RAPID COMMUNICATIONS

Demonstration of the spatial separation of the entangled quantum sidebands of an optical field
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Quantum optics experiments on “bright” beams are based on the spectral analysis of field fluctuations and
typically probe correlations between radio-frequency sideband modes. However, the extra degree of freedom
represented by this dual-mode picture is generally ignored. We demonstrate the experimental operation of a
device which can be used to separate the quantum sidebands of an optical field. We use this device to explicitly
demonstrate the quantum entanglement between the sidebands of a squeezed beam.
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Early on in the discussion of squeezed light it was real+ating the quantum sidebands of a single spatial mode into
ized that a single-mode description is often not adequate. Thisvo separate spatial beams. We first demonstrate the basic
spectral structure of squeezed light with its frequency sideeffect using continuous-wave coherent statezperiment
bands is essential when analyzing specific Fourier compdype A) and then demonstrate entanglement production from
nents of the field fluctuatior{d—4]. From a theoretical point Pulsed squeezed lighxperiment typeB). As well as the
of view it became clear that the two sidebands of a squeezeigndamental interest of demonstrating this paradigm of quan-
beam carry quantum correlated noige3,5. Later it was tum optics epr|C|tI_y, the technlq_ues descrlk_)ed h_ere represent
realized that squeezing across two distinct spatial modes leif? 2dditional tool in the analysis and manipulation of quan-
to entanglement and tests of the Einstein-Podolsky-RosefiM optical fields[14,15 and produce entanglement useful
(EPR gedanken experiment using such two-mode squeez r quantum-information applications. Note that the ability to
light were proposed6,7] and demonstratefB—10]. Since etect a single sideband may also open further possibilities

; . far astronomy[16].
then EPR entanglement has been recognized as a basic Fg'Figure 1 illustrates our experimental setup. This figure

source of continuous-variable quantum-information proto-y s, "sho\ws sketches of input and output frequency spectra
C.OIS [11]. Two-mode squeezing m_volves pairwise Correla'indicating the desired operation of the system. The system is
tions between the four frequency sideband modes of the tWQgsentially a Mach-zehnder interferometer whereby the path
beams. Recently it has been suggested that the spectral sidgngth for one of the interferometer arms is much greater
band correlations of single-mode squeezed light can be tranghan for the other, thus introducing a time delay between the
ferred to entanglement between two spatial mddes13.  two arms of . Previously such unbalanced Mach-Zehnder
The entanglement thus produced would be of a quite differinterferometer§UMZIs) have been used in quantum-optics
ent character from that produced by two-mode squeezing asxperiments to filter spurious longitudinal lasing mo@&g|
it would involve a pairwise correlation between only a singleand measure the phase quadrature of bright pulsed beams
sideband on each of the beams. [18,19. Here we pick the path-length difference such that
In this Rapid Communication we demonstrate experimenthe quantum sidebands at a particular radio frequency are
tally the production of this type of entangled light by sepa-decomposed into separate spatial beams.

= > B FIG. 1. A schematic diagram of the system
5 ‘é Ay - A along with spectra illustrating successful opera-
§_c; §‘§ ! tion at the classical level. All the spectral mea-
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All of the beam splitters in the UMZI are assumed 50% 12,
transmitting. In the Heisenberg picture, time-varying fields

are written in the rotating frame aé(t):A+ SA(t) and
AM)T=A*+5A(t)T where the steady-state coherent amplitude
of the field is given bﬁand the time-varying component of
the field is given by the operataﬁa&(t). In Fourier-transform
space, we may define operators for the quadrature amplitude
and phase fluctuations of a field adX"(w)=J5A(w)
+0A(-w)' and 86X (w)=i[6A(w)- SA(-w)T], respectively.

