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Spatial structures in optical parametric amplification
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We analyze the spatial aspects of the down-converted field emitted by a cavityless optical parametric
amplifier, both from theoretical/numerical and experimental viewpoints. Our model neglects pump depletion
and includes a classical description of the noise which initiates the process. The ringshaped angular distribution
in the far field is determined basically by the phase-matching conditions. In the near field, the configuration
arises from the superposition of contributions from a broad frequency band; it is shown that the finite duration
of the pump pulse introduces a correlation among neighboring frequencies that allows for the appearance of a
spotlike spatial modulation. When the spatial configuration of the pump field is changed from a plane wave to
a narrow Gaussian, the near-field pattern assumes the form of a roll structure. The experimental observations
obtained with a lithium triborate crystal agree qualitatively well with the theoretical picture.
@S1050-2947~99!05608-5#

PACS number~s!: 42.65.Sf, 42.65.Ky, 42.50.Ct
ea
e

e.
y
e

m
rs

se
th
o
on
ica
-

s
e
a
am
s
o
nt
c

th

a
ge

o
a

pa
bo
tu

ra-

ld.
ted
rob-
the
pa-

ion,
a
ne

cter
all.
na-

ion
oisy
the
he
om-

ld,
he-
ly,
the
ve
pro-
ns,
as-
on

lysis

ve
the
I. INTRODUCTION

The field of optical pattern formation has received gr
attention in the 1990s, both from the theoretical and the
perimental viewpoint; some reviews can be found in@1–7#.
Several kinds of configurations have been considered,
unidirectional propagation, counterpropagating waves, s
tems with single feedback mirror, nonlinear media contain
in optical cavities with planar or spherical mirrors, syste
with field rotation in the feedback loop, and arrays of lase

In the case of unidirectional propagation, the analy
have focused on the case of cubic nonlinearities, using
nonlinear Schro¨dinger equation or generalizations there
~see, e.g.,@8–13#!. On the other hand, there is a literature
quadratic media, but in the intracavity case, either for opt
parametric oscillators@14–19# or second-harmonic genera
tion @20#.

In this paper we study pattern formation in a cavityle
propagation in the quadratic media. A remark is now nec
sary on the fact that we use the name ‘‘pattern’’ to design
the spatial structures that arise in an optical parametric
plifier in the linear regime of negligible pump depletion. A
a matter of fact, optical patterns arise spontaneously fr
homogeneous configurations as a consequence of the i
play between the nonlinearity of the dynamics and diffra
tion, and the nonlinearity plays a crucial role in selecting
pattern ~e.g., stripes, hexagons, etc.! that arise beyond the
threshold of the instability that activates the pattern form
tion @7#. However, the recent studies on quantum ima
@18,21# have pointed out that one can meet the formation
pattern even below instability threshold, in a regime that c
be described by a linear or linearized equations. Such
terns work as a precursor of the structure that appears a
threshold, and are entirely generated by quantum fluc
tions, hence they are noisy and change from realization
PRA 601050-2947/99/60~2!/1626~10!/$15.00
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realization@13,18,21#. The ‘‘pattern’’ we study in this paper
belongs to this class.

Throughout the paper, we consider the simple configu
tion of a type I optical parametric amplifier~OPA! in which
a pump field is down converted to a signal and an idler fie
Even if we analyze only the simplest setting of an undeple
pump, so that the dynamical equations are linear, the p
lem is complex because starting from quantum noise
OPA emits a broadband spectrum of both temporal and s
tial frequencies correlated by the phase-matching condit
which implies that each different frequency is emitted on
different cone centered around the axis of propagation. O
may arise the question of whether this broadband chara
of the radiation allows for transverse pattern formation at

The linear parametric amplifier has been extensively a
lyzed in the literature~see, e.g.,@21–24#!; here we focus on
the aspects of pattern formation. The selective amplificat
of the spatial frequencies leads to the appearance of n
spatial patterns in the near field, and to the formation of
system of cones in the far field. We will analyze carefully t
structure of this set of cones in order to describe the phen
enology of the system.

We study the problem both in the near and in the far fie
both theoretically and experimentally, and compare the t
oretical picture with the experimental findings. Especial
we analyze the variation of the spatial structures when
pump field is gradually changed from a quasi-plane-wa
configuration to a narrow Gaussian beam. Because the
cess of pattern formation is initiated by quantum fluctuatio
the research is intimately related to the field of quantum
pects of optical patterns, especially with the investigations
‘‘quantum images’’@18,21#. However, in this paper we will
mainly focus on the classical aspects, and leave the ana
of the specific quantum features to future work.

