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Experimental investigation of the robustness of partially entangled qubits over 11 km
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We experimentally investigate time-bin qubits for distributed quantum communication. The robustness of
maximal and nonmaximal time-bin entangled quldjihiotons over distances up to 11 km is shown. The
entanglement is set by controllable parameters and in all cases is found to be robust, in that the qubits maintain
their degree of entanglement after transmission along telecommunication fiber.
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[. INTRODUCTION domly onto one of the two factor states. The nonmaximal
states in this context would collapse more readily and pref-

Quantum communication and quantum networks are onlgrentially onto the factor with the greater amplitude. The
part of a much larger field now of quantum-information sci- analogy could be drawn here of a pencil balanced on one end
ence[1]. At the heart of many of these associated endeavor an unstable equilibrium for a maximally entangled state.
is entanglemenf2]. Entangled states also play an essentiailhe nonmaximal states could be considered as having al-
ro|e W|th respect to the fundamenta| nature Of the microfeady started fal“ng over with a more definite direction.
scopic world as investigated in tests of Bell inequalities The article is organized as follows: we will firstly intro- -
[3—7]. Beyond the mere existence of entanglement, quanturfluce the experimental arrangement and in doing so, we will
communication schemes like quantum cryptograg8yg] elaborate on the concept of time-bin entanglement and dis-
and teleportatio{10-13 have been developed to utilize cuss how this differs from energy-time entanglement; we
what has become known as tljgantum resourcentangle- will then briefly discuss sources of errors and decoherence of
ment. Schemes using photonic quantum channels that coRertinence to thes<=T states and optical fibre tra_nsmission; a
nect distant nodes of a quantum netwftk] or for quantum ~ Means of characterizing the entanglement experimentally be-
repeaterg15] rely on the possibility to broadcast entangle- fore and after transmission will then be explained. Finally,
ment over significant distances. we will discuss the experimental results and conclude.

An important aspect which has received little attention
from an experimental perspective is that information may
need to be encoded in possibly unknown states of arbitrary
degrees of entanglement. Finding a means of generating and Entangled time-bin qubit§entangled photons[19—-21]
distributing these states is necessary for progress in this fieldan be created, transmitted, and detected using the experi-
Today, the longest reported transmission of entangled qubitsiental setup pictured in Fig. 1. A coherent superposition of
is of 360 m[16]. However, this experiment relied on polar- two classical pump pulses is generated, from a single diode
ization entanglement that is difficult to transmit over longlaser pulse, after passing through a bulk Michelson interfer-
distances of optical fibers due (polarization modgdisper-
sion effects. We have previously shown that maximally PPLN
energy-time entangled photons are robust enough to violate PULSED
Bell inequality between analyzers 10 km apgst. These, LASER
however, are not true qubits and only maximally entangled
states were considered. In this article, we investigate the ro
bustness of partially, and maximally, entangled time-bin qu-
bits, when transmitted over optical fibers of up to 11 km,
along the way providing the necessary basis for distribution
of arbitrary states. We will consider a state to be robust if the
initial entanglement is unchanged over the length of the

transmission. , FIG. 1. Experimental schematic: A pulsed diode laser source

Another motivation revolves around the suggestion thahng michelson interferometer produce two pump pulses which are
the entangled states, when transmitted over appreciable digen incident on a PPLN waveguide producing two entangled pho-
tances, mayspontaneously collapsento one of its factors tons. After filtering ), each pair is collected and transmitted along
[17,18, with respect to the Schmidt basis. The Schmidt basis, fiber spool to a fiber Michelson interferometer. A circulaty
uniquely defines the nonmaximally entangled states. In thigllows input and detection on the same port. A triple coincidence
framework the maximally entangled state would, due to itsbetween two photons and one of the pump pulses then detects the
inherent symmetry, be more stable, before collapsing ranentangled state.

