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We observe the propagation and reshaping of intense pulses, with a pulse area greater thanp, through
a highly absorbing medium. Depending on pulse and absorber parameters, both pulse break
undistorted pulse propagation are observed. Using a theoretical description of pulse propagatio
sharp-line limit and a multilevel system possessing unequal transition dipole moments, we demo
good agreement with the observations. [S0031-9007(96)01918-7]

PACS numbers: 42.50.Gy
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Self-induced transparency (SIT) [1], characterized
changes of the pulse velocity, pulse reshaping, and u
special conditions a lossless, soliton, propagation of
pulses through a resonant medium, has been extens
studied. The theoretical description of SIT for a two-le
system is well established [2] and has been confirme
experiments [3,4]. The investigation of SIT in the sha
line limit (SLL), where the pulse spectrum is much broa
than the width of the atomic absorption line, was repor
by Gibbs and Slusher [4] (ratio of pulse width to linewid
,4) for a two-level system possessing a unique dip
moment.

The theoretical description of SIT for a multilevel sy
tem, even when the multiple levels are degenerate
much more complicated, since the various allowed tr
sitions all have different dipole moments. In spite
this, SIT in a degenerate multilevel system has been
served [5,6] in alkali-metal vapors, molecular gases,
solids, and has also been explained theoretically [6,7]
these experiments the dipole moments of the multiple,
generate transitions cluster strongly around a partic
value, and thus the system could be described as a
level system with a unique dipole moment with pertur
tions. These results were obtained, however, for pu
with nanosecond or longer duration, so that the pu
spectrum was narrow compared with the absorption
shape. Here we extend the observation and theoretica
scription of SIT, to the case of a multilevel system, w
many unequal transition dipole moments, interacting w
a short, high-intensity laser pulse. In our experiments
extreme SLL is reached where the ratio of pulse width
linewidth is much greater than one. These experim
are thus a generalization of short pulse propagatio
multilevel systems, and we show that undistorted pu
propagation occurs in such systems at high enough in
sities. Our numerical calculations and experiments s
that similar results must be observed for any multile
absorber.

The experiments were performed in an atomic K va
cell, with the pulse center frequency in resonance w
the D1 line of K. The power of the laser in our expe
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ments was sufficient to produce pulses with an a
exceeding4p even for the transition with the smalle
dipole moment. At high K densities and for the highe
optical powers used [8], other nonlinear effects, such
self-focusing and filamentation, are observed to beco
important and make it difficult to isolate the SIT featur
of the pulse propagation. Here we report on pu
propagation for parameters that lie below the onset
these nonlinearities.

It has been previously shown [9–11] that, in the SL
low intensity0-p pulses are strongly reshaped due to
dispersion of the medium. One might thus expect t
for a given optical absorption depth, as the pulse a
is increased, dispersion will continue to play a role a
result in the reshaping and breakup of the pulse. In
Letter we show, however, that, contrary to this expectati
reshaping occurs only for the low area pulses, and, w
increasing pulse area, the pulse propagates undisto
Calculations indicate that the pulse eventually breaks
only if the optical density,al, becomes sufficiently large
s.300d.

To interpret the experimental results we numerica
solve the Maxwell-Bloch equations as they apply to t
D1 line of K. Transitions from either of theF ­ 1, 2
ground states to either of theF0 ­ 1, 2 excited states are
allowed, and, in addition, we consider that each of theF
andF0 states has a set of degeneratemF levels. This results
in a highly degenerate (or very nearly degenerate) sys
with many different transition moments. We assume in
calculation a complete energy degeneracy in both the lo
and upper states, since the hyperfine energy differen
(460 MHz for the F ­ 1, 2 states and 50 MHz for the
F0 ­ 1, 2 states) are negligible compared to the spec
width of the pulse (typically 50 GHz).

Considering an input pulse, whose electric field is giv
byE sz, td ­ Esz, td cosvLt, at central frequency,vL, and
assuming the validity of a slowly varying wave approxim
tion, the equation which describes the propagation of
pulse envelope in the extreme SLL can be rewritten to
clude hyperfine and Zeeman degeneracy. For reson
betweenvL and the atomic transition frequency,v0, the
© 1996 The American Physical Society
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Maxwell-Bloch equation is

≠E
≠z

­ 2
≠E
c ≠t

2
2pvL

s2J 1 1d s2I 1 1dc
N

3
X

F,F 0,mF ,mF0

p
q
F,F 0,mF ,mF0

3 sin

√
k

q
F,F 0,mF ,mF0

Z t

2`

Esz, t0ddt0

!
, (1)

with p
q
F,F 0,mF ,mF0 ­ k

q
F,F 0,mF ,mF0 yh̄ the dipole moment ma

trix element for ahF, mFj to hF0, mF 0j transition,q is an
index corresponding to the polarization of the incident lig
(q ­ 0, for linearp polarization and11 and21 for s1

and s2 polarizations),J and I are the atomic quantum
numbers, andN is the atomic density.