In Secs. II and III we consider the case of the plane-wa
pump and study in detail the angular dependence of
1626 ©1999 The American Physical Society
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PRA 60 1627SPATIAL STRUCTURE IN OPTICAL PARAMETRIC . . .
emission as governed by the phase-matching conditions.
compare the results with the experimental data. Section I
devoted to the analysis of the effects that arise when
gradually reduce the diameter of the Gaussian pump; th
retical and experimental transverse patterns are illustr
and compared.

II. UNDEPLETED MONOCHROMATIC
PLANE-WAVE PUMP

The traveling-wave OPA pumped by an undeple
monochromatic plane wave is perhaps one of the most t
oughly investigated systems in nonlinear optics. This pr
lem can be solved analytically, thus, both classical and qu
tum properties of the OPA radiation have been stud
widely in literature@22,23#. Here we briefly review the main
results, as they are necessary for our study.

The classical equations for a traveling-wave parame
amplifier in the Fourier transform space have the followi
form @25#:

dS~v1 ,k1,x ,k1,y ,z!

dz
5s1ApS* ~v2 ,k2,x ,k2,y ,z!eiDkz,

~1!

dS~v2 ,k2,x ,k2,y ,z!

dz
5s2ApS* ~v1 ,k1,x ,k1,y ,z!eiDkz.

~2!

S is the spatiotemporal Fourier transform of the electrom
netic field generated by the parametric down-conversion p
cess,

S~v,kx ,ky ,z!5
1

~2p!3E A~ t,x,y,z!ei (vt2kxx2kyy)dtdxdy,

~3!

whereA(t,x,y,z) is the complex field envelope,t is the time,
and x, y are the transverse coordinates,z is direction of
propagation,Ap is the pump~frequencyvp), ands1 , s2 are
the coupling coefficients. We assumeAp real in what fol-
lows. Frequenciesv1 , v2 and wave vectorsk1 , k2 of the
modes must obey the requirements

v11v25vp ,k1,x52k2,x ,k1,y52k2,y , ~4!

where the subscripts denote the projections of the wave
tors to the appropriate coordinate axis. Usually the wa
with higher ~lower! frequency is referred to as the sign
~idler! wave. The phase-mismatch parameter is denote
Eqs.~1! and ~2! by Dk5kp2k1,z2k2,z and is dependent on
the frequencies and wave vectors of the modes„e.g., k1,z

5@k2(v1)2k1,x
2 2k1,y

2 #1/2
…; kp is the wave vector of the

pump, which is a plane wave propagating in the directionz.
By making the phase-mismatch frequency and wave ve
dependent we take into account dispersion and diffrac
effects.

The solution of Eqs.~1! and ~2! for z5L, whereL is the
length of the crystal, is@22#
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S~v1 ,k1,x ,k1,y ,L !

5e
iDkL

2 H S cosh~GL !2
iDk

2G
sinh~GL ! DS~v1 ,k1,x ,k1,x,0!

1Av1

v2

Gm

G
sinh~GL !S* ~v2 ,k2,x ,k2,x,0!J , ~5!

where

G5AGm
2 2Dk2/4, Gm5As1s2Ap . ~6!

In this way, the output field of the OPAA(t,x,y,L) can be
found by inverting Eq.~3!.

In this paper we do not deal with quantum aspects a
therefore we will treatS(v,kx ,ky,0) as a classicalc-number
d-correlated noise. Precisely, we assume thatA(t,x,y,0) cor-
responds to a Gaussiand-correlated noise in time and spac
such that̂ A(t,x,y,0)&50 and

^A~ t,x,y,0!A~ t8,x8,y8,0!&50,

~7!

^A* ~ t,x,y,0!A~ t8,x8,y8,0!&5hd~ t2t8!d~x2x8!d~y2y8!,

where the parameterh scales the noise level. Hence fro
Eq. ~3! we have that̂ S(v,kx ,ky,0)&50 and

^S~v,kx ,ky,0!S~v8,kx8 ,ky8,0!&50,

~8!

^S* ~v,kx ,ky,0!S~v8,kx8 ,ky8,0!&

5hd~v2v8!d~kx2kx8!d~ky2ky8!.

With the help of Eqs.~5! and ~8! we obtain

^S* ~v,kx ,ky ,L !S~v8,kx8 ,ky8 ,L !&

5hd~v2v8!d~kx2kx8!d~ky2ky8!

3H vp

vp2v

Gm
2

G2
sinh2~GL !11J . ~9!

