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We investigate the absorption saturation induced by powerful pulses of resonant monochro-
matic radiation of frequency vy in media of high optical density D(vy) =k(vy ), where
k(vy) is the absorption coefficient and I is the thickness of the medium. In this case a
bleaching wave appears in a medium that is opaque to low-intensity resonance beams. The
front of the wave corresponds to a continually moving region of absorption saturation.
Reduction of the pulse duration by a factor 1.5-3 was observed experimentally, and the
slopes of the fronts of giant ruby-laser pulses passing through a vanadium phthalocyanine
solution of optical density D = 6—13 were found to increase. Optically dense media can be
used to regulate the duration, slope, amplitude, and spatial structure of monochromatic
pulses.

know presently of several media (solutions of frequency exceeded 15%, and no changes in the

organometallic and organic compounds such as shape of the pulse after passing through the ab-
metal-phthalocyanine, cryptocyanine, and poly- sorbing medium were observed by Armstrong (6],
methine dyes) that have narrow intense-absorption It is clear from qualitative considerations, on the
bands in the region of the ruby laser emission other hand, that a medium which is optically dense
lines %) and neodymium-glass laser lines (4,5], at the frequency vy of the incident monochromatic
The absorbing centers in such media, which are radiation can alter the pulse parameters, its dura-
used as passive shutters for giant-pulse lasers, tion and its spectrum.

have large cross sections for the capture of the In this paper we describe the results of a
resonant-emission photons. It is therefore possi- theoretical and experimental investigation of the
ble to produce, at a relatively low absorbing- saturation of absorption in the optical region of
center concentration, a medium with a large ab- the spectrum under the influence of powerful

sorption coefficient k(vq) at the frequency vy of pulses at high optical density (D(vgy) > 1), when
the resonant transition. Armstrong (6] ang Dediogio the spatial inhomogeneity of the photon flux

and Potenza

7] investigated experimentally the density of the monochromatic radiation in the ab-

absorption, at the resonant-transition frequency, o sorbing medium (with respect to the coordinate
of laser radiation by media of low optical density, x directed inward from its surface) is appreci-
D(vy1) =k(vg)l, where I is the thickness of the able. We observed experimentally not only a de-
medium. The initial transmission at the lasing crease in the amplitude but an appreciable change
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in the shape and duration of the giant ruby-laser
pulses passing through a resonantly absorbing
optically dense medium, namely a solution of
vanadium phthalocyanine. Many peculiarities of
the kinetics of the phenomena under consideration
were discussed by us earlier (8,91,

The passage of a pulse of monochromatic radi-
ation through a one-dimensional medium contain-
ing two-level resonantly absorbing centers is de-
scribed by a system of equations for the photon
density u and the level populations nj ,:

ou ou
Ef_‘— c—£= — oc(ny—ny)u,

—:? (n1 — ng) = 20c(n1—ns) u-4- i_: . (1)
where o is the cross section for photon capture
by the absorbing center, c the speed of light in
the medium, and 7 the lifetime of the excited
state. The system (1), which is based on the rate-
equation approximation, corresponds to initial

and boundary conditions u(x =0, t) =uy(t),

ny(x, t=0) =N, and ny(x, t =0) = 0. In the case
of resonant bleaching of the medium, two extreme
cases are possible. In the first, the pulse duration
Tp is much shorter than the lifetime of the excited
state 7 and the second term of the second equa-
tion of (1) can be neglected.

It follows from the solution of the system (1)
that the photon flux density deep inside the medium
is determined, for a rectangular pulse, by the
expression

@ (z,t) = uoc {1 4 exp{oN (1 4 2uo/N) (vi —z) ]}, (2)

that is, the passage of the pulse corresponds to

a bleaching wave of velocity v = 2ugc (N + 2u) L.
The front of the wave is a bleached region (absorp-
tion-saturation region) that moves continuously
inside the medium. The energy of the front part

of the pulse should be consumed in bleaching the
medium, after which the remaining part of the
pulse passes unobstructed if other loss mecha-
nisms are neglected.

The rise time of the leading front of the pulse
passing through the optically dense medium is
determined by the time during which the bleaching
wave covers a distance !, equal to the width of
the wave front: Ty ~1y/v. The value of I; can be
determined with the aid of (2) from the condition
that the initial flux decreases from the level 0.9
to the level 0.1. Then I ~ 5[0 (N + 2uy)]”}, and
the rise time of the output pulse is given by

T, =~ 2.5hvs1/ P in, (3)
where Pj, is the density of the power flux of the
input pulse. At values o ~ 3 X 10718 ¢m?, which
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are typical for metal-phthalocyanines [3], we get
T, ~ 0.5 nsec in the case of giant pulses with Pj,
-5 MW/cm? and ¢ =2 x 10!% em/sec. This is
smaller by a factor 10—30 than the rise time of
the giant laser pulses. Thus, the use of optically
dense media with sufficiently large values of o
and 7 makes it possible to reduce the duration of
the giant pulses (without decreasing the power
flux density) and greatly increase their slope.

