
Abstract. The system of balance equations is modiéed for
quasi-three-level passively Q-switched lasers with a slow
saturable absorber. Optimal parameters of a Yb3� : YAG
microchip laser with a passive Cr4� : YAG Q switch are
calculated at a pulse repetition rate of � 100 kHz. The
single-mode operation of the Yb :YAGëCr : YAG laser with
a pulse repetition rate above 100 kHz, the average output
power 0.45 W and peak power 1.5 kW is experimentally
demonstrated. In the multimode lasing regime, pulses with a
peak power of 4.2 kW are obtained at an average output
power of 0.8 W and a pulse repetition rate of 10 kHz.

Keywords: passive Q switching, quasi-three-level lasers, balance
equations, Yb :YAG microchip laser, passive Cr :YAG Q switch.

1. Introduction

Diode-pumped passively Q-switched solid-state lasers are
widely used in scientiéc, medical, and idustrial systems. The
advantages of such lasers are their simplicity, reliability,
and low cost. The majority of papers on these laser systems
are devoted to the investigation of neodymium and
ytterbium lasers passively Q-switched with the help of
Cr4�-containing crystal and semiconductor saturable
absorbers [1, 2].

Lasers emitting high-peak-power pulses at relatively low
(up to several tens of kilohertz) pulse repetition rates attract
the greatest attention; however, some practical applications,
such as high-resolution ranging and êow cytometry, require
higher pulse repetition rates (� 100 kHz). Recently, a stable
single-frequency passive Q-switching has been demonstrated
in a Nd :GdVO4 laser with a passive Cr :YAG Q switch.
Pulses with a peak power up to 4 kW and a pulse repetition
rate up to 80 kHz have been obtained in [3]. This paper is
devoted to the development of a diode-pumped, passively Q-
switched Yb :YAG laser emitting a train of pulses with a
pulse repetition rate of � 100 kHz and a peak power above
2 kW.

2. Theoretical model of a quasi-three-level laser
with a `slow' saturable absorber

Laser materials doped with Yb3� ions are quasi-three-level
active media. The thermal population of sublevels of both
upper and lower laser levels (multiplets) in these materials
leads to the interaction of both laser levels with the pump
and laser radiation. This should be taken into account in
describing the laser operation.

The system of balance equations for a quasi-three-level
laser with a passive Cr :YAG Q switch for the quantities
averaged over the volume of the laser radiation mode can be
written in the form

dIg
dt
� cm

n
�kg ÿ kL ÿ ksa�Ig;

dN2

dt
� Ip

hnp
kp ÿ

Ig
hng

kg ÿ
N2

t
;

dNgs

dt
� ÿx Ig

hng
sgsNgs �

Nsa ÿNgs

tsa
; (1)

N1 �N2 � N,

Ngs �Nes � Nsa.

Here, Ig and Ip are the laser and pump radiation intensities;
m � lan=lc is the resonator élling factor; la is the active
element length; n is the refractive index of the active
element; lc is the optical length of the resonator; vp and vg
are the pump and laser radiation frequencies; kg �
s g
emN2 ÿ s g

absN1 is the gain at the laser radiation frequency;
t is the lifetime of the upper laser level; s g

em and s g
abs are the

cross sections for the stimulated emission and absorption at
the laser frequency; kp � sp

absN1 ÿ s p
emN2 is the absorption

coefécient at the pump frequency; s p
em and sp

abs are the cross
sections for the stimulated emission and absorption at the
pump frequency; kL � ÿ�lnRout � ln (1ÿL)�=(2la� is the
resonator loss coefécient; N is the concentration of impurity
centres in the active medium; Rout is the reêection
coefécient of the output mirror; L is the coefécient of
relative inactive losses in the resonator; ksa �
(sgsNgs � sesNes)lsa=la is the loss coefécient in a passive Q
switch; sgs and ses are the ground- and excited-state
absorption cross sections of a Cr :YAG passive Q switch;
Ngs and Nes are the ground- and excited-state populations
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of the passive Q switch; lsa is the length of the passive Q
switch; Nsa is the concentration of Cr4� ions in the passive
Q switch; tsa is the excited-state lifetime of chromium ions;
x � Ag=Asa is the ratio of the effective areas Ag and Asa of
the lasing mode in the active medium and the passive Q
switch.

At the stage of the single-pulse generation, system of
equations (1) is simpliéed by dropping the terms describing
the pump rate and relaxation processes in the active element
and passive Q switch. The system of truncated equations in
new variables takes the form

dFg

dt
� cm

n
�sgN2g ÿ k �L�Fg,

dN2g

dt
� ÿFgsgN2g, (2)

dNgs

dt
� ÿxFgsgsNgs,

where sg � s g
abs � s g

em is the sum of the effective cross
sections for laser radiation; N2g � N2 ÿ bgN is the effective
population of the upper multiplet for laser radiation;
bg � s g

abs=(s
g
abs � s g

em) is the parameter characterising the
condition providing the bleaching at the laser frequency;
Fg � Ig=(hvg) is the photon êux density at the laser
frequency; k �L � kL � ksa.