The complex gain parameterG determines the characte
of the mode growth. Modes for whichG is real exhibit ex-
ponential growth, while the others for which the paramete
imaginary will evolve in oscillatory fashion. It follows from
expression~6! of G that the spatiotemporal structure of th
field is determined by the phase mismatch, i.e., only
modes for whichuDku,2Gm will be amplified exponentially.
Figure 1 illustrates this situation. For a fixed temporal fr
quencyv the gain experienced by a certain transverse m
depends sharply on the anglea between the wave vectors o
the mode and of the pump. This gain peaks around a cer
anglea(v) which is determined by the condition of the pe
fect phase matchingDk50. In that way, emission for such
frequency at the output of the OPA is concentrated in a n
row spatial band and is maximal on the cone identified by
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condition Dk50 ~actually, there are two cones associat
with each other, one for frequencyv and the other for fre-
quencyvp2v) @22#. The perfectly phase-matched mod
(Dk50) experience the maximal gainGm which is fre-
quency dependent as the coupling coefficientss1 , s2 de-
pend on the temporal frequencies of the modesv1 , v2 @Eqs.
~1!, ~2!#. It can be approximately described as@25#

Gm5Av1v2

vp
2

sAp , ~10!

where the coefficients is independent of the frequency.
For a biaxial crystal, as we have in our experiment,

situation is more complex because the modulus of the w
vectorsk1 , k2 depends on their orientation. In this case, t
set of wave vectorsk1 which fulfills the perfect phase
matching conditionDk50 is a cone with a section, in
plane orthogonal to the axis of propagation, which does
correspond to a circle but to an ellipse. Hence, if we den
by f the angle identified by the transverse part of the wa
vector in the orthogonal plane, we have that the angle of
perfect phase matching depends not only onv but also onf,
i.e., a5a(v,f).

FIG. 1. Sketch of geometrical configuration of the wave vect
k1 , k2 , kp . For the given fixed temporal frequencyv the modes
which propagate in anglea(v) with respect to the pump wav
vectorkp exhibit a maximal exponential amplification. The angle
determined by the requirement of perfect phase-matchingDk50.
d

e
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III. ANGULAR SPECTRUM „FAR FIELD … OF THE
BROADBAND OPA RADIATION

A. General considerations

The angular spectrum of an OPA pumped by a pla
monochromatic wave has a cone structure for a fixed
quency. In a concrete situation the OPA operates ove
broad band of temporal frequencies, i.e., each of these
quencies contributes to the emission. The intensity distri
tion of the broadband field, as we show here, is not unifo
and may consist of one or a few sharp intense rings~or
ellipses, for a biaxial crystal!.

We consider a detector which measures the emission
a square of side 2l in the transverse planez5L, and the time
interval2T,t,T, so that the measured quantity is given

M5E
2 l

l

dxE
2 l

l

dyE
2T

T

dtuA~ t,x,y,L !u2. ~11!

By using the inverse of Eq.~3! we obtain at once

M5E dvE dv8E dkxE dkx8E dky

3E dky8S* ~v,kx ,ky ,L !S~v8,kx8 ,ky8 ,L !32l

3sinc@~kx2kx8!l #2l sinc@~ky2ky8!l #2T

3sinc@~v2v8!T#, ~12!

where sinc(x)5sin(x)/x. With the help of Eq.~9! we can
conclude that the average value^M & is given by

^M &5E dvE dkxE dky8l 2Th

3H vp

vp2v

Gm
2

G2~v,kx ,ky!
sinh@G~v,kx,ky!L#11J .

~13!

Hence we can interpret that the intensity distribution in t
variablesv, kx , ky is proportional to

I s~v,kx ,ky!5
vp

vp2v

Gm
2

G2~v,kx ,ky!
sinh@G~v,kx,ky!L#11.

~14!

Becausekx andky are the Fourier components in transver
plane, the function

Ī S~kx ,ky!5E I S~v,kx ,ky!dv ~15!

corresponds to the intensity distribution in the far field. Sin
kx5uk(v,a,f)u sin(a)cos(f), ky5uk(v,a,f)usin(a)sin(f),
we can consider instead ofĪ S(kx ,ky) the quantity

s
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Ī S~a,f!5E I S„v,kx~v,a,f!,ky~v,a,f!…dv, ~16!

which corresponds to the angular intensity distribution in
far field.

In order to get a feeling about the features of the angu
spectrumĪ S(a,f) we take into account that for a certa
frequencyv and anglef the quantityI S(v,a,f) is sharply
peaked around the valuea(v,f) for which there is perfect
phase matching, so that we can approximate

I S~v,kx ,ky!5I S~v,a,f!;I S„v,a~v,f!,f…

3d„a2a~v,f!…. ~17!

For the sake of simplicity, let us neglect the depende
on f. In our case, the ellipticity is quite negligible~about
5%! for the values of the anglea we are dealing with, so tha
we can reasonably approximate by assuming a cylindr
symmetry around the pump wave vector axis. Hence,
obtain from Eqs.~16!, ~17!

