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Abstract: Periodical switching laser pulses with nanosec-
ond pulse width and several kilowatts peak power from wide-
separated multilongitudinal-mode oscillation were observed
experimentally in laser-diode pumped passively Q-switched
Yb:YAG microchip laser with Cr*":YAG as saturable absorber.
Pulses from different longitudinal modes oscillate alternatively.
Periodical pulses oscillation dynamics induced by spatial hole
burning effect and mode competition was investigated numeri-
cally by the evolution of the inversion population of different
modes and the bleaching and recovery of the inversion popu-
lation of the saturable absorber. The numerical simulations of
switchable periodical pulsation of multilongitudinal-mode pas-
sively Q-switched Yb:YAG/Cr*T:YAG microchip lasers are in
good agreement with experimental results and confirmed that
such pulsations are an intrinsic property in passively Q-switched
Yb:YAG/Cr**:YAG microchip lasers.
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Output pulse trains of different longitudinal modes passively Q-
switched Yb:YAG microchip laser under different pump power
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1. Introduction

Laser-diode (LD) end-pumped solid-state lasers are
widely used as coherent light sources in optical com-
munications, material processing. Multilongitudinal-mode
operation is detrimental for the high-resolution spec-
troscopy that requires a narrow spectral linewidth,
however, multilongitudinal-mode operation is desirable
for multiplexed optical communications, material pro-
cessing, industry applications that require high output
power. Yttrium-aluminum-garnet (YAG) crystal doped
with neodymium or ytterbium is widely used as solid-state
laser medium owing to its good chemical-optical and ther-
mal properties [1]. The number of modes m within the
gain profile is given by

m = Auvg (ﬁ)_l, (1

where Ay is the gain bandwidth, n is the refractive index,
L is the cavity length, and c is the speed of light at vac-
uum. It is interesting to compare the number of longitudi-
nal modes within the gain region for Nd: YAG and Yb:YAG
crystals because the emission bandwidth of Yb:YAG crys-
tal is more than ten times wider than that of Nd:YAG crys-
tal. For Nd:YAG, m = 2.15 is estimated by using the pa-
rameters Avg = 177.5 GHz, n = 1.823, and L = 1 mm.
For Yb:YAG, m = 31.59 is estimated by using the param-
eters Avg = 2604 GHz, n = 1.823, and L = 1 mm.

Therefore, single-longitudinal-mode oscillation is eas-
ier to realize by using thin Nd:YAG crystal doped
with high concentration than by using Yb:YAG crystal.
Multilongitudinal-mode oscillation is easier to realize by
using Yb:YAG crystal as gain medium. It is still difficult
to achieve single-longitudinal-mode oscillation in end-
pumped Yb:YAG microchip laser (m = 3.16 with 100-pm
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thick Yb:YAG as gain medium) by reducing the thickness
of the gain medium and thin gain medium is easily dis-
torted by the pump power and also is difficult to fabricate
in practice.

