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The emission dynamics of a mode-locked laser oscillator with a nonlinear mirror based on stimulated
Brillouin scattering �SBS� has been investigated with regard to its spectrum and to its intensity distribution.
The investigation was carried out experimentally as well as by numerical simulations. The laser yields trains of
pulses with measured durations of 410 ps and energies of the single pulse of up to 2 mJ. Two theoretical
models describing the complex emission dynamics of a mode-locked SBS-laser oscillator are introduced. The
first model consists of spectrally resolved laser rate equations and thus describes the mode locking in the
frequency domain by the superposition of the longitudinal resonator modes. The SBS-Q-switch is incorporated
by a phenomenological description of the time dependent SBS reflectivity. Numerical simulations based on this
model yield the evolution of a few 100 longitudinal laser modes and the corresponding intensity distribution
during the course of a Q-switch pulse with 10-ps resolution. The influences of the different components on the
spectrum and thus on the pulse duration will be discussed. The second model describes all occurring dynamics
in the time domain providing easy access to the study of misalignment on the output dynamics. Results of
numerical simulations of both models and measurement results are compared.
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I. INTRODUCTION

Simultaneous Q switching �QS� and mode locking �ML�
of a laser oscillator, also referred to as transient mode lock-
ing �or QML�, yields trains of ultrashort pulses during a
Q-switch pulse envelope. Compared to a simple Q switch
QML leads to considerably higher peak powers and in con-
trast to the cw-mode-locking can still issue pulse energies in
the mJ range. It is thus a very elegant way to combine high
pulse energies with ps-pulse durations from a laser oscillator.

The first report on simultaneous mode locking and Q
switching was published in 1965 by Mocker and Collins �1�.
They used a saturable absorber to mode lock and Q switch a
ruby laser. Using saturable absorbers QML often occurred
when cw-mode-locking was actually desired and is in that
case also referred to as Q-switching instabilities. Thus limits
that separate the ML from the QML regime are well investi-
gated �2,3�.

Today Cr4+ :YAG crystals sometimes bonded to the am-
plifier crystal �4� and semiconductors are often applied for Q
switching and also the simultaneous mode locking of Nd
lasers �5–7�. Also nonlinear mirrors typically on the basis of
second harmonic generation �SHG� and a dichroic mirror can
be exploited to provide a ML or QML operation �7,8�. Lamb
and Damzen used a passive external cavity �9� and a regen-
erative amplifier �10� consisting of a conventional mirror and
a nonlinear mirror on the basis of the stimulated Brillouin
scattering �SBS� to generate bandwidth and to mode lock the
output from a narrow bandwidth pulsed oscillator.

The laser to be discussed in this paper is a self-starting
SBS-laser oscillator where the SBS mirror provides passive
Q switching. The mode-locking inherent to the SBS �11,12�
was supported by acousto optic modulation in an additional

component. In the following two sections the laser setup and
its general output properties will be summarized and experi-
mental results relating to the observation of the Q switching
will be presented. In Secs. IV and V two models to describe
the laser output dynamics are introduced. In the first model
the laser rate equations are applied for all longitudinal reso-
nator modes individually while all modes share the stored
inversion in the homogeneously broadened Nd:YAG. The
numerical solution of these equations yield the evolution of
the longitudinal modes. Consequentially the output dynamics
on the ps time scale can be calculated from the spectrum of
these modes.

The second model describes all dynamics solely in the
time domain. The propagation of a pulse in the resonator is
considered and all changes that the pulse experiences during
each round trip are recorded. A similar approach has been
taken by Kuizenga and Siegman �13,14�. They found an ana-
lytical description for steady state mode locking by pursuing
the changes to a pulse during one resonator roundtrip and
demanding no net change. Since we are interested in the
QML regime we have to numerically calculate a large num-
ber of roundtrips. The SBS-Q switch will be taken into ac-
count by a phenomenological description that is identical for
both models. We assume an intensity dependent generation
of an overall sound wave amplitude in the SBS mirror that
determines its effective SBS reflectivity. In Sec. VI results
from numerical simulations based on the two models are
presented and used to discuss the influences of modulation
depth, modulation frequency detuning, SBS Stokes shift,
SBS-Q switch parameters, and the starting conditions on the
QML dynamics and the transient spectrum.

