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Optical parametric oscillator far below threshold: Experiment versus theory
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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 numbd(s): 42.50.Dv, 03.65.Bz, 42.25.Hz

[. INTRODUCTION metric down-conversion process are mixed to create quan-
tum entanglement among them. Quantum entanglement is an
Because of its ability to produce a two-photon state that issential ingredient in quantum information science. Histori-
highly entangled in many degrees of freedom, the process afally, the first experiment on the interference between two
spontaneous parametric frequency down-conversion haadependent sources was performed by Magyar and Mandel
been thoroughly studied in recent years ever since the pidn 1963[15]. Since classical sources were used for the opti-
neering work by Burnham and Weinbeftj] and the more cal fields in that experiment, it does not have any practical
recent work by Fribergt al.[2] and Hong and Mand¢B]. It application in quantum information science other than serv-
has been widely applied to the demonstration of quantuning as a proof of principle. Later on, it was shown that the
nonlocality[4,5] and quantum interferend€—9], and more  bandwidth of the independent sources must be much smaller
recently to quantum information processifg0—12. The than that of the detectors in order to achieve high visibility in
technique of photon counting is applied in these experimentthe interference between independent stationary fields of any
to utilize the strong correlation between photons. The downkind [16]. On the one hand, most of the applications of the
converted light is produced in a single-pass fashion withsingle-pass spontaneous parametric down-conversion pro-
weak interaction to preserve the two-photon nature of thesess rely on the extremely short correlation timel( ps
state. Concurrent with the study of photon correlation is anbetween the two photons. On the other hand, due to an extra
other entirely different approach that utilizes the parametriddegree of freedom for the down-conversion prodéss fre-
down-conversion process for the generation of a squeezegiency components are produgetie only limitation on the
state of light with reduced quantum noigE3]. A complete  bandwidth comes from the phase matching condition, which
different detection scheme based on homodyne and/or hesets a loose constraint on the frequencies of down-converted
erodyne detection is used in this approach to characterizgehotons and gives rise to a wide bandwidth of a typical value
quantum noise in amplitudes. Because of the strong nonlinef 10 Hz. This is much wider than the response bandwidth
earity required for large noise reduction, the optical cavity isof the fastest photodetector availabligpically 10° Hz).
often used to form an optical parametric oscillafoPO so  Thus single-pass spontaneous parametric down-conversion
that the down-converted fields pass the nonlinear mediummannot be used in quantum interference between independent
numerous times and the device is operated near or abows®urces without modification. In order to reduce the band-
threshold. This leads to a different formalism in the theoretwidth, we may either use a narrow band-pass f{liéf] or a
ical treatment. For the single-pass case, the interaction ismall pinholg18]. For the reduction of the bandwidth to the
weak and the perturbation approach is used, resulting in aub-GHz level(to match the bandwidth of the detectprs
correlated two-photon state while for the OPO, an exact soboth methods, when applied, will significantly decrease the
lution of the equation of motion has to be obtained. Superfiflux of the photon pairs because the photon number is pro-
cially, there seems to be no connection between these twgortional to the bandwidtlior number of modesowing to
approaches, which investigate two totally different aspects othe spontaneous nature of the process.
the parametric down-conversion process, i.e., photon corre- It should be mentioned that the bandwidth requirement
lation (particle aspeg¢tand amplitude correlatiofwave as- discussed above is strictly for c{stationary fields. So in
pects. But they are essentially based on one common trait ofackling the bandwidth problem, Rarigt al. and Zukowski
the process, that is, the quantum correlation between the twet al. [19] proposed a scheme that utilizes a pul$ednsta-
conjugate fields. Shapiro and Sun made a successful attemdnary) field to provide a well-defined temporal mode for
to establish the link between these two approadhds interference. The variations of the proposed schemes were
Recently, there has been renewed interest in the interfesuccessfully implemented, but rather low visibility was ob-
ence between independent sources, mainly for the applicaerved in these demonstratidid®,11. More detailed analy-
tions in quantum information processin@0,11]. In these sis[20] shows that the low visibility is due to intrinsic im-
applications, two or more independent fields from the paraproper temporal mode matching for pulsed fields and that
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narrow band-pasgassive filters are needed to improve the above threshold as a classical coherent source. It was later
mode matching for high visibility. But as we discussed ear-shown that when operated under threshold, OPO becomes a
lier, the consequence of passive filtering is a substantial reguantum device and can generate squeezed states of light
duction of the signal level in these experiments. [25,26], and when operated above but near threshold it pro-
The signal reduction problem can be solved by combiningduces correlated twin-photon fieli87]. For large quantum
the two approaches in the study of the parametric downeffects, the device has to be operated close to threshold. So
conversion process mentioned in the beginning. It is knowrfar the quantum theory of OPO has been tested well against
that OPO produces narrow-band fields due to the resonanexperiment in these regimes. However, for the regime of far
condition embedded in optical cavity. That is why homodynebelow threshold, there has been neither experimental nor the-
and/or heterodyne detection is possible even though suchaetical investigations. In this regime, we should expect
detection scheme involves interference between independestimulated emission to be negligible compared to spontane-
fields of quantum source and strong local oscilldtmherent ous emission and the result is a simple two-photon state
field). However, for the generation of the narrow-band two-similar to the single-pass case. A number of versions of the
photon state, the device cannot be operated near threshajgiantum theory of OPO exist with an emphasis on the re-
because the stimulated process will overwhelm the spontangime close to but under threshdl@6,2g. A close examina-
ous process and produce a photon state with a higher numbon leads us to believe that they should apply equally well to
(more than two besides the two-photon state. To reduce thehe regime far below threshold. As shown by Collett and
stimulated process to a negligible level, the device has to b&ardiner[26], the output operator of a degenerate OPO on
operated far below threshold. This regime of operation ofresonance is related to the input as folldugs). (46) of Ref.
OPO has never been explored before. The effect of cavity of26]]:
the spontaneous two-photon process is quite similar to the
cavity QED effect on atomic emissidiel,2d. The cavity  Aoul @ot ©)=G1(w)ain(wo+ w) +gi(w)aj(we— o)
will enhance some of the down-conversion modes selected
by the cavity resonance and in the meanwhile inhibit other
nonresonant modes. So contrary to the passive filtering 1)
scheme with the filter placed after the light is generated, this
scheme of active filtering with the source inside the filter will With
reduce the bandwidth without sacrificing the signal level.