Although continuous-wave microchip solid-state
lasers are widely used to study the nonlinear effects
such as chaos, antiphase dynamics and instabilities
[2-6], most of the works are done on the Nd doped
gain medium. Coherent, switchable laser pulses with
high peak power are required for optical communica-
tions and material processing; compact LD end-pumped
passively Q-switched solid-state lasers will be potential
laser sources for such applications. However, passively
Q-switched pulses usually exhibit large jitters in peak
power and in repetition rate that are undesirable for
many applications. Pump-power-dependent pulse train
bifurcation has been observed in a microchip laser [7];
however, the nonlinear dynamics of such bifurcation
was not investigated in detail. Deterministic chaos of
the fundamental mode oscillation [8] and the dynamics
of transverse mode competition on the instabilities [9]
of passively Q-switched Nd:YAG laser with Cr*t:YAG
saturable absorber have been reported recently. Besides
the nonlinear dynamics of the fundamental mode and the
transverse modes, the multilongitudinal mode competition
also plays a very important role in the laser instabilities
[10]. The output pulse train instabilities induced by the
competition of two longitudinal-mode was observed in
Cr,Nd:YAG microchip laser [10]. Owing to the narrow
bandwidth of Nd in Cr,Yb:YAG crystal, only two longi-
tudinal modes were observed. The experimental data and
theoretical calculations based on the multilongitudinal-
mode passively Q-switched rate equations clearly show
that the instabilities induced by the longitudinal mode
competition are an intrinsic properties of such passively
Q-switched microchip laser. Because of the asymmetrical
broad emission bandwidth of Yb:YAG crystal comparing
to Nd:YAG crystal, more longitudinal modes will be
observed in passively Q-switched Yb:YAG microchip
lasers with Cr**:YAG as saturable absorber. The effect
of longitudinal modes on the output pulse trains will
be more complicated in passively Q-switched Yb:YAG
microchip lasers with Cr*T:YAG as saturable absorber.
Stable output pulses in Cr,Yb:YAG self-Q-switched
microchip multilongitudinal-mode lasers due to antiphase
dynamics between longitudinal modes were achieved
[11]. However, there is no such report on the effects of
longitudinal mode competition and asymmetric broad
gain profile on the instability or periodical pulsation of
the microchip passively Q-switched solid-state lasers
with a saturable absorber. In this paper, we report exper-
imental observations of periodical switching pulses in
LD-pumped passively Q-switched Yb:YAG microchip
multilongitudinal-mode lasers with Cr*t:YAG as sat-
urable absorber. The pulses from different longitudinal
modes oscillate in different repetition rate, the higher
the longitudinal mode, the lower the repetition rate. The
periodical switching pulsation of multilongitudinal-mode
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Figure 1 (online color at www.lphys.org) A schematic diagram
of LD end-pumped passively Q-switched Yb:YAG microchip
laser using Cr*": YAG as saturable absorber. OC, output coupler;
BS, beam splitter; OSA, optical spectrum analyzer; PD, photodi-
ode; MC, monochromator

passively Q-switched Yb:YAG microchip lasers with
Cr*t:YAG as saturable absorber was also investigated
theoretically by numerically solving modified multimode
passively Q-switched laser rate equations. The numerical
simulations of the periodical pulsation characteristics
of multimode passively Q-switched lasers are in good
agreement with the experimentally observed results.
The dynamics of such periodical pulsation is explained
by competition of the inversion population by different
longitudinal modes, mode-coupling effect and nonlinear
absorption of saturable absorber.

2. Experiments

Fig. 1 shows a schematic diagram of experimental setup
of passively Q-switched Yb:YAG microchip laser with
Cr*+:YAG as saturable absorber. An 1-mm-thick Yb:YAG
crystal doped with 10 at.% Yb was used as gain medium.
One surface was coated with high transmission at 940 nm
and high reflection at 1.03 pm was acted as one cavity mir-
ror, the other surface of Yb:YAG crystal was coated with
high transmission at 1.03 ;zm and high reflection at 940 nm
to increase the absorption efficiency of the pump power,
and an additional advantage of this coating is the fact that
the pump beam does not pass the Cr**:YAG saturable ab-
sorber, and therefore does not influence the performances
of the Q-switched regime (Cr*t:YAG also presents ab-
sorption at 940 nm). A 0.5-mm-thick Cr**:YAG crys-
tal with 95% initial transmission was sandwiched be-
tween 20% transmission plane-parallel output coupler and
Yb:YAG sample, which acted as a Q-switch. A high-power
fiber-coupled 940 nm LD with a core diameter of 100 pm
and numerical aperture of 0.22 was used as the pump
source. Two lenses of 8 mm focal length were used to fo-
cus the pump beam on the crystal rear surface and to pro-
duce a pump spot in the crystal of about 100 pm in diam-
eter. The laser spectrum was analyzed by using an optical
spectrum analyzer. In order to study the pulse dynamics of
different sets of modes separately, a monochromator was
used as a wavelength band-pass filter to select different
longitudinal modes. Pulse train of specified longitudinal-
mode can be distinguished by comparing the output pulse