I S~a!5(
i

I S„v i~a!,a…Udv i

da U, ~18!

wherev(a) is the inverse of the functiona(v) and the sum
takes into account the fact that the functionv(a) is multi-
valued in general, i.e., modes of different temporal frequ
cies are propagating at the same angle, thus, we have to
up these temporal frequencies.

Equation~18! shows that the overall intensity of the fa
field is formed by each of the temporal frequencies indep
dently while the broadband character of the radiation is
counted for by the factorudv(a)/dau ~density of the modes
per anglea). In order to study the properties of this fact
we must come back to the phase-matching conditions.

B. Phase-matching features, lithium triborate crystal

To find out the angular spectrum of the broadband O
radiation we analyze in more detail the dependence of
phase-mismatch termDk on the mode wave length~the de-
pendence on the wave vector orientation was studied in
II !.

We indicated byx, y, z a Cartesian set of coordinates, wi
z being the direction of propagation of the pump. We no
introduce another set of coordinatesX, Y, Z which corre-
sponds to the axes of the crystal, such that the main ref
tive indices obey the inequalitynX,nY,nZ ~Fig. 2!. We
indicate byQ and F the polar angles with respect to th
coordinate system. In our experiments we use a lithi
triborate~LBO! crystal, cut for type I phase matching atQ
590°, F511.6°, hence we will use the dispersion para
eters of LBO further in our theoretical study~for the details,
see the Appendix, in whichQ andF denote the polar angle
for a generic wave vectork). The wavelength of the pump i
lp50.5275mm. In the following, we indicate byQp , Fp
the polar angles for the pump wave vectorkp , and we will
always takeQp590°.

To demonstrate that noncollinear generation is possibl
the crystal we show the phase mismatchDkuu for the collin-
e
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ear configuration of the wave vectorsk1 , k2 , kp for different
orientations,Fp , of the crystal in Fig. 3. The collinear gen
eration takes place at the wavelength for whichDkuu50. On
the other hand, noncollinear generation is possible ifuk1u
1uk2u.ukpu ~see Fig. 1!. This argument is clear if we neglec
the angular dependence ofk1 for fixed v1, but remains ba-
sically true in general. The latter requirement can be rew
ten as

Dkuu,0. ~19!

Figure 3 shows that for a proper orientation of the crys
there exists an interval of wavelengths where the condit

FIG. 2. Definition of the crystal orientation anglesQp andFp ;
the axes of the crystalOX, OY, OZ are determined by requiremen
nX,nY,nZ for the main refractive indices. The end of the wa
vector k1 for the perfectly phase-matched modes draws a con
which is close to a circle. The anglea is defined to be in the plane
Q590° in the text.

FIG. 3. Phase mismatchDkuu for the collinear orientation of the
signal, idler, and pump wave vectors for different orientations of
crystal,Fp . Noncollinear generation is possible within the interv
whereDkuu,0.
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~19! is fulfilled, and noncollinear generation may be o
served for the modes with the wavelengths within this int
val.

For a given crystal orientationFp with respect to the
incident pump, parametric down conversion is generate
all angles and all wavelengths which fulfill the phas
matching requirements. The anglea versus the wavelength
for the perfectly phase-matched modes is shown in Fig. 4
the case described in the Appendix. Because in a bia
crystal the anglea(v) also depends on the orientation ofk1
as we said, in Fig. 4 we plot, for definiteness, the value oa
when k1 lies in the planeXY. For the crystal orientations
Fp59.5°, 10.5°, and 11.5°~Fig. 4! the anglea rapidly in-
creases with the wavelength, it reaches a maximum va
and finally decreases slowly on approaching the edge of
tuning curve. Therefore, the density of temporal modes h
peak just at the limit angle wherea(l) has the maximum.
Actually, the derivativeudv(a)/dau has a singularity of type
1/Aamax2a at this point and so the density of the tempo

FIG. 4. Phase-matching curves for noncollinear generation
LBO crystal for different orientations of the crystal,Fp , Qp590°.

FIG. 5. Transverse angular spectrum. Pump wave intensity
GW/cm2 was taken.
-

at
-

r
al

e,
e
a

l

modes diverges@i.e., da(l)/dl is zero#, see Fig. 4. How-
ever, this singularity is integrable; it is in fact an artifact
our forcing an exact phase-matching condition@Eq. ~17!#.
Note that the wavelengthl51.055mm corresponds to de
generate emission. Hence the part of Fig. 4 on the left of
vertical line refers to the signal wave, the part on the right
the idler wave. ForFp512.5°, 13.5°, and 14.5°~Fig. 4! the
two parts merge into single connected lines.

