PHYSICAL REVIEW A VOLUME 56, NUMBER 4 OCTOBER 1997

Interference effects in spontaneous two-photon parametric scattering
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Two types of interference were observed using two-photon spontaneous parametric radiation from two
nonlinear interaction regions. Two experimental setups analogous to the Young and Mach-Zehnder interfer-
ometers were used. An interesting feature of the two-photon Young interference is the opposite conditions for
its observation by two different methods: by measuring intensity of light at a single frequency and by
measuring correlation of intensities at two conjugated frequenenethod of coincidences Two-photon
Mach-Zehnder interference resembles the Ramsey method of separated fields, which is used in beam spectros-
copy. A simple macroscopic quantum model agrees well with the experimental results and enables their
interpretation in terms of “biphotons” carrying information about the pump phg#050-294{®7)03210-]

PACS numbdps): 42.50.Ct, 42.50.Hz, 42.50.Ar

. INTRODUCTION conjugated modesk(k’) (with wave vectok and frequency
. . w) is called the signal, the othéwith wave vectork’ and
The parametric scattering effe¢PS, or spontaneous frequencyw’ = w,— ) is called the idler. Two basic meth-

parametrlc down—conversm@PDQ, IS the.most simple and. ods to study PS are possible: by a single detector, when only
effective source of nonclassical light. This effect can be in- roperties of the signal modes with frequeneyare ob-

terpreted as a spontaneous deca_y of pump photons Wfth frgérved, and by two detectors, using a coincidence circuit and
quenlcywp 0 palrs.of photons with frequencies a,nd @ measuring the intensity correlation in two conjugated modes.
(w,0"<wy) according to the schemiew,—hw+ho’. The g gne of the frequencie¢e.g., ') decreases and ap-

scatfered field is r.epresented by pairs of pho_t(j'rispho-_ proaches the region of strong IR absorption and dispersion,
tons’) correlated in frequency and propagation dlrectlon.the PS gradually turns into the Raman scattering of light by

Pher!omenlqloglcally, thls'S.?.Id |$f dﬁscrlbbed using thde MACTOh|aritons(optical phonons The border between these two
scopic nonlinear susceptibility of the substance and quan- processes can be set by the conditioh’ = 1, wherea’ is

tizing th? macro_sco_pical sgattered field_. The pump Is usuall_)(he absorption coefficient for the idler wave ahdis the

a laser field, which is considered classical. PS is observed IP ) ) N

transparent birefringent crystals with a largand without a ength of the sc;gttermg region alorkg..

center of symmetryas lithium niobate or KDR ;I'hee probzaiblllty of detecting a b|photon*heas the form
The PS attracts great attention in connection with the®(K.K')=[F(k,k")|?; see[11]. The functionF (k,k') can be

demonstration of Bell's inequality violatiofL—3] and with ~ viewed as a@wo-photon wave packerr a state vector of the

the possible realization of quantum cryptography and quanbiphoton in the momentum spac&)(g)(ﬁ’)_ The Fourier

tum computingi4,5]. Applications of PS are also known in yanstorm ofF(k,k’) may be interpreted as some effective
spectroscopy6], metrology[5-7], and the measurement of i1 field in the space t) @ (1" ,t'), which defines the

group delay times, ). éarobability to detect a pair of photons at some point of this

This work is devoted to the study of coherent propertie P :
of PS field and of ways to construct a biphoton field. TheSPace. Spontaneous scattering is closely related to induced

experiments carried out confirm that the information abouf)ne [10.11) .Iet, for ms}ance, a coherent field be fed to the
the pump phase can be transmitted with the help of bipholnPut of the idler modék’, so that(a,)#0; then the output
tons. signal {(ag)=F(k,k’){ay/). Therefore, F(k,k') plays the

In the case of a uniform crystal and a plane monochro+ole of the scattering matrix for the whole nonlinear regiobn
matic pump wave, spontaneous emission of photon pairs og¢in our case, it consists of two interaction regions excited
curs mostly in the directions determined by the phase matcheoherently by a common pump
ing conditionsw+ o' — w,=0 andA=Kk+ |Z'_|Zp:0 (here If the interaction regionV has inhomogeneous linear
K are the wave vectors inside the crystalhese equalities, and/or nonlinear optical properties or contains reflecting sur-

called phase matching conditions, together with the crystaiaces, the conditiol =k+k’ —ky=0, which is usually in-
dispersion w(K) determine the specific shape of the terpreted as the momentum conservation law for photons and

frequency-angular spectrum of PS, that is, the probabilit))NhiCh defines the specific shape of the frequency-angular

> > . . . spectrum of PS, can be modified. Then the frequency-
P(k,k’) of a photon pair emission into the conjugate modes, o ar spectrum displays an additional structure.

k andk’. The field of given frequency is emitted mostly at Effects of reflections that cause multiple interactions of
a definite angled=6(w) betweenk and k,. One of the waves in a single crystal were studigk®-14. In Ref.[12],
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56 INTERFERENCE EFFECTS IN SPONTANEOUS TWO. . 3215
multiple reflections from the parallel sides of the crystal and o
also absorptionn’ at the idler frequency were taken into
account. If the pump is intense enough, reflections can lead

to the enhanced regime, that is, the parametric generation of
light. In Ref.[13], a periodic variation of biphoton emission
intensity (in fixed direction$ was observed in two conju-

gated modes as either one of three mirrors, reflecting the
parametric radiation and pump back to the crystal, was ©
moved. In Ref[14], PS was observed from a thin nonlinear

layer parallel toIZp. Its frequency-angular spectrum was
found to be periodically modulated due to multiple full in-
ternal reflections of the idler waves.

