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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.
[S1050-294{@9)05608-3

PACS numbsd(s): 42.65.Sf, 42.65.Ky, 42.50.Ct

I. INTRODUCTION realization[13,18,2]. The “pattern” we study in this paper
belongs to this class.

The field of optical pattern formation has received great Throughout the paper, we consider the simple configura-
attention in the 1990s, both from the theoretical and the extion of a type | optical parametric amplifi€©PA) in which
perimental viewpoint; some reviews can be foundin-7]. a pump field is down converted to a signal and an idler field.
Several kinds of configurations have been considered, e.ggven if we analyze only the simplest setting of an undepleted
unidirectional propagation, counterpropagating waves, syspump, so that the dynamical equations are linear, the prob-
tems with single feedback mirror, nonlinear media containedem is complex because starting from quantum noise the
in optical cavities with planar or spherical mirrors, systemsOPA emits a broadband spectrum of both temporal and spa-
with field rotation in the feedback loop, and arrays of laserstial frequencies correlated by the phase-matching condition,

In the case of unidirectional propagation, the analyseg\/hich ImplleS that each different frequency is emitted on a
have focused on the case of cubic nonlinearities, using théifferent cone centered around the axis of propagation. One
nonlinear Schidinger equation or generalizations thereof My arise the question of whether this broadband character
(see, e.g[8-13)). On the other hand, there is a literature on of the radiation allows for transverse pattern formation at all.

qguadratic media, but in the intracavity case, either for optica The linear parametric amplifier has been extensively ana-

parametric oscillator§14—19 or second-harmonic genera- |yzed in the literaturdsee, e.g'.[21—24); here.we focu.s. on
tion [20]. the aspects of pattern formation. The selective amplification

In this paper we study pattern formation in a cavitylessOf the spatial frequencies leads to the appearance of noisy

spatial patterns in the near field, and to the formation of the

propagation in the quadratic media. A remark is now r?eceséystem of cones in the far field. We will analyze carefully the

sary on the fact that we use the name “pattern” to designati,crre of this set of cones in order to describe the phenom-
the spatial structures that arise in an optical parametric aMsnology of the system.

plifier in the linear regime of negligiple pump depletion. As  \ye study the problem both in the near and in the far field,
a matter of fact, optical patterns arise spontaneously fromyoth theoretically and experimentally, and compare the the-
homogeneous configurations as a consequence of the intejretical picture with the experimental findings. Especially,
play between the nonlinearity of the dynamics and diffrac-we analyze the variation of the spatial structures when the
tion, and the nonlinearity plays a crucial role in selecting thepump field is gradually changed from a quasi-plane-wave
pattern(e.g., stripes, hexagons, etthat arise beyond the configuration to a narrow Gaussian beam. Because the pro-
threshold of the instability that activates the pattern forma-<cess of pattern formation is initiated by quantum fluctuations,
tion [7]. However, the recent studies on quantum imageshe research is intimately related to the field of quantum as-
[18,21] have pointed out that one can meet the formation ofoects of optical patterns, especially with the investigations on
pattern even below instability threshold, in a regime that can‘quantum images”[18,21. However, in this paper we will

be described by a linear or linearized equations. Such patnainly focus on the classical aspects, and leave the analysis
terns work as a precursor of the structure that appears abowé the specific quantum features to future work.

threshold, and are entirely generated by quantum fluctua- In Secs. Il and Il we consider the case of the plane-wave
tions, hence they are noisy and change from realization tpump and study in detail the angular dependence of the
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emission as governed by the phase-matching conditions. \Ng(wl,klx,kly,L)

compare the results with the experimental data. Section 1V is o

devoted to the analysis of the effects that arise when we — iakL Ak

gradually reduce the diameter of the Gaussian pump; theo- —ET[(COSKFL)— TsmdFL) S(w1q,Kyx,K1x,0)
retical and experimental transverse patterns are illustrated

r
and compared SIS (0 Koy ,kz,x,O)], 5)
2

Il. UNDEPLETED MONOCHROMATIC
PLANE-WAVE PUMP where

The traveling-wave OPA pumped by an undepleted —
monochromaticgplane wave is Eerhgps on)(/a of the mogt thor- [=\Th—AKY4, Tp= T102Ap - ©)
oughly investigated systems in nonlinear optiqs. This proby, this way, the output field of the OPA(t,x,y,L) can be
lem can be ;olved analytically, thu_s,_both classical and quansund by inverting Eq(3).
tum properties of the OPA radiation have been studied |, this paper we do not deal with quantum aspects and
widely in literature[22,23. Here we briefly review the main arefore we will trea(w,ky ,k,,0) as a classica-number
results, as they are necessary for our study. S-correlated noise. Precisely, we assume &{atx,y,0) cor-

