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By illuminating an individual rubidium atom stored in a tigh t optical tweezer
with short resonant light pulses, we create an efficient trigered source of sin-
gle photons with a well-defined polarization. The measurednitensity correla-
tion of the emitted light pulses exhibits almost perfect anbunching. Such a
source of high rate, fully controlled single photon pulses &s many potential

applications for quantum information processing.



Implementing a deterministic or conditional two qubit gttan gate is a key step towards
quantum computation. Deterministic gates generally megaistrong interaction between the
particles that are used to carry the physical quifffsRecently, controlled-not gates have been
realized using trapped ions and incorporated in elabonaa@tgm algorithms3,B,@). So far,
individually addressed two qubit gates have not been detraiad with neutral atoms. Promis-
ing results have been obtained on entangling neutral at@mg @old controlled collisions in
an optical latticef), but the single qubit operations are difficult to perfornsich a system.

Another approach is to bypass the requirement for a diréetantion between the qubits,
and use instead an interference effect and a measurentrteth state projection to create
the desired operatiorf([]). An interesting recent development of this idea is to usetqin
detection events for creating entangled states of two af@®£0). This provides “conditional”
guantum gates, where the success of the logical operatlmeradded by appropriate detection
events. These schemes can be extended to realize a fulbbedtnot gate, or a Bell-state
measurement, or more generally to implement condition&bpnoperationsff,[[1). They
could be implemented by using, for instance, trapped if@iB}s or atoms in microscopic dipole
traps. These proposals require the controlled emissiamdidtinguishable single photons by at
least two identical emitters.

Various single photon sources have been implemented usiidysate systems as well
as atoms or ions. Solid-state systems such as single mesgautrogen-vacancy centers in
diamond or quantum dots allow high single photon rgi&. (However, realizing truly identical
sources is a major problem for such systems, due to inhonedtgesin both the environment
of the emitters, and the emitters themselves. Another @gprcs provided by sources based
on neutral atomsfld, [[5) or ions [[8) strongly coupled to a mode of a high-finesse optical
cavity. Such sources are spectrally narrow, and the phamm&mitted into a well-defined

spatial mode, thus opening the way to coherent couplingefjtrantum state of single atoms



and single photons. However, the rate at which the systeneainphotons is limited by the
cavity and is often low in practice. Moreover, the need taaahthe strong coupling regime of
cavity quantum electrodynamics remains a demanding exgetal requirement.

We present a triggered single-photon source based on & sidgilium atom trapped at the
focal point of a high-numerical-aperture lens (N.A).%). We also show that we have full con-
trol of the optical transition by observing Rabi oscillat®o Under these conditions our system
is equivalent to the textbook model formed by a two-levehatlriven by monochromatic light
pulses. Previous work has shown that by using holograpblnigues one can create arrays
of dipole traps, each containing a single atom, which candoeessed individuallyfI(7). The
work presented here can therefore be directly scaled to twiwooe identical emitters.

We trap the single rubidium 87 atom at the focus of the lensguai far-detuned optical
dipole trap (810 nm), loaded from an optical molasses. Theedans is also used to collect
the fluorescence emitted by the atom (Fig. 1). The experiahapparatus is described in more
detail in referencedl8,[[9). A crucial feature of our experiment is the existence ofallisional
blockade” mechanisnfl]) which allows only one atom at a time to be stored in the trép: i
second atom enters the trap, both are immediately ejectdtisiregime the atom statistics are
sub-Poissonian and the trap contains either one or zeran@ret two) atoms, with an average
atom number 00.5.

The trapped atom is excited withns pulses of laser light, resonant with thg,, F' =
2 — Py, I’ = 3 transition at780.2 nm. The laser pulses are generated by frequency dou-
bling pulses at 1560 nm, generated by using an electro-aptitulator to chop the output of
a continuous-wave diode laser. A fiber amplifier is used tesbtiee peak power of the pulses
prior to the doubling crystal. The repetition rate of thersalis5 MHz.

Fluorescence photons are produced by spontaneous emigsioithe upper state, which

has a lifetime oR6 ns. The pulsed laser beamds-polarized with respect to the quantization



axis defined by a magnetic field applied during the excitatibhe trapped atom is optically
pumped into theF' = 2, mp = +2 ground state by the first few laser pulses. It then cycles
ontheF =2 mp = +2 — F' = 3, m} = +3 transition, which forms a closed two-level
system emittingr " -polarized photons. Impurities in the polarization of thesed laser beam
with respect to the quantization axis, together with thgdasandwidth of the exciting pulse
(250 MHz), result in off-resonant excitation to th¢ = 2 upper state, leading to possible de-
excitation to theF” = 1 ground state. To counteract this, we add a repumping lasenaat
with the F = 1 — F’ = 2 transition. We check that our two-level description isl stlid in
the presence of the repumper by analyzing the polarizatidheoemitted single photons (see
supporting online text for further details).

