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High Intensity Pulse Propagation in the Extreme Sharp-Line Limit
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We observe the propagation and reshaping of intense pulses, with a pulse area greatettihamgh
a highly absorbing medium. Depending on pulse and absorber parameters, both pulse breakup and
undistorted pulse propagation are observed. Using a theoretical description of pulse propagation in the
sharp-line limit and a multilevel system possessing unequal transition dipole moments, we demonstrate
good agreement with the observations. [S0031-9007(96)01918-7]

PACS numbers: 42.50.Gy

Self-induced transparency (SIT) [1], characterized byments was sufficient to produce pulses with an area
changes of the pulse velocity, pulse reshaping, and undexceedingds even for the transition with the smallest
special conditions a lossless, soliton, propagation of théipole moment. At high K densities and for the highest
pulses through a resonant medium, has been extensivebyptical powers used [8], other nonlinear effects, such as
studied. The theoretical description of SIT for a two-levelself-focusing and filamentation, are observed to become
system is well established [2] and has been confirmed bymportant and make it difficult to isolate the SIT features
experiments [3,4]. The investigation of SIT in the sharp-of the pulse propagation. Here we report on pulse
line limit (SLL), where the pulse spectrum is much broadempropagation for parameters that lie below the onset of
than the width of the atomic absorption line, was reportedhese nonlinearities.
by Gibbs and Slusher [4] (ratio of pulse width to linewidth It has been previously shown [9—-11] that, in the SLL,
~4) for a two-level system possessing a unique dipoldow intensity0-7 pulses are strongly reshaped due to the
moment. dispersion of the medium. One might thus expect that

The theoretical description of SIT for a multilevel sys- for a given optical absorption depth, as the pulse area
tem, even when the multiple levels are degenerate, is increased, dispersion will continue to play a role and
much more complicated, since the various allowed tranfesult in the reshaping and breakup of the pulse. In this
sitions all have different dipole moments. In spite of Letter we show, however, that, contrary to this expectation,
this, SIT in a degenerate multilevel system has been olreshaping occurs only for the low area pulses, and, with
served [5,6] in alkali-metal vapors, molecular gases, anéhcreasing pulse area, the pulse propagates undistorted.
solids, and has also been explained theoretically [6,7]. Ii€alculations indicate that the pulse eventually breaks up
these experiments the dipole moments of the multiple, deanly if the optical densityxl, becomes sufficiently large
generate transitions cluster strongly around a particula>300).
value, and thus the system could be described as a two- To interpret the experimental results we numerically
level system with a unique dipole moment with perturba-solve the Maxwell-Bloch equations as they apply to the
tions. These results were obtained, however, for pulseB; line of K. Transitions from either of thé" = 1,2
with nanosecond or longer duration, so that the pulsground states to either of th&’ = 1,2 excited states are
spectrum was narrow compared with the absorption linallowed, and, in addition, we consider that each of khe
shape. Here we extend the observation and theoretical dendF’ states has a set of degeneraielevels. This results
scription of SIT, to the case of a multilevel system, within a highly degenerate (or very nearly degenerate) system
many unequal transition dipole moments, interacting withwith many different transition moments. We assume in the
a short, high-intensity laser pulse. In our experiments thealculation a complete energy degeneracy in both the lower
extreme SLL is reached where the ratio of pulse width tcand upper states, since the hyperfine energy differences
linewidth is much greater than one. These experiment&460 MHz for the F = 1,2 states and 50 MHz for the
are thus a generalization of short pulse propagation té&’ = 1,2 states) are negligible compared to the spectral
multilevel systems, and we show that undistorted pulsevidth of the pulse (typically 50 GHz).
propagation occurs in such systems at high enough inten- Considering an input pulse, whose electric field is given
sities. Our numerical calculations and experiments showy E (z, r) = E(z, t) cOsw_ f, at central frequencyy;,, and
that similar results must be observed for any multilevelassuming the validity of a slowly varying wave approxima-
absorber. tion, the equation which describes the propagation of the