+Gy(w)bjn(wo+ )+ ga( )bl (wo— w),

In this paper we will discuss a specific scheme of active . (,,)= M 9y(@)= L
filtering for reducing the bandwidth of the down-conversion. Y1t 7y~ 2w’ (Y1t 72— 2iw)*’
Quite different from the single-pass case, light passes
through the nonlinear medium many times, thus equivalently 2\y1y2 4eNy1Yo

@

lengthening the interaction distance. We will demonstrate GZ(w):—yl-l—yz—Ziw’ gz(w):—( oy 2iw)?
that by making both down-conversion components resonant nTy2

with the cavity (double resonanggthe interaction length i ere ¢ s the single-pass parametric amplitude gain and is
effectively increased by times with 7 being the finesse of ,.q5ortional to the pump amplitude and the nonlinear coef-
the cavity or equivalently the number of round trips in theficient. In Eq.(2) we have dropped thie|? term in the de-
cavity for the photons before they are coupled out. The enpominator because the OPO is operated far below threshold

hancement can be thought of as the result from a construgg, that|€|<7y,,7,. w is the degenerate frequency of the

tive two-photon interference. To ensure production of only a :
two-photon state, the pump power has to be carefully CoinO.bin represents the unwanted vacuum mode coupled-in

trolled to operate at a relatively low level so that the stimu-due to losses in the syster,, ¥, are the coupling constants

lated process can be neglected. The outline of the paper is &decay constantdor a;, andb;, , respectively.

follows: We will start in Sec. Il with a general theory of an  First, let us look at the enhancement effect in the down-
optical parametric oscillator below threshold. Then in Secconversion due to resonance. For this, we calculate from Eq.
Il we discuss the mode structure for the device and thdl) the spectrum of the fiel§(w) defined by

method for single-mode operation. We will study the time

correlation between the two photons generated in OPO for
both multimode and single-mode operation in Sec. IV. SeCThe result is
tion V will be devoted to experimental verification of the

theoretical results in Secs. II-IV. We conclude the paper in 16/ €| 2y1(y1+ 72)

(al W wo+ ®)agu Wt ©))=S(w)d(w—w'). (3

Section VI. Preliminary results in this paper have been pub-  S(w)=|g1(®)|?+|g,(w)|?= > 5. (4)
lished in Ref [23]. [(ya+y2)"+407]
The rate of down-conversion can be calculated as
Il. GENERAL THEORY OF OPO 1
() (+) -
The optical parametric oscillator as the first nonlinear op- Rcav'ty_<Eout(t)E0ut(t)>_zwf doS(w), ®)

tical device was originally constructed as a tunable source
for spectroscopic applicatidr24] and is usually operated far where
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. " 1 " . 27TNOC
E(+)(t):[E()(t)]T:Ef dwa(w)e*'“ﬂ_ (6) wozm or [|+n(a)0)d]w0=27TN0C, (10)
for the degenerate frequenay. HereNg is some integerd
From Eq.(4), we have is the length of the nonlinear crystal providing parametric
1 (= 16/e]2y1(y1+ 72) mte_ractlon,n(wo) is _the index of refraction, andi is the
Reai =—J ® =|r|2F2 mAtFy, cavity length excluding the crystal. Here we ignore other
cavity 27 ) . [(71+ ’}’2)2+ 4w2]2 | | 0

extra phase shifts that may occur at the surface of mirrors.
@) Because of the degeneracy in the frequency, the double reso-
where r=eAt is the single-pass gain parameter with nance is automatically satisfied.
. ; - On the other hand, because of the finite linewidth of each

At as the round-rip time, andF=2w/(y1+¥)At o mode, some other pairs of down-conversion fields

:sﬁlA;:?hwopo |st;che f:cnbesse of thfel_ca;]\?tgvv]tuch 'ItSI of the {hlith nondegenerate frequencies@f = wo* MA L5, may
order of the number of bounces of light betore it leaves the, g, satisfy the double resonance approximately to within the
cavity) and can be measured directly. HeY&,,,= y1+ 72

