MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Vacuum-Induced Transparency

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Tanji-Suzuki, H., W. Chen, R. Landig, J. Simon, and V. Vuletic. “"Vacuum-Induced
Transparency.” Science 333, no. 6047 (September 1, 2011): 1266-1269.

As Published: http://dx.doi.org/10.1126/science.1208066
Publisher: American Association for the Advancement of Science (AAAS)
Persistent URL: http://hdl.handle.net/1721.1/88580

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’s formatting or copy editing

Terms of Use: Article is made available in accordance with the publisher’s policy and may be
subject to US copyright law. Please refer to the publisher's site for terms of use.

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/88580

Vacuum-Induced Transparency

Haruka Tanji-Suzuki**, Wenlan Chefy Renate Landiy Jonathan Simadn
and Vladan Vuleti®
! Department of Physics, Harvard University, Cambridge, $aabusetts 02138, USA
2 Department of Physics, MIT-Harvard Center for Ultracola#uis,
and Research Laboratory of Electronics, Massachusettaibesof Technology,
Cambridge, Massachusetts 02139, USA

*To whom correspondence should be addressed; E-mail: taniji@lu.

Photons are excellent information carriers but normally pass through each
other without consequence. Engineered interactions betve@ photons would
enable applications from quantum information processing 6 simulation of
condensed matter systems. Using an ensemble of cold atomsosgly cou-
pled to an optical cavity, we demonstrate experimentally tat the transmission
of light through a medium may be controlled with few photons axd even by

the electromagnetic vacuum field. The vacuum induces a grougelay of 25 ns

arxXiv:1107.3999v1 [quant-ph] 20 Jul 2011

on the input optical pulse, corresponding to a light velociy of 1600 m/s, and a
transparency of 40% that increases to 80% when the resonatois filled with
10 photons. This strongly nonlinear effect provides prospets for advanced

guantum devices such as photon-number-state filters.

The experimental realization of strong coherent inteoaastbetween individual photons will
enable a variety of applications ranging from quantum campgul-3] to studies of strongly-

correlated many-body quantum systems [4]. Two main apesto generating photon-photon


http://arxiv.org/abs/1107.3999v1

interactions are strong coupling of single emitters to agtresonators [2, 3] 5-9] and elec-
tromagnetically induced transparency (EIT) in ensembfestams [10-12]. Single emitters
strongly coupled to resonators can provide substantiataphonlinearity at the expense of
typically large input-output coupling losses and the tecainchallenges of trapping and ma-
nipulating single particles. EIT in atomic ensembles pdegian impressive degree of coherent
control in simple, elegant experiments [12+15], but thelinearities achieved so far are rel-
atively weak, requiring, e.gs» 500 photons for all-optical switching [16]. We demonstrate
that by using an optical cavity to enhance the EIT controtfi¢he resonant transmission of
light through an atomic ensemble can be substantiallyeadtély a few photons and even the
cavity vacuum([1/7, 18]. As the effect is nonlinear in bothitohand probe fields at the single-
photon level, it should enable advanced quantum opticatdswsuch as photon-number-state
filters [19] and non-destructive photon-number-resohdetectors([20, 21]. We call the limit-
ing case with no photons initially in the cavity “vacuum-uaed transparency (VIT)T[17] to
distinguish it from recent cavity EIT demonstrations usingingle atom with cavity-enhanced
absorption and a classical control field containing manyt@m®[22, 23]. In contrast, for VIT,
the entire system contains at most one photon.

We experimentally realize Field’s original proposall[1@]replace the EIT control field by
the vacuum field inside a strongly coupled cavity (Fig. 1)atnatomicA system|f) <> |e) «>
lg) with two stable state§f) , |g), the probe beam addresses tlie — |e) transition, while
the cavity mode is tuned near the — |e) transition. A cold atomic ensemble is prepared in
the statg f) by optical pumping. VIT for the probe beam can be thought cdirgsing from a
vacuum-induced Raman process where the incoming probemisdébsorbed, quickly emitted
into the cavity, then reabsorbed by the ensemble, and reesheiollectively back into the probe
mode. Thus the incoming probe photon creates its own tra@spaby destructive interference

