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It is a well-known and remarkable fact that in certain coincidence photon-counting experiments with cw-
pumped parametric down-converters, the effects of group-velocity dispersion arising from media interposed
between source and detectors are completely canceled, even if the media physically affect only one of the
photons of the pair. Recently Perieaal.[Phys. Rev. A59, 2359(1999] showed that this phenomenon does
not occur when certain classical timing information is available about the arrival of individual photons at the
detectors, as is the case when the photon pairs are produced via spontaneous parametric down-conversion using
an ultrashort pump pulse. In this paper we show that the nonlocal cancellation of dispersion for such a source
of entangled photons can be restored in principle by proper engineering of the source properties. In particular,
we describe techniques for recovering interference in coincidence-counting experiments by suppressing distin-
guishing information without the post selection of photons. Moreover, a precise classical timing signal coin-
cident with the photon pair is still available.

PACS numbd(s): 42.50.Dv, 42.65.Ky

I. INTRODUCTION ing coincidence counts are monitored. Destructive interfer-
ence of the two-photon amplitudes produces a “dip” in the

Dispersion plays an important role in the propagation ofcoincidence counts as the relative path delay between the
short classical optical pulses and of quantum wave packet$éwo photons is varied. According to the Braunstein-Mann
In particular, transform-limited classical pulses as well asprotocol, the detection of a coincidence in the center of this
single-photon wave packets experience temporal broadeniriglip” allows one to infer that the joint polarization state for
upon propagating through a dispersive medium. In classicahe photons at the inputs was one of the four entangled Bell
applications such as communication over optical fibers thistates. The fidelity of teleportation is tied directly to the va-
pulse broadening ultimately limits the data transfer rates, unlidity of this assertion, the strength of which depends criti-
less appropriate compensation methods are impleméhied cally on the absence of any way to distinguish the photons at
In the case of quantum communications over fij@isthe  the inputs to the beam splittésave by their direction The
data rates are sufficiently low that such considerations arpresence of any dispersive element in either path by which
not necessary. Nonetheless, the presence of dispersive syse two photons reach the inputs to the Bell apparatus can
tems in the path between source and detector can compreempromise such inductive inference, because it may pro-
mise certain important quantum phenomena that are centralde a means by which the path taken by each photon to its
to some of the communications protocols, such as teleportaietector can, in principle, be identified. This is sufficient to
tion and dense coding, which rely on entangled photon mulreduce the visibility of the HOM dip and the strength of any
tiplets. inductive inference based on it.

For example, Bell-state measurement is the key to the A nonclassical dispersion cancellation effect involving
entanglement swappiri@] that lies at the heart of teleporta- coincidence detection of entangled photon pairs was first
tion. The method proposed for this measurement by Braunanalyzed by Fransdi6]. A related effect in a HOM interfer-
stein and Mani4] makes use of a Hong-Ou-Mand&lOM) ometer was subsequently demonstrated and analyzed by
interferometerf5]. In the HOM interferometer, the paths of Steinberget al. [7,8]. The experimental realization of this
two photons are overlapped at a beam splitter and the resuliatter scheme used photon pairs generated via spontaneous

parametric down-conversidi?DC) pumped by a monochro-
matic laser. Figure 1 provides a conceptual illustration of the
* Authors were at the Institute of Optics, University of Rochester,dispersion cancellation that can occur in the HOM interfer-

for this work. ometer. The photons arriving at each detector may be labeled
TAuthor was at Department of Physics and Astronomy, Universityby their frequencies, and by their relative detection times.
of Rochester, for this work. Any combination of observed frequencies and relative arrival
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priori unknowable—a fact that permits the interference of
amplitudes for photon pairs created at different times. On the
other hand, if the pump is an ultrashort optical pulse, then the
time of generation of the photons may be known to much
better precision than their correlation time, and in this case,
the interference is compromis¢é—11] because th&-T and
R-Rpathways then become distinguishable by virtue of their
different transit times through the interferometer. The result-
Red ing loss of interference, and of dispersion cancellation, can
also be understood in a frequency domain picture. In this
D Dl picture, the frequency anticorrelation and entanglement nec-
R-R — BS Blue \ essary for these effects are reduced because the pump pulse
& D D2 is broad band,_ and offers a wide _range_of sum frequencies for
/ the photon pairs that are not available in the cw-pumped case
[9].
In practice, the interference can be restored at the expense
of either timing information or count rate. In the past few
Pump pulse years, some new nonlocality, entanglement swapping, and
_/\_; TIME, teleportation experiments have made use of interference
— ' from multiphoton source$3,12]. An effective manner of
FIG. 1. The mechanism of dispersion cancellation. Two photongichieving this involves synchronous pumping of several

are incident on a beam splittéBS), after one of them has passed f:rystals .With ultrashort pulsgd3]. Lack of precise timing
through some dispersive materi@.M.) The photons have identi- information from separate sources makes such experiments

cal spectra, centered on the mean frequergyand the optical path  impossible because the photons sent to the Bell detector are
lengths are balanced so that photons at this mean frequency arrivaore than likely in different temporal modes. They may
simultaneously at BS and at the detecttx$,D2. In the figure, a nonetheless be mode matched by severe spectral filtering, but
“red” photon with frequency ¢o—Av) is initially detected aD1,  the associated reduction in the count rate makes experiments
and a “blue” photon with frequency i,+Awv) is subsequently involving more than two detectors difficult.
detected aD2. There are two possible ways for this to occur: the |n this paper we propose and analyze several means by
first is that both photons were transmitted at the beam splifter ( which the interference visibility and dispersion cancellation
—T), and the second is that both were reflect8t-R). The red  jn 3 HOM apparatus can be restored by suitable engineering
and blue frequencies are oppositely shifted in velocity, as comparegt the source configuration—namely by tailoring the disper-
with the center of the photon wave packshown by the vertical  gjye properties of the nonlinear crystal in which the down-
line), so_that the blue is delayed relative f[o the red by the same. o nverted pair is produced. At the same time, precise timing
ggzlégt\:vr;slzcﬂ] t(é?fseerthger;?ri;tteTe amplitudes for .t:ese WO PI9acormation about the photon pair is retained, so that such
pletely suppress coincidences weredt oo are likely to be of use in quantum communications
not for the presence of the classidéhough unmeasurgcoump schemes involving several independent sources of entangled
pulse, which enables tHe- T andR-R paths to be distinguished by . . .
their total transit times. photons, anq in which long propagation paths for the en-
tangled particles are necessary. One advantage of suppress-
times could have come about in two distinct ways. For ex-ding distinguishing information at the source is that higher
ample, as depicted in the figure, a red photon might arriveeount rates can be maintained, leading to more accurate mea-
first at the upper detector, followed by a blue photon at thesurements in experiments designed to test fundamental pos-
lower detectowhere “red” and “blue” refer to frequency tulates, and higher data rates in quantum communications
shifts relative to the degenerate photon pair center fresystems.
guency. This can occur either because both photons were To do this we introduce a general framework for the
transmitted at the beam splitt€F-T), or because both were analysis of all dispersive effects that arise in coincidence-
reflected(R-R. In the T-T case, the red photon would have counting experiments with parametric down-converters. Dis-
traveled through the dispersive material, while in fReR  persion cancellation relies on two key ingredients: the fre-
case, the blue photon would have done so. Because the blgeency entanglement of the photon pair and the frequency-
is delayed more than the red by the dispersive material, thdependent time delay imparted to the photons by the
total travel time for the photons is shorter for thel case  dispersive material. These aspects of the problem lend them-
than it is for theR-R case. However, in both cases, the blueselves naturally to analysis in the frequency domain. A re-
photon is expected to arrive later than the red by the sameent papef14] has already presented a time-domain analysis
amount of time, and so they are able to interfere destrucef the effect of dispersion for the specific case of type-I
tively with complete visibility—just as a pair of degenerate- PDC pumped by an ultrashort chirped pump pulse in a col-
frequency photons would—and so the interference is unaflinear HOM interferometer; here we generalize certain of
fected by dispersion. those results. We consider both type-l and type-Il crystal
If the pump for the down-converter is continuous wavephase matching, and identify methods for each by which the
(cw), then the time at which the photon pair is generatedl is distinguishing information introduced by external dispersion
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idler (i) photons in the PDC that are later brought together at a

