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Abstract. A detailed theoretical model for the description of generation dynam-
ics of diode laser longitudinally pumped solid-state lasers with active and/or passive
Q-switching using traveling wave approach is presented. The results of numerical
simulations and analysis show that the distribution of generated laser pulse intensity
and the other laser parameters along the resonator is very inhomogeneous. There-
fore, the widely used point laser model cannot give accurate results when inside the
resonator there are active or passive elements which lead to the strong modulation of
the generated pulse intensities.
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1 Introduction

Solid-state lasers (SSL) were developed more than four decades ago and they
still remain a very actual area of research and applications [7, 30] because of
several innovations in technology, and the pace of SSL development is accel-
erating. SSL have capabilities which no other type of laser has. The most
important change over the past few decades is the development of high power
laser diode (LD) sources, which have been specially developed for SSL pumping
[2]. Newly developed LD allows direct in-band pumping into the emitting levels
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[28]. Direct upper laser level pumping leads to lower heat dissipation and of-
fers significant system benefits from an efficiency perspective [3]. SSL utilizing
simple end-pumped rod configurations have found their way into many com-
mercial laser systems as such pumping architecture allows to excite selectively
the fundamental laser mode, thus it provides low threshold pump powers and
high optical efficiencies.

Described technological development of SSL requires a detailed modelling
of such end-pumped SSL taking into account more parameters of active laser
medium, pump sources and resonator architecture. But for modelling of gen-
eration dynamics the so called point laser model (PLM) is still widely used
(see [9, 14, 16, 30, 35] and references therein). Due to significant mathemati-
cal difficulties traveling wave model (TWM) is rarely used for laser generation
modelling [4, 8, 11, 20, 32, 33]. This model is more often used for numerical
analysis of fiber [11, 33] and semiconductor [12, 20, 32] lasers. This is quite
natural, since fiber lasers (FL) have a long active media, and semiconductor
lasers (SL) have high pulse repetition rate. Therefore the duration of SL gen-
erated pulses is not far lower than the period of pulse repetition. Due to this
reason the TWM does not require very lengthy simulations for these lasers.
For a more standard SSL this model was used in [4, 8] only for simulation of
giant pulse generation during enough short period of time when threshold of
population inversion is practically achieved. It should be noted that for the
generation of smooth pulses the external seeding is required in this situation.
The TWM can be successfully used for short pulse amplification modelling in
the multipass amplifiers [5, 10, 25]. However it should be noted that very often
the TWM is used in a simplified version, only during initial stage of problem
investigation for setting grounds of common strongly simplified models which
are used in subsequent studies [9, 18, 19, 24, 27, 32].

In this paper, we have applied TWM for the numerical analysis of laser
diode end-pumped passively and/or actively Q-switched solid-state minilasers.
The Stark splitting of the lasing levels into sublevels, the finite lifetimes of
excited levels, excited state absorption in active elements (AE) and saturated
absorber (SA) and many other parameters of AE, SA and pump sources were
taken into account. The full system of equations with corresponding initial and
boundary conditions was numerically solved using the algorithms developed in
[11, 23]. The obtained results are compared with the known theoretical and
experimental data of SSL generation dynamics.

2 Model Description

The fundamentals of the TWM for theoretical analysis of SSL generation dy-
namics in the Q-switched resonator are described with a different degree of
completeness in monographs [1, 21, 26, 30, 31, 36]. When describing the gen-
eration dynamics of Q-switched lasers, two approximate approaches are most
often used: considering the laser as a lengthy system within the intensity trav-
eling plane wave model and the laser as a dimensionless system within the
PLM. For validation of the last model, the technique of spatial averaging of
TWM equations in partial derivatives over the resonator length is often used
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[16, 26, 31]. It is a very complicated task to take into account the complex
spatial profiles of laser resonator modes. Therefore, two simplified methods
are used for these purposes: Gaussian mode approach in combination with
rate equations and beam propagation method based on the Huygens-Fresnel
approximation of the diffraction theory [6]. Recently a new approach has been
developed [34] in which the common set of rate equations is extended to a set
of rate equation for the individual transverse modes being excited in the cavity.
However, it should be noted that forward and backward traveling waves do not
exist in these simplified methods. For example, under assumption that mode
shapes do not change in time, only energy density of the incoherent superpo-
sition of the individual modes is used in rate equations [34]. Thus, only the
usage of TWM can provide the knowledge about intracavity dynamics during
the pulse generation time. But the general case of traveling waves with complex
transverse shape requires a very complicated for numerical analysis. Therefore
in this paper we use the approximation of the forward and backward traveling
plane waves. Neglecting the interference of the forward and backward traveling
waves one can obtain equations for traveling intensity waves for the case when
these intensities and population inversion are changed insignificantly during
the phase relaxation time T2 [1, 17, 21, 26, 31, 36].

