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Optical parametric oscillator far below threshold: Experiment versus theory

Y. J. Lu and Z. Y. Ou
Department of Physics, Indiana University–Purdue University Indiannapolis, 402 N. Blackford Street, Indianapolis, Indiana 46202

~Received 9 February 2000; published 8 August 2000!

The theory of the optical parametric oscillator is examined and compared to the experiment in the regime of
far below threshold. It is found that the output state has no difference from spontaneous parametric down-
conversion except that the bandwidth of down-conversion is reduced to that of the resonator and the conversion
rate is enhanced by cavity resonance. The reduction of the bandwidth of the down-converted fields makes it
possible for a direct measurement of the time interval distribution between two down-converted photons. The
observed distributions are well explained by the theory. Such a narrow-band two-photon source will find wide
applications in quantum information processing.

PACS number~s!: 42.50.Dv, 03.65.Bz, 42.25.Hz
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I. INTRODUCTION

Because of its ability to produce a two-photon state tha
highly entangled in many degrees of freedom, the proces
spontaneous parametric frequency down-conversion
been thoroughly studied in recent years ever since the
neering work by Burnham and Weinberg@1# and the more
recent work by Friberget al. @2# and Hong and Mandel@3#. It
has been widely applied to the demonstration of quan
nonlocality @4,5# and quantum interference@6–9#, and more
recently to quantum information processing@10–12#. The
technique of photon counting is applied in these experime
to utilize the strong correlation between photons. The dow
converted light is produced in a single-pass fashion w
weak interaction to preserve the two-photon nature of
state. Concurrent with the study of photon correlation is
other entirely different approach that utilizes the parame
down-conversion process for the generation of a squee
state of light with reduced quantum noise@13#. A complete
different detection scheme based on homodyne and/or
erodyne detection is used in this approach to characte
quantum noise in amplitudes. Because of the strong non
earity required for large noise reduction, the optical cavity
often used to form an optical parametric oscillator~OPO! so
that the down-converted fields pass the nonlinear med
numerous times and the device is operated near or ab
threshold. This leads to a different formalism in the theor
ical treatment. For the single-pass case, the interactio
weak and the perturbation approach is used, resulting
correlated two-photon state while for the OPO, an exact
lution of the equation of motion has to be obtained. Supe
cially, there seems to be no connection between these
approaches, which investigate two totally different aspect
the parametric down-conversion process, i.e., photon co
lation ~particle aspect! and amplitude correlation~wave as-
pects!. But they are essentially based on one common tra
the process, that is, the quantum correlation between the
conjugate fields. Shapiro and Sun made a successful att
to establish the link between these two approaches@14#.

Recently, there has been renewed interest in the inte
ence between independent sources, mainly for the app
tions in quantum information processing@10,11#. In these
applications, two or more independent fields from the pa
1050-2947/2000/62~3!/033804~11!/$15.00 62 0338
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metric down-conversion process are mixed to create qu
tum entanglement among them. Quantum entanglement i
essential ingredient in quantum information science. Histo
cally, the first experiment on the interference between t
independent sources was performed by Magyar and Ma
in 1963@15#. Since classical sources were used for the o
cal fields in that experiment, it does not have any practi
application in quantum information science other than se
ing as a proof of principle. Later on, it was shown that t
bandwidth of the independent sources must be much sm
than that of the detectors in order to achieve high visibility
the interference between independent stationary fields of
kind @16#. On the one hand, most of the applications of t
single-pass spontaneous parametric down-conversion
cess rely on the extremely short correlation time ('1 ps!
between the two photons. On the other hand, due to an e
degree of freedom for the down-conversion process~two fre-
quency components are produced!, the only limitation on the
bandwidth comes from the phase matching condition, wh
sets a loose constraint on the frequencies of down-conve
photons and gives rise to a wide bandwidth of a typical va
of 1013 Hz. This is much wider than the response bandwid
of the fastest photodetector available~typically 1010 Hz!.
Thus single-pass spontaneous parametric down-conver
cannot be used in quantum interference between indepen
sources without modification. In order to reduce the ba
width, we may either use a narrow band-pass filter@17# or a
small pinhole@18#. For the reduction of the bandwidth to th
sub-GHz level~to match the bandwidth of the detectors!,
both methods, when applied, will significantly decrease
flux of the photon pairs because the photon number is p
portional to the bandwidth~or number of modes! owing to
the spontaneous nature of the process.

It should be mentioned that the bandwidth requirem
discussed above is strictly for cw~stationary! fields. So in
tackling the bandwidth problem, Rarityet al. and Zukowski
et al. @19# proposed a scheme that utilizes a pulsed~nonsta-
tionary! field to provide a well-defined temporal mode fo
interference. The variations of the proposed schemes w
successfully implemented, but rather low visibility was o
served in these demonstrations@10,11#. More detailed analy-
sis @20# shows that the low visibility is due to intrinsic im
proper temporal mode matching for pulsed fields and t
©2000 The American Physical Society04-1
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narrow band-pass~passive! filters are needed to improve th
mode matching for high visibility. But as we discussed e
lier, the consequence of passive filtering is a substantia
duction of the signal level in these experiments.

