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Abstract. The induced deflection of a probe beam in an off-axis geometry is
investigated with respect to its temporal and spatial evolution. A method for
picosecond pulse duration measurement is proposed which seems to be especially
promising in the UV and XUV region.

1. Introduction

The all-optical control of lightbeam spatial parameters is of increasing
importance. The basic phenomena of self-induced, respectively induced focusing
originate in the (self)induced refractive index change along/across nonlinear media.
It is known that an asymmetrical intensity distribution at the entrance of the
nonlinear medium could lead to a beam self-deflection [1-3]. The physical picture
becomes more complicated when the interaction takes place between two co-pro-
pagating beams with an initial angular deviation and/or off-axial separation. The
induced focusing of a probe beam in a self-defocusing medium was proposed in the
pioneering paper of Agrawal [4]. The experimental results reported [5] are in a good
agreement with the theory. The induced deflection of an optical beam in an off-axis
geometry is analysed extensively both theoretically [6, 7] and experimentally [8, 9].

In this work we analyse the spatio—temporal dynamics of the induced deflection
(ID) of a probe beam in an off-axis geometry. The temporally integrated transverse
intensity distribution of the beam is shown to differ significantly from the
distribution obtainable in single-spatial-dimension analyses [10]. The ID can be
controlled effectively by the initial delay between the pulses. On this basis, a method
for pulse duration measurements is proposed, which seems to be particularly
attractive in the short wavelength region as an alternative to multiple-shot
correlation and two-photon fluorescence techniques {11].

2. Theoretical analysis

The nonlinear medium considered is taken to be homogeneous and to have a
resonant structure (e.g. inert gas). Choosing the pump and probe frequencies w; and
w, near an @, + @, two-photon resonance, Wp and s being far from single-photon
resonances, the beam/pulse self-action should be negligible compared with the
induced phase modulation (IPM). In a pump-probe configuration the IPM of the
pump originating from the probe beam/pulse should be negligible too, and the pump
beam should experience diffraction only. These assumptions are made to retain the
possibility of studying the pure effect of ID, although they are not obligatory for
observing it experimentally [5].
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Under these conditions, in a spatio—temporal coordinate system connected with
the pump, the time-dependent paraxial wave equation, describing the signal
beam/pulse evolution, has the form

2 2 2
i <i + Ve 3) E .+ a, <_a_2 + %) E + x, a—Ef + RPM () EPE =0, (1)
0=z at ax° Oy at
where E and E, are the slowly varying amplitudes of the signal and pump,
Vep = (V(ES1 - V(§p1) and reflects the group velocity mismatch between the probe and
pump pulses, o, = 1/(2k,), ks is the wavenumber of the probe, 2. is the group velocity
dispersion parameter and & (w,) = [n%pM (s)ks/(2no(ws))] and is the nonlinear
coefficient for IPM. In a planar nonlinear (e.g. gas filled) optical waveguide one can
set 9°E,/dy* = 0. Because of the limited computing resources available, we made the

following simplifications:

(1) The probe wave was divided into 4N slices, each one having a duration of
TsLick = Tuwire/IN. The minimum slice number required (N =50) was
determined from both the energy conservation and the reproducibility of the
transverse intensity distribution in the time-integrated picture against
increasing N twice.

(i1) The walk-off length L., = er/t/!vspl is assumed to be much larger than the
nonlinear medium length L~. This implies that the initial delav 74 between
the pump and probe pulses remains nearly unchanged by the walk-off effect.
This simplification holds until \vsp\LxL < tawie/(2N).

(iii) The dispersion length Lpisp = Twie/(2]x]) for both waves is assumed to be
much larger than Lxp, which, along with the previous simplifications,
determines the conditions under which the results presented are valid.

(iv) As a consequence of the above mentioned assumptions, the initial delayv 74
between the pulses can be introduced adequately if 14 = M1tsp1cE, where M
is an integer.