. . linewidth, with AQ,,,=mc/Ly,, as the frequency spacing
corresponds to the bandwidth of the OPO cavitF, he lonaitudinal modée. =1 + 2is th
=27/vy,At is the same quantity without the losg,=0). between the longitudinal modeSope=[1 +n(wo)d]/2 is the

. ) .. effective size of a standing-wave OPO cayitfhe condi-
To find the enhancement factor, we need the signal rate wit jons for the double resonance of these nondegenerate mode

out the cavity. In the single-pass case, we simply hav%\re
01(w)=r7n(w) andg,=0. Here n(w) is the gain spectrum

of single-pass spontaneous down-conversion determined by [1+n(wo+MAQn0)d](wo+ MAQ,,)

a phase-matching condition with normalizatig@f0)=1. In

the experiment, we usually have an interference filtey in =[27(No+m)+ 4, ]c,

front of the detector. The bandwidthw, of IF is normally

smaller than that of down-conversion so thgw)~1 for [14n(@we=mAQqpe)d](wo—mMALG,0)

within Aw,r and is zero forew outsideAw,r. Hence, the —[27(Ng—m)+5_]c, (11)

signal rate without the cavity is
) withm=1,2,... andd, _|<w/F. Herew/Fis the equiva-
Rsinglepass |1 |*Awg/2m, (8  lent phase shift corresponding to the half linewidth of the
cavity mode. Sd6,. _|<m/Fis the condition for resonance.
The question is how larga is, which determines the number
of modes that are in approximately double resonance. Obvi-

=F3lmwF,, (99  ously, we have

|6, =6 |<|8.|+]|o-|<2mlF. (12

and the average enhancement factor per mode is

RresonancJAwopo

B=
RsinglepasJAwlF

or roughly the square of the number of bounces of light
before it leaves the cavity, consistent with the two-photonThis provides a constraint an. Adding and subtracting Eq.
nature of parametric down-conversion. The square law is &411) and using Eq(12), we obtain

result of two-photon constructive interference. The loss of
the system will reduce the effect by a factor BfF,.

AQqpe<2mcl Fd[2n" + 1" g (13

and
I1l. MODE STRUCTURE

m~(l+ngd+n"wed)AQ,/27cC. 14
It is known that the optical cavity allows simultaneous (I+ng wod)AQopd/2m 4

resonance of a number of frequencilmgitudinal modes of Hereny=n(w,), n’=dn/dw, andn”=4’n/dw?. Combining
the cavity. The double resonance condition for parametricggs.(13) and(14), we have
down-conversion will reduce the number. But depending on

whether it is a type-l or -Il down-conversion process, we (I+ngd+n"wed)
may still have more than one frequency mode simulta- m= 2mcHA2n +n"w |'
neously on resonance in the cavity. Even for a single mode 0

of the cavity, the field still has multifrequency componentsfor a crystal of KNbQ@ of 4 mm length and a monolithic

(15

with a bandwidth ofA wgp,. standing-wave cavity, we hava~ 26, i.e., about 20 pairs of
down-conversion frequencies are on resonance with the cav-
A. Type-I down-conversion ity.

The two highly correlated fields have the same polariza-
tion in type-l parametric down-conversion. For studying the
interference effect, it is preferable to make them equal in Two orthogonally polarized subharmonic fields are gener-
frequency. This corresponds to degenerate parametric dowated in type-1l parametric down-conversion. Because of the
conversion. The resonance condition requires that birefringence in nonlinear crystals, indices of refraction for

B. Type-Il down-conversion
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the two fields are not same even at degenerate frequency. D. Filtered OPO
The condition for double resonance is even more restricted The existence of the nondegenerate modes of the OPO

than the type- case. Assuming we have double resonance @y not influence the homodyne detection in amplitude mea-

degenerate frequency surement because the beat frequency is usually larger than
(14 n,d)wg=27N;c, (I+n,d)wg=27N,c  (16) the elec_tronic bandwidth of the _detector and is filtered out
' electronically. For photons counting, however, all photon ar-
riving in the detectors will produce a count indiscriminately.
Thus we must eliminate the nondegenerate modes by filter-
ing. In the absence of the intracavity frequency-selective el-
(1+n,d) (wo+ Aw)=2m(N,+ANj,)c, ements_, a passive fiIFer ;uch as FabryePeavity is needed
to get rid of the longitudinal modes. Transverse modes usu-

(N;#N,), then the double resonance condition for the
type-ll case is

ally have a different frequency so that they are eliminated

(I nad)(wo=Aw)=2m(No+ AN;)C. (€7 automatically if the cavity is tuned to the main Tijnode.
. B _ With the filter cavity, however, the spectrum will be altered
Ny are integers anfAN, —AN,|=1.23 .. .. so wehave and so will the correlation properties. The output field
Aw=2m¢(AN;— AN,)/(ny—n,)d. (18) through the filter is given ag26]

. . Cout( o1 @) =R(w)Cin(wo+ @) + T(w)dip(wo+ ),
However, the type-ll parametric down-conversion has a (22)

bandwidth of

with
AwpDC% 7TC/|n1_n2|d, (19)
K1— Kyt 2iw 2K K>
derived from the phase-matching condition R(w)= PRI T(w):m- (23)

