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Abstract.  The possibility of cw-pumped passively Q-switched laser 
operation has been examined theoretically. Also, we have proposed 
laser operation mode in which the output wavelength automatically 
switches between two values without any changes in cavity param-
eters. Using numerical simulation and an Er : YAG laser with a 
Co : ZnSe passive Q-switch as an example, we have found parame-
ters that ensure such operation mode.

Keywords: passive Q-switching, lasing, two-frequency laser system.

1. Introduction

The study of chaotic and periodic lasing dynamics in pas-
sively Q-switched systems is of interest for both practical 
application and basic research of multidimensional dynamic 
systems [1]. Gaining insight into the dynamic behaviour of a 
laser system is necessary for understanding the processes that 
influence the noise characteristics of laser radiation and for 
the ability to produce systems with automatic and periodic 
modulation of output laser characteristics (wavelength, out-
put energy and polarisation) [1 – 4]. Rate equations are effec-
tively used in studies of spectral and frequency-domain collec-
tive phenomena in laser media, in particular in studies of anti-
phase dynamics and polarisation effects [5, 6].

Antiphase dynamics are usually investigated in systems 
with a passive Q-switch and are due to so-called spatial hole 
burning in the gain medium [4, 7]. The studies in question 
examined microchip lasers in which the output wavelength l 
switched between several wavelengths spaced ~1 nm apart. 
Spatial hole burning in a gain element (GE) is most pro-
nounced when its length meets the inequality la< l2/Dl ~ 
1 mm, and the effect is strongest in microchip lasers, so the 
use of such lasers is usually limited to applications which 
employ laser systems with a low average output power. At the 
same time, some applications require high pulse energies and 
high average output powers.

In this paper, we propose a new mechanism based on the 
dependence of the laser wavelength on the inversion in a GE 

in a quasi-two-level system. In such lasers, pumping and emis-
sion take place between Stark components of the same multi-
plets of the GE. Such systems include diode-pumped Yb 
lasers operating on the 2F5/2 ® 2F7/2 transition (l ~ 1030 nm) 
[8]. Another frequently studied case is lasing on the Er3+ 4I13/2 
® 4I15/2 transition [9] under optical pumping by InP laser 
diodes (l = 1.4 – 1.5 mm) or an Er-doped fibre laser at a wave-
length of 1.5 mm. Yet another frequently employed laser sys-
tem is Ho3+ lasers operating on the  5I7 ® 5I8 transition, at a 
wavelength of ~2.1 mm. The most widespread optical pump 
source for this system is a Tm-doped fibre laser (l = 1.9 mm) 
[9]. Owing to the small Stokes shift and the good overlap 
between the pump and laser emission spectra, the efficiency of 
these lasers may reach its theoretical maximum, exceeding 
80 % [10].

There are two key reasons for creating such laser systems. 
One reason is the conversion of the diode laser pump output 
with a relatively low brightness into a high-quality beam, as 
required for many practical applications. The other is the 
conversion of continuous pump radiation (from diode or 
fibre lasers) into pulsed radiation. Q-switched lasers may have 
high efficiency and operate at a high pulse repetition rate. 
Under cw pumping, such laser systems combine high average 
power (typical of cw lasers) with high peak power (character-
istic of Q-switched pulsed modes).

One inherent feature of laser systems pumped on the same 
multiplet transition as is used for lasing is that their output 
wavelength depends on the inversion in the GE. The reason 
for this is that the lower laser level is partially populated at 
room temperature and because of this the effective gain cross 
section is determined by absorption and amplification pro-
cesses [11].

This paper examines the possibility of producing cw-
pumped Q-switched laser systems with an output wavelength 
l periodically switching between l1 and l2 without changes in 
cavity parameters or pump intensity. Lasers based on such an 
effect might be potential candidates for applications in 
mechanical micromachining, remote sensing, range finding, 
microsurgery and contamination monitoring. They also 
might be of interest for lidar and other atmospheric studies 
where one has to periodically tune to and detune from absorp-
tion lines of particular gaseous species.