We studied the ID of a probe beam/pulse with an initial form
E, (x,2=0,1) = Epexp { — (x = x0)*/al} exp {(t = 10)*/2¢]} (2)
caused by a co-propagating pump wave of the tvpe
E, (x,2=0, t)=Ep0exp{—x2/a§,} exp {tz/Zré} (3)

where a5 and a, are the beam radii at the entrance of the nonlinear medium, xq is
the distance between the beam centres, 7, and 1, are the pulse durations of the probe
and the pump, respectively, and 14 is their initial temporal offset. This simple model
does notaccount for the nonlinear evolution of the pump beam, but even under pump
beam self-defocusing, this effect could be experimentallv compensated for by an
initial gentle focusing [2]. Equation (1) was solved using the split-step Fourier
method.

3. Discussion

For simplicity of presentation, figure 1 plots the transverse intensity distribution
(along the diffraction non-limited coordinate x) over the probe beam cross-section
at a distance L =1m from the entrance of the nonlinear medium for =21,
(curve 1), t=1-21; (curve 2), t =041 (curve 3) and =0 (curve 4). Synchronous
pulse propagation (74 = 0) and equal pulse durations are assumed. The choice a;
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Figure 1. Transverse intensity distributions of the probe beam at Lxi=6cm,
L=1m, 4=0, a(z=0)a, =04, xp(z = 0)a, =04, a,=01cm and
Ay=inPME 2= —5X107° at local times =21, (1), t=121, (2), t=0+41, (3)
and t=0 (4).

(z=0)/a, = 0-4and xo (z = 0)/a, = 0-4, a, = 0-1 cm enables astrong ID to be achieved
[6] at a nonlinear refractive index correction An= IPMEP= - 5% 1077,
The dashed line represents the position of the probe beam at the entrance of the
nonlinear medium. The oscillatory behaviour of the probe-beam wing is a result of
the spatial analogue of optical wave breaking, in agreement with the experimental
observations of Stenz et al. [5]. Because of the increased pump intensity near the
pump pulse peak, the oscillations become stronger for probe beam parts closer to
the central part of the pump. This agrees with the analyses in [8,12], where an
intensity-dependent (self)induced deflection combined with a far-field spatial
filtering is used for pulse shaping and shortening. The experimental geometry in [5]
involves angularly offset beams of coincident centres at the entrance of the nonlinear
medium, in contrast to the off-axis geometry analysed here. Nevertheless, the
one-dimensional transverse distribution obtained is quite similar to the experimental
one (compare curve 2 on figure 1 with figure 2 (b) in [5]). A slice, temporally offset
from the pump by t = 1-21,, has a local intensity I,(t =1-27,) = I,(t = 0)/4 (curve 2
on figure 1), whereas the intensity where the value of the refractive index correction
An in [5] is 5 times lower than in the present analysis.

In figure 2 (@), the transverse, temporally integrated intensity distributions of the
probe beam at L = 1 m are shown for different values of the normalized delay [Tal/Ts
Curve 1 (14 =0) represents the temporally integrated spatial probe beam profile
corresponding to the spatio-temporal distributions from figure 1. The comparison
is indicative of the difference between the results of the one-transverse-spatial-
dimension model and the temporally-integrated picture, which could be recorded
experimentally [5]. Curves 2, 3, 4, 5, and 6 correspond to |t4|/1, =04, 0-8, 1:2, 1-6,
and 4, respectively. As seen, the transverse probe beam spreading and the spatial
wave breaking become weaker with increasing initial temporal delay |t4. In the
limiting case |t4]>>1, (temporally separated pulses), the probe wave remains
undistorted by the pump. The dashed line in figure 2 (a) denotes a specific transverse
position of the probe beam—the maximum deviated peak in the temporally
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Figure 2. Temporally-integrated probe beam intensity distribution at L =1m against
normalized delays |z4l/z. =0 (1), 0-4 (2), 0-8 (3}, 1:2 (4), 1:6 (5), and 4 (6). The model
parameters for (a) are the same as in figure 1. The corresponding parameters for (b) are
Lxi=3cm, L=1m, a(z=0)a,=06, xo(z=0)a,=05 a,=01cm and
Ay =3nME = —45x107%

| ©

integrated picture at 74 = 0. One can note that the decrease in the relative intensity
of this peak as a function of |t4//7; does exhibit a monotonic character.

