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Vacuum-Induced Transparency
Haruka Tanji-Suzuki,1,2* Wenlan Chen,2 Renate Landig,2 Jonathan Simon,1 Vladan Vuletić2
Photons are excellent information carriers but normally pass through each other without
consequence. Engineered interactions between photons would enable applications as varied as
quantum information processing and simulation of condensed matter systems. Using an ensemble
of cold atoms strongly coupled to an optical cavity, we found that the transmission of light through
a medium may be controlled with few photons and even by the electromagnetic vacuum field. The
vacuum induces a group delay of 25 nanoseconds on the input optical pulse, corresponding to a
light velocity of 1600 meters per second, and a transparency of 40% that increases to 80% when
the cavity is filled with 10 photons. This strongly nonlinear effect provides prospects for advanced
quantum devices such as photon number–state filters.
he experimental realization of strong coherent interactions between individual
photons will enable a variety of applications such as quantum computing (1–3) and
studies of strongly correlated many-body quantum systems (4). Two main approaches to generating photon-photon interactions are strong
coupling of single emitters to optical cavities
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(2, 3, 5–9) and electromagnetically induced transparency (EIT) in ensembles of atoms (10–12).
Single emitters strongly coupled to cavities can
provide substantial optical nonlinearity at the
expense of typically large input-output coupling
losses and the technical challenges of trapping
and manipulating single particles. EIT in atomic
ensembles provides an impressive degree of coherent control in simple, elegant experiments
(12–15), but the nonlinearities achieved so far
are relatively weak, requiring (for example) ~500
photons for all-optical switching (16). We demonstrate that by using an optical cavity to enhance
the EIT control field, the resonant transmission
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of light through an atomic ensemble can be substantially altered by a few photons and even by
the cavity vacuum (17, 18). Because the effect
is nonlinear in both control and probe fields at
the single-photon level, it should enable advanced quantum optical devices such as photon
number–state filters (19) and nondestructive
photon number–resolving detectors (20, 21).
We call the limiting case with no photons initially in the cavity “vacuum-induced transparency” (VIT) (17) to distinguish it from recent
cavity EIT demonstrations using a single atom
with cavity-enhanced absorption and a classical
control field containing many photons (22, 23).
In contrast, VIT may be realized with only one
photon in the entire system.
We experimentally realize Field’s original proposal (17) to replace the EIT control field by
the vacuum field inside a strongly coupled cavity
(Fig. 1). In an atomic L system | f 〉 ↔ |e〉 ↔ |g〉
with two stable states | f 〉, |g〉, the probe beam
addresses the | f 〉 → |e〉 transition, whereas the
cavity mode is tuned near the |g〉 → |e〉 transition.
A cold atomic ensemble is prepared in the state | f 〉
by optical pumping. VIT for the probe beam can
be thought of as arising from a vacuum-induced
Raman process where the incoming probe photon is absorbed, quickly emitted into the cavity,
then reabsorbed by the ensemble and reemitted
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help to code the perception of “flavor” [e.g.,
responding to several tastes simultaneously
(24, 26, 42)]. In addition, the insular cortex responds to more than just taste, and it is often
thought of as a site for multisensory integration
(15, 42, 43). Thus, these areas may participate in
the integration of taste with the other senses.
The discovery of a gustotopic map in the
mammalian cortex, together with the advent of
sophisticated genetic and optical tools (44), should
now make it possible to experimentally manipulate the taste cortex with exquisite finesse.
In future studies, it will also be important to
elucidate how taste intensity is encoded in the
insular cortex, and to determine whether taste
qualities with similar valence project to common targets. Likewise, tracing the connectivity
of each of the basic taste qualities to higher brain
stations will help decipher how these integrate
with other modalities and combine with internal and emotional states to ultimately choreograph taste behaviors (45).

collectively back into the probe mode. Thus, the
incoming probe photon creates its own transparency by destructive interference in the excited
state |e〉 arising from the two transitions | f 〉 → |e〉
and |g〉 → |e〉. In contrast to standard EIT, here
the effective control field on the |g〉 → |e〉 transition depends sensitively on the photon number
in the probe field. When there are several photons
in the probe field, those photons are coupled to
the cavity mode, constituting an effective probe

power–dependent control field for the VIT process. Because the EIT group delay depends on
the control coupling strength (12), different probe
Fock states experience different group delay and
therefore an incoming coherent-state probe pulse
may be resolved into a train of photon number
components (19).
VIT requires strong coupling between a single atom and a cavity—that is, a single-atom cooperativity parameter h0 = 4g2/(kG) exceeding

