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Group-velocity self-matching of femtosecond pulses in noncollinear parametric generation
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We show that the parametric superfluorescence generated by a 200-fs pulse at 0.6 p, m in a P-barium
borate crystal occurs in directions, and at wavelengths, that minimize the group-velocity mismatch be-
tween pump and generated pulses. Favorable conditions for generation of tunable femtosecond pulses
are found in noncollinear phase matching, a geometry of interaction which is worth exploiting in para-
metric devices.

PACS number(s): 42.65.Ky, 42.60.—v, 42.79.Nv, 42.25.Md

I. INTRODUCTION

Three-wave optical parametric interaction in media
with a second-order nonlinear susceptibility is an efficient
way to generate and amplify tunable radiation (for an
overview of the subject see [1—3]). During parametric
amplification, energy is transferred from the pump to the
signa1 and idler waves, as we define the three waves in or-
der of decreasing frequencies. The amplified quantum
noise [4—6], which is observed in the absence of signal (or
idler) input and with a condition of high gain, is usually
called parametric superAuorescence.

The angular intensity distribution and the related spec-
trum of superAuorescence carry the imprints of the para-
metric amplification at the various signal and idler wave
vectors k, and k;. When spatial walk-off [3) and group-
velocity (GV) mismatch can be neglected [19],the intensi-
ty distribution and spectrum are determined by four main
phenomena: (i) the dependence of the amplification on the
length over which the pump, signal, and idler beams
overlap; (ii) the dependence of the effective crystal non-
linearity on the angles of interaction; (iii) the dependence
of the gain factor on the signal and idler frequencies; and
(iv) the dependence of the amplification on crystal ab-
sorption and thus on the wavelengths of the generated
pulses. In such a case, parametric superAuorescence
shows a smooth angular intensity distribution, typically
peaked at a few degrees from the pump beam [7]. When
walk-off and GV mismatch play a role, it is convenient to

introduce two critical lengths: the signal (idler) beam-
splitting length 8, (8, ) that is the distance at which, in
the absence of interaction, the signal (idler) beam
separates from the pump beam due to the effect of the
spatial walk-off, and the pulse-splitting length 1, (l;) that
is the distance at which the signal (idler) pulse separates
from the pump pulse due to GV mismatch. When the
pump beam is so narrow that 8, or 8,. is shorter than the
crystal, the effect of the walk-off becomes relevant and
the largest amplification tends to take place at noncol-
linear directions that maximize the overlapping of the
Poynting vectors of the interacting beams, as calculated
by Dou, Josse, and Zyss [8] and observed by Schroder [9].
In the case of ultrashort pulses (e.g., l, or l, shorter than
the crystal), a role similar to that of the walk-off should
be played by the GV mismatch: when GV mismatch
causes a noticeable (longitudinal) lag of one pulse behind
the other along the crystal, the highest parametric
amplification should take place for those k, and k; that
maximize the temporal overlapping of the pulses. The
observation of a drift in the central wavelength when
changing the length of a synchronously pumped optical
parametric resonator [10] and the off-axis parametric
emission recently noticed with femto second pulses
[11—14] can be considered as previous indications of the
relevance of the GV matching requirement.

In this work we show that, for the typical operating
conditions of femto second, traveling-wave parametric
generators, the constraints imposed by the synchronism

1050-2947/95/51(4)/3164(5)/$06. 00 3164 1995 The American Physical Society



51 GROUP-VELOCITY SELF-MATCHING OF FEMTOSECOND. . . 3165

of the GV's dominate the other effects: the angular inten-
sity distribution and the spectral features of the paramet-
ric super

fluorescence
can be fully ascribed to a

phenomenon of GV self-matching among the interacting
pulses.
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II. EXPERIMENTAL RESULTS