It is well known that the spectrum of usual spontaneous
radiation by atoms and molecules significantly alters if the G, 1. Linear(a) and nonlineatb) Young interferometers. The
surrounding field configuration and its mode density is modi-ircles with arrows denote phase rotators at a single frequécy
fied by external mirrors. The specific feature of the experi-and at frequencies, ,w,w’ (b).
ments described below is monitoring the spectrum of two-

photon spontaneous radiation without any such mirrors buf, . nitorm distribution of nonlinearity(r). In the case of

becaqse of the |_nterference of the spontaneous fields 9eN&daveral crystaléor domaing, the total probability amplitude
3_tetd in two regions separated in space by a macroscopjg F=2,F, exp{Ad¢,), wheren is the number of a specific
istance. N ) . L
The goal of this work is to study interference and diffrac- cryztal((jqr doLnal?]andAﬁj_)fﬁqu?]Jr q:]“_ pn s an é\ddltlonal |
tion of the PS light due to the nonuniform distribution of the ]Ean adjusta _Dep i‘se shift of the three waves. 2 or exampie,

_ i R o or two domainsF=F;+F, exp{Ad¢), so that|/F|* contains
guadratic nonllnearJtyX(r) or to a slow variation of the 4 interference term 2 RE‘F, exp(Ad)]. In the experi-
pump amplitudeE(r) in the region of interaction. The local ments [22], each two neighboring domains had opposite
amplitude of thr§e—waves interaction is characterized by th@jgns ofy, which corresponded to the additional phase shift
effective field f(r,k,k")=x(r)E%(r)exp(A-r) (considering A g,—Agp,+ .
only linear approximation inyE,). The frequency-angular Experiments with two crystals were considef&dl7,23.
spectrum of PS is determined by the integral It is noteworthy that subsequent scattering in several crystals
can be used to prepare two-photon field in an arbitrary po-
larization statd 19], which may be of practical interest for
information transmissioh24.

There are two basic schemes analogous to the Young and
In the simplest case of a uniform crystal, this results in Mach-Zehnder interferometers for the observation of bipho-
ton fields interferencéigs. 1 and 2 Those schemes may be
called nonlinear Young and Mach-Zehnder interferometers.
In these schemes, interference of amplituddst is, the
phase dependence of intensityn be observed by either one
where6§,3)(5) is a function with a sharp “resonant” maxi- of two detectors. Moreover, the degree of cprrelation be-

tween photocurrents of two detectors reveals interference of

intensities. Visibilities of these two types of interference,

F(lz,mzf HF KRN dr
\Y

F(E,lZ’)ocf explid-r)dirasP(A), (1.1
\

mum atA =0 and the width determined by the dimensions of

the regionV. If, for example, the pump field inside the non- which we respectively call interference of the second and

linear crysta! is_ a converging spherical wave then the SPONourth order, can be different. Moreover, as will be shown
taneous radiation observed by the method of photocounts ' '

coincidences may be said to focus in two points. The coor-
dinates of the points are related to the pump wave-fronts
curvature according to the rules of geometric optics for a
spherical mirrof15]. A similar effect was observed by plac-
ing a collecting lens in front of the signal detec{d®]. In

the experiments of another type described below, the spatial
nonuniformness of the interaction is due to the apertures
placed in front of the crystalSec. I) or by two subsequent
crystals separated by a linear medig&ec. IlI).

Interference of intensities in the PS field spontaneously
emitted by two(or more coherently pumped crystals has
been previously analyzed [17-19. Several types of inter-
ference in two-crystal cases were observed by Mandel and
co-workers[20]; a general phenomenological description of
those effects and their relation to induced ones has been
shown[21]. These experiments, as well as PS in a multido- FIG. 2. Linear(a) and nonlineafb) Mach-Zehnder interferom-
main crystal[22], may be formally described by spatially- eters.
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later, conditions for their observation may be mutually ex- In the following Secs. Il and lll, simple models are de-
clusive. The scheme in Fig.I® is analogous to Ramsey’'s scribed that explain PS in the schemes of Figb) &nd 2b),
method of separated fields in beam spectrosdagy. respectively. In Sec. IV, the actual experiments are de-
In the scheme ), the interference pattern observed by scribed.
both methods depends on the phase delays in the three arms
of the interferometerd ¢= ¢+ ¢’ — ¢,, and hence the ef- || \per FREQUENCY YOUNG'S INTERFEROMETER
fect can be considered as a three-frequency interference. In
Fig. 1(b), the phase of the interference of amplituded is The phenomenological description of PS can be based on
= ¢1— ¢p 12, and the phase of the interference of intensitiesthe effective Hamiltonian of the interaction,
IS Ap= 1o+ h1o— Py 12 (1= 1~ ¢,, and so oh There-
fore, interference of intensities observed in the correlation
between two detectors’ photocurrents depends orsuineof
optical pathsp+ ¢’ for the signal and idler waves. This is a
specific feature of the interference of intensities observed . ) L .
using PS. HereE, is the pump field, WhICh is assumed to be classical
The effects discussed here have induced analogues, wh d monochr_omanc, and is the operator of the scattered
. : ' ield. In the first order of perturbation theory, the quantum
the role of vacuum fluctuations is played by real coheren

_ o N ) state of the scattered light has the entangled form
intense fieldk and/ork” at the input of the scheme. Such an

experiment was performe®5] using two crystals. An in-

duced version of the schemdb? is considered26] and |W)=|vad+ > F(KK")|1) 1), (2.2
called the SWL,1) interference. Theoretical descriptions of %

the spontaneous and induced processes are closely connected

and have no principal distinctior}8,21]. Hence, spontane- R R R o

ous interference effects have close classical analogs. To de- F(k,k’)=f d3rx(NES (NexdiA(kk')r], (2.3
scribe such effects in terms of classical theory, it is sufficient v

to add a “half photon” in each input mode of the optical

system, and to subtract them from the output md@21]. w(K)+ o(K') = w(ky), (2.4)
Therefore, we can envision spontaneous effects as caused by

vacuum fluctuations of the field surrounding the nonlinear oL

crystals. In the presence of the pump, the crystals “actual- A(kK")=k+k' =K. (2.9
ize” these fluctuations and make them observable. Spatial

and frequency spectra of theavacuum noise are unlimited, bLf-tIere Ep(F) is the slowly varying pump amplitud@vithout
the phase matching conditialy=0 selects frorr,1 them two  the factor expkz)]. Since we are only interested in the form
narrow bands called the tuning curvéiss) and ¢’ (w). The  of the PS spectrum, hereafter we omit unimportant constants.