2. Effect of population inversion on the laser 
wavelength

Consider how a gain spectrum is influenced by inversion in 
the case of resonance excitation, as exemplified by Yb : YAG, 
Er : YAG and Ho : YAG crystals. Owing to the Boltzmann 
distribution at each laser multiplet, the spectral characteris-
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tics of a laser medium can be characterised by the total popu-
lation of each multiplet and the spectral dependences of the 
absorption and gain cross sections [9, 11 – 15]. Figure 1a pres-
ents the absorption cross section sa(l) and luminescence cross 
section se(l) spectra of these crystals. It is worth pointing out 
that se(l) ¹ sa(l) as a result of the averaging over transitions 
between individual components, and the total gain and 
absorption in the medium are determined by the interplay 
between these processes. Denoting the relative excited state 
population by n2 = N2/N0 (where N2 is the average excited 
state concentration and N0 is the total laser centre concentra-
tion in the GE), we introduce the gain cross section sg(l, n2) 
following Setzler et al. [11]: 

( , ) [ ( ) ( 1) ( )]n n ng e a2 2 2s l s l s l= + - .	 (1)

Figure 1b shows calculated gain cross section spectra of 
Yb : YAG, Er : YAG and Ho : YAG crystals at various inver-
sions in GEs. Consider the spectra in greater detail, using an 
Er : YAG crystal as an example. It is seen that, at low inver-
sions [curves ( 3 )], the maximum gain is reached at l = 
1645 nm. At the same time, with increasing inversion [curve 
( 4 )] the cross section at l = 1617 nm rises most rapidly, and at 
n2 ~ 0.437 the cross sections at these wavelengths become 
equal to each other. At higher inversions, the maximum gain 
is observed at l = 1617 nm [curve ( 5 )]. Similarly, the peak 

gain wavelength changes in Ho : YAG (from 2121 to 2090 nm) 
and Yb : YAG (from 1049 to 1030 nm) crystals.

The inversion (n2) at which the gain cross sections at two 
wavelengths become equal to each other will be referred to as 
critical (ncr). It is clear from Fig. 1 that, to ensure periodic 
laser wavelength switching between 1645 and 1617 nm, it is 
necessary that, at instants when the lasing threshold is 
reached, the inversion be alternately above and below the 
critical level. The critical inversion depends on the relation-
ship between the gain and luminescence cross sections at the 
two wavelengths: 

[ ( ) ( )] [ ( ) ( )]
( ) ( )

ncr
e a e a

a a

1 1 2 2

1 2

s l s l s l s l
s l s l

=
+ - +

- .	 (2)

The spectroscopic parameters of the above laser transitions 
are listed in Table 1.

3. Model for laser operation

To analyse the operation of a passively Q-switched laser, we 
use the point model, which has been effectively used since 
the 1960s for describing cw and Q-switched laser operation 
[6].

This model can be represented by the following system of 
linear differential equations:
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Figure 1.  (a) ( 1 ) Absorption and ( 2 ) luminescence cross section spectra of Yb : YAG, Er : YAG and Ho : YAG crystals; (b) gain cross section spec-
tra of Yb : YAG GEs at n2 = ( 3 ) 0.053, ( 4 ) 0.065, ( 5 ) 0.08 and ( 6 ) 0.1, Er : YAG GEs at n2 = ( 3 ) 0.32, ( 4 ) 0.437 and ( 5 ) 0.45 and Ho : YAG GEs 
at n2 = ( 3 ) 0.18, ( 4 ) 0.20 and ( 5 ) 0.25.

Table  1.  Spectroscopic parameters of laser transitions.

