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Spatial distortions of laser pulses in coherent on-resonance propagation: Small-scale self-focusing
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We present a quantitative model for coherent on-resonance small-scale self-focusing of laser pulses in
atomic media. A vapor-induced diaphragm effect at the edge of the pulse generates a pattern of
diffraction rings that modulates the initial transverse profile of the pulse. Practically, because of the spa-
tial asymmetry of the original pulse, this diffraction pattern is perturbed and dots appear superimposed
upon the rings. A large-scale self-focusing phenomenon is then initiated from each individual dot and
the global transverse energy profile of the pulse evolves in a hot-spot pattern. This final pattern is
characteristic of what is usually called small-scale self-focusing. Our theoretical predictions are com-
pared with both the results of an experiment on a ' Tm vapor and the predictions of existing models.

PACS number(s): 42.65.Jx, 42.25.Bs, 42.50.Md, 32.80.—t

I. INTRODUCTION

It is well known that nonlinear self-focusing can cause
the degradation and breakup of high power laser beams
by amplifying small-scale beam imperfections. This prob-
lem is of practical importance because it can limit the
useful power of a solid-state laser. A one-dimensional
linearized theory of beam instability with respect to
transverse perturbations, first derived by Bespalov and
Talanov [1], was qualitatively verified experimentally
[2,3]. This theory was later extended by other workers to
include diFerent physical mechanisms [4—6]. Growth of
Gaussian instabilities in Gaussian beams had also been
studied [7]. In the common case of nonlinear non-
resonant interaction, the main point is that large-scale
self-focusing (LSSF) that is to say, focusing of the beam
as a whole, is replaced by small-scale self-focusing (SSSF)
for high power input pulses [8,9].

In the coherent regime, when the pulse duration ~ is
shorter than all the relaxation times of the two-level
atomic system, on-resonance propagation may also lead
to SSSF. This phenomenon was reported by Gibbs et al.
[10]. Resonant pulses of duration 2 ns were propagated
through a sodium cell, giving rise to SSSF for large values
of the input pulse diameter. Kupecek et al. later investi-
gated the case of 12-ns pulses propagating through an
oven containing a thulium vapor [11]. This results ap-
peared to be in qualitative concordance with the theoreti-
cal predictions of Bol shov, I.ikhanskii, and Napartovich
[12], whose model is based on a perturbational treatment
of the full set of Maxwell-Bloch equations. This one-
dimensional model predicts that Zm-sech pulses are unsta-

ble with respect to transverse perturbations characterized
by a wavelength proportional to QA, V~~, in which A, is
the optical wavelength and V is the velocity of the pulse
in the medium ( V can be estimated from the self-induced
transparency theory of McCall and Hahn [13] and is a
function of r~). These perturbations can develop over
distances of the order of magnitude of V~ . Bol'shov and
Likhanskii also investigated the inhuence of detuning
from resonance on SSSF [14].

As far as numerical simulations are concerned, a com-
plete treatment of SSSF phenomena in the coherent reso-
nant regime will at least require us to take into account a
two-dimensional transverse structure in a time-dependent
description, involving a huge memory cost. The validity
of the paraxial approximation [15], though it had been
questioned in the case of self-focusing in nonlinear media
[16],will not correspond to a significant limitation on the
reliabihty of numerical simulations in the coherent reso-
nant regime. In this case, indeed, the characteristic
transverse sizes of the filamentary structures are typically
in a ratio of two orders of magnitude with the optical
wavelength, and focusing phenomena are relatively
smooth compared with the nonlinear case. However, the
complexity of the full Maxwell-Bloch problem explains
why there have been up to now no complete numerical
simulations of coherent on-resonance SSSF phenomena.

In a recent paper, we presented a theoretical quantita-
tive model for LSSF in the coherent resonant regime [17].
We derived the parametric dependences on the
interaction's parameters, respectively, for the focusing
distance Lf„and the ratios of on-axis energy densities
and pulse transverse sizes between the focus and input
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planes, H,„/Ho and rz„/r . We pointed out that these
ratios appear to depend on whether the medium is degen-
erate or not. We showed that LSSF can be viewed as a
consequence of an inwards energy Aow associated with
transverse perturbations generated from the edge of the
pulse. The central mode transverse wavelength A, z- had
been found to be proportional to &k/a, in which a is the
"low intensity" gain of the medium. A dimensionless for-
mulation of the full set of Maxwell-Bloch equations re-
vealed that the self-focusing problem in cylindrical sym-
metry depends only on the input pulse optical area and
on two parameters, F =A, /(4m. r a) and D =r b,coD, (we

put lalcoD p
as the ful 1 width at half maximum of the inho-

mogeneous spectral distribution of the absorbers). F is an
inverse of a Fresnel number and D characterizes the ratio
of the inhomogeneous linewidth on the pulse spectral
width. We limited our study to cases in which D&1.
This means that all the photons of the incident pulse can
interact with resonant absorbers and accordingly that
global absorption of the beam may play an important
part. We also noted that the respective predominance of
either temporal reshaping and self-focusing phenomena is
determined by the parameter &F .

