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Spectral information and distinguishability in type-1l down-conversion with a broadband pump

W. P. Grice and I. A. Walmsley
The Institute of Optics, University of Rochester, Rochester, New York 14627
(Received 30 August 1996; revised manuscript received 28 March) 1997

A model is presented to describe spontaneous type-1l parametric down-conversion pumped by a broadband
source. This process differs from the familiar cw-pumped down-conversion in that a broader range of pump
energies is available for down-conversion. The properties of the nonlinear crystal determine how these energies
are distributed into the down-converted photons. Because the two photons are polarized along different crystal
axes, they have different spectral characteristics and are no longer exactly anticorrelated. As the pump band-
width is increased, this effect becomes more pronounced. A fourth-order interference experiment is proposed,
illustrating some of the features of broadband pumped down-convefS&650-29477)08508-9

PACS numbdss): 42.50.Dv, 03.65.Bz, 42.65.Ky

[. INTRODUCTION from different crystals are synchronized to within their co-
herence times. This might be accomplished by decreasing the

Pairs of particles with a high degree of correlation exhibiteémission time window by using shorter pulses to pump the

behavior that exposes many interesting features of quantuffocess. But when the down-conversion process is pumped

mechanics. A common method for generating highly corre-With a broadband source, the coherence times of the down-

lated photon pairs is spontaneous parametric doWngonverted photons are affected not only by the crystal param-

: - ; ters, but also by the coherence time of the pump. In addi-
conversion pumped by a single-frequency laser. In this prog ¢ o
bump y g N y b n, the energy constraint is relaxed because a broad range

cess, the coherence times of the down-converted photons aﬁ’? ¢ 9 tin th lse. C {
determined entirely by the crystal parameters and can b8 'cJuencies is present in ihé pump puise. Lonsequently,

quite shor{1]. As a result, the photon wave packets are welthe frequencies of the down-converted photons are no longer

localized with respect to one another. In addition, energfxacuy anticorrelated. It is clear that a better understanding

conservation ensures that the frequencies of the dowan broadband-pumped down-conversion is needed in order to

converted photons always sum to the pump frequency. Th@n?lytzﬁ the above proposdals. ¢ tic d
photons are correlated in position and anticorrelated in en- N tNIS paper, we consider spontaneous parametric down-

ergy in the sense that a measurement of either of these pgc_)nversmn pumped by a broadband source. We restrict our-

rameters in one photon yields knowledge of the corresponos-'elves to the case in which the down-converted beams are

ing parameter in the second. Several experimentalists ha\f:eoln'tmz"’ltr v;/;]th ;he ggm% Tr;e moft%anon for gns ch0|ct9 IS ¢
used this type of process to produce entangled states in ord ated o the broadband nature of the pump. L.onservation o

to demonstrate violations of Bell's inequalitié@—4]. An- momentum ensures that the propagation directions of the

other series of experiments, employing a |_|Ong_0u_Mand(?gown-converted photons are correlated. But since there is a

interferometer, has been carried out to investigate the role .road. range ok vectors in the pump, a given propa_tgaﬂpn
distinguishability in interferencgL,5,6]. In most of these ex- irection for one photon corresponds to a range of directions

periments, the down-converter is simply used as a convd?" the other. The exception is the case in which the two
nient source of correlated photons and the interesting physic,'%hmOnS have no_transve_rse momentum components, €.,
takes place through their subsequent manipulation. A coupl hen t.hey are collinear with the pump. We glso restrict our
of recent works, though, investigate the down-conversio nalysis to type-ll down-conversion, in which the down-

process in more detail by varying different pump parameters‘?onverted photons have orthogonal polarizations. This is

Specifically, the spatial distribution of the down-converted,[noige pract!call f?r degp((jerlmer(ljts 'tT lecgthe T\INO photons aire
photon pairs is studied in the context of variable pump spec-0 € manipulated independently. In Sec. 11, we present a
tral width [7] and wave-front curvaturs]. model describing the two-photon ;tate produced by_ pulsed

