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Interferometric technique for engineering indistinguishability and entanglement of photon pairs
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We give a detailed account of a recently introduced technique to suppress distinguishing information in the
space-time component of the state vector of a pair of photons. The method works by creating interference
between two possible ways for each photon to occupy any given space-time mode. Under certain conditions,
this technique also allows the preparation of the two photons in a highly entangled space-time state.

PACS number~s!: 42.50.Ar, 03.65.Bz
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INTRODUCTION

From the beginnings of quantum theory, entanglement
proved to be its most distinctive and puzzling feature. E
tangled states are central to our understanding of quan
measurement and complementarity, due to the famous ef
of Einstein, Bohr, Von Neumann, Bell, and many others,
firmly establish these concepts@1#. In the latter half of this
century, entangled particles have been and continue to
used in a wide variety of experiments that demonstrate
ture’s nonclassical or nonlocal behavior. Such experime
have been performed to clarify our intuitions about comp
mentarity@2,3#, or to test quantum mechanics against mo
‘‘complete’’ rival theories of local hidden variables@4–6#.

In recent years, though, entanglement has come to
viewed not only as the source of our philosophical diffic
ties with quantum theory, but also as a resource for emerg
information processing technologies such as quantum c
tography, quantum dense coding, quantum teleportation,
quantum computing@7#. Additionally, entanglement and
quantum interference effects have been put to good us
the field of optical metrology, where they have enabled
solute measurements of radiance, photodetector efficien
and birefringence of optical media@8#.

For almost all of these applications, the most conveni
and luminous source of entangled particles is the spont
ous parametric downconverter~SPDC!, which converts a
small fraction of incident ‘‘pump’’ photons into pairs o
‘‘signal’’ and ‘‘idler’’ photons whose energies, moment
and emission times are automatically entangled@9# if the
pump is monochromatic. Additionally, the polarizations

*Author was at the Department of Physics and Astronomy, U
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the signal and idler photons may become entangled if
distinct pair-creation events with orthogonally polariz
emissions1 are made to interfere with each other@10,11#.
According to the rules of quantum mechanics@12#, this in-
terference is allowed only when the two creation events
indistinguishable in principle by any ancillary measureme
of momentum, energy, etc. Therefore, effective polarizat
entanglement requires the suppression of any distinguis
information in the space-time portion of the photons’ sta
vector.

One way of determining the existence of such distingui
ing information is via the Hong-Ou-Mandel~HOM! interfer-
ometer@13#, in which two photons are coincident simulta
neously on different input ports of a 50/50 beamsplitter a
the output ports are monitored in coincidence by a pair
photon-counting detectors. If the signal and idler photons
indistinguishable at the detectors, so that it is impossible
determine which photon arrived at each detector, a rem
able thing happens: they do not generate coincidence cou
This occurs because the amplitudes for the two proce
that lead to a coincidence count~double reflection or double
transmission at the beamsplitter! have opposite signs, an
therefore cancel each other when superposed. If, on the o
hand, the signal and idler are distinguishable from one
other in any way—say, by relative time of arrival—then th
destructive interference does not occur. Thus, the coi
dence counting rate at the interference null in a HOM int
ferometer is a direct measure of the intrinsic distinguisha
ity of the signal and idler photons.

Recently, states with more than two entangled phot
have been generated for the purposes of quantum telep
tion @14#, entanglement swapping@15#, and the Greenberger

i-

,

1The signal and idler photons need not be polarized orthogon
to each otherin these schemes, but only to their signal or idl
counterparts from the second PDC process.
©2000 The American Physical Society14-1
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BRANNING, GRICE, ERDMANN, AND WALMSLEY PHYSICAL REVIEW A 62 013814
Horne-Zeilinger test of nonlocality@16#. These states wer
created using the synchronized emission from two typ
downconverters that were pumped not by a monochrom
beam but by a train of ultrashort~200 fs! pulses. It is becom-
ing clear @17# that such ultrashort pulse-pumped sourc
with their potential for multisource synchronization, will b
critical in many applications of quantum entanglement
information processing.

Unfortunately, it is also clear that ultrashort pulse pum
ing of type-II media results in the presence of distinguish
information in the time-frequency~or ‘‘chronocyclic’’ @18#!
domain; that is, the signal and idler photons that eme
from such a source may have different spectral distributio
or different emission-time distributions, from one anoth
Thus they are no longer as chronocyclically indistinguis
able, and therefore as polarization entangleable, as the
ton pairs that emerge from a cw-pumped downconverte
random times. The presence of this distinguishing chrono
clic information for pulse-pumped type-II downconversio
has already been established theoretically@19,20# and experi-
mentally @21,22#.

The solution to this problem that is usually adopted is
impose severe spectral filtering on the signal and idler p
tons, so that the most spectrally indistinguishable subse
the pairs is selected. The counting rates in such experim
are reduced accordingly. Very recently, however, we
ported on a method of suppressing this distinguishing sp
time information at the source@23#, so that such filters are n
longer necessary.

In this paper, we will analyze the method in full deta
We will also present experimental data from a HOM inte
ferometer that show that this technique can suppress the
tinguishing time-frequency information for the two photon
Additionally, we will show that, in some cases, this tec
nique can directly enhance entanglement in the tim
frequency domain, or even create it where none existed
fore.

PRINCIPLE OF THE METHOD

In its most general form, the quantum state describin
pair of signal and idler photons emitted by a downconve
is

uc&5E E dx dy f~x,y!ux&uy&, ~1!

whereux& ~uy&! denotes a single-photon Fock state in modx
(y). Herex and y are mode labels that refer to propagati
direction, frequency ~or time!, and polarization: x
5(vs ,xY ) andy5(v i ,yY ), wherexY andyY are transverse po
larization vectors andvs (v i) is the frequency of the signa
~idler! photon. The state~1! is entangled if the joint emission
amplitude functionf (x,y) is not factorable into a product o
the formg(x)h(y). If the function is nonfactorable only fo
a subset of the degrees of freedom represented byx (y),
e.g., if f (vs ,v i)Þg(vs)h(v i), then entanglement exist
only for that subset.
01381
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As mentioned in the Introduction, one way of creatin
entanglement is to coherently superpose two distinct p
creation processes, so that the two-photon state consists
superposition of the amplitudes generated by each proc
For example, suppose that initially the joint amplitude fun
tion in Eq. ~1! factors according to

f ~x,y!5g~x!h~y!. ~2!

Then the stateuc& is unentangled, since it may easily b
written as a product of states in distinct Hilbert spaces
each particle. However, the superposition state

uC&5E E dx dy@ f ~x,y!1eiu f ~y,x!#ux&uy& ~3!

will be highly entangled, providedg(x)h(y)Þg(y)h(x),
i.e., the joint amplitude function is not symmetric with re
spect to interchange of its arguments. In fact, the most
tangled state occurs if either of these products is zero
some$x,y% while the other is not, since then the combinati
bg(x)h(y)1eiug(y)h(x) c is, for certain values ofu, farthest
from being a factorable function~see Fig. 1!. This is dis-
cussed quantitatively in a forthcoming paper@24#.

Another consequence of this procedure is that for cer
values ofu, the joint amplitude function in Eq.~3! becomes

f 8~x,y!5 f ~x,y!1 f ~y,x!, ~4!

which is symmetric under exchange ofx andy by definition,
regardless of the symmetry properties off (x,y). It turns out
that this kind of exchange symmetry is a requirement
maintaining the chronocyclic indistinguishability of the ph
tons, because the degree of two-photon interference
HOM interferometer depends on the symmetry of the jo
emission amplitude spectrum@19#. That is, for photons en-
tering a HOM interferometer with emission spectru
f (vs ,v i), complete destructive interference can only occ
when

f ~vs ,v i !5 f ~v i ,vs! ~5!

over the range of detected frequencies@22#. The symmetry in
Eq. ~5! ensures that it is impossible to use the pair of d
tected photon frequencies as a ‘‘marker’’ indicating whi
photon went to which detector, so that interference can
cur.

Therefore, the creating of entanglement via Eq.~3! also
has the effect of suppressing distinguishing information
the source, by directly symmetrizing the entire joint emiss
amplitude spectrum. To implement this method, we must
together two downconversion processes: one governed
f (vs ,v i), the other, with the signal and idler polarization
exchanged, governed byf (v i ,vs). The emission from such
a system is then governed by a new joint amplitude emiss
spectrum that is guaranteed to be symmetric:

f 8~vs ,v i !5 f ~vs ,v i !1 f ~v i ,vs!. ~6!