FIG. 2. Franson’s noninterferometric configuration, in which Peam splitter and counted in coincidence at detedidrsandD2.
photon pairs exhibit nonlocal cancellation of dispersive effects even ) )
though they are never spatially overlapped. A pump beam creatddfofile [8]. Although the second-ordefGVD) dispersive
pairs of signal(s) and idler (i) photons in a parametric down- terms canceled in their calculation, Steinbetgil.noted that
converter(PDC) that are sent to a pair of detectol®1,D2) after ~ higher, odd-order dispersive effects should in fact be
passing through variable delay lines, dispersive media, and spectre@hhanced—though again, these effects were too small to be
filters. The delayg+7) are symmetric for computational conve- observed. They also noted that in the special case of “bal-
nience. The dispersive media in each arm are characterized tgnced dispersion,” in which identical dispersive elements
group-velocity dispersionst$3; when these media have equal are in both paths of the interferometetl dispersive effects
lengths, the effects of dispersion are canceled in the coincidenceyill be cancelled.

counting profiles. These cancellation effects depend on the use of a cw
pump. In Secs. Il and IV we will examine the consequences
can be suppressed for a pulsed pump. when an ultrashort pump pulse is used instead. For compu-
tational clarity, we will discuss the two configurations in
Il. TWO TYPE-I PDC CONFIGURATIONS reverse historical order: in Sec. Ill we consider the HOM

interferometer, and in Sec. IV, the noninterferometric con-
We begin by describing in more detail the two cases infiguration.
which dispersion cancellation effects were reported initially.

Figure 2 shows the configuration analyzed by Frangin IIl. DISPERSION IN THE PULSED HOM
Pump photons entering the crystal produce pairs of “signal” INTERFEROMETER

and “idler” photons, each of which pass through a different

dispersive medium before being detected. Photon counters A. Calculation of the coincidence-counting rate

measure the coincidence rate as a function of the adjustable We now consider the interferometer of Fig. 3, but with the
relative path delay that is installed in one or both arms. Clascw pump beam replaced by a train of broad-band optical
sically, this measurement would show broadening of the inpulses. In our analysis, we will include the dispersive effects
tensity correlation peak regardless of the specific dispersiviy the crystal source itself, with the objective of using these
properties of the two elements. The quantum-mechanicab influence, or possibly restore, dispersion cancellation and
treatment, however, reveals that if the elements have equalterference effects. The beam angle is assumed to be suffi-
length, but group-velocity dispersidiGVD) of equal mag-  ciently small so that all transverse effects are neglected, and
nitude and opposite sign, the coincidence rate profile wouldhe center frequency of the photon pair is taken to be degen-
remain largely unaffected—the dispersive broadening woul@rate. A dispersive element is in the lower path, while the
be cancelled to the GVD level of approximation, due to theupper path has On|y a variable path de|ay_ The pump field
frequency entanglement of the photon pairs. Unfortunatelysirength is assumed to be low enough so that on the order of
the temporal resolution of currently available photodetectiorpne pair is generated per pass in the crystal, yet large enough
systems does not seem to permit observation of this effectio be treated as a classical coherent field in this calculation;
Later, Steinberget al. [7,8] observed cancellation in a only the spontaneously generated signal and idler fields are
HOM interferometer with type-I PDC, in which a dispersive quantized. Following a first-order perturbation expansion of
element was added to just one arm as in Fig. 3. Rather thage interaction Hamiltonian, the resulting two-photon state
a correlation peak, the coincidence rate as a function of thgg] can then be given by
relative path delay in this configuration displays a back-
ground rate with a dip whose width corresponds to the pho- i
ton wave-packets’ overlap time. Experimental observation is )= Kfo fo dodoa(wst o) dlws,0)|og)d i),
possible in this case because the coincidence null is gener- (1)
ated by an interference effect, so that a slow detector re-
sponse does not limit the temporal resolution of the measurm/here|wm)nzal(wm)|0>n is a single photon state of fre-
ment. No reduction of visibility or broadening in the quencyw, in moden. This state is a sum over all possible
coincidence rate profile was observed in that experimentientangledl pairs of frequencies in the signal and idler
even when the added element would have corresponded clasiodes, and can be used to describe either of the two types of
sically to an observable 60-fs broadening of the temporatown-conversions. For type-l PDC, the signal and idler
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modes are distinguished by their directions of propagationunits of photons per second; they vary slowly with frequency
while in type-ll PDC they are distinguished by polarization and can be taken outside the integrals as constants. After
or propagation direction, or both. In either case, the direcinserting Egs(1), (4), and(5) into Eqg. (3) and carrying out
tions of the emission to be detected can be defined by smalihe integrals over time with the limits extended to infinity
distant apertures, and are assumed to be sufficiently close [8], we have

the propagation axis that transverse effects may be neglected.

