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I ncreasing entanglement between Gaussian states by coherent photon subtraction

Alexei Ourjoumtsev, Aurélien Dantan, Rosa Tualle-Broarid Philippe Grangier
Laboratoire Charles Fabry de I’ Institut d’ Optique, CNRS UMR 8501, 91403 Orsay, Franceﬂ
(Dated: August 29, 2006)

We experimentally demonstrate that the entanglement leetv@aussian entangled states can be increased
by non-Gaussian operations. Coherent subtraction ofesiplgbtons from Gaussian quadrature-entangled light
pulses, created by a non-degenerate parametric amplifoelupes delocalized "Schrodinger kitten” states with
complex negative Wigner functions, more entangled thaririial states in terms of negativity. The experi-
mental results are in very good agreement with the theaidgiiedictions.

PACS numbers: : 03.67.-a, 03.65.Wj, 42.50.Dv

Entanglement distillatior[[l] plays a key role in quantum PR
information processing (QIP). It allows to produce strong e OPA R_>(
tanglement between distant sites, initially sharing adarg R«
set of weakly entangled states, and constitutes the basis of Gaussian Entangled Stafe | | Coherent Phofon Subracion
guantum repeaters, essential for long-distance quantam co
munications. Entanglement distillation for discreteiahle FIG. 1: Entanglement distillation from Gaussian states

systems (ebits) has been demonstrated in recent expesiment

[@. B.[4). An interesting alternative to discrete-levelteyss

are quantum continuous variables (QCV). In this case the inrange of experimental parameters where the entanglement of
formation is encoded in the quadraturesand p of travel-  the prepared state, quantified by the negati [22], inifilg

ling light fields, which can be efficiently measured by ho- cantly higher compared to that of the initial Gaussian state
modyne detection. Optical parametric amplification allées ~ This protocol, operating with single photon counts rather
produce quadrature-entangled beams, which have been usgfn with coincidences as proposed e. g[in [Ip[T1] 34,33, 23
in many QIP protocols. These tools, together with linear op@], works with much higher generation rates and produces
tics, preserve the Gaussian character of the states involve states more robust to experimental imperfections (seevpelo
most of QCV experiments : the quasi-distributions (WignerBesides, it is more efficient at moderate OPA gain : in the
functions) of their quadratures remain Gaussian. Howevegero-gain limit, the detection of a photon transforms aestat

it has been shown that one must perform non-Gaussian ogvith almost no entanglement into a maximally entangled ebit
erations in order to distill Gaussian entanglem¢ht[[5[] 6, 7]state(|10) + 01))/v/2. With the higher gain (up to 3 dB)
Among several proposal§| [§] 9], one of the simplest is thaised in the present experiment, the generated states have a
conditional subtraction of photons from Gaussian entahgle much richer structure as it will be shown below.

beams [10[ 41] 17, 13], by reflecting a small part of these Our experimental setup is presented on Fl§. 2. Nearly
beams towards two avalanche photodiodes (APDs) operatingourier-limited femtosecond pulses (180 fs, 40 nJ), preduc

in a photon-counting regime. If the reflectivity is sufficign  py a Ti-Sapphire laser with a 800 kHz repetition rate, are
low, a simultaneous detection of photons by the APDs herfrequency-doubled by a single pass in@ pm-thick type

alds the subtraction of exactly one photon from each beam. non-critically phase-matched potassium niobate (KNpO
Recently, such methods have allowed to prepare and analyze

several states with negative Wigner functions, including o _
and two photon Fock statef [1/4 ] 15] 16], delocalized single Cavity-Dumped Femtosecond  Laser
photons[[1J7] 18] and “Schrodinger kitten” statpd [19, 20]

In this Letter, we demonstrate the possibility to distilk en
tanglement from Gaussian states with a modified version of