The pump pulses were generated by a synchronously
pumped dye laser, amplified at a 30-Hz repetition rate,
spatially filtered, and then collimated to a beam of =0.7
mm full width at half maximum (FWHM) diameter.
Other pulse parameters were 200 fs FWHM duration,
0.6 pm wavelength, 120 cm ' spectral width, beam
divergence = 1.3 larger than diffraction limited, and
40 pJ pulse energy. The experimental results were ob-
tained employing a 8-mm-long P-barium borate (BBO)
crystal cut at 28' (angle between normal to entrance face
and crystal axis) operated in phase-matching II, i.e., with
crossed polarization for signal and idler. The geometry
and the relevant angles are shown in Fig. 1. With our
pump wavelength, BBO can generate superfiuorescence
in the wavelength range X, =0.74—1.2 pm (A, =1.2—3. 1

pm), the limit being dictated by the crystal absorption of
the idler that rapidly increases at wavelengths greater
than 2. 5 pm [15].

Measurements of the signal intensity distribution on a
vertical screen perpendicular to the pump direction (Fig.
1) showed that the emission was sharply favored along a
cone-shaped surface around the pump beam, but not
symmetric with respect to it. The angular aperture of
this cone decreased at decreasing a and, for a=23',
which corresponds to the edge of the tuning in collinear
configuration (A,, =0.74 pm and A, ; =3.1 pm), the "ring"
on the screen collapsed into a spot. Quantitative mea-
surements of the far-field intensity distribution were per-
formed with a diode array (Reticon, 1024 pixels) placed
in the focal plane of an f=100 mm positive lens (accep-
tance angle 8,„,=+9') and filters. Intensity angular dis-
tributions of the signal superAuorescence, as detected in
the horizontal plane containing both the pump beam and
the crystal axis, are shown in Fig. 2 for a=28. 8' 26.9',
and 24. 3 . The distributions appear to be peaked at two
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FIG. 2. Angular distribution of the signal intensity, in the
horizontal plane, as a function of 0,„,for three values of a.

well-defined 0,„,values of opposite signs. We call 0+ and
0 the corresponding angles inside the crystal. A plot of
the values of 8+ and 8 vs a is given in Fig. 3(a)
(squares). Note that the mentioned limitation on the ac-
ceptance angle of the detection apparatus sets the upper
limit to the values of a in Fig. 3(a). The spectrum of the
signal emitted at all directions along the cone was mea-
sured with a spectrometer equipped with an optical mul-
tichannel analyzer (OMA). The spectra obtained for two
different values, a=27.4' and 26.2', are plotted in Fig. 4.
They are not corrected for the spectral response of the
detection. The signal spectrum shifts to longer wave-
lengths at increasing a. Spectra at larger a were not ac-
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FIG. 1. Geometry adopted for noncollinear parametric gen-
eration (horizontal plane) showing the wave vectors k~, k„and
k; of pump, signal, and idler, respectively. The pump axis
(parallel to k~), the pump electric field, and the BBO-crystal
axis lie in the plane of the figure. The angle a is changed by ro-
tating the crystal in the horizontal plane.

FIG. 3. (a) Experimental values 0+ and 0 at which the peaks
of the signal occur, in the horizontal plane, as a function of a
(squares). Calculated angles 0+ and 0* of minimum G V
mismatch (full line). (b) Calculated pulse-splitting length
l;„=min[i„l;t for 8=0 and 8=8+ (right scale), and calculat-
ed signal wavelength A,, at 0=0+ (left scale) as a function of a.
For 8=0, 1;„=tl; t.
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FIG. 4. Detected spectra of the signal emitted in all of the
cone for two values of a. The arrows denote the expected aver-
age wavelengths A,, = [A,,(0=0+)+A,,(0=0 )]/2.

quired due to the drop in the OMA sensitivity above
0.9 pm. The energy of the superfluorescence (idler plus
signal pulses) was estimated from pump-depletion mea-
surements and turned out to be 2—4 pJ, depending on cx,
which corresponds to a total conversion efficiency of
5 —10 %.