The intensity Ī S(a) is shown in Fig. 5. Equations~14!,
~16!, ~17! were used to get the results presented in the fig
@we confined ourselves to modes of the signal wavel
,1.055 mm) and neglected the contribution of the idl
wave#. It is worth noting that forFp59.5°, 10.5°, and 11.5°
~Fig. 5! the angular distribution of the intensity has one pe
which corresponds to a ring of strong intensity. On the ot
hand, for the crystal orientationsFp512.5° and13.5° ~Fig.
5! the angular distribution has two peaks. This is due to
peculiarities of the tuning curves for this orientation of t
crystal, i.e., the anglea has a maximum in the interval o
wavelengths 0.7,l,0.8 mm and a minimum in the interva
0.8,l,1.055mm. The angular intensity peaks both in th
vicinity of the maximum and of the minimum as the dens
of the temporal modes has a singularity in both of them, th
the radiation angular spectrum has double ring structure w
different ‘‘colors’’ of the two rings.

The angular distribution of the idler wave (l.1.055mm)
demonstrates similar features~see Fig. 4!. The anglea which
corresponds to the outer ring is larger than that of the sig
wave.

C. Experimental results

The first part of the experiment is aimed at the charac
ization of the angular and wavelength intensity distributi
of the radiation generated by a LBO-based OPA, operate
the regime of linear amplification~undepleted-pump ap
proximation! and with large pump-beam diameter~plane-
wave pump approximation!.

The layout of the experimental setup is drawn in Fig.
The pump source is a frequency-doubled, feedba

controlled mode-locked, chirped-pulse amplified Nd:glass

in

4

FIG. 6. Setup for the detection of~a! the energy angular distri-
bution of the broadband signal-wave radiation;~b! the wavelength-
on-angle dependence along the vertical diameter of the sig
radiation cone.
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ser ~model TWINKLE, produced by Light Conversion
Vilnius!, delivering . 1 ps single pulses at 527 nm, wit
transform-limited spectral bandwidth, energy up to 2.5 m
and repetition rate of 2.5 Hz.

The filter IR-F represents a set of infrared absorbing
ters ~total transmission at 1055 nm less than 10212), whose
function is that of eliminating any residual radiation at t
laser-fundamental wavelength, which could compete w
the quantum noise in seeding the OPA. TheTelescopecolli-
mates the laser beam down to 0.5 mm full width at h
maximum ~FWHM! diameter at the entrance of the OP
nonlinear crystal.

The nonlinear crystal is a 15 mm long lithium tribora
sample, cut for type I phase matching atQ590°, F
511.6° @this cut is suitable for room-temperature colline
second-harmonic generation from Nd:YAG~YAG denotes
yttrium aluminum garnet! lasers#. The crystal, whose refrac
tive indices are given in the Appendix, was oriented to ha
the pump polarization in theXY plane and the signal/idle
polarization along theZ axis, and mounted on a rotatio
stage which allowed it to rotate along theZ axis ~i.e., chang-
ing the Fp angle while keepingQp590°). In this configu-
ration, the signal and idler beams exhibit a lateral walkoff
about 1° with respect to the pump. Due to the large pum
beam diameter, this walkoff does not affect the angular g
profile. Since the pump-beam diffraction is also negligib
we can assume that our operating regime is well describe
the plane-wave pump approximation.

The pump-pulse energy at the entrance of the nonlin
crystal was set to about 0.1 mJ. At the corresponding in
sity of a few tens of GW/cm2 the parametric quantum-nois
amplification turned out to take place with total energ
conversion efficiency smaller than 1%, which makes
undepleted-pump approximation correct, in our case.

The energy angular distribution of the broadband sign
wave radiation was recorded by means of a silicon cha
coupled device~CCD! camera, placed in the focal plane of
positive lens (L), behind the crystal. The pump-wave radi
tion was eliminated by a low-band-pass filter~LB-F!, while
the idler ~at wavelengths larger than 1055 nm! was not de-
tected due to the cutoff of the camera sensitivity in the IR

The results are presented in the left column in Fig.
where the average over 40 shots is taken. The central col
shows the same field received by eliminating the sh
wavelength modes (l,0.8mm) by means of a suitable low
band-pass filter. This column is included to demonstrate
second inner ring which appears for some orientations of
crystal~see Fig. 5!. This ring is built by modes whose wave
lengths are in the region of low sensitivity of our CCD cam
era, thus, it cannot be seen without filtering. The results
obtained prove our expectation that the angular spect
consists of one or two rings-outer and inner—due to
peculiarities of the phase-matching curves. We want to m
tion that even for very high intensities of the pump we o
served a weak emission only in the inner part of the ou
ring, but no signal was detected outside, in good agreem
with our model.