In the present paper, we show that a simple extension
of the LSSF model (Sec. II) leads to an interpretation of
coherent resonant SSSF in good qualitative concordance
with the results of an experiment in a ' Tm vapor (Sec.
III). Finally, Sec. IV is a summary in which our main re-
sults are compared with those of Bol'shov, Likhanskii,
and Napartovich [12].

II. THEORETICAL MODEL

In the case of nonlinear nonresonant interaction, as
said in the previous paragraph, LSSF is progressively re-
placed by SSSF when the energy of the input pulse is in-
creased. In the coherent resonant regime, on the con-
trary, this transition occurs progressively when the trans-
verse size of the input pulse is increased [10,17]. This can
be readily explained by the interpretation of SSSF that we
shall present now. First we know that transverse pertur-

bations are generated at the edge of the pulse by a vapor-
induced diaphragm effect (whose characteristics can be
deduced from typical self-induced transparency con-
siderations) [17]. If the transverse size of the input pulse
is larger than the mean wavelength of these perturba-
tions, its transverse profile is modulated by a pattern of
diffraction rings. Because of the experimental asymmetry
of the pulse, this pattern is perturbed, exhibiting dots su-
perimposed upon the rings (let us note that this effect can
be readily observed by placing a material quasicircular di-
aphragm on a He-Ne laser beam, as illustrated in Fig. 1,
and that this interpretation agrees substantially, in its
theory, with the works of Feit and Fleck [16]). Then
comes the second step of our model: each individual dot,
whose transverse initial size is of the same order as the
width of the rings, A, z, initiates a LSSF phenomenon.
This leads Anally to a hot-spot pattern that characterizes
the SSSF phenomenon.

According to this model, it is obvious that a necessary
condition for SSSF to occur is that the transverse size of
the input pulse is sufficiently large to be modulated by at
least one ring. The corresponding SSSF criterion is that
A, r/r (which is nothing else than &F ) is "small. " This
theoretical criterion perfectly corroborates experimental
data [10,17]. The dependences of SSSF characteristics-
the focusing distance L&„,the filament mean transverse
size r~„,and the maximum energy density in each fila-
ment H „—on the interaction's parameters can readily
be derived from this interpretation. Indeed we know
from Ref. [17] [see Eqs. (25), (27), and (29)] the depen-
dences of L&„,H,„/Ho, and rz„/r in the case of LSSF
in a nondegenerate medium. Then one only has to re-
place r by A, z- in these results to obtain the theoretical
predictions corresponding to SSSF. As far as L&„and
r&„areconcerned, this gives clearly

1
L oc-

foc

r 1/2

(2)

but the most striking result is that H,„/Ho is predicted
to be independent of r~, A, , and a. Let us remark that the
meaning of Ho here is the initial energy density corre-
sponding to the transverse position of the filament under
consideration. These theoretical predictions, as well as
the criterion for the transition between LSSF and SSSF,
are compared with the results of an experiment on a

Tm vapor in the following section.

III. EXPERIMENTAL RESULTS

X

FIG. 1. Fresnel diffraction pattern of a plane wave: because
of the experimental slight asymmetry of the aperture, a hot-spot
pattern appears superimposed upon the rings.

The experimental study we present now is an extension
of the experiment described in Ref. [17], in which it ap-
peared that LSSF was replaced by SSSF when the trans-
verse size of the input pulse was increased. Here the
beam radius was given five diferent values from nearly
0.9 to 3.6 mm.

First, let us note that the observed transition between
LSSF and SSSF for increasing transverse sizes of the in-
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FI~G. 3. Experimental evidence of an underlying ringlike
modulation when a spatially Gaussian input pulse undergoes
SSSF. (Video camera outputs. ) (a) Input pulse with r~=1.7
mm; (b) output focused pulse.

(c)

FIG. 2. Dependence of the SSSF effect on the ratio A, Tlr~:
video camera outputs. (a) Input pulse with r~ =1.1 mm; (b) out-

put focused pulse corresponding to (a); (c) input pulse with

r~ =2.4 mm; (d) output focused pulse corresponding to (c); A. z
was constant.

