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Recently McCall and Hahn, ' using a ruby la-
ser system, have demonstrated their predic-
tions' of self-induced transparency for propa-
gation of intense coherent light pulses in absorb-
ing media. We report further confirmation
of this effect for propagation of Q-switched
CO, laser radiation at 10.6 p through gaseous
SF~. The gas system has the advantage that
the relaxation times of the absorbing levels,
the inhomogeneous Doppler linewidth, and the
absorption coefficients can be easily controlled
by variation of pressure, temperature, and buff-
er-gas additives. This permits more detailed
study of the theoretical predictions and provides
a new experimental technique for studying re-
laxation times of individual transitions in gas-
es and gas mixtures. Since the high-repetition-
rate CO, laser operates stably in a single lon-
gitudinal TEM«mode, the predicted pulse de-
lays and shapes are readily studied. Over a
range of SF, pressures (0.01 to 0.05 Torr) and
buffer-gas-induced relaxation times, our re-
sults agree qualitatively with theoretical pre-
dictions for T2') 7', and in addition demonstrate
a narrowing of the transmitted pulse for homo-
geneous relaxation times shorter than the in-
put pulse width (T2' & v~).

Recently it has been shown'~4 that the CO,
laser transition at 10.5915 p, lies very close
to a rotational transition of the v, vibrational-
rotational band of SF6. As evidenced by the
reported absorption coefficient, e= 0.3 cm
Torr ', the 10.5915-p. CO, laser line seems
to lie within a 30-MHz Doppler width of one
of the SF6 transitions. From the measured
o. we estimate' a dipole moment P = 3x 10
cm esu for SF6.

The threshold for self -induced transparency
can now be obtained from the condition'~

2 +f S(t—)dt=n(2~), n=1, 2, 3, ~ ~ ~,

where $(t) is the electric field of input laser
pulse. Equation (1), with n= 1, gives a thresh-
old power Pth= 10 W cm 2 for a Tp of 200-300
nsec. The threshold for transparency, as de-
scribed in Eq. (1), occurs when the electric
field of the input light pulse becomes intense

enough to drive coherently an absorbing mol-
ecule from its ground state to the excited state
and then back to the ground state. Theory shows
that such a pulse (hereafter called a 27' pulse)
propagates without attenuation. Since the de-
phasing collisions (involving a change of rota-
tional or vibrational level or a change in the
translational velocity of the molecule without
a change in the rotational level) would disrupt
the coherency of this excitation, the threshold
condition normally applies for a low pressure
of the absorbing gas such that the dephasing
relaxation time, T, ', is longer than the pulse
width rp (the case for T2'&~~ will be described
later). However, the pressures at which our
experiments were performed were high enough
so that a large number of molecules were pres-
ent in a wavelength. At low pressures, the
random distribution of molecules over axial
distances of the order of a wavelength is ex-
pected to change the character of self-induced
transparency.

The CO, laser produced 200- to 300-nsec
long pulses with peak power of -20 kVf at a rep-
etition rate of 120 Hz. The 10.5915-p. transi-
tion was the strongest oscillating line with fluc-
tuations of less than -10% in the peak intensi-
ty as well as the pulse width. The laser out-
put beam passed through the following compo-
nents: an aperture, an ether (not aether~) ab-
sorption cell' for varying the intensity with-
out deflecting the beam, a second aperture,
a beam splitter, a focusing mirror, a two-pass
4.7-m SF, absorption cell (i.e., total absorp-
tion length l= 9.4 m) with a Brewster-angle
window, a third aperture, collecting lenses,
and a spectrometer. The split-out beam was
monitored with another spectrometer. Both
spectrometer resolutions were set to observe
only the 10.5915-p. transition. Ge:Cu photocon-
ductors were used as detectors. The detector
response time, (10 nsec, was sufficient to re-
solve the details of the pulse shape. Gated
integrators measured the total energy of the
pulses at the input, E;, and the output, E„
of the SF6 absorption tube.

