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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 qubits~photons! 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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I. INTRODUCTION

Quantum communication and quantum networks are o
part of a much larger field now of quantum-information s
ence@1#. At the heart of many of these associated endeav
is entanglement@2#. Entangled states also play an essen
role with respect to the fundamental nature of the mic
scopic world as investigated in tests of Bell inequalit
@3–7#. Beyond the mere existence of entanglement, quan
communication schemes like quantum cryptography@8,9#
and teleportation@10–13# have been developed to utiliz
what has become known as thisquantum resourceentangle-
ment. Schemes using photonic quantum channels that
nect distant nodes of a quantum network@14# or for quantum
repeaters@15# rely on the possibility to broadcast entangl
ment over significant distances.

An important aspect which has received little attenti
from an experimental perspective is that information m
need to be encoded in possibly unknown states of arbit
degrees of entanglement. Finding a means of generating
distributing these states is necessary for progress in this fi
Today, the longest reported transmission of entangled qu
is of 360 m@16#. However, this experiment relied on pola
ization entanglement that is difficult to transmit over lo
distances of optical fibers due to~polarization mode! disper-
sion effects. We have previously shown that maxima
energy-time entangled photons are robust enough to viola
Bell inequality between analyzers 10 km apart@6#. These,
however, are not true qubits and only maximally entang
states were considered. In this article, we investigate the
bustness of partially, and maximally, entangled time-bin
bits, when transmitted over optical fibers of up to 11 k
along the way providing the necessary basis for distribut
of arbitrary states. We will consider a state to be robust if
initial entanglement is unchanged over the length of
transmission.

Another motivation revolves around the suggestion t
the entangled states, when transmitted over appreciable
tances, mayspontaneously collapseonto one of its factors
@17,18#, with respect to the Schmidt basis. The Schmidt ba
uniquely defines the nonmaximally entangled states. In
framework the maximally entangled state would, due to
inherent symmetry, be more stable, before collapsing r
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domly onto one of the two factor states. The nonmaxim
states in this context would collapse more readily and p
erentially onto the factor with the greater amplitude. T
analogy could be drawn here of a pencil balanced on one
in an unstable equilibrium for a maximally entangled sta
The nonmaximal states could be considered as having
ready started falling over with a more definite direction.

The article is organized as follows: we will firstly intro
duce the experimental arrangement and in doing so, we
elaborate on the concept of time-bin entanglement and
cuss how this differs from energy-time entanglement;
will then briefly discuss sources of errors and decoherenc
pertinence to these states and optical fibre transmissio
means of characterizing the entanglement experimentally
fore and after transmission will then be explained. Fina
we will discuss the experimental results and conclude.

II. THE EXPERIMENT

Entangled time-bin qubits~entangled photons! @19–21#
can be created, transmitted, and detected using the ex
mental setup pictured in Fig. 1. A coherent superposition
two classical pump pulses is generated, from a single di
laser pulse, after passing through a bulk Michelson inter

FIG. 1. Experimental schematic: A pulsed diode laser sou
and Michelson interferometer produce two pump pulses which
then incident on a PPLN waveguide producing two entangled p
tons. After filtering (F), each pair is collected and transmitted alo
a fiber spool to a fiber Michelson interferometer. A circulator~C!
allows input and detection on the same port. A triple coinciden
between two photons and one of the pump pulses then detect
entangled state.
©2002 The American Physical Society04-1
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ometer with a large path-length difference. The laser p
duces pulses of less than 100 ps width at a repetition rat
80 MHz with a wavelength of 657 nm. In this scheme, t
pulse duration must be short compared to the travel t
difference of the pump interferometer, 1.2 ns in our case.
two pulses then undergo spontaneous parametric down
version ~SPDC! in a periodically poled lithium-niobate
~PPLN! waveguide @22,23# producing pairs of entangle
photon at 1314 nm wavelength, convenient for fibre teleco
munication. At these wavelengths the detection is made
passively quenched germanium avalanche photodiodes
erated in Geiger mode and cooled to 77 K. Depending on
amplitudes of the two classical pulses and the relative ph
fP , one can create maximally and nonmaximally entang
states of the form

uc&5au1,0;1,0&AB1beifPu0,1;0,1&AB , ~1!

