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Quantum interference and indistinguishability with femtosecond pulses
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The generation of entangled states of three or more photons through the nonlinear process of spontaneous
parametric down-conversion requires the use of a femtosecond pump to provide an indistinguishability of
photon pairs generated from different nonlinear crystals. We demonstrate experimentally that the quantum
interference between two photons generated in each of the nonlinear crystals will degrade significantly as the
duration of the femtosecond pump pulse becomes shorter than the coherence time of the signal and idler
photons. Spectral postselection using narrow-band filters compensates this effect at the expense of the photon
flux available for detection.S1050-2947@7)50607-X

PACS numbds): 42.50—p, 03.65.Bz

Entangled states of two or more quantum particles are dield amplitudes in the signal and idler modes and destroys
the heart of all major paradoxes associated with the interpreghe high visibility quantum interference, even with a single
tations of quantum mechani¢4,2]. The two-photon state crystal. We report on the experimental demonstration of the
generated in the nonlinear process of spontaneous parametélégradation of two-photon quantum interference in SPDC
down-conversionSPCD has been an effective and conve- With a femtosecond pump source. The only technique avail-
nient source of two-particle entanglement used in multipleable so far to counter this problem is the spectral postselec-
tests of the Bell inequalities over the last deci@le A num-  tion of the entangled photons by the placement of narrow-
ber of experimental techniques have been developed to mRand interference filters in front of detectais2]. While
nipulate significant quantum variables of the state. A particu!€Storing the high visibility quantum interference, this unfor-

larly useful type of two-photon state that is entangledtunately reduces the number of photons reaching the detec-

simultaneously in energy, space-time, and momentum wal®r- We evaluate the impact of the narrow-band filters on the

; Its of such measurements.
demonstrated recently by taking advantage of type-ll spcp®sY X . .
[4]. The ultimate test of the nonlocal properties of quantum 'I(;he ?35'(: ﬁchematlcﬁof tour eéggémeq'fl S]?tu‘i for th%
mechanics was proposed some time ago based on the usefey © _”ecto ;argrycepe PELC _S”']n lsed Wld' ? em oseC(t)nd
multiple-particle entangled statfS]. The entangled states of pump IS Hustrated in Fig. 1. The pulsed radiation generate

two or more photons have also assumed an important placféom the Ti:sapphire femtosecond las@oherent Mira 90D

in the practical development of quantum cryptography techlt';:as selectegl to thave a cen(;ra;: wavel_engttr:\ Oflgé)? n(T' AIter
niques[6] and in the construction of basic elements of quan- € conversion 10 a second harmonic, the -IS auration
putput pulse with central wavelength 397.5 nm is directed

tum teleportation to serve as a part of the quantum compu ; .
b P a P owards the down-conversion nonlinear crystal. A two-

ing procesg7]. . . X !
gTFr)le mogt :(lzonvenient practical realization of such manyph.Oton quantum state Is generated'ln the collinear configu-
ration type-ll SPDC. In our experiment we use a BBO

photon entangled states is the manipulation of the outcom BaB.O i tal oriented at 42.3° relative t
of SPCD processes from several independent nonlinear cry B8-BaB,0,) nonlinear crystal oriented a -5 relative 1o

tals that are pumped by the same laser source. This technique
relies on an important condition: The duration of the pump

pulse must be much shorter than the coherence time of the (% ™| Mira 900 —{innova 300 Ar+ Laser |
signal and the idler photons generated in each SPDC crysta | Ti:Sapphire
[8]. This condition establishes a mutual indistinguishability laser
of multiple pairs generated from independent crystals and [P%7° m PR
creates the basis for the coherent manipulation of multiple BBO crystal o
o . . . Type-ll (459) PBS
probability amplitudes. This usually requires the use of a e - APD Detector 1
femtosecond pump pulse. In the spectral domain this mean: 4V 122 m
ST

that the spectrum of the pump pulse must be wider than the

spectral widths of the signal and the idler photons that are

defined by the natural phase match{ptane-wave model for H I] ”I] ﬂ n I] I] I]