The spontaneous generation of these photon pairs from a ® [ 5 2

pump photon is constrained by energy conservatiep, R(T)“fo fo dodoi|a(wst o) |H|¢(ws, o))

= wst w; SO that the pump’s amplitude spectral profile may

be written as a(ws+ ;). The PDC crystal’s spectral — P(ws,w)) P* (w; ,wg) X el(@sm e T Ix(wg) ~ (@)l
“phase-matching function’{PMF), or ¢(ws,w;), is defined ©6)

in AppendixesA (type-l) and B (type-Il). It may be inter-

preted as giving the amplitude contribution for each fre- To proceed further, we require explicit functional forms
quency pair resulting from the PDC of a given pump fré-¢,. -\ anq & As in [9], we will use a transform-limited
guency; meanwhile, the pump profile weights the ava”abi“tyGaussian pump pulse, ;/vhich results in a Gaussian frequency

.Of various pump frequencies for such paisis a normal-  yigyinution centered at@ with a bandwidth parameter,
ization constant:

-2 NE 2 2 a(wgt wi):e*(wgwifza)z/zgz. %)
K Efo fo dogdoi|a(wst w))|*| ¢(ws, )] *|ws)s| ;)i -
) Next we make the change of variables

The rate of coincidence counts at timeat detector 1 and Vs =g, 8
t, at detector 2 with a coincidence-counting window of du-
ration T is given by[15] where w is the degenerate center frequency for signal and

idler photons, and we extend the limits of integration for
A s B VB s VE(H) vs,v; to minus infinity.
R fo jo dtadta (Y] (L) B (1) B ()BT (1)), We also wish to explicitly include the dispersive proper-
(3) ties of the external medium; these are encodes(ia), and
R can be brought to light via a Taylor-series expansion about
whereE(lfz) are the positive-frequency electric field operatorsw. We have for thd «(ws) — «(w;)] term,

at detectors 1 and 2, aﬁfz) are their Hermitian conjugates.
Due to the action of a properly chosé&0-50 beam splitter,
these field operators can be related to the signal and idler
field operators by15]

1 2 2
k(vs)—k(vi) =K+ k' (vs— Vi)+§K”(VS—Vi)

1
+—'K”’(v§—v?)+---, 9
. 1 . . 3!
E{Y=—(E{"+EM),
V2 . — .
wherek is the wave number evaluated atand all deriva-
tives are evaluated there as well. We adopt the notation for

E(2+>:i(|‘5(s+)_ E(), (4)  the group-velocity dispersio{GVD) in the external medium,
V2
N 1,1 d’k(w) 10
where B=5x "2 de? |- (10)
=(+) — ” A _lws s T . . .. .
Es (ty) = Jo dwsA(wg)ay(wg)e s, and discard terms of higher order than this in the calculation.

Using the inverse group velocity’, we can offset the free-
o space photon delay by the mean transit time through the
EM(t) = f doiA(w))&(w)e Tetitx@ll (5 external dispersive medium of lendtto get the true relative
0 photon delay at the beam splitter,

contain the annihilation operatoég; for the signal and idler

modes(labeled “s” and “i” in Fig. 3). The variable free- —Ei(T_K,” (11)
space delayris in the signal arm, while the dispersive me- ol '

dium of lengthl is in the idler arm. The dispersion relation

«(w;) gives the wave number of the light inside the disper-The scale factor of ¥2 is added for later convenience. Re-
sive medium so that a phase delew;) is imparted to each \yriting Eq. (6) with these substitutions, we arrive at the gen-
frequency component of the idler photon wave packet. Theral expression for the coincidence-counting rate in a pulsed
A(wgj) contain dimensional factors so thbﬁsyi|2 are in  HOM interferometer with external dispersion:
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w (o the integrand in Eq(16) is independent of, so that
R(?’B):Klf_ J_ dvsdvie_[(Vs+Vi)/<T]2

1 (1-12)) . 1 )
sincz(x)=J dzf dy é22X=2f dz(1—|z|)e'??*.
-1 -1

X{|p(vs,v)|2— ¢* (vi,ve) d(vs,v;) (-2
(18)

Xei[(ys—yi)7+ﬁ|(v§—Vi2>+(1/3!),<”’|(y§—Vf’)]}_ 12
After the siné term in Eq.(13) is rewritten in this form,
HereK is a constant of proportionality that is the product the integrals over . andv_ can be carried out analytically.
of the photon detection and collection efficiencies, the puls@he result is then divided b to obtain the normalized
repetition rate, the pair-creation efficiency of the PDC crys-type-I coincidence-counting rate:
tal, the fourth power of the dimensional const#nin Eg.

(5), and the square of the normalization constamtefined in - 1 (1 (1-1zhQ,
Eq. (2). Rn(T,ﬂ)Zl—Ef dz —
-1 J(Q,Bl) —iBLz
B. Type-l HOM interference — (7— %t+Q§,8|z)2
Upon inserting into Eq(12) the phase-matching function X ex (Q,B1)2—iBLz exd
¢ from Eqg. (A12) we have, for type-l HOM interference,
v —(3Q,t,2)7], (19)
I ) — (vylo)
R(7.A) Klffoo _vedvent where ), is defined by
X sin@[(t, v, +BLv? +BLv2)/2 1 1
[(f_’” v vile] qz= 7 iBz (20)
X[l_e2|(7V7+ﬁ|V+V—)], (13) z

The B term’s contribution is relatively small for typical
pump bandwidths, so tha®, is essentiallyo, the pump
bandwidth. The expression in E(L9) involves the disper-

sive parameters of the PDC crystd’ (k, k" kp) through

1 _
ve=—(vstv). (14)  theB andB terms in the phase-matching function, while the
V2 external media dispersiofB) enters via phase terms in the

_ electric-field operators. The latter terms are the ones subject
The PDC crystal has length, while B, B are its second- to the cancellation effects.

order dispersive parameters. The constant background term The integral in Eq.(19) can be evaluated numerically.

where sinck)=(1/x)sin(x), t., B, B are defined in Egs.
(A9)—(A11), and

in Eq. (13) is Figure 4 shows a plot of the normalized counting mateas
a function of delayr and external dispersiofl for a typical
— N —(vy l0)? pulsed down-conversion arrangement: the crystal parameters
C=K,y dv.dv_e , )
Y k” andt, (see Appendix A were chosen to correspond to
_ 1-mm-thick beta barium boratBBO) [16], and the pump
X sin@[(t, v, +BLv? +BLv2)/2]. (15  pulse duration was taken to be 100 fs. The plot shows that

for a pulsed pump, the degree of interference is reduced as
This term represents the coincidence rate for large values @he magnitude of introduced dispersion is increased. This
7, outside the HOM dip; in this region, where interferencereduction starts being discernible already for dispersion val-
does not occur, half of the photon pairs that reach the beames of gl =2x 10" *ps’, which corresponds to a block of
splitter will leave it in opposite direction$T-T and R-R  BK-7 glass with a length of 1 cm. The plot also shows that
eventg and may go on to produce coincidence counts. Weaxternal dispersion affects the visibility of the interference
will normalize our coincidence-counting rates so that thisdip more dramatically than it affects the width.

background rate has a value of “1" in all of our plots. For a fixed nonzero value of external dispersion, the in-
To carry out the remaining integral in EGL3) we may  terference visibility is reduced as the pump pulse is short-
use the identity ened(Fig. 5 and in the extreme limit of an infinitely broad-
101 band pump, the interference vanishes altogether. In the
- _ = i(21+25) temporal domain, this limit corresponds to precise knowl-
Sinc(x) 4 f_lf_ldzldzze ' (18 edge of the pair creation time, which is constrained by the

pump pulse duratiorisee Fig. L Alternatively, in the fre-

After using the coordinate transformations, quency domain, the interference reduction is associated with
decorrelation of the pair frequencies by the broad-band pump
y=3(21-2,), pulse.
Figure 5 shows that the count profile with respect to delay
72=3(2,+2,), (170  ‘risin general asymmetric about the origin in the presence of
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external dispersion. This is physically due to the fact that for
any given frequency pair, the dispersive constanh Eq.