While the emission times of the two photons produced infype-Il spontaneous down-conversion. We find that, in con-

cw-pumped down-conversion are well known with respect tglrast to cw-pumped down-conversion, the two photons pro-

one another, the absolute time of emission is completely ranc—iuced in_pulsed type-Il down-conversion have different

dom. The reason, of course, is that the process is pumpe%DeCtra' This difference becomes more pronounced as the

with a cw source, which has an essentially infinite coherenc84MP bandW'dth IS mcr_eased. In Sec. lll, we ana_lyze a pro-
length. One way to remove some of the uncertainty in th osed experiment in which the additional information carried

emission time is to use a pulsed laser to pump the crysta y the photons causes a reduction of visibility in fourth-order

Clearly, this type of approach is necessary for experiments icherference. Section IV contains discussion and conclusions.
which separate crystals are required to emit at nearly simul-
taneous time$§9—-11]. Similar methods have been suggested
as a means of realizing the experiment proposed by Green- The process of parametric down-conversion can be stud-
berger, Horne, and Zeilinggd2—15. An implicit assump- ied in the interaction picture, in which the evolution of the
tion in many of these proposals is that the photons generatestate vector is given by

Il. TWO-PHOTON STATE
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1 [t . of the interaction, i.e., after the pulse has exited the crystal.
|¢//(t)>=eXF{EJ’ dt'H|(t')}|¢o>, (1) Thus, the interaction Hamiltonian is zero for times before
fo to or aftert. The limits of integration in Eq(1l) may there-
fore be extended to infinity. It has been shown with a more
general argument that these limits of integration may be ex-
tended to infinity even if the pump field is not in the form of
a coherent pulsgl7]. With the revised limits of integration,
- . . R the integral is somewhat easier to handle if the pump field is
H,(t):j d3ry@ES)(r,HES (r HES () + Hee,, represented as a Fourier decomposition. The integral in Eq.
v (1) then becomes

where| ) is the state at timé, andl:||(t) is the interaction
Hamiltonian. For type-ll down-conversion, this Hamiltonian
may be taken to be

)
~ - % L2
whereV is the volume of the nonlinear crystal aig|(r,t) tdt’H|(t’)=Af dt'f dzf dw,
= E}+)(r,t)+ EJ(_)(r,t) are the three interacting fields. Here 7to - -L2

j=p,0,e identifies the pump, ordinary, and extraordinary

waves, respectively. The crystal’'s nonlinearity is character- Xf dweag(wo)a;(we)f dwpa(wp)

ized by x?), which is assumed to be independent of fre-

guency over the region of interest. This assumption dis- X @~ HIko(wo) tke(we) ~Kp(wp)]2—[wot we—wpt}
misses higher-order effects of dispersion, which can become

important in some ultrafast applications. As will be seen +H.c., )

later, the assumption is warranted in this case because the
interaction is governed by the phase-matching conditiongvherea(w) is the Fourier transform ok(t). The time inte-
which arise from the dispersion j*). This effect is much ~gral is performed first, yielding 25(w,+ we— wp). Evalu-
more significant than those arising from a dispersp/&. ating one of the frequency integrals gives

To simplify the analysis, the down-converted beams are
constrained to be collinear with the pump beam. In practice, ftdt’ﬁ (t')=2 Af"/z

. . . | =TT
this can be achieved through the use of pinholes. The volume 0 -
integral in Eq.(2) then becomes an integral over only one

direction, sayz. The positive frequency part &;(z,t) is

dzf dwof dwed!(w,)