The absence of carets indicates the Fourier transforﬂm. Addi- '20 200 400 600 800 1000
tionally we have made use of the relation thaf(t) Local Oscillator Phase (degrees)

— 6A() U _5A(t)TH5A(_w)T to find the relevant creation FIG. 2. Homodyne measurements of the quantum noise limit
operators in the frequency domdit9]. The spectral vari- (QNL) for the local oscillator power; the input to the UMZI
ancesV* of all fields are found fron{|6X*()[?). (“Ai”), one output of the UMZI when locked tap=-m/2

The annihilation operators for the UMZI inputsutputs (“*Az_n2"); and the predicted output of the UMZI based on the
at a Fourier frequencw relative to the carrier are denoted measured input amplitude and quadrature phase variances, as well
SAi(w) and dvi,(w) [A1(w) and 8A,(w)] (see Fig. L The  as the measured homodyne detection fringe visibilit®89% and
outputs of the UMZI are given in terms of the inputs as ~ 0.92% for input and output, respectivelg0]) and UMZI fringe

visibility (“Theory”).

—
(=
L

dB above QNL
(=] [ %) & (=% =]

1 o S
SA = Z[6AL(w)(1 - €% +idy, Pgomy 1
14(0) = S An(w)(1 -€ &) +idpn(w)(€7e*7+ D], of the input fluctuations is given by

D VE = (8AR(Q) TOAL(Q) + 8AL(- Q) ToAL(- Q)

1 £ 5An(= Q) AR(Q) £ SAL(- ) TALQ)T) + 1.
Mg g(w) =Sl () (€77 + 1) + dvin(w) (€767 - 1)], (3

2) The final unit component in the sum is the vacuum noise.
Using the transfer relations for the UMZkp=+m/2) we
where ¢=2mm+wom=wq7 is the phase shift acquired by a find for the output fluctuations of the first beam
field at the carrier frequency,. Let us focus on the specific
frequencyQ such thatQr=m/2. Choosing¢=+/2, the Vour = (0AR(Q)T8AR(Q)) + 1, 4)

outputs of the UMZI are where expectation values such @b dvi.), (SALév!), and

OAL +712(0) = AR(QD), A 1ri2(= Q) =T60in(= D), (8AL6v;) are all zero.VE,, is similar to Eq.(4) with Q

’ ’ replaced by €). Thus we expect only the power of the upper
sideband to appear at the first output and only that of the
lower sideband to appear at the second. Also we expect the
spectra to be independent of the local oscillator phase when
robing the sidebands with a homodyne detector. If the input

A, 1712(1) = = S0in(€2), A o= Q) =T16AK(= ).

For ¢=-/2 the ) terms are interchanged.

Hence we find that the positive and negative frequenC)gtate is symmetriésame power in the upper and lower side-
components of the input field can be separated into spatiall y P PP

%andé. then the variances of the amplitude and phase quadra-
distinct beams. If the UMZI is locked to7/ 2 the upper and .
lower sidebands will exit from the opposite ports. This be—tureS of both outputs of the UMZI when locked to either

havior has been confirmed experimentally and is indicated i+77/2 would be [normalized to the quantum noise limit
Fig. 1. The spectra illustrating successful operation at th QNL) of one outpu}
classical level are the results of measurements of a Vou= (Vi + Vi, + 2)/4. (5)
continuous-wave neodymium-doped yttrium aluminum gar-
net(Nd:YAG) laser(Innolight Mephisto 50pwith 90.5 MHz  Figure 2 shows the results of homodyne measurements of the
phase modulation sidebands sent as an input to the UMznput and output of the UMZI for experiment tygeat 90.5
(experiment typed). The UMZI had a path-length difference MHz. Referencg14] outlines the approach taken to model
of 0.83 m and fringe visibility of 98%. The dc power at mode mismatch. To take an example, the intensity noise of
outputA,; was used to lock the interferometer. Spectral meaeither of the output fields isVg, yu=(Vin* 7mmVint3
surements of the field, were made fop=+=/2 and -w/2. - 7wm) /4 whereny, is the mode-matching efficiency of the
The second of these is shown on theoutput to illustrate  UMZI given by the square of the fringe visibility. There is
schematically the desired operation of the device. The spatigood agreement between the measured and predicted behav-
separation of the upper and lower sidebands is clearly visior of the UMZI.
ible. Of more interest is what happens if the input beam is
We now turn to nonclassical effects. The power spectrunsqueezed. From Ed5) we see that the noise of the output
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beam must be greater than the QNL for all quadratass

