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We review recent experimental advances in the field of efficient coupling of single atoms and light in free space.
Furthermore, a comparison of efficient free space coupling and strong coupling in cavity quantum
electrodynamics (QED) is given. Free space coupling does not allow for observing oscillatory exchange between
the light field and the atom which is the characteristic feature of strong coupling in cavity QED. Like cavity
QED, free space QED does, however, offer full switching of the light field, a 180° phase shift conditional on the
presence of a single atom as well as 100% absorption probability of a single photon by a single atom.
Furthermore, free space cavity QED comprises the interaction with a continuum of modes.
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1. Introduction

Enhancing the coupling of light and matter at the level
of a few photons is one of the challenges inevitable in
fundamental research in quantum optics. It is likewise
important in applications related to quantum infor-
mation processing and quantum communication.
Without any advanced measures the coupling of light
and matter — especially single atoms — is inefficient
under standard laboratory conditions, where optics
with low numerical apertures (NA <0.9) is typically
used for focusing light onto the target to interact with.
It is not surprising that there are plenty of approaches
towards this issue.

One choice is employing collective effects and
letting the photons interact with an ensemble of
atoms [1,2]. However, this is obviously not the way
to proceed when interacting with single atoms.! A
single atom may be placed in the near field of a
plasmonic antenna resulting in strong coupling
between the two [3-5]. The task is then modified to
coupling efficiently to the plasmonic antenna, which
enhances the electric field at the position of the atom in
comparison to the absence of the antenna. However,
this is achieved at the cost of modifying the density of
modes of the electromagnetic field [5,6]. This is an
acceptable feature in some applications but not desired
in all applications. Another method which also
modifies the density of modes is placing the atom
inside a high quality resonator. This defines the field of
cavity quantum electrodynamics (cavity QED) [7-10],

with seminal achievements and many impressive
results.

As outlined below, a coupling between light and
single atoms high enough to begin touching the strong
coupling regime of cavity QED should be feasible also
without modifying the free space density of modes of
the electromagnetic field. The key to success is letting
the radiation incident onto the atom resemble a dipole
wave [11-15], since this is the mode of the electromag-
netic field that maximizes the electric field at its focus
[16], i.e. at the location of the atom. Several groups
have been working towards this goal in recent years.
The achievements made so far are reviewed in the next
section and compared to the maximum values possible
in free space. In Section 3 we attempt a comparison
between the coupling scheme of cavity QED and the
free space scenario, finding that such a comparison is
partially possible but not always meaningful due to the
different natures of the two schemes.

2. Experimental advances

Most of the recent experimental effort devoted to
light-matter interaction in free space can be divided
into two groups. The first group of experiments tackles
the problem of efficient elastic scattering of a weak
continuous wave (cw) laser beam [17-23]. Here, ‘weak’
means that the incident coherent state has an ampli-
tude that is low enough to prevent an appreciable
population and thus saturation of the atom’s

*Corresponding author. Email: gerd.leuchs@mpl.mpg.de

© 2013 Taylor & Francis


wiley-ds
Sticky Note
This is an open access article distributed under the Supplemental Terms and Conditions for iOpenAccess articles published in Taylor & Francis journals, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


; Journal of Modern Optics 37

Figure 1. (@) Layout of recent experiments on elastic
scattering of light by a single atom. The focusing optics
cover less than half of the solid angle. (b) Extension of the
experimental concept towards the full solid angle case.
Dashed lines indicate the solid angle covered by the setup
proposed in Refs. [13,26]. In both sketches the blue arrows
denote the incident/focused radiation as well as its rediver-
ging/recollimated counterpart. Light purple arrows denote
the scattered radiation. The shaded areas depict the angular
emission pattern of a linear dipole with white color marking
zero intensity. (The color version of this figure is included in
the online version of the journal.)

excited state. The basic layout of these experiments is
depicted in Figure 1(a). The incident light mode is
focused onto the atom by a lens. In the experiments
cited above, the maximum numerical apertures used
were NA =0.65 [17] and NA =0.68 [18]. The focused
incident radiation drives the atomic dipole moment.
This in turn radiates into the full solid angle with a
radiation pattern according to its dipole character. The
induced dipole moment and hence the radiation
originating from the atom is the stronger the more
similar the incident radiation is to the dipole wave
corresponding to the atomic dipole moment.