Il. THE EXPERIMENT

Attenuation |
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ometer with a large path-length difference. The laser proton simultaneously undergo SPDC is negligible. In order to
duces pulses of less than 100 ps width at a repetition rate afreate entangled time-bin qubits, each pump photon corre-
80 MHz with a wavelength of 657 nm. In this scheme, thesponds to a superposition of two well-defined localizations,
pulse duration must be short compared to the travel timereated by a short laser pulse and a subsequent interferom-
difference of the pump interferometer, 1.2 ns in our case. Theter as mentioned before. We can thus, produce pump pho-
two pulses then undergo spontaneous parametric downcotens in arbitrary qubit states, represented by arbitrary vectors
version (SPDQ in a periodically poled lithium-niobate on the Bloch sphere. Whenever one of these qubits under-
(PPLN) waveguide[22,23 producing pairs of entangled goes SPDC and in conjunction with the pump pulse timing
photon at 1314 nm wavelength, convenient for fibre telecominformation, we finally create entangled qubits with each
munication. At these wavelengths the detection is made vighoton pair being in a superposition of two emission times
passively quenched germanium avalanche photodiodes, op4th controllable amplitudes and relative phase @g. Con-
erated in Geiger mode and cooled to 77 K. Depending on theersely, energy-time entanglement originates from pump
amplitudes of the two classical pulses and the relative phagghotons, from a pump laser, with a long coherence time in-
¢p, one can create maximally and nonmaximally entanglederacting with the crystal without having passed through an

states of the form interferometer. The created photon pairs are thus described
_ by a superposition of infinitely mangand continuously dis-
|y =a|1,0;1,0 o5+ B€' %P|0,1;0,D a5, (1)  tributed emission times, only bounded by large coherence
time of the pump photons.
wherea and B are real andv®+ 82=1, due to normaliza- In this experiment, we are not concerned with questions

tion. Our notation represents, in the case of a state likef nonlocality but simply with the robustness of the time-bin
[n,0;0m), thatn photons are in the first time-bin for mode  entangled states. As such we primarily utilize a “Franson
and thatm photons are in the second time-bin for mdgle  Repli€’ arrangement which consists of only one analyzer
ModesA andB are analogous to the standard idler and signalnterferometer as depicted in Fig. 1. This arrangement can be
modes in SPDC. The time difference is obtained as a resuthought of as having used the symmetry of the standard
of the photons having taken either the short or long arms oFranson interferometer sety@5] and folded it in half, so

the bulk, or “pump,” interferometer. For equal amplitudes, both interferometers were on top of each other in a sense.
a= B, the state is maximally entangled, and whgp=0, After the 11 km of fiberlon a spool a circulator is placed at
Eqg. (1) corresponds to the maximally entangled Bell stateone port of the interferometer allowing us to both input and

[p"). detect. The other detector operates normally on the other
After passing through the secoriber) interferometer port. Coincidences correspond to both photons taking the
the state can be described by short or the long paths together as opposed to doing it in
' independent interferometers. While, we believe that the cor-

| )y=a|1,0,0;1,0,0a5+ @€?%]0,1,0;0,1,0,5 relations will be the same, whether we use one or two inter-

i _ ferometers, we will give some results with respect to an ex-
+B€'??|0,1,0;0,1,0n8 perimental arrangement with two interferometers, so that

+ Bl 241¢9)0,0,1;0,0, 25, 2) each photon travels over an independent 2.4 km length of