tuning curves link the frequenay and the scattering angles The probability of a coincidence between photocounts of two
0,6" together. All “two-photon” interference experiments detectors selecting the modesandk’ is

can be in principle reproduced in the indudeé., classical
regime by supplying real noise fields of high intensity ( . .
>1/2) with frequencies» andw’ to the input of the optical Po(k,k")=|F(k,k")|2. (2.6)
scheme, and performing analog detection. However, the es-

sential difference will be a lower visibility of the observed . -
intensity interference. To calculate the probability?,(k) of a photocount from a

In both schemes in Figs.() and 2b), spontaneous ra- single narrow-band detector, the expression above should be

diation is suppressed at some frequencies and angles aff{egrated over all unregisterétidler” ) modesk':

enhanced at others due to the existence of the second crystal.

At first glance, this effect seems to be paradoxical, especially R .

in the scheme with subsequently placed souféés. 2(b)]: Pl(k):f d*k’P(k,k"). 2.7

it is not clear how the first crystdthe left ong can suppress

or enhance spontaneous radiation from the second crystal. _ _ _ _
seem to be independent, so the intensities should add dfy distributions. _ _
rather than the amplitudes. The paradox is formally resolved L€t the scattering region have a shape of a layer with
by taking into account that both crystals spontaneously radithicknessl, perpendicular to the pump wave vectqy. Let

ate into some pair of output models, k'), under the influ-  also all three wave vectorls, k', andk, lay in the same
ence of vacuum fluctuations in the same initial modesplane §,z) (thex axis is directed along the layer, tkeaxis

(IZ,IZ’)m, so the spontaneous fields are mutually coherents parallel to theIZp). Let the functionf(x)= x(X)E,(x) de-
Also note that different interesting examples of the fourthscribe slow variation of nonlinearity and/or of the pump am-
order interference and diffraction using PS have been obgplitude. The functiony(x) describes possible variation of the
served[27]. nonlinearity in the transverse directi¢e.g., because of the

H= jvd3rX(F)E(r,_)(F)E(+)(F)E<+)(F)+H.C. (2.0
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A= krki-k F«(0,9")=sind (q+q")a/2]cog (q+q’)b/2].
q=k
vk (2.10
The above result is also valid in the case when the pump is
x diffracted by a double-slit screen placed right in front of a

single wide crystal: effect of the functiongx) andE,(x) is
the same provideti<k,a?.

(29 If the nonlinearities in the two crystals have opposite
signs, 1= — x2, (or if a phase delayr is inserted into the
pump beam in front of one slitthen the interference pattern

0 z is shifted byr:
FIG. 3. A scheme illustrating the geometry of scattering and Fx(9,9")=sind (q+q’)a/2]siN (q+q")b/2].
other necessary notation. (2.11

domain structure of the crystg22]), and the functiorE(x) Now the s_cattering in the exact transverse matching direction

describes the amplitude profile of the pump beam in the ned#*d’ =0 is suppressed.

field zone. In our experiment$/k,a®<1 (a is the typical (3) For x(x) periodically modulated because of the layer-

transverse size of the pump beam or of the crystal innomoYPe polydomain structure of the cryst@?], the first har-

geneities, so the effects of transverse nonuniformness of thénONic is x(x) > cosKX), so that

crystal [“the nonlinear diffraction and interference;” see _ , ,

Fig. 1(b)] are indistinguishable from those of the pump beam Fx=olq+a’+K)+a(a+q'=K) (212

nonuniformness. _ (in the experiment§22], each two neighboring domains had
Let the pump be extraordinary and both scattered wavegnnosite signs of, so K=/d, whered is domain thick-

be ordinary rays of the crystal. Thek(w)=n(w)w/c, ness.

k'(0)=n(0)o’/c, ' =wy—w (nis the refraction index The angular structure of the spectrum caused by the trans-

The scattered field wave vectérhas two componentk,  verse nonuniformnesgx) may be smoothed by the function

=qg<k andk,(w,q)= Vk*(»)—g?>0, so a mode is deter- F,(9,q"). This effect depends on the layer lengtand the

mined by two parametersy andq. Orientation of all wave scattering angle®, #’. The longitudinal wave detuning is

vectors is shown in Fig. 3. The scattering angle inside the

crystal is 9=tan {g/k(w)]. We will be interested in the an- Ay (w,0,9") =k +k,—k,

gular structure of the coincidence probability and single de- 3 5 > 5

tection probability at some fixed frequeney. Then using = Vk¥(w0) — o+ k(") — a2~ k.
Egs.(2.3), (2.6), and(2.7) we get (2.13

We will expand linearly the longitudinal wave detuning near
P.(9.9")=|F(q,9")|?, Pl(q)=J dq'P.(q9,9"), the exact matching poink,(w,qq,— o) =0 for a fixed fre-
quencyw. Let

F(q!q,)zFx(qrq,)Fz(qu,)! qO(w)EqOZkoZtaneo:kéztan0620, <1, 0'<1,
. ko= VK2—2=0, kj,=k'Z—q2=0,
Fx<q,q'>=J dxf(x)exdi(q+q’)x], ’ ’
Kp= Kozt Koz, (2.14
F,(q,9")=sind A,(q,q")1/2], f(x)EX(x)Ep(x)-( ) then
2.8

Ay(@,00,00)~C,(@—wo) = Cq(q—do) + Cq/ (" +0o),
Let us consider three typical cases.
(1) For a uniform crystal and a Gaussian purffx) C,=[1u,—1u.]o,
xexp(—x4/a?), so
Cqy=tan 6y, Cq =tan . (2.15
Y — 1242