L/2
At
X ae((‘)e)a( ot we)

xe—i[ko(w0)+ke(we)—kp(w0+we)]2+ H.c. (6)
I“EJ(Jr)(Z,t):f dij(wj)éj(wj)ei[kj(wj)szjt], ©)
The integration over the length of the crystal is easily per-

where éj(wj) is the photon annihilation operator for the formed, giving

mode defined by frequenay;, the z direction, and the po-

larization associated with the indexj. A(wj) tdtfﬁl(tf)zzﬂAf dwof dwed!(wo)al(we)
=i\/hwj/250n2(wj) is a slowly varying function of fre- to
quency and may be taken outside the integgal)(zt) is X a0yt 0g) D0y 0) +He,  (7)

related toEJ“)(z,t) by E}_)(z,t) =[EJ(+)(z,t)]T. Since spon-

taneous parametric down-conversion is a very inefficientyhere

process, the pump field must be relatively large. Accord-

ingly, the electric-field operatoE{"(r,t) may be replaced Sin{[ Ko(@o) + Ke( we) = Kp( o+ we) L}

by the classical fieldE(r,t)="a(t)e'»(“»? [16]. The inter- W, We) = [Ko(@o) + Ke(@e) —Kp(@o T @)L ®
action Hamiltonian may now be expressed as

Since the interaction is fairly weak, the unitary time evo-
- L2 : ) . ;
Hl(t):Af dzf dwoJ' dweég(wo)él(we)a(t) lution operator in Eq(1) may be ap_proxmate_d by the_ flrs_t
~L2 two terms of a perturbative expansion. The first term is sim-
ply the initial state, which is assumed to be the vacuum state.

—i{[Ko( @)+ Kke(we) —Kp(wp) 12— [wy+ we]t . . . .
x g~ kol o Fhelwe) hplwp)lzmloteelti+ H ¢, The term of interest is the second term, which is

4)
2m7A
where L is the length of the crystal and(w;) has been |2y = =7 J dwof dwea(wo+ we)
grouped into the parameté, along with several constants.
The time-dependent part of the interaction Hamiltonian is XD (wg,0e)|Wo)o| We)es (9

a(t)el(@ot @t \which goes to zero whenever the pump field

goes to zero. If the process is pumped by a pulsed laser, thevhere|w;); is a one-photon Fock state. Equatit® repre-

the interaction is nonzero for only a short period of time. Thesents a superposition of two-photon states in which the
interaction time is essentially determined by the pulse durae-polarized photon has frequenay, and thee-polarized
tion. It is assumed that at tintg the pump field is zero inside photon has frequency.. The probability amplitude associ-
the crystal and that the pulse enters the crystal some timated with each pair is the product of the pump envelope
later. We restrict our attention to timesfter the completion function «a(w,+w,) and the phase-matching function
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O (wy,we). The pump envelope function ensures conserva-
tion of energy. That is, a down-conversion event is allowed 97—
only if the energies of the daughter photons sum to some 5
frequency found in the pump. For a given pump photon, the -
phase-matching function determines how the energy is to beJ
distributed. Since the pump envelope function depends on ~° 1 —

wave packets describing the two photons produced in pulsed
type-ll down-conversion are not identical, even when they
are degenerate in their center frequencies.

The essential character of the phase-matching function is 2 —
better illustrated when it is expressed in a simpler form ob-
tained by making the Taylor expansiokg(w)=Kpo+ (@ | [ [
—2w)ky+ -+ and kj(w)=kjot+(0—w)k{+--- (j=0,e), -2 -1 0 1 2
where kyo=kp(20), kjo=kj(®), ky=0dky(®)/dw|,=25 Difference frequency V,/AVy,
and kj’:(?kj(w)/awlw:; Here, 2o is the center pump fre-
guency. Discarding all but the first two terms yields

the sum frequency, it is symmetric with respectdg and 2
we . It can be seen from E@8), however, that this is not the 5 7
case for the phase-matching functidnwg,w.). Because = 0—
the crystal is birefringentk,(w)#ke(w) in general and qg
O (w,,we) is Not symmetric in its frequency arguments. That ¢ .
iS, ®(wg,we) # P(we,w,). Because of this asymmetry, the % )

o .

