea

The basic idea of the single photon transport by amoving atom is presented infigure 1. An atommoving toward
ametal screenwith a hole absorbs a photon of laser radiation immediately in front of the hole. If the lifetime of
the atom is substantially larger than the time offlight of the atom through the nanohole (in a real experiment, the
nanochannel), the transition of the atom from the excited state to the ground statewith emission of a photon can
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wherenais the atomic beam density,�H2 is the linewidth. At the atomic beam density��n 10a
10 at sŠ1and the

atomic velocity � � � qv 3 104 cm sŠ1, the value� is about�L�_ 2. Such a small value of the� ux of photons
transferred by atoms against the background of parasitic photons is a major challenge in the experimental
realization of atom–photon transport.

One of the main parameters that determines both the ef� ciency of the atom–photon transport process and
the possibility of its experimental realization is the lifetime of the atom in the excited state. Apart from the rather
obvious physical requirements that were noted above, namely, the lifetime of the excited state of the atom should
exceed its time of� ight through a nanohole in the screen, there are two other physical reasons for the use of the
long-lived state of the atom. The� rst of them is that the use of the long-lived state gives the possibility of
increasing the distance over which the transfer of the photon energy occurs(a minimal value of this distance is
the thickness of the screen with the nanohole). The second reason arises because of the probabilistic nature of the
spontaneous emission of the atom: there is always a nonzero probability of reemission of a photon by the atom
within a time interval that is considerably shorter than the average lifetime of the atom in the excited state. These
photons reemitted in front of the screen can pass through nanoholes(without atom assistance), and they de� ne
the background signal which complicates the atom–photon transport investigation. At a long average lifetime of
the atom in the excited state, the number of photons spontaneously reemitted in front of the screen decreases.

The number of these background photonsNbgdepends on both the lifetime of the atom in the excited state
and the size of the atom excitation region in front of the screen and is given by�_

�U
N l

vbg , wherel is the size of the
excitation region,vis the average velocity of atoms, and� U � H�� 1 2 is the average lifetime of the atom in the
excited state. It follows from this expression that, at a� nite size of the atom excitation region(which is
determined by the necessary condition of a high excitation ef� ciency of the atom), the long lifetime reduces the
number of photons reemitted by the atom, which, in turn, reduces the background signal. It should be noted
that the value of�Uv is the mean the length of the photon transport with an atom.

3.1. Choice of an atom and the scheme of its excitation
The experiment was performed with Rb85atoms. Let us consider the level scheme of Rb atom(� gure3) in terms
of the optimal choice of atomic transitions for the experimental realization of the photon energy transfer across
the screen with nanohole. If a thermal atomic beam is used and the resonant transition is�lS P5 51 2 3 2

(wavelength of 780 nm and the lifetime of 27 ns), then the photon transport length can be as long as 8� m. It is
very dif� cult to get experimental evidence of the photon transport through a nanohole with such a short
transport length; therefore, it is necessary to use longer-lived atomic levels. Below we will show that excitation of
Rb atom into the D5 5 2state with a rather long lifetime(240 ns) is more appropriate choice of atomic state.

The state D5 5 2has several decay channels. The deacy channel� l � lD P S5 5 55 2 3 2 1 2 is the most probable
(about 65%), which leads to the emission of two photons: the� rst photon at 776 nm(370 ns decay time) and
after that a second photon at 780 nm. The ef� cient atom photon transport can be realized by using this decay
channel. There is another decay channel: atom can decay through� l � lD P S5 6 55 2 3 2 1 2 state with emission
of a blue photon at 420 nm with probability of 8%. The excitation of an atom to theD5 5 2state can be performed

Figure 3.Scheme of energy levels of Rb atom. The red arrows show the excitation of atom to theD5 5 2long-lived state; the green
arrow shows the decay of the stateD5 5 2to the state P6 3 2, from which the atom returns to the ground state emitting a blue photon at a
wavelength of 420 nm.
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using a two-step scheme [13]. At thefirst step, the transition S P5 51 2 3 2 is excited by laser radiation at 780
nm.At the second step, the transition P D5 53 2 5 2 is excited by the laser radiation at 776 nm.

In order to analyze the excitation process and the spontaneous transitions from the excited to the ground
state of the atom,we calculated the temporal dynamics of the atomic state populations under the action of the
double-frequency laser field. This calculationwas performed in the framework of the quantum-mechanical
approach, based on the densitymatrix, and also quasi-classically, using rate equations.

