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Spectral distinguishability in ultrafast parametric down-conversion
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We report a fourth-order interference experiment in which pairs of photons produced in parametric down-
conversion pumped by short optical pulses interfere in a Hong-Ou-Mandel interferometer. The visibility of the
interference pattern is reduced for larger pump bandwidths. This effect can be understood in terms of the
spectral distinguishability of the photon pairs. The interference can be restored by blocking the distinguishing
information with a spectral filte[.S1050-294®8)50704-4

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

Indistinguishability of possible pathways leading to the complexity may introduce distinguishing information, which
same outcome is an essential condition for quantum interferean degrade interference not only in a Hong-Ou-Mandel in-
ence[1]. A useful tool for the study of this relationship is the terferometer, but also in interference experiments involving
Hong-Ou-Mandel interferometd®], in which two photons photons created in independent down-conversion crystals.
produced in the process of parametric down-conversion ar€he latter is of interest in the context of the multiparticle
brought together at a beam splitter. In a recent experiment interference experiment recently proposed by Greenberger,
was shown that two-photon interference can occur eveitorne, and Zeilingef6]. The most practical technique pro-
when the two photons do not reach the beam splitter simulposed for the generation of the multiparticle entangled states
taneously [3], thus demonstrating that such interferencerequired for such an experiment involvésearly simulta-
should be regarded as the interference of the amplitudes fareous emission of correlated photon pairs from independent
the possible two-photon paths, rather than as the interferena®wn-conversion crystalg7,8]. This can be accomplished
of the two photons themselves. Experiments such as this camly if the coherence time of the pump is on the order of the
be understood in terms of the indistinguishability of the pro-coherence times of the down-converted phot@is a con-
cesses leading to a coincidence count. If “which processdition that is satisfied by an ultrafast pump source.
information is present in a system, the interfering processes In this paper we describe a fourth-order interference ex-
become distinguishable and the visibility of the interferenceperiment involving the photon pairs emitted from a type-I|
pattern is reduced. The distinguishing information may be otlown-conversion crystal pumped by an ultrafast source. The
any type. In one experiment, for example, the information isemitted pairs, in addition to being distinguishable by their
contained in the orthogonal polarizations of the photons in arthogonal polarizations, can also be identified with some
Hong-Ou-Mandel interferometer{4]. This information degree of certainty by their joint spectra. We study the effect
makes it possible to identify the alternate Feynman paths andf this spectral distinguishability by interfering the photon
the interference is observed only when this information ispairs in a Hong-Ou-Mandel apparatus, in which the photons
blocked. The arrival times of the two photons at the detectorare rendered indistinguishable with regard to polarization.
may also produce distinguishing information. A displace-The degree of spectral distinguishability, which depends
ment of the beam splitter in the Hong-Ou-Mandel interfer-both on crystal parameters and on the pump bandwidth, is
ometer, for example, causes one of the photons to reach thleen manifested in the visibility of the fourth-order interfer-
beam splitter before the other. Complete interference occurgnce between alternate two-photon detection processes. In
however, only when there is absolutely no distinguishingthe experiment described below, interference patterns are re-
time-of-flight information. A third type of information avail- corded for two different pump bandwidths, while the crystal
able in the down-conversion process is spectral informationparameters are treated as experimental constants. We find
This information is not present in the experiments describedhat the visibility is reduced for the larger pump bandwidth,
above because, as a consequence of the very narrow spdxt can be restored by placing a spectral filter in front of the
trum of the cw pump field, the two photons have identicaldetectors, effectively blocking the distinguishing “which
spectra. process” information. Of course, this is done at the expense

If the down-conversion process is pumped by a train ofof a lower count rate.
short optical pulses, with a correspondingly large bandwidth, The experimental apparatus is shown schematically in
the spectral correlation of the down-converted fields befig. 1. The frequency-doubled output of a mode-locked
comes more complek5]. In certain cases, this additional Ti:sapphire laser is used to pump a 0.8-mm BBO crystal

oriented for collinear type-1l down-conversion. The first of

the two alternate pump fields consists of a train of pulses

*Present address: Department of Physics, Southern lllinois Unieentered at 405 nm with a bandwidth of 3 nm. A nondisper-
versity at Edwardsville, Edwardsville, IL 62026. sive sequence of prisms serves as a filter to block the funda-
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A pair of photons emitted in the down-conversion process
is said to be spectrally distinguishable if knowledge of both