Second Harmonic Generation

ped IFil‘Ee_r Eﬁ_ local Oscillator
3 i

the protocol above, presented on Fﬁb 1. An optical paramet- OPA

ric amplifier (OPA) produces Gaussian quadrature-entangle 1,8 Polarizing
light pulses, usually known as two-mode squeezed s@s [21 ; | beamsplitter
We pick off small fractions of these beams, which interfere ;pgsz'ctm! Fmeff’?o- o \ /%,4{?2 0 Piezo (PZT)
with a well-defined phase on a 50/50 beamsplitter (BS), and ™ Y% sl
we detect photons in one of the BS outputs. This way, we o : /%/ 8 0 Plate (HWP)
subtract asingle photon delocalized in the two beams and Avalaric%e. <> <L> &% Optional HWP
prepare a complex quantum state with a negative two-mode  photodiode 1 I Quarter-Wave
Wigner function, which can be considered as a delocalized Homodyne Detections Plate

"Schrodinger kitten” state[[}9], revealed by measuring th _ _
correlations between the entangled beams. We determine a FIG. 2: Experimental setup



crystal. The frequency-doubled beam pumps an identici (a) O) 5y ©) ppr)

crystal used as an optical parametric amplifier (OPA), getner 015/ 2<x <2 008 rex <2

ing Gaussian quadrature-entangled pulses spatially aepiar 01 zzi

by an angle ofl0°. Adjusting the pump power allows to vary 0.05 0202

the two-mode squeezing between 0 and 3.5 dB. The phott —— oo . oL _

pick-off beam splitters are realized with a single polarigi

beam splltter CUb.e (PBS), Wher_e the signal a.nd Idler.bems k|G 3: State separability test after interference betwsignal and
recombined spatially but remain separated in polarizathon jjier peams : (a) Joint distributio(z-,z_), (b) Distributions
small adjustable fractiof? of both beams is sentinto the APD  p(x ) for —2 < z_ < 2, (c) DistributionsP(z_) for —2 < z; <
channel, where they interfere on a 50/50 BS. A tilted half-2. Hered, = 20° andf_ = 50°, the same result holds for &l..
wave plate compensates for residual birefringence. An APD
detects one of the 50/50 BS outputs after spatial and spectra
filtering. The signal and idler beams transmitted through th ;. = 5% of the APD channel, including the filtering system,
pick-off beamsplitter are projected into a non-Gaussiatest has little effect in this experiment.
by an APD detection. They are spatially separated on another A detailed analytic modemdﬂlQ], taking all the experi-
PBS, where they are combined with bright local oscillatormental imperfections into account, yields an expression fo
beams. A quarter-wave and a half-wave plate allow to preparghe Wigner function W of the state studied in our experiment :
two local oscillators with equal intensities and a well-defi
relative phase. The signal and idler beams are analyzeddy tw W (z1, p1,z2,p2) =
time-resolved homodyne detections, which sample each indi T1+ T2 p1+ po T1— T2 p1—po
vidual pulse, measuring one quadratuse,(f; ») in phase = W ( N R ) We ( N RS )(1)
with the local oscillator.

In this setup, all the phases exceptande, (correspond-  wherelV, is the Wigner function of a single-mode squeezed
ing to the two PZT on Fig[]2) are precisely adjusted with wavestate, andV, corresponds to a single-mode "Schrodinger kit-

plates. But a relative phase shiff between the signal and ten” state, analyzed iff [1.9]. More explicitly :
the idler beam only modifies the direction of the two-mode

squeezed ellipse. A change in this direction can be compen- exp (fﬁ/a - p2/b)

sated by shifting the common phasge of the local oscilla- Wi(z,p) = ~ab

tors. This phase can be scanned with a PZT, and rapidly mea- 94 9B A B
sured using the unconditioned two-mode squeezing varianceW.(z,p) = Ws(z,p) ng + b—2p2 +1- i

between the homodyne detections.
Quantum states with negative Wigner functions are very a(s) = b(1/s) = 1+e+n(l - R)(hs +h—2)

fragile, and all the experimental imperfections must be-min (5) = B(1/s) = né (1 —R)(hs+h—2)?