The signal reduction problem can be solved by combin
the two approaches in the study of the parametric do
conversion process mentioned in the beginning. It is kno
that OPO produces narrow-band fields due to the reson
condition embedded in optical cavity. That is why homody
and/or heterodyne detection is possible even though su
detection scheme involves interference between indepen
fields of quantum source and strong local oscillator~coherent
field!. However, for the generation of the narrow-band tw
photon state, the device cannot be operated near thres
because the stimulated process will overwhelm the spont
ous process and produce a photon state with a higher num
~more than two! besides the two-photon state. To reduce
stimulated process to a negligible level, the device has to
operated far below threshold. This regime of operation
OPO has never been explored before. The effect of cavity
the spontaneous two-photon process is quite similar to
cavity QED effect on atomic emission@21,22#. The cavity
will enhance some of the down-conversion modes sele
by the cavity resonance and in the meanwhile inhibit ot
nonresonant modes. So contrary to the passive filte
scheme with the filter placed after the light is generated,
scheme of active filtering with the source inside the filter w
reduce the bandwidth without sacrificing the signal level.

In this paper we will discuss a specific scheme of act
filtering for reducing the bandwidth of the down-conversio
Quite different from the single-pass case, light pas
through the nonlinear medium many times, thus equivale
lengthening the interaction distance. We will demonstr
that by making both down-conversion components reson
with the cavity~double resonance!, the interaction length is
effectively increased byF times withF being the finesse o
the cavity or equivalently the number of round trips in t
cavity for the photons before they are coupled out. The
hancement can be thought of as the result from a const
tive two-photon interference. To ensure production of onl
two-photon state, the pump power has to be carefully c
trolled to operate at a relatively low level so that the stim
lated process can be neglected. The outline of the paper
follows: We will start in Sec. II with a general theory of a
optical parametric oscillator below threshold. Then in S
III we discuss the mode structure for the device and
method for single-mode operation. We will study the tim
correlation between the two photons generated in OPO
both multimode and single-mode operation in Sec. IV. S
tion V will be devoted to experimental verification of th
theoretical results in Secs. II–IV. We conclude the pape
Section VI. Preliminary results in this paper have been p
lished in Ref.@23#.

II. GENERAL THEORY OF OPO

The optical parametric oscillator as the first nonlinear o
tical device was originally constructed as a tunable sou
for spectroscopic application@24# and is usually operated fa
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above threshold as a classical coherent source. It was
shown that when operated under threshold, OPO becom
quantum device and can generate squeezed states of
@25,26#, and when operated above but near threshold it p
duces correlated twin-photon fields@27#. For large quantum
effects, the device has to be operated close to threshold
far the quantum theory of OPO has been tested well aga
experiment in these regimes. However, for the regime of
below threshold, there has been neither experimental nor
oretical investigations. In this regime, we should exp
stimulated emission to be negligible compared to sponta
ous emission and the result is a simple two-photon s
similar to the single-pass case. A number of versions of
quantum theory of OPO exist with an emphasis on the
gime close to but under threshold@26,28#. A close examina-
tion leads us to believe that they should apply equally wel
the regime far below threshold. As shown by Collett a
Gardiner@26#, the output operator of a degenerate OPO
resonance is related to the input as follows@Eq. ~46! of Ref.
@26##:

aout~v01v!5G1~v!ain~v01v!1g1~v!ain
† ~v02v!

1G2~v!bin~v01v!1g2~v!bin
† ~v02v!,

~1!

with

G1~v!5
g12g212iv

g11g222iv
, g1~v!5

4eg1

~g11g222iv!2 ,

G2~v!5
2Ag1g2

g11g222iv
, g2~v!5

4eAg1g2

~g11g222iv!2
. ~2!

Here e is the single-pass parametric amplitude gain and
proportional to the pump amplitude and the nonlinear co
ficient. In Eq.~2! we have dropped theueu2 term in the de-
nominator because the OPO is operated far below thres
so that ueu!g1 ,g2 . v0 is the degenerate frequency of th
OPO.b̂in represents the unwanted vacuum mode couple
due to losses in the system.g1 ,g2 are the coupling constant
~decay constants! for âin and b̂in , respectively.

First, let us look at the enhancement effect in the dow
conversion due to resonance. For this, we calculate from
~1! the spectrum of the fieldS(v) defined by

^aout
† ~v01v!aout~v01v8!&[S~v!d~v2v8!. ~3!

The result is

S~v!5ug1~v!u21ug2~v!u25
16ueu2g1~g11g2!

@~g11g2!214v2#2 . ~4!

The rate of down-conversion can be calculated as

Rcav i ty5^Eout
(2)~ t !Eout

(1)~ t !&5
1

2pE dvS~v!, ~5!

where
4-2
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Ê(1)~ t !5@Ê(2)~ t !#†5
1

A2p
E dvâ~v!e2 ivt. ~6!

From Eq.~4!, we have

Rcav i ty5
1

2pE2`

`

dv
16ueu2g1~g11g2!