wherea and b are real anda21b251, due to normaliza-
tion. Our notation represents, in the case of a state
un,0;0,m&, thatn photons are in the first time-bin for modeA
and thatm photons are in the second time-bin for modeB.
ModesA andB are analogous to the standard idler and sig
modes in SPDC. The time difference is obtained as a re
of the photons having taken either the short or long arms
the bulk, or ‘‘pump,’’ interferometer. For equal amplitude
a5b, the state is maximally entangled, and whenfP50,
Eq. ~1! corresponds to the maximally entangled Bell st
uf1&.

After passing through the second~fiber! interferometer
the state can be described by

uc8&5au1,0,0;1,0,0&AB1ae2if Iu0,1,0;0,1,0&AB

1beifPu0,1,0;0,1,0&AB

1bei (2f I2fP)u0,0,1;0,0,1&AB , ~2!

wheref I is the relative phase between the paths of the fi
interferometer. The resulting double coincidences for
pump andA ~and the pump andB) from this state correspon
to the three peaks of the coincidence histogram, as depi
at the bottom of Fig. 1. The two middle terms of this sta
Eq. ~2!, interfere with respect to the amplitudes and phase
our initial entangled state in the central time bin. We c
distinguish the first and last terms in Eq.~2! via the pump
timing information. Thus, conditioning the detection o
events in both middle peaks by making a triple coinciden
corresponds to a projective measurement onto the stat
Eq. ~1!.

In the interests of clarity, we would like to take an aside
put time-bin entanglement@19# into some context. Time-bin
entanglement is a relatively new architecture, and wh
some people will understand the more widely known ener
time entanglement@24#, they are not the same. The diffe
ence between energy-time and time-bin entanglemen
subtle but fundamental. Both procedures rely on hav
many photons in a coherent state pumping a nonlinear c
tal. In both cases, we operate with sufficiently low pow
such that the probability of having more than one pump p
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ton simultaneously undergo SPDC is negligible. In order
create entangled time-bin qubits, each pump photon co
sponds to a superposition of two well-defined localizatio
created by a short laser pulse and a subsequent interfe
eter as mentioned before. We can thus, produce pump
tons in arbitrary qubit states, represented by arbitrary vec
on the Bloch sphere. Whenever one of these qubits un
goes SPDC and in conjunction with the pump pulse tim
information, we finally create entangled qubits with ea
photon pair being in a superposition of two emission tim
with controllable amplitudes and relative phase Eq.~1!. Con-
versely, energy-time entanglement originates from pu
photons, from a pump laser, with a long coherence time
teracting with the crystal without having passed through
interferometer. The created photon pairs are thus descr
by a superposition of infinitely many~and continuously dis-
tributed! emission times, only bounded by large coheren
time of the pump photons.

In this experiment, we are not concerned with questio
of nonlocality but simply with the robustness of the time-b
entangled states. As such we primarily utilize a ‘‘Frans
Replié’’ arrangement which consists of only one analyz
interferometer as depicted in Fig. 1. This arrangement can
thought of as having used the symmetry of the stand
Franson interferometer setup@25# and folded it in half, so
both interferometers were on top of each other in a sen
After the 11 km of fiber~on a spool! a circulator is placed a
one port of the interferometer allowing us to both input a
detect. The other detector operates normally on the o
port. Coincidences correspond to both photons taking
short or the long paths together as opposed to doing i
independent interferometers. While, we believe that the c
relations will be the same, whether we use one or two in
ferometers, we will give some results with respect to an
perimental arrangement with two interferometers, so t
each photon travels over an independent 2.4 km length
fibre. This is done by placing a 232 fiber coupler~beam
splitter! after the PPLN waveguide in Fig. 1, connected
the two fibers, each with an interferometer, where detec
is made on one output of each.