The two approaches yielded comparable results on the population dynamics of the S5 1 2, P5 3 2, D5 5 2, and
P6 3 2 states. The calculations showed that one can achieve the atom excitation to the D5 5 2 statewith a
probability of about 50% at sufficiently large saturation parameters of the two transitions S P5 51 2 3 2 and

P D5 53 2 5 2 [14].
Below, we present an analysis of the populations of levels of Rb atom that is based on solving rate equations.

The rate equations have the following form:
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where n5S, n5P, n5D, n6P, n4D, and n6S are the populations of the corresponding atomic levels andA andB are the
Einstein coefficients of the rates of spontaneous and induced transitions between the corresponding levels [15]
under the interactionwith thefield of energy densityW780 andW775.

Figure 4 presents the dynamics of the populations of the P6 3 2 and D5 5 2 atomic states that was obtained
fromnumerical solution of the rate equations at the laser intensities that are used in experiments. As can be seen
from the plots, an atom transfers from the D5 5 2 to the P6 3 2 state with a probability of 35%, and then it returns
from this state to the ground S5 1 2 statewith a probability of 31% and emits a photon at awavelength of 420
nm [16].

The decay of the D5 5 2 state via the channel  D P S5 6 55 2 3 2 1 2 with the emission of a photon at a
wavelength of 420 nm takes placewith a characteristic lifetime of 500 ns (figure 5). Such a long lifetimemakes it
possible for the atom to transfer the photon energy over a distance of about 150μm.This value suffices to ensure
theflight of the atom in the excited state through the nanohole and to realize an efficient scheme of the atom
excitation to the D5 5 2 state in front of the screen. In this excitation scheme, the probability of emission of a blue
photon by the atom is about 2%. The detection of blue photon gives an evidence of atompassage through the
hole in the excited 5D state. As a consequence, this fact gives an evidence of photons transfer at 776 nman 780
nmwavelengths (through the  D P S5 5 55 2 3 2 1 2 decay channel). Our calculations show that for one
detected blue photon there are about 20 photons at 776 nmand 780 nmwavelength.

Figure 4.Dynamics of the populations of the D5 5 2 and P6 3 2 states of Rb atom.
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3.2. Experimental setup
The atom–photon transport experiment was performed as follows. A beamof Rb atomswas directed toward a
screenwith nanoholes. The process of creation of the screenwith nanoholes consisted of the following stages
(figure 6): (i) onto a SiO2membrane, a thin silver layer (20 nm)was deposited, which is necessary formaking
nanoholes by an ion beam; (ii)nanoholes in the screen ‘metalfilm+membrane’weremade by a tightly focused
beamofGa+ ions [17]; (iii) after the creation of an array of nanoholes, an additional silver layer with a thickness
of 190 nmwas evaporated onto the screen, to increase its optical density. The total thickness of the screenwas
250 nm. The following arrays of the screenswere created: (a) an arraywith a diameter of nanoholes =d 175 nm
and their period m=T 1, 6 m; (b) =d 260 nm, m=T 2 m; (c) =d 400 nm, m=T 2 m; (d) =d 480 nm,

m=T 2, 5 m; and (e) =d 540 nm, m=T 2, 5 m.
In addition to nanoholes, the testmicroholes with a diameter of 6μmweremade in thefilm. These

microholesmade it possible tomeasure values of the background radiation at 420 nm,whichwas emitted by a
large number of atoms that collidedwith the screen and did notfly through nanoholes. The radiation created by
these atoms can also pass through nanoholes, producing a parasitic signal.

Aflux of rubidium atomswas formed by an atomic ovenwith a set of diaphragms. At a temperature of the
atomic source of 140 oC, the intensity of the atomic beamwas = ´F 2 1013 at s-1 cm-2with amean velocity

Figure 5.Decay of the excited state D5 5 2 of Rb atom via the channel  D P S5 6 55 2 3 2 1 2 with emission of a photon at a
wavelength of 420 nm. Thefluorescence intensity at 420 nm is proportional to the population of atoms in the P6 3 2 state. As can be
seen from thefigure, the blue photon is emittedwith a characteristic time of about 500 ns.