(© 2007 by Astro Ltd.
Published exclusively by WILEY-VCH Verlag GmbH & Co. KGaA



Laser Phys. Lett. 4, No. 2 (2007) / www.lphys.org

Laser Physics
Letters [RAL

0.8

)

(1) (@)
(1

I @) }
06
@)

1027 1028 1029 1030 1031

Average output power, W
2
T
<
E

0.2

1032

1.38 ns

1.5 2.0 25

Absorbed pump power, W

Figure 2 (online color at www.Iphys.org) Average output power as a function of the absorbed pump power for passively Q-switched
Yb:YAG microchip laser with Cr**:YAG as saturable absorber. The inset (a) shows the laser spectra under different longitudinal modes
oscillation. The inset (b) shows the pulse profiles with high amplitude and low amplitude at absorbed pump power of 2.5 W

train of a desired mode with the total pulse train. The Q-
switched pulse profiles and pulse trains were recorded by
using a digital oscilloscope of 500 MHz sampling rate in
the single-shot mode.

3. Experimental results

Average output power of passively Q-switched
Yb:YAG/Cr**:YAG microchip laser as a function of
absorbed pump power was shown in Fig. 2. The pump
power threshold is about 0.25 W, and stable single-
longitudinal-mode oscillation was obtained when the
absorbed pump power was kept below 0.33 W. Above
this value, the laser exhibited multilongitudinal-mode
(up to four longitudinal modes) oscillation as shown in
inset (a) of Fig. 2. Single-longitudinal-mode oscillating
at A\, = 1029.4 nm was obtained. The separation of
each mode for multilongitudinal-mode oscillation, AM,
was measured to be 0.58 nm, which is three times of the
cavity mode space with 1.5-mm-long cavity. The wide

separation of each mode for multilongitudinal-mode is
attributed to the etalon effect of thin Cr*+:YAG thin plate
to select the preferable cavity modes [12]. The central
wavelength (as indicated as 1 in the bracket in the inset
(a) of Fig. 2), Ar, shifts to longer wavelength with pump
power, the side longitudinal modes prefer to oscillate at
AL — AN AL + AN, and A\, — 2AM for the second-mode,
third-mode and fourth-mode, respectively. This interest-
ing phenomenon is caused by the broad asymmetrical
emission spectrum and temperature dependent emission
spectrum of Yb:YAG crystal [13], the strong emission
peak of Yb:YAG centered around 1.03 pm shifts to the
longer wavelength with temperature. The linewidth of
each mode is limited by the resolution of optical spectra
analyzer, should be less than 2.83 GHz. The relative in-
tensity of each mode changes with pump power, resulting
the fluctuation of the output pulse trains. Typical pulse
profiles with different amplitudes for the four-longitudinal
mode oscillation at absorbed pump power of 2.5 W are
also shown in the inset (b) of Fig. 2.
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The full width at half maximum (FWHM) difference is
less than 3%. Average output power increases slowly with
absorbed pump power when the absorbed pump power was
lower than 1 W, the slope efficiency is about 17.7%; the
slope efficiency is about 36.8% when the absorbed pump
power is higher than 1 W. The change of the slope effi-
ciency is attributed to increase of the laser modes and the
pump power intensity at high pump power. The high effi-
ciency is attributed to the high initial transmission of the
Cr**:YAG saturable absorber, the slope efficiency will de-
crease with decrease of the initial transmission of the sat-
urable absorber, the pulse energy will increase and pulse
width will decrease with decrease of the initial transmis-
sion of the Cr**:YAG saturable absorber. There is a trade-
off between efficiency and pulse energy depending on
the applications of the passively Q-switched Yb:YAG mi-
crochip laser with Cr**:YAG as saturable absorber as indi-
cated by the Q-switching theory [14,15]. A maximum av-
erage output power of 676 mW was obtained when the ab-
sorbed pump power was 2.5 W, corresponding to optical-
to-optical efficiency of 27%. Pulse energy of 10.8 uJ
with pulse width (FWHM) of 1.35 ns at repetition rate of
63 kHz was obtained when the absorbed pump power was
2.5 W. A maximum peak power of 8 kW was obtained.
The output laser transverse intensity profile was measured
by using a CCD camera in the near field and far field of
the output coupler and was close to TEMyy, mode and was
near-diffraction limited with M? of less than 1.1. The laser
beam diameter was measured to be about 90 pim, which is
smaller than the pump beam diameter owing to the reab-
sorption of Yb:YAG at the edge of the pump beam along
the radial direction.

