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ABSTRACT An approach to the energy optimization of the
passively Q-switched Er:glass laser is considered. The opti-
mization procedure is represented in the maximally verifiable
and usable graphical form, which is applied to the flash-lamp
pumped Er:glass laser passively Q-switched with the Co®*-
doped MgAl,O4 and LaMgAl;1 019 saturable absorbers.

PACS 42.60.G; 42.55.PR

1 Introduction

Optimization of the performance of Q-switched
lasers has received much attention in recent years [1-5]. In
general, there are two approaches to the optimization of key
laser parameters such as the output coupler and initial sat-
urable absorber transmissions. The first method considers the
rate equations describing the Q-switched laser, which result
in the transcendental analytical relations between the chosen
input parameters and the maximal output pulse energy and
minimal pulse width. The obstacle here is the need for the
additional recalculations to extract values of the optimal in-
put parameters in the explicit form, which is appropriate for
practical applications. The authors of [5] showed the second
method as a step-by-step creation of a family of graphical
curves reflecting the laser output characteristics versus such
input parameters as the output coupler and saturable absorber
transmissions. The best (optimal) value of the input parameter
is determined by the visual choice between curves with a max-
imal output energy or minimal pulse width. In this way, it is
relatively simpler for applications than the former method, but
for an exact estimation of the optimum, it is necessary to go
through the set of different curves.

Here we present a very simple theoretical approach, and its
practical application, for optimizing a passively Q-switched
Er:glass laser emitting around 1.5 wm. This “eye-safe” laser
is of great interest for applications in range finding and
remote sensing of the atmosphere. A lot of investigations
have been conducted in the last decade to find passive Q-
switchers operating at 1.5 um [6—16]. Recently, Co’*-doped
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LaMgAl;10Oj9 [17] and C02+-d0ped MgAl,O4 [18,19] sin-
gle crystals were shown to be the most promising, efficient
and reliable saturable absorber Q-switchers for the Er:glass
laser. Here we compare the theoretical predictions with ex-
perimental results obtained with these Q-switchers. The main
difference to others work is our presentation of the optimiza-
tion procedure in a graphical form, which is maximally ver-
ifiable and easy to use for the experimenter. The optimized
parameters have an explicit form, and do not need cumber-
some recalculation. This is achieved owing to operation with
relative shares of intra-cavity and output loss in the net-loss.
This gives a physical meaning to the optimization procedure,
and allows optimization tendencies to be viewed easily.

Sections 3 and 4 discuss the theoretical approach and ex-
perimental set-up, respectively. Discussion, together with the
optimization, procedure is given in Sect. 5.

2 Model

The model under consideration is based on that de-
scribed in [2] and [4], and is formally identical to it. The
following approximations were used for simplification of the
analysis: (1) the relaxation from the intermediate levels to the
laser level in the active medium and absorber is fast; (2) the
pulse duration is much shorter than the gain medium relax-
ation time and longer than the cavity period; and (3) the pump
rate is not sufficient to change the inversion during the gener-
ation stage. Then the pulse generation can be described on the
basis of the analytically solved system of rate equations:

n(1) = —yogcp(On(t) ,
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where 7 is the density of the population inversion in the gain
medium, ¢ is the intra-cavity photon density, n is the dens-

p()=—A, (1)
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ity of the ground-level population in the absorber, 7, is the
total density of the active centers in the absorber, oy is the gain
Cross-section, ogs, and oes, are the ground-state and excited-
state absorption cross-sections in the absorber, respectively,
l; and [, are the gain medium and absorber lengths, respec-
tively, y is the inversion reduction factor in the gain medium,
which is equal to 2 for the pure three-levels medium, R is
the output mirror reflectivity, L is the logarithmical linear
intra-cavity loss (with the exception of the active loss in the
absorber and reabsorption on the laser transition in the gain
medium), #.,y is the cavity period, and c is the light vel-
ocity. We took into consideration the double pass of the field
through the laser elements and the single reflection on the out-
put mirror.

The change of the variable ¢ by n in (1) allows the simple
expressions for the pulse parameters [4]:
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Here E, P, and t, are the pulse energy, the peak power
and its width, respectively; h is the Plank’s constant, v is

the frequency of the generation, S = ﬂTw(z’ is the Gaussian
laser beam area in the gain medium (wy is the beam radius),
o = Q0g/(Y0y), and g is the telescopic factor, which is equal
to the ratio of the beam areas in the amplifier and absorber.

