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Distant clock synchronization using entangled photon pairs
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We report a proof-of-principle experiment on distant clock synchronization. Besides the
achievement of picosecond resolution at 3 km distance, this experiment demonstrated a concept for
high-accuracy nonlocal timing and positioning based on the quantum feature of entangled states.
© 2004 American Institute of PhysidDOI: 10.1063/1.1797561

Accurate timing and positioning metrological measure-i.e., At=«, nevertheless the time correlation measurement of
ments are important for both fundamental research and prathe signal—idler at a distance of 3 km has shown uncertainty
tical applications. In particular, distant clock synchronizationin the order of a picosecond.
has attracted a great deal of attention in recent years due to According to quantum field theory, the probability of
its essential role in the Global Positioning System andhaving a joint photodetection event at space-time points
telecommunications. (rq,t1) and(r,,t,) is proportional to the second-order corre-

Modern clocks have been improved to such a Iétbht  lation function of the fields
the resolution and accuracy of the comparison techniques _ _
have become the limiting fa)étors to deterFr)nine their rela?ive GOy tyiraty) = (ET(r, ) BV (2, )E (a1t
rates and synchronization. There are two standard methods XEM(r,ty)), (1)
for synchronizing two distant clocks: the classic Einstein
protocoF and the Eddington slow transportation metffod.
Both methods have certain limitations and difficulties in h'ghspace—time point€r;.t,) and (,.t,). For the two-photon

accuracy nonlocal syn_chromzatlon in which relativistic e_f- entangled state of SPDG(r .t :1,.t,) can be written as
fects, such as the rotating disk problem, have to be taken mtt%e modulus sauare of a two-photon effective wave function
consideration. Einstein protocol is a two-way method, hence, - . >34 P '
. N r biphoton:

it requires(i) an accurate knowledge of the one-way speed 010

light, which has not been measured conclusively on rotating ~ G@(r,t;:r,,t,) = KO[E(r 5, t) ED(r 1, t,)|W))2

reference systems auiil) the light propagation path to be the B _ )

same in each direction. The Eddington transportation method =|ylrutyra )% (2)
relies on the physical movement of a clock, therefore, thisyhere|0) stands for the vacuum arj@) is the state of the
method is not practical for space applications. Recently, thgjgnal-idler photon paf®

nonlocal characteristics of entangled states have brought at-* The two-photon effective wave function is calculated to
tention to possible protocols of high resolution clock pe
synchronizatior.” o

In this letter we wish to report an experimental proof-of-  W(r,,t;;r,,t)) = e (@sm*e Tz)]-‘Tl_Tz{f(Q)}, 3
principle demonstration of a concept, based on the nonlocal
feature of entangled states, that can be practically implewhere 7. . {f(Q)} is the Fourier transform of the spectrum
mented for certain metrology applications such as highamplitude functionf(Q), 7j=tj—r;/u;, j=1,2, anduy; is the
accuracy one-way synchronization of clocks and high-group velocity at frequencies? and »? along the optical
accuracy positioning. paths 1 and 2, respectively? and o] are the central fre-

Our method relies on the measurement of the secondjuencies of the signal-idler radiation field.
order correlation function of entangled states. In particular, The G@(ry,t3;r,,t)) function for the two-photon en-
we consider the entangled photon pairs produced in8a cwangled state of SPDC is thus

umped spontaneous parametric down conver O.

{)/eryprougk?ly speaking,pthe process of SPDC in():/Bch?\i/Des send- CPArtyiraty) = |frl_72{f(Q)}|2- (4)
ing & pump laser beam into a nonlinear material, such as s function, depending on - 7, is independent of the cho-
noncentrosymmetric crystal. Occasionally, the nonlinear inyep, reference coordinates: it is a Lorentzian invartaihe
teraction inside the crystal leads to the annihilation of a highspectrum amplitude function of the SPDIT(), provides all
frequency pump photon and the creation of two lower fre-he information about the spectrum and the correlation prop-
quency photons named as signal and idler. The creation timgrties of the signalidler pair and it has been well stui&d.
of either signal photon or idler photon is unknown; however, i the collinear case for type-ll and nondegenerate type-I
if the signal photon is registered at a certain time, the detecsppc, the spectral function is calculated d$()
tion time of the idler photon can only happen at an unique_ singDL(/2), wherelL is the length of the crystal and
precise time. In the reported experiment, both the signal phoil/us—llui is the inverse group velocity difference for the
ton and the idler photon are in the form of continuous Wavegignal and idler. For an 8 mm LBO crystal pumped at
458 nm(type-ll), the estimated width oB?(t,—t,) is about
¥Electronic mail: avalen1@umbc.edu 800 fs. For collinear degenerate type-1 SPDC, the spectral

where E©) and E® are the negative-frequency and the
positive-frequency field operators of the detection events at
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FIG. 2. Schematic setup of the proof-of-principle experiment.

