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Tunable delay of
entanglement

A. M. Marino', R, C, Pooser’, V, Boyer'™* & P. D. Lett!

Entangled systems display correlations that are stronger than can be
ebtained classically. This makes entanglement an essential resource
fer a number of applications, such as quantum information pr{n:ef-;m
sing, quantum compuling and quantwm communications™”, The
ability to control the transfer of entanglement between dl.fferem
locations will play a key role in these quantum protocols and enable
quantum networks”, Such a transfer requires a system that can defay
quantum correlations without significant degradation, effectively
acting as a short-term quantom memory, Animpertant benchmark
for such systemns is the ability to delay Finstein-Podolsky-Rosen
(EPR) levels of entanglement and to be able to fune the delay. EPR
entanglement is the basis for a number of quantumm protocols,
aHowing the remote inference of the properties of one system (te
better than its standard quantum limit) through measurements on
the other correlated system. Here we show that a four-wave mixing
process based on a double-lambda scheme in hot **Rb vapour
allows us 1o obtain an optically tunable delay for EPR entangled
bearns of light. A significant maximum delay, of the order of the
width of the cross-correlation function, is achieved. The fowr-wave
mixing also preserves the quantum spatial correlations of the
entangled beams. We take advantage of this property to delay
emangled images, making this the first step towards a quantum
memory for images™.

The implementation of a quanmum protocol usually requires the
transfer of entanglement between different locations of the quantum
processor to be properly synchronized, This requires tunable delays at
least aslarge as the inverse of the maximum bandwidth of the signal {in
our case given by the width of the cross-correlation function}, thatisto
say, large tunable fractonal delays. In general, apphcations such as
quantn information processing and computing will require frac-
tional delavs farger than one, while quantum cormmunications
between distant locations will requive much larger fractional delays,
Light provides an excellent means to achieve this goal, as its propag
tion velocity can be controlied by tailoring the optical response of the
mediwm. Tndeed, a positive change of the index of refraction as a func-
tion of frequency leads to a reduced group velocity over a frequency
range. For instance, the narrow transparency window obtained with
electromagnetically induced transparency”, the transparent region
between two absorption resonances®, or the sharp gain feature
obtained with four-wave mixing in & double-lambda system’, all lead
to adarge dispersion over asmall frequency range and a large reduction
in group velocity,

Up to now, breakthroughs in the arcas of delay and storage of
quantum states have been achieved in the single photon regime, for
which quantum defay lnes® and quantum memories™ " have been
demonstrated. Continuous varizbies, such as the amplitude and
phase of a beam of light, offer the possibility of generating entangle-
nent deterministically, can be measured with high efficiency, and can

be efficiently mapped onto atormic ensenthies. These properties are
cruciad for the efficient implementation of a number of quantum
information protocols” and make deterministic continuous-variable
systems an attractive altermative 1o single photon systems. In the con-
tinuous-variable regime, results have been limited to the delay' and
storage' ™ of the squeezing properties of a single-mode beam of light
and more recently to a small fractional delay (the ratio of the delay to
the full-width ar half-maximum of the cross-correlation function
between the entangled beams after the delay) of the order of 0.08
for entanglement in the form of inseparability'™. These experiments
have been based on electromagnetically induced transparency, which
has limited the storage efficiencies to values of the order of 15-20%
{refs 13, 14). This poses an important constraint on the use of this
process as a delay mechanism or quantum memory for centinous-
variable entanglement. Here we show that four-wave mixing offers an

alternative that preserves continucus-variable entanglement at the
EPR level over a signiticant fractional delay and has the possibility
of acting as a multi-spatial-mode delay line, allowing wous o delay
entangled images.

In order to characterize the entanglement between two systems, a
and b, we need to analyse jomt variables. For the case of the clectro-
magnetic feld, these variables correspond to the joint quads ature
operalors XNo=(X, wg,\b) V2 and ¥i —LY(1+U W)/ V2, which
combine the amplitude (X, %) and phase (¥,,%,) qmdmimw of
the two systemns. Here, gisa scalivg factor which is adjusted to optiniize
the different entanglement criteria. Physically, the joint quadraiures
correspand to the amplitude difference, K., and phase sum, Y,
between the flelds for ¢= 1. Based on the noise properties of these
quu(iramre%, different degrees of continuous-variable entanglernent
exist. The variance, or noise, of these operators [or coherent states sets
the standard quantwm limit {5QL) of the guadrature fluctuations. The
minimum requirement for entanglement is that the states of the two
systems cannot be described independently, a property known as
1:1:,cpambihty This pmpﬂiv can be quantified with the inseparability
parameter T == { .’H’f by where the N subscript indicates
that the variances have been sornalized to the coucapondmg SQL.
The state of the system is msapamhlc when 7 < 2 for some value of g
{ref. 163, such that having both {‘E\_XT s and -:“A} " \} below the SQL. or
squeezed, for some ¢ is a sufficient condition for entanglement. A
stronger degree of quantum correlation is given by FPR entanglement,
which can be quantified with the conditional variances of systen a
given system b, Vi oy, and Vy oy, o We can define the EFR parameter
Er= Vi Vi such that £, <01 indicates the presence of EPR
entangloment'. In practice, it is not necessary o measure the con-
ditional variances divectly as they can be derived from the joint quad-
ratures, as discussed in th Supplementary Information,