Here k; and x, describe the decay rates for the mirrors of
the filter cavity. With the boundary conditiah,=a,,; and
the assumption that;, is in the vacuum field, we can calcu-

d
|Ak|d= E|2w0n0—(w0+Aw)n1—(wo—Aw)n2|

_ gAw|n1—nz| I;aste the spectrum of the field going through the filter cavity
= (20 Src(@)=[T(0)[[|g1(@)[*+]g2(w)[]
where we assume that phase matching is achieved at degen- 4KqKy 16|e|271( Y1+ v2)

erate frequency (2,=n;+n,). SoAw in Eq. (18) lies out- (24)
side the bandwidth of down-conversion for nondegenerate
froquency and thus achiove the single-mode. operation (UNEe Y172 a0 k.-, are the bandwidths of the OPO
tvoe-1l down-conversion cavity and the filter cavity, respectively. I_:rom the spectrum
yp ) function of Eq.(24) we see that the bandwidth of the fields is
narrowed further. If the bandwidth of the filter cavity is

C. Multimode OPO much smaller than that of the OPO cavity, i.@;+ v,>

In our experiment, the type-1 scheme is used, so that theré 2, then the total bandwidth will be mainly determined by
are numerous nondegenerate Conjugate pairs of dowﬁhe bandwidth of the filter cavity. On the other hand, if the
conversion on resonance together with the degenerate paffandwidth of the filter cavity is much larger than that of the
These nondegenerate pairs will be located in the spectrum dAPO cavity, the filter cavity just seems as if it were not there.
the two sides of the degenerate pair with a spacing ofAs for the correlation function between the fields, we will
AQ,p,, the free spectral range of the OPO cavity, and havéee later that it is also changed.
about the same strength as the degenerate one. For the non-
degenerate modes, the conjugate paire. 4= wg IV. DISTRIBUTION OF THE TIME INTERVAL BETWEEN
=+ mAQopo) are correlated and related @%] THE TWO DOWN-CONVERTED PHOTONS

(k)2 A2 [(y1+ y2) 2+ Aw?]?]

oui OmT ®) =G 1(0)ajn(0m T ®) + i) al(0_n— o) A. Ideal single-mode case
One of the quantities to characterize the two-photon state
is the correlation time between the two down-converted pho-
(21)  tons. Attempts were made to measure it, but only the upper
limit was given because the detectors available are not able
So the correlation in OPO is pairwise and the pairs are onlyo resolve the extremely short correlation tifie2]. It was
connected through the pump field and are basically indepershown[3] that the correlation time is inversely proportional
dent of each other. to the bandwidth of the detected down-converted fields. This

+ Gy @)bin(wmt ©)+ga(@)b] (0= o).
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was indirectly confirmed by the interference metid] and
the autocorrelation methd@9]. With the bandwidth signifi-

cantly narrowed in an OPO, we should be able to resolve theF/ 7,. But we still haveR:*R.,,ity . not R2

PHYSICAL REVIEW A62 033804

the same as the single-photon rate, which is the signature of
a two-photon state. The loss reduces the photon pairs by

cavity » Which is

correlation and make a direct measurement. Let us first cafor accidental coincidence rate. If we define the correlation
culate the correlation time from the theory of OPO for thetime T, between the two photons as the FWHH of the dis-

single-mode case.

To find the correlation time between the two down-
converted photons, we calculate the intensity correlation

function defined as

r@2(7)=(EOME (t+nEN (t+nEC(1)).

(29

From Egs.(1), (2), (6), and(25) with some calculation, we
find that

re 2)(

= f[Gl(a»gl(w)

2
+Go(w)go(w)]e™“dw

=] €|2(f/f0)28—\7\(71+ 72), (26)

where we dropped terms of higher order|ef? in Eq. (26)
becausd €| < y;+ v,. Note that from Eq.25), the overall
coincidence rate is calculated as

© e 4
R.= B r (T)dT:Rcauity?O- (27)

tribution in Eq.(26), thenT, is given as

T.=1.39y1+ y2)= 1.39A wopo. (28)

So, exactly the same as the single-pass £akdhe correla-
tion time in the active filtering scheme is inversely propor-
tional to the bandwidth of down-conversion.

B. Multimode case

The above analysis is for a single-mode OPO. In the mul-
timode situation, there are a number of modes separated by
the free spectral ranga(},,, of the OPO cavity. Assume
2N+ 1 of them exist, so the bandwidth of the fields is of the
order of 2NAQOp0 In our experlment&QOpo is about 1&°
Hz andN is about 10, so the bandwidth is of the ordet10
Hz which is much larger than the bandwidth of the detectors
(10° Hz), and the correlation time is too small to resolve.
What is measured will be an average over the detection time
and the time interval distribution would simply be that of the
electronic response function of the detection system as in
Ref.[2] (see also Fig. 5 for a wide band sourddowever, as
will be seen in Sec. V, the distribution is very much similar
to the single-mode case in E®6).