The induced dipole moment oscillates with a phase
p=arctan(2A/T) — /2 relative to the phase of the
incident field at the position of the atom [24], where
A=wjpc—w is the detuning between the incident
radiation and the atomic transition frequency and I’
is the spontaneous emission rate. Furthermore, in the
far field the rediverging incident radiation has accu-
mulated a /2 phase shift as compared to the value in
the focus. Thus the rediverging incident radiation and
the field scattered by the atom are effectively 180° out
of phase for zero detuning [15,25].

In this situation, one can make different kinds of
measurements. One possibility is to measure the
radiation that is scattered back by the atom into the
part of the solid angle covered by the focusing lens.
This experiment has been performed in Ref. [23]. The
power of the back-scattered radiation (i.e. the power
reflected by the atom) corresponded to 0.17% of the
incident power (see Table 1).

However, in the majority of the experiments
transmission measurements where performed. In
these experiments a second lens with a numerical
aperture equal to the first one is used to recollimate the
focused light and collect the field scattered by the
atom. The phase difference between the scattered field
and the recollimated incident field plays a decisive role
[15,25]. The total field measured after the second lens is
the superposition of the above two fields. Hence, there
will be destructive interference leading to an extinction
of the beam in the forward direction, with the amount
of extinction depending on the detuning. Such extinc-
tion measurements where performed in Refs. [17-21].
The achieved amount of extinction is listed in Table 1.
For a numerical aperture of one, i.e. focusing from half
solid angle and the incident field resembling dipole
radiation complete extinction in the forward direction
is predicted [15]. Although substantial attenuation of
the forward traveling beam has been reported, the
maximum amount of extinction achieved so far is still
about a factor of 5 below this optimum value.

Another way of measuring the coupling of the
incident light to the atom is to measure the phase of the
total field in the forward direction. This has been done
in Refs. [20,22]. In Ref. [20] the setup hosting the single
atom was inserted in one arm of a Mach—Zehnder
interferometer. The phase shift obtained in Ref. [22]
was measured by a heterodyning technique. The
respective results are listed in Table 1.

In models describing the above experiments the
ratio of the power scattered by the atom and the
incident power plays a crucial role. This ratio can
exceed unity [15,25], which might at first sight seem
like a violation of energy conservation. But detailed
balancing of the amount of the dipole radiation
scattered by the atom and the corresponding dipole
and non-dipole content of the incident radiation
proves the opposite. Considering all radiation compo-
nents, incoming and scattered, with the proper relative
phases as well as their interference shows that the
actually measurable total power equals the incident
power.

The second group of experiments is devoted to the
inelastic interaction of single photons with single
atoms. In these experiments the aim is to bring an
atom to its excited state with only a single incoming
photon. Besides the already mentioned dipole charac-
teristics, these experiments impose strict requirements
on the temporal envelope of the single photon pulse.
These requirements follow from a time reversal argu-
ment: The absorption of a photon by an atom in its
ground state is understood as the time reversed process
of spontaneous emission from the excited state
[11,13,26]. Since the temporal envelope of a spontane-
ously emitted photon is exponentially decreasing [29],
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Table 1. State of the art of coupling light and single atoms in free space.

Reference and

experimental system Year Extinction Reflection Phase shift Absorption
Wineland et al. [27] 1987 <0.1%

trapped ion

Vamivakas et al. [17] 2007 12%

quantum dot

Wrigge et al. [18] 2008 22%

molecule in matrix

Tey et al. [19] 2008 10%

trapped atom

Aljunid et al. [20] 2009 1°

trapped atom

Slodicka et al. [21] 2010 1.4%

trapped ion

Pototschnig et al. [22] 2011 19% 3°

molecule in matrix

Piro et al. [28] 2011 0.03%
trapped ion

Aljunid et al. [23] 2011 0.17%

trapped atom

its time reversed version must have an exponentially
increasing envelope. Assuming a perfect dipole radia-
tion character of the incident photon impinging from
full solid angle, a detailed calculation indeed shows
that the exponentially increasing pulse brings the atom
fully to the excited state [30,31].