V+1/V is always greater than 2 faf+ 1). Indeed, from Eq. %0 %0
(4), this shows that squeezed beams have sideband photons. £
So the output beams show excess noise. Now consider the @ -551 55+
correlations between the output beams. If amplitude quadra- %
ture measurements are simultaneously made on both beams §_ 60 60
then the sum and difference photocurrent variarfoesmal- o
ized to the QNLs of both output beajrare given by 2 65 .
Vaga= Vin + D12, V= (Vip + D)/2. (6)
If the input beam is amplitude squeezed then @y.shows T 3 4 s U T T 3 i .
that amplitude measurements of the two beams are anticor-
related to below the QNL. On the other hand if phase quadra- ~ -66-01 %OWWWWWWW

ture measurements are simultaneously made on both beams

O L e I

then the normalized sum and difference photocurrent vari- é
ances are given by T ]
6701 670
Vada= Vin+ D12, V= (Viy + D)/2. ) §-
2 ] ] h I
Thus phase quadrature measurements are correlated to below § 6754 675 V'*‘v“ﬂm‘w'\Wuﬁ|W“““’v‘wl‘"o‘fﬂ&"‘.‘W"\“"\W A
the QNL. Sub-QNL correlations on both quadratures are the : 1 “
signature of entanglemef®2], showing that the sideband -58#0-Jwﬁwmhm,vﬁ\"uurp(\'ﬁ_“w;“"‘l,w.‘wr‘m‘vl\“‘-l"FM“‘T‘r‘im“‘w‘ 68:0]

entanglement has been transferred to entanglement between —_— —_—

spatially separated bearfis2]. 61 2 3 4 5 0 1 2 3 45
To demonstrate these quantum effects, we use an UMZI time (s) time (s)

to separate the sidebands of an amplitude-squeezed input

field. In this experimen{type B), we use a commercially

available pulseq Optic".:ll parametric oscillator p“’.“ped by %oise level of the individual beamgray line3 compared to the
moge-locked T|:§apph!re las¢both Spectra PhysitsThe respective quantum noise Iinﬂblackglin)és). The Iowgr left graph
optical parametric oscillator produces pulses_, 'of 130 fs at @pows the correlations in the amplitude quadrat(geay lin®
center wavelength of 1530 nm and a repetition rate of 82y nared to the quantum noise linfitlack line. The lower right
MHz. The nonlinear Kerr effect experienced by intensegraph shows the correlations in the phase quadragry line
pulses in optical fibergsee, e.g., Ref23]) is used to gener-  compared to the quantum noise linfitlack line. All noise levels
ate nonclassical states of light. During propagation of suclhave been detected using a pair of spectrum analye#8590 at
pulses through a fiber, a high degree of excess phase noiseasneasurement frequency of 10.25 MHz, a resolution bandwidth of
introduced mainly due to some classical noise effects. Em300 kHz, and a video bandwidth of 30 Hz. All traces have been
ploying an asymmetric fiber Sagnac interferom¢®], am-  corrected for the electronic noise level, which was at about
plitude squeezing can be produced, the amplitude not being77.9 dB m.

affected by excess noise.

For a pulsed laser beam the separation of sidebands caeparation of sidebands. The high noise level is not only due
be performed only at certain frequencies, as two conditiongo antisqueezing, but also due to the high classical thermal
have to be satisfied simultaneousi) Two pulses have to phase noise of our squeezed states.
overlap temporally giving a boundary condition for the path-  To demonstrate that this beam pair is indeed entangled,
length difference\L=cnT,, (n is an integer number anle,  correlations below the quantum noise limit between the two
is the time between two pulseand(2) a /2 phase shift at beams in the amplitude as well as in the phase quadrature
the measurement frequendy, must be introduced, so that must be observed. While amplitude correlations are verified
AL=c/(4f,). Possible measurement frequencies are thererather easily in direct detection of the two output modes and
fore f,,=1/(4nT,p). At our repetition rate the arm-length dif- subsequent correlation of the photocurrents, phase measure-
ference must be a multiple of 3.66 m, corresponding to thenents are more involved. Having intense pulsed light trains,
distance between two successive pulses. The arm-length difieither homodyne detectigwhich might saturate our detec-
ference is set to be 7.32 m for measurements at 10.25 MHzors due to the high intensities involjedor phase-shifting