III. SOURCES OF ERROR AND DECOHERENCE

During transmission these pure states can, in general,
fer from environment induced phase as well as from bit fli
Bit flips can happen if the broadening of the photon~in time
space!, due to chromatic dispersion effects in fibers, is su
that the amplitude initially located in one time bin star
overlapping with the one in the other time bin, i.e., the thr
peaks at the bottom of Fig. 1 merge together. This redu
our ability to discriminate between them, and hence we lo
information. This can be prevented in several ways: we
ready produce our entangled photons centered at telecom
nication wavelength of 1.3mm where chromatic dispersio
is zero, thus, reducing the susceptibility to dispersion.
can improve this nonlocally by using the right choice
wavelength determined by the dispersion curve of the fib
in the same way that it is done for energy-time entang
states@26,24#. However, note that the compensation will b
4-2



g
er
tr
d
ll

, b
b
ri

do
in
W
o
e

te
m
a
e
ta

led
ct
te
w

rie

o
iv
ili

th
fe

th
he
e
re
te
in
e-
s
th
e

he
as
nd
o
ly

ect

ver

il-
ci-
and
lity
al-

in-
in-
ns
the
the
raw
tor
bit
this
ea-

rat-
the
y of

tup

d
ne

EXPERIMENTAL INVESTIGATION OF THE . . . PHYSICAL REVIEW A 66, 062304 ~2002!
less perfect as the energy correlation between the entan
qubits is less stringent. Further on, we can utilize interf
ence filters, in our case of 40 nm width, to reduce the spec
width of the photons, leading to a less pronounced sprea
the pulse during a given transmission distance. And fina
we can increase the separation between the time bins
this would make the interferometers larger and less sta
and render the qubits more vulnerable to phase errors du
transmission.

Phase errors generally arise as a result of some ran
variation between the two time bins but this is negligible
our case, at least as far as transmission is concerned.
1.2 ns separation between time bins, there would need t
very high frequency~GHz! noise in order to produce a phas
flip. Our main phase error arises during creation and de
tion of ensembles of photons over extended periods of ti
This requires that the interferometers have the same p
length difference for the entire time that we prepare and m
sure a particular state. This will be discussed in further de
in connection with the experimental analysis.

IV. ROBUST ENTANGLEMENT

If we are going to generate nonmaximally entang
states, then an important question is: how can we chara
ize them? Firstly, we can restrict our attention to pure sta
of the form of Eq.~1!, as we postselect the final state. No
given the state of Eq.~2!, the probability of coincidence in
the central time bin is given by

Pc50.5@a21b212ab cosf#. ~3!

We see that the probability of a coincidence detection va
with the phasef52f I2fP . Therefore, by varying the
phase, we can scan through maximum and minimum pr
abilities corresponding to regimes of maximum construct
and destructive interference and thus determine the visib
which is given by

V52ab. ~4!

Our fiber interferometers are thermally stabilized and
phase is varied by changing the temperature of the inter
ometer.

In Fig. 2, we see the results of this approach using
experimental setup in Fig. 1 with 11 km of fiber. Due to t
long distances the signal is reduced and hence, we hav
count for a long time, 60 s in this instance. The squa
denote the number of triple coincidences in each 60 s in
val. It is for this 60 s integration time that we have to ma
tain the stability of the laser to within a fraction of a wav
length to minimize the phase errors discussed previou
The solid line that traces these points is a sinusoidal fit to
data derived from Eq.~3! and allows us to determine th
visibility.

The key here is that the net visibility parametrizes t
entanglement in the final state. Both the bit flips and ph
flips will manifest themselves as a reduction in visibility a
as such, we will use this as the experimental measure of
entanglement. A visibility greater than 71% is common
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associated with nonlocality in Bell experiments. With resp
to Fig. 2, this analysis returns a net visibility ofV594.2
64.8% after transmitting the maximally entangled state o
11 km. The error in this result,DV, is determined by the
numerical uncertainty in the sinusoidal fit to the data.