(13) produces a phase delay of fixed sign, whereas the time
delay phase termv_ changes sign at the origin. Hence the
total accumulated phase over all the detection frequencies is
not symmetric for positive and negative valuesfand
therefore, neither is the coincidence profile. Exceptions to
this are the cases whete is zero(the pump photon has the
same group velocity as the signal photorer where g is
zero (no external dispersive medium is pregernih these
cases, the count profile is symmetric for any value of the
PDC crystal dispersion, as seen in Fig. 4 along the line

B1=0.

C. Tailoring of a type-I crystal to recover lost interference

We will now examine possible methods of minimizing the
effects of the unbalanced external dispersion. The features of
prime interest are the interference visibility and the range of
delays7 over which it is maintained. For some applications,

FIG. 4. Normalized coincidence counting ra® in a HOM an interference dip that is very narrow iis advantageous
interferometer with a pulsed type-I source, as a function of relativd 8], while in others[3,12,13 it is desirable to maximize the
photon delayr and external dispersiogl. The interference visibil-  interference over a large range of photon delays. We there-
ity is complete at zero delayr& 0) when no external dispersion is fore seek methods of tailoring the source to address both of
introduced B1=0). As the dispersion in the path medium is in- these requirements.
creased, interference is reduced, so the dispersion cancellation com- Equation (13) suggests two possible ways in which the
mon to the cw-pumped situation does not occur here. Note that theffects of external dispersion might be minimized, or elimi-
10-fs width of this interference dip is an order of magnitude nar-nated altogether. The term which represents external disper-
rower than that produced by the same length of crystal in type-lisjon, Bl, is multiplied by both integration variables—the
PDC[10]. The plot was made using E¢L9) with a pump band-  down-conversion frequency sum, and differencer_ . If
width of o=30x10"rad * (for 100-fs duration at 810 nmand  gjther of these variables could be made zero, or restricted to
PDC parametersigorrespondlng to 1 mm of BBRQ=-0.05ps 5 gmall range, then the contribution of this term to the inte-
andBL=3.65<10 °ps" gral could be made negligibleThe siné function in Eq.
(13), which has bothv, andv_ as its arguments, presents a
way of achieving this: for in the long-crystal limit, the stnc
function can be made to approadfr,) or 6(v_) with
suitable choices for the dispersive parameters of the crystal.
Both possibilities are suggested by E§3); they will now
be investigated using the full calculation given by EtP).

0.8

0.6 Method 1: Restrict the values of _

Pulse Width

0.4 30 s If t. andB are made small, whilBL is made large, the
200 fs phase-matching term in EJ13) approaches the limiting
0.2
AN 1 ps form
001 -0005 0 0005 001 lim [sinc(BLv/2)] 5(v-). @D
L—oe

7 (ps)
P BL can be made large most easily by choosing a long
FIG._5. Type-1 HOM interference dips for three_di_ffe_rent pump crystal. The conditiont=0 requires thatki’)z k', and BL
pulse widths. For the longest pump puldeps), the dip is identical  (whose effects are already small due to the pump piofile
to that produced by a cw pump—symmetrically-shaped and having,q1d be small if k”s%k". Under these conditions, the

full visibility. For the 200-fs pump pulse, the dip exhibits asymme- ) : : : : : _ :
try, reduced visibility, and a shift in the minimum away from phase-matching function is aligned with thg=wv; axis,

=0. For the shortest pump pul§g0 fs), the effects of the previous

case become even more pronounced, and interference is virtually

eliminated. Plots were made using Ef9). The external dispersion  !In fact, this is how spectral filters mitigate the effects of external

was fixed atgl=2.5x10"*p<’, which corresponds to 1.25 cm of dispersion, though they accomplish this by restricting the signal and
BK-7 glass. For the PDC crystaBL=3.65x10 °ps andt, = idler frequencies independently, and not just their sums or differ-
—0.05 ps(appropriate to 1 mm of BBD ences. See Appendix C, case 3.
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Typical : Tailored 1
N\ - P
T NNk 19, =58(v.)
N : 038 <— Typical ¢,
Tailored g I R!
o =8(v.) N\ " 06
1 +/ N\
t N\ 0.4 )
V, bemmm S _ _ ] _ ¢, = 8(v_
" N\ Pump spectrum 02 ¢, = 6(V+) —> ! (
I\ N
A\ N ) ,\ﬁ/
: W -0.03 -0.02 -0.01 0 001 0.02 003
] 1 —
) T (ps)
! Typical
! ¢ N FIG. 7. Restored HOM interference from a tailored type-I crys-
: i N tal. A typical normalized coincidence ra, is shown for a 1-mm-
long BBO down-converter pumped by a 100-fs pulse, with 5 mm of
—V,—~ dispersive glass in one of the photon paths. The ¢gses(v_) for

) ) method 1 was modeled as a crystal having very I&8d&00 times
FIG. 6. Examples Of_ phase-matghlng funcgons and a PUMRpat of BBO while retaining theB, t, , andL values for 1 mm of
pulse spectrum as functions of the signal and idler frequencies iBp The interference is restored, and there is large temporal
.. ,(VSJr Vi) . . ) ” 7’ A
the long crystal limit. The pump spectrua-e , is depicted broadening of the dip. For methodB,is very large(100 times that
as a gray band along the ling=—u;; the shading represents the ¢ BBO), while B, t,. , andL retain the values for 1 mm of BBO, so

Gauss_ian distribution of sum-frequ_ency value_s. If the pump Were[hat¢|%5(v+). Interference is again restored, while the dip width
cw, this band would have zero width. The line labelgg is a is essentially unchanged. Plots were made using(E).
general type-Il PMF, which behaves dg~ §(avs+bv;) to first

