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A rate-equation analysis is performed of the processes in a laser in which a saturable filter
is employed for @ switching. It is shown that two modes of excitation of the laser exist (a
soft and hard regime). In the hard regime the excitation threshold of the laser is determined
by the parameters of the system. It is also demonstrated that when the amplitude of the trig-
gering signal exceeds threshold, a pulse of standard amplitude and width is produced in the
system. If spontaneous decay can be neglected, the problem can be solved by quadrature.
The condition for generation of a giant pulse and the maximum values of its properties are
derived in this case. The limiting values of the decay time and the width of the giant pulse
are found. The results of the calculations are compared with experiment.

IT has been shown in a number of papers L1-4] that
certain substances, in particular, solutions of cer-
tain metallic phthalocyanines, exhibit a decrease
of absorption coefficient under the influence of
light from a ruby laser. This property of the
phthalocyanine solutions has found application in
Q-switching lasers.

The kinetics of the processes which occur in a
laser with such a filter may be described by rate
equations. We assume that in a single-mode cavity
there are two types of particles, each of which has
two energy levels; the separation between these
energy levels is the same for the two types of par-
ticles. It is assumed that initially the particles of
the first (or ‘‘n’’) type (ruby) are in a negative
temperature state, whereas the second (or ‘“m’’)
type of particles are in their ground state.

The system of rate equations for the level popu-
lations and the number of photons in the cavity is
the following:
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The following notation has been introduced: nj,
n,, my, m, are the total number of particles in the
cavity in the ‘“n’’ and ‘“m’’ systems in the lower

(subscript 1) and in the upper (subscript 2) levels;
wp and Wy, are the probabilities for stimulated
transitions per unit time; wy y, = 0y mc/V, where
On,m are the cross-sections for absorption in the
respective systems, c is the velocity of light in the
medium, V is the resonator volume; 7,, and 7., are
the spontaneous decay times for the upper state in
system n and m respectively; p is the total number
of photons in the cavity; LY is the decay time for
the field in the cavity; the coefficients ky and ky,
describe the fraction of the spontaneous emission
in systems ‘‘n’’ and ‘‘m’’ respectively, which
occurs in the resonator mode under discussion;
kp,m are the number of modes in the volume V
within the line width Avy, 1y, divided by the quantum
yield of the fluorescence Ny 1,; Wy is the probability
for exciting the ‘‘n’’ type particles via the pumping
radiation.

The system (1) was solved with the M-20 elec-
tronic computer. In making the calculation the
following values were assumed for the parameters
of the saturable filter: Ny =102, m; = M, = 2.5
x 10%% wy = 1.2 x 1071 sec!, which for a resonator
volume V = 10 cm3 corresponds to an absorption
cross section 0y = 4 x 1020 cm?, wyy, = 4.8 x 107°
sec™!, and correspondingly 0y, = 1.6 x 107%° cm?%

Tp = 10 sec. The spontaneous decay time 7y, and
the initial conditions of the system (1) were varied,
with the initial difference in populations n; and

m; = My chosen so that

Wnho — Wming = 0. (2)

This means that there is no gain in the medium
filling the resonator at the time t = 0.
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It is assumed that a certain initial number of
photons p; is ‘‘injected’’ into the cavity at the
instant t; = 0. For an initial injection of photons
py above a threshold value pi,regh. the laser
processes under consideration evolve in an
extremely short time (At << 7, 1/wy, kpy, Ty )
hence during the calculation several aspects of the
system of equations (1) were neglected, viz., the
pumping and the spontaneous decay from the upper
level of n-type particles were neglected in the first
equation; in the second equation we neglected the
spontaneous decay from the upper level of the
m-type particles (this corresponds to taking
Tp =% W, =0, and kyy Ty = ).

For a sufficiently large trigger signal a very
strong emission pulse occurs from n-type parti-
cles and the system produces an intense (so-called
giant) pulse; somewhat before these processes
occur the medium is completely bleached (that is,
half of the m-type particles are transferred from
the lower energy level to the upper level). De-
creasing the initial injection of phonons p, delays
the formation of the giant pulse. This is because
of the increased time required to bleach the filter.
Further decrease in the quantity p, results in inhi-
bition of giant pulse formation, the initial number
of photons being insufficient to bleach the medium.

At the instant during the formation of the giant
pulse when p takes on its minimum value Pmin the
condition for self-excited oscillations is satisfied:

@)

Wan = Wypm + 151

(initially wpng < wyymg + Tr—)i and without external
triggering the system cannot begin to oscillate).
Condition (3) means that the total gain in the sys-
tem equals unity and that the time constant for the
decay of the oscillations is infinite.