Figure 2 (b) plots a similar transverse, temporally integrated picture, numerically
generated using as(z = 0)/a, = 0-6 and x¢(z =0)/a, =05, @, =0-1cm, L. =3cm,
L=1mand An= — 45X 10~ * Curve 1 corresponds to 74 = 0, whereas curves 2, 3,
4, 5 and 6 correspond to "cdl/‘rs =0-4,0-8,1-2,1-6, and 4, respectively. Qualitatively,
the characteristic features of these curves are similar to those from figure 2(a).
The model parameters are chosen not to correlate with the parameters used in the
generation of figure 2 (a), but to retain a well expressed effect of ID on the probe
beam. The dashed line indicates again the position of the maximum deviated peak
of the probe beam at 74 =0.
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Figure 3. Local intensity at the position of the maximum deviated peak of the
probe beam/pulse for 74 = 0 against normalized delay |tal/7s. Case (@) corresponds to
figure 2 (a); Case (b) corresponds to figure 2(b). The solid lines are Gaussian fits
(see equation 4). The insert shows the pump intensity change rate against Jrdf1p.

From a practical point of view, this position seems to be of particular importance.
Further, let us concentrate our analysis on the dependence of its local intensity
on the initial pulse delay |z4|, plotted in figure 3. The points are extracted from
figure 2 (a) and figure 2 (b), respectively, and represent the intensity [y at the position
of the maximum deviated peak (at tg = 0) as a function of the normalized delay |74l /7s
As shown theoretically in our previous analysis [13], the effective nonlinearity RIPM
depends on the pulse durations and 14 according to

EUPM = pIPM en { — 13/(12 + ré)} = RPMT(1,, 15, 14). 4

The solid lines in figure 3 are Gaussian fits (equation 4) of the theoretically predicted
values, obtained by solving equation 1, the function T (t,, 7;, T4) being normalized
to the corresponding peak. It is natural to expect that the maximum intensity change
rate (at this specific position) vs. |14 corresponds to the maximum change rate of
EPM (ie. of T(1,,1,,14)) and takes place at

2r§1_\1 =1+ r,z,. (3)
Assuming equal pump and probe pulse durations t,=71,=71, equation 5 is
transformed into |t4,,|/t = 1. The insert on figure 3 plots the local intensity change
rate at the position of the maximum deviated peak at 74 = 0 versus normalized delay,
]‘cd|/rs. This dependence has a minimum (i.e. a maximum if absolute values are
considered) at |tg|/t; = 1, which agrees with equation 3.

Based on this analysis, one can propose an approach for pulse duration
measurements in a configuration in which the pump and probe waves co-propagate
in a nonlinear medium with an initial off-axis separation. Recording the temporally
integrated intensity distribution of the probe beam over the diffraction non-limited
transverse coordinate, one can obtain experimentally the dependence 131(|Td\/‘[5) at
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the position of the maximum deviated peak at 74 =0. From the maximum change
rate of I i(|td|/7s), using equation 5, it is easy to deduce the pulse durations. In the
case of different pulse durations, one of them should be known in order to measure
the duration of the other one.

This technique seems particularly attractive in the short wavelength spectral
region. As an example, figure 2(a) corresponds to pump and probe wavelengths
Ap =248 nm and A;=264-42nm, respectively, and the inert gas Xe (1atm) as a
nonlinear medium (resonance 5p®— 6p[5/2]:). Figure 2(&) corresponds to
Ap =650 nm, 4, = 121-6 nm (Ly-2-line of the H atom), and Kr (1 atm) as a nonlinear
medium (resonance 4p°® — 5p[3/2];). It is important to evaluate the minimum pulse
duration measurable with this technique. We believe that this approach should be
applicable even in the subpicosecond range. Because of the simplifications made in
our numerical procedure (especially points (11) and (iii)), the calculated values of the
group velocity mismatch parameter vsp(|vsp| =1-8X 10 ?pscm ™! for figure 2 (a) and
6:4pscm ! for figure 2(d)) imply, that pulse durations down to 3ps and 1ns,
respectively, could be adequately measured. It should be pointed out that these
limitations are not the physical limits of the technique proposed and rather are posed
by the simplified computing procedure used.

4. Conclusion

In conclusion, we have studied the spatio-temporal dynamics of the induced
probe beam deflection in an off-axis geometry. The temporallv integrated transverse
intensity distributions obtained numerically are in a good qualitative agreement with
the experimental results of other authors. An approach for pulse duration
measurement is proposed, potentially applicable in the short wavelength and
subpicosecond spectral/temporal region.
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