Towards high-fidelity interference of photons emitted by two remotely trapped 8’Rb atoms

Wenjamin Rosenfeld,?* Julian Hofmanr, Norbert Ortegef, Michael Krug?
Florian Henkel Christian Kurtsiefe? Markus Webe# and Harald Weinfurtér?2

IFakultat fur Physik, Ludwig-Maximilians-Universitat Méimen, D-80799 Miinchen, Germany
2Max-Planck-Institut fur Quantenoptik, D-85748 Garchir@ermany
SDepartment of Physics, National University of Singapor&7843 Singapore

We investigate the requirements for achieving high-figialiterference of photon pairs emitted by two in-
dependently trappe®’Rb atoms at remote locations. For this purpose one has toesirlistinguishability
of the single photon wave packets. The crucial parameteesdre the synchronization of the two setups, the
frequency matching of the photons, as well as their spatialeroverlap. We show that in our experiment these
parameters can be controlled to a high degree. This is at@stewards entangling two trapped atoms over a
large distance.

PACS numbers: 03.67.Mn, 42.50.Dv, 42.50.St

I. INTRODUCTION hyperfine ground level. This system provides the necessary
prerequisites for achieving entanglement over long degtan

Entanglement between remote atomic quantum memorieP%reViOUSIV we already demonstrated entanglement between
t

is a key resource for future applications in quantum commu- € spin of_the atom and polarization of a single, sponta-
neously emitted photon [10], as well as long coherence time

’,ﬂ{_the involved atomic states [11], sufficient to implemdre t
glement swapping [2]. This protocol consists of two steps. | entanglement swapping protocol. In addition we have estab-

the first step each memory device is entangled with a photoniluj:Sthlijln optgl:_al fllber I|3I_< with agt_lve_l;)ol_anzaftlon stat
carrier of quantum information. Then a Bell-state measuret©" [11] enabling long-distance distribution of atom-firo

ment is performed on the photonic carriers thereby prajgcti entanglement. .
the atomic system onto a maximally entangled state. Here we describe the next step, where we connect the two

atomic traps in order to observe quantum interference of sin
%Ie photons emitted by the atoms. The major building blocks
of this experiment will be analyzed and estimates on achiev-
able performance will be derived.

is used as the information carrier, the Bell-state measeném
on two photons can be performed by interfering them on a 50
50 beam splitter [3, 4]. The Hong-Ou-Mandel effect [5] leads
to bunching of indistinguishable photons, i.e. both p&etic
leave the beam splitter from the same output port. It can bg; REQUIREMENTS FOR ACHIEVING HIGH-FIDELITY
shown that for entangled input states only the antisymmetri 2-PHOTON INTERFERENCE

state|W—) = %(|H> [V)—|V)|H)) does not bunch and can be

therefore detected since the two photons go into differatt 0 |4 order to achieve a high fidelity Bell-state projection it
puts of the beam splitter. A polarization analysis of the-phojs necessary to ensure that the contrast of interference is a
tons aftelr interference additionally allows to detect thades high as possible [12]. Therefore the two interfering phston
(W) = 25 (IH) V) +|V) |H)) where two orthogonally polar- need to be indistinguishable in all degrees of freedom excep
ized photons go into the same output port. It can be showpolarization. This implies in particular:

that this method is optimal for detecting Bell states witi i

ear optics [6]. The feasibility of this scheme for separated
atomic systems was demonstrated by observing quantum in-
terference of photons emitted by two atomic ensembles [7]
and by entangling two trapped ions [8] and atomic ensembles
[9] over small distances. However in these experiments the
atomic systems were not independent as they shared a com- e Spatial mode overlap: the matching of the spatial modes
mon laser system and the separation was maximally few me-  for both photons directly influences the interference
ters. contrast.

The goal of our current research is to entangle two single
8’Rb atoms which are stored in independent optical traps at
remote locations separated by several hundred meters. The
gubits are encoded into Zeeman sublevels of ﬂ&/;}, F=1

e Temporal mode overlap: the photonic wave packets
of identical shape need to arrive simultaneously. This
requires exact synchronization of the two independent
trap setups on a timescale much shorter than the coher-
ence time of the emitted photons (2@s).

e Spectral mode overlap: the frequency distribution of
the wave packets has to be identical. Here the exter-
nal factors affecting atomic states like magnetic fields
and light-shifts need to be considered, additionally the
motional Doppler effect is important.

