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Spectral information and distinguishability in type-II down-conversion with a broadband pump

W. P. Grice and I. A. Walmsley
The Institute of Optics, University of Rochester, Rochester, New York 14627

~Received 30 August 1996; revised manuscript received 28 March 1997!

A model is presented to describe spontaneous type-II parametric down-conversion pumped by a broadband
source. This process differs from the familiar cw-pumped down-conversion in that a broader range of pump
energies is available for down-conversion. The properties of the nonlinear crystal determine how these energies
are distributed into the down-converted photons. Because the two photons are polarized along different crystal
axes, they have different spectral characteristics and are no longer exactly anticorrelated. As the pump band-
width is increased, this effect becomes more pronounced. A fourth-order interference experiment is proposed,
illustrating some of the features of broadband pumped down-conversion.@S1050-2947~97!08508-9#

PACS number~s!: 42.50.Dv, 03.65.Bz, 42.65.Ky
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I. INTRODUCTION

Pairs of particles with a high degree of correlation exhi
behavior that exposes many interesting features of quan
mechanics. A common method for generating highly cor
lated photon pairs is spontaneous parametric do
conversion pumped by a single-frequency laser. In this p
cess, the coherence times of the down-converted photon
determined entirely by the crystal parameters and can
quite short@1#. As a result, the photon wave packets are w
localized with respect to one another. In addition, ene
conservation ensures that the frequencies of the do
converted photons always sum to the pump frequency.
photons are correlated in position and anticorrelated in
ergy in the sense that a measurement of either of these
rameters in one photon yields knowledge of the correspo
ing parameter in the second. Several experimentalists h
used this type of process to produce entangled states in o
to demonstrate violations of Bell’s inequalities@2–4#. An-
other series of experiments, employing a Hong-Ou-Man
interferometer, has been carried out to investigate the rol
distinguishability in interference@1,5,6#. In most of these ex-
periments, the down-converter is simply used as a con
nient source of correlated photons and the interesting phy
takes place through their subsequent manipulation. A cou
of recent works, though, investigate the down-convers
process in more detail by varying different pump paramet
Specifically, the spatial distribution of the down-convert
photon pairs is studied in the context of variable pump sp
tral width @7# and wave-front curvature@8#.

While the emission times of the two photons produced
cw-pumped down-conversion are well known with respec
one another, the absolute time of emission is completely
dom. The reason, of course, is that the process is pum
with a cw source, which has an essentially infinite cohere
length. One way to remove some of the uncertainty in
emission time is to use a pulsed laser to pump the crys
Clearly, this type of approach is necessary for experiment
which separate crystals are required to emit at nearly sim
taneous times@9–11#. Similar methods have been suggest
as a means of realizing the experiment proposed by Gr
berger, Horne, and Zeilinger@12–15#. An implicit assump-
tion in many of these proposals is that the photons gener
561050-2947/97/56~2!/1627~8!/$10.00
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from different crystals are synchronized to within their c
herence times. This might be accomplished by decreasing
emission time window by using shorter pulses to pump
process. But when the down-conversion process is pum
with a broadband source, the coherence times of the do
converted photons are affected not only by the crystal par
eters, but also by the coherence time of the pump. In a
tion, the energy constraint is relaxed because a broad ra
of frequencies is present in the pump pulse. Conseque
the frequencies of the down-converted photons are no lon
exactly anticorrelated. It is clear that a better understand
of broadband-pumped down-conversion is needed in orde
analyze the above proposals.

In this paper, we consider spontaneous parametric do
conversion pumped by a broadband source. We restrict
selves to the case in which the down-converted beams
collinear with the pump. The motivation for this choice
related to the broadband nature of the pump. Conservatio
momentum ensures that the propagation directions of
down-converted photons are correlated. But since there
broad range ofk vectors in the pump, a given propagatio
direction for one photon corresponds to a range of directi
for the other. The exception is the case in which the t
photons have no transverse momentum components,
when they are collinear with the pump. We also restrict o
analysis to type-II down-conversion, in which the dow
converted photons have orthogonal polarizations. This
more practical for experiments in which the two photons
to be manipulated independently. In Sec. II, we presen
model describing the two-photon state produced by pul
type-II spontaneous down-conversion. We find that, in c
trast to cw-pumped down-conversion, the two photons p
duced in pulsed type-II down-conversion have differe
spectra. This difference becomes more pronounced as
pump bandwidth is increased. In Sec. III, we analyze a p
posed experiment in which the additional information carr
by the photons causes a reduction of visibility in fourth-ord
interference. Section IV contains discussion and conclusio