put pulses corresponds closely to the theoretical criterion
(XT Ir~ & 1 that is, v F & 1) that we presented in the
preceding section. We compare in Fig. 2 the input and
focused output beams corresponding, respectively, to
r =1.1 and 2.4 mm. In the first case, one can see that
the energy cross section of the focused beam (b) exhibited
a ringlike shape. With Lf„having been defined as fixed
and equal to the oven length (1 m), the "threshold" value
of r corresponding to the transition between LSSF and
SSSF was nearly 1 mrn. For r =2.4 rnm, one can see
that the focused beam (d) exhibited a hot-spot pattern,
characteristic of SSSF. The ringlike structure was not
evident in this case. For the sake of example, input and
output focused beams are compared in Fig. 3, for r =1.7
mm. In this case, the ringlike structure of the energy
cross section of the focused beam (b) could clearly be dis-
tinguished. As far as the predominance of either tern-
poral reshaping or the self-focusing effect is concerned,
we showed theoretically in Ref. [17j that it was also
characterized by v'F. For large values of this parameter,
that is, when LSSF occurs, the simple one-dimensional
predictions about temporal reshaping (see the self-
induced transparency theory [13]) were predicted to be
greatly altered by self-focusing. We showed that it corre-
sponds closely to the experimental data. For small values
of F, when SSSF occurs, temporal reshaping could be
expected to occur in a close form to those predicted b
the one-dimensional theory. More precisely, self-focusing
and classical temporal reshaping were predicted to coex-
ist. This has been obviously confirmed by the experimen-
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FI~. ~G. 4. Experimental evidence of the successive steps of a
classical one-dimensional temporal reshaping effect and spatial
reshaping when SSSF occurs. Propagation through an increas-
ingly thick medium is simulated by decreasing the detuning be-
tween the laser and the atomic resonance frequencies. Output
pulses are analyzed by a streak camera. (a) corresponds to the
nonresonant pulse "hco, = ~." Then from (b) —(e), we have
Am, & km~ & hu, & Aced & hen, =0 (resonant pulse).
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tal results, as shown in Fig. 4. Streak camera outputs
representing the spatiotemporal profile of the intensity of
the output pulse are compared for decreasing detunings
between the laser frequency and the atomic resonance
frequency. The temporal reshaping effect undergone by
the input pulse (a) appeared clearly on (b) and (c), until
the diffraction effects leading to a filamentary structure
became predominant on (d) and at the exact resonance on
(e). The appearance of a precursor, that is, a quasi-non-
delayed part at the front of the pulse, is obvious in this
figure. This was due to the particular shape of the initial
pulse, with a very sharp front [18].

We could not verify the full theoretical predictions
concerning the dependences of I fo H „/Ho, and rfp,
on the interaction's parameters. Indeed the position of
the focus plane depended on the value of a (that is, on the
value of the atomic concentration X), according to the
prediction (1). The focus plane might be either in or out
of the oven, depending on whether X was greater or
smaller than the particular value corresponding to
Lf„=1m. This made it uneasy to interpret the depen-
dences of the SSSF characteristics on u. We still ob-
served a slight decreasing of rf„while a was increased, in
qualitative accordance with the prediction (2). However,
Lf„and rf„appeared to be independent of r,
confirming our theoretical predictions. As far as
H,„/Ho is concerned, we did not observe any depen-
dence on the interaction's parameters, in accordance with
theoretical predictions. Let us point out that the energy
transverse profile of the focused pulse is greatly depen-
dent on those of the input pulse. For the sake of exam-
ple, it is obvious that the filamentary pattern that devel-
ops from a pure Gaussian pulse is radically different from
those obtained from an arbitrary apertured pulse. Never-
theless, our theoretical predictions can be applied in any
case. Let us note finally that the relative importance of
the SSSF effects clearly depends on the ratio of the input
pulse optical area on the optical thickness of the medium

aL (in which L is the length of the atomic medium).
When this ratio is too large, when the major part of the
incident photons can cross the atomic medium without
being absorbed, the consequences of SSSF effects on the
output pulse may be quite small.

IU. SUMMARY

We now have a quantitative theoretical model for
coherent on-resonance SSSF. Experimental measure-
ments provided a significant confirmation of our theoreti-
cal predictions, concerning the parametric dependences
of the focusing distance, the mean transverse size of the
filament, and the ratio of the energy densities between the
focus and the input planes. A more complete comparison
between theory and experiment would have at least re-
quired us to use two ovens of radically different lengths,
thus providing an alternative choice for the focusing dis-
tance (and accordingly for the atomic concentration).
Neither of the above-mentioned SSSF characteristics de-
pends on the transverse size of the input pulse. We saw
that the predominance of either temporal reshaping or
the self-focusing effect, as well as the occurrence of either
LSSF or SSSF phenomenon, are characterized by +F.
Let us note finally that our model provides a unified in-
terpretation of both the LSSF and SSSF phenomena for
pulses of arbitrary areas and temporal shapes. The study
of Bol shov, Likhanskii, and Napartovich was limited to
the SSSF of 2m-sech pulses [12]. In this case and con-
cerning the focusing distance and the filament mean
transverse size, our predictions are in partial agreement
(indeed the 2m.-sech pulse stationary length Vrz, in a
medium whose gain is a, is proportional to first order to
a '). Consequently there is no fundamental contradic-
tion between our interpretation and those of Bol'shov,
Likhanskii, and Napartovich in which SSSF phenomena
were explained by the amplification of small-scale defects.
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