Fa.ah=exd—(a+a’) atal. @9 Hereu,=u cosd andu=dw/dk is the group velocity. Then
we find the effective widths of the functidr, with respect

This function has considerable magnitude only wHen to its three arguments:

+q'|<1/a.
. (2) For two crysta.ls placed parallel to the pump beam as Aw=2m\|C|I, Aq=2m\Cy, Aq|’=2m\cg]|.

in Fig. (b), the functionf(x) can be assumed to differ from

zero only in two intervals: §—a)/2<x<(b+a)/2 and (2.19
—(b—a)/l2<x<—(b+a)/2 (nowa is the transverse size of Note thatC | has a simple meaning. It is the time difference
the crystals and is the distance between their centdns, of the signal and idler photons traveling through the ldyer
>a). Then (in experiment, the frequency is usually measured not at a
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fixed 6 but at a fixed external scattering an@ethe follow-  determined by the length of the crystaAlg=Aq, . The trans-
ing corrections are usually inessenjial verse nonuniformness of the scattering region does not mat-
Let us subsequently consider the conditions for the obseter.
vation of PS diffraction and interference by one and two Therefore, the structure of the angular dependdhge)
detectors. is mainly determined by the narrowest of the functiéiéq)
_ or F,(q) (if the difference is significaint and hence the con-
A. Fourth-order interference dition required to observe interference or diffraction by the
Let the frequencyl) and one of the directior@’ =—(p be CPinCidenceS methd:(ﬂhe scheme in Flg(ﬁ)] ise<l (Sma”
fixed (and belong to the phase matching regjoand the signal scattering angles and/or short crystals
coincidence rate be measured as a function of the direction
g, that is, of the transverse coordinate of the signal detector. _
Then it follows from Eq.(2.8) that B. Second-order interference

_ o Now let us study the angular shape of the signal using a
FQ)=F(0,~ o) =Fx(@)F(a), single detector(with narrow angular and frequency band
arounddg,w). The coincidence probability has to be inte-
FX(Q)ZJ dxf(x)exdi(g—qo)x], grated over all idler modes, which are nonobservable now;
see Eq(2.9):
F2(q)=sindA(q)1/2], (217
— ’ ’ |2
where P1(q) qu [Fx(@.a)F(a.a)]* (222
A(0)=A,(0,— o) =kA(q) +ko,— Ky = Vk*—q*— ko, .
(2.18  The scales of, andF, variations as functions af’ are of

. oo _ _ . the order of 14 and 1/6’, respectively, so again we have
|3|; tgg linear approximation} (q) = —tan 6(q—do) (see Fig. two extreme cases. However, in order to observe diffraction,
’ now we need to use large anglés of the idler wave scat-
F,(q)~=sind (q—qg)! tan 6y/2]=sind 7w(g—qg)/Aq;]. tering.
(2.19 (A) Let

The observed angular dependence of the coincidence
probability P;(q) =|F(q)|? is defined by the product of two

H /E ! < .
functions:F(q) = F,(q)F,(q). There are two extreme cases. e'=l tan fo/a<1 (2.23
(A) Let the following condition hold:
e=| tan fy/a<1, (2.20  (small scattering angles of the “central” idler wave conju-

gated to the signal Then the dependence Bfon q’ for a
wherea is a typical length of nonuniformness along tke fixed q is again determined mainly by the most “narrow”
axis (i.e., either small scattering angles for the signal radiafynction F,. Now, however, its structure is “washed away”
tion observed by the movable detector, or a short crystal by integrating overy’, and the observed line shape is deter-
Then the functiorF, is close to unity whenevef, has sig-  mined by a more wide functioR, . In other words, the more
nificant value, and hence narrow functionF, plays the role of delta function while

integrating overq’: F.(g,9")=~48(g+q’), and its shape

F(q)%Fx(q):f dxf(x)exgdi(q—ag)x], (2.2 does not influence the observable angular structure.

As an example, let us consider the above ¢2s® with a
uniform crystal and a Gaussian pump. Haolan gy<a, we
can substitutey’~ —q into more slow functionsA,(q,q’)
andF,:

that is, the angular spectrum of the scattering matrix is de
fined by the Fourier transform of the functiofi(x)
=x(X)Ep(x). This effect can be called nonlinear diffraction
or nonlinear interferenc22]; e<1 can be interpreted as the
condition for the signal photons not to cross the transverse
inhomogeneities of the scattering volume. There is no re-A2(0,0)=A,(d,—a)=A,(q)=Vk*—g*+ Jk'*~g*—k;,
striction on the scattering angles for idler photdregistered
by the fixed detector

If x(x)=const, the Fourier transform df(x) is the k, F,(0,9")~F,(q,—q)=F,(q)=sindA,(q)l/2].
spectrum of the pump. It may be defined by an object in- (2.29
serted into the pump beafa two-slit mask in ounonlinear
Young’s experiment

(B) Let e>1 (large scattering angles or long crystal; the As a result, the diffraction structure is *smoothed:”
signal photons do cross the inhomogeneities whose role is

thus averaged Then F(q)~F,(q—qy)=sind 7(q—qg)/
Aq)], that is, the observed width of the resonance will be P.(q)=sind A,(q)l/2]. (2.25
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One can say in this case that the transverse momentum of theé a screen with the transmission functié(x), however,
field is conserved for an elementary three-photon interactionyith the scaling coefficienty>1 reducing the observable

Ky~ — K,

X !

due to nonconservation of the longitudinal momentum. Lin-

and the finite width of the angular resonance isrange of angles.