@~g11g2!214v2#2 5ur u2F 2/pDtF0 ,

~7!

where r[eDt is the single-pass gain parameter w
Dt as the round-trip time, andF[2p/(g11g2)Dt
52p/DtDvopo is the finesse of the cavity~which is of the
order of the number of bounces of light before it leaves
cavity! and can be measured directly. HereDvopo5g11g2
corresponds to the bandwidth of the OPO cavity.F0
[2p/g1Dt is the same quantity without the loss (g250).
To find the enhancement factor, we need the signal rate w
out the cavity. In the single-pass case, we simply h
g1(v)5rh(v) andg250. Hereh(v) is the gain spectrum
of single-pass spontaneous down-conversion determine
a phase-matching condition with normalizationh(0)51. In
the experiment, we usually have an interference filter~IF! in
front of the detector. The bandwidthDv IF of IF is normally
smaller than that of down-conversion so thath(v)'1 for v
within Dv IF and is zero forv outsideDv IF . Hence, the
signal rate without the cavity is

Rsinglepass5ur u2Dv IF /2p, ~8!

and the average enhancement factor per mode is

B[
Rresonance/Dvopo

Rsinglepass/Dv IF
5F 3/pF0 , ~9!

or roughly the square of the number of bounces of lig
before it leaves the cavity, consistent with the two-pho
nature of parametric down-conversion. The square law
result of two-photon constructive interference. The loss
the system will reduce the effect by a factor ofF/F0.

III. MODE STRUCTURE

It is known that the optical cavity allows simultaneo
resonance of a number of frequencies~longitudinal modes of
the cavity!. The double resonance condition for paramet
down-conversion will reduce the number. But depending
whether it is a type-I or -II down-conversion process, w
may still have more than one frequency mode simu
neously on resonance in the cavity. Even for a single m
of the cavity, the field still has multifrequency componen
with a bandwidth ofDvopo .

A. Type-I down-conversion

The two highly correlated fields have the same polari
tion in type-I parametric down-conversion. For studying t
interference effect, it is preferable to make them equa
frequency. This corresponds to degenerate parametric do
conversion. The resonance condition requires that
03380
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2pN0c

l 1n~v0!d
or @ l 1n~v0!d#v052pN0c, ~10!

for the degenerate frequencyv0. HereN0 is some integer,d
is the length of the nonlinear crystal providing paramet
interaction,n(v0) is the index of refraction, andl is the
cavity length excluding the crystal. Here we ignore oth
extra phase shifts that may occur at the surface of mirr
Because of the degeneracy in the frequency, the double r
nance is automatically satisfied.

On the other hand, because of the finite linewidth of ea
cavity mode, some other pairs of down-conversion fie
with nondegenerate frequencies ofv6m5v06mDVopo may
also satisfy the double resonance approximately to within
linewidth, with DVopo5pc/Lopo as the frequency spacin
between the longitudinal modes„Lopo5@ l 1n(v0)d#/2 is the
effective size of a standing-wave OPO cavity…. The condi-
tions for the double resonance of these nondegenerate m
are

@ l 1n~v01mDVopo!d#~v01mDVopo!

5@2p~N01m!1d1#c,

@ l 1n~v02mDVopo!d#~v02mDVopo!

5@2p~N02m!1d2#c, ~11!

with m51,2, . . . andud1,2u,p/F. Herep/F is the equiva-
lent phase shift corresponding to the half linewidth of t
cavity mode. Soud1,2u,p/F is the condition for resonance
The question is how largem is, which determines the numbe
of modes that are in approximately double resonance. O
ously, we have

ud16d2u<ud1u1ud2u,2p/F. ~12!

This provides a constraint onm. Adding and subtracting Eq
~11! and using Eq.~12!, we obtain

DVopo,A2pc/Fdu2n81n9v0u ~13!

and

m'~ l 1n0d1n8v0d!DVopo/2pc. ~14!

Heren0[n(v0), n8[]n/]v, andn9[]2n/]v2. Combining
Eqs.~13! and ~14!, we have

m<
~ l 1n0d1n8v0d!

A2pcFu2n81n9v0u
. ~15!

For a crystal of KNbO3 of 4 mm length and a monolithic
standing-wave cavity, we havem'26, i.e., about 20 pairs o
down-conversion frequencies are on resonance with the
ity.

B. Type-II down-conversion

Two orthogonally polarized subharmonic fields are gen
ated in type-II parametric down-conversion. Because of
birefringence in nonlinear crystals, indices of refraction f
4-3
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the two fields are not same even at degenerate freque
The condition for double resonance is even more restric
than the type-I case. Assuming we have double resonan
degenerate frequency

~ l 1n1d!v052pN1c, ~ l 1n2d!v052pN2c ~16!

(N1ÞN2), then the double resonance condition for t
type-II case is

~ l 1n1d!~v01Dv!52p~N11DN1!c,

~ l 1n2d!~v02Dv!52p~N21DN2!c. ~17!