An interesting feature of this system is that it
exhibits threshold properties; in particular, so
long as the initial triggering signal p, does not
exceed a certain threshold value pihpregh the
system does not oscillate, but as soon as p; exceeds
Pthresh by ever so little a pulse builds up (with
standard, repeatable amplitude and duration be-
tween the half-power points). This pulse contains
almost all of the energy previously stored by the
n-type particles. Moreover once the filter has
been bleached the growth of the laser pulse occurs
at a rate which is independent of p; (but which is
determined by the parameters of the system); also
independent of p, is the rate at which the active
medium is depleted. These phenomena are illus-
trated in Figs. 1 and 2. In Fig. 1 we give the time
dependence of the number of photons (solid line)
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FIG. 1. Graphs of the time dependence of the number of
photons at the resonance frequency and the population inver-
sion of the active centers in the laser for various strengths of
the triggering pulse (n, = 10%°, m, = 2.5 x 10", 7= 10 sec.)

and the population inversion of the n-type particles
(dashed line). The functions are normalized to their
initial values. (The curves for the number of
photons are plotted with a logarithmic scale.) The
lifetime for spontaneous decay of the m-type par-
ticles is taken to be constant and equal to 107 sec;
Py is a parameter that varies from curve to curve.
For this choice of system constants a value of

Py = 1.5 X 101 is insufficient to cause laser action
(this is shown by the dot-dashed curve on a non-
logarithmic scale). Threshold for p, in the present
case lies between 1.75 x 10'% and 1.5 x 1013, the
maximum pulse strength is py5x = 0.35n; = 0.35N,
= 3.5 x 10!, In Fig. 2 we give the time dependence
of the population inversion of the filter particles
for the same values of the parameters; bleaching
does not occur for p; = 1.5 X 10%3; the curve n(t)

has a minimum not equal to zero and the inversion
of the active particles remains practically constant.

01 2 3 4 5 Fi00 sec
FIG. 2. The time dependence of population inversion in the
filter for various initial triggering pulses (n, = 10*°, m, = 2.5

x 10*, 7, = 107 sec).



A LASER OPERATED WITH A SATURABLE FILTER

log 2
%85,
g ng=s’§"0
5
p my=2510 ny =042 10%
my=104 103
10
J
'8
2106 ”0:0?107.7
2 m, =05 10"
J C0 3 4 5 6t Tsec

FIG. 3. The dependence of the number of photons in the
laser for various degrees of initial inversion (p, = 10**,
Tm = 107 sec).

If the n-type particles are not completely in-
verted at t = 0, then it is clear that the amplitude
of the laser pulses and their growth rate will be
smaller and that the delay will be greater than for
the case of complete inversion. This situation is
shown in Fig. 3. For p, = 104, Tm = 10 sec, an
initial inversion of the active particles ny = 0.2
x 10%-is insufficient for producing a laser pulse
(the initial values of n; were chosen in accordance
with condition (2)). To form a pulse in this case
and to decrease the delay it is necessary to have
a more intense triggering pulse.

The behavior of the system for different spon-
taneous decay times of the n-type particles is il-
lustrated in Figs. 4-6. As in the previous discus-
sion there is also a threshold in the parameter 7,
assuming a constant initial triggering pulse p;. For
P = 10! the threshold value of Ty, lies within the
limits 1070 sec < 7., <3 x 107™!% sec. An increase
in the spontaneous lifetime 7,,, which is a measure
of the ‘‘inertia’’ of the bleachable medium, leads
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FIG. 4. Time dependence of the number of photons and the
population inversion of the active centers in the filter for var-
ious spontaneous decay times of the filter [p, = 10**, 7, =107
sec (solid curves), 7, = 3 x 107° sec (dashed curve)].
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FIG. 5. The initial stage of the formation of a giant pulse
for various spontaneous decay times of the filter (p, = 10'*).

to a more rapid formation of the standard giant
pulse (Fig. 4). In Fig. 5 we show on a magnified
scale the initial portions of the curves of the func-
tion p(t). For py = 10! and for Ty, = 107 sec the
system does not oscillate; p(t) goes to zero expo-
nentially with a time constant 7 ~ 7 and n re-
mains essentially constant and equal to n, = 102,
whereas m undergoes the variation shown in Fig. 6.

In view of the foregoing there is in principle
another way of exciting the laser.

By a suitable choice of the excitation power one
can produce an initial value n; such that condition
(3) for self-excited oscillations will be fulfilled.

In this case the oscillation builds up from a level

p which is determined by spontaneous emission.
This level is very small and the delay will be quite
long; under certain conditions it will be longer

than the duration of the exciting flash. By contrast,
if one applies a triggering pulse to the system it
reaches the state described by (3) with a significant
excess of photons and hence delay time can be made
small compared with the duration of the flash lamp
pulse and small in comparison to the decay time of
the population difference for n-type particles.

When one may neglect spontaneous decay in the
m-system it is simple to obtain the analytical form

1004 2=
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FIG. 6. Graphical time dependence of population inversion
of the filter for a 7, which does not exceed the critical value
(po = 10%, 7 =107*° sec).
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of the dependence of p on n. One may also estimate
the pulse width and the delay time. These expres-
sions have the following form:

ng n ngy n\¢% o n
~pe 2 2[-(2f ]+ 3 2) 4
P 2[3nno 2a no T 2 ng + o ()
[+2
2a \ ng
The instant t at which n takes on a given value n(t)
is determined by the expression

g ) 20 [y =5l 1= ()]

B = wmTph, o = W/ Wh. (6)

When t = 0, ny and my are related by condition (2)
and Bis the factor which measures the extent to
which the requirement for self-oscillation is
exceeded in the cavity containing the saturated
filter.