The overall detection and collection efficiency for the tigimitted from the atom is mea-
sured to be).60 + 0.04%. This is obtained by measuring the fluorescence rate of tma &ir
the same atomic transition driven by a continuous-wavegb@am, and confirmed by a direct
measurement of the transmission of our detection systeers(ggporting online text).

For a two-level atom and exactly resonant square light gu$éixed duratiorl’, the prob-
ability for an atom in the ground state to be transferred éekcited state isin*(27/2), the
Rabi frequency? being proportional to the square root of the power. Theecfloe excited state
population and hence the fluorescence rate oscillates astdmsity is increased. To observe
these Rabi oscillations, we illuminate the trapped atonm Wit laser pulses duringms. We
keep the length of each laser pulse fixed ats, with a repetition rate af MHz, and measure
the total fluorescence rate as a function of the laser powee Rabi oscillations are clearly
visible on our results (see Fig. 2). From the height of the pesak and the calibrated detec-
tion efficiency measured previously, we derive a maximumitation efficiency per pulse of
95 £+ 5%.

The reduction in the contrast of the oscillations at higletgmwer is mostly due to fluctua-



tions of the pulsed laser peak power. This is shown by theréieal curve in Fig. 2, based on
a simple two-level model. This model shows that th&; relative intensity fluctuations that we
measured on the laser beam are enough to smear out thetastslias observed.

The behavior of the atom in the time domain can be studied ingusne resolved photon
counting techniques to record the arrival times of the detephotons following the excitation
pulses, thus constructing a time spectrum. By adjustindaber pulse intensity, we observe
an adjustable number of Rabi oscillations during the doredif the pulse, followed by the free
decay of the atom once the laser has been turned off. The effpalses close ta, 27 and37
are displayed as inserts on Fig. 2, and show the quality ottherent control achieved on a
single atom.

In order to use this system as a single photon source, thepgaser is set to realize a
pulse. To maximize the number of single photons emittedrieedfte atom is heated out of the
trap, we use the following sequence. First, the presence afan in the dipole trap is detected
in real-time using its fluorescence from the molasses lighén, the magnetic field is switched
on and we trigger an experimental sequence that alterbafgss periods of pulsed excitation
with 885 us periods of cooling by the molasses light (Fig. 3). The repimg laser remains
on throughout, and the trap lifetime during the sequenceeasured to b84 ms. After100
excitation/cooling cycles, the magnetic field is switchédamd the molasses is turned back
on, until a new atom is recaptured and the process begina.a@a average, three atoms are
captured per second under these conditions. The average reade during the excitation is
9600 s~!, with a peak rate o9000 s~! (corresponding to twice the first peak in Fig. 3)

To characterize the statistics of the emitted light, we meashe second order temporal
correlation function, using a Hanbury Brown and Twiss typewp. This is done using the
beam splitter in the imaging system (Fig. 1), which senddltlerescence light to two photon-

counting avalanche photodiodes that are connected to aréggitution time-to-digital conver-



sion counting card in a start-stop configuration (resotutbabout 1 ns). The card is gated so
that only photons scattered during this us periods of pulsed excitation are counted, and the
number of coincidence events is measured as a function ay.d€he histogram obtained after

4 hours of continuous operation is displayed in Fig. 4, andvsh@ series of spikes separated
by the period of the excitation pulsez)() ns). Thel /e half width of the peaks i&7 + 3 ns,

in agreement with the lifetime of the upper state. No backgdocorrection is done on the
displayed data. The small flat background is attributed toaidences between a fluorescence
photon, and an event coming either from stray laser lightabr5 counts/sec), or dark counts

of the avalanche photodiodes (abat6 counts/sec). When these events are corrected for, the
integrated residual area around zero delay/4% + 1.2% of the area of the other peaks.

We calculate Q) that under our experimental conditions, the probabilityetnit exactly
one photon per pulse 8981 whereas the probability to emit two photons0i®19. These
two-photon events would show up in the correlation curveaasoidences close to zero delay
(still with no coincidences at exactly zero delay). From oalculation, the value for the ratio
of the area around zero delay compared to the othe¥§s, in excellent agreement with the
experimental results.