Figure 1 shows the measured E, vs E; for
a number of SF~ pressures. The maximum

E& and Eo, 10~ on the arbitrary scale, corre-
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sponds to an input peak intensity of -104 W cm
At the low end of the E; scale we see classi-
cal absorption in SF6. E, increases linearly
with E;, and e varies linearly with pressure,
i.e., Beer's law is obeyed. From this classi-
cal region we obtain 0.=0.344 crn ' Torr
in reasonable agreement with other measure-
ments. ~ With increasing E~, the Eo curves
for all SF~ pressures depart from linearity
at approximately the same input level, and the
output increases faster than linearly with the
input, signifying the onset of self-induced trans-
parency in SF,. At the highest SF6 pressure,
the output increases by -104 for a factor of 10
increase in E; above threshold. For the high-
est E;, SF, is nearly transparent and E, again
begins to vary linearly with E;. The threshold
intensity for the transparency effect was -10

FIG. 1. 80, as a function of &z, for transmission
through 9.4 m length of various SF6 pressures. The
maximum &; and&0 (without SF6), 104 on the arbitrary
scale, corresponds to a peak input intensity of -104
W cm 2. The absorption coefficients, 0. , are obtained
from the linear portions of the curves at the low end of
the input energy scale. (The maximum &0 corresponds
to no SF6 in the absorption cell. )

=assslaaa~~~ ~~=
Il I III)' g~ ]i' Bhl I 3i)"+

( ~@~l,„,'—
,
'

==: -IIlI in'%. ~ I,
ms i i lesll IS.~+~—
Q

I~IRII IRSti ~
I

COI-

CL

KI-
Kl

(b)

I-
V)

ILLI-

t (200 nsec/div)

FIG. 2. Input and output pulse shapes just above Pth.
(a) Typical input pulse as measured through the 9.4-m
absorption cell but without any SF6. (b)' Double expo-
sure of input and output. Input same as in (a) but with
the vertical scale expanded by 4. The delayed output
pulse with 0.04 Torr SF6. (c) Output pulse with 0.04
Torr SF6 and 2 Torr helium. Input intensity is adjust-
ed to be just above threshoM for this mixture. Notice
the near total absence of a delay and the narrowing
of the output pulse as compared with the input.

VV cm 2 in agreement with calculations using
Eq. (1). Note that this threshold is independent
of SFe pressure over the range shown in Fig.
1, indicating that T2') ~P, since dephasing col-
lisions should cause an apparent increase in

~th-
A typical output pulse near the threshold is

shown in Fig. 2(b). Notice that the output pulse
is delayed by -0.5 p, sec, its width v. is great-
er, and its shape is more symmetric than the
input pulse. More important is the fact that
its intensity is larger than the input pulse tail
seen on this double-exposure photograph. Mul-
tiple double exposures similar to Fig. 2(b) showed
that the output pulse intensity always exceed-
ed the corresponding maximum input-pulse
tail intensity over a major fraction of its dur-
ation. This observation eliminates the possi-
bility that the transparency and the delayed
output pulse are caused by "hole burning, " i.e.,
the saturation of the absorbing transition. 4
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Pulse delays up to a maximim of 0.7 ILt, sec
were observed near the threshold (l =9.4 m),
and for higher input pulse intensities the out-
put pulse delay steadily decreased, until at
the maximum input intensity, the output pulse
shape was a slightly delayed (-50 nsec) repli-
ca of the input pulse. At intermediate input
intensities above the threshold some output
pulses had two or more maxima; however,
these shapes depended critically on the input
pulse shape and focusing of the beam through
the SF6 cell. Halving the absorption length l
from 9.4 to 4.7 m resulted in a decrease in
the output pulse delay from 0.7 to 0.4 p, sec.

The above results are predicted by the the-
ory of McCall and Hahn' in the limit T2') 7 .
The output pulse delay at threshold is

7 = mhnl/2p8 (2)

where 8th is the threshold electric field. At
0.04 Torr of SF„and 7 =200 nsec for l=9.4
m, Eq. (2) predicts a delay of 1.3 psec, which
is about a factor of 2 larger than the observed
delay at this pressure. The electric field of
the delayed output pulses has the expected' sech
form on the trailing edges, but the leading edg-
es appear more abruptly as could be expected
since the delayed output pulse must still start
with the input pulse. The delayed output puls-
es are expected to be wider than the incident
pulses since the electric field of the propagat-
ing pulse decreases by 3', factor of 2 to 3 because
of the beam divergence and losses' associat-
ed with finite T, '. In order to maintain the thresh-.
old condition with decreasing 8, w must increase.
As ~ approaches T,' one first expects a finite
but non-Beer's-law loss in the pulse electric
field; however, v cannot be greater than T, '

because beyond this point a 2m pulse cannot
propagate and the pulse will decay according
to Beer's law. Thus T,' sets an upper limit
on the maximum output pulse width.