N1,2 are integers anduDN12DN2u51,2,3, . . . . so wehave

Dv52pc~DN12DN2!/~n12n2!d. ~18!

However, the type-II parametric down-conversion has
bandwidth of

DvPDC'pc/un12n2ud, ~19!

derived from the phase-matching condition

uDkud5
d

c
u2v0n02~v01Dv!n12~v02Dv!n2u

5
d

c
Dvun12n2u

,p, ~20!

where we assume that phase matching is achieved at de
erate frequency (2n05n11n2). SoDv in Eq. ~18! lies out-
side the bandwidth of down-conversion for nondegene
frequency. We have double resonance only for degene
frequency and thus achieve the single-mode operation
type-II down-conversion.

C. Multimode OPO

In our experiment, the type-I scheme is used, so that th
are numerous nondegenerate conjugate pairs of do
conversion on resonance together with the degenerate
These nondegenerate pairs will be located in the spectrum
the two sides of the degenerate pair with a spacing
DVopo , the free spectral range of the OPO cavity, and h
about the same strength as the degenerate one. For the
degenerate modes, the conjugate pairs (v6m5v0
6mDVopo) are correlated and related by@28#

aout~vm1v!5G1~v!ain~vm1v!1g1~v!ain
† ~v2m2v!

1G2~v!bin~vm1v!1g2~v!bin
† ~v2m2v!.

~21!

So the correlation in OPO is pairwise and the pairs are o
connected through the pump field and are basically indep
dent of each other.
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D. Filtered OPO

The existence of the nondegenerate modes of the O
will not influence the homodyne detection in amplitude me
surement because the beat frequency is usually larger
the electronic bandwidth of the detector and is filtered
electronically. For photons counting, however, all photon
riving in the detectors will produce a count indiscriminate
Thus we must eliminate the nondegenerate modes by fi
ing. In the absence of the intracavity frequency-selective
ements, a passive filter such as Fabry-Pe´rot cavity is needed
to get rid of the longitudinal modes. Transverse modes u
ally have a different frequency so that they are elimina
automatically if the cavity is tuned to the main TEM00 mode.
With the filter cavity, however, the spectrum will be altere
and so will the correlation properties. The output fie
through the filter is given as@26#

cout~v01v!5R~v!cin~v01v!1T~v!din~v01v!,
~22!

with

R~v!5
k12k212iv

k11k222iv
, T~v!5

2Ak1k2

k11k222iv
. ~23!

Here k1 and k2 describe the decay rates for the mirrors
the filter cavity. With the boundary conditiondin5aout and
the assumption thatcin is in the vacuum field, we can calcu
late the spectrum of the field going through the filter cav
as

SFC~v!5uT~v!u2@ ug1~v!u21ug2~v!u2#

5
4k1k2

~k11k2!214v2

16ueu2g1~g11g2!

@~g11g2!214v2#2
, ~24!

whereg11g2 and k11k2 are the bandwidths of the OPO
cavity and the filter cavity, respectively. From the spectru
function of Eq.~24! we see that the bandwidth of the fields
narrowed further. If the bandwidth of the filter cavity
much smaller than that of the OPO cavity, i.e.,g11g2@k1
1k2, then the total bandwidth will be mainly determined b
the bandwidth of the filter cavity. On the other hand, if t
bandwidth of the filter cavity is much larger than that of t
OPO cavity, the filter cavity just seems as if it were not the
As for the correlation function between the fields, we w
see later that it is also changed.

IV. DISTRIBUTION OF THE TIME INTERVAL BETWEEN
THE TWO DOWN-CONVERTED PHOTONS

A. Ideal single-mode case

One of the quantities to characterize the two-photon s
is the correlation time between the two down-converted p
tons. Attempts were made to measure it, but only the up
limit was given because the detectors available are not
to resolve the extremely short correlation time@1,2#. It was
shown@3# that the correlation time is inversely proportion
to the bandwidth of the detected down-converted fields. T
4-4
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was indirectly confirmed by the interference method@17# and
the autocorrelation method@29#. With the bandwidth signifi-
cantly narrowed in an OPO, we should be able to resolve
correlation and make a direct measurement. Let us first
culate the correlation time from the theory of OPO for t
single-mode case.

To find the correlation time between the two dow
converted photons, we calculate the intensity correlat
function defined as

G (2,2)~t!5^Ê(2)~ t !Ê(2)~ t1t!Ê(1)~ t1t!Ê(1)~ t !&.
~25!

From Eqs.~1!, ~2!, ~6!, and ~25! with some calculation, we
find that

G (2,2)~t!5
1

~2p!2
U E @G1~v!g1~v!