To experimentally realize the amplitude addition in Eq.~6!,
we must add the second process to the first onecoherently,
4-2
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INTERFEROMETRIC TECHNIQUE FOR ENGINEERING . . . PHYSICAL REVIEW A62 013814
so that it is impossible in principle to distinguish which
the two downconversion processes generates each ph
pair @25#.

Since the presence of HOM interference is a good test
the symmetry off 8(vs ,v i), we expect that the photons ca
rying a joint amplitude emission spectrum of the symm
trized form~6! will produce a good HOM interference null i
the coincidence counting rate, regardless of the initial sy
metry properties off (vs ,v i). The HOM null is always a
clear sign of path indistinguishability for the photon pai

FIG. 1. ~a! The joint amplitude functionf (x,y) may be factored
into a product of marginal distributionsg(x) and h(y), implying
that uc& in Eq. ~1! is an unentangled product state. However, if t
amplitudef (y,x) is added, the resulting amplitude cannot be wr
ten as a product of marginal distributions, so thatuC& in Eq. ~3! is
entangled. In some cases, the degree of entanglement can depe
the relative phase betweenf (x,y) and f (y,x); for example, when
the amplitude functions in~b! are added together, the resultin
function is actually less entangled thanf (x,y) or f (y,x). However,
if they are subtracted~c!, the resulting function is at least as e
tangled asf (x,y) or f (y,x). Horizontal lines indicate positive
valued functions, while vertical lines indicate negative-valued fu
tions.
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but in this case it is also a sign that entanglement has b
created, providedf (vs ,v i) fails to satisfy Eq.~5!. This is the
case when a type-II SPDC is pumped by an ultrashort pu
whose bandwidth is comparable to that of the crystal pha
matching function. Therefore, our experiment consists
constructing a symmetrized source and then looking fo
lower minimum in the HOM coincidence ‘‘dip’’ as a
sign that the superposition—and consequently,
entanglement—was successfully carried out.

EXPERIMENTAL ARRANGEMENT

The coherent addition in Eq.~6! may be accomplished
experimentally with the apparatus shown in Fig. 2. An
trafast pump source for the spontaneous downconver
process is created by frequency-doubling the output o
mode-locked Ti:sapphire oscillator. The frequency-doub
pulses are separated from the residual fundamental by m
of a dispersion-compensated prism sequence. Each p
pulse enters the parametric downconverter~PDC! from the
left, possibly creating an orthogonally polarized, frequen
degenerate pair of photons somewhere inside. After exi
the PDC, the pump is reflected by a dichroic mirror~MD2!,
while the lower-wavelength downconverted light is transm
ted through it. The pump is normally incident on a mirr
~M1! that reflects it back into the PDC. The signal and idl
meanwhile, are sent through al/4 plate and then onto a
mirror ~M2! at normal incidence. They are then reflect
back through thel/4 plate and into the PDC, overlappin
with the pump pulse in the center of the crystal.

Thel/4 plate is oriented with its optical axis at 45° to th
‘‘ o’’ and ‘‘ e’’ axes of the PDC. After two passes through th
plate, both the signal and idler polarizations are rota
through 90°, effectively exchanging their roles as thee- and
o-polarized photons. As a result, thee-polarized light that is
sent back into the downconverter actually carries the sp
trum belonging to the originalo polarization, and vice versa
more generally, the joint emission amplitude spectrum
these pairs is switched fromf (vo ,ve) to f (ve ,vo). This
exchange also has the effect of canceling the temp
walkoff for photon pairs emitted from the center of the cry
tal: the photon with the fasto polarization on the way out ha
the slowe polarization on the way back in. Some addition
uncompensated walkoff then occurs for all the photons
they travel from the center of the crystal to the final outp
face.

This system functions as a Michelson interferometer, w
the dichroic mirror MD2 playing the role of the centra
beamsplitter, separating and recombining the ‘‘signal a
idler’’ arm of the downconversion and the ‘‘pump’’ arm
Unlike a traditional Michelson interferometer, the interferin
pathways here do not begin and end at the beamsplitter;
do so within the PDC. With the arms properly aligned, a
with their optical path lengths balanced to within the coh
ence time of the pump, it becomes impossible in principle
discern whether the downconverted light that ultimate
emerges from the PDC is generated from the first or
second pass of the pump pulse through the crystal. The
sulting o- ande-polarized photon pairs therefore carry a s
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-
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FIG. 2. Schematic of the pulse-pumped collinear Hong-Ou-Mandel interferometer with a spectrally symmetrized source. A pum
passes through the parametric downconverter~PDC! and is separated from the downconverted light by means of a dichroic mirror MD2.
pump pulse is reflected back into the PDC by mirror M1, and passes twice through a dispersion and intensity compensator plate~C!. The
signal and idler beams are reflected back via M2, with their polarizations exchanged by thel/4 plate. The photon pairs that ultimatel
emerge from the downconverter could have been generated on either the first or second pass of the pump through the cr
downconversion from this modified source is separated from the outgoing pump beam by MD1 and sent through a delay line, po
rotator, and polarizing beamsplitter before impinging onto a pair of photodetectors. Coincidence counts are collected and recor
tronically.
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perposition of the joint emission amplitude spectra for ea
process, given by

f 8~vo ,ve!5 f ~vo ,ve!1eiu f ~ve ,vo!, ~7!

where f (vo ,ve) refers to the fields generated on the fi
pass,f (ve ,vo) to those generated on the second, and

u5ks~vs!l signal1ki~v i !l idler2kp~vp!l pump ~8!

is the phase difference between the first and second do
conversion process. This phase difference can be varie
changingl pump, the optical path length of the pump arm,
by changingl signal and l idler , the optical path lengths of th
two polarizations in the signal and idler arm. The optic
path lengths include propagation through the dispersive
dia such as the downconversion crystal; this is discusse
detail in Appendix B. For suitable values ofu(0,62p,...),
the joint emission amplitude spectrum can be made symm
ric in accordance with Eq.~6!.

After emerging from the PDC, the downconverted ph
tons are separated from the pump with another dichroic m
ror and sent into a common-path HOM interferometer of
type first demonstrated by Shih and Sergienko@26#. This
consists of an adjustable birefringent delay line (t2/2
1dt), a l/2 plate, a polarizing beamsplitter~PBS!, and a
pair of photodetectors (DA ,DB). The fixed birefringent de-
lay of t2/2 compensates for the average temporal walk
between thex- andy-polarized photons in the PDC@see Eq.
~21!#; the additional birefringent material then imposes
variable delaydt between the photons before they enter
PBS. Thel/2 plate rotates both thex andy polarizations by
45°: each photon may then be either reflected or transm
at the PBS, with equal probability. A coincidence count
the detectors could have come from transmission of thex-
and reflection of they-polarized photons, or vice versa
These two coincidence processes interfere with each o
when they cannot be distinguished by auxiliary measu
ments of frequency, polarization, or relative arrival time,
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that the coincidence counting rate is altered asdt→0. In
traditional HOM interferometers, this interference is alwa
destructive, but in this experiment it is possible to arrange
either constructive or destructive interference to occur
adjustingu.

QUANTUM STATE OF THE LIGHT

The quantum state describing a photon pair created b
single pump pulse can be obtained from a two-stage ev
tion in the interaction picture that describes the first and s
ond downconversion processes~see Appendix A!. The state
of the downconverted light emerging from the PDC is

uc&>uvac&2hdv(
vo

(
ve

a~vo1ve!F~vo ,ve!@ uvo&xuve&y

1eiuuvo&yuve&x]

5uvac&2huc~1!&, ~9!

where the labelsx andy denote the two orthogonally polar
ized output modes, and thee ando labels denote the signa
and idler frequencies.dv is the mode spacing andh de-
scribes the magnitude of the perturbation on the ini
vacuum state as defined in Appendix A; we have omit
terms of orderh2 and higher.u is the relative phase of the
origins for the two downconversion processes as define
Eq. ~8!; for the moment, we will treatu as being frequency-
independent over the bandwidth of the signal, idler, a
pump photons. We are restricting our calculations to
‘‘nondepleted pump’’ regime, in which we assume

uhu2^c~1!uc~1!&!1. ~10!