The key parameters n; (initial inversion), n, (inversion at the
pulse maximum, g, 00 = hm nm) and ny (inversion at the end

of Q-switching) can be found from the algebraic equations:
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where § = 0esa/0ga = In (T7) /In(Tp) is the parameter that
takes into account the contribution of the excited-state
absorption in the saturable absorber (7 and T; are the
initial and fully saturated transmissions of the absorber,
respectively).

The system (2)—(3) will be used for calculation of the
pulse parameters in the comparison with experimental data
for the finite value of « (see Figs. 1 and 2). As the adjustable
parameter we use L, though, of course, we have the approx-
imate experimental estimations for this value (see the next
section).

In our case (Er:glass laser with the relatively small gain
cross-section o, =7 x 1072 cm?, 0 & 1, 045 > 0y), the fol-
lowing approximation allows the essential simplifications:
a — 00 and, as a consequence, Ny, = Ny, o0o- Following [4], let
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FIGURE 1 The pulse energies versus the reflectivity of output coupler for Co:LMA (a o-polarization, b w-polarization) and Co:MALO (c) saturable

absorbers (curves — theory, see (2); points — experiment). § =0, « = 9.3 (a) ,29.4 (b) ,20(¢) , L = 6%
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FIGURE 2 Pulse durations versus the reflectivity of output coupler for Co:LMA (a o-polarization, b w-polarization) and Co:MALO (c) saturable absorbers

(curves — theory, see (2); points — experiment). Parameters correspond to Fig. 1
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us define the new variables:

o n(g) L
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Since a+ b+ ¢ = 1, as follows from the last equation of sys-
tem (3), there is a clear physical sense of these variables: a, b,
and c are the relative shares of the output loss, the linear intra-
cavity loss and the initial absorber’s loss, respectively, in the
laser’s net-loss \. The latter defines the lasing threshold, and
is equal to 8 =In (%) + L +1In(75) = 20anily. This simple
physical treatment will allow us to express the optimization
procedure in the maximally verified form.

Our main goal is the optimization of the Q-switched laser
performance for fixed cavity geometry and the linear intra-
cavity loss L. We shall optimize the output pulse energy by
the maximization of ¢ due to the variation of y. The pulse
peak power and/or its width can be optimized likewise (see
the second and fourth expressions of (2)), but we do not in-
vestigate this subject in detail. One can find from (2)-(3)
for o« — o0:

Yo =b+38(1—0b),
b+8(1—b)—1
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Fixation of L allows us to find aop and cop, i.€. the opti-
mal shares of the output loss and the initial absorber’s loss in
the laser’s net-loss R, from the second equation of system (5)
and the sum rule a4+ b 4 ¢ = 1. The simple graphical presen-
tation of the optimization procedure will be demonstrated in
Sect. 5. Our calculations were carried out using the Maple 6
algebra system, and the detailed program can be found and
downloaded from http://www.geocities.com/optomaplev.

3 Experimental set-up and results

The flash-lamp pumped Er:glass laser operating at
a 1 Hz repetition rate at 1.534 wm with a plane-concave cav-
ity of 310 mm in length was used for the optimization in our
experiments. The high reflector (R > 99.5% @1.534 um) had
a 2 m radius of curvature. Three different mirrors were used
for output coupling, including a concave mirror with a 5 m
radius of curvature and 8.4% transmission, and plane mir-
rors with 12% and 20.7% transmissions. The QX-7 Cr,Yb,Er-
doped phosphate glass rod of @ 3 x 49 mm in size from Kigre
Inc. was used as the active element.

The laser was adjusted to produce the highest pulse energy
in a single transverse mode with the nearly Gausssian spatial
intensity distribution. The Gaussian beam shape was checked
by the IR vidicon tube from Hamamatsu (model C1000) in-
terfaced with a computer, as well as by measurement of the
M2-factor. In all cases, the intensity distribution was found to
be close to the purely Gaussian profile, and the M?-factor was
approximately 1. The FWHM pulse duration and the pulse
energy were measured with a fast InGaAs photodiode (rise
time less than 5 ns) and a calibrated Ophir’s powermeter in-
cluding PE10 photosensitive head and NOVA digital display,
respectively.