1G2~v!g2~v!#e2 ivtdvU2

5ueu2~F/F0!2e2utu(g11g2), ~26!

where we dropped terms of higher order ofueu2 in Eq. ~26!
becauseueu!g11g2. Note that from Eq.~25!, the overall
coincidence rate is calculated as

Rc5E
2`

`

G (2,2)~t!dt5Rcav i ty

F
F0

, ~27!

with Rcav i ty given from Eq.~7!. If there were no loss, we
would haveRc5Rcav i ty , i.e., the two-photon rate is exactl
e
n

m

of

03380
e
l-

n

the same as the single-photon rate, which is the signatur
a two-photon state. The loss reduces the photon pairs
F/F0. But we still haveRc}Rcav i ty , not Rcav i ty

2 , which is
for accidental coincidence rate. If we define the correlat
time Tc between the two photons as the FWHH of the d
tribution in Eq.~26!, thenTc is given as

Tc51.39/~g11g2!51.39/Dvopo . ~28!

So, exactly the same as the single-pass case@3#, the correla-
tion time in the active filtering scheme is inversely propo
tional to the bandwidth of down-conversion.

B. Multimode case

The above analysis is for a single-mode OPO. In the m
timode situation, there are a number of modes separate
the free spectral rangeDVopo of the OPO cavity. Assume
2N11 of them exist, so the bandwidth of the fields is of t
order of 2NDVopo . In our experimentDVopo is about 1010

Hz andN is about 10, so the bandwidth is of the order 1011

Hz which is much larger than the bandwidth of the detect
(109 Hz!, and the correlation time is too small to resolv
What is measured will be an average over the detection t
and the time interval distribution would simply be that of th
electronic response function of the detection system as
Ref. @2# ~see also Fig. 5 for a wide band source!. However, as
will be seen in Sec. V, the distribution is very much simil
to the single-mode case in Eq.~26!.

To understand this, let us calculate the correlation fu
tion for the multimode case, assumingN pairs of nondegen-
erate modes plus the degenerate mode. Similar to Eq.~26!,
we have
Gmul
(2,2)~t!5

1

~2p!2U (
m52N

N E dv@G1~v1mDVopo!g1~v1mDVopo!

1G2~v1mDVopo!g2~v1mDVopo!#e
2 i (v1mDVopo)tU2

5Gsingle
(2,2) ~t!U (

m52N

N

eimDVopotU2

5Gsingle
(2,2) ~t!Usin~2N11!DVopot/2

sin~DVopot!/2 U2

, ~29!
this
re-
whereGsingle
(2,2) (t) is the intensity correlation function of th

single mode given in Eq.~26!. As expected, the correlatio
function is zero if (2N11)DVopot;1 and the correlation
time is of ordertc;1/(2N11)DVopo . However, the corre-
lation function will revive atDVopot52Mp(M51,2, . . . ),
but eventually will vanish atTc . The revival of the correla-
tion function is due to the discrete nature of the spectru
The revival timet r (52p/DVopo;10210 s! as well as the
correlation timetc is much shorter than the resolving time
.

the detectors. Therefore, we will not be able to observe
phenomenon. But it will be reflected in the observed cor
lation function which is an average of Eq.~29! over the
resolving timeTR of the detectors,

Gobs
(2,2)~t!5

1

TR
E

t2TR/2

t1TR/2

Gmul
(2,2)~t8!dt8. ~30!

On the one hand, becauseTc@TR , Gsingle
(2,2) (t8) is approxi-
4-5
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mately equal toGsingle
(2,2) (t) in Eq. ~30! and can be taken out

side the integral. On the other hand, becauseTR
@1/DVopo , the integral will average out the terms wit
eimDVopot8 after the expansion of the absolute value in E
~29!. Hence we have

Gobs
(2,2)~t!5~2N11!Gsingle

(2,2) ~t!. ~31!

So in the multimode case, the measured time interval dis
bution is not the response of the detection system but
exactly the same form as that of the single-mode case, an
2N11 times larger.

C. Filtered case

With a passive cavity to filter the non-degenerate mod
the degenerate mode is also modified. From Eqs.~6!, ~23!,
and ~25! with some calculation, we can find that

G f i l tered
(2,2) ~t!}Ue2tDvC2/2

DvC2
2

e2tDvopo/2

Dvopo
U2

, ~32!

where DvC25k11k2 and Dvopo5g11g2 are the band-
widths of the filter and OPO cavities, respectively. With t
filter cavity, the relationship between the correlation tim
and the bandwidth of the output field is no longer a sim
relationship of inverse proportion, but a complex one. F
the following two extreme cases we can make a good
proximation and obtain simpler relations between the ba
width and the correlation time.

~1! k11k2@g11g2,

Tc51.39/~g11g2!51.39/Dvopo . ~33!

In this case, the effect of the filter cavity is just to elimina
those nondegenerate longitudinal modes, but do nothing
the degenerate mode. The effective bandwidth is not alte
by such a filter. We have the single-mode case.

~2! k11k2!g11g2,

Tc52 ln 2/~k11k2!51.39/DvC2 . ~34!

In this case, the filter cavity not only eliminates the longit
dinal modes, but also cuts the effective bandwidth to tha
its own. Such a filter has a significant effect on the corre
tion time, which is again inversely proportional to the ban
width of the detected fields.