Finally, we discuss the coherence properties of the empttetons, necessary for entangle-
ment protocols based on the interference between two ehptietons, either from the same
atom or from different atoms. As our collection optics ar#frdction-limited, the outgoing
photons should be in a single spatial mode of the electroetagfield. As far as temporal
coherence is concerned, the main limiting factor appealsetthe motion of the atom in the
trap, which can be controlled by optimized cooling sequsncé@/e then anticipate that our
source should be Fourier-limited by the lifetime of the éadistate. We are now working to
characterize the coherence of our single-photon sourcktcanse it to observe multiple atom

interference effects.
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Polarization analysis of the emitted single photons

As explained in the main text, polarization imperfectioead to a depumping process to the
F =1 ground state. A repumping laser is used to counteract tbisggs and minimize devia-

tions from the two-level behavior.

To check the validity of our two-level description, we hamedstigated the effect of impurities
in the polarization of the pulsed laser beam with respediéaquantization axis. We measure
that on average the atom is pumped into #he- 1 ground state by spontaneous emission after
120 excitations. In the presence of the repumping lightt@eguation model of the repumping
process (including the repumping laser as well as the pudgeiiation) shows that the atom
spends more than 90% of its time on the cyclifig= 2, mp = +2 — F' = 3,m = +3

transition, as desired.

In addition, we have measured the polarization of the ethltgght, using a polarizer to select
fluorescence light either polarized perpendiculady 6r parallel () to the quantization axis.
For a narrow collection angle, would correspond to the circularly polarized photons esditt

on the cycling transition, anfl to = polarized photons. Here, the measured conti&st —
R))/(R.+ R)) = 72(£2)%, whereR, andR are the count rates perpendicular and parallel to
the quantization axis respectively. The largest part o tlepolarization is actually due to the
very large numerical aperture (N.A. = 0.7) of the collectiens, which decreases 1@ % the
maximum contrast obtainable for puretypolarized fluorescence. From the measured contrast

of 72%, we calculate that% of the collected photons arepolarized and we attribute this to



photons induced by the depumping-repumping processes.nlimber is compatible with the

results of the rate equation model discussed in the preyiategraph.

Collection and detection efficiency

The overall collection and detection efficiency(6f60 + 0.04)% is obtained by measuring the
fluorescence rate of the atom as a function of the power of #meus-wave probe beam.
Since the saturated photon emission rate for a closed tve4gstem id"/2, wherel is the

inverse of the natural lifetime, the collection and detattefficiency can be obtained directly

from the measured count rate.

This value is compatible with that obtained from a directlesion of the transmission of our
detection system. The transmission of our lens is measorbd&7% and its collection solid
angle is0.15 x 47 sr. Because the emission pattern éor-polarized photons is not isotropic,
the effective solid angle of collection must be correctecafgctor of85%. The transmission
of the optical elements in the imaging systemd$o. Finally the light passes through a pinhole
before illuminating the avalanche photodiode. The largesertainty is in the combination of
the pinhole transmission and photodiode quantum efficiewbych is estimated to be around
10%. Multiplying all factors gives an overall collectiondadetection efficiency compatible

with the0.6% quoted above.
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Figure 1. Schematic of the experiment. The same lens is used to foeudiplole trap and
collect the fluorescence light. The fluorescence is sepghiate dichroic mirror and imaged
onto two photon counting avalanche photodiodes (APD),quladfter a beam-splitter (BS). The
insert shows the relevant hyperfine levels and Zeeman selble¥ rubidium87. The cycling
transition is shown by the arrow. Also shown is the neaftyy= 2 level responsible for the

depumping.

Figure 2. Total count rate (squares) as a function of the average paoftbe pulsed beam, for
a fixed pulse length of ns and a repetition rate 6fMHz. The solid line is a theoretical curve
using a simple two-level model that includes spontaneousstom and intensity fluctuations.

The inserts show the time spectra for the laser intensiagsponding tar, 27 and3x pulses.

Figure 3. Fluorescence signal measured by one of the two photodiagegdhe experimental
sequence, averaged o@2958 cycles. Peaks are observed corresponding ta theis periods
of pulsed excitation, separated by periods of lower flu@ese induced by the molasses light
during thes85 us of cooling. The exponential decay of the signal is due fieéiine of the atom

in the trap, which i$4 ms under these conditions. Insert: A close-up of the sigeally shows

the alternating excitation and cooling periods.

Figure 4. Histogram of the time delays in the start-stop experimeihe fistogram has been
binned4 times leading to &.7 ns time resolution. No correction for background has beettiema
The absence of a peak at zero delay shows that the sourcetiggraingle photons. During
the4-hour experimental runt3895 sequences were completed, which corresponds to a total of

505 seconds of excitation. A total df83 x 10° photons were detected by the two photodiodes.
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