Parameter
Yb : YAG Er : YAG Ho : YAG

l1 (1030 nm) l2 (1049 nm) l1 (1617 nm) l2 (1645 nm) l1 (2090 nm) l2 (2121 nm)

se/10–20 сm2 2.11 0.34 0.52 0.43 0.981 0.427

sa/10–20 сm2 0.13 0.02 0.14 0.07 0.17 0.13

x0 = sa/(se + sa) 0.06 0.05 0.21 0.14 0.17 0.13

ncr 0.06                           0.44                            0.20
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Here, I0 and Ip are the average lasing and pump photon flux 
densities in the GE, respectively; N1 and N2 are the average 
ground and excited state concentrations in the GE, respec-
tively; N0 is the total laser centre concentration in the GE; M1 
and M2 are the average concentrations in the passive Q-switch 
in the ground and excited states, respectively; and M0 = M1 + 
M2 is the total concentration.

The first equation describes the variation of the inver-
sion in the GE. The first term on the right-hand side of this 
equation describes excitation and stimulated de-excitation 
processes under the action of pumping (sap and sep are the 
absorption and luminescence cross sections at the pump 
wavelength, respectively). The second and third terms rep-
resent analogous processes under the action of light of 
intensities I01 and I02 at the laser wavelengths l1 and l2 
(sa0(1,2) and se0(1,2) are the absorption and luminescence 
cross sections at the laser wavelengths). The last term on 
the right-hand side of the equation under consideration 
describes excited state relaxation processes with an excited 
state lifetime tn.

The second equation describes analogous processes in 
the passive Q-switch. Here, sam is the absorption cross sec-
tion in the passive Q-switch at the laser wavelength (the 
same at l1 and l2) and tm is the excited state lifetime in the 
passive Q-switch. In the model under consideration, we 
excluded the effect of pump radiation on the processes in the 
passive Q-switch and neglected the light amplification pro-
cesses in it.

The last two equations describe the intracavity lasing 
intensity dynamics. Here, trt is the cavity round-trip time; ln is 
the GE length; lm is the length of the passive Q-switch; Lcav = 
– ln(R) + gp is the total loss in the cavity (the same at l1 and 
l2); R is the reflectivity of the output coupler of the cavity; 
and gp is the logarithmic decrement for the single-pass passive 
loss in the cavity. To find the exact solution to the equations 
in question, numerical calculation is needed, but many impor-
tant features of laser operation, critical for the ability to 
ensure periodic laser wavelength switching, can be inferred 
from qualitative analysis of the behaviour of the system.

4. Inversion build-up in the cavity 
to the threshold level

A cw-pumped passively Q-switched laser generates repetitive 
pulses. Consider the period of population inversion build-up 
after generation of a laser pulse (t = 0). The pulse leads to a 
drop in inversion in the GE to some minimum level, N2min ¹ 0, 
and causes bleaching of the passive Q-switch (M2 = 1). After 
that, pumping increases the inversion from N2min to the 
threshold value n2th, where the next laser pulse begins. 
Throughout this process, we have I01, I02 = 0, so the first equa-
tion in (3) has no terms containing laser beam intensity. The 
solution to this equation has the form

n
j
j
1p

p
p2 x=

+
d n

	 ´ 
[ /( )]

exp
j j
n t

j
1 1

1
1min

p p p n

p2

x t- -
+

-
+c m; E) 3.	 (4)

Here, jp = Ip/(sa + sep)tn is the dimensionless pump intensity 
and xp = sap/(sap + sep) is a spectroscopic parameter deter-
mining the relationship between the absorption and lumines-
cence cross sections at the pump wavelength. In Fig. 2, lines 
( 1 ) and ( 2 ) represent the pumping-induced population inver-
sion build-up (at jp = 5 and xp = 1) at different initial n2min 
values.