unity [where 2g, k, and G are the single-photon
Rabi frequency, cavity line width, and atomic
line width (full width at half maximum), respectively]. For unity oscillator strength, the cooperativity parameter is a geometric quantity associated
with the cavity characteristics alone and can be
written in terms of the finesse F, waist w, and wave
number k of the cavity mode as h0 = 24F/(pk 2w2)
(24). Our parameters l = 2p/k = 852 nm, w =
35 mm, and F = 6.3 (T0.5) × 104 yield a maximum
cooperativity for a single 133Cs atom at an antinode of h0 = 7.2 T 0.5. The actual cooperativity h
available in the experiment is smaller because
of oscillator strength feg < 1 for the |g〉 ↔ |e〉
transition in question, and also because of spatial averaging of the coupling along the standingwave cavity mode.
For probe light illuminating the ensemble from
the side (Fig. 1), the amplitude transfer function t =
exp(ikLc/2) can be expressed in terms of the susceptibility c that in the limit of weak coupling
on the probe transition (single probe photon) is
given by
2

c¼−
Fig. 1. (A and B) Setup (A) and atomic level scheme (B) for observing vacuum-induced transparency. An
ensemble of laser-cooled 133Cs atoms is trapped inside an optical cavity operating in the single-atom
strong-coupling regime (cooperativity parameter h > 1). The atoms are prepared in state | f 〉 by optical
pumping. The absorption of a probe laser on the transition | f 〉 ↔ | e〉 is substantially altered when a cavity
mode on the transition | g〉 ↔ | e〉 is tuned near two-photon resonance. Although the cavity mode subtends
only a very small (~10−4 sr) solid angle along a direction transverse to the probe beam, its vacuum field
can substantially reduce the probe absorption by quantum interference. Photon counters D1 and D2 are
used to measure the probe transmission and the scattering into the cavity, respectively.

Fig. 2. (A to D) Atomic absorption spectrum (A) and VIT spectra (B to D) for different cavity-atom
detunings: (B) d/(2p) = 0.5 MHz, (C) d/(2p) = −2.2 MHz, (D) d/(2p) = 2.8 MHz. The transmission
probability (upper curves) and the probability of emission into the cavity (lower curves) are measured
simultaneously versus probe-atom detuning ∆ by photon-counting detectors D1 and D2. Near the twophoton resonance ∆ ≈ d the absorption is suppressed by VIT, and a fraction of the incoming photons is
directed out of the cavity. Data for both processes for all values of d are simultaneously described by the
VIT model explained in the text (solid lines).
www.sciencemag.org
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N D̃ − (h − D̃d̃) d̃ − i(h þ 1 þ d̃ )
ð1Þ
kL (h þ 1 − D̃d̃)2 þ (D̃ þ d̃)2