The experiment uses four-wave mixing in 2 double-Jambda con-
figuration ( Fig, T inset}, in rwo separate  Rb cells, to first generate'™
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Figure 1| Experimentat set-up. In the first b cell {on the right}, the four-
wave mixing process is used to generate EPR entangled beams, which we call
the probe (Pr) and the conjugate (C). The process is tuned to a gain G4 (at
a temperature of 113 7C) and fed with vacuum states, so that vacuum twin
beams are generated. After the fivst cell the conjugate is detected with a
homodyne detector, while the probe and pumyp (P} are imaged with a 4f
optical system into a second Rb cell. This second cell serves as the slow light
medium for the probe, and is used to introduce a tunable delay between the
probe and the conjugate generated by the fivst cell. After the second celi, the
pumyp and the delayed probe are sepurated with a polarizing beam splitter
{(PBS} after which the probe is detected with a second homodyne detector.
The sum and difference signals of the two homodyne detectors are obtained
with a hybrid junction (HJ} and analysed with two spectrum analysers {SA).
T'o obtain good spatial mede m'lrdunD g and phase stability when performing
the homodyne detection, the local vscillators (LOs} are generated with «
second four-wave mixing process in the fivst cell, as was done in ref. 19, The
local oscillater tor the probe follows a similar path as the probe through the
stow light medium so that any spatial distortion is hnparted to both beams. A
variable electronic gain {g) is used to adjust the weighting of the homoedyne
detector signals in order to optimize the squeezing between the delayed
probe and the conjugate. Both Rb cells have anti-reflection coated windows
and are 12.5 mm long. lnset, energy level diagram for the four-wave mixing
process in the 21 line of “"Rb. BS, 50/50 beam splitter,

and then delay the entanglement, as shown in Fig. 1. In the first cell,
entangled vacuum twin beams, called the probe and the conjugate,
are generated. The second cell serves as the slow light medium for the
probe, and introduces a tunable delay between the probe and the
conjugate generated by the first cell The delay can be contrelled by
changing the value and bandwidth of the gain, which can be done
.inough dmng,u, in the temperature and pump power used for the
four-wave mixing in the slow light cell.

Measurements of the amplitude and phase quadratures of the
prabe and conjugate require homodyning with local oscillators, In
these measuremnents, the phase of the homodyne detector, or velative
phase between the probe or conjugate and the correspending local
oscillator, determines the quadrature that is measured. Each beam is
detected with a separate homodyne detector and the phases of the
local oscillators are scanned synchronously, such that both homo-
dyne detectors always have the same phase { and measure the same
quadmtuw that is \“h = Xopycos 04 Vs sin ) The results of
both measurements are Addc ed and subtracted to obtain the joint quad-
ratures, and the noise properties of the signals are then measured with
a radio frequency spectrum analyser. The vesults obtained from these
measurements are shown on the top row of Fig. 2 for different delays.

Weuse a variable electronic gain {g) in the hamodyne detector for the
delayed probe to adjust the weighting of the homodyne detector signals
860
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in arder to optimize the squeezing measurements for the joint quad-
ratures, This allows us to obtain the opomum value for the insepar-
ability parameter 7. The conditional variances, required to evaluate the
EPR parameter, for the conjugate given the probe can be obtained using
g to optimize the squeezing with respect to the SQL of the conjugate
alone™. In general, the values of g that minimize £ and &y are not the
same . We can, hawever, use the data taken with I og..inm/.ul for the
inseparability parameter together with notse measurements of the indi-
vidual beams to caleulate the conditional variances for the EPR cri-
terion, as deseribed in the Supplementary Information.