We launched about 4 dB of amplitude-squeezed light intacavities (with high requirements on resonance conditjons
the UMZI. A visibility of 95% was observed at the output to could be easily employed. We therefore used an interfero-
generate entanglement. On each of the two output beams weetric scheme where two entangled beams interfere at yet
performed an amplitude noise measuremiee the upper another 50-50 beam splitter. Their relative phase is such that
two graphs in Fig. B The amplitude noise of the output the output beamé&lenoteda andb) of this interference have
beamggray tracepis almost 20 dB above the quantum noise equal intensity[10]. Both output beams are then detected
limit (black traces This high noise level is an indication that directly. The spectral component at frequeneyf the sum
strong correlations between pairs of sidebands might band the difference of the photocurrents from the two detec-
present. Note also that the squeezing is lost as a result of thers yields signals that are proportional to the sum of the

FIG. 3. Characterization of the output beams of the UMZ| when
using squeezed light. The upper two graphs show the amplitude
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amplitude and the difference of the phase quadratures of thiag are used, as the correlations are degraded by the contri-
two entangled beams, respectively, bution of the uncorrelated vacuum sidebahsise Eqs(6)
_ + + _ and (7)]. To extract the full correlations of 4 dB a pair of

Vang(w) + any(w)] = VI8X; (@) + Xp(w)] = Vaga frequency-shifted local oscillators would have to be applied
_ - - _ as proposed by Zhard 3].

VIONg(w) = onp(w)] = VLOX; (@) = 8X5(w)] = Vsuy In summary, we have demonstrated the production of a
The measurement scheme is equivalent to a Bell-state medifferent type of entangled light via a device that can be used
surement on intense light beaf®5]. It turned out that this to separate the quantum sidebands of an optical field. This
type of measurement can also be applied to the entanglegkvice is in essence an unbalanced Mach-Zehnder interfer-
beam pair generated by separating the sidebands to check f@meter where the path-length difference is determined by the
the correlations in the amplitude and the phase quadrature. Fequency at which sideband separation is required. We have
the verification experiment, we achieved a visibility of more shown that the UMZI may be used to spatially separate the
than 90%. We observed about 1.6 dB of correlations belovygsitive and negative sidebands of a phase-modulated optical
the quantum noise limit in the amplitude quadratUmver  field, Applying this to single-mode squeezed light produces
left traces in Fig. Band about 1.4 dB of correlations in the spatially separated entangled beams. Many landmark experi-
phase quadraturdower right traces in Fig. B This experi-  ments have investigated quantum properties with homodyne
ment shows that the quantum correlations between the sid@etection, for example[26,27. The techniques described

bands of the squeezed input beam have been successfuff¢re and in Ref[14] open another window on these and
transferred to quantum correlations between two spatiallyther quantum-optics experiments.

distinct outputs. The result clearly shows the entanglement

between the outputs, as nonclassical correlations in both the This work was supported by the Australian Research
amplitude as well as the phase quadrature of the beam pd&ifouncil and by the Schwerpunktprogramm 1078 of the
were detected. Note that the degree of observed correlatiofi¥eutsche Forschungsgemeinschaft and the network of com-
of 1.6 dB for the amplitude quadratu¢g.4 dB for the phase petence QIP of the State of Bavaria8). U.A. gratefully
guadraturgagrees with the prediction from theory. About 1.6 acknowledges financial support of the Alexander von Hum-
dB of correlations are expected when 4 dB of input squeezboldt foundation.
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