(12, 17, 18), where N is the resonant optical depth
of the ensemble with length L along the probe
beam, and D̃ ¼ 2D=G ¼ 2(wp − wef )/G and
d̃ ¼ 2(D − d)/k ¼ 2(wp − wc − wgf )/k are the
normalized probe-atom detuning and the “twophoton” detuning, respectively (Fig. 1B), where
wp, wc, and wji are the frequencies of the probe,
cavity mode, and atomic transition |i〉 → | j〉,
respectively. Equation 1 can be obtained from the
standard EIT expression (12) with states | f; np = 1;
nc = 0〉, |e; 0; 0〉, |g; 0; 1〉, where np and nc are the
probe and cavity photon numbers, respectively,
with the cavity line width k assigned to the state
|g; 0; 1〉 (17). When both the probe field and the
cavity mode are resonant with their respective
atomic transitions, ∆ = d = 0, the transmission
probability is given by |t|2 = exp[−N/(h + 1)]—
that is, the resonant optical depth N is reduced
by a factor h + 1 by the cavity vacuum field.
The observation of VIT requires substantial
atomic absorption in a transverse direction for an
optical cavity that operates in the strong coupling
limit h > 1 for a single atom (5, 7, 8). This
parameter regime has recently been achieved
with evaporatively cooled atoms in cavities
with small mode volume (25–27). Here we use
a relatively long (1.4 cm) cavity that allows us
to operate a magneto-optical trap for 133Cs inside the cavity, and directly load up to 105 atoms
into a far-off resonance optical lattice trap operated at 937 nm inside the cavity. The three-level
system is chosen as | f 〉 ≡ |6S1/2, F = 3, mF = 3〉,
|e〉 ≡ |6P3/2, 4, 4〉, |g〉 ≡ |6S1/2, 4, 4〉 to provide a
good combination of oscillator strengths in both
arms ( fef = 0.42, feg = 0.47). The quantization
axis is defined by a 1.6-G magnetic field along
the propagation direction (x) of the probe beam
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(Fig. 1). The s+-polarized probe beam is tightly
focused by an aspheric lens to a waist wp = 2.3 mm
at the cavity mode. We achieve an optical depth
up to N = 0.4 by optically pumping all atoms
into the F = 3 hyperfine manifold, and more than
90% into state | f 〉. The thickness of the cloud
along the probe beam is L = 20 mm at a typical
temperature of 100 mK, with an estimated peak
atomic density of 1.1 × 1011 cm−3. Typically, ~20
atoms are contained in the volume defined by
the probe beam.
With the cavity mode tuned far off resonance
from the |g〉 ↔ |e〉 transition, the probe frequency
is scanned across the | f 〉 → |e〉 resonance, revealing a Lorentzian absorption profile with a
line width of 5.46 T 0.07 MHz (Fig. 2A), where
the slight broadening over the natural line width
G/(2p) = 5.2 MHz is due to the laser line width.
When the cavity mode is tuned close to the |g〉 ↔
|e〉 transition, a transparency window opens up
around the | f 〉 ↔ |g〉 two-photon transition
frequency (Fig. 2, B to D). To prevent the accumulation of atoms incoherently pumped by
the trapping light into the F = 4 hyperfine state
whose absorption would spoil the cavity finesse,
the probe field is turned on and off every 4 ms
during the 2.5-ms frequency scan, and a depumping beam emptying the F = 4 hyperfine state is
turned on during the probe dark times. The 4-ms
duration of the probe pulses is chosen so that
the modulation-induced frequency broadening is
smaller than the cavity line width k/(2p) = 173 T
13 kHz. To probe the steady-state response of
the system as described by Eq. 1, we restrict the
analysis to times t ≥ 0.5 ms where transients
associated with the width of the transparency
window (1 + h)k have decayed. At a probe
power of 220 f W and an optical depth of N =
0.4, we only analyze data corresponding to
times t < 2.6 ms such that the total number of
absorbed photons is 0.8 < 1.
The VIT spectra for various atom-cavity detunings, as well as the accompanying photon
leakage from the cavity mode (Fig. 2, B to D),
can be simultaneously fit to the VIT model,
Eq. 1. Although the vacuum Rabi splitting is
not observable in our parameter regime (h > 1 but
2g < G), the transparency in a narrow window
is clearly visible because of quantum interference. The observed resonance is slightly broader
than predicted by the model because of a small,
independently observed line broadening of 200
kHz resulting from atom-induced shifts of the
cavity mode frequency that fluctuate with the
number of loaded atoms. The spectra also reveal
a small contribution from the VIT transition | f 〉 ↔
|e〉 ↔ |6S1/2, 4, 3〉, weaker by a factor of 4, that
is two-photon Zeeman-shifted by 0.6 MHz.
As
standard EIT, the index of refraction
pin
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n ¼ 1 þ ReðcÞ is unity on resonance ∆ = d = 0
and varies sharply with probe frequency wp for
fixed cavity detuning d = 0, giving rise to a reduced
probe group velocity vg = c/[n + (wpdn/dwp)] << c
(11, 12, 15). Pulses that are sufficiently narrow
spectrally to fit into the transparency window
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should therefore, according to Eq. 1, experience a maximum group delay (12) of tmax =
(N/k)[h/(h + 1)2]. During this delay time, the
incoming probe photon is in part stored as a
stationary photon inside the optical cavity for
up to a time k−1, while a spin excitation with one
atom in state |g〉 is simultaneously created in
the ensemble. The delay decreases with increasing h, because a stronger control field reduces the population in state |g〉, and a smaller
fraction of the photon is stored in the cavity accordingly. Figure 3 shows a Gaussian pulse of
TP = 1.73 ms duration that is delayed by the
vacuum by t = 25 T 2 ns, close to the value of
35 ns calculated from Eq. 1 for the measured
optical depth N = 0.5 (achieved in a double-pass
geometry). The small discrepancy is explained
by small (~200 kHz) atom-induced fluctuations
of the cavity resonance frequency as described
above. Although the absolute delay t, corresponding to a group velocity of v = 1600 m/s, is
small in the present system because of the relatively small optical depth N, the observation
nonetheless establishes experimentally that a vac-

uum input control field can delay a probe pulse.
Larger delays can be achieved by increasing N,
either by enhancing the atomic density via further optical cooling (28) or by means of a multipass geometry for the probe beam.
Unlike standard EIT, the VIT process is intrinsically nonlinear at the single-photon level: In
EIT the classical control field with very large
photon number 〈nc〉 >> 1 alone determines the
transparency window and group velocity of
the probe light (12, 15); there is no dependence
on the weak probe field with photon number
〈np〉 << 〈nc〉. On the other hand, in a VIT system,
the control field is initially the vacuum, and the
transparency window and group delay vary strongly with np, which sets nc as described earlier. To
demonstrate the strong optical nonlinearity intrinsic
to the VIT system, we directly vary the average
cavity photon number 〈nc〉 by exciting the cavity
mode with a weak laser beam, and measure the
probe transmission. With the cooperativity h replaced by a free parameter, we fit the measured
spectra (see lower inset to Fig. 4 as an example)
using Eq. 1 and taking into account the spatial