the pump in nonlinear parametric processes. 1 mm Crystal Quartz Coincidence
In this paper we demonstrate that the enforcement of the Plates 27(fs/ plate) | Counter

above condition results in a strong decoherence of the outpu Sep?ector 2

signal from each of the down-conversion crystals. This leads

to the loss of stable phase relationships between the optical FIG. 1. Schematic of the experimental setup.
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the optical axes. It is technically rather difficult to vary the 12 : : — :
pulsewidth of a femtosecond laser over a wide range. As a
alternative we utilized three pieces of nonlinear crystal with
thicknesses of 3, 1.5, and 0.56 mm to provide three option g i T
for the value of the ratio of the signal coherence time to the 2
pump pulse duration: 2.7, 1.35, and 0.45, respectively. It ic 0:8- 1
known from the theory of parametric processes in nonlinea £
optics[9-11] that the coherence time of the signal or idler § 0.64 J
wave can be estimated from the spectral width of the nature 8
phase matching. In the first order this will be defined by the g o 1
dispersion of the group velocities for the ordinaw) (and s
extraordinary €) polarized waves in the medium g
Z 0.2 e
1 1 :
tcoh:< u_e_ u_o ) L N 0.0 : . | i | . | i |
-400 -200 0 200 400
Delay (fs)

whereL is the length of the nonlinear crystal. Three samples
of BBO crystal in our experiment create a down-converted FIG. 2. Quantum interference measurement with three nonlinear
optical field with a central wavelength of 795 nm and a co-crystals of different length 0.56, 1.5, and 3 mm.

herence time of 420, 210, and 70 fs, respectively.

A simple correlation techniquEl3,14 was used to pre- pends on the relation between the pump spectrum and the
pare an entangled configuration of two-photon probabilitynatural width of the phase matching in the nonlinear crystal.
amplitudes and to detect a high visibility quantum interfer-This effect comes naturally from our theory and will be dis-
ence modulation of coincidence counts. This method is baseclssed in detail elsewhere.
on the use of a polarizing beam splittéd?BS and a 45° To develop a simple description of the demonstrated ef-
polarization rotator in front of the beam splitter. This designfect we will ignore the components of the wave vectors per-
ensures the equal probability for each of the original ordinarypendicular to the pump beam and will drop the vector nota-
(vertica) and extraordinary(horizonta) components of a tion for the wave vector. Then the wave function at the
two-photon state to reach both photon-counting detectorsutput surface of the crystal may be written as
D, andD,. We used a pair of EG&G passively quenched
avalanche photodiodg#\PDs) in the Giger mode to detect
single photon events. The probability of coincidence detec-
tion (number of coincidence counts per secpisda function
of the relative optical path delaybetween the ordinary and The coefficientF, . is given by[10,15
extraordinary components of the original state. We introduce
a variable optical delay line made of thii-mm) plates of Fik =Tk Lo(wort wew — wp) (LA ), (€)
crystal quartz in front of the beam splitter in order to detect a
change in the degree of quantum interferefasibility of 1.2 1 . . . T ;
coincidence probability modulatipnas a function of the [
guantum amplitudes’ indistinguishabilititheir overlap in
longitudinal space-time[14].

The experimental data from three runs with different
thicknesses of nonlinear crystals are presented in Fig. -
These results clearly demonstrate the degradation of qual
tum interference when the spectrum of the pump pulse be &
comes wider than the natural bandwidth of phase matching
The experimental data were obtained with relatively broac >
(6-nm full width at half maximur interference filters in
front of the detectors to reduce the influence of ambien
noise on the experimental results. The equivalent coherenc
time of the light passing through such a filter at 795 nm is
350 fs. This time is greater than the pump duration and ths
overall influence of our noise cutoff filters on the effect of
visibility reduction is very smallsee Fig. 3. The convolu-
tion of the filter spectral profile with the natural phase match-
ing and with the spectrum of the pump will define the cor- Crystal Length (mm)
relation function measured in our experiment for each of the |G, 3. Comparison of quantum interference visiblity observed
crystal lengths. Each step in the delay line corresponds to g the experiment with the results of theoretical prediction using
optical delay of 9um (or delay time of 27 fsin crystal  6-nm interference filtergsolid line). Theoretical prediction with
quartz between the ordinary and extraordinary waves. The.6-nm interference filter&dashed ling and without any filters in-
horizontal shift of the absolute minima of the dip also de-serted(dotted ling.
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whereI'y . is the parametric gain index for perfect phasefor |t|>t.n.. In our experiments we have a train of pump