To understand this, let us calculate the correlation func-
tion for the multimode case, assumihgpairs of nondegen-

with Rca,ity given from Eq.(7). If there were no loss, we erate modes plus the degenerate mode. Similar to(Z),
would haveR;=R.,,ity » i.€., the two-photon rate is exactly we have

N
Er?uzl)( )—%‘mE—N f dw[Gl(w+mAQopo)gl(w+mAQopo)

2

+Go(w+MAQGp0) g @+ MAQ ) e (@ MAopd ™

N

r :(;?nzg)l o7

=ri

2 eimAQOPOT
m=—N

SiN(2N+1)AQ 0772/

2

smgle T

SIN(AQ 4por) /2

whereI fz 1«(7) is the intensity correlation function of the the detectors. Therefore, we will not be able to observe this
single mode given in Eq26). As expected, the correlation phenomenon. But it will be reflected in the observed corre-

function is zero if (N+1)AQ,,,7~1 and the correlation
time is of orderr,~1/(2N+1)AQ,,,. However, the corre-
lation function will revive atAQ,,,7=2M7(M=1,2, . ..),

but eventually will vanish af ;. The revival of the correla-

tion function is due to the discrete nature of the spectrum. Tr

The revival timer, (=2m/AQqp,~101%5) as well as the

lation function which is an average of EQR9) over the
resolving timeTg of the detectors,

e 2)( 7) __

obs

re 2)(7' )dr'.

muI

(30

T—TRr/2

(2.2)

correlation timer; is much shorter than the resolving time of On the one hand, becau3g>Tg, I'siigi(7') is approxi-
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mately equal td"$;2)(7) in Eq. (30) and can be taken out- Ti:Sapphire

side the integral. On the other hand, becaus$g
>1/AQqp0, the integral will average out the terms with
eM 0™ after the expansion of the absolute value in Eq. 4
(29). Hence we have

Ar Ion Laser

r&2(r)=(2N+1)r&2 (7). (3D)

So in the multimode case, the measured time interval distri-

bution is not the response of the detection system but has
exactly the same form as that of the single-mode case, and is
2N+1 times larger.

Pump

C. Filtered case

With a passive cavity to filter the non-degenerate modes,
the degenerate mode is also modified. From E§5.(23), S
and(25) with some calculation, we can find that ¢ Chopper locking beam

e hoc2 o= mwopo/2|2 \")Eg PB

2 (7)o _ , (32 auxiliary beam
filtered A‘UCZ Awopo | {Wr j|>

where Awcy= K1+ k, and Awgpe=y1+ v, are the band- FR co PB D3
widths of the filter and OPO cavities, respectively. With the g 1 schematic diagram of the experiment setup. EOM:
filter cavity, the relationship between the correlation timegjectro-optic phase modulator for the rf sideband creation; IF: in-
and the bandwidth of the output field is no longer a simpleerference filterD1, D2: avalanche photodetectofaPD); TDC:
relationship of inverse proportion, but a complex one. Folime-to-digital converterD3, D4: fast photodetectors for cavity
the following two extreme cases we can make a good aprocking; PB: polarization beamsplitter; FR: Faraday rotator for iso-
proximation and obtain simpler relations between the bandiation; C0: OPO cavity;C1: mode matching cavity for the pump
width and the correlation time. field; C2: filter cavity.

(1) k1t k2> y1+ ¥2

end with a flat surface. The curved side is optically coated so
Te=1.3%Uy1+ 72) =1.39A wgpo- (33 thatit is highly reflective at 855 nmR>99.99%). The flat
face is antireflection coated for both 855 and 427 nm. The
flat output mirrorM has a measured transmissivity of 1.5% at
55 nm and is placed close{with a 0.5-mm gapto the flat
de of the crystal. The flat mirror is mounted on a piezoelec-
tric transducer so that the OPO cavity length can be con-
trolled electronically for tuning onto resonance with the laser
_ _ frequency. Such a compact design is intended for an opti-
Te=2In2luyt xp) =130 wey. 39 mum bandwidth of down-conversion taking into consider-
In this case, the filter cavity not only eliminates the longitu- ation both signal level and bandwidth as well as the stability
dinal modes, but also cuts the effective bandwidth to that oPf the OPO system. Both the curved side of the crystal and
its own. Such a filter has a significant effect on the correlathe flat output coupler have a relatively high transmission
tion time, which is again inversely proportional to the band-(T>80%) for 427 nm so that the pump field interacts only

In this case, the effect of the filter cavity is just to eliminate

those nondegenerate longitudinal modes, but do nothing f

the degenerate mode. The effective bandwidth is not altere

by such a filter. We have the single-mode case.
(2) k1t Ka<y1t 72,

width of the detected fields. once with the nonlinear medium. This eliminates complica-
tions involved in resonating the cavity at two wavelengths
V. EXPERIMENT (855 nm and 427 nijn However, this creates a problem for