II. SBS-LASER OSCILLATOR SETUP

The reflectivity of a nonlinear SBS mirror stems from
coherent scattering of light at an acoustic sound wave grat-*Electronic address: oster@uni-potsdam.de
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ing. Due to the movement of the acoustic wave the reflected
light experiences a Doppler shift to lower frequencies that
amounts to the resonance frequency of the acoustic wave—
the so called Brillouin frequency �B. The process starts from
acoustic noise in the SBS material �15�. The incident light
will scatter from random sound waves which in turn will be
amplified by the beat mode pattern of the incident and the
back-reflected light via electrostriction. This feedback
mechanism is the reason for the nonlinear behavior of the
SBS reflectivity. However, the amplification depends on the
overlap of the two light waves and becomes maximal for a
phase conjugating reflection. This leads to a preferred gen-
eration of a phase conjugatingly reflecting sound wave and in
fact SBS mirrors show high fidelity phase conjugating be-
havior �16�. Applied in a laser oscillator or in a double pass
MOPA laser their phase conjugating reflection leads to a
compensation of, e.g., thermally induced phase distortions
and hence prevents beam quality degradation at high powers
�17�.

For low intensity incident light waves the SBS mirror is
virtually transparent. A threshold of incident pulse energy
has to be overcome until the SBS reflection becomes signifi-
cant. This means that a simple resonator consisting of an
SBS mirror and a conventional reflector is not self-starting
and has to be either pumped by an external light source or
embedded in a conventional start resonator where the oscil-
lation can be initiated.

A schematic of the setup of the SBS laser to be discussed
here is shown in Fig. 1. Its general output properties have
been presented in detail in �18�. The SBS laser consists of
two coupled cavities. The conventional start resonator is
given by the output coupler �OC� and the start resonator
mirror Rstart. The nonlinear SBS mirror and the OC form the
SBS resonator. The SBS mirror consists of a gas cell con-
taining SF6 at a pressure of 20 bar and is situated in the
center of the start resonator. Active support of the SBS-
inherent mode locking is provided by an acousto optic modu-
lator �AOM� which is placed in front of the OC.

For the layout of the resonator several aspects have to be
considered: As mentioned before the SBS-reflected light ex-
periences a frequency shift. So if this light should be still
accommodated in the resonator the shift in frequency must
be an integer multiple of the resonator’s longitudinal mode
spacing. In other words the resonator length has to be a mul-
tiple of a fundamental resonator length, the Brillouin length
LB which corresponds to the Brillouin frequency �B by
LB=c /2�B. The Brillouin frequency for SF6 at 20 bar is
240 MHz so that the Brillouin length is 62.5 cm in this case.

The second aspect to be considered relates to the mode
locking. If active mode locking is desired the resonator’s
longitudinal mode spacing has also to be tuned to the modu-

lation frequency of the AOM. In this case it is 80 MHz lead-
ing to a fundamental resonator length according to the mode
locking of 187.5 cm. Since this is exactly three times the
Brillouin length the resonator length tuning for the SBS is
always given if the mode-locking condition is fulfilled.

For optimal mode locking this requirement has to be met
by both resonators, the SBS resonator as well as the start
resonator. The matching of the longitudinal mode spacing of
the start resonator is in this case also vital for the SBS-Q
switching: The SBS threshold for SF6 is too large to accom-
plish a self-starting SBS process in an oscillator from the
acoustic noise �19�. An initial sound wave has to be built up
in the SBS material by Brillouin enhanced four wave mixing
�BEFWM� �20� of the back and forth traveling waves in the
start resonator. The result can be a considerable reduction of
the SBS threshold for the incident light if again a multiple of
the longitudinal mode spacing of the start resonator modes
matches the Brillouin frequency of the SBS material. We
chose the optical SBS-resonator length to equal the funda-
mental mode-locking resonator length of 187.5 cm and the
start resonator to have twice this length.

III. GENERAL OUTPUT PROPERTIES

The laser head used in the setup described above is a flash
lamp-pumped Nd:YAG rod with a diameter of 6.35 mm with
pump pulse energies of up to 11 J and repetition rates of up
to 1 kHz. The oscillation begins in the start resonator when
the SBS mirror is still transparent. With the leading edge of
the first spike in the start resonator the sound wave is created
by BEFWM. Once the sound wave grating is initiated it is
effectively amplified by SBS and the SBS reflectivity in-
creases quickly. With increasing SBS reflectivity the oscilla-
tion switches from the start resonator to the SBS resonator.
Because the SBS reflectivity can reach very high values
�close to unity� and also because losses due to the phase
distortions in the pumped laser rod are prevented by the
phase conjugating reflection of the SBS mirror the SBS-
resonator quality is very high. The start resonator quality in
contrast is chosen to be low so that the switch from start
resonator to SBS resonator is also a switch of quality. This
passive Q-switching behavior can be influenced by tuning
the start resonator loss which in this case is achieved by an
alteration of the start resonator mirror reflectivity. The higher
the loss in the start resonator the longer it takes until the
lasing threshold is reached during the pump process. Thus
there will be more gain accumulated in the laser active ma-
terial when the pulse finally starts with a spike in the start
resonator. So an SBS laser with higher start resonator losses
issues shorter Q-switch pulses of higher energy with longer
time intervals between two pulses whereas for a low loss
start resonator the pulses come in quick succession and will
be of long duration and low energy.