The system of equations (2) is analogous to the systems
of equations describing the laser operation based on four-
level active media in the passively Q-switching regime and a
`slow' passive Q switch, the solutions of these systems of
equations being well known [4]. In our case, these solutions
will be similar in form and only the meaning of some
quantities will be different.

The expression for Fg as a function of N2g has the form

Fg�N2g� �
cm
n

�
N i

2g ÿN2g ÿ
kLla � b ln�1=T0�

lasg
ln

�
N

i
2g

N2g

�
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1ÿ

�
N2g

N i
2g

�a ��
; (3)

where

a � xsgs=sg; b � ses=sgs; N i
2g � �kLla ÿ lnT0�=(sgla);

T0 � exp (ÿsgsNsalsa) is the initial transmission of the
saturable absorber. The maximum Fg is achieved at
some effective population N2g � N t

2g, which is determined
from the equation
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. (4)

Here, N 0
2g � (kLla ÿ b lnT0)=(lasg). The value of N2g � N f

2g,
which corresponds to the termination of the laser pulse, is
found from the equation
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(5)

The output laser pulse energy is

Eout � Vgkacthng
1

sg
ln

�
N

i
2g

N f
2g

�
, (6)

where Vg is the effective volume of the laser radiation mode
and kact � ÿ lnRout=(2la) are the active resonator losses.
The quantity Fg(N

t
2g) is the maximum photon êux density

determining the peak output power:

P peak
out � VgkacthngFg�N t

2g�: (7)

The laser pulse duration tdur is calculated from the
expression

tdur � Eout=P
peak
out : (8)

Consider now the operation of a Q-switched laser
between laser pulses. We assume that the passive Q switch
is completely recovered between two adjacent pulses. Pump
radiation should ensure an increase in the volume-average
effective population at the upper multiplet from N2g � N f

2g

to N2g � N i
2g. We assume that pump radiation propagates in

the active element along the z axis from z � 0 at the active
element input to z � la at its output. The interaction of
pump radiation with the active medium is described by the
system of equations

n

c

qFp�t; z�
qt

� qFp�t; z�
qz

� ÿkp�t; z�Fp�t; z�, (9)

kp�t; z� � s p
absNÿ spN2�t; z�: (10)

We will pass in equations (9) and (10) to quantities
averaged over the active element volume and obtain a
system of equations describing the laser operation between
the laser pulses:

dFp�t�
dt

� ÿ c

n
kp�t�Fp�t�

ÿ c

nla
Fp0�t�fexp�ÿkp�t�la� ÿ 1g; (11)

dkp�t�
dt

� ÿ 1

t

�
kp�t�

�
1� Fp�t�

Fps

�
ÿ s p

absN

�
: (12)

Here, Fps � 1=(spt) is the photon-êux saturation density at
the pump frequency. Because the pump intensity at the
active element input is assumed constant, we have
Fp0(t) � Fp0 � Pp0=(Aphvp) � const, where Pp0 is the
pump power at the active element input and Ap is the
effective area of the pump beam. In the general case, the
system of equations (11) and (12) is solved numerically. In
some cases, for example at a high laser pulse repetition rate,
when the initial effective population N2g � N i

2g only slightly
differs from the énal population N2g � N f

2g, we can assume
that Fp(t) � Fp � const and obtain from (12) the expres-
sion for the pulse repetition rate:

f �
�
t
a
ln
ak f

p � b

ak i
p � b

�ÿ1
. (13)

Here,

a � 1� Fp=Fps; b � ÿsp
absN; k f

p � �NÿN f
2�sp

abs ÿN f
2s

p
em;
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k i
p � �NÿN i

2�s p
abs ÿN i

2s
p
em;

the populations of the upper multiplet N f
2 and N i

2

correspond to the effective populations N f
2g and N i

2g. In
the case of a single transit of radiation through the active
element, Fp is calculated from the expression

Fp � Fp0�1ÿ exp�ÿkpla��=� kpla�, (14)

where kp � (k f
p � k i

p)=2:
Because the aim of this paper is to design a laser emitting

short light pulses, we simulated a microchip laser consisting
of a 0.8-mm-thick Yb :YAG active element (with the Yb
concentration of 10%) and a 0.2-mm-thick Cr :YAG
passive Q switch in optical contact. Calculations were
performed by using expressions (4) ë (8), (13), and (14).
The average output power was calculated as Pav � Eout f.
The laser was longitudinally pumped by pump radiation
focused in the active element into a spot � 100 mm in
diameter. The pump power at the active element input was
Pp0 � 3:4 W. The parameters of the saturable absorber
were: tsa � 3:4 ms, sgs � 4:3� 10ÿ18 cm2, ses � 8:9�
10ÿ19 cm2. The lifetime of the Yb upper laser level,
absorption and stimulated emission cross sections were
borrowed from papers [5, 6]. In calculations we took
into account the spectral power distribution of the laser
diode radiation at 940 nm, which leads to the change in the
effective cross sections for pump radiation [7]. The results of
calculations are shown in Fig. 1.