The delay is characterized by the time shift in the cross-correlation
function between the delayed probe and the conjugate with respect te
the reference crass-correlation function, which is obtained when
there is no four-wave mibdng i the second cell. T calculate the
corretation function of the entangled vacuum twin beams divectly,
we record the time traces of the photocurrents obtained trom each of
the homodyne detectors after filtering out the d.c. part. The comrela-
tion function has an oscillatory behaviour due to an offser ()fihc}ma]
ascillator frequency with respect to the centre of the gain profile of
the four-wave mixing process. We ebtain the envelope of the cor-
refation functions by taking data for different quadratures of the
vacuum twin beams. Since the phases of the homodyne detectors
are not actively stabilized, we acquire the time traces by triggering
the data acquisition system at a given noise level of the signal mea-
sured by one of the spectrum analysers, which corresponds to a
specific phase 0. This makes it possible to obtain data only when
the homodyne detectors are measuring a specific combination of
quadratures, that is, Xfi,lwa {see Supplementary Informations,

With our experimental parameters, the initial state is EPR entangled.
with £y, = 0.47(d) <1 and L' ==0.72{3)< 2 {Fig. 2a). As the delay is
increased to 22 ng, for a fractional delay of (.44, the squeering in both
jointquadratures is reduced to 3 4B, such that EPR mmns.,lunmt;. still
presentwith £ =0.719} < Land T ==0.97(3) < 2 {Fig. 2b]. This point
is qigniﬁcm}t, as some ;ﬂ‘()i‘("{:(ﬂﬂ! such as e- Lhm;m,", mmnrjlunml
swapping™, and teleportation of arbitrary coherent states™, require
atleast 3 dB of squeezing in both joint qua Wdratures. EPR entanglement
is lost at a delay of 27 ns, as shown in Fig. 3, which corresponds to a
fractional delay of 0,52, We finally increase the delay to 32 ns, for a
fractional delay of 0.6. At this point a small amount of entanglement is
stifl present, but only the fseparability criterion is satistied with
T =1.74(3)-22 {¥Fig. 2¢}.

As shown in Fig. 3, longer delays require a larger gain in the slow
lght cell. This gain, associated with the four-wave mixing process that
leads to a reduced group velocity, is the main source of excess noise
responsible for the degradation of the entanglement. The gainis finked
to the generation of a sccond conjugate which is quantum correlated
with the delayed probe. As the second conjugate is not measured, this
is equivalent 1o tracing the density matrix of the whole systemn over
that beamn, which leads to a mixed state and thus to excess noise on the
delayed probe. Inseparability is more robust to sovrces of excess noise
than EPR entanglernent, as can be seen from Fig. 3, as itis ndependent
of the purity of the state”. A gain of more than 2, as seen in Fig. 3, s
possible while still satisfring the inseparability criterion.

The optical tunability of the system s ilustrated by the fact that the
delay disappears (biut covrefation functions in Fig. 2) when the
pamp input to the slow hgiﬂ' cell is blocked. When this is done the
initial degree of entanglement is substantially recovered. As the tem-
perature of the slow light cell is increased, absorption of the probe as
it propagates through the cell increases and leads to a snxall degra-
dation of the entanglement. In principle it is possible to combine
both the temperature and pump power tuning capabilities of the
system o obtain even larger delays, However, reducing the pump
power makes the bandwidth over which a delay can be obtained
smaller than the squeezing bandwidth of our initial state. This leads
to distortion and break-up of the cross-corvelation function and
makes it hard to characterize the delay with our current experimental
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Figure 2 | Delay of EPR entanglement. Top row, the entanglement is
characterized by measuring the noise power of the sur (red curves) and
difference (blue curves) signals of the homodyne detectors as the phase ¢ is
scanned. These measureiments are done for & slow light celt temperature of
23°C{a), 91 “C{b) and 16807C {¢}. The minima of lhe blue and red curves
gwe the variance of the intensity difference (\.\35 }) and phase sum

{{A Y “) respectively, needed to calculate the u}m:zqiemcm criteria. The
1let1vc delay between the probe and conjugate is characterized by
mensuring the cross-correlation between their Huctuations. Bottom row, the
envelopes of the cross-correlation functions for the corresponding
temperatures of the slow Hight cell. The grey curve shows the correlation
fanction that is obtained when there is no four-wave mising in the slowlight
cell and is taken as the reference cross-correlation function for the delay
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Figure 3 | Effect of the gain in the slow light cell on the quantum
correlations. The black curve shows the gain i the slow light cell us a
function of the delay of the probe. The red curve shows £, as a function of
the defay. &4 <21 {indicated by the red shaded region) indicates the presence
of EPR entanglement. The blue curve shows 7 as a function of the delay.

I <2 (indicated by the blue plag red shaded regions) indicates inseparability
between the delayed probe and the conjugate. EPR entanglement is tost for a
delay of abont 27 ns, which corresponds to a gain of about 1.5. The
inseparability is more robust fo sources of excess nwise, and is stifl present
for a delay greater than 52 ns and a gain larger than 2. Longer delays require
larger gains in the slow light ceil, as can be seen from the black curve. This
increase in gain feads to o quick deterioration of the quantum correlations.