=

A

Ko(@o) +Ke(we) — I(p((l)o_|' we) =vo(Ko— k;;) + ve(ke— k[;)a

(10)
where vj=w;—w» (j=0,€) are the difference frequencies
and perfect phase matching at the center frequencies give:
Koot Keo—Kpo=0. Using Eq.(10), the phase-matching func-
tion becomes

sin{[ vo(ko—Kp) + ve(ke—kp) 1L}
[vo(ko— kr,)) +ve(ke— kr,))]l—

O(w+vy,w+ve)=
13

Figure 1a) shows a plot of ®(w+ v, ,w+ ve)|? for typical
values ofk,, ke, andk; . In this plot(and in all subsequent
plots), the difference frequencies have been normalized by
Avg,=2.78/k;—k.|L, the bandwidth found in type-Il para- 2
metric down-conversion pumped by a cw source. The phase-
matching function attains its maximum value whenever r— 1 T 17 T 1T " 1

Difference frequency V, /Av,,
o
I

vo(ko—Kp) = — ve(ke—kp) and has constant value along any -2 -1 0 1 2
contour parallel to the line defined by this relation. This dis- Difference frequency Ve/AVcw
tribution determines how the energy in a given pump photon

is distributed to the two down-converted photons. Faege FIG. 1. Plot of the phase-matching function aldiagand mul-

tiplied by the pump envelope functigh). The axes are the differ-
ence frequencies for the- and e-polarized photon wave packets.
The difference frequencies are normalized by the characteristic fre-
quencyA v, .

of pump frequencies available for down-conversion is deter
mined by the pump envelope function(w,+ w.). Since
this function depends 0@, + w.=2w+ v+ v,, its contour
lines are parallel to the line defined by= — v, . Figure 1b)

— - - 2
shows a plot ?\fa(zﬁﬁ Vot ve) P(w+ VOI;““LhVe)l , where ,2Symmetry of the phase-matching function causes one of the
a Gaussian shape has been assumed for the pump enve O86wn-converted spectra to grow more quickly than the other.

It is useful to think of this plot as the probability distribu- Th tres ds f the individual phot
tion for the two-photon state. That is, the probability that thepac?kz?;;rre o(v) andS(v) of the individual photon wave

o-polarized photon has frequency,=w+v, and the
e-polarized photon has frequeney= w + v, is proportional o -

to the value of the function at the point{,v,). This plot  Sof V):f dvel (20 v+ 1) @ (0t v+ ve)|?,

also demonstrates a feature that is important in the experi-

ment described below. As the pump bandwidth is increased, L L .

the overlap between the pump envelope and the phast_se(V):f dvgla(2o+ v+ vo) P(w+ vo, 0+ v)|% (12
matching function also increases. More pump frequencies are

available for down-conversion, and a larger range of freThat is, the difference frequency spectrum of the
guencies are found in both down-converted beams, but the-polarized (e-polarized photon wave packet is found by



1630 W. P. GRICE AND I. A. WALMSLEY 56

L) I L) l L) l L l ) l T ' L] T L] T l L) T L) T l L] T 1] T I lq
W)
- ordinary . S 4r ordinary -
- - == extraordinary S - - - - extraordinary _
3 ,/\ L -%
—_ .- ) ‘\ 4 e 3 B 7
> [} 4 o] i
X t ro : i
N !
3T P ] 52F .
>
5 e
s | - -
=] e e e e - - -
g 1
5 i
a
0 )-I S W SN N U SN NN RN TR N TN WSS S B | :
0 1 2 3
Difference frequency Pump bandwidth

FIG. 2. Spectra of the- ande-polarized photon wave packets
for the distribution shown in Fig. (b). Again, the difference fre-
guency is normalized b v, .