The classical equ_ations for a traveling-wave p""r""metrirresponds to a Gaussiaicorrelated noise in time and space
amplifier in the Fourier transform space have the followmgsuch thatA(t,x,y,0))=0 and

form [25]:
(A(t,x,y,0A(t’,x",y",0)=0,
=01A,S" (w3,Kox, Koy ,z)e'hk, 7)
(o

ds(wlikl,x vkl,yiz)
dz

(A* (XY, 0A(',x",y",0) = 7d(t—t") S(x—x")d(y—y'),

dS(w; Ko, K2y ,2) where the parameten scales the noise level. Hence from

= O'zApS* ((1)1 y kl,X :kl,y ,Z)eiAkZ.

dz Eq. (3) we have thatS(w,ky,ky,0))=0 and
(2
S is the spatiotemporal Fourier transform of the electromag- (S(@ .k ky,0)S(w" Ky ky,00) =0,
netic field generated by the parametric down-conversion pro- )
cess,
<S*(co,kx,ky,0)$(w’,k)'< ,k;,,O))

1 i ! !
S(w,ky Ky ,2)= (2—)3f A(t,x,y,z)e' (“t=ke= kY dtdxdy, =n6(w—o0")d(k—ky) 8(ky—ky).

a

3 With the help of Eqs(5) and(8) we obtain

whereA(t,x,y,z) is the complex field envelopéjs the time,

and x, y are the transverse coordinatesjs direction of (S* (ke ky,L)S(w ’kX’kV’L)>

propagationA, is the pump(frequencyw;), ando,, o, are = 98(w—w') 8K k.)8(k,—K))
the coupling coefficients. We assumg real in what fol- o
lows. Frequenciew,;, w, and wave vector&,, k, of the ®p I‘fn _
modes must obey the requirements P Fsmhz(FL)le . 9
P
w1+ 0= wp K x=—Kox K1 y=—Kzy, (4) The complex gain parametér determines the character

of the mode growth. Modes for which is real exhibit ex-

where the subscripts denote the projections of the wave vegonential growth, while the others for which the parameter is
tors to the appropriate coordinate axis. Usually the wavémaginary will evolve in oscillatory fashion. It follows from
with higher (lower) frequency is referred to as the signal expression6) of I' that the spatiotemporal structure of the
(idler) wave. The phase-mismatch parameter is denoted ifield is determined by the phase mismatch, i.e., only the
Egs.(1) and(2) by Ak=k,—k;,—k,, and is dependent on modes for whicHAk| < 2T ,, will be amplified exponentially.
the frequencies and wave vectors of the modes., k; , Figure 1 illustrates this situation. For a fixed temporal fre-
=[k*(w1) —ki,—K;,1¥; k, is the wave vector of the quencye the gain experienced by a certain transverse mode
pump, which is a plane wave propagating in the direction depends sharply on the anglebetween the wave vectors of
By making the phase-mismatch frequency and wave vectahe mode and of the pump. This gain peaks around a certain
dependent we take into account dispersion and diffractiomnglea(w) which is determined by the condition of the per-
effects. fect phase matchingk=0. In that way, emission for such a

The solution of Egs(1) and(2) for z=L, whereL is the  frequency at the output of the OPA is concentrated in a nar-
length of the crystal, i§22] row spatial band and is maximal on the cone identified by the
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Ill. ANGULAR SPECTRUM (FAR FIELD ) OF THE
BROADBAND OPA RADIATION

A. General considerations

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

We consider a detector which measures the emission over
a square of sidel2in the transverse plare=L, and the time
interval — T<t<T, so that the measured quantity is given by

| | T
_ 2
M—fﬁldxﬁldyfﬁTdt|A(t,x,y,L)| . (11

By using the inverse of Eq3) we obtain at once

M=fdwfdw’fdkxfdk;Jdky

xf dk/S* (@,ky Ky L)S(0’ k] k) L)X 2]

xsinc[ (ky— k)12l sinc[ (k,— k;,)l 12T
FIG. 1. Sketch of geometrical configuration of the wave vectors ) ,
ki, ka2, kp. For the given fixed temporal frequeney the modes xXsinc[(w—w')T], (12)
which propagate in angle(w) with respect to the pump wave
vectork,, exhibit a maximal exponential amplification. The angle is where sinck) =sin(x)/x. With the help of Eq.(9) we can
determined by the requirement of perfect phase-matchikg 0. conclude that the average val(idl) is given by