Figure 6.A screenwith arrays of nanoholes. On top of the screen, fieldswith andwithout nanoholes are shown. The second row
(indicated by a blue dotted rectangle) showsfields with nanohole arrayswith the following diameters (d) and periods (T): (a) d= 175
nm,T= 1, 6μm; (b) d= 260 nm,T= 2μm; (c) d= 400 nm,T= 2μm; (d) d= 480 nm,T= 2, 5μm; and (e) d= 540 nm,T= 2, 5μm.
Fields in themiddle part of the screen are alsowithout holes. In the bottompart of the screen, there are two reference holes with a
diameter of 6μm.
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v= 300m s−1. Atomswere excited immediately in front of the screen using a two-stage excitation scheme
(figure 3): an Rb atomwas excited from the S5 1 2 ground state via an intermediate P5 3 2 excited state to the final
D5 5 2 state (  S P D5 5 51 2 3 2 5 2). To do this, two diode lasers were used.One laser (λ= 780 nm)was used
to excite atoms via the transition S P5 51 2 3 2. This laser was stabilized in frequency using an external cell with
a vapor of rubidium atoms. The other laser (λ= 776 nm)was used to excite atoms via the transition

P D5 53 2 5 2. The frequency stabilization of this laser was implemented using a high-QFabryPerot etalon.
Measurement and testing of the radiationwavelengths of the lasers, as well as tuning of their frequencies, were
performed using aλ-meter.

The interaction region of atomswith laserfieldwas 50μm in size. The intensities of the laser radiationwere
chosen such that to ensure only a single excitation of rubidium atoms to the D5 5 2 state as theyflew through the
laser beams. The Rabi frequencies were as follows: pW = 2 100 MHz780 and pW = 2 2 MHz776 .

The atom fluorescence at thewavelength of 420 nm (from atoms that passed through the nanohole)was
filtered and detectedwith a high-sensitivity two-dimensional EMCCDcamera (Princeton Instruments). To do
this, an image of the screenwithnanoholeswas formedon theEMCCDmatrix using a lenswith a highnumerical
aperture (NA= 0.54). The photon collection anglewas 0.48 sr. Theuse of the two-dimensional cameramade it
possible to simultaneously register thefluorescence signals fromatoms that passed through all nanoholes and
microholes in the screen, aswell as to detect the background signal. The optical imageof luminousfieldswith
nanoholes thatwas obtainedwith theEMCCDcamera is shown in the right inset offigure 7.

The detection of the fluorescence signal frommicrohole fieldsmade it possible to estimate the fluorescence
signal of atoms in front of the screen and to determine the photon transfer efficiency through the nanohole. The
detection of the fluorescence signal fromfields without holesmade it possible to take into account the
contribution of the background fluorescence signal generated by excited Rb atoms in front of the screen.

4. Results

The experimental verification of atom–photon transport was performed by ameasurement of the fluorescence
(at awavelength of 420 nm) of atoms that passed through a nanohole in a screen (figure 1). In order to determine
the efficiency of the atom-photon transport, wemeasured thefluorescence signal from atoms passed through
nanoholes as a function of the distance L between the screen and the excitation zone (figure 1). Figure 7 presents
the results of thesemeasurements for the arrays of nanoholes with different diameters. The right inset shows an
optical image of luminousfields with nanoholes at a wavelength of 420 nm.As can be seen from the plot in the
figure 7, for all diameters of nanoholes, the signal increases with increasing distance L and reaches amaximumat
L= 100μm.Upon a further increase in the distance between the excitation zone and the screen, thefluorescence
signal sharply falls. This is due to fact that at large distances between the atom and the screen, deexcitation of
atoms in front of the screen takes place, and, as a result, there are no atoms that flew through nanoholes in the
excited state. As should be expected, this fall in signal occurs at distances that are equal to the distance that an
atom can travel during its time offlight in the excited state and it is of the order of 150μm.Adecrease in the

Figure 7. Fluorescence signal from atoms at awavelength of 420 nmas a function of the distance L between the screen and the
excitation region. The left inset is an electron image of the screen and the right inset is an optical image of luminous fieldswith
nanoholes at a wavelength of 420 nm that was obtainedwith theCCDcamera. The dashed curve is the dependence obtained from the
reference holes (the signal was reduced 100-fold).
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signal at distances shorter than 100μm is explained by a decrease in the excitation region of atoms in front of the
screen.