As h increases above threshold, the mole-
cules can undergo a series of 2n excitations
corresponding to n ) 1 in Eq. (1). The observed
multiple maxima may be associated with the
breakup of the propagating pulse into this ser-
ies of 2m pulses. At maximum applied h the
series of delayed pulses seem to merge into
a single pulse closely resembling the input pulse
but slightly delayed. This decreased delay is
given by Eq. (2) but the 7' is that given for one
2w cycle predicted by Eq. (1) with the maximum
applied 8. The observed increase in ~D (at

threshold) with increasing SF6 path length ls
also predicted by Eq. (2). The observed increase
in delay for an increase of l from 4.7 to 9.4
m cannot occur for a transparency caused by
"hole burning. "

On addition of a buffer gas to SF6, we expect
to reduce T, '. As long as T2'» vp, Pth is not
expected to change; however, the shape, width,
and the maximum delay of the propagating 2~
pulse at threshold may change with T, '. We
mentioned earlier that a propagating 27t pulse
expands in order to make up for any depletion
of 8; however, the output pulse width is lim-
ited to -T, ' for non-Beer's-law propagation.
Hence, a change in the output pulse width, 7;
at threshold on addition of a buffer gas gives
a good indication of T, ', and we expect a nar-
rowing of output pulse in the limit of T2' (~P.
Accompanying the narrowing, an increase xn

/th is to be expected. The output pulse for
2 Torr of He added to 0.04 Torr SF6 is seen
in Fig. 2(c) for input powers slightly above thresh-
old, and shows a narrowing and a reduction
in ~D as compared with the delayed pulse seen
in Fig. 2(b) without the buffer gas. For 0.04
Torr SFe, the pulse width decreased progres-
sively from -520 nsec for 0 Torr He to about
140 nsec for 10 Torr He, and 7D decreased
from a typical value of -500 nsec to -0 nsec.
Both of these effects are qualitatively under-
stood in terms of the self-induced transparen-
cy in the limit T2'(7p Figure . 3 shows E; vs
Eo characteristics for 0.02 Torr SFe when He
was added as a buffer. An increase in Pth is
observed as He pressure is increased, and
at 10 Torr He, Eo varies linearly with E; up
to very nearly the maximum available power
from the laser. Below 0.5 Torr He there was
no significant change in curves of E, vs E; in-
dicating that T2') v& at 0.5 Torr He. Both of
these observations give a collisional dephas-
ing frequency @SF He=106 sec ' Torr ', cor-
responding to a dephasing collision cross sec-
tion (c')SF He = 2& 10 '8 cm' for the SF6 lev-e. e
els responsible for the absorption of the 10.5915-
p, radiation.

Addition of 1 Torr of H2 was more effective
than 1 Torr of He, and (o')SF H was -50'%%uo

6 2
larger than (cr)SF He. Argon, on the other
hand, was a factor of 2 less effective than He
at the same Pressure. Thus (~)SF Ar is larg-

6
er than (o)SF He by -50%%uo. Addition of ethy-
lene, whose v7 frequency is close to the vs fre-
quency of SF6 responsible for the absorption
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of 10.5915-p, radiation, gives results qualita-
tively similar to those for He.

In conclusion, we have shown that self-induced
transparency predicted by McCall and Hahn'

can be observed in absorbing gases for input
pulse intensities as low as 10 W cm '. Although
qualitative aspects of the theory have been ver-
ified, the experimental results shown here in-
clude ranges of relaxation phenomena which
remain to be analyzed in quantitative detail.
Since Co, lasers with cw powers well above
the threshold requirement are available, it
is of interest to study propagation of pulses
long compared with the various relaxation times.

FIG. 3. &0, as a function of @z, for 0.02 Torr SF6
showing the effect of helium buffer gas at various pres-
sures. Notice the increase in Pth as helium pressure
increased. (The maximum output point corresponds to
no SF6 in the absorption cell. )

The low threshold intensities should also make
it possible to study relaxation times by the pho-
ton echo technique. ' In addition it should be
possible to study the limit of low gas pressures
where molecules are sparsely distributed with-
in distances of the order of a wavelength, which
is of interest for propagation of coherent light
through the outer atmosphere of the earth and
the gaseous clouds surrounding the stars and
the nebulae.
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