For multilongitudinal-mode oscillation of passively Q-
switched Yb:YAG/Cr*+:YAG microchip lasers, the output
pulses from different longitudinal modes are governed by
the gain coefficient distribution for each mode, intracav-
ity loss, and the competition of gain inside the Fabry-Perot
cavity among different modes. The time interval of the to-
tal output pulse trains is determined by the bleaching and
recovering of the saturable absorber, which is strongly de-
pendent on the pump power level.

Fig. 3 shows some typical examples of the measured
output pulse trains of different longitudinal modes oscil-
lation at different absorbed pump powers. Stable single-
longitudinal-mode oscillation was observed (see Fig. 3a)
and pulse repetition rate was found to increase with the ab-
sorbed pump power when the absorbed pump power was
above the absorbed pump power threshold, 0.25 W and
was kept below 0.33 W. The laser was working in two-
mode regime when the absorbed pump power was between
0.33 W and 0.6 W. The output pulse train was character-
ized by three pulses with nearly equal amplitudes from the
first mode modulated by period—4 high amplitude pulses
from second mode when the absorbed pump power was
0.5 W (see Fig. 3b). The time interval between two pulses
from second mode is four times of that of total output
pulse train for two longitudinal modes oscillation. Such
kind of pulsation does not change with further increase

a,

tx10

e A
T b o
[fﬁmnmnummmmmm [T
TRRTARTwT 1

Ty q
L m uMnnlmmmu TR mn

f
T T T T
05 -04 -03 -0.2 0.1 0 0.1 0.2 0.3 0.4 0.5

t, ms

‘|*i°|m||||1|1||||1||||||||mm@
|

Intensity, arb. units

— = —

Figure 3 (online color at www.lphys.org) Output pulse trains of
different longitudinal modes passively Q-switched Yb:YAG mi-
crochip laser under different pump power. (a) Paps = 0.3 W; (b)
Paups =05 W; (C) Paps =072 W; (d) Paps = 1.2 W; (e) Paps =
2.1 W; (f) Paps =2.5 W. The black, red, green and blue lines rep-
resent the pulse trains of first-mode, second-mode, third-mode
and fourth-mode oscillation, respectively