order in the signal and idler frequencies, and is not symmetric in the
signal and idler frequencies it allows. A tailored type-I PME, ~ Words, photon pair members generated in the limiting case
~58(v_), lies along the linevs=v;, and a general type-l PMF, would always be incident on the same detector, with identi-
which behaves ag,~ 5(cv. +dv? +er?) to second order, is also  cal frequencies, no matter what relative delays were imposed
shown. For each source of photons, down-converted pairs are pron them before their arrival at the beam splitter.
duced in the intersection of the pump spectrum and the appropriate We emphasize that this is a nonclassical interference ef-
PMF; in each case, the ranges of allowed frequencies, and thefect, which arises from a new kind of entanglement for
correlations, can dramatically alter the HOM interference visibility down-converted photons. Our tailored source in this case
and dispersion cancellation. constrains the frequency difference for the photon pair, with-
out constraining the frequencies themselves—that is, the
when plotted as a function ofs and v; (see Fig. 6 This  photon frequencies are highly correlated, even though it can
indicates a high-frequency correlation for the down-pe verified that each individual photon has a broad spectrum
converted photonsi= »;) in the long crystal limit. [9]. This is in contrast to the entanglement created by cw
The implication of thiss-function limit and the associated pump|ng(|n which the frequency sum is Constraiaednd is
condition, v_=0, is that the dispersivg terms in Eq.(12)  also different from the restoration of interference with spec-
are eliminated, in apparent analogy with the cw-pumped casgg| filters (in which no entanglement is present ap.alhile
(see Appendix C, case).2But in contrast to that case, here it js true that narrow-band spectral filters could reproduce the
all orders of external dispersion ik(ws;), both even and  proad temporal interference profile of Fig. 7, they would do
odd, are eliminated as can be seen from B). This is 5o by increasing the duration of each photon’s wave packet
because the frequency pair variables are now directly corrandependently; this differs from the present method, in which
lated, rather than anti-correlated as in the cw-pumped casehe signal and idler photons retain short temporal durations.
Figure 7 shows the improved HOM visibility that results. we refer the reader to Appendix C for details on the effects
The normalized coincidence rate is plotted as a function obf cw pumping and narrow-band filters.
delay for a typical source and for idealized sources tailored
according to this methodand a second method described
below). Note that the¢,~ §(v_) source produces destruc- o
tive interference that is not only complete, but also present Now we return to Eq(13) and, instead of makinB neg-

over a much broader range of phOton delays than for thﬁg|b|e’ we choose it to be |arge' so that the témi domi-
typical type-1 source. This is because the frequency differyates the argument of the sfrizinction. In the long crystal
ence phase termv_ in Eq. (13), containing the relative |imit. this produces the’ function

two-photon time delay, is also suppressed &y _), and

would vanish altogether in the limit_—0. The result is a

large increase in the width of the restored interference null lim [sincz(gL y2+/2)]oc5(y+)_ (22
and in the limiting case, a null of infinite width in In other L—oe

Method 2: Restrict the value ofr,.
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Finally, we wish to comment on a third approach that
appears to follow from Eq(12), namely, the elimination of
all second-order terms in the sfrargument to create a PMF
of the form ¢~ &(t. v,). Such a first-order truncation of
the type-l phase-matching function seems plausible, but
leads to inconsistencies when the full calculation is carried
out using Eq.(18). The difficulties arise because no first-
orderv_ term is present in the type-I expansion&K (see
Appendix A).

PDC length

1 mm

(T U NS

03 02 01 0 01 02 03

;L"(ps) D. Type-Il HOM interference
The type-ll phase-matching functiosh,, given by Eg.

ference. Even without special tailoring, for type-lI PDC, a suffi- yield

ciently long crystalBBO in this casgrestores interference that was
reduced to 50% by a 100-fs pump pulse and external dispersion dLR“(?IB)
to 5 mm of glass. The degree of asymmetryrimlepends on the
magnitude of the product d, g8, andt, in Eq. (19). ocf J' dy+dy,e‘("+ /”)Z{Sin(,z[(t+v++t,v,)/2]
In this case the dispersiy@l term in Eqg.(13) is again elimi-
nated, but now the phase term_ is not, so that we expect —sind (t, v, +t_v_)/2]sind(t v, —t_v_)/2]
no temporal broadening of the count profiie contrast to
the previous methogThe plot for¢,~ &(v, ) in Fig. 7 con-
firms that this is indeed the case, and that the visibility can be
fully restored with a narrow dip. Also, the orientation of the ) )
PMF for this case, shown in Fig. 6, matches that of the pumg Nis can be integrated numerically as for the type-I case,
profile (along vs= — v;) and would therefore produce even- after following steps analogous to Eqd3—(19). Such a
ordered cancellation effects similar to those observed with &alculation is essentially a frequency-domain version of the
cw pump(see Appendix C, case).2 one presented by Perima al.[14], although here we choose
An increase inB while keepingB small corresponds to include only the(dqminanl first-.order dispersive terms in
physically to a large GVD for the pump pulse but a very low the PMF, while Perinzet al. retained terms up to second
GVD for the signal and idler photons. This implies that for order.(Second-order terms were also retained in the preced-
this particular tailoring method, some classical timing infor-ing section, where they were important because the signal
mation will be lost due to dispersive broadening of the pumpand idler have the same index of refraction in type-1 BDC
pulse. For example, after propagation through a PDC crystahlso, the relative delay in Ref14] was imposed by a pair of
of lengthL=1 cm with an unusually high pump dispersion quartz wedges that added dispersive material with increasing

(B=2x10"%ps¥/ um, ten times larger than a typical vajye delay, whereas thein our calculations is a free-space delay
a 100-fs pulser=30ps* will be stretched to become ap- With an offset.

proximately cBL=1 ps in duration[17]. This effect does
not occur with the previous tailoring method.

Both of the above methods involve a long down-
conversion crystal, and even if no special dispersive proper- Method: Restrict the values of_
ties are chosen, it is possible to have both effects at work in , . . .
the same source. Each effect serves to increase the dip vis-: The first thing to ngte frqm Ec(.23) is that, even m_the .
ibility in the presence of external dispersion, but the ﬁrstabsence of external dispersion, interference visibility is typi-
effect is accompanied by a broadening of the temporal widttf!ly 10st when type-Il crystals are pumped by an ultrafast
of the dip, while the second is not. In fact, as shown in Fig.Source, because; (w,,we) is not symmetric under inter-

8, a typical type-l crystal of sufficient length will have the change ofw, and w. [9]. However, an exception to this
effect of restoring the visibilitythis is not true for the type-lII asymmetry has already been pointed [d@] when the con-
case—see Sec. lI)EApparently, the minimum magnitude dition t, =0 is met: this corresponds to matching the group
of the crystal’s dispersive pha®l required to restore full velocity of the pump pulse to the average group velocity of
interference visibility is on the same order as the externathe down-conversion within the PDC. In that case, perfect
dispersive phasgl. From Fig. 8 we also see that for broad- visibility would be expected for a pulsed pump were it not
ening of the dip with respect tg, approximately 10 cm of a for the presence of external dispersion.

typical PDC crystal would be required to establish very high  Fortunately, just as for the type-l case we can see from
interference visibility over a relative delay range of aboutEqg. (23) that if this condition is met, and if the crystal is
10 fs. made long enough, the PMF becomes

X e2i(?v_+,8|v+v_)}_ (23)

E. Tailoring a type-Il crystal to recover interference
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The constraint cited here,, =0, is simpler than the

analogous one for type-l PDCt (=B=0), because our
type-1l analysis retains only the first-order termsAK (see
Appendix B. The other conditiont_=0, is of course pre-
cluded for this case, because the photons must possess dis-
tinct group velocities in type-Il PDC.

Finally, we note that unlike the type-l case, the use of a
very long crystal in type-lIl PDC without the constraint
=0 would result in the loss of all observable interference
(because of the asymmetry in the PMVHS has already been
shown[9].