The laser was passively Q-switched by two kinds of
saturable absorber: Co2* -doped LaMgAl;;0y9 (LMA) and
Co?*-doped spinel MgAl,O4 (MALO) single crystals. The
samples of Co?*-doped LMA were provided by LETI/CEA
(France). Those crystals were cut with the different orien-
tations: E||c (s-polarization, work position at the Brewster
angle, 04 = 4.4 x 107" cm?) and E L ¢ (o-polarization, nor-
mal to laser beam work position without antireflection coat-
ings, 0y = 1.4 x 107!? cm?), where ¢ is the crystallographic
axis of LMA crystal [20]. The Co**-doped MALO disk with
antireflection coatings at 1.54 pum (05, = 3 x 1071 cm?) was
provided by the FEE Institution, Germany. The experimental
and calculated results are shown in Table 1. The spectroscopic
data were taken from [8, 13, 15], as well as defined from our
saturation absorption measurements [21].

Saturable absorber R, % Theory Experiment
To, % Ry, % E, mJ] tp, 0S Ty, % Ry, % E,m] fp, NS

Co:LMA (o-polariz.) 31.5 92 91.5 6.8 110 92 91.6 5.8 120
Ogsa = 1.4 % 10719 cm?

35.5 91 90 8.3 95 88 7 120

46 87.6 87.3 12.2 68 79.3 7.8 120
Co:LMA (m-polariz.) 40 89.5 89 70 90 88 9.2 70-175
Ogsa = 4.4 % 10719 cm?

50 86.4 86 13.8 53 79.3 11.5 75
Co:MALO, 39 90 89 9.6 73 88.6 91.6 6.3 75
Ogsa = 3 X 10719 cm?

43 88.6 88 65 88 9 70—-175

53.4 85.3 85.5 50 79.3 11 70

TABLE 1
saturable absorbers. oy =7 x 10~2 cm?, ly =4.9cm

Optimal theoretically predicted (for 6 =0, o = oo, L = 6%) and experimentally obtained values of Q-switching parameters for the different
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Q-switched pulses with a pulse energy of up to 11.5mJ
and a pulse width of 70 ns were shown in the experiments.
A comparison with the theoretical estimations of the optimal
generation parameters is presented in Sect. 4.

4 Discussion

The first step is to verify the validity of the model
under consideration in our specific case, and to determine
L and §, which are required below for optimization. As
shown in [21], for the chosen materials the §-parameter ap-
proaches zero due to the negligible excited-state absorption.
First, let us compare the experimental pulse energies and
durations without the optimization procedure (see Table 1)
and those calculated from the system (2) (Figs. 1 and 2).
We can see good agreement for energies (within the ex-
perimental error limits) and the worse agreement for dura-
tions. The under-estimation of the pulse duration is proba-
bly caused by deviation of the pulse temporal profile from
Gaussian. This, as shown in [22], requires the modifica-
tion of the last part of (2). However, we do not consider
the pulse width minimization, and restrict ourself to the en-
ergy maximization. Our calculations demonstrate that the
best agreement with experimental energies results from
L =6%.

The experimentally observed invariability of the pulse du-
rations corresponds to the minimum of the pulse width depen-
dence on R for fixed Tj, which follows from the calculations
(Fig. 2), though the pulse widths are under-estimated in the
model.

The verification performed above enabled us to determine
the values of the parameters L and §. Now let us consider
the next step representing the direct optimization of the out-
put energy. As the procedure, which is appropriate for the
experimental realization, we consider optimization of the out-
put coupler and initial absorber’s transmission for fixed values
of the laser’s net-loss R. This corresponds to the fixed laser
pump. The energy maximization procedure can be performed
using Fig. 3. The group of curves a shows the optimal share
of the output loss a in the net-loss in the dependence on
the linear loss’s share b for the different contributions of the
excited-state absorption parameter . The group of curves ¢
is the analogous dependence for the initial absorber loss’s
share c.

The optimization can be performed in a simple graphi-
cal way. We have to define the laser’s net-loss appropriate for
our scheme, and determinate (measure or calculate) the intra-
cavity linear loss L. That gives a value of b = L/R. In Fig. 3,
the vertical line corresponds to L = 6% for a 50% net-loss, for
example. The intersection with curve c (the value of § has to
be defined, too) gives the value of optimal ¢ = In(1/ T02) /R.In
our case this results in Ty = 86.4% (if 6 = 0¢sa/0gsa = 0). The
intersection with curve a (for defined §) gives the value of op-
timal @ = In(1/R)/R. For our example, this is R = 86%. So,
this procedure produces an easy and demonstrative method
of Q-switching optimization. Note that curves a have a broad
plateau around the parameters in question, i.e. dop ~ 0.296
and Ry A~ exp(—0.296R) for § = 0 and o = oo.