In order to characterize the~temporal! spectrum of the
signal wave and to monitor the wavelength-on-angle dep
dence along one diameter~the vertical! of the signal-
radiation circle we placed a polychromator with the entran
,
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slit in the focal plane of the lensL, and the CCD camera on
the back focal plane of the polychromator. In this way t
entrance slit selects the signal radiation in the vertical pla
while the diffraction grating placed inside the polychroma
separates the different spectral components in the horizo
plane. Since the entrance slit is in the far field of the sig
radiation, and the CCD is in the image plane of the slit,
vertical position on the camera gives the vertical angu
coordinate, leading to two-dimensional snapshots of
wavelength-on-angle distribution.

The resulting phase-matching curves, averaged over
shots, are shown in Fig. 8~a!. The measured curves hav
finite ‘‘thickness’’ due to the influence of the nonperfect
phase-matched modes (DkÞ0) which are not taken into ac
count in Fig. 4@note that the gray scale in Fig. 8~a! is loga-

FIG. 7. Left column: Experimental far field of the OPA outpu
central column: the same after filtering the short-wavelength mo
(l,0.8 mm); right column: near field of the radiation. The value
of angle Fp are ~from top to bottom! Fp59.5°, Fp510.5°, Fp

511.5°, Fp512.5°, Fp513.5°, Fp514.5°.
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rithmic#. As mentioned already, the sensitivity of our CC
camera enabled us to measure the region of the signal w
only. The intensity gap which is seen at the waveleng
925–975 nm appeared because of the technical charac
tics of our polychromator and is not really present in t
radiation field. A good agreement is found between theor
cally calculated curves and the experimental ones: the m
sured wavelengths for the maximal anglea coincide with the
theoretical ones within the experimental error for all orien
tions Fp of the crystal. The radial energy distribution of th
signal wave can be recovered by removing the polychro
tor, or equivalently by integrating the curves in Fig. 8~a! over
the whole wavelength range. An example of such integra
is shown in Fig. 8~b!, for Fp511.5°.

IV. NEAR FIELD. EFFECTS OF FINITE PUMP
DURATION AND DIAMETER

A. Spatiotemporal correlation due to the finite pump
duration and diameter

Here we turn our attention to the near field, which is t
result of the interference of all the transverse modes, hen
is sensitive to the phase relations among the modes.
question of the correlation among the transverse modes

FIG. 8. ~a! Experimentally measured phase-matching curves
eraged over 40 shots~to be compared with the corresponding th
oretical ones in Fig. 4!. The thickness of the curves corresponds
the gain bandwidth~pump intensity 4 GW/cm2). ~b! Angular en-
ergy density atFp511.5° obtained by integrating over wave
lengths the corresponding data shown in~a!.
ve
s
ris-

i-
a-

-

a-

n

it
he
e-

comes crucial when we discuss single-shot emission, bot
the near and in the far field. In analyzing the angular inte
sity distribution in the preceding section we considered,
stead, average quantities.

It is typical in the traveling-wave configuration that th
detector integrates the intensity in time~especially if a pulsed
pump is used!. Thus, the detected transverse intensity dis
bution is a single shot in near field

I T~x,y!5E
2T

T

dtuA~ t,x,y,L !u2, ~20!

where 2T is the detection time. If we takeT on the order of
the duration of the pump pulse, this is also a phenomenol
cal way for introducing in our theory the pulsed nature of t
pump. Our model, which assumes a stationary~monochro-
matic! pump, should be adequate to describe the results
vided the pump pulse duration is much longer than the
verse of the bandwidth of the emission, as is the case in
experiment.

If we now introduce the Fourier transform in time,

S̃~v,x,y!5
1

2pE dteivtA~ t,x,y,L !

5E dkxdkye
i (kxx1kyy)S~v,kx ,ky ,L !, ~21!

we obtain from Eq.~20!

I T~x,y!5E
2`

`

dvE
2`

`

dv8S̃* ~v,x,y!S~v8,x,y!

32T sinc@~v2v8!T#. ~22!

Note that in the limitT˜` we have 2Tsinc@(v2v8)T#
˜2pd(v2v8) so that

lim
T˜`

I T~x,y!52pE
2`

`

dvuS̃~v,x,y!u2 ~23!

is given by a superposition over all frequencies with the
sult of obtaining uniform intensity distribution in the nea
field, because the various waves have random phases,
pendent of one another. If we, instead, takeT on the order of
the pulse duration, the presence of the function sinc@(v
2v8)T# introduces a correlation among different freque
cies, so that the frequency integration does not give a u
form intensity distribution and some modulation is seen
the near field.