The spectrum of a single pump pulse is assumed to ha
normalized Gaussian form with bandwidths, centered on the
frequency 2v̄,

a~vo1ve!5
2

sAp
e2@~vo1ve22v̄ !/s#2

, ~11!
4-4
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INTERFEROMETRIC TECHNIQUE FOR ENGINEERING . . . PHYSICAL REVIEW A62 013814
while the phase-matching function follows from Eq.~A11! in
Appendix A:

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

2D .

~12!

HereL is the length of the PDC.

PREDICTED COUNTING RATES

Our experiment measured both single-channel and coi
dence counts as the quartz delaydt and phaseu were varied;
we begin by calculating the single-channel counting rate
detectorDA as a function of these two parameters. Fo
single pump pulse, the probability that detectorDA registers
a photon within a time intervaldt around the timet is
pA(t)dt, with the instantaneous probability density given

pA~ t;dt,u!5^cuÊA
~2 !~ t !ÊA

~1 !~ t !uc&. ~13!

Here uÊAu2 is in photons per second, and we are assum
perfect detection efficiency forDA .

We may rewrite the instantaneous field operator at
detector as a Fourier decomposition of the polarization co
ponents of the signal and idler modes projected ontoDA by
the l/2 plate and PBS:

ÊA
~1 !~ t;dt!5S dv

2p D 1/2

(
v

1

&
@ âx~v!eivdt1ây~v!#e2 ivt.

~14!

The total photodetection probability accumulated over
times is

PA~dt,u!5E
2`

`

dt pA~ t;dt,u!. ~15!

After substitution of Eqs.~14! and~9! into Eq.~13!, we carry
out the integration in Eq.~15! in the limit dv→0. We then
multiply the resulting detection probability by the pulse re
etition rate and detection efficiencies to obtain a count
rate:

RA~u!5RA0H 1

2
1FAp

Z GerfS Z

4D cos~u!J , ~16!

where

RA054aAbARpuhu2B ~17!

is twice the mean counting rate atDA . HereaA is the quan-
tum efficiency ofDA ; bA is the fraction of emitted light
transmitted through the optics toDA ; Rp is the repetition
rate of the pump pulses;B is given by

B[E
0

`E
0

`

dvo dveua~vo1ve!u2uF~vo ,ve!u25
4A2p

st2

~18!
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Z[s~to1te!/&. ~19!

In this last definition,

to5LS ]kp

]v U
2v̄

2
]ko

]v U
v̄
D ~20!

is the maximum difference between the group delays ex
rienced by the pump pulse and theo wave packet~after trav-
eling the entire length of the PDC!, te is the analogous quan
tity for the e wave packet, and

t2[te2to ~21!

is the maximum group delay between theo ande wave pack-
ets.

The counting rate atDB is computed in exactly the sam
fashion, giving a result analogous to that in Eq.~16!, with
twice the mean rate defined similarly as

RB054aBbBRpuhu2B. ~22!

According to Eq.~16!, then, both of the single-channel de
tection rates will vary sinusoidally withu. This phenomenon
that the spontaneous downconversion process can be i
ferometrically enhanced or frustrated, was first demonstra
by Herzoget al. @27# with cw-pumped type-I downconver
sion, and it is to be expected in our scheme as well. Bu
our case, the degree of interference is determined by
product of the pump bandwidth and the crystal length in E
~19!; as either of these parameters is increased, the sin
channel interference modulation decreases. This happen
cause the amplitudes that are being made to interfere—e
ray and ano ray from each downconversion process
become more distinguishable in the time-frequency dom
as the crystal is lengthened or as the pump pulse is sh
ened. One may think of this either as temporal distingui
ability, owing to different rates of walkoff of the signal an
idler photons away from their ‘‘parent’’ pump photon withi
the crystal, or as spectral distinguishability, owing to the f
that as the pump bandwidth increases, the signal and i
bandwidths do not increase by the same amount@19#.

We now compute the expected coincidence counting r
For a single pump pulse, the probability thatDA registers a
photon within a time intervaldtA centered at timetA and that
DB registers a photon withindtB centered at tB is
pAB(tA ,tB)dtAdtB . The instantaneous probability densi
pAB is given by the normally ordered expectation value

pAB~ tA ,tB ;dt,u!5^cu:ÊA
~2 !~ tA!ÊA

~1 !~ tA!

3ÊB
~2 !~ tB!ÊB

~1 !~ tB!:uc&. ~23!

We obtain the total probability for a coincidence count
integratingpAB over all possible photon arrival times withi
the coincidence resolving time; because this time is alre
long compared to the coherence time of the light, the lim
of these integrations can be extended to6`:
4-5
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FIG. 3. ~a! The coincidence counting rat
RAB(dt,u) shows sinusoidal modulation asu is
varied, with a visibility that depends on the valu
of dt. For fixed values ofu, the variation withdt
is a modified version of the familiar type-I
Hong-Ou-Mandel ‘‘dip’’ structure. In particular,
the valueu50, which symmetrizes the joint am
plitude emission spectrum for the photons, lea
to coincidence counts that dip all the way to ze
~b, solid line!. The width of this dip is determined
by the pump bandwidth and the PDC cryst
length. Foru5p, the spectrum is antisymmetri
and results in an interference peak instead o
dip ~b, dashed line!; the peak does not reach unit
because of a residual destructive HOM interfe
ence effect in the trough region of widt
20.5 ps,dt,0.5 ps ~determined only by the
PDC crystal length!. Plots were made forRAB0

51 using the parameterss534.5 ps21, to

50.38 ps, andte51.33 ps corresponding to th
5-mm-long BBO downconverter in our exper
ment.
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PAB~dt,u!5E
2`

` E
2`

`

dtAdtBpAB~ tA ,tB ;dt,u!. ~24!

After performing these integrations in a fashion analogou
the above, we obtain2

RAB~dt,u!5RAB0X12 1cos~u!
Ap

Z
erfS Z

4D
2H cos~u!S 1

2
2

udtu
t2

De2@Zdt/t2#2

1
Ap

Z
erfFZ

2 S 1

2
2

udtu
t2

D G J
3rectS dt;

2t2

2
,
t2

2 D C, ~25!

where

RAB052aAaBbAbBRpuhu2B ~26!

is twice the mean coincidence counting rate forudtu
.t2/2, averaged overu—this is the average rate at whic
our source produces photon pairs, multiplied by the coll
tion and detection efficiencies. This corresponds to twice
observed ‘‘baseline’’ rate because, even in the absenc

2The following equation corresponds to Eq.~8! in Ref. @23#,
which contains a typographical error.
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HOM and Michelson interference, only two of the four po
sible outcomes at the beamsplitter can generate coincid
counts.

A plot of RAB(dt,u) is shown in Fig. 3~a!, with RAB0
51. For the fixed valueu50, which symmetrizes the state i
Eq. ~9!, we expect to see the modified HOM dip structu
shown in Fig. 3~b! ~solid line!. The coincidence rate falls to
zero asdt→0, indicating full recovery of the quantum inter
ference of the photon pairs. For the valueu5p, we expect
to observe a ‘‘peak’’ structure asdt→0 @Fig. 3~b!, dashed
line#. As u is varied whiledt is kept fixed, sinusoidal inter-
ference fringes between the peak and dip values are
pected. Fordt50, these fringes should have 100% visibilit
and should be 180° out of phase with the single-chan
fringes predicted by Eq.~16!. These fringes are generated b
the third term in Eq.~25!. As dt is shifted away from zero,
the magnitude of this term rapidly diminishes due to its n
row Gaussian character, and the visibility of the fringes
reduced; they remain out of phase with the single-chan
fringes until the crossing point wheredt satisfies

S 1

2
2

udtu
t2

De2@~Z/t2!dt#2
5

Ap

Z
erfS Z

4D . ~27!

At this point, the third term in Eq.~25! has diminished to the
same magnitude as the second term, which has a small v
independent ofdt and gives rise to fringes that are in pha
with the single-channel counts. At the crossing point, th
two terms cancel each other and there are no fringes w
soever. For largerdt values up toudtu5t2/2, the second
term dominates to produce low-visibility fringes in pha
with the single-channel counts; this region ofdt corresponds
4-6
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to the previously identified HOM interference ‘‘trough
@22#—a truncated version of the usual type-II HOM dip th
does not exhibit complete destructive interference becaus
chronocyclic distinguishing information. But here the ent
trough, and even the baseline rate forudtu.t2/2, exhibits
modulation asu is varied; this coincidence modulation is a
artifact of the single-channel oscillations governed by E
~16!.