For low-intensity0-p pulses, the integral in Eq. (1) i
much less than 1, and by expanding the sin appearin
the integral and using the methods of Crisp [9], Eq.
can be solved in the SLL to obtain a pulse envelope gi
by

Esz, td ­
1

2p

Z 1`

2`
´sv, 0d

3 exp

∑
2iv

µ
t 2

z
c
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1

a0

iv
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where the Fourier components of the field are

´sv, zd ­ ´sv, 0d exp

∑
i

µ
vz
c

2
a0

v
z

∂∏
, (3)

and whereby,

a0 ­ 2pv0Np2ych̄ ,

p2 ­
1

s2J 1 1d s2I 1 1d

X
F,F 0,mF ,mF0

p2
F,F 0,mF ,mF0 .

Since absorption in the SLL is negligible, it is reasona
that we obtain an imaginary exponent in Eq. (3) indicat
that pulse reshaping is due to media dispersion and is
a consequence of the absorption.

For high-intensity pulses the small area approximati
k

Rt
2` Esz, t0d dt0 ø p is no longer valid, and Eq. (1) ha

to be solved numerically. It is clear from Eq. (1) th
stable solitonlike solutions, such as those which w
found for propagation through a medium with a uniq
dipole moment, do not exist for multiply degenera
levels, as is the case for the potassiumD1 line. The
numerical evaluation of Eq. (1), for the case of the
D1 line with varying pulse area and optical depth, w
therefore performed.

In our experiment, a mode-locked Ti-sapphire laser p
duced nearly transform limited, 6 ps pulses, at a rate
82 MHz. The central wavelength of the laser was adjus
to be at the K resonance wavelength of 769.9 nm. Up
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1.5 W of average laser power could be propagated thro
a 1 cm long Pyrex cell containing K vapor and mai
tained at a variable temperature between 30±C and 250±C.
(Higher temperatures were avoided due to the initiati
of self-focusing and conical emission.) The focused la
beam had a diameter of,80 mm and a confocal paramete
of 11 mm, close to the 10 mm length of the K cell. Th
pulses before and after passing through the cell were m
sured with a scanning autocorrelator and simultaneou
monitored with a high resolution spectrometer.

We used the autocorrelation technique for measur
the time dependent pulse shape. This is appropriat
we assume that the pulse envelope,E sz, td, is real and is
uniquely connected to the time dependent pulse inten
by Iacstd ,

R
IstdIst 2 td dt. Thus our results are mos

conveniently presented as an autocorrelation trace wh
can be transformed into a time dependent pulse intens
We have checked that sensitivity to changes in the pu
shape are not lost due to the indirect measurement of
autocorrelation function. We have previously shown [1
that even smalls,10%d changes in the pulse intensitie
give rise to significant changes in the autocorrelation tra

Experimental and theoretical autocorrelations for lo
intensity0-p pulses propagated through high-density K a
shown in Fig. 1. The theoretical predictions are based
Eq. (2), with the calculation having no adjustable param
ters. The maximum value of the calculated autocorre
tion is normalized to the maximum of the autocorrelatio
of a low-intensity laser pulse propagated through a ro
temperature K cell, providing a very low value of optica
depth, shown in the inset of Fig. 1. All subsequent au
correlations are normalized to this low-intensity trace a
can thus result in large numerical values on they axis of
the autocorrelations. Pulse reshaping for0-p pulses was
found to be independent of the polarization of the incide
pulse. This is consistent with Eq. (3) since the sum of t
square of the dipole moments for linear and circular pol
izations are identical.

FIG. 1. Normalized autocorrelations for 6 ps low-intensi
pulses after propagation through potassium vapor withal ­
170. The solid line is the experiment and the dashed line is
calculation based on Eq. (1). The autocorrelation of the inp
pulse is shown in the inset.
5199



VOLUME 77, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 23 DECEMBER1996

te

t
io

u
th
ls

w
u
h
th
th

o

A

n

d
cted

ses
lcu-
wn

lin-
tely
ng
ut
e-
lse
be-
re

th,
] in
t

ity

for
ed
FIG. 2. Normalized autocorrelations for 6 ps intermedia
intensity pulses (pulse area in the range ofp to 2.45p) after
propagation through potassium withal ­ 170. The solid line
is the data for linear polarization and the dashed line is
data for circular polarization: (a) experiment and (b) calculat
based on Eq. (1).