FIG. 3. Bandwidths of theo- and e-polarized photon wave
packets plotted as a function of the pump bandwidth. All values are
normalized byAv,,,.

projecting|a(2o + vo+ ve) @ (0 + vy, w+ ve)|? Onto thew,
(ve) axis. Figure 2 shows the two spectra for the distributionemission. Just as with a broadband pump, the photons pro-
of Fig. 1(b). As expected, the spectrum of tieepolarized  duced in cw-pumped down-conversion can have large band-
photon wave packet is broader than that of éipolarized  widths and, consequently, short coherence times. The two
photon. The bandwidths of the two down-converted fieldsstates are similar in that this quantity is determined by the
have been calculated for several different values of the pummterplay of the phase-matching function and the pump en-
bandwidth. The results are plotted in Fig. 3 as a function ofelope function. But regarding the time of emission, the two
pump bandwidth, which is also normalized By, . cases are quite different. For a cw pump, the time of emis-
It should be noted that if a cw pump with frequenay B sion is completely random. That is, the down-conversion
used, then the pump envelope function becomes a delta funprobability is independent of time. This is obviously not the
tion &(w,+we—2w) and Eq.(9) reduces to the familiar case for a pulsed pump field, since a down-conversion event
expression for cw-pumped down-convers[ds], can only occur when the pulse passes through the crystal.
Thus a pulsed pump field leads to a reduced uncertainty in
27A - _ the time of emission as compared to a cw pump. It should be
|¢’2>CW:7 f do ®(w+v,0=v)[0tv)o=v).. pointed out that for experiments involving photons from a
(13) single down-conversion source, the absolute time of emis-

Th i diff bet tat dsion is not relevant, but in the case of multiple sources one
ere are several important differences between states Péquires that the time of emission of the photons have a

;cribed by Egs(9) and (13). F_irst, the two beam_s produced. smaller variance than their coherence time.
in cw-pumped down-conversion are exactly anticorrelated in
frequency, because energy conservation requires that the
down-converted frequencies always sum to the pump fre-
quency, 2». Of course, it is still true that energy is con-  Many experiments involving cw-pumped down-
served in broadband-pumped down-conversion, but insteacbnversion have exploited the fact that the two output pho-
of a single pump frequency, there is a broad range of fretons have identical spectral characteristics. In particular,
quencies available. As a consequence, the down-convertaghen the photons are mixed in a Hong-Ou-Mandel interfer-
frequencies no longer sum to a constant value. They are nemeter, their indistinguishability leads to a fourth-order in-
longer exactly anticorrelated. The second difference conterference effeci1,5,6], but when the photons originate in a
cerns the symmetry of the frequency distributions. With atype-II crystal pumped by a broadband source, the visibility
broadband pump, the asymmetry of the phase-matchingf the interference is decreased. The reason for this is that,
function leads to down-converted photon wave packets witlsince the two photons have different spectral characteristics,
spectra that can be quite different. This is not the case in ththey carry information about the two interfering paths. The
cw limit. Since the frequencies are exactly anticorrelated, thamount of information increases as the pump bandwidth is
two-photon state represented by E@) is symmetric in the increased. The visibility of the fourth-order interference can
two frequencies. Therefore, the spectra of tee and be restored, however, by selecting only those runs for which
o-polarized photon wave packets are identical. Indeed, Fig. e two paths are indistinguishable.
shows that the two photons have the same bandwidth as the The experimental apparatus, shown schematically in Fig.
pump bandwidth approaches zero. 4, is similar to that used by other experimentalists to inves-
Another difference between the two states involves theigate fourth-order interference in type-ll down-conversion
temporal characteristics of the down-converted fields. Twd6,19,2(3. The primary difference here is that a broadband
guantities are of interest: the coherence times and the time glump with variable bandwidth is used to pump the down-