The HOM trough is the normal result of two-photon i
terference with a pulse-pumped type-II PDC. Figure 3 sho
that over a small region of this trough, the dip visibility ca
be completely restored. But our symmetrized source does
have the effect of restoring the complete triangular-sha
dip common to cw-pumped type-II HOM interference@26#.
The width of the central Gaussian dip~and peak! is governed
by the parameterZ defined in Eq.~19!; as the crystal length
or pump bandwidth increases, the width of this hig
visibility dip decreases. Whendt exceeds the amount of de
lay at the crossing point~27!, only the normal HOM inter-
ference for an unsymmetrized source is taking place—alb
with a baseline rate that is modulated by the single-chan
interference in Eq.~16!. Evidently, there is only a smal
range of polarization delaysdt over which it is impossible to
determine not only which photon~e or o! ends up at which
detector, but also whether the photon pair originated in
first or second pass of the pump pulse. Longer crystal len
imply larger amounts of temporal walkoff for the photo
from each other and from their ‘‘parent’’ pump photon, ma
ing it easier to identify from which process a given pair mu
have originated in order to be consistent with their obser
relative arrival times: shorter pump pulses make this sor
timing distinction more precise~see Fig. 12 and the discus
sion at the end of Appendix B!.

EXPERIMENTAL DETAILS

The Ti:sapphire oscillator was tuned to operate at 810
This light was doubled to 405 nm with a 0.7-mm-lon
b-barium-borate~BBO! crystal cut and aligned for type-
phase matching. This delivered an average pump powe
330 mW, with a pulse repetition rate of 80 MHz. The me
sured bandwidth of the pump wasDlp'3 nm, implyings
534.5 ps21 and a coherence lengthLp'50mm.

The downconversion crystal was a 5-mm-long piece
BBO, cut for collinear type-II phase matching at 405 nm
that its optic axis was at an angle of 41.8° to the norma
the input face. The crystal was aligned by maximizing t
production of upconverted light when the 810-nm oscilla
was sent backwards through the quartz delay and interfer
eter. Thel/4 plate was a zero-order quartz waveplate,
proximately 1.5 mm thick.

We attempted to balance the losses and dispersion fo
signal and idler arm~see Appendix B! by placing a compen-
sator plate~C! in the pump arm. This was a BK-7 glass slid
with a neutral-density gradient along its length. The sl
was mounted on a translation stage, so that more or
transmissive parts of the slide could be inserted into
pump beam until the intensities coming from the two ar
were equalized. The 1.58-mm thickness also served to ca
01381
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most of the second-order dispersion experienced by the
nal and idler photons.

The mirror M1 was mounted on a piezoelectric transdu
~PZT! and a motorized translation stage. The phase dif
enceu was varied by changingLp with the PZT. An active
locking system ensured the stability of the Michelson int
ferometer by sending negative feedback to the PZT, so thu
could be held constant while the photons were counted.
error signal for this negative feedback was derived fro
changes in the position of a set of interference fringes t
were generated by injecting a HeNe laser beam into
Michelson interferometer. This locking system was able
keepLp constant to withinDL'20 nm; from Eq.~B4! in
Appendix B, this implies a stability inu of Du (0)'2p/20.

The delay line for varyingdt consisted of a set of six
crystal quartz plates, four of thickness 1 mm and two
thickness 0.5 mm. The plates remained in the beam a
times, and were oriented with their fast axes aligned eithe
the e or o polarization of the BBO crystal. Different combi
nations of orientations for the plates resulted in different
delays between the signal and idler photons. A fixed de
compensator plate was also inserted to cancel the ave
temporal walkoff in the BBO crystal,t2/2, so that the pho-
ton pairs would experience only the net delay specified
dt. For a 5-mm piece of BBO, the appropriate delay co
pensator was a 16.2-mm quartz plate with its fast axis
ented to theo axis of the BBO.

The photodetectors (DA and DB) were avalanche photo
diodes~APD’s! that generated electronic pulses wheneve
photon was registered. These pulses were inverted and
to discriminators that generated uniform pulses triggered
the leading edge of each APD pulse. These pulses were
fed to a coincidence counter that produced an output p
whenever the two inputs arrived within 200 ns of each oth

After aligning the system, we typically achieved coinc
dence count rates of around 4000/s with all apertures w
open. To compensate for poor mode matching of the t
downconversion processes at the crystal, we closed ape
AP to 2-mm andAD to 1-mm diam, which improved the
interference. The mean single channel rates were then aro
3000/sec, while the mean coincidence rate was roughly 1
From these numbers and the relations~17!, ~22!, and ~26!,
we find

aAbA5aBbB>0.01 ~28!

and, withRp583107,

uhu2B'1023, ~29!

which ensures that the nondepleted pump approximation~10!
is well satisfied.

EXPERIMENTAL RESULTS

We collected photocounts for 11 different values ofdt,
covering the range20.16,dt,0.16 ps. For each value o
dt, we recorded counts at 11 differentu values, producing
4-7
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interference fringes in both the single-channel and coin
dence counts. The pump mirror was displaced while the
terferometer remained actively stabilized, by translation
the photodiodes that used the position of a separate fr
pattern generated by a HeNe laser to generate an error si
A translation of these diodes through 1450650mm corre-
sponded to 2p radians of displacement inu, as determined
from sinusoidal fits to the single-channel fringes we o
tained. Counts were collected for 200 s at eachu value. The
total time for all scans was 9 h. During that time, the la
power dropped steadily from its initial value, and realig
ment was forbidden once the data collection began. Th
fore, the average pump power was measured during
course of each data-taking interval, so the drop in pow
could be divided out. The data presented and analyzed
have all been renormalized in this way.

Data for three particular values ofdt are shown in Fig. 4.
The lines represent the best fits of the data to sinuso
curves. As predicted, the low-visibility3 ~6%! coincidence
fringes for largedt are in phase with the low-visibility~3%!
single-channel fringes, while the high-visibility~64%! coin-
cidence fringe near the center is out of phase with the sin
channel fringes recorded there. This is in stark contras
earlier experiments that involved the coherent superposi
of two downconversion processes@27–29# but did not use
pulsed pumping or HOM interference. In those experime
the modulation of the coincidence rate was a direct con
quence of the modulation in the pair-creation rate, so that
coincidence and single-channel counts were always in ph
with each other asu was varied. In our case, the coinciden
modulation occurs in spite of, and not because of, the sin
channel modulation; it also has a higher visibility becau
the coincidence detection paths are much less spectrally
tinguishable than either single-channel detection path alo

All of the coincidence data are plotted in Fig. 5~a! as a
function of dt andu. The data with positivedt values were
renormalized to account for a systematic error related to
orientation of a particular quartz plate. The resulting pictu
should be compared to the theoretical plot in Fig. 5~b!, which
includes the effects of dispersion and path-length imbala
in the experiment~see Appendix B!.

A maximum fringe visibility of 64% was observed for th
scan atdt50. There are several reasons why this visibil
did not reach 100%. To begin with, the losses in the Mic
elson interferometer were not equal for the two arms, des
our efforts to balance them with the compensator plate~C!.
Scans taken with each arm of the interferometer blocked
vealed that the signal and idler arm contributed a mean
tensity of 959652 counts/200 s, while the pump arm contri
uted 1348630 counts/200 s~these values were obtained fro
repeated measurements of each contribution, and the un
tainties correspond to the standard deviation of these m
surements!. Even so, the maximum possible interference v

3Unless otherwise noted in this paper, we use the term ‘‘visi
ity’’ in the way that is customary for sinusoidal interference p
terns: the difference of the maximum and minimum count ra
divided by their sum.
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FIG. 4. Recorded coincidence and single-channel counts
function of the pump mirror displacement, for fixed values of t
delaydt520.16 ps~a!, dt50 ps ~b!, anddt510.16 ps~c!. The
pump mirror was displaced by translating a pair of locking pho
diodes that provided feedback to the PZT; this produced variat
in u of the scale indicated in the lower right corner of each plot. T
counts have been renormalized to eliminate the effects of la
power drifts. The interference visibility reached 64% for the ca
dt50. Note that the coincidence fringe is almost completely out
phase with the single-channel fringes atdt50, while the fringes for
dt5616 ps are all in phase with one another. That the coincide
and singles fringes atdt50 are not perfectly out of phase is due
a 210-mm error in the position of M1, which implies that the tru
point of maximum HOM interference requires a slightly differe
quartz delay~see Appendix B!.
4-8
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FIG. 5. ~a! Compilation of all eleven renor-
malized coincidence fringes, recorded over t
range20.16,dt,0.16 ps. Note the change i
the position of the maximum of each fringe wit
respect to the diode position~u!; the fringes ap-
pear to ‘‘drift’’ in their phase as more quartz de
lay is added. The theoretical prediction in~b!
does not indicate this drift.~The theory includes a
210-mm shift in the position of M1.!
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ibility allowed under these conditions is 2«/(11«)250.98,
where «2 is the ratio of the two mean intensities. Furth
degradation of the interference can be caused by disper
in the interferometer, but calculations show that this eff
should be slight for our particular experiment~see Appendix
B!. We believe that the main difficulty in achieving hig
visibility arises from the distinguishability of the spati
modes associated with downconversion from the first
second passes through the crystal. Because the two so
contributing to the final events are actually at different op
cal distances from the PBS, it is difficult to properly ima
both for complete interference. This problem has been a
lyzed for another two-source downconversion experim
@30#.