Delay (ns}

Detay {(ns)

measurements, This effectively corresponds to the outpus from the Hrst cell.
The red curves give the cross-correlation between the delayed probe and the
conjugate. The delay can be controlled by changing the temperature or the
puamp power in the slowiight cell, The blue carves show the cross-correlation
functions when the puap beam for the slow light eell is blocked, which
iHustrates the optical tuaing capabilities of the systeny. The envelopes of the
covrelation functions are caicuhtcdb\ taking data for 10 different phases of
the homodyne detectors eventy distributed between 0 and /2 (discussed in
detail in the Supplementary Informationy. A data acquisition system with a
rate of 1 GHz is used to record 50 time traces with 10,000 points for each
trigger level, whose correlation functicus are averaged. The numbers in
parenthesis are combined statistical and systematic uncertainties estimated
at one standard deviation. a.u., arbitrary units.

set-up. Optical control of the delay would, however, allow for fast
wuning of the propagation speed of the quantum correlated light,

The delays obtained with the four-wave puxing represent an npor-
tant step fowards achieving a fractional delay Jarger than one while
maintaining the entanglement levels needed for guantum prolocols in
general, Even though gain degrades the quantum correlations, it
should be possible to increase the fractional delay by, for example,
modifying the gain profile to optimize the dispersive properties of
the medium™. {n addition, it has been recently shown that four-wave
mixing in the double-Jambda configuration can be used for storage in
the classical regime™. In principle, it should be possible to use our
systern for the storage of quantum stages.

Recently, there has been interest in extending the storage properties
of quantum memories to include the transverse spatial information of
the beams of Nght, such that the propagation of images can be con-
trolled, Up to now. the results on this front have been imited to the
delay and storage of classical images™” . An important property of the
four-wave mixing process used here is that it supports multiple spatial
modes. This has important conseguences in the genevation of entang-
led beams of light, as it allows for subregions of the beams to be
independently correlated™ or entangled and makes it possible to
obtain entanglernent between complicated spatial patterns, that is,
entangled mm,m” Each of the spatial modes supported by the
four-wave mixing will experience gain and thus a delay. We dlustrate
this property by showing the delay of a particular entangled image
with the shape of the /7 symbol, as shown in Fig. 4. We have obtained a
tunable refative delay between the entangled multi-spatial-mode
probe and conjugate beams of up to 27 ns, for a fractional delay of
0.435, while still preserving the inseparability of the images, As a result

351

©2009 Macmillan Publishers Limited. All rights reserved



LETTERS

Probe
Probe tounp blocked)
{reference) LB i

Probe
{delayed)

bl A A
[4)] ) n
| ! !

=1
{

Cross-correfation (a.u)

g 50
Delay (ns)

Figure 4 | Delay of an entangled image of the '/ symbol. The four-wave
mixing process preserves the spatial quantum correlations, such that for
entangled hmages we can obtain a tunsble relative delay of up to 27ns
between the probe and the conjugate. This corvesponds to a fractional delay
(ratio of the delay to the width of the correlation function) of 0.45. The
spatial pattern for the conjugate is shown on the right side of the figure. The
grey carve shows the cross-correlation hetween probe and conjugate when
there is no delay, that is, the reference cross-correlation function. The red
curve shows the cross-correlation function at the point where only a small
degree of entanglement, T =1.79(3) « 3, is left between the delayed probe
and the conjugate. The blue curve shows the cross-correlation fanction when

the pump for the slow light cell is blocked, showing the optical tunability of

the system. The four-wave mixing in the second cell introduces a slight
distortion on the probe due to a cross-Kerr effect with the pump. In:
homodyne detection the shape of the local escillator acts as @ spatial filter
that selects the spatial mode that is messured for the probe and conjugate, so
that quantum correlations between arbitrary spatial modes can be
characterized through the proper choice of locat oscitlators™®. The images
shown here correspond to the A’ shaped local osciflators {also generated by
feur-wave mixing ') that are used to measure the entanglement of vacuum
fvin beams in an 7 mode. a.u., arbitvary units.

of the phase-matching condition, given by the conservation of

momentum, different spatial modes experience different gains and
thus different delays. This leads to a shight broadening and distortion
of the cross-correlation function.

We have demonstrated that four-wave mixing makes it possible to
obtain a tunable delay of EPR entangled beams of light with a frac-
tional delay of up to 0.52. This 1s a step towards apphc.allons such as
distributed quantum computation, protocoks based on teleportation
of arbitrary quantum states, enlanglement swapping, and so on. The
ability to delay entangled images makes it possible to extend the
intrinsic paralielism of image processing to the quantum regime. In
addition, the capability of supporting multiple spatial modes offers
advantages in terms of speed and reliability for quantum communi-
cation™ * schemes. The dependence of the delay on

aud computing™
the pump power, combined with the spatial properties of the systens,
offer the possibility of using the spatial profile of the pumyp to inde-
pendently control the delay of different spatial modes. For example,
having a pump beam smaller than the probe in the cell wonld only
introduce a delay on the overlapping regions. This would make it
possible to control the transfer of & large amount of guantum
resonrces in pavallel.
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