Ill. A PROPOSED EXPERIMENT
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down-convertefPDC) is pumped by a variable bandwidth source.
Theo- ande-polarized photons travel collinearly to the polarization
beam splitte(PBS), which is oriented at 45° with respect to polar- 000 L o e
ization axes. Coincidence counts are measured at detézfoend Relative delay, &t
D2 as a function of the relative deldy. This delay can be adjusted
by adding or removing birefringent material from the beam path.  FIG. 5. The coincidence rate plotted as a function of relative
delay between the down-converted photons. The delay is normal-
conversion process. The- and e-polarized photons then ized by 1A v, the inverse of the characteristic bandwidth. The
travel collinearly and are mixed at a polarization beam split-different curves represent the coincidence rate for different values
ter oriented at 45° with respect to the two polarizations. Theof the pump bandwidth. The curve labeled “Smafl corresponds
outputs of the beam splitter are directed to deteditsand  to a cw pump, while “Larges” corresponds to a pump bandwidth
D2, and the coincidence rate is measured as a function of thi&times larger than the characteristic bandwidth,, .
relative delay between the two polarizations. This delay can ) o ) ) )
be realized by inserting an appropriate amount of birefrin.whereT is the coincidence detection time, typically on the

PDC ot PBS 0.5f i
D2 - ;

] g 2 0af 5

U [ ]

= ]

: o -

3 ) ]

D1 S 0.2F .

- ]

Q [ 7

@] L ]

FIG. 4. Layout of the proposed experiment. The parametric 0~1: ]

gent material before the polarization beam splitter. order of a few nanoseconds. Becadises much longer than
Suppressing the dependence, the field operators at thethe mteragtpn_ t|mg,_the limits of integration may be ex-
detectorsD1 andD2 are given by tended to infinity, giving
- 1 - - R§TXdewdwaw+w | P(wy,we)|?
E(l+)(t)=— [Egﬂ(t)-i-Ef:)(t-Fb‘T)], (S7) odwe| a(wo+ we) || P(wg, we)|

S

_(D(wo10"9)(1)*(we1wo)e_i(we_wo)57]- (19

N 1 ~ N . . . . . .
(F)ey— = () 4y () The first term in this expression represents an integration
B (0= V2 [Eo () —Ee (t+om)], (14) over the entire two-photon probability distribution. It is pro-
portional to the total probability of observing a down-
where 67 is the relative delay between the two photons andconversion event, regardless of the frequencies of the down-
converted photons. Whedr is large, the second term
~ o+ A — (ot oscillates rapidly as a function of frequency and contributes
Eg’e)(t)ocf dv ao (@t v)e . (19 nothing to thF()a in){egral, leaving only thqe first{erm to establish
. . the background level. A$r approaches zero, the second
The probability of detecting one photon at detedit at  term contributes and the coincidence rate falls. Wigen
time t; and one photon at detectbr2 at timet; is =0 exactly, the only difference between the two terms is
that the arguments ob* are reversed in the second term.
This subtle change has an important consequence, though.
Since ® is not symmetric in its frequency arguments,
D (wy,we) and ®* (w,,w,) overlap only whenw,~ w,.
This is the case when the pump spectrum is narrow. In the

Pia(ts to; 87 =(ES (1) ES (1) ES () EL (1), (16)

Using Eq.(9) for the state and Eq$14) and(15) for the field
operators, this expression becomes

cw-pump limit, in fact, the phase-matching function is sym-
Pty ,ty;01) f f dodwea(wy+ w,) metric in its frequency arguments and the coincidence rate
goes to zero fowT=0. As the pump spectrum is increased,
X P (g, we)e @edTe (@2t wely) the pump envelope(w,+ we) grows to include contribu-

tions from the regions of the distribution for whieb, and

(17) we are very different. While the amplitude of
D(wy,we)P* (we,wy) is very small in these regions, Fig.
1(a) shows that|®(w,,we)|? has significant value for all
pump frequencies. The result is that the first term becomes
much larger than the second and the coincidence rate no