F. Practical issues

Though the issues discussed above are of theoretical in-
terest, we also wish to consider a few aspects related to the
possible implementation of our methods. First, there is a
subtle point concerning the use of long crystals as parametric
down-converters: the state vector in Ef). is an approxima-
tion that relies on the negligible probability of more than one
down-conversion event occurring within a single pump
pulse. For most applications of spontaneous PDC, and par-
ticularly for quantum computing and quantum cryptography,
this is in fact a requirement. With typical pump sour¢es
Ar* lasers, doubled Ti sapphire lasers, etmd PDC crys-
tals (1 cm or less of BBO, LilQ, KDP, or KD* P) this turns
out to be an excellent approximation. But if exceptionally
long crystals are used, it is possible that the pump power
would have to be reduced in order to remain in the single-
pair regime.

Another practical concern for long crystals is the well-
known problem of walk-off. If noncritical phase matching
(to zero orderwere available, then there would be no lateral
walk-off of the pump beam from the signal and idler beams.
However, the crystals suitable for these applications gener-

FIG. 9. The loss and restoration of type-ll HOM interference aII_y r.eq.wre angle tynlng, which does entail such walk-off;
with a 100-fs pulsed pump. The normalized (:oincidence-countingjhIS limits the effe,Ct'Ve crys.tal 'e”chS fqr the down _conve_r-
rateR! is plotted as function of relative photon defaand external  SI0N- Compensating techniques involving alternating thin-
dispersiong!. (a) For a 1-mm-long BBO source, interference vis- layered assemblies, though laborious, could provide one par-
ibility is lost as the external dispersion is increased. But it can bdial solution to this problem. Also, much recent progress has
regainedb) with a long enough source crys{do-cm BBO whose ~ Peen made in various types of “quasi-phase-matching”
PMF is tailored to lie exactly along thes=v; axis (see Fig. 6. methods in both bulk and waveguide form. Certain nonlinear
Without the tailored PMF, no interference at all would be observedparameters may be effectively synthesized to achieve phase

with such a long crystal. matching by means of domain control, and guided confine-
ment could eliminate lateral walk-off. However, it is cer-
lim {¢II(VOaVe)|t+:O} tainly not clear that all of the key parameters could be con-
Lo troled by these methods.
= lim {sind (t, v, +t_v_)/2]|; _o} As for tailoring the dispersive parameters themselves, in
Lo - general we expect it will be difficult to find nonlinear crys-

tals with the specific properties listed here. For example,
implementation of method 2 for type-I phase matchiSec.

III C) implies finding a large GVD for the pump pulse but a
The result is in effect the same as that obtained by the firstelatively low GVD at the signal and idler wavelengths, all
tailoring method for type-I PDC, witlr_=0 imposed in Eq.  within the same material. However, we note that in the case
(13): dispersion is again canceled to all orders, and the dip isf type-l1l PDC, the requisite first-order symmetry condition
widened considerably. Figurdd illustrates the interference t,. =0 has been identifieflL0] in natural crystals of BBO at
lost from external dispersion under normal conditions, anda signal wavelength of 1.wm, and KDP at 1.0§um. The
Fig. 9b) shows that it is restored by such a tailored, longformer is compatible with common fiber transmission win-
crystal. dows; however, conventional photon counters work best at

= lim {sindt_v_/2)} = &(v_). (24)

L—oo
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close to half that wavelength. In the case of type-I PDCtational convenience. The calculation is carried out using the
methods, the ideal properties are not available in knowriltered electric field operators given below

natural crystals, but can be approached more closely in some

than others. The limited sglection of nonlinegr materials, Ei(+)(|i ,ti)=Afxdwie‘[(“‘i‘@"’F]Zéi(wi)

natural, assembled, or quasi-phase-matched will always pose

restrictions on the dispersive properties. But regardless of
which material properties do become available, the calcula-
tions presented here will allow quantitative evaluation of the
var!ou_s pa_rameter tradeoffs, so that dispe_:rsive effects can be E(s+>(|s.ts)=Afxdwsef[(‘”f;)"’ﬂzés(ws)
optimized in the absence of perfect solutions. 0

X e—iwi(ti—7)+k(wi)|i'

—iwg(tst 1) +k(wg)l
IV. DISPERSION IN THE PULSED Xe Tss s’s, (26)

NONINTERFEROMETRIC ARRANGEMENT wherelg,l; are the lengths of dispersive media in the signal

A. Preliminary remarks and idler paths. Here Gaussian spectral filter functions, cen-
tered at the degenerate down-conversion frequenciiave

. The_S|mpI|C|ty of Franson s_confl_guratlc_m in Fig. 2 IS that been inserted in the operators to simulate band-pass filters
it highlights quantum-mechanical dispersion cancellation ef;

fects without the interference created by a beam solitter Ibefore the detectors. The implicit assumption is that their
this arrangement, the two-photon detec'?ilon am Iituc[i)es in.terrkl-)"’lmj\’vidthaF is much less than that of the light produced in
9 ’ P P ... _the PDC crystal. Because of thig, can be ignored in the

; %tate vector for the down-converted light in Ed), so that
t_he PDC _crystal. The methods of Sec. Il require a f_ew rnOd!'the field operators at the detector acting on the state give
fications in order to examine the pulsed pump version of this

fundamentally interesting arrangement. B BN (14t )
In keeping with the original treatmef6], we will allow boEs Aises
the detected frequency dependence to be controled by band- % (o
pass filters in front of the detectors rather than by the band- o fo fo doswja(ws, ;)
width of the phase matching as in the previous sections.
Physically, this means that the spectral width of the filters is % ef[(wsfa)lolz]zef[(wi75)/0',:]2
much narrower than that of the photon pair emitted by the
crystal, which is often the case in practice. This approach X @ 1esltsT 1)+ r(wg)lsgioiti—n+x(wpli| )

also serves to illustrate in some detail the role played by the 27
filter's spectral width in such configurations.