On the experimental side, an excitation probability
of a single ion of 0.03% was measured for heralded
photons generated by parametric down conversion
[28]. The heralding photon was spectral filtered by a
resonator with a bandwidth matched to the ionic
transition. A numerical aperture of NA =0.4 was used
for focusing onto the ion. Weighting the corresponding
solid angle with the angular emission pattern of the
driven (circular) dipole transition yields a solid angle
coverage of 6%. This is the upper limit of the
excitation probability achievable with the used numer-
ical aperture, since the absorption probability is
proportional to the coverage of the (weighted) solid
angle [14,26]. An experiment in which the focusing
optics covers 94% of the solid angle (cf. Figure 1(b)) is
currently being set up [13,26,32].

There are some experiments that do not fit precisely
into one of the two categories of elastic or inelastic
scattering. For example, an extinction of approxi-
mately 0.1% of the laser beam used to cool a single ion
was measured already in 1987 [27]. However, owing
to the saturation of the ion by the cooling laser a
clear distinction between elastic scattering and scatter-
ing by absorption and spontaneous (re)emission
cannot be made.

Very recently, single photons emitted by single
molecules using the setup of Ref. [18] were focused

onto another molecule using a setup of the same kind
as in the generation of the photons [33]. An extinction
of 3% of the single photon stream incident onto the
second molecule is reported. However, it is unclear to
what extent the second molecule was brought to its
excited state by a single photon.

The crucial role of the solid angle has already been
highlighted above, mainly in connection with the
absorption of single photons. However, a deep para-
bolic mirror that covers almost the entire solid angle is
also beneficial in elastic scattering experiments. We
highlight this circumstance by calculating the depen-
dence of the phase shift of a monochromatic light field
on solid angle, restricting the discussion to the regime
of negligible saturation. In this regime the phase shift
of the superposition of the electric field scattered by the
atom into the solid angle cone of the recollimated
incident electric field and the latter field itself is [20]

o
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Ry = P/ P is the scattering ratio on resonance, i.e. the
power Py scattered into the full solid angle divided by
the incident power P. Py is given by [25]
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where A is the wavelength corresponding to the
wavelength of the atomic transition. £ is the amplitude
of the incident electric field component parallel to
the atomic dipole moment at the position of the atom.
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The latter can be expressed as [34]

V2P
- )»4/60(30 e \/Q_M (3)

2, is the solid angle covered by the focusing optics
weighted with the radiation pattern of the dipole
moment w. 1 is the overlap of the incident radiation
with this dipole radiation pattern. n is computed on the
part of the solid angle covered by the focusing optics
[34]. For a dipole wave incident from full solid angle
we have Q, =8n/3 and n=1. Inserting Equation (3)
into Equation (2) yields the scattering ratio on
resonance

3
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and the corresponding phase shift
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For the remainder of the discussion we assume
dipole radiation (p=1). The maximum obtainable
phase shift at any detuning value except A=0 occurs
for the full solid angle case. On resonance a phase shift
of m is predicted when €, >4n/3, i.e. for more than
half of the solid angle, and zero phase shift for
Q, <4n/3. For the case 2, =4m/3 one has complete
extinction [15], therefore prohibiting a phase shift
measurement in the forward direction under this
geometry. The full solid angle case and the corre-
sponding phase shifts for some experimental setups are
illustrated in Figure 2. Also for overlaps n<1 a &
phase shift on resonance is possible, provided that
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Figure 2. Calculated phase shift induced by a single atom for
illumination with a dipole-like radiation pattern from full
solid angle (solid line), using a deep parabolic mirror [26]
(dashed line), a lens with NA =0.68 [22] (dotted line) and a
lens with NA =0.55 [20] (dash-dotted line). The above solid
angle and NA values correspond to values of €,,/(87/3)=1,
0.94, 0.18 and 0.11, respectively. An overlap of n=1 is used
for all cases. (The color version of this figure is included in
the online version of the journal.)

QM>4T[/(37’]2). This is equivalent to Ry > 2, i.e. the
power scattered into the full solid angle is more than
twice the incident power. This condition can only be
met for focusing optics covering more than half the
solid angle.

3. Attempt at a comparison with cavity QED

In cavity QED, one usually speaks of strong coupling
when the coupling constant g is larger than the cavity
field’s decay rate x and larger than the spontaneous
emission rate I' associated with the transition of the
atom inside the cavity [10,35]. Here one has to keep in
mind that the spontaneous emission rate of an atom
inside a cavity may differ substantially from the free
space value [36,37]. Now the question is whether the
cavity QED criteria for strong coupling can be met in
free space.