Fig. 3. Vacuum-induced group delay of a probe pulse. The black circles show the probe pulse in the absence
of atoms; the red crosses indicate the probe pulse traveling through the atomic medium on VIT resonance
∆ = d = 0. The observed delay induced by the cavity vacuum field is t = 25 T 2 ns. The delayed pulse
experiences absorption and has been rescaled by a factor of 1.6 for easier visualization of the group delay.
Fig. 4. VIT as a limiting case
of EIT: Effective cooperativity
h̃ at an antinode as a function of average cavity photon
number 〈nc〉 extracted from
fits to measured spectra as
shown in the lower right inset for 〈nc〉 = 22. The effective
cooperativity is expected to
scale as h̃ = h̃0 (〈nc 〉 + 1),
and we find good agreement
with a linear fit. The upper
left inset shows the peak
transparency Q versus 〈nc〉,
demonstrating that even one
control photon substantially
changes the transmission.
Error bars indicate T1s standard deviation.
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variation of the cavity coupling. Figure 4 shows
the effective cooperativity thus extracted at an
antinode h̃ versus 〈nc〉. Because p
theﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
control
ﬃ Rabi
frequency is given by Wc ¼ 2g nc þ 1, we expect a linear dependence of h̃ on 〈nc〉 with a
slope m equal to the y-axis intercept h̃0 . A linear
fit to the data for 〈nc〉 > 2, where the atominduced cavity line broadening has negligible
effect, yields m = 3.7 T 0.1, h̃0 = 5 T 1, and the
ratio h̃0 /m = 1.4 T 0.3, in reasonable agreement
with the model that predicts m = h̃0 = fegh0 =
3.4. The upper inset shows the peak transparency Q versus 〈nc〉. The transparency is defined
as Q = (T´ − T )/(1 − T ), where T ´ (T ) denotes the
resonant transmission with (without) the control
field, and T = exp(−N ) = 0.67. This plot shows
that a substantial transparency increase over the
vacuum-control level already occurs for one intracavity photon. In the future, it should be possible to use this effect in such applications as
nondestructive measurement of the intracavity
photon number (20, 21).
We have demonstrated that a vacuum field
can generate a transparency window in an ensemble of three-level atoms and observed the associated group delay. By using a cavity-enhanced
control field, we could substantially modify the
transmission of an atomic ensemble with ~10

control photons. We also note that two probe
beams, even when passing through spatially separated regions of the atomic ensemble, should
influence each other’s group velocity through the
common interaction with the cavity mode, paving
the way to cavity-mediated strong photon-photon
interaction and quantum gates (1, 2). In such a
geometry, the technical roadblocks associated
with both cavity-coupling losses (2, 6, 7, 9) and
motional and state control of single atoms (8, 29)
are bypassed. More generally, this work offers the
prospect of strongly nonlinear, multimode quantum optics, with a realistic outlook for advanced
quantum devices operating coherently with single photons.
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to distinguish two spin states before the spin
decays. Electrical single-shot read-out of a single
electron spin has been realized in gate-defined
quantum dots (14, 15) and for a P impurity in Si
(16). Optical single-shot read-out was achieved
for a nuclear spin next to a diamond nitrogenvacancy center (17) and for an electron spin in
a self-assembled quantum dot (18). On twoelectron systems, electrical single-shot read-out
has been demonstrated as well (19, 20), but only
one bit of information was obtained on the joint
state of the two spins.
Extending existing methods to independent read-out of two spins is not trivial: (i) Measurement of the first spin must be sufficiently
noninvasive to allow subsequent measurement
of the other. (ii) Independent read-out requires
a vanishing coupling between the two spins,
whereas a finite coupling is required for universal control of the spins. (iii) While the first
spin is being measured, the second spin is subject to relaxation, which places tight restrictions
on the read-out duration, hence the signal-tonoise ratio.
Here we demonstrate independent single-shot
read-out of two electron spins in a double quantum dot, show that there is negligible cross-talk
between the two measurements, and probe the
correlations between the respective measurement
outcomes for a variety of input states. The readout allows us to demonstrate and benchmark the
operation of the two-qubit exchange gate on a
complete set of input states.
Our double quantum dot is formed by using
Ti/Au surface gates to locally deplete a two-
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