Figure 2 illustrates the measured intensity distribution of
the mode-locked SBS laser. The top graph shows a typical
Q-switch pulse burst. Here the signal of the flash lamp-pump
pulse is superimposed to the signal of the pulses. The appar-
ent difference in amplitude of the pulse stems from a digitiz-
ing effect in the display of the short pulses on a compara-

FIG. 1. SBS-laser setup
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tively long time scale. The bottom graph represents the
mode-locked dynamics of a single Q-switch pulse.

Bursts of up to seven pulses could be generated within a
pump pulse duration of 300 �s for an Rstart=0.88. The output
power ranged between 2.0 W for one pulse per burst and
2.7 W for seven pulses. In both cases transverse fundamental
mode operation is achieved. In the latter case the Q-switch
pulse energy was 2.3 mJ, the pulse duration full width at half
maximum �FWHM�, was 117 ns. For Rstart=0.32 one single
pulse was received from each pump pulse. The output power
equals 2 W leading to a Q-switch pulse energy of 11 mJ �see
also Fig. 9�. Additional active mode locking did neither in-
fluence the Q-switch-pulse duration nor the Q-switch pulse
energy significantly.

The output properties of the laser such as temporal
Q-switch pulse spacing, pulse duration, and pulse energy are
coupled: By changing the start resonator loss all these pa-
rameters are altered dependently. But by additionally varying
the pump parameters free parameters are added and the men-
tioned output parameters can within boundaries be arbitrarily
chosen. The large variability of this laser’s temporal output
properties was exploited for fundamental research in materi-
als processing �21�.

The switch from start resonator to SBS resonator can be
directly observed if we look at the starting edge of the pulse
�22�. As long as the oscillation occurs in the start resonator
we find a 40 MHz periodicity in the output signal of the
laser. The oscillation in the SBS resonator in contrast shows

a 80 MHz periodicity and it is most apparent if the laser is
mode locked. Figure 3 depicts the leading edge of the
Q-switch pulse of the mode-locked laser. In the bottom graph
the transition from the 40 to 80 MHz can be clearly seen
which corresponds to a single pulse that starts to revolve in
the start resonator and than gradually switches to the SBS
resonator due to the increasing SBS reflectivity. Thus we can
conclude that the on switching of the SBS reflectivity takes
about 300–400 ns. Since the AOM consistently works with
80 MHz frequency its loss vanishes twice during each start
resonator roundtrip. Accordingly, two pulses that are spaced
by a half of the roundtrip time can coexist in the start reso-
nator. If both pulses resemble in amplitude the switching is
not apparent from the periodicity of the output signal �top
graph in Fig. 3�. The most likely case to encounter, however,
is a mixture of both cases: Two pulses with different ampli-
tudes resulting in a 40 MHz superstructure to the 80 MHz
repetition rate.

If mode locking is applied we receive trains of ps pulses
with repetition rates of 80 MHz where the envelope of the
pulse train is shaped by the Q switch �bottom graph in
Fig. 2�. The pulse energy of the ps pulses is influenced by the
start resonator reflectivity Rstart for two reasons. First, the
Q-switch pulse energy increases with decreasing Rstart. Sec-
ond, the Q-switch pulse width decreases with decreasing
Rstart. So the Q-switch pulse energy is split into the smaller
number of ps pulses the lower Rstart. Both effects lead to an
increase of ps pulse energy with decreasing Rstart. The ps-
pulse energy ranges from 0.2 to 2 mJ for start resonator re-
flectivities of 0.88 down to 0.32, respectively.

The upper limit for the single pulse duration was directly
measured with a fast photodiode �Thorlabs SV2� and an os-
cilloscope with 2 GHz bandwidth �Tectronix TDS 794D� to
be 412 ps �see Fig. 2�. For the highest achieved pulse energy
of 2 mJ this results in a peak power of almost 5 MW. The
M2-number of the laser was determined with a beam propa-
gation analyzer �Spiricon M2-200� to be better than 1.4.

IV. SPECTRALLY RESOLVED LASER RATE
EQUATIONS

The laser rate equations are coupled differential equations
to describe the evolution of the photon density and the inver-

FIG. 2. Emission dynamics; top: Q-switch pulse train superim-
posed to flash lamp-pump pulse, bottom: mode locked pulse train
underneath Q-switch pulse envelope.