imized. In our case, the most important issue is that an h(s+1/s)+2h—4

APD detection does not always correspond to the desired

photon subtraction, because of imperfect filtering, limite In this experiment the "Schrodinger kitten” state is “dedb

spectral and spatial qualities of the optical beams, ingmerf ized” into two spatially separated modes 1 and 2 and revealed

mode-matching between the subtracted beams, and APD daBly measuring the correlations between identical quadzatur

counts. An APD count corresponds to the right event with ghe anticorrelations remaining in the initial squeezetesta

success probability < 1. This explains why single-photon ~ Without assuming any particular shape ¢, and IV,

protocols are more robust than two-photon ones, where the tave can experimentally show that the state becomes separa-

tal success probability is onfi#. Anotherissue is the OPA ex- ble if we make a joint measurement, transforming into

cess noise. To describe it, we can consider that a first amplific; — = (1 & 22)/+/2 by rotating the polarizations by5°

cation process creates a pure entangled state with a twe-mowith the optional HWP shown on Fid.] 2. We then observe

squeezing variance = ¢~2", and that each of the resulting that the quadratures measured by one detection do not depend

modes is independently amplified with a gain= cosh®(yr) ~ on the other (see Fig[] 3). For evefly the joint distribu-

by a phase-independent amplifier with a relative efficiency tion, and hence the Wigner function, becomes factorable :

The finite homodyne efficiency and the homodyne excess P(zy(0+),2-(0-)) = P(z4+(04))P(x-(f-)). It means

noisee also deteriorate the measured data. However, they atiat one can fi¥)_ = ¢, = ¢ and scar® to perform a com-

not involved in the generation process but only in the analyplete tomography of this state.

sis, and we can correct for their effects in order to deteemin  This property considerably simplifies the experimental

the actual Wigner function of the generated state. Even witlanalysis of the generated entangled state. For measuring en

none of these imperfections, this distillation protocoluleb  tanglement, we do not recombine the entangled modes 1 and

still be limited by the finite pick-off BS reflectivity?, which 2, but keep them spatially separated and perform homodyne

is required to have a sufficient APD count rate but inducesneasurements af; 5(#). The correlations between (¢) and

losses on the transmitted beam. The limited overall effisien 22(#) correspond then te_ (#), and their anticorrelations to




3

@ . . 01(5?) W, (Xbxz Pwv'pz) eters introduced above. It allows to easily correct for hemo
A o . 2 dyne losses : we simply calculate the Wigner function that we
A ogs| Model MaxLike would measure with an ideal detection £ 1 ande = 0),
A Ih using the values extracted from the experimental data for al
0,05 ' v - the other parameters. As shown in Fﬁb 4, the distributiens r

constructed with this method are in excellent agreemetht wit
those directly extracted from the data, and the Wigner func-

X ——r T ¢ tion corrected for losses is almost indistinguishable fitbm
X, +%, P, +P one obtained with the Maximal-Likelihood algorithm. Both
A 2 2 ) methods give the same values for the negativity.
Model A natural question to ask is whether this protocol works for
MaxLike an arbitrary squeezing or if, when the initial state is alsea

strongly entangled, by performing an imperfect photon sub-
traction we actually lose more entanglement than we gain. It
has already been shown that, when the pick-off beam sglitter
x ‘ have a finite reflectivity, subtracting one photon from eath o
the Gaussian entangled beams may actually decrease the en-
tanglement[[10]. Using our model, we can take into account
FIG. 4: (a) Set of experimentally measured quadratureibigions  all the other experimental parameters to derive an anadytic
(dots)_, compareo_l to those reconstructed from our mc_>de'b|(§nb). pression for the partially-transposed density matrix chitian
(b) Wigner function corrected for homodyne detection lessib- ¢ gjagonalized numerically in a few seconds to obtain the ex
tained with a standard Maximal-Likelihood algorithm (Maké), . . .
compared to the result of our model. This state is produced wi pected _negat|V|ty_ of a given state. We found that the experi-
1.8 dB of squeezing ani = 5%. mental imperfections have a very strong effect. For example
for an initial squeezing of 3 dB, the negativity increases id
ally from Ay = 0.50 to N = 0.90. If we assumeR = 3%
for the pick-off BS, thenV' = 0.81, but if we include the av-
erage values of experimental parameters involved in the sta
preparation{y) = 0.22 and(¢) = 0.78, N drops down to
0.51, whereas for the initial state, only slightly affectdy,

x4 (0). In practice, we set the relative phase between the lo
cal oscillators to zero, scan the common phase= 6, mea-
surez; 2(6) and calculatery _(0). We reconstruct the dis-
tributions P.(z_(0)) and P,(z ()) for several phases. We
observe that the measured distributions are invariantrundeN0 = 0.49.