of the absorbed pump power except the pulse repetition
rate increases with the absorbed pump power. The same
phenomenon was also observed in Cr,Nd:YAG self-Q-
switched microchip lasers [10], the difference is that long
time interval modulation of pulses by the second longitu-
dinal mode in passively Q-switched Yb:YAG/Cr*+:YAG
microchip laser, which may be caused by the broad emis-
sion spectrum of Yb:YAG crystal comparing to the nar-
row emission spectrum of Nd:YAG crystal. In three-
longitudinal-mode oscillation regimes when the absorbed
pump power was between 0.6 W and 1.3 W, the pulse
trains with low amplitude consist of pulses from the first
longitudinal mode and the third longitudinal mode, the
high amplitude pulses are from the second longitudinal
mode oscillating at A;, — AX. The output pulse trains were
modulated by high amplitude pulses from second longitu-
dinal mode and relevant amplitude pulse from third-mode
with increase of the pump power, as shown in Fig. 3c
and Fig. 3d. Pulses from first-mode at A;, are dominant
in the total output pulse trains. Further increase the pump
power, the time interval between each pulse decreases
for the total output pulse train and different modes. The
time intervals between pulses for third-mode oscillating
at A\, + A\ is chaotic at low pump power as shown in
Fig. 3c, but tend to have regular period at high pump power
(see Fig. 3d). This may be caused by the strong mode
competition and mode cross-saturation coupling, which
strongly depend on the pump power. When the absorbed
pump power was higher than 1.3 W, the laser was oper-
ating in four-longitudinal mode oscillations. The sequence
of pulses from different longitudinal modes becomes com-
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plex, however, periodical modulation by the higher lon-
gitudinal modes still exists. The pulses with nearly equal
amplitudes from first-mode at A, and second-mode at
AL — A\ are the dominant pulses in the total output pulse
trains. Alternatively switching pulses from first-mode and
second-mode are modulated by the pulses from third-mode
and fourth-mode with large interval time. The amplitude
of pulses from third-mode is comparable to those from
first-mode and second-mode. However, the amplitude of
pulses form fourth-mode is higher than those from other
three modes. The total output pulse trains look like pe-
riodical modulation of the pulse trains with high ampli-
tude pulse from fourth-mode. The total pulse trains com-
bining pulses from different longitudinal modes at differ-
ent pump powers are shown in Fig. 3e and Fig. 3f. There
is also repetition rate jitter between the pulses from dif-
ferent modes for multilongitudinal-mode oscillations. The
output pulsation characteristics of this multilongitudinal-
mode oscillation of passively Q-switched Yb:YAG mi-
crochip laser is caused by the cross-saturation mechanism
due to the strong spatial hole burning coupling the modes
via population gratings and the nonlinear absorption of the
Cr**:YAG saturable absorber.

4. Theoretical modeling and discussion

For multiple longitudinal modes oscillation of passively Q-
switched Yb:YAG/Cr**:YAG microchip lasers, the output
pulsation of each mode is governed by the gain coefficient
distribution for each mode, intracavity loss, and the com-
petition of gain inside the Fabry-Perot cavity between each
mode. The time interval of the total coherence output pulse
trains is determined by the bleaching and recovering of
the saturable absorber, which is strongly dependent on the
pump power level. The dynamics of periodical modulation
of pulse trains for the multilongitudinal-mode passively Q-
switched Yb:YAG microchip laser with Cr**:YAG as sat-
urable absorber can be described with the multimode laser
rate equations by taking into account the cross-saturation
dynamics that is due to the spatial hole-burning effect and
the nonlinear absorption of the saturable absorber [16], as
follows,

N
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Figure 4 (online color at www.lphys.org) The variation of sat-
urated inversion population along the thickness of 1-mm-thick
Yb:YAG with beam radius under different pump powers, (a) Pyps
=03 W, (b) Paps =1 W, (¢) Paps =2 W, (d) Paps =2.5 W. The
unit of saturated inversion population is x10?° cm™>
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with¢ = 1,..., N. In the Egs. (2)—(5), time is normalized
to the fluorescence lifetime 7 of the gain medium; w is
the relative pump rate normalized to the first-lasing-mode
absorbed pump power threshold; ny and n; are the space-
averaged population inversion density and the normalized
Fourier components of the population inversion density for
the ¢-th mode normalized to the fist-lasing-mode threshold
population inversion density, which can described as fol-
lows:

L.
1
ng = L—/n(z,t)dz, (6)
‘0
2 'f 2
iLC/nztcos(wzijz)dz, (7
0

where m; is the number of half wavelengths along the
length L, of the laser cavity axis of mode ¢ and L. is the
length of the cavity filled with active medium; ¢; is the
normalized photon density, y; < 1 is the relative gain with
respect to the first lasing mode, K; = 7/7; is the life-
time ratio of the fluorescence lifetime of the gain medium
to the photon lifetime of different modes inside the laser
cavity, [ is the length of the saturable absorber, ¢ is the
spontaneous emission coefficient, §; and d5 are the ratio
of the ground state absorption cross section and the ex-
cited state absorption cross section of Cr** saturable ab-
sorber to the stimulated emission cross section of longitu-
dinal mode with highest gain forYb3*, respectively. N,,
Ny are the population inversion density and the total pop-
ulation density of Cr** saturable absorber normalized to
the first-lasing-mode threshold. ¢ is the ratio of the flu-
orescence lifetime of gain medium to the lifetime of the
saturable absorber.

The cross saturation mode-coupling coefficient, Cj;, is
a measure of the competition among the various longitudi-
nal modes for a given inversion and is defined as an over-
lapping normalized integral that describes the spatial hole
burning effect [17]:

[ n(z,t) sin®(0;)n(z,t) sin®(0,)dz
[ n2(z,t)sin*(6;)d»

Cij = . ®)

where

m; T2
92’, i = Z ’

C; is a pump-dependent function, which results from the
fact that the spatial hole-burning depth changes with the
pump intensity and the variation of the inversion popu-
lation under different pump power. The coupling effect
among longitudinal modes will increase with the increase
of the inversion population.

The  oscillation  of  passively  Q-switched
Yb:YAG/Cr**t:YAG microchip multilongitudinal-mode
laser was determined by the initial inversion populations
of passively Q-switched Yb:YAG/Cr*T:YAG microchip

laser and the inversion population distribution provided
by the pump power. The initial inversion population of
passively Q-switched Yb:YAG/Cr*t:YAG microchip
multilongitudinal-mode laser under continuous-wave
pumping can be expressed as [15],

20'9 Nsols +1H (RL) +5l

20il ’

where o; and o, are the emission cross section of gain
medium for different longitudinal mode, ¢, and the ground-
state absorption cross section of Cr**t saturable absorber,
Ny is the total concentration of Cr** in YAG, [ is the
length of the Yb:YAG crystal, I is the length of the
Cr*t:YAG saturable absorber, R; is the reflectivity of the
output coupler for different longitudinal mode, 4, and §; is
the total intracavity loss for different longitudinal modes.
The variation of the pump power intensity on the rear sur-
face of the gain medium with the propagation position of
the pump beam can be estimated according to the expres-
sion as follows,

Nii th) = ©

Pin 27’2
I,(z,1) = Wexp [_wg(z)] , (10)

where z is the propagation direction of the pump beam, r
is the radius of the pump beam at z position, P, is the in-
cident pump power on the rear surface of the gain medium,
wp(z) is the beam waist at z position of the pump beam.
When the pump beam incident on the gain medium is as-
sumed to be Gaussian beam, using a beam quality factor,
M?, the radius of the pump beam along the pump direction
can be expressed as [18,19]

M2)2 )2 (2 — z)?

2 2 ( D 0

= 1 11
wp(z) Who |1+ nzﬂ‘zwfgo , an

where w,, is the waist of the pump beam at z = z, here
zp is set to 0, A, is the pump wavelength, n is the refractive
index of the gain medium. Owing to the thin gain medium
used in the present passively Q-switched lasers, the vari-
ation of the pump beam diameter can be neglected, there-
fore, the pump beam waist can be treated as a constant
along the thickness of the gain medium, i.e. w(0) ~ w(l).
Because of the good beam quality of laser observed the
present experiment, it is still reasonable to assume that the
laser beam waist is independent on the thickness of the
gain medium. Therefore, w, and w;, are used as pump
beam waist and laser beam waist in the following equa-
tions.