FIG. 3. Q-switch observation, two different cases.
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sion density and their mutual interactions inside the cavity.
They are the means of choice to calculate laser output dy-
namics �23�. However, the obtained photon density as a func-
tion of time is in fact the mean photon density inside the
resonator. Therefore dynamics on a time scale shorter than
the resonator roundtrip time cannot be resolved and addi-
tional efforts have to be made in order to display mode-
locking behavior in the calculations. The envelope of a
mode-locked pulse is on one hand determined by its mode
spectrum and on the other by the phase relations of the re-
spective modes. To comprise the mode-locking dynamics in
the simulation the laser’s spectrum and its transient behavior
have to be included in the modeling. The spectrum can be
considered by solving the laser rate equation for the photon
density for each of the longitudinal modes individually. The
laser rate equation for the photon density �n of the nth mode
of a mode-locked four-level laser neglecting the population
of the pump band and the lower laser level is

d�n

dt
= −

�n�t�
�R

+
l

L

n2�t��n

�sp
+

l

L
n2�t��n�n�t�

+ �− 2�n�t� + �n+1�t� + �n−1�t��m
c

2L
. �1�

Here �R is the resonator decay time, l the length of the
laser active material, L the resonator length, n2 the popula-
tion density of the upper laser level, and �n the frequency
dependent stimulated emission cross section of the upper la-
ser level. The first term on the right-hand side of Eq. �1�
denotes the resonator losses followed by the terms for the
amplification and the spontaneous emission. The third term
describes an exchange of population between spectrally ad-
jacent modes resulting from the modulation of depth m.

To include the nonlinear SBS mirror into this model sev-
eral aspects have to be considered. First of all with increas-
ing reflectivity of the SBS mirror the oscillation switches
from the start resonator to the SBS resonator. This switch
affects on the one hand the length and on the other hand the
loss of the resonator that the revolving light experiences.
Therefore we have to substitute the resonator decay time �R
and the resonator length L by corresponding expressions that
depend on the time-dependent reflectivity of the SBS-mirror
RSBS�t�:

l

L
→ �RSBS�t�

l

LSBS
+ �1 − RSBS�t��

l

Lstart
� �2�

1

�R
→ �RSBS�t�

�SBS
+

�1 − RSBS�t��
�start

� . �3�

LSBS, Lstart, �SBS, �start are the lengths and decay times for the
SBS—and the start resonator, respectively.

Furthermore the Stokes shift, which the reflected light ex-
periences due to the movement of the reflecting sound wave,
has to be considered. The Stokes shift for SF6 at a pressure of
20 bar amounts to 240 MHz. This value is exactly three
times the spectral spacing of the longitudinal modes of the
SBS resonator. Neglecting anti-Stokes- and higher Stokes-

orders we can describe the Stokes shift as a transfer of en-
ergy down the longitudinal mode scale of the SBS resonator
by three steps:

d�n

dt
�stokes shift� = ��n+3�t� − �n�t��RSBS�t�

c

2LSBS
. �4�

Including �2�–�4� into �1� we obtain for the time deriva-
tive of the photon density of the nth mode:

d�n

dt
= − �RSBS�t�

�SBS
+

�1 − RSBS�t��
�start

��n�t�

+ �RSBS�t�
l

LSBS
+ �1 − RSBS�t��

l

Lstart
�n2�t��n

�sp

+ �RSBS�t�
l

LSBS
+ �1 − RSBS�t��

l

Lstart
�n2�t��n�n�t�c

+ �− 2�n�t� + �n+1�t� + �n−1�t��m

�
c

2�RSBS�t�LSBS + �1 − RSBS�t��Lstart�

+ ��n+3�t� − �n�t��RSBS�t�
c

2LSBS
. �5�

Strictly speaking this description only applies for those
modes which can be accommodated in both resonators
equally. The SBS-resonator modes are spaced by 80 MHz
whereas the modes of the start resonator which is twice as
long are spaced by 40 MHz. Only every second start resona-
tor mode will fit into the SBS resonator. For the numerical
calculations the improper start-resonator modes will not be
considered at all.

Due to the homogeneously broadened amplification band-
width of Nd:YAG the sum over all modes can be utilized to
calculate the time derivative of the population of the upper
laser level:

dn2

dt
= Wpn0 − n2c	

n

�n�n −
n2

�2
. �6�

Wp denotes the pump rate and n0 and n2 are the density of
dopant atoms and the population density of the upper laser
level. It remains to implement the time-dependent reflectivity
RSBS�t� of the SBS mirror. There is a model of the sound
wave generation and the resulting reflectivity with temporal
and spacial resolution for an external SBS reflection �24–26�.
But we could not find any published model describing the
sound wave generation and reflectivity with spacial resolu-
tion for the more complex case of an SBS mirror inside a
cavity. Here, we confine ourselves to a phenomenological
description of the generation and decay of an overall sound
wave amplitude Q�t� in the SBS cell and its corresponding
reflectivity Rstart�t�:

dQ

dt
= −

Q�t�
�p

+ g * I�t� �7�

RSBS�t� = 1 − exp�− Q�t�/Qs� . �8�
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Equation �8� is a more or less arbitrarily chosen function
ranging from zero to unity describing the saturation behavior
of the SBS reflectivity. �p is the phonon lifetime, Qs repre-
sents the saturation sound wave amplitude, and we call g* the
extended Brillouin gain. Whereas the simple Brillouin gain g
is a material constant g* encompasses the focusing condi-
tions as well. g* and Qs will be used to fit the shape of the
calculated Q-switch pulse envelopes to the experimental re-
sults. Their magnitudes determine if a Q-switch pulse occurs
at all and govern the slope of the SBS reflectivity. The latter
influences the leading edge of the Q-switch pulse envelope.
They do not influence the time at which the pulse occurs and
therefore the pulse duration and pulse energy significantly.
Also there is no direct relation to the mode locking. A third
parameter that is used to fit the calculation to the experiment
is the linear loss factor V of the SBS resonator. It governs the
resonator decay time and therefore the final edge of the
pulse.

The resulting electrical field E�t� is obtained by the
summation of the field contributions of all modes
(En�t�
���t��0.5) assuming that the phase factors are identi-
cal for all modes and can hence set to be zero. In this case
the intensity I�t� is given by:

I�t� = ��E1�t�ei�1t + ¯ · · + En�t�ei�nt��2. �9�

The assumption that the phase factors for all modes are
zero is identical to assuming perfect mode locking. In this
case the resulting mode-lock pulse is transform limited by
the spectrum. Phase noise due to spontaneous emission and
the SBS bandwidth as well as a mismatch between longitu-
dinal mode spacing and modulation frequency are being ne-
glected.

Another aspect that is not incorporated in this model is the
propagation of the light in the resonator. If we would start a
calculation according to this model with just one mode oc-
cupied it would yield three modes populated for the next
time step due to the exchange term for the modulation. In the
next but one time step already five modes would be popu-
lated notwithstanding the fact that the light would actually
have to do one full roundtrip until it passes the modulator for
a second time. The same argument applies for the Stokes
shift as well what becomes most apparent when RSBS be-
comes unity. In this case all the light will be shifted by three
modes for each roundtrip thus the spectrum is expected to be
shifted as a whole and the Stokes shift would not contribute
to the generation of bandwidth in reality. In this model, how-
ever, the Stokes shift is described as an exponential decay
and growth where a constant percentage of the population of
the respective mode is shifted in each time step. As we will
see in Sec. VI this description yields a generation of band-
width even though RSBS approaches unity.

In the following we will refer to this model based on
spectrally resolved rate equations as the frequency domain
model since the mode-locking dynamics are described in the
frequency domain.

V. DESCRIPTION OF THE OUTPUT DYNAMICS
IN THE TIME DOMAIN

The description of the mode locking in the frequency do-
main as presented in Chap. IV yields dynamics on a ps time

scale that are strictly related to the spectrum of the intensity.
It is a best case scenario since imperfections such as fre-
quency mismatches and phase noise due to the statistical
spontaneous emission process are left out. This section offers
a model with a contrary approach by describing all occurring
dynamics in the time domain. Spontaneous emission is as-
sumed to be continuous wave and the mode-locking effect of
the AOM is incorporated as a harmonic loss modulation. To
display subroundtrip time dynamics a spacial resolution of
the intensity along the axis of the resonator is introduced.
Due to the propagation of the light this is equivalent to a
temporal resolution.

The basic idea of this model is to display the intensity at
one certain spot in the resonator, i.e., position 0 in Fig. 1 in
contrast to the mean intensity in the resonator that is consid-
ered in the rate equations. In order to compute the intensity
I�t� at a certain time t we refer to the intensity I�t-T� that was
to be found here one roundtrip time T ago and calculate all
changes that the light has experienced during this roundtrip.
In order to calculate the changes during this roundtrip three
intermediate steps will be taken corresponding to the posi-
tions 1–3 in the resonator indicated in Fig. 4.

The first step would be to calculate the amplified intensity
I1 and the depleted inversion density n2� after the first pass of
the amplifier:

I1 = I0�t − T�exp�n2�t��l� + n2
�

�2
, �10�

n2� = n2�t� − 1
2n2�t��I0�t − T��t . �11�

The expression for the inversion depletion is derived from
the laser rate equations. The factor 1

2 owes to the fact that
forward and backward traveling light is considered in two
different steps. �t refers to the width of the time step that is
calculated. The second step describes the harmonic loss
modulation and linear resonator as well as output coupling
losses:

I2 = I1�1 − m
sin�	AOMt� + 1

2
2

VROC. �12�

�AOM is the modulation frequency of the AOM, V the
resonator roundtrip loss factor, and R0C the output coupling
reflectivity. What follows is a second pass through the am-
plifier now with the partially depleted inversion population
n2�.