fibre. This is done by placing a>2 fiber coupler(beam

where, is the relative phase between the paths of the fibegPlitten after the PPLN waveguide in Fig. 1, connected to
interferometer. The resulting double coincidences for thé_he two fibers, each with an interferometer, where detection
pump andA (and the pump anB) from this state correspond S made on one output of each.
to the three peaks of the coincidence histogram, as depicted
at the bpttom of Eig. 1. The two middle_terms of this state, IIl. SOURCES OF ERROR AND DECOHERENCE
Eq. (2), interfere with respect to the amplitudes and phases of
our initial entangled state in the central time bin. We can During transmission these pure states can, in general, suf-
distinguish the first and last terms in E@) via the pump fer from environment induced phase as well as from bit flips.
timing information. Thus, conditioning the detection on Bit flips can happen if the broadening of the photontime
events in both middle peaks by making a triple coincidencespacg, due to chromatic dispersion effects in fibers, is such
corresponds to a projective measurement onto the state tiiat the amplitude initially located in one time bin starts
Eq. (1). overlapping with the one in the other time bin, i.e., the three
In the interests of clarity, we would like to take an aside topeaks at the bottom of Fig. 1 merge together. This reduces
put time-bin entanglemefl9] into some context. Time-bin our ability to discriminate between them, and hence we loose
entanglement is a relatively new architecture, and whileénformation. This can be prevented in several ways: we al-
some people will understand the more widely known energyfeady produce our entangled photons centered at telecommu-
time entanglemenf24], they are not the same. The differ- nication wavelength of 1.3m where chromatic dispersion
ence between energy-time and time-bin entanglement is zero, thus, reducing the susceptibility to dispersion. We
subtle but fundamental. Both procedures rely on havingan improve this nonlocally by using the right choice of
many photons in a coherent state pumping a nonlinear cryswavelength determined by the dispersion curve of the fibers,
tal. In both cases, we operate with sufficiently low powerin the same way that it is done for energy-time entangled
such that the probability of having more than one pump phostates[26,24. However, note that the compensation will be
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less perfect as the energy correlation between the entangle = 220
qubits is less stringent. Further on, we can utilize interfer- 2004
ence filters, in our case of 40 nm width, to reduce the spectra® g
width of the photons, leading to a less pronounced spread o§ 160
the pulse during a given transmission distance. And finally, & 1
we can increase the separation between the time bins, bl§ 1407
this would make the interferometers larger and less stable8 1297
and render the qubits more vulnerable to phase errors during@ 100
transmission. 80+
Phase errors generally arise as a result of some randorg eo E
variation between the two time bins but this is negligible in -§ 4]
our case, at least as far as transmission is concerned. Wit© 1
1.2 ns separation between time bins, there would need to b
very high frequencyGHz) noise in order to produce a phase 200 | 400 600 800 1000 1200
flip. Our main phase error arises during creation and detec .
ti(?n of ensemeI)es of photons over extegr]wded periods of time. Phase (2¢' ) ¢P) [arb. units]
This requires that the interferometers have the same path- FIG. 2. The interference fringes for the experimental setup
length difference for the entire time that we prepare and meas,,;uun in Fig. 1 after the photons had travelled 11 km.
sure a particular state. This will be discussed in further detail

den

OINCI

in connection with the experimental analysis. associated with nonlocality in Bell experiments. With respect
to Fig. 2, this analysis returns a net visibility &=94.2
IV. ROBUST ENTANGLEMENT +4.8% after transmitting the maximally entangled state over

If we are 0oind to generate nonmaximally entan Iedll km. The error in this resulAV, is determined by the
going 9 y 9'€0h umerical uncertainty in the sinusoidal fit to the data.

states, then an important question is: how can we character- Table | shows the raw visibility as well as the net visibil-

ize them? Firstly, we can restrict our attention to pure Stateﬁy which is derived after subtracting the accidental coinci-
of the form of Eq.(1), as we postselect the final state. Now, dences, for maximally entangled states with both one and

?r:\(/eecr:]e:][?aistﬁr;ee c::)firlfgzg)j}vt:r? g;Obab'“ty of coincidence in two interferometers. We see that although thg raw visibility
is less over the longer distances, the net visibilities are al-
_ 2, p2 most equivalent.
Pe=0a"+p +2ap cosd]. @ Let us briefly comment on the nature of accidental coin-
We see that the probability of a coincidence detection varie§idences. They occur if both events in the coincidence win-
with the phase¢=2¢,— ¢p. Therefore, by varying the dow are triggered by noise. Also, there will be contributions
phase, we can scan through maximum and minimum probf one photon triggers one detector and noise triggers the
abilities corresponding to regimes of maximum constructiveether while the photon’s correlated partner is absorbed in the
and destructive interference and thus determine the visibilitjioer or not detected. Thus, the resulting decrease of raw
which is given by visibility is due to a combination of fiber losses and detector
noise. However, since we are interested in the impact of bit
V=2ap. (4) and phase flips on the entanglement, we must subtract this
source of noise which is well understood and is easily mea-
Our fiber interferometers are thermally stabilized and thesured.
phase is varied by changing the temperature of the interfer- The other aspect of characterization is related to generat-
ometer. ing the nonmaximally entangled states. We can quantify the
In Fig. 2, we see the results of this approach using thexpected entanglement in the state in terms of the entropy of
experimental setup in Fig. 1 with 11 km of fiber. Due to the entanglement:
long distances the signal is reduced and hence, we have to ) ) ) )
count for a long time, 60 s in this instance. The squares E=—a’loga”—(1-a’)logy(1-a%), ®)
denote the number of triple coincidences in each 60 s inter- ) o
val. It is for this 60 s integration time that we have to main- _ JABLE |. The raw and nefaccidental coincidences subfragted
tain the stability of the laser to within a fraction of a wave- ViSiPilities for the maximally entangled states. | and Il use one
length to minimize the phase errors discussed previousl' terfgr_ometer and rows Il and IV use twAY is the uncertainty in
The solid line that traces these points is a sinusoidal fit to thehe visibility.
data derived from Eq(3) and allows us to determine the