oscillator

\ frequencies allows the photons to be identified as either the

signal (ordinary polarizatiop or idler (extraordinary polar-
ization). It should be stressed that it is tltembinationof
frequencies that provides the distinguishing information. For
a given pair of frequencies, two possibilities exist: either the
signal was found with one frequency and the idler with the
other, or vice versa. The distinguishability of these two situ-
Coinci - ations depends on the form of the probability amplitude in
Eq. (1). In particular, the two cases are indistinguishable, or
) . . equally likely, if the value of the probability amplitude re-
. FIG. 1.d S%T.emat'c Olf F”Ie ngg”mef“a' fsetu‘)' f?HG Swimalns unchanged when the order of the two frequency argu-
o 8 halt-vave plato orented to rotate {he polaizations ofthe down/ TS IS reversed. The energy function, which depends on
P o P Nthe sum frequency, does possess this symmetry; therefore,
converted photons by 45°, PBS is a polarization beam splitter, an - . . ! . .
. e two possible pair configurations will be spectrally indis-
D1 and D2 are avalanche photodiodes. . . . . o
tinguishable if the phase-matching function is also symmet-
ric, that is, if®(w,,w,) =P(w,,w7). In general, however,
e phase-matching function does not possess this symmetry.

mental wavelengths. The second pump field is produced b

passing this beam through a spectral filter with a bandwid% r a type-Il crystal of length. oriented for phase-matched
of 0.8 nm. The output photons are orthogonally polarize egenerate down-conversion of frequency, 2the phase-

and, after separation of the residual pump radiation via ?natchlng function may be approximated [
second nondispersive prism sequence, travel a common path

through a Hong-Ou-Mandel interferometer. A pair of

photon-counting avalanche photodiodes monitor the two out- sin{[ (ws— @) (K, — k) + (w;— @) (k! —k’)IL}
. . . . . _ S p I P
puts of a polarization beam splitter. A waveplate is placed ind(wg, w;) = - -
front of the beam splitter to rotate the polarizations of the [(ws— o) (kg—kp) + (w;— o) (ki —kp) L
down-converted photons th45° with respect to the axes of 2

the polarization beam splitter. This combination of wave-
plate and polarization beam splitter behaves as a 50/50 bea\m1ere K=

splitter for each of the incident photons. The coincidence ratg _ akp(w)mw|“’:2‘7’ and kj = ﬂkj(w)mwl“’za for

=s,i). This expression is not symmetric with respect to its
wo frequency arguments because the two axes of the down-
onversion crystal have different dispersive properties and,
erefore k;#k{ [10].
The effect of the above asymmetry is completely ob-
écured in the case of cw-pumped degenerate down-

tors and are used only to reduce spurious background counf2NVersion, as can be lse?n by examining the er;efrgy function
These filters are replaced by narrow-band filters in the sec@(@st @i). For a single-frequency cw pump of frequency
ond experiment. Their effect is discussed below. 2w, the energy function takes the form(ws+ w;) = &(ws

The state vector for the signal and idler photons after the" @i ~2@). If, as assumed above, the crystal is aligned for
down-conversion crystal may be written &8 perfect phase matching for degenerate down-conversion,
then the most probable frequency for each of the down-

converted fields isv. Other pairs of frequencies are gener-

_ _ _ ated, as well, with each pair satisfying the constraint imposed
) f fdw doja(wst o) by the delta energy function, so that if a measurement
of the frequency of the signal photon yields the result
ws=w+ dw, then the idler photon will have the frequency
w;=w—dw. The form of the phase matching function in
This is a continuous superposition of two-photon states irEq. (2) is such that this result is just as likely as the result
which the signal and idler photons have frequeneigand w;=w—dw and w;=w+ dw. In this case, therefore, fre-
w;, respectively. The probability amplitude for each pair of quency measurements alone would yield no information
frequencies is the product of an energy functefws+ w;) about the identitiegsignal or idlej of the detected photons
and a phase-matching functidn v, ;). The energy func- and each pair may be considered spectrally indistinguishable.
tion a(w¢+ ;) is simply the Fourier transform of the time-  If the process is instead pumped by a monochromatic field
dependent part of the classical pump field. Its presence ef frequency 20+ dw,, then the energy function has the
sures that a given pair of frequencies may be found in thdorm a(ws+ w;)=(wst w;—2w—dwp). In this case,
signal and idler fields only if they sum to a frequency foundwhich is phase matched foordegenerate down-conversion,
in the pump. While the energy function determines the pumghe most probable frequencies for the signal and idler are
frequencies available for down-conversion, the phasethose which simultaneously zero the argument of the sinc
matching function determines how these energies may biinction in Eq.(2), and satisfy theS function constraint. That
distributed to the down-converted fields. is,