III. DISCUSSION

A simple model based on the concept that the smaller
the GV mismatch, the higher the parametric
amplification, accounts well for both wavelengths and
directions of the observed superAuorescence. According
their definitions, the pulse-splitting lengths are given by
the expression

J =S, l

in which ~ is the FWHM pulse duration and U, , are the
GV components along k . In the horizontal plane (Fig.
1) and for arbitrary a, we calculated l, and l; as a
function of 0, i e., the angle at which the signal
propagates, and considered the quantity I;„(0)
=minI ~l, (0)~,~l;(0)~]. It exhibits two maxima at two an-
gles of opposite signs, 0+ and 0*, that allow the best
synchronism among the pulses. The values of 0+ and 0*
are plotted in Fig. 3(a) (full line) as a function of a. The
comparison with the experimental 0+ and 0 shows a
good agreement for a1most all the n's, thus proving that,
in our experimental conditions, a self-matching of GV s
occurs. Some competition between the roles of GV self-
matching and crystal absorption seems to take place close
to the tuning edge, i.e., when 0. approaches 23 . In fact, a
discrepancy is observed in Fig. 3(a) at u &25, where the
wavelengths of the idler pulses that would experience the
best GV matching fall in the BBO absorption band: since
A, ; )2. 5 p,m for a (25' [cf., the calculated A,,(u) at
0= 0+, full line in Fig. 3(b)], it is likely that experimental
values of 0+ lower than the calculated ones, 0+ are found

+COD CO; N&I o= 2d,s
con, n;n c 3

' (3)

the n's being the refractive indexes at the frequencies ~„
co;, and ~, N, the pump intensity, and d,z the effective
second-order susceptibility for the specific directions of
propagation and polarization of the waves. We notice
that the weak dependence of I o on 0 through co„cu;, and
d,&, which was shown to account for. the off-axis genera-
tion observed with subnanosecond pulses [7], is far from
explaining the sharp angular intensity distribution in Fig.
2. The averaged value of I"o over the solid angle and fre-
quency range we detected is then used in Eq. (2) for a
rough evaluation of the parametric amplification that an
input pulse should experience. For a pump intensity

=33 GW/cm, i.e., the estimated peak intensity of our
pulse under the assumptions of a Gaussian time profile
and Gaussian beam, and from the data in [16], we find
I o=18 cm

—i and hence G=10i2 for L 8 mm. As
shown in Refs. [4—6] superfiuorescence generation can be
accounted for by stimulated parametric amplification
seeded by the quantum noise. The output signal intensity
can be found by integrating the output signal intensity
per mode, @,(k, ), over both solid angle and frequency
range detected,

4, (k, ) =@zp(k, )[G(k, ) —1],

because they allow shorter idler wavelengths. In addi-
tion, the fact that this range of a values is the only one
where l;„(a) shows sizable values, even in collinear
configuration [dashed line in Fig. 3(b)], can also play
some role in making the requirement of GV matching
less stringent.

Plotting the values of I;„calculated at 0=0+ as a
function of a [dotted line in Fig. 3(b)] provides evidence
that the noncollinear pulse-splitting lengths are several
times larger than the collinear ones [see dashed line in
Fig. 3(b)] and, for most a's longer than the crystal itself.
We show in the following that this allows noncollinear
parametric arnplification larger by some orders of magni-
tude than the collinear one in a broad tuning range. It
also accounts for the shape of the signal-wave intensity
profiles in Fig. 2 and the observed high contrast between
noncollinear and collinear signals. The calculations were
performed for the case a =26.9 and for 0 equal to either
0+(a) or 0. In the noncollinear case, from the plot of
l;„(a) in Fig. 3(b), one can see that the pulse-splitting
lengths at a =26.9' are considerably longer than the crys-
tal length; thus the effects of GV mismatch can be
neglected in the calculation of the amplification G [12],
and an analytical expression for G is then obtained by
solving the classical equations of stimulated parametric
amplification [1—3]. Under the assumptions of a mono-
chromatic pump, infinite plane waves, ideal phase match-
ing, and the absence of both pump depletion and crystal
absorption, one gets