1 T
R.(S57)=— f f dt,dt,Py(t ,t,:57), 18 longer goes to zero.
(07) T o T ° 1t tz:07) (189 Equation(19) can be integrated to give

2
_ e*i(wo’[leretz)]

The average coincidence counting rate is given by
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e T (1-[sr0)|, |ori<o
— ——efl— = (1-|67Q_) |, T <
V2 Q4 2v2 4 -
Re(67) L. (20
_— otherwise
2r Q4 ’

where 10).. =L|(k,—kg) = (k,—kg)| and o is proportional ~ shape of the interference pattern with filters in place. Two
to the pump bandwidth. As before, the pump spectrum ignterference curves are shown in Figa The solid curve
assumed to have a Gaussian shape. Figure 5 contains nghows the interference pattern with no filters in place for a
malized plots oR (57) for several values of the pump band- Pump bandwidth of 3v,. For the dashed curve, a Gauss-
width. In the cw-pump limito—0 and the function has the ian filter function with widthA v, was introduced inside the
familiar triangle shapg6]. As the pump bandwidth in- integral in Eq.(15 and the calculation was repeated. As
creases, the depth of the dip decreases. In the limit of infinit&hight be expected, the overall count rate is reduced, but the
pump bandwidth, in fact, the dip disappears entirely. visibility increases from 0.205 to 0.721. The spectral filters

The diminished visibility in the fourth-order interference have essentially blocked some of the distinguishable photon
can be attributed to increased distinguishability of the twopairs. Spectral filters with a smaller bandpass will improve
photons. More correctly, it is caused by the distinguishability
of the two paths leading to coincidence counts. A coinci-
dence count can occeitherwhen theo-polarized photon is
detected at detectdd1l and thee-polarized photon is de-
tected at detectdd2 or when thee-polarized photon is de-
tected at detectdD1 and theo-polarized photon is detected
at detectoD 2. When it is impossible to distinguish between
these two processes, destructive interference causes the count
rate to fall to zero. With a large pump bandwidth, the two
photons have different spectra, making the two paths some-
what distinguishable. In addition, certain combinations of the
downconverted frequencies, and w, are more likely than : N 4
others. By measuring the energies of the detected photons, it ~-
would be possible in many cases to determine the path taken R
by each. For example, measuring frequeneigsand w, at 6 4 -2 0 2 4 6
detectorsD1 andD2, respectively, would imply thatither Relative delay, &t
w1=w, and w,= w, Or w1=w, and w,= w,. Each of the
possible outcomes has an associated probability amplitude.

The geometry of the interferometer is such that these two
amplitudes have opposite signs and they therefore sum to 1.0
zero when their magnitudes are equal. But because
D(wy,we) #P(we,w,), this is not the case for most fre- 0.8
guency pairs. Of course, one does not actually have to mea-
sure the energies of the detected photons in order to destroy
the interference. It is sufficient that this measurement is pos-
sible in principle.

It is interesting to note that, as long as the pump band-
width is not infinite, the interference cannot be completely
destroyed. That is, the visibility never quite reaches zero.
The reason for this is that, in many cases, the photons have
similar energies and it is difficult to gain information about
the paths taken by the two photons. These “indistinguish- LS o S B R I
able” runs are always present, even for a large pump band- 0 2 4 6 8
width. A broad“er. pump specter simply facilitgtes a larger Filter bandwidth
proportion Of_ dlstlngwshable_ down-conv_ersmns, 1.€., a FIG. 6. (a) The coincidence rate plotted as a function of relative
larger proportion of runs in which the energies of the down-ge|ay between the down-converted photons. The delay is normal-
converted photons are significantly different. If a measure;zeq'py 1A, the inverse of the characteristic bandwidth. The
ment of the coincidence counting rate were performed onlyyashed curve corresponds to a spectral filter of wikith,, and the
on the indistinguishable runs, then the interference would bgolid curve represents the pattern expected with no spectral filter in

