Optica Applicata, Vol. XV III, No. 1, 1988

Giant pulse generation for high exceeding
of resonator losses

Z. Jankiewicz
Military Technical Academy, Warszawa, Poland.
A. Dubicki

Kaliski Institute of Plasma Physics and Laser Microfusion, P.O. Box 49, 00-908 Warszawa, Poland.

In the paper the results of numerical analysis of giant pulse generation process in solid state
laser systems with switched-off resonator losses are presented taking into account the influence
of both the system amplification and the loss switch-off time. Also the conditions have been
specified under which the averaged equations for energy transport may be considered sufficiently
accurate for the description of the time-energy characteristics of the output pulses as well as the
conditions under which the partial differential equations for the energy transport should be used
to describe this type of generation.

1. Introduction

In the contemporary laser systems used to giant pulse generation the aim is to
achieve the high surpass of the generation threshold. This allows to reach the
extreme parameters of the laser pulse, i.e., the maximal power and energy of the
pulse for its minimal duration. A number of works [I]-[5] indicate that in the
solid-state lasers of high threshold exceeding (more than twice) the application of
the classical Lengyer and wagner [6] equations for the description of generation
may lead to the results highly inconsistent with reality. This concerns especially
the shape of the generated pulses and partially their energy parameters. For high
threshold exceeding and rapidly switched-off resonator losses the existence, inside
the resonator, of two mutually coupled streams of the photons propagating in
opposite directions must be taken into account when the generation is described.
The energy transport equations take the form of partial differential equations (1),
[7]. Then we say that the stream model (SM) is applied to the generation
description in place of the so-called averaged model (AM) following from the
Lengyel and Wagner equations.

In this paper the numerical solution of the stream model equations for lasers
with switched-off resonator losses (Q-switch) has been presented, the following
factors being considered: amplification of the system and the Q-switching-off
duration. The results obtained have been experimentally verified. Also the condi-
tions under which the averaged model may be considered sufficiently accurate to3
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describe the time-energy characteristics of the giant pulse and those under which
in place of the averaged model the stream model should be employed, are
specified.

2. Models of generation

2.1. Stream model (SM)

The scheme of a typical laser system to generate giant pulses is shown in Fig. 1

Fig. 1 Scheme of the laser system: MIt M2 — mirrors, AM — active medium (a), and initial photon
flux distribution /+, 1~ inside the resonator

The propagation of the photon flux 7+ 7 inside the resonator may be
described by general equations of energy transport [7]
=G0 A0 2 4@, h-Quv @ y+ae ), 1
~d z vdt

while the evolution of the energy accumulated in the active medium — by the
equation [7]

ck(z, t)
AU+ )+ 1 (2, )] 2
dt
where: | +~— radiation intensity (photon flux), (in W/cm2) in the positive “+”
and negative “— directions on the resonator axis,
£ - source factor (in W/cm3), luminescence emitted from the unit
volume element in the active medium,
v — light velocity (cm/s),

g — linear losses coefficient (cm-1),
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k — amplification coefficient (cm-1),
£s — saturation energy density (J/cm2).
In SM the photon flux emitted outside the resonator is described by the
relation

I(r) = (1 —K2)/+(/2,0 &)

where R2 is the reflection coefficient for the outcoupling mirror.

The solution of Egs. (1) and (2) is possible to be arrived at only by using
numerical method, and requires determination of the respective limiting (boundary
and initial) conditions [4]. The initial distribution of photon flux 1 +(z, 0), I~ (z, 0)
for the system shown in Fig. la is presented graphically in Fig. Ib.