II. TWO-PHOTON STATE

The process of parametric down-conversion can be s
ied in the interaction picture, in which the evolution of th
state vector is given by
1627 © 1997 The American Physical Society
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1628 56W. P. GRICE AND I. A. WALMSLEY
uc~ t !&5expF 1

i\ E
t0

t

dt8ĤI~ t8!G uc0&, ~1!

whereuc0& is the state at timet0 andĤI(t) is the interaction
Hamiltonian. For type-II down-conversion, this Hamiltonia
may be taken to be

ĤI~ t !5E
n
d3rx~2!Êp

~1 !~r ,t !Êo
~2 !~r ,t !Êe

~2 !~r ,t !1H.c.,

~2!

whereV is the volume of the nonlinear crystal andÊj (r ,t)
5Êj

(1)(r ,t)1Êj
(2)(r ,t) are the three interacting fields. He

j 5p,o,e identifies the pump, ordinary, and extraordina
waves, respectively. The crystal’s nonlinearity is charac
ized by x (2), which is assumed to be independent of fr
quency over the region of interest. This assumption d
misses higher-order effects of dispersion, which can beco
important in some ultrafast applications. As will be se
later, the assumption is warranted in this case because
interaction is governed by the phase-matching conditio
which arise from the dispersion inx (1). This effect is much
more significant than those arising from a dispersivex (2).

To simplify the analysis, the down-converted beams
constrained to be collinear with the pump beam. In pract
this can be achieved through the use of pinholes. The volu
integral in Eq.~2! then becomes an integral over only o
direction, sayz. The positive frequency part ofÊj (z,t) is

Êj
~1 !~z,t !5E dv jA~v j !â j~v j !e

i @kj ~v j !z2v j t#, ~3!

where â j (v j ) is the photon annihilation operator for th
mode defined by frequencyv j , the z direction, and the po-
larization associated with the index j . A(v j )
5 iA\v j /2e0n2(v j ) is a slowly varying function of fre-
quency and may be taken outside the integral.Êj

(2)(z,t) is
related toÊj

(1)(z,t) by Êj
(2)(z,t)5@Êj

(1)(z,t)#†. Since spon-
taneous parametric down-conversion is a very ineffici
process, the pump field must be relatively large. Acco
ingly, the electric-field operatorÊp

(1)(r ,t) may be replaced
by the classical fieldEp(r ,t)5ã(t)eikp(vp)z @16#. The inter-
action Hamiltonian may now be expressed as

ĤI~ t !5AE
2L/2

L/2

dzE dv0E dveâo
†~vo!âe

†~ve!ã~ t !

3e2 i $@ko~vo!1ke~ve!2kp~vp!#z2@vo1ve#t%1H.c.,

~4!

where L is the length of the crystal andA(v j ) has been
grouped into the parameterA, along with several constants

The time-dependent part of the interaction Hamiltonian
ã(t)ei (vo1ve)t, which goes to zero whenever the pump fie
goes to zero. If the process is pumped by a pulsed laser,
the interaction is nonzero for only a short period of time. T
interaction time is essentially determined by the pulse du
tion. It is assumed that at timet0 the pump field is zero inside
the crystal and that the pulse enters the crystal some
later. We restrict our attention to timest after the completion
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of the interaction, i.e., after the pulse has exited the crys
Thus, the interaction Hamiltonian is zero for times befo
t0 or after t. The limits of integration in Eq.~1! may there-
fore be extended to infinity. It has been shown with a mo
general argument that these limits of integration may be
tended to infinity even if the pump field is not in the form
a coherent pulse@17#. With the revised limits of integration
the integral is somewhat easier to handle if the pump field
represented as a Fourier decomposition. The integral in
~1! then becomes

E
t0

t

dt8ĤI~ t8!5AE
2`

`

dt8E
2L/2

L/2

dzE dvo

3E dveâo
†~vo!âe

†~ve!E dvpa~vp!