There is also no longer any need to integrate over thgather than solve the general case, we will focus here on the
detector/counter system response time. In the previous corrangement in which dispersive effects are known to be can-
figurations, interference produced a dip in the coincidenceeled for a cw pump: the two media are taken to have iden-
rate. The results were not affected by an increase in integraical lengths (=1,=1) and GVD constants of equal magni-
tion period beyond the dip width, so the time limits could betyde but opposite sigft). In this case, the effects of GVD
extended without ||m|t, Simulating the use of slow deteCtOfS.on the coincidence prof"e are canceled due to quantum in-
But in this noninterferometric case, the result is an intensittterference 6].
correlation peak whose observed width is limited by the de- As before, the calculation for the pu]sed pump case pro-

tector response timéypically greater than 1 nsThus, de-  ceeds by expanding to second order the propagation vectors
tectors with a very fast response, compared with the photonsn the external media:

overlap time, are ideal for this application—whereas such

fast detectors would actually generate no coincidence counts(ws) + k(w;)=(ko+ k' vs+ 3 K" Vg) +(kot+ &' vi—3K" Viz)
at all in the interferometric cad#]. Although a slow detec- ) 5 o

tor response is advantageous in a HOM interferometer for =2kot k' (vstvi) + B(vs—v}). (28)

[)e;vrg‘lalér;fgeé?sterference, here it would actually mask the tem:l’he origins for the time axes in E¢27) can be chosen so

thatts=t;=0, yielding
B. Calculation of the coincidence-counting rate Ei(+)|“5(s+)| ¢>

The joint rate of photodetections for a signal photon at B
detectorD1 at timets and an idler photon at detectbr2 at “UUFJ f dvdye (st 2202 o= [(v3+ D) oE]
time t;, as depicted in Fig. 2, is —wJ -

~ ~ ~ . ’ 2 2
R(ts,ti, M) < (YE (4= ES (ts+ DEL (ts+ 7) x gllrlvsm )t allvstu) + Bllvs vl ), (29)

X |“5i(+>(ti_ )| ). (250 The first-order dispersion facte is the inverse of the pho-
ton’s group velocity in the external media. Noncontributing
The free-space photon delays are writtentasfor compu-  phase factors accumulated outside the integral do not affect

053810-10



RESTORING DISPERSION CANCELLATION FR. .. PHYSICAL REVIEW A 62 053810

0.004 photodetection experiments in which the photon pairs are
produced by ultrashort pulses. Our analysis focused on those
cases for which dispersion cancellation in external media had
been found to occur previously with monochromatisv)
pump sources. We have shown that although the broad spec-
trum carried by a short pulse generally results in reduced
dispersion cancellation, special cases can be found that per-
mit cancellation effects to be maintained even with a broad-
band source. In theory, these specially tailored crystal param-
eters can restore dispersion cancellation and enable certain
other quantum interference effects that rely on the suppres-
sion of distinguishing mode information for the photons. One
implication is that balanced dispersion of any magnitude can
be canceled, and need not be a problem for quantum infor-
mation processing in fibers. Another implication is that for
properly chosen crystal parameters, even unbalanced disper-
sion in the optical elements may be managed without the use
of interference filters, while retaining a broad-band pump
pulse and its precise classical timing information.

FIG. 10. The normalized two-photon counting ra&g in the
Franson configuration with a pulsed pump as a function of relativeAPPENDIX A: THE PHASE-MATCHING FUNCTION FOR
delay 7 between the photon arrival times. As the external dispersion COLLINEAR TYPE-I PDC

Bl is increased, the peak decreases and broadens, exhibiting a loss . . .
of dispersion cancellation. The plot was made using (8@ with In type-1 PDC the signal and idler beams have similar

k’=0. The pump and filter bandwidths were both setrat or polarizations [18], and are identically polarized if they

—8x 10!2rad™! (the latter corresponds to a 40-nm band-pass filtePropagate collinearly. To perform experiments, the type-|
centered at 800 nm for the photon pair crystal is usually cut and aligned for noncollinear phase

matching so that the down-converted beams propagate in

the results and can be suppressed. Inserting@yinto Eq.  Slightly different directions and can be manipulated indepen-
(25) and carrying out the integrals yields dently. The calculation of phase-matching functions for these

noncollinear geometries is complicatgtd], and so we will

make a simplifying assumption here: because the opening

angle between the signal and idler beams is sigtically

a few degrees or legswve can neglect the transverse compo-

nents of their propagation vectors and use a phase-matching
(30)  function derived for the case of collinear propagation in the
direction of the pump beam propagatianWith the origin
for thez axis at the center of the PDC crystal of lengitithe
phase-matching function is then given [8)

(O'CTF)2
1+ (olog)’+ (Bloog)?
F{— (0% + 0,2:)—(K’|0')2
X ex 1+ (olog)?+(Bloog)?

R(7)

for the probability of a coincidence count as a function of
relative photon delay. A normalized version of thiR,, is
plotted in Fig. 10; the profile is a positive correlation peak in L/2
7 whose width depends on the pump bandwidttand the qS,(wS,wi):Lf dz dAkz, (A1)
filter bandwidthsor . The figure demonstrates that the exter- -L/2

nal dispersion broadens the count profile and reduces its pea
value. Once again, a broad-band pump and dispersive med
serve to reduce the dispersion cancellation effects.

Some interesting limiting cases of E@0) are presented
in Appendix D. As before, the cw-pumped limit can be in-
vestigated by replacing the pump spectrum in §) with a
é function, so that, = v,+ v;=0. In this caséAppendix D,
case ], dispersive effects would be canceled here just as Ak=ky(wg) +ki(@;) — ko wg+ w;). (A3)
they are for the cw-pumped HOM interferomet@&ppendix
C, case 2, due to the strict anticorrelation imposed apand  This may be expanded abowtto second order to give
v; . This anticorrelation is reduced in the pulsed-pump case,
and therefore so is the dispersion cancellation. Ak= kst kj—ky) + vkl + vik! — (ve+ Vi)kﬁ %ng;,

ich yields
¢ (wg,w;i) =L sind AkL/2). (A2)

The phase mismatch between the pump, signal, and idler
waves is

2
V. CONCLUSIONS + 37k — 3 (vst 1)K, (A4)

The calculations presented here show how the dispersivehere v =ws;— as in Eq.(8). Here kg, k; and their
properties of media affect the results of several coincidenceerivatives are evaluated at, while k, and its derivatives
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are evaluated ata@. For collinear type-1 PDC, the signal and In type Il PDC our choice of origin results in a simple phase

idler waves are identically polarized, and so shift proportional toL (k,—k.), which has no physical con-
sequence and is suppressed in the calculation. The notation
ke=ki =k’, differs from that in Appendix A in that signal and idler labels
(s,i) are replaced byo,e for the ordinary and extraordinary
ke=ki'=K". (A7)  polarized modes. Once again we can approximate the phase

mismatch term with a Taylor-series expansion about the

With the CryStal cut and aligned for collinear phasemean down_conversion frequenﬁ_y and Write
matching atw, zero-order terms in EQA4) are eliminated.

Using the coordinate transformation. = (1~V2)(vs* 1), Ak=k,+ K=Kyt Koot Keve—Ky(votve), (B2)
we have
. ) wherek, . and its derivatives are evaluatedat k, and its
SAKL=3t, v, + %1[(k”—2k;;)v+ +k"v?IL, (A8)  derivatives are evaluated ab? andv, . are defined in anal-
ogy with vg; in Eq. (8). Unlike the type-l case, only the
where first-order terms are retained in the expansion&(@$) for
the type-1l phase-matching function. This is because the
first-order termgcorresponding to the group velocities of the
orthogonally polarized signal and idler in the PD® longer
cancel, and are much larger than the higher-order terms.