The relation g >« does not seem relevant at first
sight, since trivially « is not defined in free space.
However, the effective interaction time between the
atom and any wave packet propagating inside the
optical cavity is determined by «~' independent of the
wave packet’s shape which includes continuous waves.
Similarly, the interaction time in free space is given by
the temporal width of a wave packet impinging onto an
atom. Arguing along this line, one may just reach g =«
in free space atom-light interactions.

We now check the condition g>TI'. The coupling
constant g is given by [10]

uw | ho
= 6
£ i\ 2eV’ ©

with u being the matrix element of the transition dipole
moment, w the frequency of the atomic transition and
V' the quantization volume. In cavity QED V is the
volume of the cavity mode. For the free space case,
where we tightly focus an incident light pulse onto the
atom, we make the following ansatz

V=m- r%ocus - ¢p - 6, (7

which is the area of the focus with radius reyeys times
the spatial length of the incident pulse. The latter is
given by c(-6t with the speed of light ¢y, and the pulse
duration 8z. We express rpocus In terms of A =2mco/w:
Ffocus = B-A. Likewise, we write the pulse duration as
8t=qa/T", ie. in units of the atom’s excited state
lifetime. Relating g to I' we insert Equation (7) with
the above definitions into Equation (6) and use the
definition of the free space spontaneous emission rate
I = p?w?/(3replicy) [29]. This yields

r 3

g=%' o (®)
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As outlined in Section 2, one example of efficient
free space interaction is the absorption of an exponen-
tially shaped single photon pulse by a single atom.
Such a pulse has an effective length of ' suggesting
a=1. For determining the value of 8 we recall that
light-matter interaction in free space is maximized for
dipole waves incident from full solid angle. The
transverse area of a focused dipole wave that is
generated by, e.g. an infinitely deep parabolic mirror
can be determined with simulations of the intensity in
the focal region based on a generalization of the
method by Richards and Wolf [38]. As a radiation
pattern incident onto the parabolic mirror we use the
one for a linear dipole transition with the quantization
axis parallel to the optical axis of the mirror [13]. The
outcome of such a simulation is displayed in Figure 3.
For comparison also the case of a finite parabolic
mirror covering roughly 94% of the solid angle is
shown, a mirror geometry matching the one used in
Refs. [26,39]. Choosing the area at half maximum
height as the spot size yields 8~ 0.2 in both cases. This
results in g~ 0.97T, i.e. the coupling constant would be
almost equal to the spontaneous emission rate.

Another ansatz that does not rely on the definition
of the quantization volume is the following: The
coupling constant g is also called the single photon
Rabi frequency [10]. In general, for a field of amplitude
E that is polarized parallel to the atomic transition
dipole moment the Rabi frequency is defined as [24]

E
QR:’“‘T. ©9)

We use Equation (3) to determine E and calculate the
power P of the incident radiation by taking the energy
of a single photon pulse and dividing it by the pulse
duration §t=a-I'"!, i.e. P=Fhwl/a. Inserting these
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Figure 3. Radial intensity distribution in the focus of a
parabolic mirror covering the full solid angle (solid line) and
a mirror covering 93.65% of the solid angle when weighted
with the emission pattern of a linear dipole oriented along the
mirror axis (dashed line). (The color version of this figure is
included in the online version of the journal.)

values into Equation (9) and expressing w through I'
yields

Qp = N (10)
Hence, for a single photon dipole wave pulse whose
effective length is the excited state lifetime (¢ =1) the
Rabi frequency is twice the spontaneous emission rate.
The electric field based estimate for the Rabi fre-
quency, however, should be taken with a grain of salt,
because the average electric field amplitude is zero for
pure Fock states.

Nevertheless it might be tempting to increase
the Rabi frequency (or equivalently the coupling
constant g) of a single photon pulse by reducing the
pulse duration §¢. This, however, has two consequences:

(1) The spectrum of the pulse broadens propor-
tional to 1/é6t.
(i) The Rabi frequency increases proportional to

J1/8¢t.

For §:T" < 1 the pulse spectrum will be broader than the
atomic spectrum. Consequently, in free space the
probability that this single photon wave packet excites
an atom will be reduced, since the pulse spectrum
deviates from the atomic absorption line [30]. It is
worth noting that the condition g>8/~' — as can be
inferred from the discussion of the free space equiva-
lent to « at the beginning of this section — prevents
one from taking this route. This underlines the
similarities of the figures of merit for free space and
cavity systems.