The inversion in the GE increases until it reaches the 
threshold value, where lasing begins. The threshold inversion 
n2th in the GE is determined by the condition that the round-
trip gain at the laser wavelength be equal to the total loss in 
the cavity. From the third and fourth equations in (3), this 
condition can be represented in the form

2 ( )
2 ( ) (1 )
ln
ln

n
T

L T m
12 0th

cav m

0

2x= -
- -; E.	 (5)

Here, Tm = exp(– samlmM0) is the initial transmission of the 
passive Q-switch at the laser wavelength; m2 = M2/M0 is the 
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Figure 2.  (a) ( 1 , 2 ) Time dependences of the inversion in a GE and 
( 3,  4 ) threshold inversions at l1 and l2, respectively; (b) threshold inver-
sion region on expanded scales.
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relative concentration of active centres in an excited state in 
the passive Q-switch; and x0 = sa0/(sa0 + se0) and T0 = 
exp(–N0sa0ln) are spectroscopic characteristics of the GE at 
the laser wavelength.

After the laser pulse, the inversion in the passive Q-switch 
(m2) decays as an exponential function of time, which can be 
derived from the second equation in (3): 

( / )expm t m2 t= - .	 (6)

The time dependences of the threshold inversion in the system 
at l1 and l2 are shown in Fig. 2 by lines ( 3 ) and ( 4 ). In our 
calculations, we used spectroscopic parameters of an Er : YAG 
GE (x01 = 0.21, x02 = 0.14) and Co : ZnSe passive Q-switch. 
The initial transmission of pulses was taken to be T02 = 0.75, 
with an initial transmission of the Q-switch Tm = 0.8 and R = 
55%. It is seen in Fig. 2 that, at threshold inversions n2th < ncr 
= 0.437, threshold will be reached at the wavelength l2; for 
n2th > ncr, the threshold level will be reached at l1. Moreover, 
it is seen in Fig. 2 that, when the inversion increases from its 
minimum value n2min2, the threshold level will be reached at 
the laser wavelength l1 (point P), whereas when the inversion 
increases from its minimum value n2min1, threshold will be 
reached at l2 (point Q). The cavity loss and pump intensity 
are the same in both cases.

It follows from the above analysis that, to ensure lasing 
with automatic wavelength switching between l1 and l2, cav-
ity parameters should be adjusted so that, as a result of lasing 
at l2, the inversion will decrease from point P to n2min1, 
whereas lasing at l1 will cause the inversion to decrease from 
point Q to n2min2.

5. Numerical simulation of repetitive pulse 
generation

As a model for numerical simulation, we considered an 
Er : YAG laser operating at l1 = 1617 nm and l2 = 1645 nm. 
In our computations, the length of the Er : YAG crystal was 
3  cm and the erbium content was 0.655 at %. A Co : ZnSe 
crystal with an initial transmittance of 85 % was used as a pas-
sive Q-switch. The ratio of the laser mode area in the GE to 
the mode area in the passive Q-switch was 10. The cavity 
length was 15 cm and the reflectivity of the output coupler 
was R = 57 % at both laser wavelengths. The laser was cw-
pumped at lр = 1.46 mm and an intensity Ip = 7.2 kW cm–2. In 
the numerical simulation, we used the free software environ-
ment R.

The simulation results indicate that, at the above param-
eters, the system operates at two wavelengths, independent of 
the initial values of n2 and m2. As seen in Fig. 3a, local max-
ima in population inversion alternate from pulse to pulse, one 
of the maximum values being above ncr, and the other, below. 
As a result, the laser wavelength switches between l1 = 
1617 nm and l2 = 1645 nm (Figs 3b, 3c). Figure 3d illustrates 
the population inversion dynamics in the passive Q-switch. 
The pulse spacings T1 and T2 are 0.33 and 0.44 ms, and the 
average repetition rate is 2.6 kHz. The ratio of the maximum 
intensities at the two wavelengths is 0.77.