In the second extreme case we have Tr > 7,
and allowance for relaxation is essential. The
pulse energy is consumed not only in bleaching the
medium, but also in maintaining the bleached
state. Let us consider first the passage of the
front part of the pulse. During a time interval
At = 7/2 there will propagate in the medium a
bleaching wave which is weakly distorted by the
relaxation. Its velocity v is determined by the
photon flux density &, = upc at the boundary of the
medium. Therefore in the case of a rectangular
pulse with vr/2 R 1, that is, when the condition

Pin = Dhva/ot (4)

is satisfied for the power flux density of the input
pulse, the pulse emerging from the medium during
the time 7/2 2 t2 1/v is also distorted little by
the relaxation, and its rise time is determined by
the relation (3). When Pj,, << Dh vy /o7, the sta-
tionary front of the bleaching wave in the medium
does not have time to become established within a
time 7/2, and relaxation leads to a slowing down
of the wave and to a decrease in the amplitude of
the output pulse. In the case of a pulse of arbitrary
shape, condition (4) must be generalized. The re-
laxation does not distort the leading front of the
pulse emerging from the absorbing medium, pro-
vided the following relation holds true for the
leading front of the incident pulse

T/2

§ Pin(t)dt > Ger,

0

where the critical energy flux density is Ger

= Dhvy /0. In the derivation of the last inequality
and of the condition (4), we took into account the
relation N > uy, which is satisfied when

N2 5x 10 em™? and P, < 50 MW/cm?.

The passage of the remaining part of the pulse
can be analyzed with the aid of the quasistationary
approximation, when the photon flux density at the
boundary of the medium is a sufficiently slow
function of the time, and when the condition
uglduy/dt < 771, ¢/l is satisfied. Then the de-
rivative with respect to t in (1) can be neglected,
and the solution of the system takes the form
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2 duer (1 + 2@ _ o, (5)
Uo

Uy /

In

It follows from (5) that noticeable transmission
of an optically dense medium opaque to low fluxes
will take place in the case of powerful pulses when
d/D 2 1, where d =2 uoc.” Thus, the medium will
transmit predominantly part of the pulse, for which
Pin ? Dhvy, /207, This will result not only in a
reduction of the rise time and a decrease of the
pulse amplitude after passage through the optically
dense medium with small lifetime, but also a re-
duction of the pulse duration as well as a decrease
of the fall-off time of the trailing edge. When the
pulse power is increased, and the density D and
the pulse duration Tp are kept constant, the dura-
tion of the pulse transmitted through the medium
will increase. With increasing D and with the
parameters of the incident pulse fixed, a decrease
will be observed in the amplitude and duration of
the transmitted pulse. When D > 1, we can ob-
tain from relation (5) two approximate expres-
sions for the quasistationary transmission of an
optically dense medium, for two regions of varia-
tion of the main dimensionless parameters of the
problem, d + 3 < D and d > D, respectively:

__L_l_(x_) = ¢~ ONx+d | M == ¢g—ONx/d
g Ug

We present below the results of experiments
on bleaching of a solution of vanadium phthalo-
cyanine in nitrobenzene, placed in a cell of vari-
able thickness. To determine the features of the
bleaching of the medium, we used giant ruby-
laser pulses of different duration. The resonator
was 60 cm long, and the crystal length was 90 mm
and its diameter 6.5 mm. The output mirror had
a transmission of 50%. Q switching was by means
of a total internal reflection prism rotating at
24,000 rpm, and also by means of a combination
of a rotating prism with a saturating KS-19 filter,
the initial transmission of which was 53%. In the
former case the power of the single pulses was
~1 MW and the duration at half-width 40—60 nsec.
When the KS-19 plate was introduced into the
resonator, the pulse power increased to 5 MW and
the duration decreased to 20—25 nsec. A mirror
with reflection coefficient 99% was used in many
experiments in lieu of the rotating prism, and a
cell with a solution of vanadium phthalocyanine in
nitrobenzene, with initial transmission 259, was
placed next to it for Q switching. To limit the

DWhen d =D =1 — 50, the transmission u/u, changes in
the interval 0.57 — 0.057; when 2d + 0.7 > D we have u/u,
>0.5.
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FIG. 1. Block diagram of the experiment: 1 — ruby laser
with rotating prism, 2 — cell with resonantly-absorbing me-
dium, 3, 4 — calorimeters, 5 — optical delay line, 6, 7 — neu-
tral calibration filters, 8 — high-speed photodiode, 9 — oscil-
loscope, 10 — KS-19 plate.

beam cross section, a diaphragm of 2.5 mm
diameter was placed inside the resonator near the
output mirror, thus ensuring lasing in the central
region of the crystal, where the pump energy was
most uniform. In this case the pulse power was
0.5 MW at a duration ~ 20 nsec. The diameter of
the beam incident on the cell was 3 mm.