matching(it is a sufficiently slowly varying parameter over pulses, so that the coincidence rate can be defined as
the bandwidth of the down-conversion process so that it may

be taken as a constanfThe § function represents the fre- +oo +oo N ) (=) A () A+

quency phase-matching condition, and thiunction, where Rc:fpf_m dle_m dT(V|E) 'E; 'Ey EY|W),
h(x)=[1—e *]/ix and Ay =k,—k'—k, determines the (5)
natural spectral width of the two-photon state in the nonlin-

ear crystal. If the spectral bandwidth of the pump, treateds f';1>tcoin & Stouse Wheref , is the repetition rate of the
classically as a plane wave, is small compared to its Ce”teﬂulsed laser andt,s, s the duration time of the pulse.

(carriep frequency(},, the electric field of the pump is rep- The two-photon amplitudd(t, ,t,) is defined ag15]
resented a€Ey(t) =Ecn(t)exp(€yt), where E¢n(t) is the

complex pulse envelope aig,,[(kp) is its Fourier transform Alt: t5)2=(W|ETECIEHED O
[16,17. |A(ty,t)|*=( |A1 Az 2 'Ei|Q)
The coincidence counting rate between detecidysand =|(0|ESVE|W)|?, (6)

D, is defined by

1 (T vv_here, _for s?mplicity, the calcul_ation is in the Heisenberg
R.= lim = f dT, picture in which the state vector is the state at the output face
TJ) e of the crystal. Assuming point detectors without filters, the
quantized fields are

T—+o

T/2 -~ ~ ~ A~

xf dT(W|ESES ESVE | WYS(T,—Ty),
-T2 = A a-io

Eg_+):2k Ejkajke : kt. (7)

(4)

where S(t) is the coincidence window function that is de-  If the polarizing beam splitter transmits toeray into the
fined such thaB=1 for |t| <t and goes to zero rapidly detectorD; and reflects the ray intoD,, we have

A(tl,t2)=k2 A(kp)kZk B Er, &1 12(0] gy Aot | W)
p 1:82

) ) +
:Woe'(ﬂd/Z)(tltZ)H(tl_tz)e'(Qplz)(tlﬂz)Een\( ty > tr i % (tl_tz) (8)

whereQ4=Q,—Q, (we have perfect phase matching at thet,+t,. This is because the pair cannot be created with equal
ordinary and extraordinary angular frequenci®s and  probability (i.e., randomly throughout the nonlinear crystal
Q), D=1g—1e, and A=1u,— 3(1uy,+1/ug). The asinthe cw regime. The pulsed pump introduces a “knowl-
function TI(x) describes the accumulation of optical delay edge in principle” of the time creation of the pair. For ex-
t,—t, between the two photons in the péivhich is propor- ample, tracking the pump pulse position inside the crystal,
tional to the length of their travel inside the crystalheIl =~ we could discriminate between pairs created at the input sur-
function also illustrates the random probability distribution face of the crystal and pairs created at the output surface of
for two-photon creation at any point inside the nonlinearthe crystal. The rectangular functidh(t, —t,) describes the
crystal during the coherent nonlinear interaction. A detailedfact that the pair is created at the same time and at the same
description of this function can be found [5]. The rect- point inside the crystal, but the wave packets travel through
angular shape dfl(x) in the time domain is responsible for the crystal with different group velocities, so the complex
the observation of a triangular shape intensity correlatiorshape functiorEg,((t; +1,)/2+A/D(t;—t5)) describes this
function in the coincidence measuremgnd]. All of the  “knowledge in principle” of the creation timéor the cre-
slowly varying quantities and constants have been absorbeation point inside the crystal

in Wy. It is known that the entangled two-photon state does If we consider that narrow-band frequency filters centered
not factor into a product of a function 6f and a function of  at perfect phase matching were placed in front of the detec-
t,, but it can be represented as a product of two linear comtors then the fields must be written as

binations that depend on—t, andt;+t, in the case of a
monochromatic continuous-wave purfib]. Now, from Eq.