3e2 i $@ko~vo!1ke~ve!2kp~vp!#z2@vo1ve2vp#t%

1H.c., ~5!

wherea~v! is the Fourier transform ofã(t). The time inte-
gral is performed first, yielding 2pd(vo1ve2vp). Evalu-
ating one of the frequency integrals gives

E
t0

t

dt8ĤI~ t8!52pAE
2L/2

L/2

dzE dvoE dveâo
†~vo!

3âe
†~ve!a~vo1ve!

3e2 i @ko~vo!1ke~ve!2kp~vo1ve!#z1H.c. ~6!

The integration over the length of the crystal is easily p
formed, giving

E
t0

t

dt8ĤI~ t8!52pAE dvoE dveâo
†~vo!âe

†~ve!

3a~vo1ve!F~vo ,ve!1H.c., ~7!

where

F~vo ,ve!5
sin$@ko~vo!1ke~ve!2kp~vo1ve!#L%

@ko~vo!1ke~ve!2kp~vo1ve!#L
. ~8!

Since the interaction is fairly weak, the unitary time ev
lution operator in Eq.~1! may be approximated by the firs
two terms of a perturbative expansion. The first term is s
ply the initial state, which is assumed to be the vacuum st
The term of interest is the second term, which is

uc2&5
2pA

i\ E dvoE dvea~vo1ve!

3F~vo ,ve!uvo&ouve&e , ~9!

whereuv i& j is a one-photon Fock state. Equation~9! repre-
sents a superposition of two-photon states in which
o-polarized photon has frequencyvo and thee-polarized
photon has frequencyve . The probability amplitude associ
ated with each pair is the product of the pump envelo
function a(vo1ve) and the phase-matching functio
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56 1629SPECTRAL INFORMATION AND DISTINGUISHABILITY . . .
F(vo ,ve). The pump envelope function ensures conser
tion of energy. That is, a down-conversion event is allow
only if the energies of the daughter photons sum to so
frequency found in the pump. For a given pump photon,
phase-matching function determines how the energy is to
distributed. Since the pump envelope function depends
the sum frequency, it is symmetric with respect tov0 and
ve . It can be seen from Eq.~8!, however, that this is not the
case for the phase-matching functionF(v0 ,ve). Because
the crystal is birefringent,ko(v)Þke(v) in general and
F(vo ,ve) is not symmetric in its frequency arguments. Th
is, F(vo ,ve)ÞF(ve ,vo). Because of this asymmetry, th
wave packets describing the two photons produced in pu
type-II down-conversion are not identical, even when th
are degenerate in their center frequencies.

The essential character of the phase-matching functio
better illustrated when it is expressed in a simpler form
tained by making the Taylor expansionskp(v)5kp01(v
22v̄)kp81••• and kj (v)5kj 01(v2v̄)kj81••• ( j 5o,e),
where kp05kp(2v̄), kj 05kj (v̄), kp85]kp(v)/]vuv52v̄,
andkj85]kj (v)/]vuv5v̄. Here, 2v̄ is the center pump fre
quency. Discarding all but the first two terms yields

ko~vo!1ke~ve!2kp~vo1ve!>no~ko82kp8!1ne~ke82kp8!,

~10!

where n j5v j2v̄ ( j 5o,e) are the difference frequencie
and perfect phase matching at the center frequencies g
ko01ke02kp050. Using Eq.~10!, the phase-matching func
tion becomes

F~v̄1no ,v̄1ne!5
sin$@no~ko82kp8!1ne~ke82kp8!#L%

@no~ko82kp8!1ne~ke82kp8!#L
.

~11!

Figure 1~a! shows a plot ofuF(v̄1no ,v̄1ne)u2 for typical
values ofko8 , ke8 , andkp8 . In this plot ~and in all subsequen
plots!, the difference frequencies have been normalized
Dncw52.78/uko82ke8uL, the bandwidth found in type-II para
metric down-conversion pumped by a cw source. The pha
matching function attains its maximum value whenev
no(ko82kp8)52ne(ke82kp8) and has constant value along a
contour parallel to the line defined by this relation. This d
tribution determines how the energy in a given pump pho
is distributed to the two down-converted photons. Therange
of pump frequencies available for down-conversion is de
mined by the pump envelope functiona(vo1ve). Since
this function depends onvo1ve52v̄1no1ne , its contour
lines are parallel to the line defined byno52ne . Figure 1~b!
shows a plot ofua(2v̄1no1ne)F(v̄1no ,v̄1ne)u2, where
a Gaussian shape has been assumed for the pump enve