the mode match of the pump field to the TEMinode of the

The schematic diagram of the experiment is shown in FigOPO cavity. Such a mode match is important not only be-
1. An Ar-ion-laser-pumped single-mode cw Ti:sapphire lasercause it can increase the pump efficiency but also because it
operating at around 855 nm is the primary source for thecan inhibit the excitation of the complicated transverse spa-
experiment. A 5-mm-long KbN@crystal is placed at the tial modes of the OPO. The mode match is done by matching
waist inside the laser for intracavity frequency doubling. Theboth the harmonic pump field from the laser and the har-
harmonic field at 427 nm from the frequency doubling inter-monic field from the OPO cavity to the auxiliary caviga,
acts with the OPO cavity for frequency down-conversion. Itsimultaneously. To generate the harmonic field from the
has a typical power of 5 mW and is mode matched to arOPO cavity, we inject into the cavity for frequency doubling
auxiliary cavity C1. The semimonolithic OPO cavitZ0 (the reverse process of down-conversianith an auxiliary
consists of a flat mirro(M) and a 4-mm-long KbN@crystal  beam that is a small portion of the laser outfi3@].
polished at one end with a 7-mm curvature and at the other The theory presented earlier is for a single-mode OPO
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resonant at degenerate frequency. In the experiment, because ¢ o000

the two down-converted fields have the same polarizationin 2 | @ < o+ Aope/2 < g
the type-I scheme, there are numerous nondegenerate conju- <

gate pairs of down-conversion on resonance simultaneously ‘g 400

with the degenerate pair. The nondegenerate paisg ( § 20000

*mAQ,,,, Mis an integer will be located in the spectrum v JL N JL JL
on the two sides of the degenerate paip) with a spacing i ' -

of AQ,p,, the free spectral range of the OPO cavity, and g 1o

have about the same strength as the degenerate one. So a 5 *®

passive filter is needed to further eliminate them. This is < 600

done with another cavit€2 which has a bandwidth larger g 0

than that of the single-mode down-conversion. The reso- & 07 Jk " k JL
nance condition is achieved by lockirg0 andC2 to the 2 0 100 200 300 ’:0‘0
laser frequencywhich is also the degenerate frequeney © Cavity Length (arb.units)

of the down-conversionby the Pond-Drever rf sideband
method[31] via photodiode® 3, D4 with partitioned beams FIG. 2. Single-photon and coincidence counting rates as a func-
from the auxiliary laser beam. These beams are also used tion of the length of OPO cavity. The scan is over one free spectral
align and mode-matctCO to C2. However, the locking range.
beam has the same frequency and polarization as the down-
converted signal field, creating an enormous background. Tghe filter cavityC2 this type of OPO will produce multiple
eliminate the background, we alternate the periods of cavityongitudinal modes withAQ,,,, as the separation between
locking and signal detection with a mechanical chopper. Bethe modes. The number of modes that arrive at the detectors
cause of the rigid and compact structureGff andC2, the s determined by the ratio of the bandwidftw,- of the
CaVitieS I’emain |OCked even in the period When the |0Ckingnterference fi|ter(see be'tho mode Spacin@ﬂopo asN
beam is blocked for Signal detection. In the fO”OWing, we — 13 (See also later in the mode struct)nf'éhe Signal rate for
will describe some experiments based on the setup above.the single mode is therReaity = Rresonancd N=1.2X 10P
/sec.

For the single-pass case, we measure the count rate with
the output coupler removed. The calibrated result is

First, we examine the enhancement of parametric downRSmglepaSS: 10°/sec at 1 mW. The bandwidth in this case is
conversion due to CaVity resonance. In this eXperiment, Wgetermined by that of the interference f“ter, WhiChAiﬁ)”:
will compare the signal levels in two situations: one with — 1 29x 10'2 rad/sec AN=0.5 nm. Hence, the measured
cavity and the other without cavity. To make an accurat€sphancement factor B yp=5.5% 10*. The theoretical pre-
measurement of the signal, we place the detectors directly iction from Eq.(9) gives By,=5.1x 10" for the measured
the output of the O_PO without going _through the filter cavity \,g)yes of =350 andZ, =420, which agrees relatively well
C2. Interference fl!ters are needed in front of the detectorgyith the experimental result. The discrepancy may arise from
[avalanche photodiodd&\PD) D1, D2, EG&G SPCM-AQ-  the inaccurate measurement of cavity finesse, which will also
121] to eliminate background light mainly from the pump give rise to a less accurate estimate of the down-conversion

field. o ) _ bandwidth. The crude model for the single-pass case may
For the situation with an enhancement cavity for down-gi5o contribute to the problem.

conversion, we register the count rate as well as the coinci-
dence rate as a function of the cavity lengthGdf, as shown

in Fig. 2. A strong resonance effect is obvious. It should be
noted that at the middle between the degenetgigeaks,
there is an extra resonance peak fy+ Aw,,/2, so that
there are two peaks in one free spectral range of the OPO
cavity. At the highest peak, we obtain the calibrated count
rate Riesonance1.6X107/sec at 1-mW pumping. The
smaller side peaks are higher-order transverse cavity modes
excited by the imperfectly mode-matched pump. Their effect
is to have a smaller main peak than the case with perfect
mode matching. The two-photon nature of the source is evi-
denced in the linear plot of the count rate against the coinci-

A. Enhancement effect by cavity resonance

100000

10000

Single Photon Counts in 0.1 sec.

dence ratgFig. 3. The finesse of the OPO cavity is mea- 10 - o

sured to beF,,,=350 and the free spectral range of the o .