(8) we conclude that if the pump is pulsed and has the shape
of a wave packet that is comparable in spectral width with
the natural bandwidth of phase matching in the nonlineaand thell-function now also depends on thett, time
crystal of lengthL, then the two-photon wave function does parametefIl; (t;—t,,t; +t,)]. Physically, we can interpret
not factor into a simple product of functions bf—t, and  this procedure of the postselection of spectral amplitudes by

BYY=2 (o Q) Ejdjee ¥, ©)
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narrow-band frequency filtering as a method to significantlyassuming the use of 6-nm bandwidth filters to match our
erase the “knowledge in principle” introduced by the fem- experiment. The dotted line corresponds to the predicted vis-

toseconq pump ra}diation. _ ibility reduction when no additional spectral filtering is in-
The flnal effe.c'tlve two-photon wave function can be pre-troduced. The instability of the femtosecond pulse duration
sented in a familiar form: over the time of the measurements with each crystal was the

Wty ) =[ (€1 €)(€r- €)A(tro o) _main contribution to' the expgrimental error. The dashed line
1r2 17 F0/A 27 Te/T Mo R2e illustrates a theoretical possibility of recovering a quantum

+ (€ €) (€ €)A(tyg,t10)] (10) interference visibility with a spectral postselection procedure

using very-narrow-band 0.6-nm interference filters in front

wheree; represents the unit vectors parallel to the polarizaof the detectors. Assuming Gaussian filters, this will de-
tion axes of the SPDC crystal and the polarization beanrease the intensity of two-photon states by at least one order
splitter. Considering an ideal polarization beam splitter and &f magnitude. We expect even greater losses if the real spec-

45° rotation of the SPDC crystal polarization by a polariza-yg| shape of a single-cavity subnanometer interference filter
tion rotator, as well as the relative optical delayetween s ~onsidered.

the o and e rays introduced by quartz plates, we obtain @ |, concjusion, we have experimentally demonstrated the

final expression for the coincidence counting rate: effect of quantum interference degradation during the SPDC
Re=Rg[1—p(7)] (11) process when the durat|on_0f the pump pulse_ becomes
shorter than the coherence time of the signal radiation. The
with pulsed pump introduces a “knowledge in principle” of the
e o creation time of the photon pair. The high visibility of quan-
Ro:f de dt|TI; (8, T)Eent, T2, (12) tum _interference can _be recovered to some degre_e by per-
— forming the postselection of spectral amplitudes using very-
1 (i . narrow-band interference filters in front of the photon-
_ = de dt Re(IT* (t+ 7 T (—t+7T counting detectors. However, th|§ results in a significant
p(7) Ro ffoo — &IIF (t m DI ( mT) reduction of the number of available two-photon states.
. These results have important implications in the area of prac-
XEg(t+ 7, T)Eend —t+7,T)}, (13 tical two-photon cryptography and multiple-particle quantum
interferometry, including quantum teleportation.

—o0

and T:t1+t2, t:tl_tz.

The theoretical prediction for the gquantum interference This work was carried out under CEE-TMR Contract No.
visibility as a function of the length of the BBO nonlinear ERBFMRXCT96-0066. A part of this project was completed
crystal in the case of 155-fs pulsed pump radiation is illus-while one of us(A.V.S.) was affiliated with the Department
trated in Fig. 3 with a solid line to match the data from ourof Physics, University of Maryland Baltimore County, Bal-
experiment. The visibility was calculated using E§3) and  timore, MD.
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