Because the success of our symmetrization technique
creating entanglement can be judged by improvement in
HOM interference null, we will now look at the other cros
section of the data set in Fig. 5: that is, we will examine
structure of the coincidence dip asdt is varied, for fixed
values ofu. The maxima and minima implied by the sinu
soidal fits for all 11 values ofdt are plotted in Fig. 6. The
solid line is a plot of the counting rate predicted by E
~B11! that includes the appropriate amounts of dispersion
10-mm error in the position of M1, and the unequal losses
the Michelson interferometer~see Appendix B!. The calcu-
lation was scaled by setting the mean of all the maxima
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FIG. 6. Minimum and maximum coincidence counting rates~per
200 s! extracted from experimental data for 11 values ofdt, corre-
sponding to the central region of Fig. 3~b! ~all points here are well
inside the trough region of that figure!. The square is the incoheren
sum of the rates for the two processes. The dot sizes correspo
one standard deviation of statistical uncertainty. Also shown
theoretical curves foru50 ~solid!, u5p ~dashed!, and for the un-
symmeterized source~dot-dashed line!. In these plots, as in Fig. 3
the width of the central interference dip is determined by the pu
bandwidth and the crystal length.
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minima, 2347639 counts/200 s, equal to theu-averaged
counting rate inside the trough as predicted by Eq.~B11!;
the result is RAB05(2347639)/(0.520.0428)55134
685 counts/200 s. Though our observed visibilities do
reach the maximum allowed by the theory, it is still appar
that the HOM interference has been improved by our te
nique, because the minimum counting rate is significan
lower with the symmetrized source~circles! than that of an
unsymmetrized source~square!.

Unfortunately, we did not have quartz plates with app
priate lengths to directly measure the baseline coincide
counting rate outside the trough. We attempted to achi
the required delays ofdt.0.5 ps by using several additiona
thin plates, but the counting rates and visibilities were th
reduced to intolerable levels by the cumulative losses
polarization errors introduced by each plate. This means
we do not have direct measurements of the dip visibility4 for
the symmetrized and unsymmetrized cases. However,
know that the baseline counting rate should be half the va
of RAB0 , or 2567643counts/200 s; the lowermost data po
on the plot in Fig. 6 corresponds to a minimum counting r
of 817653counts/200 s, which gives a dip visibility of (6
63)% for our symmetrized source. In contrast, the obser
counting rate for the unsymmetrized source is 2306653,
which corresponds to a dip visibility of only (1064)%.

DISCUSSION

The minimum and maximum count values plotted in F
6 represent the conditionsu50 andu5p, respectively, for
values ofdt that lie between the crossing points satisfyi
Eq. ~27!. Outside this range, the situation is reversed, w
the minimum count values corresponding tou5p and the
maxima corresponding tou50. The theory predicts a shar
transition between these two regions~solid line, Fig. 7!,
marked by an interference visibility of zero at the cross
point ~where the solid and dashed lines meet in Fig. 6!. How-
ever, this sharp transition in the relative phases was not
served. Instead, our coincidence data displayed a sm
phase drift asdt increased@see Fig. 5~a!# while the phase of
the single-channel fringes remained constant.

The relative phase of the coincidence and single chan
sinusoidal fits is plotted in Fig. 7; the relative phase appe
to vary linearly withdt, as shown by the dots. This pha
drift is not predicted by our theory. A close inspection of E
~B11! does reveal that, in principle, the fringe attributed
the third term of the counting rate will have an addition
phase that depends ondt. However, calculations showed th
this phase shift is not appreciable even with 10 times
amount of dispersion present in our interferometer. Furth
more, the magnitude of this term, which is generating
enhanced dip structure, falls to zero fairly quickly asudtu
increases, whereas the observed phase shift persists ov
entire region of our data.

4The term ‘‘dip visibility’’ applies only to HOM interference pat
terns, and is here defined to be the difference of the minimum
baseline coincidence counting rates, divided by the baseline ra
01381
t
t
-

y

-
ce
e

n
d
at

e
e

t
e

d

.

h

b-
th

el
rs

.

l

e
r-
e

the

It appears unlikely that this trend is the result of a syste
atic error. The interferometer remained locked at all times
each of these regions, and the single channel fringes re
this in that their phases did not drift from scan to scan; the
fore, the systematic error would have to produce a drift o
in the phase of the coincidence counts. Additionally, t
phase drift never changed direction with regard todt, despite
the fact that the time order of the scans fordt<0 was op-
posite that of the scans fordt.0; therefore, it seems mor
likely that any systematic effects would be tied to the qua
plates themselves. But since different sets of plates w
changed each time to produce the various delays, one w
expect a quartz-related effect to produce essentially rand
phase changes with respect todt. Instead, the phase drif
appears insensitive to how specific plates were oriented,
instead depends only on the total amount of quartz involv
Indeed, when a second scan was taken atdt50 with a dif-
ferent combination of quartz plate orientations, the relat
phase was nearly identical to that of the first sc
~see Fig. 7!.

We can only conclude that the phase drift between
coincidence and single-channel fringes is a genuine eff
sensitive todt, that is unaccounted for by the present theo
A recent paper by Atatu¨re et al. @31# has called attention to
another HOM interference effect in ultrafast-pumped type
PDC that seemingly cannot be accounted for using the s
dard quantum description—namely, an asymmetry in the
structure that grows more pronounced with PDC leng
d
.

FIG. 7. The phase of the coincidence fringes relative to
single-channel fringes does not undergo a sharp transition as
dicted by the dispersionless theory~solid line!, but instead varies
smoothly with dt over the range of our data. The uncertainty
each observed relative phase was estimated by propagation o
uncertainties in the phases of the sinusoidal fits to the correspon
single-channel and coincidence fringes. When realistic amount
dispersion are included~long-dashed line!, the theory predicts a
smoother transition, but still does not reproduce the observed lin
phase drift. With ten times the actual amount of dispersion~short-
dashed line!, the transition is smoother but still does not agree w
our observations. The dashed line curves also include the effec
a 210-mm shift in Lp , the pump mirror position. The two dat
points atdt50, taken with different combinations of quartz plate
differ by 0.008 radians and have uncertainties of 0.22 and 0
radians.
4-10
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Their solution is to add a ‘‘partial decoherence function’’ b
hand into the evolution of the state, which represents
irreversible introduction of distinguishing information as t
photon pairs propagate away from the pump pulse in
dispersive PDC medium. This approach certainly offers
other perspective that might explain our observed phase d
but our hopes are diminished for two reasons. First, the
fects of dispersion in the PDC are already accounted fo
the present theory. Second, our central dip structure is in
symmetric, so that any decoherence that occurred during
first pass through the PDC would have to beundoneduring
the second pass. This appears problematic, since the
created in the first process encounter a larger amount of
persive material than those created in the second; it also
pears inconsistent with the irreversible nature of the ‘‘par
decoherence function.’’

In conclusion, we have demonstrated the operation o
source of frequency-entangled photon pairs that works
suppressing distinguishing information in the time-frequen
domain. Our experiment shows that a high degree of in
ference can be achieved even with a long type-II PDC cry
without postselection of the events with spectral filters, a
while retaining the synchronization benefits available w
ultrafast pumping. The method is general enough to al
the entanglement of both the space-time and polariza
components of the state vector, and is especially usefu
situations where the single-pass state is not highly entang
as is often the case in parametric downconversion.
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APPENDIX A: QUANTUM STATE DERIVATION

Initially, we consider the downconversion produced by
single pump pulse on its first pass through the crystal. T
interaction Hamiltonian is

HI5
1
2 E

V
d3r Ê~r ,t !•x~2!Ê~r ,t !Ê~r ,t !, ~A1!

wherex (2) is the second-order electric susceptibility tens
for the medium.