6=cosh (I OL),

in which L is the crystal length and
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where @zp is the equivalent noise intensity due to the
zero-point Auctuations. Neglecting the dependence of G
on k, in Eq. (4) and taking for G the value 10' and for
4 zp the value corresponding to one photon per mode
[4—6], one gets an output signal intensity of 10' W/cm .
Notice that, if one assumes that time and space profiles of
the signal pulse are the same as those of the pump, a mea-
sured conversion efficiency between 5% and 10% would
correspond to a signal peak intensity value only lower by
a factor of 4 to 8 than that evaluated by the crude calcu-
lation above. A better estimation should consider the
dependence of G on k, as well as the role of walk-off and
pump depletion.

The calculation of the amplification in the collinear
case (8=0) must take into account the role of GV
mismatch, because l;„ is generally shorter than the crys-
tal length [see Fig. 3(b), dashed line: l;„=2 mm for
a) 25']. The amplification process can then be described
only by numerically solving the pertinent equations
[2,12]. The results confirm that when /;„)L, the peak
amplification G is well approximated by Eq. (2), while its
value rapidly drops as I;„becomes shorter. For our ex-
perimental conditions, we find G = 10, which is lower by
three orders of magnitude than the value calculated for
noncollinear generation.

Also the special features in Fig. 4 are consistent with
results of our calculation given in Fig. 3, though the tun-
ing range in Fig. 4 is limited due to the relatively narrow
range of a considered. For the a angles in Fig. 4, our cal-
culations yield A,, (8=8+)=0.83 pm and X,(8=8 )

=0.77 pm at et=26. 2', and A,,(8=8+)=0.86 pm
and A,,(8=8 )=0.78 )Ltm at a=27.4'. The average
values A., =[A,, (8=8+)+A,, (8=8 )]/2, denoted by the
arrows in Fig. 4, fit the peaks of the space-integrated
spectra, in agreement with the fact that k, (8=8+) and
A,, ( 8= 8 ) should be the maximum and minimum wave-

lengths, respectively, in the cone-shaped signal emission.

IV. CONCLUSIONS

The reported results show that noncollinear geometry
can solve the problem of GV mismatch in the parametric
generation of ultrashort tunable pulses. In fact, from the

values of 1 m(a) and A,, (a) at 8=8+ [see Fig. 3(b)], it is
evident that splitting lengths of great practical relevance
can be obtained over most of the tuning range. The
effects of GV are relevant for the performances (and
design criteria) of parametric devices in the ultrashort
pulse regime. Their role is crucial in synchronously
pumped parametric oscillators [17,18] and even more
crucial in the case of traveling-wave parametric genera-
tors (TOPG's) [11—13], since they require higher
amplifica- tions and, thus, longer crystals. Recently,
some of the present authors showed that TOPG's can be
operated with 200-fs pump pulses at 0.6 pm by employing
a BBO crystal in collinear phase matching, obtaining
nearly bandwidth-liniited pulses [12,13]. Nevertheless,
this result, as well as the simulations in the present paper,
indicate that with the usual collinear configuration, seri-
ous problems would arise with pump pulses of shorter
wavelength and time duration. For example, with 100-fs
pump pulses at 0.4 pm (e.g., second harmonics of
amplified Ti:sapphire lasers) the collinear pulse-splitting
length in BBO would not exceed 0.5 mm. On the other
hand, attempts to recover high collinear gains by increas-
ing the intensity suffer from pump depletion due to the
off-axis superAuorescence and from pulse distortion due
to third-order nonlinear processes.

Based on the results presented here, we expect larger
improvements by adopting a noncollinear geometry and
choosing the most suitable a and 8 values according to
the desired k, . Preliminary calculations have shown that
pulse-splitting lengths larger than 5 mm can be obtained
with BBO I (0.4 pm, 100-fs pump), while the signal and
idler wavelengths sweep the whole range allowed by the
crystal transparency. Experiments in this pump-pulse re-
gime are in progress.
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