in the excited statée) arising from the two transition) — |e) and|g) — |e). In contrast
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Figure 1. Setup (A) and atomic level scheme (B) for observixguum-induced transparency.
An ensemble of laser cooleéf Cs atoms is trapped inside an optical resonator operatitiggin
single-atom strong-coupling regime (cooperativity pagteny > 1). The atoms are prepared
in state| f) by optical pumping. The absorption of a probe laser on thesttian |f) < |e) is
substantially altered when a cavity mode on the transiijon— |e) is tuned near two-photon
resonance. In spite of the cavity mode subtending only a sevall (~ 10~ sr) solid angle
along a direction transverse to the probe beam, its vacuddhdan substantially reduce the
probe absorption by quantum interference. Photon coubteiend D2 are used to measure the
probe transmission and the scattering into the cavity eetsgely.



to standard EIT, here the effective control field on the— |e) transition depends sensitively
on the photon number in the probe field. When there are sepbhoibns in the probe field,
those photons are coupled to the cavity mode, constitutireffective probe-power-dependent
control field for the VIT process. As the EIT group delay degeeon the control coupling
strength [[12], different probe Fock states experienceeddfit group delay and therefore an
incoming coherent-state probe pulse may be resolved imgoredf photon-number components
[19].

VIT requires strong coupling between a single atom and aya8., a single-atom cooper-
ativity parameter), = 4¢%/(xI') exceeding unity. Hergg, x, andI are the single-photon Rabi
frequency, cavity linewidth, and atomic linewidth (FWHMggspectively. For unity oscillator
strength the cooperativity parameter is a geometric gtyaasisociated with the cavity charac-
teristics alone, and can be written in terms of the finéSswaistw and wavenumbek of the
cavity mode as), = 24.F/(rk*w?) [24]. Our parametera = 27/k = 852 nm, w = 35um
andF = 6.3(5) x 10* yield a maximum cooperativity for a singl&*Cs atom at an antinode of
no = 7.2(5). The actual cooperativity available in the experiment is smaller, due to oscillator
strengthf., < 1 for the|g) < |e) transition in question, and spatial averaging of the caowpli
along the standing-wave resonator mode.

For probe light illuminating the ensemble from the side (Bl the amplitude transfer
functiont = e**/%/2 can be expressed in terms of the susceptibjlityat in the limit of weak

coupling on the probe transition (single probe photon)vegiby [12] 17, 18]

_NA—(n—AS)é—z’(n+1+52)
L (g 1-a8) + (a+5)

X = (1)

Here, N is the resonant optical depth of the ensemble with ledigdiong the probe beam, and
A =2A/T = 2(w, — wey)/T andd = 2(A — 8)/k = 2(w, — w, — w,s)/r are the normalized

probe-atom detuning and the “two-photon” detuning, respely (Fig.[1B), whereu,, w., w;;
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are the frequencies of the probe, cavity mode, and atormisitian [;) — |j), respectively.
Eq. [ can be obtained from the standard EIT expressian [1] states f;n, = 1;n. = 0),
le; 0;0), |g; 0; 1), wheren,, andn,. are the probe and cavity photon numbers, respectively, with
the cavity linewidthx assigned to the state; 0; 1) [17]. When both the probe field and the
cavity mode are resonant with their respective atomic ttians, A = § = 0, the transmission
probability is given by\t|2 = e_"%, i.e., the resonant optical deptMi is reduced by a factor
1 + 1 by the cavity vacuum field.