The scheme of SSL resonator with plane mirrors M1,2 is presented in Fig. 1.
The active element (AE), active (aQ-sw) and/or passive (pQ-sw) Q-switchers
are placed inside the Fabry-Perrot resonator. Modeling the evolution of an
optical field intensities I±i in the laser elements is based on the general radiation
transport equations

L̂±

i I
±

i = F±

i (z, t),

where L̂±

i =
1

v±i

∂

∂t
±

∂

∂z
are the radiation transfer operators in positive (+)

and negative (-) propagation directions with respect to the z axis, v±i are
group velocities, F±

i (z, t) are the functions, depending on variables z, t through
the corresponding intensities, population densities, etc., see [1, 21, 26, 31, 36].
To find the form of F±

i (z, t) for the concrete element of the resonator the
detailed description of the radiation interaction with matter inside this element
is necessary.
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Figure 1. Scheme of an actively and (or) passively Q-switched SSL.
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Active element. In order to characterize laser materials, different models
have been developed to describe various processes in AE. Most of these models
are based on the rate equations accounting for the changes in the level popu-
lations. The generalized scheme of Nd:YAG (Neodymium-doped Yttrium Alu-
minium Garnet) energy levels and possible transitions are presented in Fig. 2.
Closely spaced energy levels (here measured in cm−1) with the same angular
momentum quantum numbers are grouped into four manifolds: 4I9/2 is the
ground (g) state manifold, 4I11/2 and 4F3/2 are the lower (l) and upper (u)
laser working manifolds, and many other levels with higher energies form the
so called pump (p) levels [36]. Therefore, Nd:YAG laser is a classical type of
a four-level laser system. Close spacing of the energy of the Stark sublevels in
each manifold provides a rapid thermalization times of the order of a picosec-
ond. The fractional population of each energy level j with energy Ei,j in the
manifold i = g, l, u, p is described by a Boltzmann or thermal occupation factor

fi,j(T ) = exp

(

−Ei,j

kBT

)

/Zi,

where the sum Zi(T ) =
∑

j∈i exp (−Ei,j/kBT ) is over all levels in manifold
i, kB is the Boltzmann constant, T is the temperature. For example, these
occupation factors calculated at 300K for the ground manifold are equal to
f1,1 = 0.464, f1,2 = 0.246, f1,3 = 0.178, f1,4 = 0.104, f1,5 = 0.078. The
changes of the temperature along the AE are neglected, and the occupation
factors are assumed to be constant in the following calculations. The relax-
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Figure 2. A detailed view of the Nd:YAG energy levels and transitions in the TWM.

ation of electrons from the pump levels manifold to the upper laser manifold is
fast compared to the rates of optical pump absorption and typical duration of
generated giant laser pulses (it is assumed that non radiative decay time τ43 is
less than 1 ns).
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Absorption of the forward (+) and backward (-) pump intensities I±p1(z, t)
due to the transitions from the ground manifold to the pump manifold (for
example, pump wavelength is equal to λp = 808 nm in Fig. 2) is described by
the transport equation

1

vp

∂I±p1
∂t

±
∂I±p1
∂z

= σ(14)
p

(

f
(14)
p4 N4 − f

(14)
p1 N1

)

I±p1 − α±

p1I
±

p1, (2.1)

where vp is the group velocity of pump wave in AE, σ
(14)
p is the pump absorption

cross-section for the transition between these manifolds, N4 and N1 are the

population densities of the pump and ground manifolds, f
(14)
p1 and f

(14)
p4 are

corresponding occupation factors and α±

p1 are non resonant pump absorption

coefficients. It should be noted that the values of σ
(14)
p , f

(14)
p1 and f

(14)
p4 depend

on the set of concrete levels participating in this transition. Direct pumping
(λp = 886 nm in Fig. 2) into the upper laser manifold [28] is described by the
equation

1

vp

∂I±p2
∂t

±
∂I±p2
∂z

= σ(13)
p

(

f
(13)
p3 N3 − f

(13)
p1 N1

)

I±p2 − α±

p2I
±

p2. (2.2)

Here the notations are the analogous to Eq. (2.1), and the note about the
values of the parameters is the same.