The conclusion is that to observe interference according

ear expansion near the exact phase matching directiotg Fig. 2(b) by a single detector, long crystals and/or large

A,(g)=0, yields
A,(a)=—Dqy(ad—qo),

Dy=tan 6p+tan 6="0o /Ko, + do /Ko, = AoKp/KoKo; -
(2.26

The dependence on the scattering angle is

A,(q)=—Dy(0—6y), Dy=kytanbp). (2.27)

The effective linewidth is found from the conditioA,l
=27

21 2 2
AQ'=—=——, A0'=

== (22
J b kjitaney (228

Thus PS diffraction is not observable by the one-detector
method of registration for small scattering angles or short

scattering angles of the idler (not observed) photons are
neededThe inequalitye’>1 can be interpreted as a require-
ment for the idler photons to cross transverse nonuniform-
nesses of the scattering volume. This erases the “which do-
main” information and enables interferenceherefore, the
overlap of theidler wave packets from two distinguishable
macroscopic domains results in interferencesiginal.In this
way, the biphoton properties still play an important role in
experiment involving the single-photon (as opposed to coin-
cident) detections.

Let us turn to the scattering angée Fromg=Kk sin 6 it
follows thatdg=kg,d 8, so the angular line shape inside the
crystal is

2

P1(0)=U dxf(x)exdi(sin 8—sin 65)kx7]

2

. (2.39

%‘ f dxf(x)exd i (6— fp)kyX]

crystals, in contrast to the coincidence method of registra-

tion.
(B) Now let €' =1 tangya>1 (long crystal and/or large
scattering anglgsso the functionF,(q’) is wider than the

function F,(q’). Consequentlyg’ may be replaced by the

function
Q/(q)E _ /er_(kp_kZ)ZZ _ \/kIZ_[kp_ /k72_((12:|2,9
2.2

which is found from the equatiofr,(q,Q’(q))=0. Equation
A,=0 may be called the condition of “longitudinal” or
“Cherenkov’s” matching. Now,

FAd,9")*8(A,(0,9"))=5(q"—Q"(q))

(2.30

and

2
Pl(CI)=“de(X)eXF{i(CI+Q'(CI))X] . (23D

Linear expansion near the exact phase matching gives

F.(9,9")*8(A4(q,9"))>x 8(tan o(q— o)
—tan 65(q’ +do))- (2.32

From Eg. (2.32 we find q+q'=7%(gq—qg), where =1
+ Koo ko,=Kp/ko,> 1. As a result,

2

P1<q>:\ [ axtooextita—ao) mx]

2

. (233

:U dxf(x/n)exdi(q—qe)X]

Thus, the single-detector angular line sh&3€q) is propor-
tional to the Fourier transform of the profiféx/ ), that is,

Taking refraction into account, we obtain the connectipn
=(w/c)sin®, so thatdg=(w/c)cosO,dO, where® is the
external scattering angle. The observed angular line shape
takes the form

2

P,(0)= f dxf(x)exgi(sin ® —sin O ) wyx/c]

2

(2.39

Usual diffraction of the pump on the amplitude profflgx)
in vacuum gives the angular distribution

~| | dxf(x)exdi(®—0,)wxn cosOq/c]

2

(2.3

so the observed angular structure of a PS diffraction pattern
at frequencyw is only different from diffraction of the pump

on the same profile by an angular sk, and by a close to
unity scaling factor

2
U dxf(x)exdiqpx] =def(x)exp{i®wpx/c]

(2.37

The result(2.37) has a trivial geometric explanation:
transverse nonuniformness of the interaction is equivalent to
a certain distribution of the pump wave vector directions;
direction of the signal is linked to the pump direction by the
“phase matching triangle’k+k’ =K, so the angular spec-
trum of the pump is reproduced by that of the signal.

We also stress that the angular line shape of the scattered
radiation is of a three-frequency interference type: phase de-

lays introduced into any of the three modesk’, or K, will
change the interference pattefthoth in the second and

07 c0sOq/w,=n, cosOy/n,, cosby.

it repeats the usual diffraction pattern of a plane wave in caséourth ordey.
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% e along thez axis (parallel to the pump wave vect&;,), then
* q our model describes parametric scattering in a multiply lay-
1 /8 (Fz%0) ered crystal with the pump propagating orthogonally to the
gl D TS boundaries of all domains. In a two-dimensional model, the
; | iZiO o probability amplitude of a photon pair birth in the modes
x=q+q=0 (w,9) and (@',—q) (here g=k,=—k;) is, according to
Va (Fx0) Egs.(2.3), (2.13,
L sigml F(w,q)zJ dzy(2)exdiA(w,q)z], 3.2
q | | Coincidences

A, =k, ks —ky= VK@)~ 7+ VK@) — P~ K,

FIG. 4. Geometrical illustration of observation conditions for 33

the second- and the fourth-order interference in the space of wave
vectors. For simplicity, we suppose here that the functiefq,),

- In the linear approximation,

F«(A,) have rectangular profiles along the directiongjadndq’.
. . . . . AZ(w!q):Cw(w_wO)_Cq(q_qO)v (34)

Note that if the pump is extraordinary and the optic aXis

of the crystal lies in the plane of diffractiox#), then a sort Where

of “amplification” of interference is observed. This effect is

caused by the dependence lgf on the direction and the

corresponding change of the tuning curve. It is most notice-

able in the degenerate case when collinear phase matching

takes place for the frequenay,= w,/2. For this reason, in In the above expressions,=u cosf, u=dw/dk is the

all experiments the geometry was chosen so as to avoid th oub velocity. Now Eq(3.2) takes the form
effect, that is,C did not belong to X2). Group Y- a3.2

Thus, there is a complementarity of conditions for the

observation of Young's three-frequency interference using F(w,Q)ZJ dzx(z)expli[C,(w—wo) —Cq(q—do)]2z}.

one (¢'>1) and two €<1) detectors(a similar type of (3.6)

complementarity was obtained from general considerations

[28)). It can be illustrated by a simple geometric interpreta-  Thus the frequency line shag(w,qo) =|F(w,qo)|? ob-

tion (Fig. 4). Geometric sizea and| of the scattering region served at a fixed anglé= 6, is determined by the Fourier

oK. For these vectors us to study the domain structure of nonlinear crystals. If the
' distribution is uniform over the lengthwe obtain the spec-

|A<1/a, |A,<1A (2.3  trum of a pulse with rectangular envelope:

C,=[1Mu,—1/u,],,

Cq=tan fp—tan 65=qo(1/ko,— 1Kp,). (3.5

[in two-dimensional case and for the simplest distribution P1(@,0o) =sin[ m(w— wo)/Aw|], 3.7
f(x) when the pump is constrained by the apertateThe
frequenciesw, o’ and hence the wave vectdks-nw/c, k’
=n'w'/c are assumed to be fixed.