condition Ak=0 (actually, there are two cones associated

with each other, one for frequeney and the other for fre- <M>:J de dka dk,81°T 7
quency w,— ) [22]. The perfectly phase-matched modes
(Ak=0) experience the maximal gaihi,, which is fre- wp 1“ﬁ1
quency dependent as the coupling coefficiemis o, de- X o — w12

pend on the temporal frequencies of the modes w, [Egs. P (ki ky)
(1), (2)]. It can be approximately described [@25] (13

SINHT (@, Ky, ky)L]+ 1] .

Hence we can interpret that the intensity distribution in the
variablesw, ky, k, is proportional to
= oAy, (10
@p 2
__ %
Is(w,Kky,ky)=

m .
T ) SinH T (w,ky,ky) L]+ 1.
where the coefficient is independent of the frequency. (14

For a biaxial crystal, as we have in our experiment, the
situation is more complex because the modulus of the wavBecausek, andk, are the Fourier components in transverse
vectorsky, k, depends on their orientation. In this case, theplane, the function
set of wave vectork; which fulfills the perfect phase-
matching conditionAk=0 is a cone with a section, in a
plane orthogonal to the axis of propagation, which does not I_S(anky):j ls(@, Ky, Ky)do (15)
correspond to a circle but to an ellipse. Hence, if we denote
by ¢ the angle identified by the transverse part of the wave
vector in the orthogonal plane, we have that the angle of th€orresponds to the intensity distribution in the far field. Since
perfect phase matching depends not onlywobut also ong,  Kx=|k(w,a,¢)| sin(@)cos@), ky=|k(w,a,s)|sin(@)sin(@),
ie., a=a(w,d). we can consider instead of(k,,k,) the quantity
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TS(a1¢):J |S(a),kx(a),a,¢),ky(w,a,¢))dw, (16)

which corresponds to the angular intensity distribution in the
far field.
In order to get a feeling about the features of the angular

spectruml ¢(a,¢) we take into account that for a certain
frequencyw and angles the quantityl {(w,«, ¢) is sharply
peaked around the value(w, ) for which there is perfect
phase matching, so that we can approximate

IS(w!kX lky):IS(wva’¢)~|S(wia(w!¢)!¢)
X 8(a—a(w,P)). (17)

For the sake of simplicity, let us neglect the dependence
on ¢. In our case, the ellipticity is quite negligibl@bout
5%) for the values of the angle we are dealing with, so that
we can reasonably approximate by assuming a cylindrical
symmetry around the pump wave vector axis. Hence, we
obtain from Eqs(16), (17)

FIG. 2. Definition of the crystal orientation angleg, and®,;
dwi‘ the axes of the cryst® X, OY, OZ are determined by requirement
—, (18 ny<ny<n; for the main refractive indices. The end of the wave
da vectork, for the perfectly phase-matched modes draws a contour

. . . which is close to a circle. The angteis defined to be in the plane
wherew(«) is the inverse of the functioa(w) and the sum g _gge in the text.

takes into account the fact that the functiefa) is multi-

vglued in generalZ i.e., modes of different temporal frequeng,, configuration of the wave vectdrs, k,, k, for different
cies are propagating at the same angle, thus, we have t0 SWRentations®, , of the crystal in Fig. 3. The collinear gen-
up these temporal frequencies. P

: , , eration takes place at the wavelength for whick =0. On
; Equ?t'on(]as)bsmwﬁ t?a;] the overaIII f|ntenS|ty of thg far the other hand, noncollinear generation is possiblgkf
ield is formed by each of the temporal frequencies indepen-_, - ; : . :
dently while the broadband character of the radiation is ac [kal >[kp| (see Fig. 1 This argument s clear if we neglect

. the angular dependence lof for fixed w,, but remains ba-
counted for by the factojdw(a)/da] (density of the modes sically true in general. The latter requirement can be rewrit-
per anglea). In order to study the properties of this factor

. " ten as
we must come back to the phase-matching conditions.

|s(a):2i ls(wi(a),a)