The observation of VIT requires substantial atomic absongh a transverse direction for
an optical resonator that operates in the strong coupling 1 > 1 for a single atom [5,/7,/8].
This parameter regime has recently been achieved with Bosein condensates in resonators
with small mode volume [25—27]. Here we use a relatively I6hg cm) cavity that allows us to
operate a magneto-optical trap f6tCs inside the cavity, and directly load uplt® atoms into
a far-off resonance optical-lattice trap operated3atnm inside the resonator. The three-level
system is chosen ag) = |65y, F = 3,mp = 3), |e) = |6P3/2,4,4), |g) = [651/2,4,4) to
provide a good combination of oscillator strengths in bathsa(f.; = 0.42, f., = 0.47). The
quantization axis is defined by a 1.6 G magnetic field alongptbpagation direction) of the
probe beam (Fid.J1). The'-polarized probe beam is tightly focused by an aspheric ters
waistw, = 2.3 um at the cavity mode. We achieve an optical depth uf'te- 0.4 by optically
pumping all atoms into thé” = 3 hyperfine manifold, and more than 90% into stgte The
thickness of the cloud along the probe beam is 20 xm at a typical temperature @00 pK,
with an estimated peak atomic densitylof x 10! 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 < |e) transition, the probe
frequency is scanned across tffe¢ — |e) resonance, revealing a Lorentzian absorption pro-

file with a linewidth of 5.46(7) MHz (Figl.12A), where the slighroadening over the natural
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Figure 2: Atomic absorption spectrum (A) and VIT spectral{Bfor different cavity-atom
detunings: (B)Y/(27) = 0.5 MHz, (C) 6/(27) = —2.2 MHz, (D) 6/(27) = 2.8 MHz. The
transmission probability (upper curves) and the probghilf emission into the cavity (lower
curves) are measured simultaneously versus probe-atamidgt\ by photon-counting detec-
tors D1, D2. Near the two-photon resonarkex § the absorption is suppressed by VIT, and
a fraction of the incoming photons is redirected into thetgabata for both processes for all
values of§ are simultaneously described by the VIT model describetertext (solid lines).



linewidth I"/(27) = 5.2 MHz is due to the laser linewidth. When the cavity mode is tune
close to thdg) < |e) transition, a transparency window opens up around tfhe— |g) two-
photon transition frequency (Fids. 2B-D). To prevent theumculation of atoms incoherently
pumped by the trapping light into thé = 4 hyperfine state whose absorption would spoil the
cavity finesse, the probe field is turned on and off eviens during the 2.5 ms long frequency
scan, and a depumping beam emptyingfhe 4 hyperfine state is turned on during the probe
dark times. The 4+s duration of the probe pulses is chosen so that the moduHateéuced
frequency broadening is smaller than the cavity linewigt2r) = 173(13) kHz. To probe
the steady-state response of the system as described by, Ba restrict the analysis to times
t > 0.5 us where transients associated with the width of the traesgpgrwindow(1 +7)x have
decayed. At the probe power 220 fW and the optical depth of/ = 0.4, we post-select data
for t < 2.6 us such that the total number of absorbed photofstisc 1.

The VIT spectra for various atom-cavity detunings, as wsltlee accompanying photon
leakage from the cavity mode, as shown in Figs. 2B-D, can ipelsineously fit to the VIT
model, Eq[l. While the vacuum Rabi splitting is not obselwab our parameter regime
(n > 1 but2g < I'), the transparency in a narrow window is clearly enhanceduantum
interference. The observed resonance is slightly brodwder predicted by the model, due to a
small, independently observed line broadening of 200 kldrzithcaused by atom-induced shifts
of the cavity mode frequency that fluctuate with the numbdoafled atoms. The spectra also
reveal a small contribution from the four times weaker Vidnsition| f) <> |e) <> |651/2,4,3)
that is two-photon Zeeman shifted by 0.6 MHz.

As in standard EIT, the index of refraction= /1 4+ Re(x) is unity on resonancé& =
0 = 0, and varies sharply with probe frequengy for fixed cavity detuningy = 0, giving
rise to a reduced probe group velocity = ¢/ <n + wpf—uf;) < ¢ [11,12]/15]. Pulses that are

sufficiently narrow spectrally to fit into the transparenapaow should therefore according to
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Figure 3: Vacuum-induced group delay of a probe pulse. Taelkwircles show the probe pulse
in the absence of atoms, the red crosses indicate the prdde tpaveling through the atomic
medium on VIT resonancA = ¢ = 0. The observed delay induced by the cavity vacuum field
is T = 25(2) ns. The delayed pulse experiences absorption and has Isstec by a factor
1.6 for easier visualization of the group delay.