One can see from the presented results that the initial
transmission of the Q switch signiécantly affects the output
parameters of the laser. To operate at a pulse repetition rate
of � 100 kHz, the transmission of the output mirror should
be approximately 20% and the initial transmission of the
switch ë � 98%. In this case, the peak power achieves more

than 3 kW. The calculations show that as the initial
transmission of the saturable absorber was reduced down
to 96.5%, the peak power increased up to � 10 kW and the
pulse repetition rate decreased down to � 62 kHz.

3. Experimental results

We used in the experiments two laser resonator conégura-
tions ë for multimode and single-mode lasing (at
longitudinal resonator modes).

In the case of multimode lasing, the microchip laser
resonator was formed by a plane highly reêecting mirror
and a plane output mirror deposited on one of the faces of
the Yb :YAG active element and passive Cr :YAG Q
switch, respectively. Pumping was performed by a 6-W,
940-nm laser diode with a ébre pigtail. The focused pump
beam had the waist diameter of about 100 mm in the active
element. The Cr :YAG crystal was in optical contact with
the Yb :YAG active element. All the Cr : YAG crystals were
cut along the [001] axis. The thickness of the microchip laser
was � 1 mm.

Single-mode lasing was obtained by placing two Fabry ë
Perot etalons into the laser resonator. These etalons were
formed by the Cr :YAG crystal and an air gap between the
Yb :YAG and Cr :YAG crystals.

In the case of multi-mode lasing, the output emission
spectrum consisted of four ë éve adjacent longitudinal res-
onator modes. For the passive Q switch with the initial
transmission T0 � 98%, we obtained 8-mJ, 1.9-ns laser
pulses with the peak power of 4.2 kW, repetition rate of
100 kHz, and average output power of � 0:8 W at
� 1029:7 nm.

For a laser with the transmission T0 � 96:5%, we
obtained 11.1-mJ, 1.5-ns pulses with the peak power above
7 kW and repetition rate of 65 kHz at 1029.7 nm. The
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Figure 1. Calculated emission parameters of the microchip laser: the output energy Eout (a), laser pulse duration tdur (b), pulse repetition rate f (c), and
average output power Pav (d) as functions of the initial transmission of the saturable absorber T0 and transmission of the output mirror Tout.
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maximum average output power was � 0:72 W at the pulse
amplitude instability of � 4%, the time jitter (scatter of the
time intervals between adjacent pulses) less than 2 ms and
the repetition rate of 65 kHz. Figure 2 presents the depend-
ences of the output power, pulse repetition rate, peak power,
and pulse energy on the pump power. A train of pulses is
shown in Fig. 3. As the pump power was further increased,
we observed a signiécant increase in the amplitude insta-
bilities and the pulse repetition rate.

The results obtained in the experiments well agree with
the calculated data. A small discrepancy between the
measured and calculated pulse durations, especially for a
more optically dense Q switch, is explained by the restricted
time resolution (� 1:7 ns) of the measuring device.

In the case of single-mode lasing, at the pump power of
2.95 W and T0 � 96:5% the average output power of the
laser was 620 mW for the optical generation eféciency of

� 21%. The single-pulse energy was equal to 12.9 mJ at its
duration less than 2 ns (the peak power of 6.8 kW) at a
wavelength of 1029 nm. The maximum pulse repetition rate
under these conditions was 50 kHz. When we used a
saturable absorber with T0 � 98%, the average output
power achieved 450 mW at a pulse energy of 4.25 mJ, pulse
duration of 2.8 ns (the peak power of 1.52 kW) and the
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Figure 2. Output parameters of the Yb :YAG laser as functions of the pump power in the case of multimode lasing at T0 � 98% (a, b) and 96.5 (c, d).
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Figure 3. A train of pulses from the Yb :YAG laser in the multimode
regime.
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Figure 4. A train of pulses from the Yb :YAG laser in the single-mode
regime (a) and the output emission spectrum of the single-mode
Yb :YAG laser (b).
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pulse repetition rate of 106 kHz at 1029 nm. The train of
pulses and the output emission spectrum are presented in
Fig. 4. The pulse amplitude instability did not exceed 2%
and the time jitter was no more than 1 ms at a pulse
repetition rate of 106 kHz.

In the case of both the multimode and single-mode
lasing, the Yb :YAG laser output was linearly polarised,
normally to the [100] crystallographic axis of the Cr :YAG-
crystal passive Q switch.

4. Conclusions

We have modiéed the system of balance equations for
quasi-three-level passively Q-switched lasers with a `slow'
saturable absorber and have calculated optimal parameters
of the microchip Yb :YAG laser with a Cr :YAG passive Q
switch for the pulse repetition rate of� 100 kHz. Lasing in
the microchip Yb :YAGëCr :YAG laser has been demon-
strated at one longitudinal resonator mode with the pulse
repetition rate higher 100 kHz, average output power of
0.45 W, and peak power of 1.5 kW. Pulses with the peak
power of 4.2 kW, average output power of 0.8 W, and
pulse repetition rate of 100 kHz have been obtained in the
multimode generation regime.
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