In order to visualize the transverse intensity pattern
the near field we employ Eqs.~5!, ~21!, ~22! in our nu-
merical simulations, assuming that the mode amplitu
S(v,kx ,ky,0) are Gaussian random quantities obeyi
Eq. ~8!.

On the other hand, the transverse intensity distribution
the far field can be obtained from the same stochastic r
ization by calculating the quantity

-
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E
2`

`

dvE
2`

`

dv8S* ~v,kx ,ky!S~v8,kx,ky!

32Tsinc@~v2v8!T#. ~24!

An example of the near-field and the far-field configuratio
obtained in this way, is shown in Fig. 9.

Quite a regular structure is found in the near field of t
radiation ~Fig. 9!. The pattern is seen over an intense u
form background which is caused by the averaging over
temporal frequencies. The contrast of the pattern~ratio of the
intensity modulation amplitude with the background! is quite
low ~in the order of a few %). The transverse modes wh
wavelengths are close to the one where the density of t
poral modes peaks prevail in the pattern structure.

According to our model, the numeric simulation show
that increasing the correlation interval among the tempo
modes~i.e., reducingT) increases the contrast of the patte
and vice versa. On the other hand, the contrast of the pa
can be increased sharply by filtering out some of the tem
ral frequencies. The same result can be achieved by see
the OPA by a spatially noisy signal of a certain frequen
Figure 9 exhibits the numerically calculated single-shot f
field configuration, which is qualitatively similar to the ex
perimental findings shown in Fig. 7~left column!.

We have shown before that the finite duration of the pu
introduces a correlation among temporal frequencies
similar effect arises in the spatial domain if we abandon
idealized assumption of the plane-wave pump. If we den
by Ap(x,y) the spatial configuration of the pump, and intr
duce its Fourier transform

Sp~kx ,ky!5
1

~2p!2E dxdye2 i (kxx1kyy)Ap~x,y!, ~25!

in Eqs.~1!, ~2! one must introduce the following changes

ApS* ~v2 ,k2,x ,k2,y!˜E dkx8dky8Sp~kx8 ,ky8!

3S* ~v2 ,kx82k2,x ,ky82k2,y!, ~26!

ApS* ~v1 ,k1,x ,k1,y!˜E dkx8dky8Sp~kx8 ,ky8!

3S* ~v1 ,kx82k1,x ,ky82k1,y!. ~27!

FIG. 9. Numerical simulation of the far-~left! and near-~right!
field intensity distribution for a single shot, plane-wave pum
Pump intensity 4 GW/cm2, Fp511.5°. Pump pulse duration wa
taken to be 1 ps.
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Hence the spatial dependence of the pump introduces a
relation among different spatial frequencies; the correlat
is introduced by the convolution terms in Eqs.~26!, ~27!.

B. Further experimental results

First, we present in Fig. 10 the intensity angula
wavelength distribution which was found under the sa
conditions as in Fig. 8~a! but for a single shot@Fig. 8~a! is
obtained after averaging over 40 shots#. The picture shows
the spatiotemporal correlation among the modes. One
see that the modes tend to group into spots of finite diam
and this is a trace of the spatiotemporal correlation am
the modes. This behavior lets us expect to see a structu
the near field of the radiation.

The same experimental setup was used as describe
Sec. III C. The near-field intensity distribution of the sign
emission was obtained by imaging the exit face of the n
linear crystal onto the CCD camera by means of suita
magnifying objective lenses.

The single-shot near-field intensity profile of the sign
field is presented on the right-hand side of Fig. 11~the cor-
responding angular spectrum is on the left-hand side!. It is
evident that the regular pattern structure~filamentation!,

.

FIG. 10. Experimental single-shot angular-wavelength dep
dence,Fp59.5°. One notes the spatiotemporal correlation int
duced due to the finite pump pulse beam duration and diamete

FIG. 11. Experimental far~left! and near field~starlike structure;
right! of the OPA radiation for the pump-beam diameter 250mm,
Fp511.5° ~pump intensity at the input 165 GW/cm2, pulse dura-
tion 1.5 ps!.
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whose details were changing from shot to shot~patterns are
cancelled if averaged acquisition is taken! is present in the
near field. Deeper analysis of the pictures shows that in
creation of the transverse modulation the spatial frequen
of the outer ring of the angular spectrum dominate, in agr
ment with our model. The characteristic spatial wavelen
of the structure depends on the size of the ring~it decreases
when the crystal is rotated in order to get larger rings in
angular spectrum!.