It is useful to think of this plot as the probability distribu
tion for the two-photon state. That is, the probability that t
o-polarized photon has frequencyvo5v̄1no and the
e-polarized photon has frequencyve5v̄1ne is proportional
to the value of the function at the point (no ,ne). This plot
also demonstrates a feature that is important in the exp
ment described below. As the pump bandwidth is increas
the overlap between the pump envelope and the ph
matching function also increases. More pump frequencies
available for down-conversion, and a larger range of f
quencies are found in both down-converted beams, but
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asymmetry of the phase-matching function causes one o
down-converted spectra to grow more quickly than the oth
The spectraSo(n) andSe(n) of the individual photon wave
packets are

So~n!5E dneua~2v̄1n1ne!F~v̄1n,v̄1ne!u2,

Se~n!5E dnoua~2v̄1n1no!F~v̄1no ,v̄1n!u2. ~12!

That is, the difference frequency spectrum of t
o-polarized ~e-polarized! photon wave packet is found b

FIG. 1. Plot of the phase-matching function alone~a! and mul-
tiplied by the pump envelope function~b!. The axes are the differ-
ence frequencies for theo- and e-polarized photon wave packets
The difference frequencies are normalized by the characteristic
quencyDncw .
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1630 56W. P. GRICE AND I. A. WALMSLEY
projecting ua(2v̄1no1ne)F(v̄1no ,v̄1ne)u2 onto theno
(ne) axis. Figure 2 shows the two spectra for the distribut
of Fig. 1~b!. As expected, the spectrum of theo-polarized
photon wave packet is broader than that of thee-polarized
photon. The bandwidths of the two down-converted fie
have been calculated for several different values of the pu
bandwidth. The results are plotted in Fig. 3 as a function
pump bandwidth, which is also normalized byDncw .

It should be noted that if a cw pump with frequency 2v̄ is
used, then the pump envelope function becomes a delta f
tion d(vo1ve22v̄) and Eq. ~9! reduces to the familiar
expression for cw-pumped down-conversion@18#,

uc2&cw5
2pA

i\ E dv F~v̄1n,v̄2n!uv̄1n&ouv̄2n&e .

~13!

There are several important differences between states
scribed by Eqs.~9! and ~13!. First, the two beams produce
in cw-pumped down-conversion are exactly anticorrelated
frequency, because energy conservation requires that
down-converted frequencies always sum to the pump
quency, 2v̄. Of course, it is still true that energy is con
served in broadband-pumped down-conversion, but ins
of a single pump frequency, there is a broad range of
quencies available. As a consequence, the down-conve
frequencies no longer sum to a constant value. They are
longer exactly anticorrelated. The second difference c
cerns the symmetry of the frequency distributions. With
broadband pump, the asymmetry of the phase-match
function leads to down-converted photon wave packets w
spectra that can be quite different. This is not the case in
cw limit. Since the frequencies are exactly anticorrelated,
two-photon state represented by Eq.~13! is symmetric in the
two frequencies. Therefore, the spectra of thee- and
o-polarized photon wave packets are identical. Indeed, Fi
shows that the two photons have the same bandwidth as
pump bandwidth approaches zero.

Another difference between the two states involves
temporal characteristics of the down-converted fields. T
quantities are of interest: the coherence times and the tim

FIG. 2. Spectra of theo- ande-polarized photon wave packet
for the distribution shown in Fig. 1~b!. Again, the difference fre-
quency is normalized byDncw .
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emission. Just as with a broadband pump, the photons
duced in cw-pumped down-conversion can have large ba
widths and, consequently, short coherence times. The
states are similar in that this quantity is determined by
interplay of the phase-matching function and the pump
velope function. But regarding the time of emission, the t
cases are quite different. For a cw pump, the time of em
sion is completely random. That is, the down-convers
probability is independent of time. This is obviously not th
case for a pulsed pump field, since a down-conversion ev
can only occur when the pulse passes through the cry
Thus a pulsed pump field leads to a reduced uncertaint
the time of emission as compared to a cw pump. It should
pointed out that for experiments involving photons from
single down-conversion source, the absolute time of em
sion is not relevant, but in the case of multiple sources o
requires that the time of emission of the photons hav
smaller variance than their coherence time.