OPO cavity is calculated adQ,,,=9.80x10" rad/sec Coincidence Counts in 0.1 sec.

from the effective cavity length of,,,=9.6 mm. So the FIG. 3. Single-photon rate vs coincidence rate from the data in

bandwidth of the OPO cavity i& w,p0=AQ 6,0/ Fopo=2.8  Fig. 2. The solid curve is a linear fit with a slope of 1.01 in log-log
X 10° rad/sec. However, as we discussed in Sec. Ill, withouscale.

033804-7



Y.J.LUAND Z. Y. OU PHYSICAL REVIEW A 62 033804

B. Spectrum and mode structure 3500 F T UMMM T

Because of the type-l scheme of parametric down- 0000 @ |—— One Free Spectral Range ——]
conversion, there are many pairs of nondegenerate modes TR
simultaneously on resonance, producing about the same
strength as the degenerate one. For the single-mode opera-
tion, we use the filter cavit2 to eliminate the nondegen-
erate modes. However, to ensure that the center frequency of
the filter coincides with the degenerate mode, we need to
check the spectrum of the OPO. This is done by scanning the v :
filter cavity C2. On the one hand, in order to have a faithful 5000 |
measurement, the free spectral rarl§&R of C2 is nor- i ALY
mally wider than the full range of the OPO modes. This 0 50 100 150 200 250 300 350
means that the cavity size @2 must be much shorter than Filter Cavity Length (arb.units)
that of the OPO cavity, which is already very short. On the
other hand, the role of the cavitg€2 is to filter out the
nondegenerate modes and let the degenerate mode pass. So it _(b) ) ) i
is only necessary to set the bandwidthG## wider than that - I I .
of the single mode of OPO. In the experiment, the initial size
of the standing-wave filter cavity is 3.35 mm, and the mea-
sured finesse of the cavity is 400, which gives the FSRf
as AQ¢,=mc/Lc,=2.81xX 10" rad/sec and the bandwidth
of C2 asAwcy=7.02x< 10 rad/sec> A w,po=2.8x 10P rad/
sec. As will be seen later, the size of the ca\@® is varied
to change the passing bandwidth of the cavity. Because the 02 1 U H n H ]

| Hﬂ Unﬂ I
5 2.

25000 F o .
20,000 F l .

15,000 F

Signal Count in 0.1 sec

08 H I g
06 - W i

04 b -

Relative Transmission

range of the discrete longitudinal modes of the OPO is many

times of the FSR of the filter cavitx{)c,, we expect them o 0 1s 20

to appear in one FSR with a different order number. In the

experiment, we lock the OPO cavity to the laser frequency

and scan continuously the filter cavity length over around F|G. 4. (a) The spectrum of OPO output in one free spectral

one free spectral range of the filter cavity. Figut@)4hows  range of the filter cavityC2. The degenerate frequendgser fre-

a typical result from such a scan. guency is marked with an arrow(b) Simulation of the spectrum of
We can see that there are about 32 peaks in one FRS PO in one FSR o€2.

the filter cavity in Fig. 4a). But because the FSR of ti@&2

is not much larger than the range of the whole spectrum, thisumber. So its position in the FSR will benAQ,,,

does not mean that there are 32 modes from OPO. In the kAQ,. The strength of this mode is calculated by a

following, we will make a simulation of the outcome from Gaussian profile centered at the degenerate frequency,

the filter cavityC2 for the spectrum of OPO based on the

known sizes of the two cavities and compare it to the experi- flwo+mAQ )= exd — (mAQopo)Z/Za'Z], (36

mental result of Fig. @4). In the experiment, the actual size

of the filter cavity is 3.35 mm, while the effective length of where the widtho is obtained from the bandwidth w,r of

OPO is estimated as 9.6 mm. So we have the free spectreie interference filter placed in front of the detector. We can

range for the filter cavity and mode spacing for OPO longi-likewise find the position and strength of the mode with fre-

tudinal modes: quency less thamw,. Figure 4b) shows the result of the

simulation. The structure coincides with that of Figa4

indicating that we have a correct understanding of the OPO

N mode structure. It should be noted that the irregular size of

AQcy=mc/Lcp=2.81X 101 (35 the peaks in Fig. @) is caused by unstable locking of the

OPO cavity and does not reflect the true height of the modes.
BecauseAQ ¢, /AQ,0~2.9, only three OPO modeswg,

0ot AQqpe, wot2A0,,,) Will appear in one FSR of the
filter cavity if we only allow one order number. And if we
start with the degenerate mode 6f, the other two will As the last part of the experiment, we examine the corre-
increase by an equal step. All the other modes with highelation property of the two down-converted photons by di-

frequency will appear outside the FSR of the filter cavity forrectly measuring the distribution of the time interval between
the same order number. But if we allow a different orderthe arrivals of the two photons. Since the two photons are
number to appear as in experiment, the modes outside thdegenerate in both frequency and polarization, it is impos-
FSR will show up inside the FSR with a lesser order numbesible to separate them completely. So we will use a beam
of k=int(mAQ,,,/AL ;) than the degenerate mode, wheresplitter to divide half of the photon pairs while the other half

“int” is the integer function that takes the integer part of a will not be separated, and we lose 50% of the coincidence.