We changed the pump-beam diameter by focusing the
ser radiation in the crystal. Figure 11 presents the charac
istic situation which appears when the pump-beam diam
is reduced. The angular spectrum ring becomes m
broader and consists of a set of spots with quite noticea
radius. This is a consequence of the correlation introdu
by the pump beam. In the near field we still find a patte
similar to the one we had in the plane-wave pump case.
the other hand, there are some differences. The patte
limited in space by the pump beam and in the periphery
filaments tend to group on lines irradiating from the center
the pattern. In this way, the global view of the pattern
sembles a star~Fig. 11!.

The radius of the spots in the angular spectrum increa
if the pump-beam diameter is reduced. In the absence
transverse walkoff, it would be possible to achieve the s
ation when the correlation radius is big enough to ‘‘clea
the angular spectrum completely, locking both the am
tudes and the phases of the modes on the whole ring.
would transform the starlike structure into a beam who
amplitude distribution is approximately described by
BesselJn function, as we have recently observed in the c
of a type II LBO operated in noncritical phase matching@26#.
With the present crystal, the walkoff plays a relevant role
pump-beam diameter smaller than a few hundred micro
selecting the angular components in the walkoff plane
leading to the far-field and near-field energy profiles sho
in Fig. 12, whose stripe~roll! structure is similar to tha
predicted by models of optical parametric oscillators@14#.

V. CONCLUSIONS

In the paper we made an overview of the spatial prop
ties of the output radiation of the traveling-wave OPA. B
cause our analysis aimed at providing a qualitative pict
rather than a quantitative comparison with experimental d

FIG. 12. Experimental far~left! and near field~right! of the
OPA radiation for the pump-beam diameter 30mm, Fp511.5°
~pump intensity at the input 320 GW/cm2, pulse duration 1.5 ps!;
roll-like structure.
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in our theoretical treatment for simplicity we used a classi
description of the noise which initiates the emission, inste
of a fully quantum picture.

We demonstrated that one or a few sharp rings appea
the far field of the broadband radiation of OPA. Such a str
ture of the angular spectrum is explained by the features
the phase-matching curves.

We showed that under appropriate conditions quite
regular spotlike transverse modulation can be seen in
near field of the output radiation. This modulation is pr
served in spite of a very broad bandwidth of temporal f
quencies which constitute the radiation though this bro
band character results in quite a low contrast of
transverse modulation. The contrast depends on the cor
tion among the temporal modes of the radiation. It can
increased by using shorter pulses, by filtering the tempo
spectrum of the radiation, or by seeding the OPA with
spatially incoherent but monochromatic field.

Finite pump diameter leads to correlation of neighbori
spatial modes. As a consequence the angular spectrum o
radiation is ‘‘cleaned.’’ This changes the spatial properties
the near-field energy distribution. For a very small pum
diameter roll-like structures can be generated from the qu
tum noise. Increasing the pump-beam diameter destr
these structures and leads to a starlike pattern. Furthe
crease of the diameter smoothly transforms the starlike st
tures to the ones which are detected in the case of the pl
wave pump. Our experimental results show that the star
configuration is characteristic for the intermediate diamet
of the pump beam.

Finally, we found a good qualitative agreement betwe
theoretical results and the experimental data obtained usi
LBO crystal.
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APPENDIX: CALCULATION OF WAVE-VECTOR
MODULO IN LBO CRYSTAL

The modulus of the wave vector of a plane wave of t
wavelengthl propagating in a biaxial crystal is given by

uku5
2p

l
Ab6Ab224ac

2a
. ~A1!

Here the minus sign stands for the fast wave~in our case—
pump wave! and the plus sign stands for the slow wav
~signal, idler!. Coefficientsa, b, c are

a5nX
2sin2~Q!cos2~F!1nY

2 sin2~Q!sin2~F!1nZ
2 cos2~Q!,



c-
f
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b5nX
2~nY

21nZ
2!sin2~Q!cos2~F!

1nY
2~nX

21nZ
2!sin2~Q!sin2~F!1nZ

2~nX
21nY

2 !cos2~Q!,

c5nX
2nY

2nZ
2 .

The anglesQ, F determine the orientation of the wave ve
tor in coordinate systemX, Y, Z corresponding to the axes o
the crystal.

The refractive indicesnX , nY , nZ for the LBO crystal are
expressed by the following Selmaier formulas@27#:
.

s-

s

E

ev
nX
252.454 141

0.011 249

l220.011 35
20.014 591l226.631025l4,

nY
252.539 071

0.012 711

l220.012 523
20.018 54l222.031024l4,

nZ
252.586 1791

0.013 099

l220.011 893

20.017 968l222.231024l4.
z-

.

llet,

i,
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