The range of cavity losses where two-wavelength lasing is 
observed (for the initial transmission of the passive Q-switch 
fixed at Tm = 85 %) is shown in Fig. 4 [curve ( 1 )] and corre-
sponds to the maximum threshold loss in the cavity at a given 
pump intensity. In the region above curve ( 1 ), the cavity loss 

parameters and pump intensity are such that lasing is impos-
sible (the loss is too high). In the region between curves ( 1 ) 
and ( 2 ), the laser emits at the wavelength l1. The region under 
curve ( 5 ) corresponds to such cavity loss parameters and 
pump intensities at which the laser operates at the wave-
length l2.

The wavelength switching regime takes place between 
curves ( 3 ) and ( 4 ) (Fig. 4, inset). The transition from lasing 
at the wavelength l1 [the region between curves ( 1 ) and ( 2 )] 
or l2 [the region under curve ( 5 )] to that with wavelength 
switching between l1 and l2 [the region between curves ( 3 ) 
and ( 4 )] includes regions [between curves ( 2 ) and ( 3 ) or ( 4 ) 
and ( 5 )] where wavelength switching also occurs, but the 
switching period exceeds two pulse spacings. Such operation 
mode is exemplified in Fig. 5. It is seen that a periodic 
sequence of three pulses is generated (one pulse at the wave-
length l1 and two at l2).
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laser pulse:  (a) inversion dynamics in the GE, (b, c) laser pulse intensity 
at l1 = 1617 nm and l2 = 1645 nm, respectively, and (d) inversion dy-
namics in the passive Q-switch. 
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It follows from Fig. 4a that the region where wavelength 
switching is possible is rather large:  limited by reflectivities R 
from 46 % to 61 % and pump intensities Ip from 4 to 
27 kW cm–2. In the example represented in Fig. 5, the permis-
sible change in pump intensity is ~12 % (at R = 57 %) and the 
permissible change in cavity loss is 4 % (at Ip = 7.2 kW cm–2).

Consider also the effect of the initial transmission of the 
passive Q-switch (at a constant cavity loss R = 55 %). Figure 
4b shows the analytically ( 1 ) and numerically (points) 
obtained threshold transmission as a function of the dimen-
sionless pump intensity jp. It is seen that the minimum initial 
transmission of the passive Q-switch is lnTm = 0.73, or Tm ~ 
48 %. Curves ( 1 ) – ( 5 ) in Fig. 4b are the boundaries of the 
same regions as in Fig. 4a. At the same time, in contrast to 
that in Fig. 4a, the region corresponding to lasing with wave-
length switching [between curves ( 3 ) and ( 4 )] is limited to 
initial transmittances in the range Tm = 48 % – 88 % and pump 
intensities Ip = 4 – 72  kW  cm–2. The maximum permissible 
change in pump intensity at point X is ~18 % (at Tm = 50 %) 
and the permissible change in cavity loss at this point is ~7 % 
(at Ip = 63 kW cm–2). The region of parameters around point 
X is of interest for obtaining lasing with periodic wavelength 
switching because there is either no lasing (the loss is too high) 
or lasing with periodic wavelength switching.

6. Conclusions

We have examined the possibility of a new passively 
Q-switched, cw-pumped laser operation mode. Numerical 
simulation results suggest that, in this laser operation mode, 
the output wavelength will automatically switch between two 
wavelengths after every pulse, without changes in cavity 
parameters. Using an Er : YAG laser with a Co : ZnSe passive 
Q-switch as an example, we have found parameters that 
ensure such operation mode. At a cavity length of 15 cm, GE 
length of 3 cm, Er content of 0.655 at %, 85 % initial transmit-
tance of the passive Q-switch, ratio of the mode area in the 
GE to the laser mode area in the passive Q-switch of 10 and 
reflectivity of the output coupler R = 57 %, this operation 
mode takes place at l = 1.46 mm and pump intensity Ip = 
7.2  kW cm–2. The permissible change in each parameter 
(pump intensity, reflectivity of the output coupler and initial 
transmission of the passive Q-switch), at which wavelength 
switching persists, is 12 %.
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