is measured as a function of relative delay between the pat
taken by the orthogonally polarized photons. This delay is
adjusted by inserting a number of crystal quartz plates in th
beam. The quartz is oriented so that its fast and slow axes a
aligned with the polarizations of the two photons. In the first
experiment, broad spectral filters are placed before the dete

X D (ws,w;)al(ws)a] (wi)|vag). (1)
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Thus, the center frequencies of the down-converted fields are

Coincidence Counts (80 sec)

shifted away from degeneracy. The magnitudes of these 150 F 7
shifts depend linearly oAw,, but becaus& #k/ , the shift [ ]
is larger for one photon than for the other. This has the effect 100 |- 7
of making the photon pair spectrally distinguishable, increas- I '

ingly so for larger values obw,. Thus, while it is the asym- 50 I .

metry of the phase-matching function that ultimately leads to .
the spectral distinguishability of the photon pairs, the role oF. ., | | Lo
played by the energy function is critical, since it determines = '_5' - 0' = '5 - '10' =
the range ofdw,, .

For the experimental apparatus in Fig. 1, the pump beam Delay (mm of quartz)
is composed of a train of short optical pulses that can be
thought of as a superposition of a large number of single- ) LU L
frequency fields. The above argument follows for each spec- i
tral component of the pump and, therefore, each of these
pump frequencies contributes a different amount of spectral
distinguishability. If the pump spectrum is narrow in relation
to the width of the phase-matching function, then none of the
pump frequencies differs substantially from the center fre-
quency 2o, and the degree of distinguishability is low.
Pump fields with larger spectra include a larger proportion of
frequencies far from the center frequenay and the photon
pairs are more distinguishable. Thus, while the asymmetry of
the phase-matching function is essential to the distinguish- U I T T T
ability of the signal and idler, it is the size of the pump -5 0 5 10
bandwidth that affects théegreeof distinguishability[5].

As stated earlier, the signal and idler photons are initially
distinguished by their polarizations, as well as by their joint FIG. 2. Interference dip for two different pump bandwidths.
spectral properties. However, after passing through thavith filter F1 in place(a), the pump bandwidth is 0.8 nm. With no
waveplate and the polarization beam splitter in the Hong-Oufilter (b), the bandwidth is 3 nm. The solid lines are fits to theory.
Mandel interferometer, the photons become polarization en-

tgngled, so that they can no Ionger be |dent|f|e_d_b.y. polanzal—s obtained[5]. The first term is an integration of the total
tion measurements alone. In this case, the visibility of th?

hd M e,
e . " L]
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Coincidence Counts (200 sec)

Delay (mm of quartz)

; ) . wo-photon probability density distribution over all frequen-
fourth-order interference is determined solely by the spectra ies, and represents the total “background” rate of coinci-

distinguishability of the down-converted pairs. The degree Ol ence detection independent ®f. The second term, which

interference between alternate two-photon detection paths IS_ . . ;
i - . contributes only for small values d@ir, is the source of the
seen in the coincidence counting rate

coincidence “dip” observed in traditional experiments of the
1 T Hong-Ou-Mandel type. For§7=0, the coincidence rate
RC(&):TJJ dt,dt, reaches zero ifl®(ws,w;)|?=® (s, 0;)P* (w;,0s) over
0 the entire range of frequencies that contribute to the integral
in Eq. (5). As discussed above, this range is set by the band-
width of the pump spectrum specified b w+ ;).
(4) The calculated results for the two pump bandwidths used
in the experiment are plotted in Fig. 2, along with the experi-
Here, 57 is the relative polarization delay, is the coinci-  mental results. The theoretical curjég were generated as
dence resolving time, andE{D(t)=(142)[E{V(t)  best fits to the data, with detection efficiency as the only free
iEi(+)(t+ 57)] are the positive frequency pairs of the parameter, and assuming Gaussian shapes for the pump spec-
electric-field operators at detectors 1,2. The signal and idleira. The recorded count rates are somewhat higher than ex-
field operators, in turn, may be written aégﬁ)(t) pected near the centers of the dips. This discrepancy can be
ocfdwés’i(w)e—iwt_ When the field operators are e)‘(pressedattnbuted to misalignment and to imperfect polarization