V. EXPERIMENT

The schematic diagram of the experiment is shown in F
1. An Ar-ion-laser-pumped single-mode cw Ti:sapphire la
operating at around 855 nm is the primary source for
experiment. A 5-mm-long KbNO3 crystal is placed at the
waist inside the laser for intracavity frequency doubling. T
harmonic field at 427 nm from the frequency doubling int
acts with the OPO cavity for frequency down-conversion
has a typical power of 5 mW and is mode matched to
auxiliary cavity C1. The semimonolithic OPO cavityC0
consists of a flat mirror~M! and a 4-mm-long KbNO3 crystal
polished at one end with a 7-mm curvature and at the o
03380
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end with a flat surface. The curved side is optically coated
that it is highly reflective at 855 nm (R.99.99%). The flat
face is antireflection coated for both 855 and 427 nm. T
flat output mirrorM has a measured transmissivity of 1.5%
855 nm and is placed closely~with a 0.5-mm gap! to the flat
side of the crystal. The flat mirror is mounted on a piezoel
tric transducer so that the OPO cavity length can be c
trolled electronically for tuning onto resonance with the las
frequency. Such a compact design is intended for an o
mum bandwidth of down-conversion taking into conside
ation both signal level and bandwidth as well as the stabi
of the OPO system. Both the curved side of the crystal a
the flat output coupler have a relatively high transmiss
(T.80%) for 427 nm so that the pump field interacts on
once with the nonlinear medium. This eliminates complic
tions involved in resonating the cavity at two wavelengt
~855 nm and 427 nm!. However, this creates a problem fo
the mode match of the pump field to the TEM00 mode of the
OPO cavity. Such a mode match is important not only b
cause it can increase the pump efficiency but also becau
can inhibit the excitation of the complicated transverse s
tial modes of the OPO. The mode match is done by match
both the harmonic pump field from the laser and the h
monic field from the OPO cavity to the auxiliary cavityC1,
simultaneously. To generate the harmonic field from
OPO cavity, we inject into the cavity for frequency doublin
~the reverse process of down-conversion! with an auxiliary
beam that is a small portion of the laser output@30#.

The theory presented earlier is for a single-mode O

FIG. 1. Schematic diagram of the experiment setup. EO
electro-optic phase modulator for the rf sideband creation; IF:
terference filter;D1, D2: avalanche photodetectors~APD!; TDC:
time-to-digital converter;D3, D4: fast photodetectors for cavity
locking; PB: polarization beamsplitter; FR: Faraday rotator for is
lation; C0: OPO cavity;C1: mode matching cavity for the pum
field; C2: filter cavity.
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resonant at degenerate frequency. In the experiment, bec
the two down-converted fields have the same polarizatio
the type-I scheme, there are numerous nondegenerate c
gate pairs of down-conversion on resonance simultaneo
with the degenerate pair. The nondegenerate pairsv0
6mDVopo , m is an integer! will be located in the spectrum
on the two sides of the degenerate pair (v0) with a spacing
of DVopo , the free spectral range of the OPO cavity, a
have about the same strength as the degenerate one.
passive filter is needed to further eliminate them. This
done with another cavityC2 which has a bandwidth large
than that of the single-mode down-conversion. The re
nance condition is achieved by lockingC0 andC2 to the
laser frequency~which is also the degenerate frequencyv0
of the down-conversion! by the Pond-Drever rf sideban
method@31# via photodiodesD3, D4 with partitioned beams
from the auxiliary laser beam. These beams are also use
align and mode-matchC0 to C2. However, the locking
beam has the same frequency and polarization as the d
converted signal field, creating an enormous background
eliminate the background, we alternate the periods of ca
locking and signal detection with a mechanical chopper.
cause of the rigid and compact structure ofC0 andC2, the
cavities remain locked even in the period when the lock
beam is blocked for signal detection. In the following, w
will describe some experiments based on the setup abov

A. Enhancement effect by cavity resonance

First, we examine the enhancement of parametric do
conversion due to cavity resonance. In this experiment,
will compare the signal levels in two situations: one w
cavity and the other without cavity. To make an accur
measurement of the signal, we place the detectors direct
the output of the OPO without going through the filter cav
C2. Interference filters are needed in front of the detect
@avalanche photodiodes~APD! D1, D2, EG&G SPCM-AQ-
121# to eliminate background light mainly from the pum
field.

For the situation with an enhancement cavity for dow
conversion, we register the count rate as well as the coi
dence rate as a function of the cavity length ofC0, as shown
in Fig. 2. A strong resonance effect is obvious. It should
noted that at the middle between the degeneratev0 peaks,
there is an extra resonance peak forv06Dvopo/2, so that
there are two peaks in one free spectral range of the O
cavity. At the highest peak, we obtain the calibrated co
rate Rresonance51.63107/sec at 1-mW pumping. The
smaller side peaks are higher-order transverse cavity m
excited by the imperfectly mode-matched pump. Their eff
is to have a smaller main peak than the case with per
mode matching. The two-photon nature of the source is
denced in the linear plot of the count rate against the coi
dence rate~Fig. 3!. The finesse of the OPO cavity is me
sured to beFopo5350 and the free spectral range of t
OPO cavity is calculated asDVopo59.8031010 rad/sec
from the effective cavity length ofLopo59.6 mm. So the
bandwidth of the OPO cavity isDvopo5DVopo /Fopo52.8
3108 rad/sec. However, as we discussed in Sec. III, with
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the filter cavityC2 this type of OPO will produce multiple
longitudinal modes withDVopo as the separation betwee
the modes. The number of modes that arrive at the detec
is determined by the ratio of the bandwidthDv IF of the
interference filter~see below! to mode spacingDVopo asN
513 ~see also later in the mode structure!. The signal rate for
the single mode is thenRcav i ty5Rresonance/N51.23106