The results of the pulse energy optimization are sum-
marized in Table 1. It is important to note that each row

a, c
0.754 TU=S().4%. R=86% for 50% net-loss, &=0
= g [ o C
0.50
0.25- T
L=0.06 for 50% net-loss

T T T T

a 00 0.1 0.2 0.3 0.4 b
e

0.754
0.50
0.254

T T T T -
b 00 0.1 0.2 0.3 0.4 b

FIGURE 3 a Optimal output coupling (a-curves), initial saturable loss
(c-curves), and b dimensionless pulse energy versus linear loss parameter b.
Solid, dashed and dotted curves correspond to the values of § = Oesa/0gsa =
0, 0.07, 0.14, respectively. Horizontal and vertical straight solid lines are the
utility lines for determination of the intersection points

corresponds to the fixed value of net-losses 8. The last
row was chosen to be equal to the net-loss in the ex-
perimentally determined results from the initial transmis-
sion of the absorber and output coupler. One can see that
the optimal values of 7y and R theoretically expected for
R =31.5% (Co:LMA, o-polarization), 40% (Co:LMA, 7-
polarization), 43% (Co:MALOQO) are close to those which
are tried in the experiments (see also Fig. 1). The corres-
ponding values of the maximal energies are close (6.8 mJ
and 5.8 mJ for Co:LMA (o), 10mJ and 9.2 mJ for Co:LMA
(), 11mJ and 9 mJ for Co:MALOQO). The difference (less
than 20%) could be explained by the calculating approx-
imations (¢ = oo, § = 0) and the confinements due to the
pump saturation, gain relaxation, and active crystal heat-
ing, which lie beyond the framework of our consideration.
As a result of comparing the experimental data with the
model predictions, the output coupler and initial absorber
transmissions were not optimal for the maximal net-loss
(see the last row for each absorber in Table 1). Thus, the
pulse energy for the maximal net-loss could be increased by
20 +56%.

The main trends of the optimization procedure are obvious
from Fig. 3:

1. With the increasing relative linear intracavity loss b (in-
creasing L at fixed ), the relative optimal saturable loss
copt decreases while output loss aqp increases for b =0 —
0.1 or is approximately constant for b = 0.1 — 0.3.
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2. For the fixed value of L the relative contribution of the sat-
urable loss ¢ increases and that of output loss a decreases
with the increasing laser net-loss 8. (The change of a is
negligible in the interval of b = 0.1 — 0.3.)

For the above-mentioned interval of b, the output coupler’s
transmission is nearly proportional to 8 : 1 — [n(1/Rop) ~
0.296XR.

The growth of the excited-state absorption (the transition
from solid through dashed to dotted curves in Fig. 3 corres-
pondsto 6 =0, 0.07, 0.14, respectively) results in:

1. adecrease of the relative contribution of the initial loss in
the absorber;

2. an increase of the relative contribution of the output loss
(compare the solid, dashed and dotted curves); and

3. adecrease of the pulse energy (Fig. 3b).

5 Conclusion

The analytical approach to the energy optimization
of passively Q-switched Er:glass lasers is presented. The op-
timal output loss and saturable loss were shown as parametric
functions of the linear loss. This gives a physical meaning to
the optimization procedure, and makes it usable by the exper-
imenter. The optimization was performed at the fixed laser’s
net-loss corresponding to the fixed pump level. Excited-state
absorption in the saturable absorber was taken into account.

As shown, the increase in the relative contribution of the
optimal saturable loss in the laser’s net-loss increases the
pulse energy. The decrease of the linear intra-cavity loss in-
creases the relative contribution of the optimal saturable loss
in comparison with the output loss. The excited-state absorp-
tion decreases the relative contribution of the optimal initial
loss in the absorber and increases the optimal output loss.

The energy values predicted by the theory are in a good
agreement with experimentally observed results for the
Er:glass laser passively Q-switched by the Co?*-doped
MgAl,O4 and LaMgAl;;Oy9 crystals.
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