<0.
B. Phase-matching features, lithium triborate crystal Ak” 0 (19

To find out the angular spectrum of the broadband OPAFigure 3 shows that for a proper orientation of the crystal
radiation we analyze in more detail the dependence of théere exists an interval of wavelengths where the condition
phase-mismatch termik on the mode wave lengttihe de-

pendence on the wave vector orientation was studied in Sec ~ 100} o
). P
We indicated by, y, za Cartesian set of coordinates, with 50 L 9.5°
z being the direction of propagation of the pump. We now ~ 10.5°
introduce another set of coordinat¥s Y, Z which corre- = 11.5°
sponds to the axes of the crystal, such that the main refrac = Or 12.5°
tive indices obey the inequalitpy<ny<n, (Fig. 2). We ﬁ_ 135
indicate by® and ® the polar angles with respect to this -50 L '
coordinate system. In our experiments we use a lithium 14.5°
triborate (LBO) crystal, cut for type | phase matching @t -1001.
=90°, ®=11.6°, hence we will use the dispersion param-
eters of LBO further in our theoretical studfpr the details, ) . ) . ) ,

see the Appendix, in whic® and®d denote the polar angles 700 800 900 1000 1100
for a generic wave vectdr). The wavelength of the pump is %, (nm)
Ap=0.5275um. In the following, we indicate by ,, @, !
the polar angles for the pump wave veckgy, and we will
always take® ,=90°.

To demonstrate that noncollinear generation is possible
the crystal we show the phase mismatck for the collin-

FIG. 3. Phase mismatchk for the collinear orientation of the
.signal, idler, and pump wave vectors for different orientations of the
'Erystal,d),). Noncollinear generation is possible within the interval
whereAk; <0.
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FIG. 4. Phase-matching curves for noncollinear generation in

LBO crystal for different orientations of the crystab,,, ©®,=90°.

(19) is fulfilled, and noncollinear generation may be ob-

served for the modes with the wavelengths within this inter-

val.
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FIG. 6. Setup for the detection ¢ the energy angular distri-
bution of the broadband signal-wave radiati¢in); the wavelength-
on-angle dependence along the vertical diameter of the signal-
radiation cone.

modes divergesi.e., da(\)/d\ is zerd, see Fig. 4. How-
ever, this singularity is integrable; it is in fact an artifact of

_ I_:or a given crystal o_rientati0|ni>p with_res_pect to the oy forcing an exact phase-matching conditid@g. (17)].
incident pump, parametric down conversion is generated 3{gte that the wavelength = 1.055 um corresponds to de-

all angles and all wavelengths which fulfill the phase-

generate emission. Hence the part of Fig. 4 on the left of the

matching requirements. The angleversus the wavelength yertica line refers to the signal wave, the part on the right to

for the perfectly phase-matched modes is shown in Fig. 4 fofq idler wave. Forb

,=12.5°, 13.5°, and 14.5Fig. 4) the

the case described in the Appendix. Because in a biaxigl,q parts merge into single connected lines.

crystal the angler(w) also depends on the orientationlgf
as we said, in Fig. 4 we plot, for definiteness, the value of
when k, lies in the planeXY. For the crystal orientations
®,=9.5° 10.5° and 11.5(Fig. 4) the anglea rapidly in-
creases with the wavelength, it reaches a maximum valu

and finally decreases slowly on approaching the edge of th

tuning curve. Therefore, the density of temporal modes has
peak just at the limit angle wher@(\) has the maximum.
Actually, the derivativedw(a)/da| has a singularity of type
1/\Jamax— a at this point and so the density of the temporal

14.5°

13.5°

P,

log(I,) (arb. units)

0.0°

e

The intensityl 5(«) is shown in Fig. 5. Equation&l4),
(16), (17) were used to get the results presented in the figure
[we confined ourselves to modes of the signal waxe (
<1.055 um) and neglected the contribution of the idler

avel. It is worth noting that fod ,=9.5°, 10.5°, and 11.5°
gig. 5 the angular distribution of the intensity has one peak,
which corresponds to a ring of strong intensity. On the other
hand, for the crystal orientatior,=12.5° and13.5° (Fig.
5) the angular distribution has two peaks. This is due to the
peculiarities of the tuning curves for this orientation of the
crystal, i.e., the angler has a maximum in the interval of
wavelengths 0.%A<0.8 wm and a minimum in the interval
0.8<\<1.055um. The angular intensity peaks both in the
vicinity of the maximum and of the minimum as the density
of the temporal modes has a singularity in both of them, thus,
the radiation angular spectrum has double ring structure with
different “colors” of the two rings.