2.2. Averaged model (AM)

Usually, the classical set of equations in the forms [6], [7]:

i TR @
do(t) vg () u(t)
dt ©®

where: g(t) = -1\g{z, t)dz,
lo

11
u(f) = W%[H(z, t)+1 (z,t)]dz — average energy density (in J/cm3) of
radiation inside the resonator,

= —— —time of the round trip of the photon flux in the resonator

©),
/ — length of active medium (cm),
Laqx — optical length of resonator (cm),

&=Q IN oty
taking into account the losses due to output mirror transmission
and that of the Q-switch,

R2 — reflection coefficient of the outcoupling mirror,

Tp — transmission of the Q-switch,

— coefficient of total losses in the resonator (cm-1),

is employed for the description of giant pulse generation. In contrast to this the
output pulse for the AM is determined by the relation

|(t) =WMnR2 U(t). 6
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The ordinary differential equation (4) may be derived immediately from the set of
partial differential equations (1), if in the active medium the uniformity of
distributions of the following magnitudes:

— gain coefficient g(z, t) » g(t), @)
— radiation energy density u(z, i)™u(r) 8
is assumed.

Usually, these assumptions are not fulfilled in the laser systems generating the
giant pulses, especially for intensive pumping (high exceeding of the generation
threshold). It turns out that the gain of the system and the Q-switching-off have
the essential influence on the difference between the results obtained by application
of the SM and AM for generation description [5].

In the further part of this work, the influence of these parameters on the energy
parameters of the output pulses and also the range of particular model application
have been presented.

3. Numerical analysis of the generation process
and the results of experimental examination

Based on the AM and SM models presented above the numerical analysis of laser
generation with electrooptic Q-switch (Pockels cell-polarizer) has been carried out.
The transmission of the switch is described by the relation

©)

where: TO — minimal transmission, Tk — maximal transmission, U — voltage at
the Pockels cell electrodes, rO0 — characteristic time of voltage drop, treated as a
measure of the switch-off time.

The following values of parameters corresponding to typical laser generator
with active YAG:Nd+3 medium have been assumed in calculations:

— active medium: /=6 cm, g0=0.2-04 cm-1, g= 001 cm-1, v=2x 1010

cm/s, Es=0.2 J/cm2

— mirrors: Rx=1 Rx=0.1,

— loss Q-switch: TO = 0.005, Tk= 05, t0= 0-25 ns,

— system geometry: LR= 80 cm, /x= 62 cm, /2= 18 cm, /3= 37 cm.

The analysis of generation, taking into account the nonimmediate Q-switching-
off, has been carried out both for SA and AM systems.

In both models the change of Q-switching-off duration was realized by
changing the characteristic time of voltage decay on PC (t0).

The results obtained from the AM model confirmed that independently of the



Giant pulse generation for high exceeding of resonator losses 37

amplification values, even for the very short times of Q-switching-off (c0 < TR), the
laser pulses were of classical shape close to Gaussian curve. On the other hand,
the energy parameters: of the output pulses, the immediancy criterion [8] being
satisfied, do not practically depend on the Q-switching-off time but they depend
mainly on the system amplification, i.e., the higher amplification of the system the

Fig. 2. Shapes of output pulses (a) and de-

pendences of the peak power 7max, energy E,

average duration rav, and modulation depth

M on the Q-switching-off time (b) for

0 21(g0—@) =1.8  (where:  E° = £(t0 = 0),
-10 0 10 /Lx = fmax (To-OX T° = Tav (t0 = Q)
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higher both energy and the peak power, and simultaneously, the shorter pulse
duration.

This is contradictory to the results obtained from the numerical analysis of the
generation process based on SM model (Fig. 2), and this concerns the influence of
the Q-switching-off time. It turns out that for short Q-switching-off times 0~ 0
<2 TR frequency overmodulation (7~)_1 appears in the shape of the laser pulse
determined on the basis of the SM, while the higher the system gain the deeper the
overmodulation (Fig. 3a) [2]. This is confirmed by the pulse oscillograms shown
in Fig. 3b obtained in the YAG:Nd3+ laser test system. With the increase of the
Q-switching-off time the time of oscillation growth increases while their amplitu-
de and the top power decrease rapidly.

rrrrrr 0

Fig. 3. Shapes of output pulses for different amplifica-
tions 21(g0—@) — a and exciting energies Ep — b
The shown oscillograms have been obtained on a
classical YAG:Nd3+ laser system containing electro-
optic Q-switch composed of Pockels cell and polarizer

The changes in Q-switching-off time in this region have practically no influence
on the energy and the average duration of pulse generation. For further elongation
of the Q-switching-off time t0> 2R2 a classical monoimpulse chaeracterized by a
lack of overmodulation is generated in SM systems. Besides, an increase of
switching-off time in this region (analogical to the AM case) leads to a slight drop
of both the energy and the top power as well as to elongation of the pulse
duration while its shape is preserved.