The experiments were performed in an atomic K vaporpulse envelope in the extreme SLL can be rewritten to in-
cell, with the pulse center frequency in resonance wittclude hyperfine and Zeeman degeneracy. For resonance
the D, line of K. The power of the laser in our experi- betweenw; and the atomic transition frequency,, the
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Maxwell-Bloch equation is 1.5 W of average laser power could be propagated through
9E 9E o a 1 cm long Pyrex cell containing K vapor and main-
— == = L N tained at a variable temperature betweeriG@nd 250C.
9z cot 2J + D@21 + 1)c

(Higher temperatures were avoided due to the initiation
% Z g of self-focusin_g and conical emission.) The focused laser
e PEF.mempi beam had a diameter 6f80 wm and a confocal parameter

' , of I11 mbm% close (tjo ';he 10 mm Ierr:gth (r)]f Lhe K”ceII. The
o a N, pulses before and after passing through the cell were mea-
8 Sm<kF’F/"”F””F' foc Elz.r)dt ) @) sured with a scanning autocorrelator and simultaneously
o g _ monitored with a high resolution spectrometer.
With pE Fime e = K Frme.me /1 the dipole moment ma-  \we used the autocorrelation technique for measuring
trix element for &{F, mr} to {F', mp/} transition,q is an  the time dependent pulse shape. This is appropriate if
index corresponding to the polarization of the incident lightye assume that the pulse enveloffdz, 1), is real and is
(¢ = 0, for linear 7 polarization and+1 and—1for o+  yniquely connected to the time dependent pulse intensity
and o — polarizations),J and I are the atomic quantum by Ie(r) ~ [I1(1)I(t — 7)dt. Thus our results are most
numbers, an&v is the atomic density. conveniently presented as an autocorrelation trace which
For low-intensity0-7 pulses, the integral in Eq. (1) is can be transformed into a time dependent pulse intensity.
much less than 1, and by expanding the sin appearing /e have checked that sensitivity to changes in the pulse
the integral and using the methods of Crisp [9], Eq. (1)shape are not lost due to the indirect measurement of the
can be solved in the SLL to obtain a pulse envelope giveRytocorrelation function. We have previously shown [11]
by that even smal(~10%) changes in the pulse intensities
1 +oo give rise to significant changes in the autocorrelation trace.
E(z,1) = - ] &(w,0) Experimental and theoretical autocorrelations for low-
o intensity0-7 pulses propagated through high-density K are
% ex;{—m(r — i) + ?_O}dw’ shown in I_:ig. 1. The th_eoretica}l predictiqns are based on
c iw Eqg. (2), with the calculation having no adjustable parame-
(2) ters. The maximum value of the calculated autocorrela-
tion is normalized to the maximum of the autocorrelation
of a low-intensity laser pulse propagated through a room
[ wz ap temperature K cell, providing a very low value of optical
s(@,2) = &(@,0) ex{’(? - Zzﬂ’ (3) depth, shown in the inset of Fig. 1. All subsequent auto-
correlations are normalized to this low-intensity trace and
can thus result in large numerical values on thaxis of
the autocorrelations. Pulse reshaping@e# pulses was
found to be independent of the polarization of the incident
) 1 Z ’ pulse. This is consistent with Eq. (3) since the sum of the
OERE PFEF g mp square of the dipole moments for linear and circular polar-
izations are identical.
Since absorption in the SLL is negligible, it is reasonable
that we obtain an imaginary exponent in Eq. (3) indicating 0.3
that pulse reshaping is due to media dispersion and is not
a consequence of the absorption.

where the Fourier components of the field are

and whereby,

ay = 2mwoNp?/ch,

p
1) F,F'mp,mpi

found for propagation through a medium with a unique
dipole moment, do not exist for multiply degenerate
levels, as is the case for the potassidm line. The
numerical evaluation of Eq. (1), for the case of the K 100 50 o 50 100
D1 line with varying pulse area and optical depth, was DELAY (ps)
therefore performed. ) _ _ _

In our experiment, a mode-locked Ti-sapphire laser prOFIG. 1. Normalized autocorrelations for 6 ps low-intensity
duced nearly transform limited, 6 ps pulses, at a rate o[fUIseS after propagation through potassium vapor wifh=

’ ' ‘ 70. The solid line is the experiment and the dashed line is the

82 MHz. The central wavelength of the laser was adjustedalculation based on Eq. (1). The autocorrelation of the input

to be at the K resonance wavelength of 769.9 nm. Up t@ulse is shown in the inset.