Eq.[1 experience a maximum group delay/ [12}gf, = /{W During this delay time, the
incoming probe photon is in part stored as a stationary phioide the optical resonator for up
to a timex~!, while a spin excitation with one atom in state is simultaneously created in the
ensemble. The delay decreases with increasjrigecause a stronger control field reduces the
population in stateg), and a smaller fraction of the photon is stored in the cawtoadingly.
Figure[3 shows a Gaussian puls€lef = 1.73 us duration that is delayed by the vacuum by
7 = 25(2) ns, close to the valug5 ns calculated from Ed.] 1 for the measured optical depth
N = 0.5 (achieved in a double-pass geometry). The small discrgparexplained by small
(~ 200 kHz) atom-induced fluctuations of the cavity resonanceuesgy as described above.
While the absolute delay, corresponding to a group velocity of = 1600 m/s, is small in
the present system due to the relatively small optical depthithe observation nevertheless
establishes experimentally that a vacuum input contrdd fagn delay a probe pulse. Larger
delays can be achieved by increasing either by enhancing the atomic density via further
optical cooling[[28], or by means of a multi-pass geometntii@ probe beam.

Unlike standard EIT, the VIT process is intrinsically nodar at the single-photon level:
In EIT the classical control field with very large photon nwenkn.) > 1 alone determines
the transparency window and group velocity of the probetligi8, 15]; there is no dependence
on the weak probe field with photon number,) < (n.). On the other hand, in a VIT sys-
tem the control field is initially the vacuum, and the trangpay window and group delay
vary strongly withn,, which setsn. as described earlier. To demonstrate the strong optical
nonlinearity intrinsic to the VIT system, we directly varyet average cavity photon number
(n.) by exciting the cavity mode with a weak laser beam, and measerprobe transmission.
With the cooperativity; replaced by a free parameter, we fit the measured spectréo(gee
inset to Fig[ 4 as an example) using Ef. 1 and taking into atcie spatial variation of the

cavity coupling. Fig[4 shows the thus extracted effectiveperativity at an antinodg vs.
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Figure 4: VIT as a limiting case of EIT: Effective cooperdtyvn at an antinode as a function
of average cavity photon numbér,.) from fits to measured spectra as shown in the right lower
inset for(n.) = 22. The effective cooperativity is expected to scalg as7y((n.)+ 1), and we
find good agreement with a linear fit. The upper left inset shtive peak transparenéy vs.

(n.), demonstrating that even one control photon substanthyges the transmission. Error
bars indicatet 10 standard deviation.
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(n.). Because the control Rabi frequency is giventhy= 2g+/n. + 1, we expect a linear
dependence of on (n.) with a slopem equal to the y-axis intercepf. A linear fit to the
data for(n.) > 2, where the atom-induced cavity line broadening has ndajégffect, yields
m = 3.7(1), = 5(1) and the ratiaj,/m = 1.4(3), in reasonable agreement with the model
that predictsn = 7y = f.,n0 = 3.4. The upper inset shows the peak transparénes. (n.).
The transparency is defined@s= (7" —T')/(1 — T'), whereT”(T") denotes the resonant trans-
mission with (without) the control field, aril = e~V = 0.67. This plot shows that a substantial
transparency increase over the vacuum-control level saloeady for one intracavity photon.
In the future, it should be possible to use this effect, éag.a non-destructive measurement of
the the intracavity photon numbér [20]21].

We have demonstrated that a vacuum field can generate adransp window in an ensem-
ble of three-level atoms, and observed the associated glelay. By using a cavity-enhanced
control field, we could substantially modify the transmigsof an atomic ensemble with 10
control photons. We also note that two probe beams, even pédsing through spatially sepa-
rated regions of the atomic ensemble, should influence ethein®group velocity through the
common interaction with the cavity mode, paving the way taitgamediated strong photon-
photon interaction and quantum gates [1, 2]. In such a gagntbe technical roadblocks as-
sociated with both cavity-coupling losses|[2, 6,17, 9] andiomal and state control of single
atoms|[8,29] are bypassed. More generally, this work offeggprospects of strongly nonlinear,
multimode quantum optics, with a realistic outlook for adead quantum devices operating

coherently with single photons.
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