III. A PROPOSED EXPERIMENT

Many experiments involving cw-pumped down
conversion have exploited the fact that the two output p
tons have identical spectral characteristics. In particu
when the photons are mixed in a Hong-Ou-Mandel interf
ometer, their indistinguishability leads to a fourth-order i
terference effect@1,5,6#, but when the photons originate in
type-II crystal pumped by a broadband source, the visibi
of the interference is decreased. The reason for this is t
since the two photons have different spectral characteris
they carry information about the two interfering paths. T
amount of information increases as the pump bandwidth
increased. The visibility of the fourth-order interference c
be restored, however, by selecting only those runs for wh
the two paths are indistinguishable.

The experimental apparatus, shown schematically in F
4, is similar to that used by other experimentalists to inv
tigate fourth-order interference in type-II down-conversi
@6,19,20#. The primary difference here is that a broadba
pump with variable bandwidth is used to pump the dow

FIG. 3. Bandwidths of theo- and e-polarized photon wave
packets plotted as a function of the pump bandwidth. All values
normalized byDncw .
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56 1631SPECTRAL INFORMATION AND DISTINGUISHABILITY . . .
conversion process. Theo- and e-polarized photons then
travel collinearly and are mixed at a polarization beam sp
ter oriented at 45° with respect to the two polarizations. T
outputs of the beam splitter are directed to detectorsD1 and
D2, and the coincidence rate is measured as a function o
relative delay between the two polarizations. This delay
be realized by inserting an appropriate amount of birefr
gent material before the polarization beam splitter.

Suppressing thez dependence, the field operators at t
detectorsD1 andD2 are given by

Ê1
~1 !~ t !5

1

&
@Êo

~1 !~ t !1Êe
~1 !~ t1dt!#,

Ê2
~1 !~ t !5

1

&
@Êo

~1 !~ t !2Êe
~1 !~ t1dt!#, ~14!

wheredt is the relative delay between the two photons a

Êo,e
~1 !~ t !}E dn âo,e~v̄1n!e2 i ~v̄1n!t. ~15!

The probability of detecting one photon at detectorD1 at
time t1 and one photon at detectorD2 at timet2 is

P12~ t1 ,t2 ;dt!5^Ê1
~2 !~ t1!Ê2

~2 !~ t2!Ê2
~1 !~ t2!Ê1

~1 !~ t1!&. ~16!

Using Eq.~9! for the state and Eqs.~14! and~15! for the field
operators, this expression becomes

P12~ t1 ,t2 ;dt!}U E E dvodvea~vo1ve!

3F~vo ,ve!e
2 ivedt@e2 i ~vot21vet1!

2e2 i ~vot11vet2!#U2

. ~17!

The average coincidence counting rate is given by

Rc~dt!5
1

T E E
0

T

dt1dt2P12~ t1 ,t2 ;dt!, ~18!

FIG. 4. Layout of the proposed experiment. The parame
down-converter~PDC! is pumped by a variable bandwidth sourc
Theo- ande-polarized photons travel collinearly to the polarizatio
beam splitter~PBS!, which is oriented at 45° with respect to pola
ization axes. Coincidence counts are measured at detectorsD1 and
D2 as a function of the relative delaydt. This delay can be adjuste
by adding or removing birefringent material from the beam pat
-
e

he
n
-whereT is the coincidence detection time, typically on th
order of a few nanoseconds. BecauseT is much longer than
the interaction time, the limits of integration may be e
tended to infinity, giving

Rc~dt!}E E dvodveua~vo1ve!u2@ uF~vo ,ve!u2

2F~vo ,ve!F* ~ve ,vo!e2 i ~ve2vo!dt #. ~19!