From the comparison of the energetic output pulse parameters determined on
the basis of AM and SM, respectively, it follows that for the short times of Q-
switching-off (t0 < 277) the pulse may differ significantly in both the shape and the
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top power, depending on the amplification of the system (Fig. 4). For the suitably
long times of Q-switching-off (t0 > 2TH these models even for high initial amplifi-
cations (21(g0—Q > 1) may be considered to be consistent as far as the descrip-
tion of the time-energy output pulse is concerned.

Fig. 4. Influence of Q-switching-off time on the differences of
output pulse parameters determined on the basis of SM and
AM for 2/("0—e9) =1.8 (where parameter with index “a”
denotes the value determined on the basis of the AM model)

4. Summary

The consistency of SM and AM approaches in the description of the giant pulse
generation process in real laser systems with losses of lumped character being
switched off, is decided about initial value of the amplification (2I(g0—@j) and the
Q-switching-off time 0, above all.

In Figure 5 the consistence region for SM and AM models is shown under
assumption that these models are consistent as far as the description of the
generation process is concerned if the differences concerning time behaviour of the
power and such parameters of the output pulse as: energy and the duration do not
exceed the conventional limit of 10% [5]. From the limits of applicability of SM
and AM shown in Fig. 5 it follows that in the cases of generation at high
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threshold surpass 21(g0—o9 > 1, usually met in practice, a relatively slow Q-
switching-off times (rO” 2TR is recommended. Then, the pulses generated are
characterized by a monotonic front and back wavefronts while the energy parame-
ters of these pulses may be estimated from the widely known analytic expressions
[7]. In contrast to that, in the case of rapid Q-switching-off times (t0 < TR the

generated pulses are characterized by deep oscillations while the energy parameters
of output pulses should be determined basing on SM.
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Moge/mpoBaHye MpoLecca reHepaLyvi B flasepax C MCK/IKOHEHVEM MoTepb pesoHaTopa

Ha ocHoBe nNpeACTaBMeHHbIX B paboTe CTPYiHOW W ycpegHEHHON MoZeneil reHepauun nposefeH
UNCHNEHHbI aHaNU3 MpoLecca reHepauyun FMraHTCKoOro fla3epHoro Mmnynbca. MonyyeHHble Pe3ynbTathl
W NPUHATLIA B paboTe KPUTEPUIA cornacust Mos3sOMMAW OMNPEeAeNUTb YCNOBWS, WCMONHEHWE KOTOPbIX
paspellaeT cuMTaThb WMPOKO NMPUMEHSEMYIO YCpeHEHHY MOJenb 4OCTaTOYHO TOYHOM ANs onucaHus
BPEMEHHO-3HEPreTUUECKNX XapaKTepUCTUK TUTFaHTCKOrO MMMynbca. ITW pesynbTaTbl Aal0T TOXe
MH(OPMaLMo 06 YCMOBUSIX MPUMEHSIEMOCTU CTPYiHOW Mogenu. MpoBedeHHbI aHanM3 MoKasblBaeT,
UTO Ha NPUMEHSIEMOCTb YCPEAHEHHOW MOMEeNM OCHOBHOE BAWSIHWE WMEKT MpeXJe BCEero: Bpems
UCK/IOYEHNS MOTEPb W YBOBEHb YCWU/IEHWS| U3/TyYeHWsi BO BPeMs MOMHOro 06xoja pe3oHatopa.