The angular distribution of the idler wava £ 1.055.m)
demonstrates similar featuresee Fig. 4. The anglex which
corresponds to the outer ring is larger than that of the signal
wave.

C. Experimental results

The first part of the experiment is aimed at the character-
ization of the angular and wavelength intensity distribution
of the radiation generated by a LBO-based OPA, operated in
the regime of linear amplificatiofundepleted-pump ap-
proximation) and with large pump-beam diametéslane-
wave pump approximation

The layout of the experimental setup is drawn in Fig. 6.

FIG. 5. Transverse angular spectrum. Pump wave intensity of 4 The pump source is a frequency-doubled, feedback-

GWr/cn? was taken.

controlled mode-locked, chirped-pulse amplified Nd:glass la-
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ser (model TWINKLE, produced by Light Conversion,
Vilnius), delivering= 1 ps single pulses at 527 nm, with
transform-limited spectral bandwidth, energy up to 2.5 mJ,
and repetition rate of 2.5 Hz.

The filter IR-F represents a set of infrared absorbing fil-
ters (total transmission at 1055 nm less than 1), whose
function is that of eliminating any residual radiation at the
laser-fundamental wavelength, which could compete with
the quantum noise in seeding the OPA. Treescopesolli-
mates the laser beam down to 0.5 mm full width at half
maximum (FWHM) diameter at the entrance of the OPA
nonlinear crystal.

The nonlinear crystal is a 15 mm long lithium triborate
sample, cut for type | phase matching &=90°, &
=11.6° [this cut is suitable for room-temperature collinear
second-harmonic generation from Nd:YAGAG denotes
yttrium aluminum garnetlaserg. The crystal, whose refrac-
tive indices are given in the Appendix, was oriented to have
the pump polarization in thXY plane and the signal/idler
polarization along theZ axis, and mounted on a rotation
stage which allowed it to rotate along tHeaxis (i.e., chang-
ing the ®, angle while keeping ,=90°). In this configu-
ration, the signal and idler beams exhibit a lateral walkoff of
about 1° with respect to the pump. Due to the large pump-
beam diameter, this walkoff does not affect the angular gain
profile. Since the pump-beam diffraction is also negligible,
we can assume that our operating regime is well described in
the plane-wave pump approximation.

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

The energy angular distribution of the broadband signal-
wave radiation was recorded by means of a silicon charge
coupled devicd CCD) camera, placed in the focal plane of a
positive lens [), behind the crystal. The pump-wave radia-
tion was eliminated by a low-band-pass filt&B-F), while
the idler (at wavelengths larger than 1055 hmas not de-
tected due to the cutoff of the camera sensitivity ir_1 the_ IR- " FiG. 7. Left column: Experimental far field of the OPA output;

The results are presented in the left column in Fig. 7, central column: the same after filtering the short-wavelength modes
where the average over 40 shots is taken. The central cOlUMR < 0.8 ,m):; right column: near field of the radiation. The values
shows the same field received by eliminating the shortys angle @, are (from top to bottorh ®,=9.5°, ®,=10.5°, ®
wavelength modes\(<0.8 um) by means of a suitable low- =11 5°, P,=12.5°, ®,=13.5°, d,=14.5°.
band-pass filter. This column is included to demonstrate the
second inner ring which appears for some orientations of thelit in the focal plane of the lenis, and the CCD camera on
crystal(see Fig. % This ring is built by modes whose wave- the back focal plane of the polychromator. In this way the
lengths are in the region of low sensitivity of our CCD cam- entrance slit selects the signal radiation in the vertical plane,
era, thus, it cannot be seen without filtering. The results wavhile the diffraction grating placed inside the polychromator
obtained prove our expectation that the angular spectrurseparates the different spectral components in the horizontal
consists of one or two rings-outer and inner—due to theplane. Since the entrance slit is in the far field of the signal
peculiarities of the phase-matching curves. We want to menradiation, and the CCD is in the image plane of the slit, the
tion that even for very high intensities of the pump we ob-vertical position on the camera gives the vertical angular
served a weak emission only in the inner part of the outecoordinate, leading to two-dimensional snapshots of the
ring, but no signal was detected outside, in good agreementavelength-on-angle distribution.
with our model. The resulting phase-matching curves, averaged over 40

In order to characterize théemporal spectrum of the shots, are shown in Fig.(&. The measured curves have
signal wave and to monitor the wavelength-on-angle deperfinite “thickness” due to the influence of the nonperfectly
dence along one diametéthe vertical] of the signal- phase-matched modedk+0) which are not taken into ac-
radiation circle we placed a polychromator with the entrancecount in Fig. 4[note that the gray scale in Fig(&} is loga-

P
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comes crucial when we discuss single-shot emission, both in

Signal Idler . . : H
3 — the near and in the far field. In analyzing the angular inten-
Logatitiot grey seale sity distribution in the preceding section we considered, in-
2+ stead, average quantities.