The first term in this expression represents an integra
over the entire two-photon probability distribution. It is pro
portional to the total probability of observing a down
conversion event, regardless of the frequencies of the do
converted photons. Whendt is large, the second term
oscillates rapidly as a function of frequency and contribu
nothing to the integral, leaving only the first term to establ
the background level. Asdt approaches zero, the secon
term contributes and the coincidence rate falls. Whendt
50 exactly, the only difference between the two terms
that the arguments ofF* are reversed in the second term
This subtle change has an important consequence, tho
Since F is not symmetric in its frequency argument
F(vo ,ve) and F* (ve ,vo) overlap only whenvo've .
This is the case when the pump spectrum is narrow. In
cw-pump limit, in fact, the phase-matching function is sym
metric in its frequency arguments and the coincidence
goes to zero fordt50. As the pump spectrum is increase
the pump envelopea(vo1ve) grows to include contribu-
tions from the regions of the distribution for whichvo and
ve are very different. While the amplitude o
F(vo ,ve)F* (ve ,vo) is very small in these regions, Fig
1~a! shows thatuF(vo ,ve)u2 has significant value for al
pump frequencies. The result is that the first term becom
much larger than the second and the coincidence rate
longer goes to zero.

Equation~19! can be integrated to give

c

FIG. 5. The coincidence rate plotted as a function of relat
delay between the down-converted photons. The delay is norm
ized by 1/Dncm, the inverse of the characteristic bandwidth. T
different curves represent the coincidence rate for different va
of the pump bandwidth. The curve labeled ‘‘Smalls’’ corresponds
to a cw pump, while ‘‘Larges’’ corresponds to a pump bandwidt
3 times larger than the characteristic bandwidthDncw .
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Rc~dt!}5
1

A2p

s

V1
2erfF 1

2&

s

V1
~12udtuV2!G , udtu,

1

V2

1

A2p

s

V1
, otherwise,

~20!
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where 1/V65Lu(kp82ke8)6(kp82ko8)u and s is proportional
to the pump bandwidth. As before, the pump spectrum
assumed to have a Gaussian shape. Figure 5 contains
malized plots ofRc(dt) for several values of the pump ban
width. In the cw-pump limit,s→0 and the function has th
familiar triangle shape@6#. As the pump bandwidth in-
creases, the depth of the dip decreases. In the limit of infi
pump bandwidth, in fact, the dip disappears entirely.

The diminished visibility in the fourth-order interferenc
can be attributed to increased distinguishability of the t
photons. More correctly, it is caused by the distinguishabi
of the two paths leading to coincidence counts. A coin
dence count can occureitherwhen theo-polarized photon is
detected at detectorD1 and thee-polarized photon is de
tected at detectorD2 or when thee-polarized photon is de
tected at detectorD1 and theo-polarized photon is detecte
at detectorD2. When it is impossible to distinguish betwee
these two processes, destructive interference causes the
rate to fall to zero. With a large pump bandwidth, the tw
photons have different spectra, making the two paths so
what distinguishable. In addition, certain combinations of
downconverted frequenciesvo andve are more likely than
others. By measuring the energies of the detected photon
would be possible in many cases to determine the path ta
by each. For example, measuring frequenciesv1 andv2 at
detectorsD1 andD2, respectively, would imply thateither
v15vo and v25ve or v15ve and v25vo . Each of the
possible outcomes has an associated probability amplit
The geometry of the interferometer is such that these
amplitudes have opposite signs and they therefore sum
zero when their magnitudes are equal. But beca
F(vo ,ve)ÞF(ve ,vo), this is not the case for most fre
quency pairs. Of course, one does not actually have to m
sure the energies of the detected photons in order to des
the interference. It is sufficient that this measurement is p
sible in principle.

It is interesting to note that, as long as the pump ba
width is not infinite, the interference cannot be complet
destroyed. That is, the visibility never quite reaches ze
The reason for this is that, in many cases, the photons h
similar energies and it is difficult to gain information abo
the paths taken by the two photons. These ‘‘indistingui
able’’ runs are always present, even for a large pump ba
width. A broader pump spectrum simply facilitates a larg
proportion of ‘‘distinguishable’’ down-conversions, i.e.,
larger proportion of runs in which the energies of the dow
converted photons are significantly different. If a measu
ment of the coincidence counting rate were performed o
on the indistinguishable runs, then the interference would
restored. This could be accomplished by placing spectra
ters in front of the detectors. To demonstrate this featu
numerical calculations were carried out to determine
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shape of the interference pattern with filters in place. T
interference curves are shown in Fig. 6~a!. The solid curve
shows the interference pattern with no filters in place fo
pump bandwidth of 3Dncw . For the dashed curve, a Gaus
ian filter function with widthDncw was introduced inside the
integral in Eq. ~15! and the calculation was repeated. A
might be expected, the overall count rate is reduced, but
visibility increases from 0.205 to 0.721. The spectral filte
have essentially blocked some of the distinguishable pho
pairs. Spectral filters with a smaller bandpass will impro