L . L z
For high-intensity pulses the small area approximation, ° Ll 05} |
k [* E(z,t")di' <  is no longer valid, and Eq. (1) has g
to be solved numerically. It is clear from Eq. (1) that E ) .
stable solitonlike solutions, such as those which were g 49 20 0 20 4
3 0.1 DELAY (ps) 7]
|_
2
<
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with similar inequalities for higher order terms, and
therefore propagation of more intense pulses is expected
to depend on polarization.

With increasing input pulse area, reshaping decreases
and disappears all together. The measured and calcu-
lated autocorrelations for high-intensity pulses are shown
in Fig. 3 with the pulse area in the rangeXf to 4.97.
Since no reshaping occurs, the results for circular and lin-
ear polarization for such big area pulses are approximately
the same, with only a small hint of a difference remaining
in the wings of the pulse. Further increase of the input
pulse intensity results in a totally negligible difference be-
tween the two polarizations and gives undistorted pulse
propagation, as shown in Fig. 4, for the pulse area be-
tweend7 and9.87. We have not been able to measure
any attenuation for these high-intensity pulses.

These results indicate that for values of optical depth,
al < 200, pulse breakup, such as was observed [3,4] in
the breakup of a= pulse into two27 pulses, does not

FIG. 2. Normalized autocorrelations for 6 ps intermediate-
intensity pulses (pulse area in the rangemoto 2.457) after
propagation through potassium withi = 170. The solid line

is the data for linear polarization and the dashed line is the
data for circular polarization: (a) experiment and (b) calculation
based on Eq. (1).

In Fig. 2 we show the measured and calculated auto-
correlations for higher-intensity laser pulses. Here the
small area approximation is no longer valid with the pulse
area lying in the range ofr to 2.457r, depending on the
particular transition dipole moment. For such pulses we
still observe a significant breakup, however, the results
for circular and linear polarizations appear different. This
can be understood from Eq. (1) by noting that when the
small area approximation fails we have to consider the
next terms in the expansion of the sin. The linear term is
proportional to the sum of the squares of the dipole mo-
ments while the next term is proportional to the sum of
the dipole moments to the fourth power, the third term to
the sum of the dipole moments to the sixth power, etc. As
we noted above, the sum rule for dipole moments
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= Z PFFme mp pulses (pulse area in the range2of to 4.97) after propagation
FF'imp mpr = through potassium witle! = 170. The solid line is the data

for linear polarization and the dashed line is the data for

explains why there is no difference between circular an@ircular polarization: (a) experiment and (b) calculation based

linear polarization for small area pulses. However,
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610° T | T . T saturation sets in and the index of the medium stops playing
its normal dispersive role.

In summary, we have investigated, theoretically and
410° F - experimentally, large area pulse propagation through a
multilevel degenerate absorber in the extreme SLL. We
examine the transition from small to large area pulses,
4 and obtain that, fora.ssl ~ 1, strong reshaping occurs
only for low energy pulses, in agreement with dispersion
theory. For a larger pulse area the sensitivity of the pulse

! ! | . ! to breakup is reduced, and the propagation is shown to be
-40 -20 0 20 40 transition dipole moment dependent as evidenced by the
DELAY (ps) different behavior for circular and linear polarizations. For
FIG. 4. Normalized autocorrelations for 6 ps very high- Very high pulse intensities the propagation is undistorted
intensity pulses (pulse area in the rangedaf to 9.87) after  until el > 2.
propagation through potassium with/ = 170. The solid The authors wish to acknowledge the helpful comments

line is the experimental pulse autocorrelation after propagatio : _ ;
and the dashed line is the autocorrelation of the initial pulse?)f A. Wilson-Gordon and J. Rothenberg, and partial

The calculation based on Eq. (1) gives identical results to theUPport from the Israel Academy of Sciences. M.M.
observation and is not shown. acknowledges the support of an Eshkol fellowship.
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