It is typical in the traveling-wave configuration that the
detector integrates the intensity in tirtespecially if a pulsed
pump is used Thus, the detected transverse intensity distri-

éﬁ 0- bution is a single shot in near field
3 14 -
IT(x,y)=f dt|A(t,x,y,L)|?, (20)
24 : =T
1k .
3 ®,=9.5",10.5 115", 12.5, 13.5°, 14.5%% fi h o is the d ) _ i - H g .
- T T y T where 2T is the detection time. If we tak€ on the order o
600 700 800 900 1000 1100 1200 . . .
” Wavelansth Gaie) the duration of the pump pulse, this is also a phenomenologi

cal way for introducing in our theory the pulsed nature of the
100000+ , : . : pump. Our model, which assumes a station@mpnochro-

matic) pump, should be adequate to describe the results pro-

] vided the pump pulse duration is much longer than the in-
4 10000+ o B =11.5° 3 verse of the bandwidth of the emission, as is the case in our
£ ] - S experiment.
& - If we now introduce the Fourier transform in time,
S 1000 - - 3
b -l..- 1
7 - " G - i ot
g o . “§ S(w,X,Y) 27rf dte'“*A(t,x,y,L)
= ]

, : , ' =f dk,dk,e' * WS, ky ky L), (21)
0 1 2
(b) Internal angle a (deg)

we obtain from Eq(20)

FIG. 8. (a) Experimentally measured phase-matching curves av-
eraged over 40 shot$o be compared with the corresponding the- " -
oretical ones in Fig. ¥ The thickness of the curves corresponds to 1T(x,y)= j dwf dw’~S*(w,x,y)S(w’ X,Y)
the gain bandwidtipump intensity 4 GW/cR). (b) Angular en- —o —o0
ergy density atd,=11.5° obtained by integrating over wave- .
Ier?gths the )éorrespponding data showr(gh o X2Tsind(0—w")T]. (22)
rithmic]. As mentioned already, the sensitivity of our CCD Note that in the limitT—o we have Zsind(w—w’)T]
camera enabled us to measure the region of the signal wave 27d(w— ') so that
only. The intensity gap which is seen at the wavelengths
925-975 nm appeared because of the technical characteris- o -
tics of our polychromator and is not really present in the lim |T(X,y)=2ﬁf do[S(w,x,y)|? (23)
radiation field. A good agreement is found between theoreti- T o
cally calculated curves and the experimental ones: the mea-
sured wavelengths for the maximal angl@€oincide with the is given by a superposition over all frequencies with the re-
theoretical ones within the experimental error for all orienta-sult of obtaining uniform intensity distribution in the near
tions @, of the crystal. The radial energy distribution of the field, because the various waves have random phases, inde-
signal wave can be recovered by removing the polychromapendent of one another. If we, instead, taken the order of
tor, or equivalently by integrating the curves in FigaBover  the pulse duration, the presence of the function [§iac
the whole wavelength range. An example of such integration- ') T] introduces a correlation among different frequen-

is shown in Fig. &), for ®,=11.5°. cies, so that the frequency integration does not give a uni-
form intensity distribution and some modulation is seen in

IV. NEAR FIELD. EFFECTS OF FINITE PUMP the near field.
DURATION AND DIAMETER In order to visualize the transverse intensity pattern in

the near field we employ Eqg5), (21), (22) in our nu-

merical simulations, assuming that the mode amplitudes

S(w,ky,ky,0) are Gaussian random quantities obeying
Here we turn our attention to the near field, which is theEg. (8).

result of the interference of all the transverse modes, hence it On the other hand, the transverse intensity distribution in

is sensitive to the phase relations among the modes. Thie far field can be obtained from the same stochastic real-

question of the correlation among the transverse modes béation by calculating the quantity

A. Spatiotemporal correlation due to the finite pump
duration and diameter
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FIG. 9. Numerical simulation of the farleft) and near<{right) “ + ,t .
field intensity distribution for a single shot, plane-wave pump. ! .
Pump intensity 4 GW/cf&) ®,=11.5°. Pump pulse duration was
taken to be 1 ps.