visibility, Run Distance Viaw Viett AV
The key here is that the net visibility parametrizes the | 0 km 90.2 94.9 3.7
entanglement in the final state. Both the bit flips and phase 1 11 km 86.8 94.2 4.8
flips will manifest themselves as a reduction in visibility and i 0 km 89.1 92.7 4.7
as such, we will use this as the experimental measure of our |y 2.4 km 84.5 92.2 4.8

entanglement. A visibility greater than 71% is commonly
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where we use the amplitudes of the two pump pulses, appro 101
priately normalized. With this experimental setup nonmaxi- 0. ]
mally entangled states can be realized in a controlled manne
by varying the attenuation in one of the arms of the pump
interferometer, so that the classical pulses have unequal mag ]
nitudes. In practice, we vary the attenuation in both arms sc2 0.6 4
that we have the same mean power before the waveguide. ‘:3' 05

-

In this experiment, we use a PPLN waveguide which is a,Z

0.8

0.7 4

= "0"km (1 int)

high efficiency generator of entangled photons. A conse” **7 o 11km(1int)
quence of this high efficiency, conversion rates four orders of %21 ¢ 2.4km (2 int)
magnitude higher than obtained with bulk sourf23,23, is 0.2 1  Theory

that, when using a pulsed laser, the probability of producing o,/ | 0.95 Theory

multiple photon pairs per pulse can become significant. This 0]
has the effect of reducing the interference visibility and o0 04 02 03 04 05 06 07 08 09 10
hence at a more fundamental level the entanglement. This i
a critical point especially in experiments of this nature. We
ensured that we had the same mean power at the PPLN FIG. 3. Net visibility of the output state as a function of the
waveguide throughout these experiments. This was done sixpected entanglement, measured at our source. The relationship is
that any reduction in the visibility was due to decoherenceunchanged by transmission over significant distances.

and not due to variation in the rate of production of photon
pairs. V. CONCLUSION

The results of the measurements of the nonmaximally en- \ne have shown that one can generate, in a controlled
tangled states are given in Fig. 3. The solid line shows thgyay true-qubit states with arbitrary degrees of entanglement
theoretllcallly expected v!S|b|I|ty from Edq4), measured after using a pulsed diode laser and a PPLN waveguide. We have
transmission, as a function of the entanglement(By.mea- 4150 shown the transmission of entangled qubits over dis-
sured before transmission, as and 8 are varied. In the  ances of interest for distributed quantum communication.
experiment, we have complete control over the classical amyyis is a technology under development which holds great
plitudes and these are measured directly at the output of “}ﬁ'omise for integrated quantum optics and hence for quan-
pump interferometer. After transmission the net visibility aret,» communication. We note that the results do not indicate
obtained from sinusoidal fits described previously. On averany behavior indicative of spontaneous collapse over these
age, subtraction of the noise improved the raw visibilities forlarge distances. The main results proved resoundingly that

the zero-distance runs by less than 5% and the 11 km runs Rlfe entanglement of time-bin qubits is robust with transmis-
less than 9%. A dashed line corresponding to the theory buion distances up to 11 km.

scaled to have a maximum visibility of 95% is also shown.
We see that for both the experimental setup as depicted in
Fig. 1, with or without 11 km of fiber, and also with one or
with two interferometers the results are in good agreement This work was supported by the Swiss NCCR “Quantum
with the theory. Specifically, we see that regardless of thé>hotonics” and the European QuComm IST projects. W.T.
initial entanglement or the distance travelled that there is nacknowledges funding by the ESF Program Quantum Infor-
loss of entanglement over transmission for any of the statesnation Theory and Quantum Computati@IT).
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