The pump pulse is considered to be an intense cohe
field that it is not significantly affected by the occasion
annihilation of one photon. We therefore treat it classica
with an electric field given by

Ep
~1 !~ t !5V0v~z2ct!«ee

i @kp~vp!•r2vpt#. ~A2!

Here V0 represents the maximum amplitude of the pum
field, while v(z2ct) is a dimensionless ‘‘envelope’’ func
tion that propagates in thez direction. The envelope function
may be complex, to reflect a ‘‘chirped’’ or other complicate
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phase structure. The pump beam is assumed to have a l
polarization«e along the extraordinary axis of the crysta
while the signal and idler fields are assumed to have po
izations along the ordinary~o or y! and extraordinary~e or x!
axes, respectively, as demanded by the type-II pha
matching considerations.

The downconverted fields are represented by Fou
sums of discrete-frequency field operators with orthogo
polarizations; the frequencies areve ,vo and the polariza-
tions arex1,y1 ~see Fig. 8!. After inserting the sum of the
pump, signal, and idler fields into Eq.~A1! and retaining
only those terms that give nonzero contributions for the i
tial vacuum state, we have

ĤI15
1

2

dv

2p (
vo

(
ve

V0x̃eoe
~2! «e«o* «e* l xl y

3E
z
dz e2 i ~vp1vo2ve!tei ~kp1ko2ke!zv~z2ct!

3ay1
† ~vo!ax1

† ~ve!1H.c. ~A3!

for the interaction Hamiltonian governing the first pass of t
pump pulse through the medium. The quantitydv
52pc/LQ is the mode spacing within a one-dimension
‘‘quantization length’’ of dimensionLQ , and k[v/c. The
l x,y are the transverse dimensions of the interaction regio

The state after the initial pass of the pump pulse throu
the PDC is calculated via the usual Taylor series approxim
tion to the Schro¨dinger evolution over the interaction timeT,
giving

uc1~T!&>F11
gV0l xl y

i\ E
0

T

dt8
dv

2p (
vo

(
ve

3E
z
dz e2 i ~vp2vo2ve!tei ~kp2ko2ke!zn~z2ct8!

3ây1
† ~vo!âx1

† ~ve!1H.c.G uvac&, ~A4!

whereg[x̃eoe
(2) «e«o* «e* and we have dropped terms of ord

g2 and higher that contain four or more photons. Next we

ct95z2ct8 ~A5!

so that

FIG. 8. Input and output modes for the two-stage interaction t
creates a pair of signal and idler photons.
4-11
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uc1~T!&5F11
gV0l xl y

i\

dv

2p (
vo

(
ve

3E
z
dz ei $@kp~vp!2ko~vo!2ke~ve!#2~vp2vo2ve!/c%z

3E
z/c2T

z/c

dt9w~ct9!ei ~vo1ve!t9ây1
† ~vo!âx1

† ~ve!

1H.c.G uvac& ~A6!

with the full time dependence of the pump field represen
by the complex amplitude

w~ t ![n~ct!eivpt. ~A7!

Becausew(t9) is nonzero only for a small range of times, th
limits of the time integral may be extended to6`, so that the
state is then given by

uc1&5F11hdv(
vo

(
ve

a~vo1ve!F~vo ,ve!

3ây1
† ~vo!âx1

† ~ve!1H.c.G uvac&, ~A8!

where

h[
glxl yl zV0

i\
~A9!

is a dimensionless creation efficiency parameter,

a~v![
1

2p E
2`

`

dt w~ t !eivt ~A10!

is the Fourier transform of the temporal profile of the pum
pulse, and

F~vo ,ve!5ei @kp~vo1ve!2ks~vo!2ki ~ve!#zosinc$ 1
2 @kp~vo1ve!

2ks~vo!2ki~ve!#L% ~A11!

is the phase-matching function produced by thez integral in
Eq. ~A6! for a downconversion crystal of lengthL, centered
at positionz0 . We will choose the origin for thez depen-
dence of the field operators to be at the center of the cry
so thatz050. We have dropped the dependence onT in the
notation for uc1&, with the understanding that the state
valid ~up to a phase! for all times after the first interaction i
completed and before the second one begins.

After passing through thel/4 plate twice and being re
flected back into the downconversion crystal, the signal
idler photons have their polarizations exchanged, while th
frequencies are preserved. As shown in Fig. 8, the field
erators for the modes returning to the crystal are there
related to the ‘‘process one’’ signal and idler modes by
01381
d
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d
ir
p-
re

âx~vo!52ây1~vo!,
~A12!

ây~ve!5âx1~ve!.

Thus, the state before the second pass of the pump pulse
be rewritten in terms of the final field modes as

uc1&5uvac&2hdv(
vo

(
ve

3a~vo1ve!F~vo ,ve!uvo&xuve&y , ~A13!

where we have introduced the notationuvo,e&x,y

[âx,y
† (vo,e)uvac& for a Fock state with a single photon in th

signal or idler modes.
The origins of the signal and idler modes for the seco

downconversion process, which are again taken to be at
center of the PDC, have phasesus5ks(vs) l signal and u i
5ki(v i) l idler relative to those of the first process; meanwhi
the pump pulse has acquired a phaseup5kp(vp) l pumpduring
its propagation to M1 and back. Herel signal, l idler , andl pump
are the optical path lengths of the signal, idler, and pu
beams, as measured from the center of the PDC to the
rors and back.5 The interaction Hamiltonian for the secon
downconversion process is therefore given by

ĤI25
1

2

dv

2p (
vo

(
ve

ei ~us1u i2up!gV0l xl y

3E
z
dz e2 i ~vp1vo2ve!tei ~kp1ko2ke!zn~z2ct!

3ay
†~vo!ax

†~ve!1H.c. ~A14!

Treatinguc1& as the initial state for the second process,
state of the light after the second interaction is

uc&5F11hdv(
vo

(
ve

ei ~us1u i2up!a~vo1ve!F~vo ,ve!

3ây
†~vo!âx

†~ve!1H.c.G uc1&. ~A15!

Letting the creation and annihilation operators act onuc1&
and keeping only the terms of lowest order inh gives

uc&>uvac&2hdv(
vo

(
ve

a~vo1ve!F~vo ,ve!

3@ uvo&xuve&y2ei ~us1u i2up!uvo&yuve&x]. ~A16!

The minus sign in the brackets shows that our apparatu
not adding the two processes together, as mandated by

5This does not imply that all of the photons are emitted from
center of the PDC. The phasesus,i ,p link the origins for the field
mode operators from the first and second downconversion
cesses: these operators are then explicitly integrated over the
length for each interaction.
4-12
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~3!, but is instead subtracting them. For consistency,
therefore defineu[us1u i2up1p, so that u50 corre-
sponds to the symmetrized, and not the antisymmetriz
state:

uc&>uvac&2hdv(
vo

(
ve

a~vo1ve!F~vo ,ve!

3@ uvo&xuve&y1eiuuvo&yuve&x]. ~A17!

APPENDIX B: DISPERSION IN THE MICHELSON
INTERFEROMETER

Underlying the calculation~9!–~25! is the assumption tha
u, the relative phase between the origins for process 1
process 2, is a frequency-independent quantity. Howe
this assumption is not strictly correct, as we can see by
panding Eq.~8! in a Taylor series about the mean sign
idler, and pump frequencies:

u~vs ,v i !5@ks~v̄ !l s1ki~v̄ !l i2kp~2v̄ !l p#1@~vs2v̄ !ks8l s

1~v i2v̄ !ki8l i2~vs1v i22v̄ !kp8l p#

1@ 1
2 ~vs2v̄ !2ks9l s1

1
2 ~v i2v̄ !2ki9l i

2 1
2 ~vs1v i22v̄ !2kp9l p#, ~B1!

where ks,i8 []ks,i /]vuv̄ , kp8[]kp /]vu2v̄ , ks,i9 []2ks,i /
]v2uv̄ , andkp9[]2kp /]v2u2v̄ . The first bracketed term de
pends only on the mean frequency of the downconvers
and not on the particular signal and idler frequencies wh
are detected. The second and third terms, however, ex
linear and quadratic frequency dependence. Labeling th
terms asu (0), u (1), andu (2), respectively, we may write

u~vs ,v i !5u~0!1u~1!~vs ,v i !1u~2!~vs ,v i !. ~B2!