In the following we will consider the mentioned points in
*corresponding authowenjamin.rosenfeld@physik.uni-muenchen.de more detail.
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Figure 1: a) Principle of generation of single photons whoslar- fiber
ization is entangled with the atomic spin. b) The emittedtphs [
are collected by an objective and coupled into a single-nupdieal trap 2 trap 1

fiber for interference experiments.
Figure 2: Two synchronized atomic traps located in sepdedie-
ratories. The optical excitation pulses are shaped by &maysic

. SINGLE ATOM TRAPS AND GENERATION OF modulators (AOMs) such, that the emitted photons arriveultam
SINGLE PHOTONS neously at the fiber beam splitter (BS) for interference. fiiméng

is controlled by two electronic pattern generators drivgraltom-

. . 2 . . mon clock. The photons leaving the beam splitter are detduye

In our experiment singl&’Rb atoms are stored in two opti- ayalanche photodetectors (APDs) after their polarizatias ana-
cal dipole trap setups [13] situated in neighboring labanias  |yzed by polarizing beam splitters (PBS).

20m apart. The traps are generated by focused Gaussian laser
beams (waistvg = 3.5um for the first trap anavg = 1.9um
for the second) at a wavelength of 856nm. The trap depthdently at the location of each atom. Hence the optimization
areUp = kg -0.65mK andUp = kg - 1.5mK, respectively. The of the temporal overlap requires exact timing. In more detai
loading is performed from laser-cooled clouds off100* it implies also that the shape and the Rabi frequencies of the
atoms of shallow magneto-optical traps (MOTSs). Typicgdtra excitation pulses have to be matched.
ping times in the dipole trap are about-3.0s. The synchronization of the setups is achieved by using a
The scheme for generation of atom-photon entanglemerommon electronic clock generator, see Fig. 2. Its signal
is shown in Fig. 1(a). It starts with.@us of optical (100MHz sine wave) drives two programmable electronic pat-
pumping which prepares the atom in the initial staf&%,  tern generators [14] with a time resolution of 20ns. The
|[F =1, mg =0). Then the atom is excited to the sta?@{;z, measured jitter between the two generator@ds = 31ps
|F' =0, mes = 0) by a short optical pulse (more details on op- RMS. The pulses provided by the generators are electroni-
tical pulses are given in Section IV). In the following spant  cally shaped and fed into acousto-optic modulators (AOM)
neous decay a single photon is emitted whose polarization ighich shape the optical excitation pulses. This shape is ap-
entangled with the atomic spin [10]. In order to maximize theproximately Gaussian with a FWHM of Z3ns and is identi-
photon generation rate, the pumping/excitation procedure cal for the two setups. The time jitter between the electroni
repeated 20 times, which takes J0€) after that laser cooling and the optical pulses was measured in both setups with a fast
is applied for 20Qus to avoid atom loss out of the trap due to Photodiode givingoe, = 280ps. This results in a total jit-
heating. This sequence achieves an excitation repetiiten r ter between the optical excitation pulses in the two traps of
of 66 kHz. Oo0 = 400ps, far below the lifetime of the relevant excited
The light emitted by the trapped atoms is collected by high-atomic state.
NA objectives and coupled into single mode optical fibers, The shapes of the single photon wave packets are mea-
see Fig. 1(b). The collected photons can be detected eithétired by repeated excitation of the atoms and recording the
locally or guided to the other laboratory for interferense e arrival times of the photons. The histograms of arrival 8me
periments. The overall local detection efficiencies for- sin are shown in Fig. 3. In order to achieve maximal overlap of
gle photons emitted by the atoms age = 1.2-10°2 and  the interfering single photons we have matched the intessit
n2 = 1.8-10 % including the collection efficiency and quan- respectively the Rabi frequencies of the excitation pubses
tum efficiency of the used single photon counting avalanch€omparing the steepness of the rising edges. The calculated

photo-detectors (APDs, Perkin-Elmer SPCM-AQR15). overlap of the two wave packets in Fig. 3 i989. Due to
measurement noise this value represents only a lower bound
on the real temporal overlap.
IV. SYNCHRONIZATION OF TWO INDEPENDENT
ATOMIC TRAP SETUPS
V. THE BEAM SPLITTER