Table I shows the raw visibility as well as the net visib
ity, which is derived after subtracting the accidental coin
dences, for maximally entangled states with both one
two interferometers. We see that although the raw visibi
is less over the longer distances, the net visibilities are
most equivalent.

Let us briefly comment on the nature of accidental co
cidences. They occur if both events in the coincidence w
dow are triggered by noise. Also, there will be contributio
if one photon triggers one detector and noise triggers
other while the photon’s correlated partner is absorbed in
fiber or not detected. Thus, the resulting decrease of
visibility is due to a combination of fiber losses and detec
noise. However, since we are interested in the impact of
and phase flips on the entanglement, we must subtract
source of noise which is well understood and is easily m
sured.

The other aspect of characterization is related to gene
ing the nonmaximally entangled states. We can quantify
expected entanglement in the state in terms of the entrop
entanglement:

E52a2log2a22~12a2!log2~12a2!, ~5!

FIG. 2. The interference fringes for the experimental se
shown in Fig. 1 after the photons had travelled 11 km.

TABLE I. The raw and net~accidental coincidences subtracte!
visibilities for the maximally entangled states. I and II use o
interferometer and rows III and IV use two.DV is the uncertainty in
the visibility.

Run Distance Vraw Vnett DV

I 0 km 90.2 94.9 3.7
II 11 km 86.8 94.2 4.8
III 0 km 89.1 92.7 4.7
IV 2.4 km 84.5 92.2 4.8
4-3
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THEW et al. PHYSICAL REVIEW A 66, 062304 ~2002!
where we use the amplitudes of the two pump pulses, ap
priately normalized. With this experimental setup nonma
mally entangled states can be realized in a controlled ma
by varying the attenuation in one of the arms of the pu
interferometer, so that the classical pulses have unequal m
nitudes. In practice, we vary the attenuation in both arms
that we have the same mean power before the waveguid

In this experiment, we use a PPLN waveguide which i
high efficiency generator of entangled photons. A con
quence of this high efficiency, conversion rates four order
magnitude higher than obtained with bulk sources@22,23#, is
that, when using a pulsed laser, the probability of produc
multiple photon pairs per pulse can become significant. T
has the effect of reducing the interference visibility a
hence at a more fundamental level the entanglement. Th
a critical point especially in experiments of this nature. W
ensured that we had the same mean power at the P
waveguide throughout these experiments. This was don
that any reduction in the visibility was due to decoheren
and not due to variation in the rate of production of phot
pairs.

The results of the measurements of the nonmaximally
tangled states are given in Fig. 3. The solid line shows
theoretically expected visibility from Eq.~4!, measured after
transmission, as a function of the entanglement Eq.~5!, mea-
sured before transmission, asa and b are varied. In the
experiment, we have complete control over the classical
plitudes and these are measured directly at the output o
pump interferometer. After transmission the net visibility a
obtained from sinusoidal fits described previously. On av
age, subtraction of the noise improved the raw visibilities
the zero-distance runs by less than 5% and the 11 km run
less than 9%. A dashed line corresponding to the theory
scaled to have a maximum visibility of 95% is also show
We see that for both the experimental setup as depicte
Fig. 1, with or without 11 km of fiber, and also with one o
with two interferometers the results are in good agreem
with the theory. Specifically, we see that regardless of
initial entanglement or the distance travelled that there is
loss of entanglement over transmission for any of the sta
ic

v
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V. CONCLUSION

We have shown that one can generate, in a contro
way, true-qubit states with arbitrary degrees of entanglem
using a pulsed diode laser and a PPLN waveguide. We h
also shown the transmission of entangled qubits over
tances of interest for distributed quantum communicati
This is a technology under development which holds gr
promise for integrated quantum optics and hence for qu
tum communication. We note that the results do not indic
any behavior indicative of spontaneous collapse over th
large distances. The main results proved resoundingly
the entanglement of time-bin qubits is robust with transm
sion distances up to 11 km.
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FIG. 3. Net visibility of the output state as a function of th
expected entanglement, measured at our source. The relations
unchanged by transmission over significant distances.
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