/sec.
For the single-pass case, we measure the count rate

the output coupler removed. The calibrated result
Rsinglepass5105/sec at 1 mW. The bandwidth in this case
determined by that of the interference filter, which isDv IF
51.2931012 rad/sec (Dl50.5 nm!. Hence, the measure
enhancement factor isBexp55.53104. The theoretical pre-
diction from Eq.~9! gives Bth55.13104 for the measured
values ofF5350 andF05420, which agrees relatively wel
with the experimental result. The discrepancy may arise fr
the inaccurate measurement of cavity finesse, which will a
give rise to a less accurate estimate of the down-conver
bandwidth. The crude model for the single-pass case m
also contribute to the problem.

FIG. 2. Single-photon and coincidence counting rates as a fu
tion of the length of OPO cavity. The scan is over one free spec
range.

FIG. 3. Single-photon rate vs coincidence rate from the data
Fig. 2. The solid curve is a linear fit with a slope of 1.01 in log-lo
scale.
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B. Spectrum and mode structure

Because of the type-I scheme of parametric dow
conversion, there are many pairs of nondegenerate m
simultaneously on resonance, producing about the s
strength as the degenerate one. For the single-mode o
tion, we use the filter cavityC2 to eliminate the nondegen
erate modes. However, to ensure that the center frequen
the filter coincides with the degenerate mode, we need
check the spectrum of the OPO. This is done by scanning
filter cavity C2. On the one hand, in order to have a faith
measurement, the free spectral range~FSR! of C2 is nor-
mally wider than the full range of the OPO modes. Th
means that the cavity size ofC2 must be much shorter tha
that of the OPO cavity, which is already very short. On t
other hand, the role of the cavityC2 is to filter out the
nondegenerate modes and let the degenerate mode pass
is only necessary to set the bandwidth ofC2 wider than that
of the single mode of OPO. In the experiment, the initial s
of the standing-wave filter cavity is 3.35 mm, and the m
sured finesse of the cavity is 400, which gives the FSR ofC2
as DVC25pc/LC252.8131011 rad/sec and the bandwidt
of C2 asDvC257.023108 rad/sec.Dvopo52.83108 rad/
sec. As will be seen later, the size of the cavityC2 is varied
to change the passing bandwidth of the cavity. Because
range of the discrete longitudinal modes of the OPO is m
times of the FSR of the filter cavityDVC2, we expect them
to appear in one FSR with a different order number. In
experiment, we lock the OPO cavity to the laser frequen
and scan continuously the filter cavity length over arou
one free spectral range of the filter cavity. Figure 4~a! shows
a typical result from such a scan.

We can see that there are about 32 peaks in one FR
the filter cavity in Fig. 4~a!. But because the FSR of theC2
is not much larger than the range of the whole spectrum,
does not mean that there are 32 modes from OPO. In
following, we will make a simulation of the outcome from
the filter cavityC2 for the spectrum of OPO based on t
known sizes of the two cavities and compare it to the exp
mental result of Fig. 4~a!. In the experiment, the actual siz
of the filter cavity is 3.35 mm, while the effective length
OPO is estimated as 9.6 mm. So we have the free spe
range for the filter cavity and mode spacing for OPO lon
tudinal modes:

DVopo5pc/Lopo59.831010,

DVC25pc/LC252.8131011. ~35!

BecauseDVC2 /DVopo'2.9, only three OPO modes (v0 ,
v01DVopo , v012DVopo) will appear in one FSR of the
filter cavity if we only allow one order number. And if w
start with the degenerate mode ofv0, the other two will
increase by an equal step. All the other modes with hig
frequency will appear outside the FSR of the filter cavity
the same order number. But if we allow a different ord
number to appear as in experiment, the modes outside
FSR will show up inside the FSR with a lesser order num
of k5 int(mDVopo /DVC2) than the degenerate mode, whe
‘‘int’’ is the integer function that takes the integer part of
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number. So its position in the FSR will bemDVopo
2kDVC2. The strength of this mode is calculated by
Gaussian profile centered at the degenerate frequency,

f ~v01mDVopo!5 exp@2~mDVopo!
2/2s2#, ~36!

where the widths is obtained from the bandwidthDv IF of
the interference filter placed in front of the detector. We c
likewise find the position and strength of the mode with fr
quency less thanv0. Figure 4~b! shows the result of the
simulation. The structure coincides with that of Fig. 4~a!,
indicating that we have a correct understanding of the O
mode structure. It should be noted that the irregular size
the peaks in Fig. 4~a! is caused by unstable locking of th
OPO cavity and does not reflect the true height of the mod