FIG. 4. Time domain calculation scheme.
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I3 = I2 exp�n2��t��l� + n2�
�

�2
. �13�

In the calculation of the inversion population for the next
time step n2�t+�t� expressions for the pump process and the
spontaneous emission loss must be included:

n2�t + �t� = n2� + �−
1

2
n2��I2 − n2�

�

�2
+ Wpn0�t . �14�

Now we can obtain the intensity I0 at the examined posi-
tion by considering the transmission of the SBS mirror in
both directions:

I0�t� = I3RSBS�t� + Istart�t − T�RstartVstart. �15�

Istart is the portion of the light that leaks through the SBS
mirror into the start resonator:

Istart�t� = �1 − RSBS�t��I3. �16�

Apparently the propagation described by this model ap-
proximates the experimental setup described in Fig. 1. This
model describes a setup with the amplifier and the modulator
situated at the position of the output coupler. So pumping
and depletion by other fractions of the revolving light be-
tween the first and second pass through the amplifier remains
unconsidered. Also the influence of the Stokes shift on the
mode locking is not taken into account.

VI. NUMERICAL SIMULATIONS

Now the two models will be applied to explain different
aspects of the emission dynamics. The numerical solution of
the spectrally resolved laser rate equations was done by the
Euler method. The simulations with both models were imple-
mented with MATLAB on a conventional personal computer.
For both models the starting conditions were zero intensity in
the resonator and a completely depleted laser material. So
the buildup of inversion was displayed from its very begin-
ning. The pumping conditions were chosen according to the
experiment described in Sec. III but any time dependence of
the pump power during the flash lamp-pump pulse is ne-
glected. The average power during the flash lamp pump
pulse was 60 kW and the excitation efficiency was estimated
to be 5%. Considering the rod dimensions of 10 cm in length
and 6.35 mm in diameter and the dopant density of 1.38
1023 cm−3 this yields a pump rate of Wp=36.7 Hz. The pump
duration until the first pulse occurs ranges from 20 to 80 �s
depending on Rstart.

Since we desire to display the laser dynamics on a ps time
scale this demands a very high number of steps within the
overall period of several 10 �s to be calculated. In addition
for the frequency domain model the effort scales with the
number of considered modes that was typically 300–500. To
limit the time expanse for the simulation of one pump—
pulse cycle to a reasonable duration the step width was main-
tained variably. During the buildup of inversion the step
width is chosen wider �10−10 s� for the frequency domain
model and as soon as the intensity in the start resonator be-
comes appreciable the step width is set smaller �10−11 s� to
fully display the mode-locking dynamics. Under these con-
ditions a full simulation of a period of 100 �s corresponding
to 1–5 Q-switch pulses takes about 2 h. In the time domain
model the calculation of each time step consists of only a
small number of fundamental computations so the same time
span can be calculated with a 10−11 s resolution within a few
seconds and without the need of a variable step width. In
order to ascertain that numerical inaccuracies are negligible
the temporal resolution was enhanced by a factor of 10 and
still the same results were gained.

Figure 5 shows the results of a simulation of the develop-
ment of 501 modes and the corresponding intensity for a
start resonator mirror reflectivity Rstart=0.75. The maximum
of the stimulated emission cross section profile is located on
mode number 251. The left hand part of Fig. 5 shows the
dynamics in the population of the 501 modes as a contour
plot with lines of equal intensity. The bandwidth of the cal-
culated emission is dominated by the spontaneous emission
profile and is in this case independent of the modulation
depth m. The shift to lower frequencies that the spectrum
experiences in the course of the pulse is caused by the SBS
Stokes shift.

The right hand part of Fig. 5 displays the calculated dis-
tribution of the intensity showing a 100% modulation con-
trast with a period of 12.5 ns corresponding to the roundtrip
time and the longitudinal mode spacing of the SBS resonator.

Indeed we know from earlier experiments �18� that for the
case without active mode locking only every third mode with
a spectral spacing of 240 MHz is populated. The 240 MHz
periodicity in the spectrum corresponds to the Brillouin fre-
quency of SF6. The omittance of two out of three modes
indicates that the bandwidth of the spectrum in this case is
generated by the Stokes shift and originates from just one
dominant mode. Accordingly we will choose spontaneous
emission into just one mode to be the starting conditions in
the following simulations.

FIG. 5. Transient spectrum and intensity dis-
tribution from frequency domain model for spon-
taneous emission into all modes.
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The top part of Fig. 6 shows the intensity distribution. The
corresponding transient spectrum resulting from a simulation
of the development of 301 modes while only the 151th mode
is fed by spontaneous emission is depicted in the midsection
of Fig. 6. The bottom graph depicts sectional views from the
transient spectrum at times indicated by the arrows. For com-
parison reasons the intensity in the respective spectra is nor-
malized to unity. It can be clearly seen that at the starting
edge of the pulse the shift of the maximum of the emission
spectrum as well as the increase in bandwidth is still small
due to the small RSBS and accelerates and finally saturates in
the course of the pulse. As already indicated in the introduc-
tion of the model in Sec. IV the generation of bandwidth by
the Stokes shift does not cease with RSBS approaching unity
�see Table I� which is due to the approximated implementa-
tion of the Stokes shift in the model. The Stokes shift is
described as an exponential decay and transfer of the popu-

lation of the modes according to the roundtrip time and RSBS
rather than a discrete shift after exactly one SBS-resonator
roundtrip.