To determine whether the frequency-independent phase
proximationu>u (0) is valid, we must investigate the relativ
magnitudes of these terms.

Starting from the center of the crystal, a phase differe
accumulates as the signal, idler, and pump beams trav
their respective paths in the two arms of the interferome
including propagation through dispersive media~see Fig. 9!.
Due to the polarization rotation induced by thel/4 plate, the
signal and idler beams each spend half their time in the
terferometer witho polarization and half their time withe
polarization. The zero-order phase difference for the bea
returning to the center of the crystal is therefore

u~0!5ko~v̄ !l o1ke~v̄ !l e2kp~2v̄ !l p1
v̄

c
~Lo1Le22Lp!.

~B3!

The first three terms in Eq.~B3! represent the accumulate
phase difference within the various dispersive elements:
BBO downconversion crystal~5 mm!, the fused silica di-
chroic mirror ~6.35 mm! at a 45° angle, and the BK-7 glas
01381
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slide ~1.58 mm!.6 The free-space propagation lengths for t
o ande downconversion beams are labeledLe andLo , and
are identical and fixed; the free-space length for the pumpLp
depends on the position of the pump mirror M1. We see t
if Lp is changed by a lengthDL, the resulting change inu (0)

will be

Du~0!5DL
2v̄

c
52p

DL

l̄p

. ~B4!

We therefore expect the interference fringes in the coin
dence and single-channel counting rates to be governe
the mean pump wavelengthl̄p5405 nm.

The first-order phase difference may be written as

u~1!~vo ,ve!5~vo1ve22v̄ !u8, ~B5!

whereu8 is not a phase, but is a frequency-independent
efficient:

u85 1
2 ~ko8l o1ke8l e22kp8l p!1

1

2c
~Lo1Le22Lp!, ~B6!

whereko,e,p8 now refer to the inverse group velocities with
all the various dispersive media in the interferometer. For
appropriate choice ofLp , u8 can become zero, eliminatin
all of the first-order frequency dependence inu. This is
equivalent to balancing the path lengths in the interferome
to within the coherence length of the pump. Averaged o
the range of pump frequenciesvo1ve , the change inu (1)

due to a change inLp by a lengthDL is

6The l/4 plate is expected to contribute a negligible amount
dispersion and is omitted from these calculations.

FIG. 9. The signal and idler photon pairs accumulate
frequency-dependent phase shift relative to the pump pulse as
color travels differently through dispersive elements in the Mich
son interferometer. Free-space paths are indicated by thick, da
lines, and paths inside dispersive media are indicated by thin, s
lines. Dark lines indicate the pump path; light lines indicate t
signal and idler paths. Optical elements and path lengths are
drawn to scale.
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^Du~1!&vo1ve
5

^vo1ve22v̄&vo1ve

2c
DL52p

DL

Lp
,

~B7!

where Lp52p(c/s) is the coherence length of the pum
pulse~about 50mm!.

After similar simplifications, the second-order phase d
ference may be written as

u~2!~vo ,ve!5@~vo2v̄ !21~ve2v̄ !2#uoe9

2~vo1ve22v̄ !2up9 ~B8!

with

uoe9 5 1
4 ~ko9l o1ke9l e!,

~B9!

up95
Kp9l p

2
,

where ko,e9 []2ko,e /]v2uv̄ and kp9[]2ke /]v2u2v̄ are the
group velocity dispersions for each of the various media;
productsk9l are understood to be summed over the p
lengths traveled within these media. Again, the parame
uoe9 andup9 are not phases, but are coefficients which rep
01381
-

e
h
rs
-

sent the total group velocity dispersion for the downconv
sion and pump pulses, respectively.

Unfortunately, no values ofuoe9 andup9 can be chosen tha
will entirely eliminateu (2) for all frequencies; however, we
can choose values that minimize Eq.~B8! for the most likely
downconversion frequencies in our experiment. To do th
we note that the most likely pairs of frequencies are th
which maximizeF(vo ,ve) by zeroing the argument of th
sinc function in Eq.~13!:

~k082kp8!~vo2v̄ !1~ke82kp8!~ve2v̄ !50. ~B10!

This expression can be used to eliminatevo or ve in Eq.
~B8!: it is then possible to chooseuoe9 andup9 such that the
remaining frequency dependence is zero. For
interferometer,7 this calculation revealed thatu (2) could be
minimized by placing 2.04 mm of BK-7 glass into the pum
arm. The plateC had an actual thickness of 1.58 mm, whic
left some residual quadratic dispersion uncompensated in
experiment.

To see the effects of any residual first-order dispers
~path-length imbalance! and second-order dispersion, w
need only replace our original parameteru by its expansion
~B2! in the quantum state~9! and recompute the quantities o
interest. For coincidence counts, the result is
RAB~dt,u~0!,u8,uoe9 ,up9!5RAB0X12 1 F t2

2&Z
GUS i

uoe9 D 1/2

~ I 0
11I 1

11I 0
21I 1

2!UcosH u~0!1argF S i

uoe9 D 1/2

~ I 0
11I 1

11I 0
21I 1

2!G J
2F t2

2A2p
GU I 2

Auoe9 @s2~2up92uoe9 !24i #
UcosF u~0!1argS I 2

Auoe9 @s2~2up92uoe9 !24i #
D G

2
Ap

Z
erfFZ

2 S 1

2
2

udtu
t2

D G rectS dt;
2t2

2
,
t2

2 D C, ~B11!

where

I 0,1
6 [E

0,1

16~2u8/to1te!
dxexpS 2 i

~t2x!2

8uoe9
D erfS u~to1te!~12x!62u8u

2A 8

s212i ~2up92uoe9 !
D ~B12!

and

I 25E
21

1

dx~12uxu!expS 2 i
Ft2

2
x2dtG2

2uoe9
2

FsS to1te

2
x2u8D G2

812is2~2up2uoe9 !
D . ~B13!

75-mm BBO crystal, 0.25-in. fused silica dichroic~oriented at 45° for an effective length 7.27 mm!.
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FIG. 10. ~a! With dispersion inu included, the
coincidence rateRAB(dt,u8,uoe9 ,up9) still dis-
plays sinusoidal variation with the zero orde
frequency-independent phaseu (0). ~b! For the
symmetric caseu (0)50 ~solid line!, the dip is
wider than before, and does not fall to zer
These plots were made with parameters cor
sponding to a 5-mm-long BBO crystal and
1.58-mm-thick BK-7 glass compensator pla
C: s534.5 ps21, to50.38 ps, te51.33 ps, u8
50, uoe9 52.9531024 ps2, and up957.42
31024 ps2. ~c! The effects of dispersion in the
PDC were exaggerated for this plot, by multiply
ing the values ofuoe9 andup9 by a factor of 10.
is
u

.
nce
ig.
ls
-
so

eri-

f 10.
the
an
RAB0 remains as defined in Eq.~26!. The integralsI 0,1
6 andI 2

must be evaluated numerically. A comparison with Eq.~25!
reveals many similarities for the cases with and without d
persion: the first and last terms in the expression are
changed, since they do not depend onu, while the second
and third terms generate fringes asu is varied. Recalling Eqs
~B4! and ~B7!, and assuming

Lp@l̄p , ~B14!

we can regard small changes inLp ~on the order ofl̄p) as
affectingu (0), but notu8. The factors

argS I 2

Auoe9 @s2~2up92uoe9 !24i #
D

and
01381
-
n-

argS I 2

Auoe9 @s2~2up92uoe9 !24i #
D

then appear as fixed phase offsets for the new interfere
fringes. The new expected coincidence rate is plotted in F
10~a! asdt andu (0) are varied. For these plots the integra
~B12! and ~B13! were computed numerically, with the as
sumption that the interferometer was perfectly balanced
thatu850, and with values ofuoe9 andup9 appropriate for the
dispersion introduced by the optical elements in the exp
ment. Figure 10~b! is the same plot for only the valuesu (0)

50 andu (0)5p; this is to be compared with Fig. 10~c!, in
which the dispersion has been exaggerated by a factor o

We should also note what happens to this structure if
path lengths in the interferometer are out of balance by
amount comparable to the 50-mm coherence length of the
4-15



to

st-

BRANNING, GRICE, ERDMANN, AND WALMSLEY PHYSICAL REVIEW A 62 013814
FIG. 11. ~a! A blowup of the central region of
the plot in Fig. 10~a!; this is also Fig. 5~b! seen
from a different perspective, and corresponds
the region covered by our data set.~b! The effects
of a 210-mm shift in Lp . In this case, the Mich-
elson interferometer is not balanced, and the fir
order dispersion term~nominally zero! has a
value of u8520.033 ps. There is a shift in the
position of the dip away fromdt50, and a slight
reduction in visibility.
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pump. In this situation, the first-order dispersion coefficie
u8 is no longer zero. In fact, the alignment procedure in
actual experiment may have allowed the pump mirror M1
be offset from the optimal path length balancing condition
as much as 10mm. The effect of such an error is shown
Fig. 11: the net result is a translation of the central dip a
peak structures away fromdt50 and a slight reduction in
the dip visibility.