C. Time interval distribution: Single mode and multimode

As the last part of the experiment, we examine the cor
lation property of the two down-converted photons by
rectly measuring the distribution of the time interval betwe
the arrivals of the two photons. Since the two photons
degenerate in both frequency and polarization, it is imp
sible to separate them completely. So we will use a be
splitter to divide half of the photon pairs while the other ha
will not be separated, and we lose 50% of the coinciden

FIG. 4. ~a! The spectrum of OPO output in one free spect
range of the filter cavityC2. The degenerate frequency~laser fre-
quency! is marked with an arrow.~b! Simulation of the spectrum o
OPO in one FSR ofC2.
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The two outputs from the beam splitter are detected by
APD detectors, which generate two electric pulses for in
to a time-to-digital converter~TDC, Lecroy 2228A!. The
TDC measures the time difference between the arrivals
the two photons. The resolution of the TDC is 50 ps. Ho
ever, the average resolution time of the APDs is about 0.5
which is measured from the distribution in Fig. 5 with
wide-band source of parametric down-conversion.~This is
done by taking out the output couplerM of the OPO and the
source has an estimated correlation time as 1/DV IF'1 ps.!
So we set the coincidence window for the TDC as 0.5 ns.
measure the coincidence as a function of the time inter
Figure 6 shows the result of the measurement without
filter cavity C2, which corresponds to the multimode cas
The solid curve is a weightedx2 fit to Eq. ~26! for the mul-
timode case. Thex2 is weighted on the measurement unc
tainty. The value of the weightedx2 per degree of freedom i
1.13, which is close to the ideal value of one, indicating
excellent fit. To obtain the single mode correlation functio
we use the filter cavityC2 to delete the nondegenera
modes. We vary the length of the cavity in order to chan
the passing bandwidth accordingly. Figure 7~a!–7~c! show
the distribution for three different lengths of the cavity: 3.3

FIG. 5. Electronic response of the detection system to a t
photon source with extremely short correlation time (,1 ps!.

FIG. 6. Time interval distribution for multimode OPO outpu
The solid curve is a weightedx2 fit to Eq. ~26!. The averagex2 per
data point is 1.13.
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20.17, and 41.50 mm, respectively. The solid curves ar
weightedx2 fit to Eq. ~32!. The values of the weightedx2

per degree of freedom are given in the figure caption.
seen, they are all close to one, indicating excellent fits.
cause the distribution in Eq.~32! is not a trivial function and
depends on two parameters, i.e., the bandwidths of OPO
the filter, it is not straightforward to define a correlation tim
In order to fully test the model in Eq.~32!, we plot in Fig. 8
the best fitted values of bandwidths for OPO and the fi
cavities, which somewhat represent the inverse of the co
lation time, against the directly measured values for all fo
distributions in Figs. 6 and 7. A relative good fit can be se

-

FIG. 7. Time interval distribution of filtered single-mode OP
output for various lengths of the filter cavityC2, ~a! 3.35 mm,~b!
20.17 mm,~c! 41.50 mm. The solid curves are a weightedx2 fit to
Eq. ~32!. The averagex2 per data are~a! 1.04; ~b! 1.14; ~c! 1.00.
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The errors are mainly from the crude measurement of
finesse of the cavities.

VI. CONCLUSION AND DISCUSSION

In this paper we have presented a successful impleme
tion of an active filtering scheme for the generation of t
narrow-band two-photon state. We have applied the quan
theory of the optical parametric oscillator to the regime
below threshold and have experimentally demonstrated

FIG. 8. Comparison of the best fitted parameters ofDvopo ,
DvC2 vs experimentally measured values. The solid circles co
spond to the filter cavityC2, the triangle is for OPO cavity from
single-mode data of Fig. 7, and the cross is for the OPO cavity f
the multimode data of Fig. 6.
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A.

.

03380
e

ta-

m
r
at

the signal rate is significantly enhanced and the bandwidt
substantially reduced due to optical resonance. The enha
ment factor per frequency mode is of the order of the squ
of the number of bounces of light before it goes outside
resonator. By operating the device far below threshold,
ensured the two-photon nature of the output state. The re
tion in the down-conversion bandwidth allows us to direc
measure the photon correlation function for the time inter
distribution between the arrivals of the two photons. T
excellent agreement between the experiment and the th
supports that the theory of OPO below threshold is ap
cable to the regime of far below threshold.

OPO with type-I phase matching produces two inse
rable down-converted photons. To obtain the two-pho
state with separated photons, we should use type-II ph
matching down-conversion because the two photons so
duced have orthogonal polarization and can be separate
a polarization beam splitter. As we have seen in Sec.
such a scheme will automatically achieve single-mode op
tion. But its implementation is harder than the type-I sche
because it involves simultaneous resonance of two polar
components. Nevertheless, a narrow-band two-photon so
will enable us to perform a number of quantum interferen
experiments involving independent fields for quantum inf
mation processing.
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