6 — 7 + 6, so we can restrict the analysis@o< 6 < /2. To verify this experimentally, we performed several tomo-
Typically, we measure 6 to 12 different quadrature distribu graphies for different BS reflectivities and degrees of sque
tions, with 10000 to 20000 data points each. A numeric Radoing. Figure[p presents the results of two tomographies with
transform allows to reconstruct the uncorrected Wignecfun 12 = 10% for a small (1.3 dB) and a high (3.2 dB) squeezing.
tions W, andW,. We can correct for the homodyne detection As expected, the phase dependence of the generated state in-
losses using a Maximal-Likelihood algorithfn [45] 26] to ob- creases and the Wigner function becomes less negatives as th
tain the Wigner functiod? and the density matrix of the  state becomes “bigger” and more sensitive to decoherence.

generated state, and calculate its entanglement, giveheby t Figureﬂi shows the entanglement negativity of the photon-

negativity N = HPTI#, whereT} is the partial transposi- subtracted states and of the corresponding initial st&tek
tion operation[[2R]. lines are theoretical calculations using the average sabfie

Figure[} presents the tomography of a state produced witHe¢ experimental parameters involved in the state preparat
1.8 dB of squeezing and a BS reflectivily = 5%. The (7) = 0.22.and(§) = 0.78. Two domains appear on the
Wigner function, corrected for detection losses, is cleaeg- ~ 9raph : the upper left, where the photon subtraction agtuall
ative : W,(0) = —0.13 4 0.01. The entanglement of this state increases the entanglement, and the lower right, where the

is A = 0.34 + 0.02, whereas for the initial state (before the initial state is too sensitive to the losses added by this pro
pick-off BS) Ny = 0.24 + 0.01. cess. As expected, this protocol is particularly advardage

In Refs. [Ip[Tp] we demonstrated another analysis methotft low squeezing. Itis possible to show thf_it_vyhen the squeez-
more constrained but also much faster and closer to thi'd: @nd hef‘c_e the entanglement of the initial state, tend to
physics of the experiment. If we assume that the Wigner func?: the negativity of the photon-subtracted state has a nonzer

tion has the form defined in E([| 1, we can easily extract thdimit AV,._o = C2+(1_20)2_(1_C) whereC' = Eﬁ;f) In
parameters, A, b, B from the second and fourth moments of the low squeezing regime, experimental imperfections have
the measured distributions, and determine the Wigner funca moderate effect on the state. We nevertheless succeed in
tion, the density matrix and the quadrature distributidithe  improving the negativity of a state with up to 3 dB of squeez-
measured state. For a given squeezing, one can also obtaimg, which corresponds to a strong squeezing regime where

froma, A, b and B the values of all the experimental param- small variations of the experimental parameters stronffly a




XX, P,-p
w 12’
C(Vz V2

4

2 o 2
(o2 A4 2 T2

(d)

0.04

2 0o 2
(o2~ 474 2 Tk 2

c
o.(04) W(X1 X

0,0) W(x,.x,,0,0)

0.02

FIG. 5: Tomography of two states produced with 1.3 dB (left) 8.2
dB (right) of squeezing anft = 10% : three different projections of
the two-mode Wigner function.
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FIG. 6: Entanglement negativity of the initial and final stas a
function of squeezing for several pick-off BS reflectivitjeorrected
for homodyne detection losses. Solid lines are theoretakdula-
tions using the average values of the experimental parasnete

fect the performance of the distillation protocol. For exéden
increasing by a merel% with R = 3% should displace the
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Gaussian states could in principle be used as a starting poin
for a “Gaussification” procedurﬂ [9]. This demonstrates one
of the key steps required for long distance quantum commu-
nications with continuous variables.
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