T T
700 750 800

f_ dwf_ do'S*(w,ky k) S(w' Ky Ky) A (nm)
X 2Tsind (w—w’)T]. (24) FIG. 10. Experimental single-shot angular-wavelength depen-

dence,®,=9.5°. One notes the spatiotemporal correlation intro-
An example of the near-field and the far-field configuration,duced due to the finite pump pulse beam duration and diameter.
obtained in this way, is shown in Fig. 9.

Quite a regular structure is found in the near field of theHence the spatial dependence of the pump introduces a cor-
radiation (Fig. 9). The pattern is seen over an intense uni-relation among different spatial frequencies; the correlation
form background which is caused by the averaging over thés introduced by the convolution terms in Eq86), (27).
temporal frequencies. The contrast of the patteatio of the
intensity modulation amplitude with the backgrolimslquite B. Further experimental results
low (in the order of a few %). The transverse modes whose

. First, we present in Fig. 10 the intensity angular-
wavelengths are close to the one where the density of tem- e .
S wavelength distribution which was found under the same
poral modes peaks prevail in the pattern structure.

. ST . conditions as in Fig. @& but for a single shofFig. 8a) is
According to our model, the numeric simulation Shows?btained after averaging over 40 sHofhe picture shows

that increasing the correlation interval among the temporathe spatiotemporal correlation among the modes. One can

;nno ddsisc(gev'érrse:ugrr:%?e 'gfhr:?ii;:jh?hzogéﬁ};;gct)??hgan;[:g gee that the modes tend to group into spots of finite diameter
: : N Patell g this is a trace of the spatiotemporal correlation among
can be increased sharply by filtering out some of the tempo

i : “the modes. This behavior lets us expect to see a structure in
ral frequencies. The same result can be achieved by seedlﬁge near field of the radiation
th_e OPA by ?‘.Spa“a“y nois_y signal of a certqin frequency. The same experimental sétup was used as described in
Figure 9 exhibits the numerically calculated single-shot far-q, . "1 = "The near-field intensity distribution of the signal
field configuration, which is qualitatively similar to the ex- ' '

erimental findings shown in Fig. (feft column emission was obtained by imaging the exit face of the non-
P 9 g. (et U linear crystal onto the CCD camera by means of suitable
We have shown before that the finite duration of the pumf{nagnifying objective lenses
mtrqduces a cprrelgtlon among temp.‘”.a' frequencies. The single-shot near-field intensity profile of the signal
similar effect arises in the spatial domain if we abandon therield is presented on the right-hand side of Fig. (e cor-
idealized assumption of the plane-wave pump. If we denot?e b 9 9.

. . . . responding angular spectrum is on the left-hand)sitteis
by AP(X’y) th? spatial configuration of the pump, and iniro evident that the regular pattern structuf@amentation,
duce its Fourier transform

1 _
Sp(ky . ky) = —J dxdye "®TRYIA (x,y), (25)
(2m)?
in Egs.(1), (2) one must introduce the following changes:

ApS* (0, Koy Koy)— f dkidkS,(ky k;)

XS*(U)Z!k),(_kZ,X!k;/_kZ,y)v (26)

’ L ror FIG. 11. Experimental fafleft) and near fieldstarlike structure;
Aps*(wl’kl'x’klvy)_)f dkdky Sp(kx ky) right) of the OPA radiation for the pump-beam diameter 268,

, , ®,=11.5° (pump intensity at the input 165 GW/énpulse dura-
X S* (@1,k =Ky, ky =Ky (27 fon 1.5 ps.
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in our theoretical treatment for simplicity we used a classical
description of the noise which initiates the emission, instead
of a fully quantum picture.

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

We showed that under appropriate conditions quite a
regular spotlike transverse modulation can be seen in the
near field of the output radiation. This modulation is pre-