The measurement setup (see Fig. 1) made it
possible to register on one oscillogram the wave-
forms of the pulses before and after passage
through the cell with the optically-dense medium,
and also to measure their energy. Both pulses
were registered by the same photoreceiver. To
this end, the pulse passing through the cell was
delayed by an optical delay line for ~ 100 nsec.
The photoreceiver was a low-inertia surface-
barrier germanium photodiode with a time con-
stant shorter than 1 nsec, developed at the Physi-
co-technical Institute of the USSR Academy of
Sciences. Operation of the photodiode on the linear
section of the lux-ampere characteristic was ef-
fected by introducing sets of calibrated neutral
filters. The photodiode signals were fed to the
input of the amplifier of an S1-11 oscilloscope.
The pulse energy was measured with calorimeters
accurate to 15%.

The optical density of the absorbing medium at
the ruby laser wavelength could be varied contin-
uously by changing the length of the cell, keeping
the solution concentration constant in the range
D = 0.1—25 corresponding to a change in trans-
mission in the interval 0.9—107!! at low radiation
fluxes. Control experiments have shown that the
solvent has no noticeable influence on the parame-
ters of the pulse passing through the cell. At low
optical densities of the absorbing medium (D
= 1—2), the amplitude and the energy of the pulse
decreased. With further increase of the optical
density, regardless of the Q-switching method
employed, the decrease in the energy of the pulse
passing through the cell was also accompanied by
an appreciable change in the shape of the pulse.



FIG. 2. Oscillograms of pulses before and after passage
through a cell with a resonantly-absorbing optically-dense me-
dium (solution of vanadium phthalacyanine in nitro benzene):
a — optical density D = 6.5; b — D = 13. The direction of the
sweep is from left to right, the rate is 20 nsec/cm. The Q-
switching was by means of a rotating prism.

As seen from the oscillograms of Fig. 2, which
were obtained with Q-switching by means of a
rotating prism, the duration of the pulse passing
through a cell was decreased by a factor of 1.5 at
D = 6.5, and by a factor of 3 at D = 13. The dura-
tions at half-level of the input pulse and of the
pulse passing through the cell were in the latter
case 60 and 20 nsec, and the rise times from the
half-power level to maximum were 30 and 10 nsec.
The output-pulse energy in cases a and b was
0.15 and 0.01 of initial (~50 mdJ), respectively.
With further increase of the optical density, the
pulse became strongly attenuated; it could no
longer be registered at D = 25.

Dediogio and Potenza (1) noted that in a solution
of vanadium phthalocyanine, unlike in phthalocy-
anines of other metals, the transitions to the
metastable triplet level from the excited singlet
level, the lifetime of which for transitions to the
ground level was 3 nsec, play an insignificant role.
Therefore, under the experimental conditions, the
absorbing centers can be regarded at two-center
systems with Tp > 7 > 1/c, and the transmission
of the giant pulse through the absorbing medium is
determined by relation (5). According to our
measurements, at the absorbing-center density
N =6 x 10! cm™® used in our experiments, the
cross section for the capture of a resonant-radi-
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ation photon was 2.6 X 1071% ¢m?.? The presence
of a spatial structure in the giant pulse (10-12]
causes the bleaching of the medium to be uneven
over the cross section, and introduces an uncer-
tainty in the parameters characterizing the input
and output pulses.s)

The value of Pj, estimated from the calori-
metric measurements, amounted to ~3 MW/cm2
for the oscillograms shown in Fig. 2, so that at
the indicated values of ¢ and 7 the maximum of
the parameter d was ~ 18. With the aid of rela-
tion (5) the input-pulse parameters taken from
the oscillograms, and the values of the optical
densities D, we estimated the durations of the
output pulses at half-width. These values agreed,
within 20%, with the data obtained from the oscillo-
grams of the output pulses. The critical flux
densities Ggpr amount to 0.37 D mJ/cm? for a
vanadium phthalocyanine solution. Unde/r the ex-

T

2
perimental conditions, the value of f P, (t)dt
0

for the leading front of the input pulse was smaller
than the critical value, owing to the long growth
time, and therefore the bleaching of the medium
corresponded to the case where the stationary
front of the bleaching front did not have time to
become established.

The experimentally observed reduction of the
duration of the output pulse, and the increase of
slope of its front, agree with the above-considered
features of the propagation of a monochromatic
pulse through a resonantly absorbing optically-
dense medium with strong relaxation. Optically
dense media can be used to control the duration,
slope, amplitude, and spatial structure of mono-
chromatic radiation pulses. It is therefore of
interest to investigate in detail, theoretically and
experimentally, the influence of the transforma-
tion properties of a resonantly-absorbing op-
tically-dense medium when the input pulse has a
complicated space-time structure. In this case it
is advantageous to investigate simultaneously the
space-time structure of the pulse before and after
passing through the cell, using the methods de-
veloped by Ambartsumyan et al.l"') and Korobkin
et al.l12]

2)An increase in o was observed when the concentration of
the solution was decreased.

3)In several of the experiments we limited the beam cross
section by using an additional diaphragm made up of crossed
spectrograph slits and placed outside the resonator ahead of
the cell with the optically-dense medium. A reduction in the
pulse duration was observed at different dimensions of this
diaphragm, down to the smallest size used, 0.2 x 0.2 mm.
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