The signal that was obtained fromfields with nanoholes (figure 7)was comparedwith the signals fromfields
without nanoholes and fields withmicroscopic holes (with a diameter of 6μm). Comparison of the signals from
fields with nanoholes of different diameters (figure 7) shows that the fall in thefluorescence signal upon an
increase in the distance is sharper forfields with nanoholes of a smaller diameter. This is explained by the fact
that larger nanoholes transmit background radiation generated by atoms that emitted photons at awavelength
of 420 nm in front of the screen. This background signal is higher for nanoholes of a greater diameter, since,
apart fromphotons transferred by atoms through the screen, the detector also receives photons emitted by
atoms thatwere in front of the screen (and that passed through it already in the ground state). This is the reason
forwhich the rate of the signal decrease infigure 7 is different depending on the diameter of nanoholes. The
parasitic effect ismost pronounced for holes with a greater diameter (540 nm), where a nonzero background
signal is observed at large distances between the excitation region and the screen.

Figure 7 also presents the plot of the dependence of the signal on the distance L between the screen and the
excitation zone for testmicroscopic holes (the signal is presented on a scale of 1 : 100). As can be seen from the plot
for these holes, the dependence of the signal on the distance is not so sharply pronounced compared to the case
with nanoholes. This is explained by the fact that, in this case, the signal contains the fluorescence from all atoms,
i.e., those that passed through the screenwith holes in the excited state and those that emitted photons in front of
the screen. Comparison of the behavior of the signal frommicroholes with the signal fromnanoholes
convincingly proves the occurrence of the effect of radiation transfer through nanoholes in an opaque screen.

5.Discussion of a results

Aminimal value of the nanoholes diameter that was used in our experiment was d= 60 nm.However, only for
nanoholes with a diameter of d= 175 nmor greater, was ameasurable signal observed. An image of thefieldwith
nanoholes with d= 175 nm is shown on the right insert offigure 7 in the cyan dotted rectangle. As can be seen
from this figure, at this value of the diameter of nanoholes, the fluorescence of atoms is hardly observed at all.

In the excitation scheme of the Rb atom thatwas used in our experiments, the fluorescence efficiency
parameter η (equation (5)) is determined by the atom energy levels scheme and is equal to η= 0.02. At this value
of the fluorescence efficiency and for the used atomic flux of = ´F 2 1013 at s−1 cm−2, the number of blue
photons transferred by the atom through a nanoholewith a diameter d= 260 nm isNphotons= 212 photons s−1.
The calculated photon flux atwavelengths of 776 nmand 780 nm is 20 times higher (about 4 000 photons s−1).
Figure 8 presents an experimental dependence of the number of blue photons transferred by the atomNphotons

on the diameter of the nanohole (squares) and a similar dependence thatwas obtained through equation (5). It
can be seen from the figure that the number of transferred photons that wasmeasured in the experiment is
considerably smaller than the calculated number. At a nanohole diameter of 175 nm, the signal is small. At a
nanohole diameter of 540 nm, atom–photon transport efficiency is about 61%. The calculated dependence is
described by an expected quadratic function of the holes diameter, by virtue of the linear dependence of the

Figure 8.Number of photons transferred by atoms as a function of the hole diameter: experimentallymeasured (squares) and
theoretically expected (dashed curve) dependences.
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atomicflux on the holes area. Themeasured dependence differs from the calculated one. The possible reason of
such discrepancy is an efficient deexcitation of atom flying through the nanohole. Our calculations show that in
the framework of the theory [18] for the interaction of excited atomwith theflat surface the significant
deexcitation appears for the holes with a diameter smaller than 400 nm.

6. Conclusion

In this work, we have proposed and investigated for the first time an efficient way of transfer of energy of a
photon through a subwavelength hole by amoving atom. The transfermechanism is based on the reduction of
thewave packet of a single photon due to its absorption by the atomand, correspondingly, its localization in a
volume the characteristic size of which ismuch smaller than both the radiationwavelength and the size of the
nanohole. The scheme realizes the transformation of a single-photon single-modewave packet of the laser light
into a single-photonmultimodewave packet in free space.

The photon transfer efficiency depends on the geometrical dimensions of the nanohole, thematerial of the
screenwith nanoholes, and the velocity and the scheme of energy levels of the atom.At small sizes of the
nanohole, the photon transfer efficiency decreases substantially because of the interaction of the excited atom
with the surface, as a result of which the surface of the nanohole in the screen causes deexcitation of the atomic
state. The described scheme of the atom interactionwith the surface offers opportunities to study quantum
friction [19, 20] and strength of atom-surface interaction [21–23]. Also the interaction of atomswith plasmons
opens newway for tailoring the spectral properties ofmaterials [10].
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