In Fig. 2 we show the measured and calculated a
correlations for higher-intensity laser pulses. Here
small area approximation is no longer valid with the pu
area lying in the range ofp to 2.45p, depending on the
particular transition dipole moment. For such pulses
still observe a significant breakup, however, the res
for circular and linear polarizations appear different. T
can be understood from Eq. (1) by noting that when
small area approximation fails we have to consider
next terms in the expansion of the sin. The linear term
proportional to the sum of the squares of the dipole m
ments while the next term is proportional to the sum
the dipole moments to the fourth power, the third term
the sum of the dipole moments to the sixth power, etc.
we noted above, the sum rule for dipole momentsX
F,F 0,mF ,mF0

p2
F,F 0,mF ,mF0

Ç
q­1

­
X

F,F0,mF ,mF0

p2
F,F 0,mF ,mF0

Ç
q­21

­
X

F,F 0,mF ,mF0

p2
F,F 0,mF ,mF0

Ç
q­0

explains why there is no difference between circular a
linear polarization for small area pulses. However,
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with similar inequalities for higher order terms, an
therefore propagation of more intense pulses is expe
to depend on polarization.

With increasing input pulse area, reshaping decrea
and disappears all together. The measured and ca
lated autocorrelations for high-intensity pulses are sho
in Fig. 3 with the pulse area in the range of2p to 4.9p.
Since no reshaping occurs, the results for circular and
ear polarization for such big area pulses are approxima
the same, with only a small hint of a difference remaini
in the wings of the pulse. Further increase of the inp
pulse intensity results in a totally negligible difference b
tween the two polarizations and gives undistorted pu
propagation, as shown in Fig. 4, for the pulse area
tween4p and9.8p . We have not been able to measu
any attenuation for these high-intensity pulses.

These results indicate that for values of optical dep
al , 200, pulse breakup, such as was observed [3,4
the breakup of a4p pulse into two2p pulses, does no

FIG. 3. Normalized autocorrelations for 6 ps high-intens
pulses (pulse area in the range of2p to 4.9p) after propagation
through potassium withal ­ 170. The solid line is the data
for linear polarization and the dashed line is the data
circular polarization: (a) experiment and (b) calculation bas
on Eq. (1).
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FIG. 4. Normalized autocorrelations for 6 ps very hig
intensity pulses (pulse area in the range of4p to 9.8p) after
propagation through potassium withal ­ 170. The solid
line is the experimental pulse autocorrelation after propaga
and the dashed line is the autocorrelation of the initial pu
The calculation based on Eq. (1) gives identical results to
observation and is not shown.

occur. Numerical estimates of energy losses to the ato
medium show that these results cannot be explaine
being due to the incoherent bleaching of the atom
transition, which would lead to a nondispersive mediu
From our numerical evaluation of the Maxwell-Bloc
equations, we found that no significant population rema
in the excited state over the time between pulses (12.2
Rather, we interpret the absence of pulse breakup as
to two reasons. The first has to do with the multiplic
of levels and consequent unequal dipole moments w
tend to reduce the sensitivity to pulse breakup. This
evident from the last term in Eq. (1) which is a sum
many incommensurate oscillators that have to be sum
to produce the polarization of the medium.

The second reason for the cessation of pulse brea
with increasing pulse area is that, even for a two le
system possessing a unique dipole moment, pulse bre
becomes less significant at pulse areas exceeding2p.
Thus, even in this simpler case, the breakup of a4p pulse
into two 2p pulses occurs only for very largeal. When
translated to an effective optical depth [4]aeffl ­ al

t

Tp ,
wheret is the pulse duration andT p is the inhomogeneou
broadening time, our observations and calculations s
that the significant pulse breakup of high intensity pul
occurs only ifaeffl $ 2. This is due to the sin in fron
of the integral in Eq. (1), which does not permit t
polarization of the medium to grow indefinitely as the pu
area is increased. In other words, for larger pulse ar
-
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saturation sets in and the index of the medium stops play
its normal dispersive role.

In summary, we have investigated, theoretically a
experimentally, large area pulse propagation through
multilevel degenerate absorber in the extreme SLL. W
examine the transition from small to large area puls
and obtain that, foraeffl , 1, strong reshaping occurs
only for low energy pulses, in agreement with dispersi
theory. For a larger pulse area the sensitivity of the pu
to breakup is reduced, and the propagation is shown to
transition dipole moment dependent as evidenced by
different behavior for circular and linear polarizations. F
very high pulse intensities the propagation is undistort
until aeffl . 2.
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