FIG. 1. Schematic setup of a protocol for one-way distant clockfatory). In some Case_§ is known or independently measur-
synchronization. able, therefore the distance between the space station and the
laboratory,r4, is predictable through the measurements of

function isf(Q) ~ sindD"LQ/2) whereD” is the second de- At-. In other cases;; may be given or independently mea-
rivative of the dispersion function of the nonlinear material.Surable, so, the value dd can be calibrated in the above
In this case, the width o6@(t,~t,) is about 30 fs for the _procedure with ultrahigh accuracy. In both cases substr;utmg
same size LBO crystal. Typical values for the natural widthinto either Eq.(5) or Eq. (6), the time offset, is thus esti-
of G@ for SPDC are, then, on the order of a few femtosec-mated with the same order of accuracy as the measurement
onds to hundreds of femtosecondstlfandr, are well con- of t;—t, and the clocks are synchron_ized accordingly. I\_lotice
trolled, the measurement bf-t, can reach, in principle, the that the measurement can be ea_sny repeatgd for_ different
same order of resolution, making SPDC particularly suitable/alues ofrz, so, for example, even in the case in which both
for implementing protocols for timing and positioning mea- D andr, are unknown, measurements &f_ with different
surements with ultrahigh accuracy. known values ofr, allow the evaluation oD andr; simul-

For example, consider a new protocol for one-way synianeously.
chronization of two distant clocks: we have clock-1 in a  We performed the proof-of-principle experimental dem-
space station and clock-2 in the laborat@fjg. 1). The sig- onstration in the case in whiah andr, were known: in the
nal and idler photons are sent to two photon counting detedaboratory, long optical fibers of known lengths were used to
tors D, (in space and D, (on the groungl The photon reg- Simulate the nonlocal condition. The setup is shown in Fig.
istration times of the detectors, andt,, are recorded by two 2. A single frequency Arlaser line of 457.9 nm was used to
“event timers” whose time bases are provided by clock-1 andump an 8 mm LBO crystal for type-1l SPDC. The signal—
clock-2, respectively® The individual time history records idler radiations(centered at~901 nm and at-931 nm, re-
can be brought together through a classical communicatioBPectively were separated from the pump laser beam by us-
channel for comparison. If the two clocks are synchronizeding filtering devices. The orthogonally polarized signal—idler
the joint detection of the signal—idler pair obtained by match-pair was split by means of a polarizing beam splitter. Before
ing the photon registration time records will show maximumthe beam splitter, a half-wave plate was placed in order to
“coincidences.” If the clocks lose their synchronization, oneperform the two measurements described previously: when

has to rematch the records to achieve maximum coincidencdBe wave plate is at 0°, the signal is transmitte@djcand the
by shifting one of them by a certain amount, that correspondiller reflected tdD,; when the wave plate is at 45°, the idler

to how much the two clocks have lost their synchronization

Is transmitted td, and the signal is reflected @,. In both

The clocks can be adjusted and kept synchronized accordreasurements, the signal and idler radiation were fed into

ingly.

The initial synchronization of the two clocks is made in
the following way: first we send the sign@lith wavelength
\g) to detectorD, and the idler(with wavelength\;) to de-
tector D,. The registration time differencé,—t,, at D, and
D, is estimated:

51 ra

tL-t us+to o

(5

where t; is the time offset of the two nonsynchronized
clocks. Then, we switch the signal and the idler, sending th
idler to D, and the signal t®,. The registration time differ-
ence,t; -t; of D; andD, will now be
r r

_l + tO —_ _2

t-t)=
| uS

(6)
Subtracting the two registration time differences, we have

(7

whereD=1/us—1/u;. At_ is obtained from direct measure-
ments and we assumed thatis known (D, is in the labo-

At_= (tl_tZ) - (ti_té) = D(r1+ rz),

two 1.5 km-long commercial optical fibers optimized for
single-mode operation at 1300 nm. The signal-idler pair was
then detected by two single-photon counting detectors. After
a large number of signal-idler pair measurements, a histo-
gram of the number of counts agaimgtt, (the resolution of
the fast-timing electronics is 3 psan be obtained. This dis-
tribution function corresponds to th&@(t;-t,) function
previously describedf:

Figure 3 shows the experimental results. The distribution
function on the left corresponds to the case of sighaknd

édler-Dz (half-wave plate at O°while the distribution func-

tion on the right corresponds to the case of idigrand
signalD, (half-wave plate at 45° The presence of multiple
peaks on each individual distribution function is a conse-
quence of intermodal dispersion in optical fibers, which is a
known effect in fiber optic$®

The calculated width of the effective two-photon wave
function from an 8 mm type-ll LBO SPDC, without the long
optical fibers, is about 800 fs. The measured width of
G@(t,-t,), with the fibers, is around 750 ps. There are two
contributions for the broadening of ti@&? function: (i) dis-
persion in the optical fiber, which may be compensated
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3000 ‘ ; in agreement with the values specified by the manufacturer
I of the optical fiber.

By measuring the displacement of the central peak when
b 5 the half-wave plate is rotated from 0° to 45CAt
. =5432+1 p$, and knowing the length of the fibers, the ex-
of ] perimental value forD, using Eq.(7), was found to be
L 1799.9+0.4 ps/km, in agreement with the parameters of the
' ] fibers. Substituting the estimated valuefinto either Eq.
\ (5) or Eg. (6), the time offset is measured to bg
i ] =40369+1 ps, which has the same order of accuracy of the
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30 32 34 36 38 40 42 44 46 48 50 In conclusion, we performed a high accurggycosec-
t,-t, (nanoseconds) ond) proof-of-principle experiment on distant clock synchro-

G 3. A tvoical hist " ber of s vs detection time dif nization(3 km). Besides the implementation of the one-way
.o, ypical nistogram, the numpber or counts vs detection ume airer- . . . .
encet;—t,. Curve on the left: half-wave plate at 0°, Curve on the right: clock SynChromzatlon protocol, this experiment has also

half-wave plate at 45°. The presence of side-peaks is due to the excitation sfemonstrated a (;oncept of qua_-n_tum metrology for high ac-
side-modes in the fiber. curacy nonlocal timing and positioning.
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