To maximize the temporal overlap of the interfering pho-
tons at the beam splitter the optical excitation proceski®go In order to ensure perfect spatial mode overlap in the inter-
two atoms have to be synchronized with high precision. As théerence process, a single-mode fiber beam splitter is usisd. |
two atomic traps operate independently, there is no commobased on evanescent coupling between two single-mode fibers
laser system and the excitation pulses are generated imdepeavhich are brought closely together. The length of the intera
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tion region is tailored to achieve the desired cross-cogpli therefore the kinetic energy of the atom becomes an impor-
which in our case is 8. The relevant figures of merit of tant parameter. In the following we will consider these etffe
such a beam splitter are the splitting ratio and its poléidoma  in more detail.
dependence which directly affect the quality of interfexen
The splitting ratios of the used device were characteriaed t
beTy = 0.527,Ry = 0.473,Ty = 0.505,R, = 0.495, where A. Light-shifts
Ty, Ry, Tv andRy are polarization-dependent intensity trans-
mission/reflection coefficients. One has to keep in mind that The working principle of the optical dipole trap is based
due to birefringence in the input and output fibers the polaron Jowering of the atomic ground levels in the presence of an
ization in the splitting region is in general unknown, evén i jntense, far-detuned optical field. At the same time thegner
the device is compensated such that the polarization betweeyf the excited states is typically raised, leading togetbem
all inputs and outputs is preserved. overall variation of the frequency of the optical transitithe
The method for Bell state measurement in our experimengo-called light-shift. This shift is position-dependentialue
is based on joint detections of orthogonally polarized Iging to the thermal motion of the atom also time-dependent. It
photons after interference on the beam splitter, heralping  |eads to an incoherent broadening of the emission spectrum
jection onto stategb™) = =5 (|H) [V) £[V) |H)). Astraight-  and can thereby reduce the achievable interference cantras

forward calculation shows that in the case of ideally iridist In order to eliminate the light-shifts in our experimength
guishable photons the interference contrast is deternbiged dipole traps are switched off during the excitation/enaissi
the properties of the beam splitter as processes for 140ns. This time is on the order of 1% of the

shortest oscillation period in the trap (46), thus the reduc-

Ops— 2V THIVRHRy (1)  tion of the lifetime in the trap is very small. With this metho
BS RHR/ +THT the emission of the photon takes place in “free space” and is

therefore not subject to light-shifts induced by the di .
With the values given above we arrive@gs = 0.998. This J 9 y Hokp

imposes a limitation on the maximal achievable fidelity for a

photonic Bell-state projection of B. Zeeman shifts
1
BS
Fmax= §(1+ Qgs) = 0.999 The second important contribution to the shifts of atomic

transition frequencies is the Zeeman effect induced by
external magnetic fields. The relevant ground states
VI. SPECTRAL CHARACTERISTICS OF THE EMITTED |[F =1, me ==£1), Fig. 1(a) experience a magnetic shift of
PHOTONS +271-0.7MHz/G, while the excited statF’ = 0, mg = 0) is
not subject to first-order Zeeman shift. Thus, in presenee of
The spontaneous atomic emission process is very favorableagnetic field the degeneracy of the ground states is lifteld a
for interference experiments due to the well-defined fregye the transition frequency of the two decay channels becomes
and long coherence length of the emitted photons. Howevedlifferent. This would have two consequences. First, the fi-
the atomic transition frequencies are subject to shiftstvgre  delity of the spin-polarization entanglement between thena
nal electric/magnetic fields. Additionally, the thermaltina and the photon is reduced since the two decay channels be-
of the atom in the trap will lead to Doppler broadening andcome distinguishable. Second, the spectral distinguibtyab
leads to a drop in the fidelity of the two-photon interference
In our traps the magnetic fields are actively stabilized te va

0.025¢ ues ofB < 10mG. For a worst-case estimation we assume that
, 0020} the field permanently takes its highest value of 10mG. This
= corresponds to a shift of the Zeeman states-@ft- 7 kHz.
% 0015k The relative shift of corresponding Zeeman states between
s atoms in two traps is2- 14kHz in the extreme case of the
#+ 0.010F fields being oriented in opposite directions. The reduatibn
[ the spectral overlap due to the latter frequency mismatoh is
0.005 } the order of 510°° as can be verified using (4). Thus, the
Zeeman shift does neither degrade the fidelity of atom-photo

0 , , . _ .
490 240 460 480 500 530 540 B0 580 entanglement nor the quality of two-photon interference.

photon detection time (ns)

Figure 3: Histograms of the arrival time of single photonstted by C. Doppler shifts
two optically trapped atoms after passing a fiber beam eplithe
arrival times were measured independently with respecttmanon Due to the finite temperature of the atoms they are subjectto
clock. Both histograms are individually normalized witlspect to  residual thermal motion. The component of this motion along
the total number of events. the axis of the collection optics causes a first-order Dapple
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shift, while the transverse velocity components only lead t D. Spectral overlap of the photonic wave packets
negligible higher-order (relativistic) shift. Therefdtes suf-
ficient to consider only the velocity distribution for theiaix The obtained frequency differences of the two photons

degree of freedom of the atomic motion in the trap. Since theaysed by Doppler shifts allow us to calculate the spectral
thermal energy of the atom is much lower than the trap deptheyerlap of the two interfering single photon wave functions
the trapping potential can be considered harmonic. The dign order to simplify the calculation we assume that the exci-
tribution of the kinetic energy is that of a one-dimensionaltations of both atoms are performed instantaneously artd tha
harmonic oscillator in thermal equilibrium, which is given  the wave packets arrive simultaneously at the beam spditter

1 Evin t = 0. Then their wave functions can be expressed as

P(Ein) = = exp(— 1)
kin) = —=——=—=—=—— ——).
V/keT vExi keT 1 t .