Figure 4 shows the region of allowed wave detuniags
and A, for F, andF,. The cross section of the shadowed

whereAw,=27/|C |l is the effective frequency linewidth.

Now let us have two similar nonlinear layers of thickness
| separated by a transparent substance with thickRd§sg.
2(b)]. It follows from Eq.(3.2) that

parallelogram in the direction parallel to the axis deter- F =sind &/2 S5+ 60)/2 3.8
mines the angular width of the sign&;(®) and coinci- (@) =sind s/2)cos(( V/2). S
dencesP(0). (We replacedA, by Ay, while integrating over the gap be-

tween the crystalsiIn Eq. (3.9
IIl. THREE-FREQUENCY MACH-ZEHNDER
INTERFEROMETER 0=A w,9)l, 61=A1,(w,q9)l4,

Let the scattering volume be uniform in the-§¢) plane Avdo. D =Ktk -—k: = k(@) — 2+ VK2( ') — a2
(diffractionless approximation,as>| tang,, a>| tanép), 10,0 =Kaz ki~ kap = k@) 0%+ vki(o) =

then the modes are bound strictly in pairs: conjugate modes —kap- (3.9
are uniquely determined by the conditions of stationarity and ) . . ) )
transverse uniformness: Herek,(w)=n;(w)w/c is the dispersion of the intermediate

layer; conservation of the transverse comportgmthile the
light is refracted at the layers’ boundaries is also taken into
account. The first factor in Eq3.8) describes a usual scat-
k£=\/k2(wp—w)—k§—k§. (3.1) tering in a single layet, the second one describes some
additional frequency-angular structure due to the interference
If linear optical propertieqdispersion are uniform in all  of spontaneous radiation from two layers; see Figs. 6 and 7.
volume, but the nonlinearity(z) is arbitrarily distributed If [,=0, expression(3.8) reduces td-=sinc(5/2), describ-

r_ _ r_ r_
o'=w,—0, k=-k, ky— Ky,
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He-Cd Laser
1 .0

LilO, o Lenms Spectrometer

S
——
< PMT or
Photoreg.

i!\\\i;

Scanning
Crystal

=]

‘l\\\\\‘

A
FIG. 5. Experimental setup for the observation of nonlinear -1° ‘ —>
second-order Mach-Zehnder interference. &30 i 650 nm 670 nm
ing scattering by a layer with double thicknesk Zhis is FIG. 7. The same as in Fig(i§ but for ;=10 mm.
analogous to Ramsey’s interference in the spectroscopical
method of separated bearfis8]. The expression(3.8 as q=k sin 6= sin O~ w0 (3.10

well as(2.10 is the Fourier transform of two segments of
sine, that is, an oscillator response to two resonant pulsggve putc=1). Keeping the second-order terms fh=w
with rectangular envelopes. —wp and®, we have

Let us consider a particular case of collinear phase match-
ing, qo=0, for the degenerate frequeney,= w,/2. This k(Q,0)= k(@) — 0202~Kg,+ Q/uyg+AQ2—BO2,
case corresponds to the crystal orientation for second har-
monic generation. The frequency-angular spectrum of the , e
field scattered to the region adjoint te{,q,) has a specific k2(2,0) =k~ 0,6),
shape of a “cross,” see Figs(#®,(b) and Fig. 7 below. We

_ 2__ 2
pass to external scattering angles, which are assumed to be A0.0)=AL"—BO" (343
small: In Eqg. (3.1D),
10_“6. o 2 dn + d'n
: =S\ =43 Wo| 77| »
| d(i) 0 dw 0 dw 0
B=22 k,=2k 31
a). 0° =n_0’ m ( | 2

Thus the frequency-angular spectrum of scattering around
the “cross” region in a single crystal icf. Eq. (3.7)]

AR IR

P,(Q,0)=sind(AQ2—BO2)I/2]. (3.13

630 650 670 i isti
™ o ™ The slope of the tuning characteristics, frequency and angu-

lar linewidths at the center of the “cross’w(y,qg) are
0@—\/K Ao=Crl=, AB=CA[Z
do VB ““ 7 VAI Y NBr
(3.19

respectively. In Eq(3.14), C=4/7/3=2.363 is the integral

of the function sin&(x?) in infinite limits. The full width at

half maximum and the effectivéwith respect to the arg¢a

width of the function sin®(x?) are nearly the same. For our
2\ experiment, which is described below,

\ | \
630 um 650 v 670 um )\0227T/w0=065#/m, n0=1.88,

FIG. 6. Nonlinear second-order Mach-Zehnder interference. The
separation of two LilQ crystals of lengtH is |,=0. Polar axes of
the two crystals are directed opposite{g) Calculated frequency- 1
angular intensity distribution of signal radiatioffn) Photograph of Av=Aw/27=0.028um™", AO=0.69°,
frequency-angular intensity distributions near degenerate phase
matching. dO®/dv=24.6 degum. (3.1

A2r=0.151um, 27B=0.818um™%,  (3.19
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Ar Laser
488 nm

LiNbO, o Lens Spectrometer
Tk b

Glass
Plate

.
——
<~ Scanning
PMT

FIG. 8. Experimental setup for the observation of Young non-
linear second-order interference.

