N
N

N

HAL

open science

Increasing entanglement between Gaussian states by
coherent photon subtraction

Alexei Ourjoumtsev, Aurelien Dantan, Rosa Tualle-Brouri, Philippe Grangier

» To cite this version:

Alexei Ourjoumtsev, Aurelien Dantan, Rosa Tualle-Brouri, Philippe Grangier. Increasing entangle-
ment between Gaussian states by coherent photon subtraction. 2006. hal-00090186v2

HAL Id: hal-00090186
https://hal.science/hal-00090186v2

Preprint submitted on 31 Aug 2006 (v2), last revised 29 Jan 2007 (v4)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00090186v2
https://hal.archives-ouvertes.fr

ccsd-00090186, version 2 - 31 Aug 2006

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 31, 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. 1. An interesting alternative to discrete-levelteyss

are quantum continuous variables (QCV). In this case the inthe prepared state, quantified by the negati [22], inifiig
formation is encoded in the quadratutieandp of travelling  cantly higher compared to that of the initial Gaussian state
light fields, which can be efficiently measured by homodyne Tnjs protocol, operating with single photon counts rather
detection. Optical parametric amplification allows to proel  than with coincidences as proposed e. o[im[Apb[T[ 14,33, 23
quadrature-entangled beams, used in many QIP protocels. Tpa), works with much higher generation rates and produces
gether with linear optics, these tools preserve the Gaussiastates more robust to experimental imperfections (seavpelo
character of the states involved in most of QCV experiments Begides, it is more efficient at moderate OPA gain : in the
the quasi-distributions (Wigner functions) of their quaitires  zero-gain limit, the detection of a photon transforms aestat
remain Gaussian. However, it has been shown that Gaugyith almost no entanglement into a maximally entangled ebit
sian entanglement distillation requires non-Gaussiarrape state(|10) + [01))/v/2. With the higher gain (up to 3 dB)
tions [§,[p[}1. Among several proposa[B, 9], one of thesim ysed in the present experiment, the generated states have a
plest is the conditional subtraction of photons from Gaurssi much richer structure as it will be shown below.

entangled beamg 1P| 1] {2] 13], by reflecting a small partof o experimental setup is presented on Flg. 2. Nearly
these beams towards two avalanche photodiodes (APDS) Ogyrier-limited femtosecond pulses (180 fs, 40 nJ), preduc
erating in a photon-counting regime. If the reflectivity isfs by a Ti-Sapphire laser with a 800 kHz repetition rate, are
ciently low, a simultaneous detection of photons by the APD%requency-doubIed by a single pass in@ pm-thick type
heralds the subtraction of exactly one photon from each beam non-critically phase-matched potassium niobate (KMpO

Recently, such methods have allowed to prepare and a”aly%‘?ystal. The frequency-doubled beam pumps an identical
several states with negative Wligjmr functions, including o

and two photon Fock statef | 16], delocalized single

photons[[1J7] 18] and “Schrodinger kitten” statgd [19, 20] Cavity-Dumped Femtosecond Laser, i

In this Letter, we demonstrate the possibility to distilk en
tanglement from Gaussian states with a modified version of
the protocol above, presented on Fﬁb 1. An optical paramet-
ric amplifier (OPA) produces Gaussian quadrature-entangle
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light pulses, usually known as two-mode squeezed s@s [21 Polarizing
We pick off small fractions of these beams, which interfere beamsplitter
with a well-defined phase on a 50/50 beamsplitter (BS), and Seatial S0/59 ool %2 | 1 Piezo (PzT)
we detect photons in one of the BS outputs. This way, we & SPectaFilersg Half-Wave
subtract asingle photon delocalized in the two beams and 0 Plate (HWP)
prepare a complex quantum state with a negative two-mode Avalanche Z.> Optional HWP
Wigner function, which can be considered as a delocalized Photodiode () Quarter-Wave
"Schrodinger kitten” state[[}9], revealed by measuring th Homodyne Detections Plate

correlations between the entangled beams. We determine a _
range of experimental parameters where the entanglement of FIG. 2. Experimental setup