restored. This could be accomplished by placing spectral filplace. The pump bandwidth isA3,,. (b) Visibility of the inter-
ters in front of the detectors. To demonstrate this featureference patterrleft axis) and count ratgright axis plotted as a
numerical calculations were carried out to determine thdunction of filter bandwidth.
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the visibility even further, but will result in a lower overall The proposed experiment is similar to some of the quan-
count rate. This can be seen in Figb® which shows plots tum eraser experiments and proposals found in recent litera-
of visibility and count rate versus filter bandwidth. As the ture[21]. It is perhaps most similar to an experiment involv-
filter bandwidth increases, the visibility decreases while théng two photons produced in parametric down-conversion
count rate increases. This tradeoff can be managed by defithat interfere in a Hong-Ou-Mandel interferomef22]. The
ing and optimizing a figure of merit. With a pump bandwidth photons are prepared so that they are orthogonally polarized
of 3A v, for example, the product of the count rate and thebefore being mixed at the beam splitter and so no interfer-
square of the visibility reaches maximum value with a filterence is observed in the coincidence count rate. By placing
bandwidth of 0.4 v,,,. properly oriented polarizers before the detectors, the interfer-
The calculations contained in this paper have been carrieence is restored. In both experiments, the visibility of the
out for type-Il down-conversion. It is interesting, though, to fourth-order interference is decreased by adding information
also consider type-I down-conversion when pumped by do the system. The information is then “erased” after the
broadband source. Because the two down-converted photopfiotons are combined at a beam splitter, thus restoring the
have the same polarization, the material dispersion has theterference. There is an important distinction between the
same effect on each. The phase-matching function is therdwo experiments, though. In the polarization experiment, the
fore symmetric with respect to its two frequency argumentsrelative phase between the two interfering paths may be ad-
As a result, the two photons would have identical spectrajusted by rotating the polarizers, making it possible to ob-
although their energies would not be strictly anticorrelatedserve antifringes. The experiment described here does not
In addition, if the two photons were input into a Hong-Ou- possess an analogous feature.
Mandel interferometer, the visibility would not depend on  Spontaneous parametric down-conversion pumped by a
the pump bandwidth. cw laser has proven to be a reliable and convenient source of
correlated photons for the study of some of the more inter-
esting features of quantum mechanics, but because the time
IV. DISCUSSION of emission is completely random, cw-pumped down-
_conversion is inadequate for many of the recent experimental
We have shown that the output of a type-Il parametricproposals involving states of three or more correlated pho-
down-converter pumped by a broadband source possessgs. |t is clear that independently pumped down-conversion
characteristics not found in cw-pumped down-conversiongrystals will not emit photons at nearly simultaneous times
The state vector describing the output is a continuous supe[mless they are pumped with short optical pulses. The model
position of two-photon states in which the probability ampli- presented in this paper shows that the photons emitted in this
tude for each state depends on the pump bandwidth, as We{pe of process are not, in general, as well correlated as those
as the crystal parameters. The pump envelope function desoduced in cw-pumped down-conversion. This decreased
termines the range of pump energies available for downgorrelation can have interesting consequences, as evidenced
conversion, gnd the ph_asg—matching function determines how the proposed experiment. A prudent choice of spectral
these energies are distributed to the two down-convertegiters for the down-converted photons can minimize the del-

photons. Because the phase-matching function is not symsterious effects of the reduced correlation while retaining
metric with respect to the two polarizations, the two down-jnformation about the emission time of the photons.
converted photons are not exactly anticorrelated and their

spectra are not identical. We have analyzed theoretically an
experiment in which this reduced correlation plays an impor-
tant role. We find that the visibility in fourth-order interfer-
ence is reduced because of the additional information carried This work was supported by the National Science Foun-
by the photons. The visibility can be restored, however, bydation (PHY-9512680. W.P.G. acknowledges financial sup-
placing spectral filters in front of the detectors. port from the Laboratory for Laser Energetics.
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