For a microchip laser gain medium pumped by lon-
gitudinally continuous-wave incident pump power P;,, in
two-pass pumping configuration, the spatial distribution of
the population inversion can be expressed as [19]

: 2
AN(r,z) = 2PinafT exp _2r « (12)
hvpTw? w2

01(21 - Z)]}v

x{exp(—az) + exp[—
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where r is the radial direction in the plane transverse to the
laser propagation axis, z is the direction of the laser axis,
h is the Planck constant, v}, is the frequency of the pump
power, 7 is the fluorescence lifetime of gain medium, « is
the absorption coefficient of gain medium at pump wave-
length A, [ is the length of the gain medium, fis the ther-
mal population distribution fraction of the upper laser level
in the crystal field component, and w,, is the beam waist at
pump beam position z. Here, the pump beam profile has
been assumed to be circular and the pump beam intensity
distribution is assumed to be a Gaussian profile. Therefore,
the saturated inversion population can be expressed as fol-
lows,

IL (7", Z) -
Nyoi(r, 2z, \) = AN(r, 1+ == , 13
) t(r ‘ ) (T Z) |: * Isat()‘) ( )
where I;4:(\) is the laser saturation intensity of the gain
medium and Iy (r, z) is the intensity of the laser mode in-
side the cavity, I, (r, z) can be expressed as [18,19],

4P, 272
IL(rv Z) - 7Tw]2; exXp < w%> ) (14)
where P, is the intracavity laser power, wy, is the intra-
vaivty laser beam waist. The calculated saturated inver-
sion population distribution inside 1-mm Yb:YAG crys-
tal as a function of the thickness of the Yb:YAG crystal
and beam radius under different pump powers was shown
in Fig. 4. The pump beam radius and laser beam radius
used in these calculations are 50 and 45 pm, respectively.
The saturated inversion population inside Yb:YAG crys-
tal decreases with the pump beam along the thickness of
Yb:YAG crystal under different pump powers. The sat-
urated inversion population distribution is wider at high
pump power than that at low pump beam, and the satu-
rated inversion population increases linearly with absorbed
pump power at low pump power, and begins to decrease
with further increase of the pump power at high pump
power level. The variation of the inversion population dis-
tribution under different pump power will have great effect
on the mode coupling coefficient, C;;.

We are interested in the periodical switching pulses
mechanism of multilongitudinal-mode oscillation, there-
fore, we focus on multilongitudinal-mode oscillation by
solving the modified multi-mode rate equations of pas-
sively Q-switched Yb:YAG laser with Cr**:YAG as sat-
urable absorber. Based on the parameters of our passively
Q-switched Yb:YAG laser with Cr*+:YAG as saturable ab-
sorber, we numerically solved the rate equations by us-
ing the fourth-order Runge-Kutta method. For generality,
a typical numerical solution of the population inversion
densities, the population inversion density of the saturable
absorber, and the photon densities for four-longitudinal-
mode oscillation is shown in Fig. 5. These numerical solu-
tions of pulse repetition rate and pulse width for four-mode
oscillation reproduced the experimental results shown in
Fig. 3e. Numerically calculated inversion populations of
different longitudinal modes vary with time and compete

Parameters  Value

o 2.3 x 10720 cm?
oy 4.6 x 1078 cm?
Oe 8.2 x 10712 cm?
T 951 us

Ty 3.4 pus

K 1.5 x 107

No 1.2 x 1071

01 201

02 35.6

l 1 mm

ls 0.5 mm

I3 280

€ 1.2x 1077

Table 1 The parameters of crystal used in the numerical simula-
tions

ng-n,/2

Ny —Ny/2

§r

- (i ﬁ

— % 02

0 0.2 0.4 0.6 0.8 1.0
t, normalized to t©

ny - ny/2

ny - n,/2

03

o

Figure 5 (online color at www.lphys.org) Numerical simulation
of the population inversions of each mode, the population inver-
sion of the saturable absorber and the photon densities for four-
longitudinal-mode oscillation when the pump rate is 8.4, y1 = 1,
2 = 0.98, y3 = 0.97, 74 = 0.96. Other parameters used are
listed in Table 1. The black, red, green, and blue lines repre-
sent the pulse trains of first-mode, second-mode, third-mode and
fourth-mode oscillation, respectively