crystal used as an optical parametric amplifier (OPA), gerer (a) s O) 5y ©) o

ing Gaussian quadrature-entangled pulses spatially ateoar 015/ 2<x <2 008 rex <2

by an angle ofl0°. Adjusting the pump power allows to vary o 01 zzi

the two-mode squeezing between 0 and 3.5 dB. The phott 0.05 0202

pick-off beam splitters are realized with a single polarigi — oo . oL _

beam splitter cube (PBS), where the signal and idler beaens e.
recomblned spatially .bUt remain separgted n polarlzatA)n FIG. 3: State separability test after interference betwsgnal and
small adjustable fractioR of both beams is sentinto the APD jjjer peams : (a) Joint distributio® (., z_), (b) Distributions
channel, where they interfere on a 50/50 BS. A tilted half-p(z,)for —2 < 2_ < 2, (c) DistributionsP(z_) for —2 < 2 <
wave plate compensates for residual birefringence. An APDR. Heref, = 20° andf_ = 50°, the same result holds for . .
detects one of the 50/50 BS outputs after spatial and spectra
filtering. The signal and idler beams transmitted through th
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 model 1€, [19], 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 preparthe 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@, p1, a2, p2) =
time-resolved homodyne detections, which sample each indi W (331 +T2 p1 +p2> e <5L’1 — T2 p1— pz)
: / : = W , e ; (1)

vidual pulse, measuring one quadratusg; (61 2) in phase V2 V2 V2 V2
with the local oscillator. ) ) ) ]

In this setup, all the phases exceptandes (correspond- whereW; is the Wigner functlor_1 of a smgle,—,modg s_queezgd
ing to the two PZT on Fig[| 2) are precisely adjusted with WaveStaEe' andy. corresp_onds toa smgle-nj(_)de. Schrodinger kit-
plates. But a relative phase shift between the signal and ten” state, analyzed |rm19]. More explicitly :

the idler beam only modifies the direction of the two-mode exp (7$2/a _ p2/b)

squeezed ellipse. A change in this direction can be compen-W;(z,p) =

sated by shifting the common phasge of the local oscilla- m/ab

tors. This_ phase can be _s_canned with a PZT, and _rapidly_mea-WC(Lm = Wi(z,p) %:f + %pQ +1— A_B

sured using the unconditioned two-mode squeezing variance a b a b

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

fragile, and all the experimental imperfections must be-min A(s) = B(1/s) = h(s £ 1/5)+2h—14

imized. In our case, the most important issue is that an

APD detection does not always correspond to the desireth this experiment the "Schrodinger kitten” state is “d=ib
photon subtraction, because of imperfect filtering, limhite ized” into two spatially separated modes 1 and 2 and revealed
spectral and spatial qualities of the optical beams, ingoérf by measuring the correlations between identical quadzatur
mode-matching between the subtracted beams, and APD dattke anticorrelations remaining in the initial squeezetesta
counts. An APD count corresponds to the right event with a Without assuming any particular shape féf, and W,
success probability < 1. This explains why single-photon we can experimentally show that the state becomes separa-
protocols are more robust than two-photon ones, where the tle if we make a joint measurement, transforming, into

tal success probability is onli#. Anotherissue isthe OPAex- =, _ = (x; + x3)/+/2 by rotating the polarizations by5°

cess noise. To describe it, we can consider that a first amplifvith the optional HWP shown on Fid.] 2. We then observe
cation process creates a pure entangled state with a twe-mothat the quadratures measured by one detection do not depend
squeezing variance = ¢~ 2", and that each of the resulting on the other (see Fig[l 3). For evefy the joint distribu-
modes is independently amplified with a gain= cosh?(yr) tion, and hence the Wigner function, becomes factorable :
by a phase-independent amplifier with a relative efficiency P(x4(0+),2-(0-)) = P(z4+(04+))P(z—(0-)). It means
The finite homodyne efficiency and the homodyne excess that one can fi¥_ = 6, = 6 and scar¥ to perform a com-
noisee also deteriorate the measured data. However, they anggete tomography of this state.