If two similar crystals are separated by a vacuum haphe
“cross” displays a fine interference structu(Eig. 7). The
structure is described by expressit®8 where, likewise
(3.11) and (3.12,

ki,(Q,0)=Vw’— 0’02~ wy+ O — wy0?/2,

ki(Q,0) =k (—Q,0), A1,(Q,0)=-w,0?
(3.17

for n=1. Expression$3.9), (3.12), and(3.17) were used to
draw the diagram in Fig. (@); see below. Le{) and ® be
connected by the phase-matching conditidngw,®)=0,
i.e., T0,(Q)=*(dO/dw)). The signal intensity shows
beating according to Eq3.8):

P1(0o(0Q))%xco(A1,11/2)=coF(wy®21,/2).
(3.18

The signal vanishes when

O = VM wgl 1= VmAo/2,=0.33°ym, m=1,3,....
(3.19

Mask UV Prism

At

Glass Plate

782 nm

=<
z[H

Ar
Laser

Scanning

—— :
Mirror

FIG. 9. Experimental setup for the observation of fourth-order
nonlinear Young interference.

A. Nonlinear Young's second-order interference

The experimental setup is shown in Fig. 8. Two scattering
regions were obtained by using a screen with two slits placed
directly in front of the nonlinear crystallithium niobate
doped by 5% of Mg We used two screensasks with
different sizes(1) Mask 1,a=0.082 cm,b=0.192 cm;(2)
Mask 2,a=0.212 cm,b=0.400 cm. The crystal length was
I=1.05cm. The pump was argon laser radiatipower 3
W, \,=0.488um, divergence X 10 * rad, beam radius 1
mm). The radius of coherence was also about 1 mm. The
signal radiation with wavelengtih was registered in the
range 0.54-0.7um either photographically or by a photo-
electronic scanning system. The corresponding idler waves
spectrum ranged from 5 to 1.am (the upper polariton
branch where LiNbG, is still transparent. The type-l phase
matching was used, with the signal and polariton waves po-
larized in thex direction—normally to the optic axigo
waveg, and the pump polarized along and being ane
wave. The pump polarization was parallel to the djtdi-
rection, i.e., the optic axis of the crystal lay in thg-@)
plane and the diffraction occurred in the-§) plane.

The signal radiation propagated through a lens and the
input slit of a spectrograph placed in the focus of the I€ns,

When the two crystals have opposite directions of polar axesThe input slit was parallel to the axis. This optical system

the cosine in Eq(3.18 is replaced by sine, so the minima
happen at

0/ =m\o/I;=0.46°ym, m=0,12,.... (3.20

According to Eq(3.14), the ratio of the first minima position
©®; and the half-width of the line in the center is

—2®1—3\/ I =1.33 3.2

provided a two-dimensional intensity distribution observed
at the output of the spectrograph in coordinates wavelexngth
angle® (“crossed dispersion)' [14].

Figure 10 shows a snhapshot of a part of the frequency-
angular spectrum observed using mask 2, and Fig. 11 shows
the angular line shap@btained by scanning along the angu-
lar axig at wavelength\ =0.633um, with mask 1. The the-
oretical curve(solid line) was found from Eq.2.39. Its
horizontal scaling was found from the links=C® and®
=\g/2w. The scaling coefficient C=dx/d® =216
+5 mm/rad was measured by two methods that gave almost

These theoretical conclusions are in good agreement with thigentical results: by the observation of the pump diffraction

experimental results given below.

IV. EXPERIMENT

on the same slits, and by a HeNe laser beam diffraction on a
Fabry-Peot cavity. The only fitting parameters were the
overall vertical and horizontal shift of the theoretical curve,
and its vertical stretching. The dashed lines correspond to the

Three versions of the experimental setup have been useshlculated maxima positions on the diffraction curve at the

to observe the interferencél) two scattering regions per-

pump wavelength X;=*C\,/b==*=0.55mm); the solid

pendicular to the pump wave vector; registration by a singldines correspond to the same at the signal wavelergth (

detector(Fig. 8); (2) the same, registration by two detectors
(method of coincidences, Fig);%nd(3) two vacuum sepa-

*CNb==x0.71 mm). We see from the figure that the ex-
periment confirms the theoretical predictio®.34): for €’

rated regions along the pump; registration by a single detec>1, nonlinear diffraction of the signal repeatgth a shift of

tor (Fig. 5.

+0,=23.8° a usual diffraction of the pump on two slits.
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FIG. 12. The same as in Fig. 11 but with a glass plate shifting

FIG. 10. Photograph of a fragment of the frequency-angular ump phase byr placed in front of one slit.

spectrum of spontaneous parametric down-conversion with doublg
slit inserted in the pump. Parameters of the double slit @are
=0.085cm ancb=0.192 cm. wave was polarized along the horizontal axis-normally to
_ _ the slits. The wave vectors, k', andk, were parallel\
Flgurg ;2 shows analogous data in the case when a glasis)\, =2\,=0.702um. A polarizing beamsplitter BS placed
plate f‘h'ﬁ'ng the pump phase by was placed in front of = e the ‘crystal was used to separate the signal and idler
one siit modes in space. Similar interference filtéssand f, placed
in front of the detector®,; andD,, selected a narrow spectral
band of about 3 nm around the degenerate frequency. Scan-
To register nonlinear diffraction by the method of coinci- ning of coincidences angular distribution was performed by
dences, an argon laser with wavelength=0.351um and a  an encoder driver which shifted a mirror in the signal chan-
BBO crystal were use(Fig. 9. The laser power was 0.3 W, nel, which is equivalent to scanning the detector. Pulses from
the pump beam radius was 0.1 cm, its radius of coherencine photodetectors were supplied to the input of the coinci-
was of the same order of magnitude. The slit widths weredence circuit. As a result, we obtained the coincidence num-
a=150um, the distance between the slits wds  ber R.(X,,) registered during the accumulation timheas a
=470um, and the crystal length wds-3 mm. The detec- function of the positiorx,, of the mirror. The equivalent shift
tors quantum efficiency was about 30%. Data accumulatioof the detector was calculated &s 2x,, sin $=1.84,,, ¢
time was 200 sec. Coincidence resolution was 10 nsec. The 74°.
type-ll degenerate collinear phase matching was used: the Figure 13a) shows the obtaine®.(x) dependence. The
signal radiation and the pump wave were extraordinary raygheoretical curvesolid line) was calculated according to Eq.
polarized vertically—parallel to the slits. The ordinary idler (2.21). Its horizontal scaling was found from the link3
=\g/27 and Xx,=CO, where C=dx,/d®=2/1.84
1.2 633 om =504 mm/rad, and=927 mm is the distance between the
crystal and the signal detector. The only fitting parameters
were the overall vertical and horizontal shift of the theoreti-