Because thé/; , correspond to the inverses of the signal, ~Proceeding as in Appendix A, we eliminate the zero-order
idler, and pump group velocities, the quantit§t, is the terms in Eq.(B2) and use a coordinate transformation
difference between the time a pump photon takes to traverse (IV2)(vo* ve) to write

the crystal, and the average traversal time for the signal and .

idler photons. Using EqA7) this can be written in a simpler dn(ve,ve)=sind (t v, +t_v_)/2],

form

1
t+,,5%[(ks—kp)i(ki—kp)]L. (A9)

(B3)

wheret.. are defined in analogy with EA9). Note that this
PMF is not symmetric under interchange of thande fre-

kp)L. (A10)  Quencies:
il (ve,vo) =sind (t, v, —t_v_)/2]. (B4)

t ! (k'
R
The difference between the traversal times for the signal and
idler photons isv2t_, which is zero for type-I PDC.

Finally, we define the second-order dispersive parameters
in the crystal by

APPENDIX C: LIMITING CASES OF INTEREST
FOR TYPE-I HOM INTERFERENCE

. Case 1: Recovery of interference in the limit of no external
B=3k", dispersion

We note that in the absence of external dispersigh, (
=0), Eq. (19 yields the HOM interference coincidence-
count profile for pulsed type-I PDC without any spectral fil-

B=3(k"—2k}), (A11)

so the phase-matching function may be written as

ters,
bi(vs,vi)=sind (t, v, +BLv2 +BLV?)/2]. (A12) | 11z (2 A
Rn(azl__f dz———co ———— —|€e [(112)ot, 7] ,
It is easily verified thatp, is symmetric under an interchange Clo vz kK’Lz 4
of signal and idler frequencies, so that (Cy
bi(vs,vi)= & (vi,vs). (A13)  Where we have made use of EA11). This result is identi-

cal to that of Ref[10], but the spectral widtlic) bears an

inverse relation to the temporal width used in that reference.
APPENDIX B: THE PHASE-MATCHING FUNCTION FOR

COLLINEAR TYPE-Il PDC Case 2: Recovery of interference in the cw-pumped limit

In type-Il PDC, the signal and idler beams have orthogo- e expect to recover dispersion cancellation effects in the
nal polarizations—ordinary or extraordinary—and in prac-cw-pumped limiting case where the pump bandwidtgoes

tice, both collinear and noncollinear geometries are usedq zero. The pump spectral profile then becomes
Once again for simplicity we will focus on the collinear

phase matching, and refer the interested reader to[Ref. a(vstv) xS wst w—2w). (C2
for a discussion of the noncollinear case. Just as for the
type-1 case(Appendix A, we have This limit corresponds to a purely monochromatic pump of
frequency 2». The integration of thes function over either
dn(wy,we) =L sindAkL/2). (B1)  frequency variable in Eq(12) enforces perfect anticorrela-
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tion and frequency entanglements& — ;) about the de- cantly from the limiting case of Eq21) in which a source
generate center frequency. This result eliminates the GVIPMF of the form §(vs— v;) constrains only the frequency
terms containingB in Eq. (12) so dispersion cancellation differencefor the pair.
effects are recovered. This anticorrelation would not cancel
any odd-ordered terms had they been retained in the expan-
sion of k(vg;).

We note also that the plot of our coincidence rate for low “Balanced dispersion” occurs when identical dispersive
o in Fig. 5 matches the form of the coincidence data ob-elements are placed in both arms of the HOM interferometer
served in the cw-pumped experiment of Rf], where no  in Fig. 3. Previous analyses for both the W and pulsed

Case 4: Recovery of cancellation with balanced dispersion

spectral filters were used. [14] pump cases predicted the cancellation of dispersive ef-
fects toall orders, not just the even orders as with a single
Case 3: Spectral filters and their narrow-band limit element. This effect can easily be seen by inserting the ad-

itional phase term for the second medium into the signal
Spectral band-pass filters can be included in the type-ij b g

o X . ield operators expansion of E¢(p): the coincidence rate in
HOM calculation in the same way they were included in Eq'Eq. (6) would then become

(29) for the noninterferometric case. Gaussian spectral filters
centered atv, with bandwidtho are modeled by inserting

the following product term into the integrand of E4.3): R(7)x fo fo dwdw;|a(wt 02| (ws, )2
exp( v od)exp(vi o) =exd (v2 +1v%)lat]. (C3 ~ blwg ) ¢* (0 0)
This leads to a final integral with a form identical to that of x gll(@s= ot lx(wg) = (@) I+ [x(w) — x(wg) L
Eq. (19), provided that(, is replaced with(},¢, c8)
1 1 1 . ) )
aZ= a2 + - (Cq so that the qllspe_rswe pha_ses accumulated in _each arm cancel
zF z F each other identically. This quantum-mechanical effect con-
and thatB is replaced withBy., trasts_ with the dispersive brpadgmng th_at would be pr_ed|cted
classically. There are practical implications for experiments
) utilizing short pulses in which the interferometric paths cop-
BL—B+ I (C5) ropagate or are constructed with matched pairs of long
F ofLz’ single-mode optical fibers. Besides taking advantage of flex-

ible long-range signal relay and high modal overlap, an in-
These substitutions permit EGL9) to include the effects of terferometer could be operated at frequencies where photon
band-pass filters. Inspection of that equation then shows thabunting is optimal but fiber dispersion is high, without loss
in the limit of narrow bandwidth, filter effects predominate of interference visibility or temporal resolution.
over pump and crystal parameters. On the other hand, a large
filter bandwidth has a negligible effect on the calculatias

we would expedt APPENDIX D: LIMITING CASES OF INTEREST
If we insert extremely narrow spectral filters before the FOR THE NONINTERFEROMETRIC ARRANGEMENT
detectors, the phase-matching function can be suppressed Case 1:0-=0 (cw pump)

and Eq.(13) may be approximated b
a.(13 may PP y The dispersive effects are cancelled and @) reduces

to

RI(F8)% f f dudye st 110
—oed e R(7)xexp — 7202) (D1)

Xe*(vsl(r,:)zef(vi /0,:)2
_ L, as in Ref.[6]. The width of this Gaussian profile (@¢) is
x{1-glllsm )t Al =rily (C6)  determined solely by the filter bandwidth, as if no dispersion

were present.
Because

] 2 Case 2: Kop<o, and o<l (ultranarrow band filter )
lim [e~("si/7F) e 5(wy,), (C7) - o :
oe—0 This limit of Eq. (30) again yields Eq(D1), provided that

linear offsets int due to the mean propagation time within
the effect of very narrow filters is to introduce the product ofthe dispersive media are neglected. Once again, the width of
two § functions, 8(vg) 8(v;), thereby constrainindpoth v the temporal profile of the coincidence counting rate is-1/
andv; to very small values by postselecting only degeneratevith second-order dispersive effe¢jd) canceled. This limit
center frequency photons for detection. This differs signifi-is also in agreement with Reff6].
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Case 3: (<o <o (filter width much greater than yields temporal broadening of the coincidence count profile.
a nonvanishing pump spectrum Thus there is no dispersive cancellation in this case.

The coincidence rate reduces to
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