not involved in the generation process but only in the analy- This property considerably simplifies the experimental
sis, and we can correct for their effects in order to deteemin analysis of the generated entangled state. For measuring en
the actual Wigner function of the generated state. Even witllanglement, we do not recombine the entangled modes 1 and
none of these imperfections, this distillation protocoluleb 2, but keep them spatially separated and perform homodyne
still be limited by the finite pick-off BS reflectivity?, which  measurements of, »(6). The correlations between (9) and

is required to have a sufficient APD count rate but inducese,(6) correspond then to_ (6), and their anticorrelations to
losses on the transmitted beam. The limited overall effien x(#). In practice, we set the relative phase between the lo-
u = 5% of the APD channel, including the filtering system, cal oscillators to zero, scan the common phase- 6, mea-
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FIG. 4: (a) Set of experimentally measured quadratureildigions
(dots), compared to those reconstructed from our modet(koé).
(b) Wigner function corrected for homodyne detection IessEb-
tained with a standard Maximal-Likelihood algorithm (Maké),

compared to the result of our model. This state is produced wi
1.8 dB of squeezing an = 5%. 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.

surex; »(¢) and calculatery _(6). We reconstruct the dis-
tributions P.(z_ (#)) and Ps (x4 (0)) for several phases. We
observe that the measured distributions are invariantrund
6 — 7w £ 0, so we can restrict the analysisdo< 6 < 7/2.
Typically, we measure 6 to 12 different quadrature distribu
tions, with 10000 to 20000 data points each. A numeric Rado
transform allows to reconstruct the uncorrected Wignecfun
tionsW,. andWW,. We can correct for the homodyne detection
losses using a Maximal-Likelihood algorithfn [45] 26] to ob-
tain the Wigner functio? and the density matriy of the

. . A natural question to ask is whether this protocol works for
generated state, and calculate its entanglement, giveheby t bi . it when the initial is a
1Tt 1 an arbitrary squeezing or if, when the initial state is alsea

negativity \' = “~—2—, whereT is the partial transposi-  strongly entangled, by performing an imperfect photon sub-
tion operation[[2p]. traction we actually lose more entanglement than we gain. It
Figure[4 presents the tomography of a state produced withas already been shown that, when the pick-off beam sglitter
1.8 dB of squeezing and a BS reflectivity = 5%. The  have a finite reflectivity, subtracting one photon from eath o
Wigner function, corrected for detection losses, is cleaglg-  the Gaussian entangled beams may actually decrease the en-

would measure with an ideal detection £ 1 ande = 0),
%sing the values extracted from the experimental data for al
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-
tion corrected for losses is almost indistinguishable fitbm
one obtained with the Maximal-Likelihood algorithm. Both
methods give the same values for the negativity.

ative : We(0) = —0.13+0.01. The entanglement of this state tanglement[[2j0]. Using our model, we can take into account
is V' = 0.34 £ 0.02, whereas for the initial state (before the all the other experimental parameters to derive an anadytic
pick-off BS) Ny = 0.24 £ 0.01. pression for the partially-transposed density matrix olutuan

In Refs. [15[1] we demonstrated another analysis methodye diagonalized numerically in a few seconds to obtain the ex
more constrained but also much faster and closer to thpected negativity of a given state. We found that the experi-
physics of the experiment. If we assume that the Wigner funcmental imperfections have a very strong effect. For example
tion has the form defined in Eq] 1, we can easily extract thdor an initial squeezing of 3 dB, the negativity increases id
parameters, A, b, B from the second and fourth moments of ally from Ay = 0.50 to A/ = 0.90. If we assumeR = 3%
the measured distributions, and determine the Wigner fundor the pick-off BS, thenV' = 0.81, but if we include the av-
tion, the density matrix and the quadrature distributicithe  erage values of experimental parameters involved in ttie sta
measured state. For a given squeezing, one can also obtgineparation{y) = 0.22 and (¢) = 0.78, A/ drops down to
froma, A, b and B the values of all the experimental param- 0.51, whereas for the initial state, only slightly affectady,
eters introduced above. It allows to easily correct for hemo Ny = 0.49.
dyne losses : we simply calculate the Wigner function that we To verify this experimentally, we performed several tomo-
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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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