" lg) () = \/—?exp(—z)exp(—lwot)
This leads to a Gaussian velocity distribution for the asi 1 ¢
gree of freedom - __ i,

Yo (1) = —expl—r) expl-icht)
1 m mv2 _
p(v) = NS eXp(—w)a (2)  fort>0,and|yrp) (t) =0fort <0, wherer = 26.2ns is the

lifetime of the excited level ?Pg/z and ay, w{) are the center
with a standard deviation af, = \/ksT /m, wherem=1.44.  frequencies. The spectral overlap is given by
10 %°kg is the mass of &Rb atom. The first-order Doppler 1
shift for the frequencyw is given byAw = w-v/c, and the A T
standard deviation of the corresponding frequency distioh 1+ 10w
is theno, = w- oy/c.

(4)

. whereAw = wy — ay, is the difference in center frequencies
The temperatures of the atoms in the two traps were ME3t the two wave packets. Including the spread of the center

sured with dn‘feren_t techniques. For the f!rst_trap_the tempe frequencies (3) the expectation value of the spectral apésl
ature was determined by a spectroscopic linewidth analysis

giving 105uK [13]. For the second trap it was measured by 1 0 1 Aco?
lowering the trap depth [16] yielding a temperature of.& e p— / d(AW) ——73 eXp(—5—>—) = 0.9993
These temperatures were measured directly after loadang th v w;re wyrel

atom into the trap. One has to keep in mind that during th
repeated pumping/excitation procedure additional pretoa
scattered by the atoms leading to an increase of kinetiggner
However, as the pumping and excitation beams are applied or-
thogonally to the axis of the collection optics (which iscals
the axial direction of the trap) this influences only the ghdi
degrees of freedom. The transfer of energy to the axial @egre . . )
of freedom, where the oscillation frequencies are one order !N this paper we have analyzed the requirements for achiev-
of magnitude smaller, is a slow process induced mainly by thég high-fidelity interference of single photons emittechvp
anharmonicity of the trap. One burst of 20 pumping/exatati '€motely trapped atoms. The necessary synchronization of
attempts takes 1Q@s before additional cooling is applied, tWo independentremote trap setups was obtained providing a
this is less than one axial oscillation period (1800us) and ~ temporal overlap of photonic wave packets in excessa8a.
therefore the exchange of energy between the degrees of freEn€ spectral overlap of the wave packets was found to be lim-
dom is negligible. On average approximately 52 photons aré€d by Doppler shifts caused by the thermal motion of the
scattered during the burst.@lphotons for pumping and 1 per atoms in the traps. With the help of temperature measure-
excitation attempt). The momentum diffusion which is calise MenNts on the atoms in the traps this factor was calculated giv
by emission of 52 photon momenta intar4olid angle corre-  iNg @ spectral overlap of8993. Finally, the beam splitter was
sponds to a standard deviation of roughRkéer degree of analyzed, showing that it should allow an interference con-
freedom which is small compared to the thermal distribution trast of 0998 due to perfect spatial mode overlap and only
Thus the kinetic energy in the relevant axial degree of foeed Small imperfections in the splitting coefficients. One has t
practically does not increase during the pumping/excitati k€€p in mind that the fidelity of the actual atom-atom entan-
procedure. glement will be affected by many additional factors. These
Inserting the measured temperatures into (2) we arrive dficlude purity of the generation of single photons which are
frequency spreadsy,1 = 27T- 1285kHz for a photon emit- entangled with the atoms, residual polarization errorsndur
ted in the first trap andy, » = 21T- 94.6kHz for the second. Propagation through fibers, compensation of birefringesfce
This results in a relative frequency spread between the phdhe fiber beam splitter, etc. The results presented in this pa

erhus the spread of the emission frequencies of the two pho-
tons can be neglected.

VIl. CONCLUSION

tons emitted by the remotely trapped atoms of per show that our system provides a highly accurate means for
performing a Bell-state measurement on single photons emit
[ 2 or ted by remotely trapped atoms which is a major prerequisite
Owrel = \/ Op1 + 045 = 27T 1596kH2 (3) for long-distance atom-atom entanglement [17].
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