We can understand these effects by considering the ev
shown in Fig. 12~c!, but this figure is clearer if we first con
sider Fig. 12~a! and 12~b!. Figure 12~a! depicts a cw-pumped
collinear HOM interferometer, in which the top detector fir
first and the bottom detector fires at a later time separate
Dt. In practice, we integrate over all possible separatio
2t2/2,Dt,t2/2, to obtain the measured coincidence ra
but in principle, each time separation constitutes a dist
joint detection event for which there are two possible caus
either a y photon follows anx photon ~top line! or an x
photon follows ay photon ~bottom line!. Before the quartz
delay, which slows they photon relative to thex photon by a
time t2/21dt, these two sets of photons must have h
relative delayst2/21dt1Dt and t2/21dt2Dt, respec-
tively. In order to have acquired these different relative d
lays, the photon pairs must have originated from two diff
ent regions of the PDC crystal; however, they can s
interfere because the continuous-wave pump does not
vide any distinguishing information as to the time of orig
for the photons. We can also see from Fig. 12~a! that for
some of the possible separationsDt, only one of the two
processes can occur—ifDt is too large, the other creatio
point corresponds to a point outside the crystal. This me
that some fraction of the total detection events~integrated
over Dt) does not participate in the destructive HOM inte
01381
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ct
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ference; asudtu is increased from zero tot2/2, this fraction
grows linearly from zero to one, producing the famili
triangle-shaped dip in the coincidence rateR.

A pulsed-pump situation is shown in Fig. 12~b!. Once
again, by the previous argument, the interfering photon p
must have been born in two different regions of the crys
But now, the two photons carry ‘‘spectral labels,’’e ando,
that render them somewhat distinguishable: in many cas
will be possible to tell which process actually created t
detected photons by noting which frequency arrived at wh
detector. Alternatively, we can see that the pairs are dis
guishable in the time domain, because the pump pulse
follow the first detected photon by different times for eac
and couldin principle be registered at the same pair of d
tectors after traveling through the same length of quartz
lay as the signal and idlers.8 In the top process, the firs
photon detected is thee photon; the pump pulse will lag by

tP22te25
te

t2
S t2

2
1dt1Dt D1TP~dt!

2FTo~dt!1S t2

2
1dt D G . ~B15!

8The pump pulse could also be detected any number of o
ways, in principle, with or without having traveled through th
quartz delay. We choose this particular scheme as a matter of
venience. Of course arguments aboutin-principle information
should not depend on this choice, and that is the case here: if
delay were added to the optical path of the pump pulse, it would
subtracted out in Eqs.~B17! and ~B20!.
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The first term corresponds to delay accumulated inside
PDC. TP(dt) andTo(dt) are the propagation times for th
pump and theo photon through the quartz, and we must a
to this the delayt2/21dt to get thee photon’s propagation
time through the quartz. In the bottom process, the first p
ton detected is theo photon; the pump pulse will lag by

tP12to15
te

t2
S t2

2
1dt2Dt D2S t2

2
1dt2Dt D

1TP~dt!2To~dt!. ~B16!

The first two terms represent the delay between the pu
and theo photon accumulated in the PDC; the first term

FIG. 12. ~a! Collinear HOM interference with a cw pump. Tw
distinct pair-creation processes can give rise to photodetect
separated byDt: these are displayed on the top and bottom ho
zontal lines. From the amount of quartz delay present in the sys
we can infer where each pair must have been born in the PDC.
some values ofdt, one of the two sets of photons will be missin
and this occurs for a greater fraction of all the possible delays
udtu is increased: the triangle-shaped dip is the result.~b! With a
pulsed pump, the signal and idler photons carry ‘‘e’’ and ‘‘ o’’ spec-
tral labels, and it is possible to distinguish which process created
pair by examining their frequencies, or by noting the lag in t
arrival time of the pump pulse. This transforms the triangle-sha
dip into a trough.~c! Our experiment, in which the photons and th
pump pulse from the first process are sent back through the PDC
a second pass. The spectral labels no longer convey any ‘‘w
process’’ information, and withLp adjusted correctly, the pump
pulse lags thee photon by the same amount for both processes.
result is a restored interference dip, as shown in Fig. 3~b! @or Fig.
10~b! with dispersion included#.
01381
e
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p

the delay between the pump and thee photon in the PDC; the
second term then subtracts from this the walkoff between
e photon and theo photon. The final two terms again repre
sent the delay accumulated in the quartz. The difference
tween the arrival delays~B15! and ~B16! is

~ tP22te2!2~ tP12to1!5DtS to1te

t2
D , ~B17!

which is independent ofdt. When this quantity exceeds th
temporal duration of the pump pulse, roughly 1/s, the two
processes are distinguishable from each other and canno
terfere. Therefore, for every setting of the quartz delaydt,
only those photons that arrive at the detectors with rela
delays on the order of

Dt<S t2

to1te
D 1

s
~B18!

can participate in the destructive HOM interference. T
represents a small fraction, on the order of 1/s(to1te), of
the total number of photon pairs collected over all possi
delays2t2/2,Dt,t2/2. Because the destructive interfe
ence only occurs for this small fraction of the events rega
less ofdt, a flattened ‘‘trough’’ structure emerges instead
the usual triangular-shaped dip.

Our solution to this problem is depicted in Fig. 12~c!, with
the pair created on the bottom being reflected back into
crystal, along with the pump pulse. Again, following th
logic of the first two figures, we see that the two photon pa
capable of registering with a final detection separationDt
must have originated at different points in the crystal. B
now, because thee ando spectral labels have been switche
for the bottom process, it is impossible to use the frequen
to determine whether thex or y photon registered at eithe
detector. To maintain the indistinguishability of these tw
processes, we must arrange for the pump pulse to lag the
detected~e-polarized! photon by the same amount in eac
case. For the top process, this lag is again given by
~B15!. For the bottom process, the lag is

tP12te15
te

t2
S t2

2
2dt1Dt D1

LP2Le

c
1to

1TP~dt!2To~dt!. ~B19!

The first term is the delay accumulated upon passing ou
the PDC; the next term is the delay accumulated during fr
space propagation through the Michelson interferometer;
third term is the delay accumulated during the second p
through the length of the PDC~where the photon with the
e-spectral label now propagates with theo polarization!; and
the final two terms represent the delay due to the qu
plates. The difference between the delays~B15! and~B19! is

~ tP12te1!2~ tP22te2!5
LP2Le

c
1S dt2

t2

2 D S te1to

t2
D .

~B20!
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This quantity must be made zero for the two proces
shown in Fig. 12~c! to be indistinguishable; in the exper
ment, this is achieved by positioning the pump mirrorM2 to
select the correct value ofLp . Because the quantity~B20! is
independent ofDt, the same fixed value ofLp serves to
maintain the indistinguishability for all of the various rel
tive photodetection separations. However, we see that
value of Lp must be chosen for a particular value of t
quartz delay—ideally, fordt50. As dt is then varied, the
-
ht-
-

-

-

-

-

er

01381
s

is

top and bottom processes become distinguishable when
quantity ~B20! exceeds the duration of the pump pulse 1s.
This accounts for the narrow width of the restored HOM d
in our experiment. Conversely, if the pump mirror is di
placed so thatLp is no longer the appropriate value fordt
50, there will be some newdt for which Lp is, in fact, the
appropriate value to make Eq.~B20! equal zero: thus, a nar
row dip will appear that is centered at this new value ofdt.
This is the shift that is illustrated in Fig. 11~b!.
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