FIG. 6. ~a! The coincidence rate plotted as a function of relati
delay between the down-converted photons. The delay is norm
ized by 1/Dncs, the inverse of the characteristic bandwidth. T
dashed curve corresponds to a spectral filter of widthDncw and the
solid curve represents the pattern expected with no spectral filte
place. The pump bandwidth is 3Dncw . ~b! Visibility of the inter-
ference pattern~left axis! and count rate~right axis! plotted as a
function of filter bandwidth.
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the visibility even further, but will result in a lower overa
count rate. This can be seen in Fig. 6~b!, which shows plots
of visibility and count rate versus filter bandwidth. As th
filter bandwidth increases, the visibility decreases while
count rate increases. This tradeoff can be managed by d
ing and optimizing a figure of merit. With a pump bandwid
of 3Dncw , for example, the product of the count rate and
square of the visibility reaches maximum value with a fil
bandwidth of 0.9Dncw .

The calculations contained in this paper have been car
out for type-II down-conversion. It is interesting, though,
also consider type-I down-conversion when pumped b
broadband source. Because the two down-converted pho
have the same polarization, the material dispersion has
same effect on each. The phase-matching function is th
fore symmetric with respect to its two frequency argumen
As a result, the two photons would have identical spec
although their energies would not be strictly anticorrelat
In addition, if the two photons were input into a Hong-O
Mandel interferometer, the visibility would not depend o
the pump bandwidth.

IV. DISCUSSION

We have shown that the output of a type-II parame
down-converter pumped by a broadband source posse
characteristics not found in cw-pumped down-conversi
The state vector describing the output is a continuous su
position of two-photon states in which the probability amp
tude for each state depends on the pump bandwidth, as
as the crystal parameters. The pump envelope function
termines the range of pump energies available for do
conversion, and the phase-matching function determines
these energies are distributed to the two down-conve
photons. Because the phase-matching function is not s
metric with respect to the two polarizations, the two dow
converted photons are not exactly anticorrelated and t
spectra are not identical. We have analyzed theoretically
experiment in which this reduced correlation plays an imp
tant role. We find that the visibility in fourth-order interfe
ence is reduced because of the additional information car
by the photons. The visibility can be restored, however,
placing spectral filters in front of the detectors.
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The proposed experiment is similar to some of the qu
tum eraser experiments and proposals found in recent lit
ture @21#. It is perhaps most similar to an experiment invol
ing two photons produced in parametric down-convers
that interfere in a Hong-Ou-Mandel interferometer@22#. The
photons are prepared so that they are orthogonally polar
before being mixed at the beam splitter and so no inter
ence is observed in the coincidence count rate. By plac
properly oriented polarizers before the detectors, the inter
ence is restored. In both experiments, the visibility of t
fourth-order interference is decreased by adding informa
to the system. The information is then ‘‘erased’’ after t
photons are combined at a beam splitter, thus restoring
interference. There is an important distinction between
two experiments, though. In the polarization experiment,
relative phase between the two interfering paths may be
justed by rotating the polarizers, making it possible to o
serve antifringes. The experiment described here does
possess an analogous feature.

Spontaneous parametric down-conversion pumped b
cw laser has proven to be a reliable and convenient sourc
correlated photons for the study of some of the more in
esting features of quantum mechanics, but because the
of emission is completely random, cw-pumped dow
conversion is inadequate for many of the recent experime
proposals involving states of three or more correlated p
tons. It is clear that independently pumped down-convers
crystals will not emit photons at nearly simultaneous tim
unless they are pumped with short optical pulses. The mo
presented in this paper shows that the photons emitted in
type of process are not, in general, as well correlated as th
produced in cw-pumped down-conversion. This decrea
correlation can have interesting consequences, as evide
in the proposed experiment. A prudent choice of spec
filters for the down-converted photons can minimize the d
eterious effects of the reduced correlation while retain
information about the emission time of the photons.
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