The condition for formation of the giant pulse is

Pmin =0 or po > ng/2af2 (7
For a > 1,
1 171 1
pmax_po'l“—z‘no_z—(—ﬁ—'l‘ﬁlﬂﬁ), (8)

and for @ > 1land B> 1
Pmax = 1/Zn() + Po.

The pulse width t,, between the half-power point and
the peak when o >> 1 and B > 1 falls between the
following limits

Tp>tn>7p/2. (9)
The delay time falls between the limits
[ZLUnﬁ(PO — pmin)]_i >ty > (2mepo)_i.

The maximum power Pp,,x radiated by the laser is

(10)

Py = Pmaxh\’/'rp- (11)

From the information contained in [ it appears
that the phthalocyanines have very short lifetimes
in the excited state, less than 4 x 10 sec. Transi-
tion to the triplet state from the excited singlet
level occurs in a time of the order 107 — 107 sec.
Hence for a laser in which the saturable filter con-
sists of vanadium phthalocyanine or cryptocyanine
the first variant of the machine calculation is prob-
ably the most suitable. However it is clear that
one might find substances in which population of
the lower level by decay from the upper state
occurs much more slowly. Ruby is such a material
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if one thinks of absorption bands and the fluores-
cence in the R lines.

We have studied experimentally the various
operating regimes of a laser using a solution of
vanadium phthalocyanine in nitrobenzene as a
saturable filter. The experimental arrangement is
shown in Fig. 7. The numbers in the figure denote
the following: 1—a 100% reflecting mirror, 2—a
cell containing the phthalocyanine solution (the cell
length is 5 mm and its initial absorption is 90%),
3—a ruby rod 120 mm long and 10 mm in diameter
with uncoated ends, 4—a plane parallel glass plate
whose purpose will be described below, 5—a 70%
transmitting mirror. Two experiments were car-
ried out, which differed in that the ends of the ruby
were arranged parallel to the mirrors in the first
experiment. Ordinary laser action occurred first
using the 30% mirror and the reflection from the
end face of the ruby. This provided the triggering
pulse to the cavity, i.e. the pulse designated as p,
in the previous calculation. In the second experi-
ment the ruby was aligned to make a small angle
(about 0.5°) with the mirrors. In this case the
glass plate 4 was removed. Thus the glass plate
served to ensure that the cavity losses were the
same in both experiments regardless of the align-
ment of the ruby.

In the first experiment we observed a giant pulse
when the pumping intensity was sufficient to pro-
duce ordinary laser action between the 30% reflect-
ing mirror and the end face of the ruby. The
emitted pulse had a duration of 10 nsec between
the peak and the half-power point and had an energy
of 1 joule. The pulse occurred 300 usec after the
firing of the flash lamp. In this experiment n, did
not exceed 0.6 x 10%0; g < 3.3; Tp = 1.5 x 107 sec.
According to formula (8) pp, 5 in this case could
have attained the value 10¥ and Py, the value
1.9 x 10° W.

In the second experiment the flash lamp inten-
sity was considerably increased but no ordinary
laser action due to a reflection from the internal
surfaces of the resonator occurred. After approx-
imately 400—600 psec (the duration of the flash
pulse between the 30% point and the peak was
500 u sec) there occurred a pulse 20—25 nsec long
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FIG. 7. Experimental setup.
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(from the half-power point to the maximum) with
an energy less than ¥, joule.

These experiments demonstrate the existence of
a considerable delay in the development of a giant
pulse when excitation occurs without a triggering
pulse. The small energy of the pulse in the second
experiment can be explained by the decrease in the
population inversion in the ruby towards the end of
the flash lamp pulse. Comparison of the expected
values of the pulse duration and its power with the
experimental values shows poor agreement. The
small power is easily explained by the nonuniform
pumping of the crystal. It is more difficult to ex-
plain the increase in the pulse width. In our view
there are two likely mechanisms. The first of
these is the following. We assume that the field
which is present initially in the cavity is non-
uniform over the resonator cross-section. This
is a completely natural assumption since the laser
puts out spikes in ordinary operation 5], In such a
case the resonator is divided into parts (in the
plane of the mirror) which differ in the amount of
initial excitation. The coupling between these parts
is small, since it occurs only by diffraction. As
shown previously, the delay preceding the appear-
ance of the pulse depends on the magnitude of the

initial excitation. The radiation observed from the
whole end face of the mirror will then be a series
of pulses which together form the broad pulse
which was observed experimentally.

The second mechanism has previously been dis-
cussed by Hellwarth L8], viz., cross relaxation be-
tween the R lines of ruby and in particular relaxa-
tion between the E and 2A levels, from the first of
which the depopulation occurs.
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