in this manner, and the state vector presented in(Egis components. The mini.ma in the two intgrfey_enc;e patterns
inserted into Eq(4), the result occur at the same relative delay, but the visibility is different

for the two pump bandwidths. The curve obtained with the
filtered pump, shown in Fig.(3), has a high degree of vis-
Rc(57)°<f f dodo;|a(wst 0)|’[|P(ws,0;)]? ibility, and comes close to the triangle shape reported for the
_ interference pattern produced by the photon pairs generated
—D(wg,w)P* (w; ,wg)e (@i @] (5) in cw-pumped type-ll down-conversiofil0]. When the

X (W|EST () ES (1) EST (1) EC (1) | W),
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[T e T high visibility in the cw case. They are helpful in a practical
4 } t Iy ] sense, in that they improve stability by increasing the coher-
| } } t 1) ence times of the photons, but the minimum coincidence rate
is predicted to reach zero, even for the case of no spectral
filtering. As noted above, this is a consequence of pumping
the down-conversion process with a monochromatic field.
] The photon pairs produced in broadband-pumped down-
200 F ' | conversion, on the other hand, are spectrally distinguishable,
‘ ] and so the minimum coincident rate is never zero. The role
] of the filter in the present application is to prevent the dis-
I . ] tinguishable pairs from reaching the detectors, thus improv-
ok ing the visibility. As discussed earlier in this paper, the pho-
e L ton pairs originating from the down-conversion of a pump
-5 0 5 10 photon with a frequency far from the center frequenay 2
Delay (mm of quartz) are more readily identifiable as signal or idler than those
originating from a pump photon with a frequency near the
center frequency. Inspection of the relations in Ez).show
that these more distinguishable pairs are also those that have

! . . frequencies far from the center frequeney and that are
broadband pumgno filter) is used, the two-photon detection therefore blocked by the narrow spectral filter.

processes possess a higher degree of distinguishability, \ve have experimentally demonstrated that the visibility
yleldlng an_mterference curve with diminished visibility, as i, tourth-order interference of photons produced in type-I|
shown in Fig. 2b). N i parametric down-conversion is reduced when the process is
These data show that the visibility of the interference Mayyumped by a short optical pulse. This effect can be under-
be improved by limiting the pump bandwidth, but this 0bvi- gi46 in terms of the spectral distinguishability of the photon
ously results in a longer pump coherence time. Anothef,irs shorter pulses, with larger bandwidths, produce a
method is to allow only_the |nd|st|ngwshable photon pairs to|arger proportion of pairs whose “which photon” configura-
reach the detectors. This can be accomplished by passing thgns are knowable in principle, thereby reducing the visibil-
photons through a spectral filter. For the data shown in Figiy e have also shown that the interference can be recov-
3, the large-bandwidth filter F2 was replaced with a spectrabreq py passing the photons through a spectral filter. The
filter having a bandwidth of 10 nm, which is smaller than thege effectively blocks the distinguishing information. This
bandwidths of the individual photons, thereby increasingyork helps to provide a better understanding of the dynamics
their coherence times. However, the two-photon coherencg jyrafast down-conversion, thus making multiparticle in-
time [11], which is determined by the crystal length and theterferometry more feasible.
difference in group velocities for the two down-converted  Note added Since completing this work, the authors

fields, is relatively unchanged. The result is that the visibility o rned of a recently published paper describing a similar
of the interference pattern is significantly improved, Wh”eexperiment[lz].

the “width” of the dip is preserved. The use of spectral

filters is not uncommon in this type of experimg@t11], in We acknowledge illuminating conversations with L. Man-
which a coincidence rate is measured for different values oflel, and the support of the National Science Foundation
delay. These experiments differ from the present one(W.P.G., R.E., .LAW., and D.B.and the Office of Naval
though, because the filters are not, in principle, essential foResearchD.B.).
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Coincidence Counts (60 sec)

FIG. 3. Interference dip with filter F2 in place. As in Figb}
the pump bandwidth is 3 nm.
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