B. Nonlinear fourth-order Young's interference

1.0 cal curve, and its vertical stretching. The stretching proce-
- dure was carried out according to the relati®(X,)
2 08 =R.(Am)/Rs(Xm), whereR( is the number of photocounts
~ . coincidences and®; the number of singles in the signal
f : channel during the same time intery2DO0 seg. It was nec-
§ 0.6 I essary to normalize the coincidencesRybecause the finite
E . . detector aperture restricted the number of signal photocounts

K:“:\,. as we shifted the mirror. The dashed lines correspond to the

0471 o A calculated positions of the first additional maxima on the
' diffraction curve at the pump wavelengtt®* =\ /b
:L =0.74 mrad,x* = = 0.68 mn), the solid lines correspond to
0.2 T o 05 o the same at the signal wavelength=(+1.36 mm). We see

from the figure that the experiment confirms the theoretical
prediction given by Eq(2.21): for €’ <1 nonlinear diffrac-

FIG. 11. Angular line shape of the signal radiation xat tion observed by the coincidence method repeats usual dif-
=0.633 mkm. In this casa=0.212 cm ancd=0.4 cm. fraction of the signal on two slits.

Detector's displacement (mm)
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;=10 mm. In Fig. 14, the observed dependence of the sig-
4 nal intensity on the distance between two crystals\at
Position of the detector (mm) =0.65um and at fixed scattering angkd=1.2°. The oscil-
lation periodAl; was found to be 1.6 mm, in a good agree-
FIG. 13. Nonlinear fourth-order Young interference. The idler ment with calculations performed according to E§.9):
detector is fixed in the position of exact phase matching. The waveA|,=\/®?=1.5 mm. Note that according to E3.8), Al
lengths are\ =\’ =2\,=702 nm.(a) Angular distribution of pho-  sharply depends on the scattering angle for given wavelength
tocount coincidence rate with respect to the signal detector positior@(\); that angle can be varied in the range of 0—10° by
(b) The same but with a glass plate shifting the pump phase byjtering the angles, of the crystal optical axis orientation
approximatelys placed in front of one slit. with respect to the pump beam.
We would like to emphasize that the oscillation period is
Figure 13b) shows analogous data in the case where aletermined by the relative phase shift at all three frequencies
glass plate shifting pump phase by approximateig placed ¢+ ¢’ — ¢, and turns out to be on the order of a millimeter.
in front of one slit. Therefore, these types of nonlinear interferometric schemes
do not require precise tuning up to a wavelength.

a) 180 F X | 4.5
1 1 1
160 : : _ 407
g 140} : : 3
g 120} \ | 2 3.5
5 ] | 5
g toor : : E 10-
2 sof ! !
: | 1 1
S 80 ' ! 2.51
£ 40 0 0 2 4 6 8
© 20 : Distance between the crystals (mm)
[}
° -+ ] 2 . 4 ' o ' 1 . 2 3 4 FIG. 14. Dependence of the signal intensity én at A
Position of the detector (mm) =0.633um and scattering angl® =1.2°.
b) 90 . o N
Note the suppression of radiation in the directions and at the
or frequencies of the exact phase matching when the crystals
70} are placed close to each othéy=0, and their polar axes
o have opposite directiong,= — x». Then the radiation from
g 60} . )
s the first crystal is completely suppressed by the second one
‘é 50 (and vice verspin the directions of perfect phase matching.
2 ol Forl,#0, the frequency-angular spectrum has a complicated
g interference structure depending bn In agreement with
§ 0r Egs.(3.8) and(3.10), the distance between the maxima along
3 20} the frequency and/or angular scale decreases as the air gap
'§ T between the nonlinear crystals gets larger. Figure 7 demon-
or 3. strates the interference distribution of the PS intensity when
[ 533,
0 X8
- 8

C. Nonlinear second-order Mach-Zehnder interference
For this type of interference, a HeCd laser operating at V. CONCLUSION

Ap=0.325um and two similar LilQ crystals with | The experiments performed demonstrate possibilities for
=1.5 cm were usedFig. 5). The crystals were separated by manipulating the structure of biphoton fields, based on the
a variable distance, . Their optical axes made an angls  nonuniformness of the interaction region. They convincingly
=59.2° with the pump wave vectéy, inside the crystal, and show that the simple model of PS effect applied here is quite
the scattering angle for the wave= w’ = wy/2 was equal to adequate. This circumstance once again confirms that mac-
zero, so the tuning curve had the shape of a cfog®e-l  roscopic quantum models can be used to describe spontane-
phase matching The crystals’ optical axes were directed ous effects of nonlinear optics.
antiparallel, so that their effective quadratic susceptibiliies The observed diffraction and interference effects of para-
had opposite sighg;=—x». The optical scheme used for metric scattering in two nonlinear crystals may find a prac-
the collection of the scattered radiation was similar to thetical application for measurements of optical parameters,
one described in Sec. IV A. Registration was performed phosuch as refraction and absorption, of optical materials by
tographically and by means of a detector scanned in the focgllacing them between two crystals. In the above-developed
plane of the spectrograph. theory, possible absorption at the signal and/or idler frequen-
The photograph obtained foy= 0, together with the cor- cies was not taken into account. As the idler frequency
responding calculated diagram is shown in Fig&),tb).  moves deeper into the IR range, its absorption should lead to
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a decrease in the visibility of the observed interference and ACKNOWLEDGMENTS
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