for the same inversion population excited by the pump
power. The thresholds for different longitudinal modes in-
crease with longitudinal mode number. Pulse will be de-
veloped when the inversion population of a certain lon-
gitudinal mode reaches its threshold firstly. The numeri-
cally calculated pulse trains also clearly show that not only
the pulse amplitudes but also their pulse intervals vary pe-
riodically. The high amplitude pulses are from the side
modes at short wavelengths, the shorter the wavelength,
and the higher the amplitude. Although pulse amplitude
from second-mode is still higher than those from first-
mode and third-mode, the relative intensities are nearly
the same compared to that of fourth-mode. Therefore, it
looks like that the total output pulse is modulated by the

(© 2007 by Astro Ltd.
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Figure 6 (online color at www.lphys.org) Passively Q-switched
pulse trains as a function of the pump power ratio w obtained
by numerically calculations of the modified rate equations. (a)
w=12,b)w=2(c)w =29, d)w=48, () w =284,
w = 10. The black, red, green, and blue lines represent the pulse
trains of first-mode, second-mode, third-mode and fourth-mode
oscillation, respectively

pulses with high amplitude. Pulse width (FWHM) differ-
ence from such two kinds of pulses with different ampli-
tudes is less than 2%, which is in good agreement with the
experimental data (inset (b) of Fig. 2). Fig. 6 shows the nu-
merical simulations of periodical pulse trains of different
longitudinal modes oscillation under different pump rate,
which reproduce experimental observed pulse trains for
different longitudinal modes oscillation. The discrepancies
between observed periodical pulsation and numerical sim-
ulation (see Fig. 3 and Fig. 6) are attributed to some uncer-
tainties in the determination of the mode-coupling coeffi-
cients, the gain profile under lasing and pumping for quasi-
three level Yb:YAG system. The thermal effect in Yb:YAG
gain medium also plays a very important role on the laser
performance, the thermal population distribution will be
affected strongly by pump power, however, this thermal
effect is not taken into account in our model.

5. Conclusions

In conclusion, periodical switchable pulses were ob-
served experimentally in passively Q-switched Yb:YAG
microchip multilongitudinal-mode laser with Cr*t:YAG
as saturable absorber. Stable single-longitudinal-mode
oscillation and wide-separated multilongitudinal-mode
oscillation in passively Q-switched Yb:YAG microchip
lasers with Cr**:YAG as saturable absorber was attributed
to the spatial hole burning effect in Yb:YAG gain medium
and the mode section of Cr**:YAG etalon. The periodi-

cal pulsation of multi-mode oscillation was caused by the
spatial hole burning effect and mode competition effect.
The numerical simulation based on the multilongitudinal-
mode passively Q-switched laser rate equations almost re-
produces the observed periodical pulsation of multi-mode
oscillation and confirms that the periodic pulsation dy-
namics of passively Q-switched Yb:YAG microchip lasers
with Cr**:YAG as saturable absorber is an intrinsic prop-
erty of such laser. Such kinds of periodical switching
pulses of multilongitudinal-mode oscillation in passively
Q-switched Yb:YAG microchip laser with Cr**:YAG as
saturable absorber can be controlled by using Cr**:YAG
crystals with different Cr** concentrations and different
thickness, and varying the pump power incident on the
Yb:YAG crystal. Each pulse corresponds to a specified
longitudinal mode at certain wavelength. Such compact
multi-wavelength solid-state laser pulses with high peak
power will be potential sources for wavelength division
multiplex (WDM) or frequency division multiplex (FDM)
in optical communications.
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