Whereas in the case of spontaneous emission into all
modes the gain profile determined the resulting emission
bandwidth now it is governed by the bandwidth generation

TABLE I. Emission bandwidths corresponding to the sectional
views of Fig. 6.

Time �ns� Bandwidth �GHz�

50 1.78

150 1.83

250 2.04

350 2.45

450 2.90

550 3.31

FIG. 6. Intensity distribution �top�, transient spectrum �middle�,
and several sectional views �bottom� for spontaneous emission into
one mode.

FIG. 7. Calculated spectra for different modulation depths and
times within the Q-switch pulse.
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of the SBS Stokes shift. The loss modulation by the AOM
still does not contribute very much to the generation of band-
width since it merely provides an exchange of population
between spectrally adjacent modes �Fig. 7�. Only in the very
starting edge of the pulse the spectrum is notably wider if
modulation is applied.

Figure 7 shows calculated spectra for different times
within the Q-switch pulse. For a clearer distinction between
the different spectra their envelopes have been added in the
display. In the top diagram of Fig. 7 there is no AOM loss
modulation applied in the calculation and accordingly only
every third mode is populated starting with the initially trig-
gered mode number 151. In the central diagram of Fig. 7 the
240 MHz periodicity caused by the Stokes shift is still ap-
parent. Here a modulation depth of m=0.0003 is just enough
to allow for a population of the interstitial modes of half the
strength of the dominant modes. The modulation depth ap-
plied in the experiments was measured to be up to 3% de-
pending on the chosen carrier level �CL� of the AOM.

We can now compare the calculated intensity runs for the
two models with each other and with the measurement
�Fig. 8�. In the calculations as well as in the experiment the
reflectivities of the start resonator mirror Rstart and the output
coupler ROC were 75 and 70%, respectively. The linear loss
factor V for the resonator roundtrip was 0.95 and the modu-
lation depth m was 0.03 in both simulations.

In terms of Q-switch pulse shape and duration there is an
excellent correspondence between the two simulations and
they are in very good agreement with the measurement. Both
simulations yield pulse durations �FWHM� of 125 ns com-

pared to 105 ns in the measurement. The Q-switch pulse
shape could be slightly influenced by the free parameters Qs
and g* that govern the slope and the amplitude of RSBS�t�.
Also the delay time until the Q-switch sets is in very good
agreement between both models. For the measurement this
time is not comparable due to the time dependent pump in-
tensity that is not incorporated into the model.

The correspondence with regard to pulse duration be-
tween simulations and experiment can be even improved by
taking into account a linear loss factor Vstart for the start
resonator roundtrip to the models. Figure 9 shows the depen-
dence of the Q-switch pulse duration on Rstart for the mea-
surement as well as for the simulations. Choosing Vstart to be
0.8 the measured dependence of the pulse durations can be
well reproduced by the calculations. The reason for the in-
crease in pulse duration with increasing Rstart is the decrease
in the delay time between the beginning of the pumping and
the onset of the Q-switch pulse which results in a higher gain
at the time of the occurrence of the pulse. The calculated
delay times for Vstart=1 are also given in Fig. 9. The experi-
mental delay times are left out here because they vary form
pulse to pulse owing to the time dependent pump intensity of
the flash lamps.

Regarding the mode-lock pulse duration the correspon-
dence between both models and the measurement is poor.
The time domain model yields pulse durations of 2 ns while
according to the frequency domain model the pulses last for
only 0.2 ns. In the experiment we found the pulses to be as
short as 0.4 ns. The differences in this regard can be ex-
plained by the different assumptions and negligences that are
found in the descriptions of the mode locking in both mod-
els. In the time domain model the influence of the SBS

FIG. 8. Pulse structure gained
from experiment �left�, frequency
domain model �middle�, and time
domain model �right�.

FIG. 9. Dependence of Q-switch pulse width and delay time on
start resonator quality by measurement and calculation.

FIG. 10. Comparison of the two models for the Q-switch pulse
buildup in a conventional mode locked laser.
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Stokes shift on the mode locking is not taken into account.
As discussed earlier this is the dominant effect for the gen-
eration of bandwidth and thus neglecting it leads to consid-
erably longer pulse durations than found in the experiment.
The frequency domain model in contrast implies constant
and identical phase factors for all modes neglecting phase
noise which results in a somewhat optimistic calculation if
short pulses are desired.