-t v
1.0 1.5 2.0 5 3.0

Filter Cavity Length (arb.units)

AQgpo= C/Lgpo=9.8X 10",

C. Time interval distribution: Single mode and multimode
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Coincidence in 5 min.

Time Delay (ns)

FIG. 5. Electronic response of the detection system to a two-
photon source with extremely short correlation timel( ps.

The two outputs from the beam splitter are detected by two
APD detectors, which generate two electric pulses for input
to a time-to-digital convertefTDC, Lecroy 2228A. The
TDC measures the time difference between the arrivals of
the two photons. The resolution of the TDC is 50 ps. How-
ever, the average resolution time of the APDs is about 0.5 ns,
which is measured from the distribution in Fig. 5 with a
wide-band source of parametric down-conversifrhis is
done by taking out the output coupler of the OPO and the
source has an estimated correlation time as(lf~1 ps)

So we set the coincidence window for the TDC as 0.5 ns. We
measure the coincidence as a function of the time interval.
Figure 6 shows the result of the measurement without the
filter cavity C2, which corresponds to the multimode case.
The solid curve is a weighteg? fit to Eq. (26) for the mul-
timode case. Thg? is weighted on the measurement uncer-
tainty. The value of the weightegf per degree of freedom is
1.13, which is close to the ideal value of one, indicating an
excellent fit. To obtain the single mode correlation function,
we use the filter cavityC2 to delete the nondegenerate
modes. We vary the length of the cavity in order to change
the passing bandwidth accordingly. Figure)#7(c) show

the distribution for three different lengths of the cavity: 3.35,

3000

2500

2000

1500

Coincidence (arb.units)

50

Time Delay (ns)

FIG. 6. Time interval distribution for multimode OPO output.
The solid curve is a weighteg? fit to Eq. (26). The average? per
data point is 1.13.
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1600

1200

800

Coincidence (arb.units)

1500

1000

Coincidence (arb.units)

500 ]
60 80
Time Delay (ns)

1800 [ "]
1600 ]
1400
1200
1000 |

800

Coincidence (arb.units)

600

200

60 80
Time Delay (ns)

FIG. 7. Time interval distribution of filtered single-mode OPO

output for various lengths of the filter caviy2, (a) 3.35 mm,(b)
20.17 mm,(c) 41.50 mm. The solid curves are a weighpedfit to
Eq. (32). The average? per data aréa) 1.04;(b) 1.14;(c) 1.00.

20.17, and 41.50 mm, respectively. The solid curves are a
weightedy? fit to Eq. (32). The values of the weighteg?

per degree of freedom are given in the figure caption. As
seen, they are all close to one, indicating excellent fits. Be-
cause the distribution in E@32) is not a trivial function and
depends on two parameters, i.e., the bandwidths of OPO and
the filter, it is not straightforward to define a correlation time.
In order to fully test the model in E¢32), we plot in Fig. 8

the best fitted values of bandwidths for OPO and the filter
cavities, which somewhat represent the inverse of the corre-
lation time, against the directly measured values for all four
distributions in Figs. 6 and 7. A relative good fit can be seen.
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08 ; g - the signal rate is significantly enhanced and the bandwidth is
substantially reduced due to optical resonance. The enhance-
ment factor per frequency mode is of the order of the square
061 ] of the number of bounces of light before it goes outside the
resonator. By operating the device far below threshold, we
ensured the two-photon nature of the output state. The reduc-

Best Fitted Bandwidth Aoy, (109 rad/sec)

041 tion in the down-conversion bandwidth allows us to directly

measure the photon correlation function for the time interval

oal distribution between the arrivals of the two photons. The
excellent agreement between the experiment and the theory

¢ supports that the theory of OPO below threshold is appli-

0.0 . . . cable to the regime of far below threshold.
0.0 02 0.4 06 08 OPO with type-I phase matching produces two insepa-
Measured Bandwidth Ay, (109 rad/sec) rable down-converted photons. To obtain the two-photon

, ) state with separated photons, we should use type-ll phase-

FIG. 8. Comparison of the best fitted parametersialopo, matching down-conversion because the two photons so pro-

Awc, Vs experimentally measured values. The solid circles correy .ced have orthogonal polarization and can be separated by
spond to the filter cavityC2, the triangle is for OPO cavity from a polarization beam splitter. As we have seen in Sec. Ill

single-mpde data of Fig..7, and the cross is for the OPO cavity fromSuch a scheme will automati(.:ally achieve single-mode Opl)eré-

the multimode data of Fig. 6. tion. But its implementation is harder than the type-1 scheme

The errors are mainly from the crude measurement of th&ecause it involves simultaneous resonance of two polarized

finesse of the cavities. components. Nevertheless, a narrow-band two-photon source
will enable us to perform a number of quantum interference
VI. CONCLUSION AND DISCUSSION experiments involving independent fields for quantum infor-

mation processing.
In this paper we have presented a successful implementa-
tion of an active filtering scheme for the generation of the ACKNOWLEDGMENT
narrow-band two-photon state. We have applied the quantum
theory of the optical parametric oscillator to the regime far This work was supported by the Office of Naval Re-
below threshold and have experimentally demonstrated thaearch.
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