Also for monochromatic continuous wave excita-
tion the condition for the vacuum Rabi frequency
Qr>T may be misleading. Under this condition the
saturation parameter s = 2Q%I'~2 is much larger than
one and strong saturation results in power broadening
and hence in a reduction of the atomic response on
resonance. Likewise, strong saturation results in a
decrease of the index of refraction, i.e. the real part of
the atomic susceptibility [40]. Therefore, both the
phase shift and the extinction imposed onto a cw
light mode by a single atom will decrease, a scenario
treated in Refs. [15,17-19,21].

For all the reasons discussed above the inequalities
g, Qg > T are not the most useful criteria for indicating
efficient coupling of light and single atoms in free
space. We therefore suggest that the measure of the
efficiency of light-matter interaction in free space is
not the Rabi frequency or coupling constant in
comparison to the spontancous emission rate, but
rather the efficiency of converting the power of an
incident light mode into a high intensity of the field E
at the location of the atom. With the intensity of a
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Table 2. Comparison of the possible effects of a single atom
on the light field in free space and in cavity QED.

Phenomenon Cavity QED Free space

mode spectrum discrete/single mode continuous

max. extinction of a cw 100%* 100%?°
beam

max. phase shift 180° 180°

max. absorption of a 100% 100%
single photon

observation of vacuum yes no
Rabi splitting

exponential decay no yes

structured continuum no yes
dynamics

aMechanism: vacuum Rabi splitting. "Mechanism: destruc-
tive interference

sinusoidally oscillating field given by I=eycoE>/2 we
find with the help of Equation (3)

I Q-7
5= M)\z . (11)

Since the maximum effect is obtained for €, =8n/3
and n=1, we normalize /P to this case and obtain the
free space coupling efficiency

G:%.Qu.nz. (12)
This free space coupling efficiency can be related
to another quantity used in cavity QED, the coopera-
tivity parameter C =g*/(2«T"). The condition C>>1 is
a necessary (although not sufficient) condition for
strong coupling in cavity QED [35]. As outlined
in Ref. [26], C can be interpreted as a geometric
quantity that is the product of the solid angle fraction
Q,/(8m/3) covered by the cavity mode times the
average number N of round trips of a photon wave
packet inside the cavity. Assuming n=1 for the cavity
mode, one can write the cooperativity parameter as
C=G - N, i.e. as the free space coupling efficiency set
by the cavity geometry times the number of cavity
round trips.

4. Conclusion

The conclusion of this paper may be summarized as
follows:

(a) The typical condition for strong coupling in
cavity QED, g > T, x can be just reached in free
space (g=T, «), while

(b) only in cavity QED is g>> T, « possible.

It follows from (a) that there should be
several phenomena which can be observed in both
coupling schemes. And indeed, the absorption of a
single photon by a single atom and the effects a single
atom can have on cw beams (or coherent states) via
elastic scattering belong to this class of phenomena (cf.
Table 2). In both scenarios, free space QED and cavity
QED, a single atom may absorb a single photon pulse,
it may switch the transmission of a laser beam and it
may impose a large phase shift. Corresponding exper-
iments in cavity QED yielded phase shifts on the order
of 30° [41,42] and absorption probabilities of 17%,
respectively, for weak coherent state pulses [43] and for
true single photon pulses produced in another cavity
[44]. Extinction of a transmitted beam on resonance
with the cavity and the atom has been observed as well.
However, the mechanism differs substantially from the
free space case. In the strong coupling regime the
transmission peak of the empty cavity is split up into a
doublet. This vacuum Rabi splitting [45-47] is not
observable in free space. There, extinction is due to
destructive interference (see the previous section)
without any modification of the components of the
transmission spectrum. In cavity QED the plethora of
beautiful effects includes collapse and revival of the
atom’s excited state population [48] as well as Rabi
frequency induced nonlinearities [49]. On the other
hand, fundamental studies involving the — possibly
structured [50] — continuum of modes are only possible
in free space. In either scheme the limits of the effects
possible in both coupling schemes have yet to be
reached.

Note

1. For simplicity, the term ‘atom’ is used to denote various
kinds of quantum emitters or quantum targets, such as
single ions, quantum dots, molecules and, of course,
neutral atoms.
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