The main distinguishing aspect for the two models that
leads to a difference in the resulting pulse durations by an
order of magnitude is the consideration of the contribution of
the Stokes shift in the frequency domain approach and its
neglect in the time domain model. So for a conventional
mode-locked laser the differences in the modeling results
should disappear. For a modulation depth of m=0.03 we ob-
tain a pulse duration of 1.1 ns from the frequency domain
model. The implementation of the loss modulation of the
AOM is carried out differently in the two models. Thus,
identical results are expected if the differences in the mode-
locking descriptions and their underlying assumptions are
compensated by an adaptation of the value for the depth of
modulation for the two complementary approaches. Figure
10 shows an example where both models issue identical re-
sults with regard to the mode-lock pulse duration as well as
for the Q-switch envelope. This was achieved by choosing a
modulation depth for the frequency domain simulation of
m=0.0025.

To overcome the imperfections inherent to both comple-
mentary models it would be desirable to combine the virtues
of both models thereby receiving a complete description of
the temporal and spectral dynamics. One possible approach
would be to merge both models and calculate the evolution

of the individual modes according to the time-domain model.
This, however, would inevitably issue ps dynamics of the
individual modes which violates the Heisenberg’s uncer-
tainty relation considering the limited bandwidth of the indi-
vidual modes. A second approach could be the implementa-
tion of the Stokes shift into the time domain model. This
would demand a more sophisticated description of the move-
ment of the SBS sound wave that would allow to display its
phase modulating properties. To implement the phase modu-
lation the electrical fields would have to be considered in-
stead of the intensities and a key virtue of the time-domain
model—its simplicity—would get lost. Thus, we decided to
work with these two complementary but reasonably simple
models, to investigate different aspects of our SBS-mode-
locked laser oscillator.

Assuming constant and identical phase factors for all
modes a misfit between modulation frequency and resonator
roundtrip time that would lead to a divergence of phases
cannot be taken into account in the frequency domain model.
In the time domain model, however, the effect of maladjust-
ment in frequencies on the pulse structure can be displayed.
If the modulation frequency matches the pulse repetition rate
the minimum loss of the AOM coincides with the pass of the
revolving pulse. Both edges of the pulse experience higher
losses compared to the peak of the pulse and thus the pulse is
shortened each roundtrip. For a mismatch this is not the case.

A comparison of the intensity distribution for the ideal
laser setup with a detuned laser setup gained from a simula-
tion based on the time domain model is given in Fig. 11.
Here m was chosen to be 0.1 and Rstart to be 0.43 which
explains the considerably shorter durations of the pulses and
the envelope, respectively, compared to the results shown
before. The detuning between longitudinal mode spacing and
modulation frequency amounts to 0.5 MHz which corre-
sponds to a detuning of the resonator length of 1.2 cm.
Whereas the calculation of the ideal setup yields mode-lock
pulse widths of 0.7 ns the detuned laser issues pulses with
durations of 4.4 ns and the peak power is smaller by a factor
of 8 compared to the ideal setup. Because of the higher
losses caused by the misfit of the frequencies the Q-switch
pulse occurs 4 �s later for the detuned laser.

The effect of the depth of loss modulation on the duration
of the mode-lock pulses can also be conveniently studied in
the time domain model since other effects are negligible in
this picture. Figure 12 shows the results of a calculation that
explored this dependence. Here m was varied between 0.3%
and unity while all other parameters were held constant. In
the double logarithmic display of Fig. 12 the result can be
well fit by a straight line so the dependence of the pulse

FIG. 11. Intensity from time domain model
without detuning �left� and with 0.5 MHz detun-
ing �right�.

FIG. 12. Dependence of mode lock pulse duration on modula-
tion depth in time domain model.

ANALYSIS OF THE TEMPORAL AND SPECTRAL¼ PHYSICAL REVIEW A 74, 013809 �2006�

013809-9



duration �tML on the modulation depth m can be described
by �tML
m−0,52 which is in very good agreement with ana-
lytical calculations that predict an exponent of −0.5 for the
QML regime �27� in contrast to −0.25 for the steady state
mode locking �13�.

VII. SUMMARY

We presented two theoretical models to describe the out-
put dynamics of a mode-locked SBS laser in the frequency
domain and time domain, respectively. A phenomenological
description of the passive SBS-Q switch is implemented in

both models. Results from numerical simulations applying
both models perfectly correspond with measurements with
regard to Q-switch pulse properties. Standing alone both
models are incomplete in the display of the mode-locking
behavior. For the frequency domain model the assumption of
perfect phase synchronization and for the time domain model
the neglect of the SBS Stokes shift can be identified as the
major inaccuracies. However, due to their highly comple-
mentary approach both models add up to a universal tool to
study the influences on the complex dynamics of this laser
and of course both concepts are applicable to other systems,
i.e., saturable absorber mode locking as well.
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