) S served in spite of a very broad bandwidth of temporal fre-

FIG. 12. Experimental fa(left) and near field(right) of the  quencies which constitute the radiation though this broad-
OPA radiation for the pump-beam diameter @tn, ®,=11.5°  pang character results in quite a low contrast of the
(pump intensity at the input 320 GW/émpulse duration 1.5 S yransverse modulation. The contrast depends on the correla-
roll-like structure. tion among the temporal modes of the radiation. It can be

increased by using shorter pulses, by filtering the temporal
whose details were changing from shot to stptterns are  spectrum of the radiation, or by seeding the OPA with a
cancelled if averaged acquisition is takes present in the spatially incoherent but monochromatic field.
near field. Deeper analySiS of the piCtUreS shows that in the Finite pump diameter leads to correlation of neighboring
creation of the transverse modulation the Spatial frequenCieﬁ)atia] modes. As a conseguence the angu]ar Spectrum of the
of the outer ring of the angular spectrum dominate, in agreeradiation is “cleaned.” This changes the spatial properties of
ment with our model. The characteristic Spatial Wavelengthhe near-field energy distribution. For a very small pump
of the structure depends on the size of the fiitglecreases diameter roll-like structures can be generated from the quan-
when the CryStal is rotated in order to get Iarger ringS in tthm noise. |ncreasing the pump_beam diameter destroys
angular spectrujn these structures and leads to a starlike pattern. Further in-

We changed the pump-beam diameter by focusing the lacrease of the diameter smoothly transforms the starlike struc-
ser radiation in the crystal. Figure 11 presents the charactefgres to the ones which are detected in the case of the plane-
istic situation which appears when the pump-beam diamet&fave pump. Our experimental results show that the starlike
is reduced. The angular spectrum ring becomes mucBonfiguration is characteristic for the intermediate diameters
broader and consists of a set of spots with quite noticeablgf the pump beam.
radius. This is a consequence of the correlation introduced Fina”y, we found a good qua”tative agreement between

by the pump beam. In the near field we still find a patterntheoretical results and the experimental data obtained using a
similar to the one we had in the plane-wave pump case. OpBO crystal.

the other hand, there are some differences. The pattern is
limited in space by the pump beam and in the periphery the
filaments tend to group on lines irradiating from the center of ACKNOWLEDGMENTS
the pattern. In this way, the global view of the pattern re- The authors acknowledge G. Valiulis for providing the
sembles a sta(fFig. 11). TLPI6 software which enabled us to calculate all necessary
The radius of the spots in the angular spectrum increasgsarameters of the nonlinear crystal. The authors are also
if the pump-beam diameter is reduced. In the absence qjrateful to S. Minardi for his help. This work has been done
transverse walkoff, it would be possible to achieve the situwith the support of the Vigoni program and the MURST
ation when the correlation radius is big enough to “clean” project “Spatial Pattern Control in Nonlinear Optical Sys-
the angular spectrum completely, locking both the ampli4ems,” and the TMR Network Quantum Structures
tudes and the phases of the modes on the whole ring. Thi®STRUCT) of the EU.
would transform the starlike structure into a beam whose
amplitude distribution is approximately described by a
BesselJ,, function, as we have recently observed in the case
of a type Il LBO operated in noncritical phase matchjigg].
With the present crystal, the walkoff plays a relevant role for  The modulus of the wave vector of a plane wave of the
pump-beam diameter smaller than a few hundred micronsyavelength\ propagating in a biaxial crystal is given by
selecting the angular components in the walkoff plane and
leading to the far-field and near-field energy profiles shown

APPENDIX: CALCULATION OF WAVE-VECTOR
MODULO IN LBO CRYSTAL

in Fig. 12, whose stripdroll) structure is similar to that 27 |b+b%?—4ac
predicted by models of optical parametric oscillatitd]. |k|= ~ VT (A1)
V. CONCLUSIONS Here the minus sign stands for the fast wawveour case—

pump wave and the plus sign stands for the slow waves
In the paper we made an overview of the spatial propertsignal, idley. Coefficientsa, b, ¢ are
ties of the output radiation of the traveling-wave OPA. Be-
cause our analysis aimed at providing a qualitative picture _ _ )
rather than a quantitative comparison with experimental data,2=NkSi(®)cos(®) +nf sin(®)sir’(P) +nZ cos(0),
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b=n%(n$+n3)sir’(0)cog(P) ) 0.011 249 5 s
nk=2.454 14 ————— —0.014591~6.6X 10 °\*,
+n2(nZ+n3)sir(@)sir(®) + n2(n&+n?)cog(0), A°—0.01135
—n2n2n2 0.012711
C=nyxnynz. nf=2.5390% —————— —0.018 542—2.0x 10" A%,
A2—0.012523

The angle®d, ® determine the orientation of the wave vec-

tor in coordinate systerH, Y, Z corresponding to the axes of 0.013099
Y P g nz=2.586 179

the crystal. S A\2—0.011893
The refractive indicesy, ny, n, for the LBO crystal are
expressed by the following Selmaier formu[&5]: —0.0179682—2.2x10 N\ %,
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