The evolution of the laser intensity is described by the equation

1

v

∂I±

∂t
±

∂I±

∂z
= σ (f3N3 − f2N2) I

±
−σesaf

(esa)
3 N3I

±
−α±I±+ ε±

N3

τ32
, (2.3)

where v is the group velocity of laser wave in AE, N3 and N2 are the population
densities of the upper and lower laser manifolds, α± are coefficients of the non
resonant absorption of laser intensity. Due to the fact that two simultaneous
laser transitions in Nd:YAG [36] are realized with practically the same wave-
length λL = 1064 nm, the generated laser intensities I± cause both transitions.
Therefore, in (2.3) we use the effective cross section σ = 8.8 · 10−19 cm2 [36]
and the occupation factors

f2 :=
σ
(2)
emf2,2 + σ

(2)
emf2,3

σ
= 0.213, f3 :=

σ
(1)
emf3,1 + σ

(1)
emf3,2

σ
= 0.452,

which are found from the equation using emission cross sections σ
(1)
em=1.9·10−19

cm2 and σ
(2)
em = 7.1 ·10−19 cm2 [36]. The possibility of excited state absorption

is taken into account by the cross section σesa and the effective occupation

factor f
(esa)
3 . Spontaneous emission is described by the term [18]

ε± = ∆Ωhc/(4πλf ),

where ∆Ω is the spontaneous emission acceptance solid angle, h is the Planck
constant, c is the velocity of light in vacuum, λf is the energy-averaged fluo-
rescence wavelength of the spontaneous transition.

Math. Model. Anal., 15(1):23–38, 2010.
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Rate equations for the population densities of the manifolds are

∂N4(z, t)

∂t
=− β(14)

p σ(14)
p

(

f
(14)
p4 N4 − f

(14)
p1 N1

)

(

I+p1 + I−p1
)

(2.4)

+ βλσesaf
(esa)
3 N3(I

+ + I−) + βupN
2
3 −N4/τ43,

∂N3(z, t)

∂t
=− β(13)

p σ(13)
p

(

f
(13)
p3 N3 − f

(13)
p1 N1

)

(

I+p2 + I−p2
)

(2.5)

− βλσ (f3N3 − f2N2) (I
+ + I−)− βλσesaf

(esa)
3 N3(I

+ + I−)

− 2βupN
2
3 − βaseN

2
3 +N4/τ43 −N3/τ32

∂N2(z, t)

∂t
= βλσ (f3N3 − f2N2)

(

I+ + I−
)

+N3/τ32 −N2/τ21, (2.6)

N1 +N2+N3 +N4 = NNd. (2.7)

Here βL = λ/hc, β
(14)
p = λp1/hc and β

(13)
p = λp2/hc are the coefficients

needed for transition from the photon numbers densities to the intensity values,
h = 6.626 · 10−34Js. The nonlinear terms with coefficients βase and βup could
be caused by amplified spontaneous emission (ASE) or by upconversion [22].
Energy-transfer-upconversion (ETU) is an energy-transfer process between two
neighbouring ions in the upper laser level (Fig. 2). ETU converts two excited
ions into one excited and one ion of ground state. During the return of highly
excited ion from pump levels to the upper laser level extra heat is generated. It
should be noted that ESA in Nd:YAG laser at wavelength λL = 1064 nm can
be originated due to transitions from both Stark levels of upper laser working

manifold. Therefore, the effective occupation factor f
(esa)
3 is used in Eqs. (2.4)

and (2.5). Appropriate relaxation times τ43, τ32 and τ21 between the manifolds
are introduced in rate equations. NNd is the concentration of Nd ions in the
YAG host.

In numerical simulations, it is convenient to use a dimensionless form of
the equations. For Q-switched SSL with short resonator and pulse duration
in the nanosecond region the following normalization parameters are suitable:
z0 = 1 cm, t0 = 1 ns, I0 = 1 GW/cm2, σ0 = 10−19 cm2, N0 = 1019 cm−3.
Calculation of the dimensionless parameters from the known parameters is a
very simple procedure: for all space-time variables Ā(z̄, t̄) = A(z, t)/A0, where
z̄ = z/z0 and t̄ = t/t0. For the other parameters normalization depends on
the physical meaning of the parameter and it is also very simple. For example,
ᾱ± = α±z0, ε̄± = ε±N0/(I0t0)β̄λ = σ0I0t0λ/(hc) and similar expressions
are valid for the other analogous parameters. Taking into account that the
refractive index of YAG crystal n0 depends insignificantly on the wavelength
and on the concentration of Nd and Cr ions, the group velocities in AE and
SA are assumed to be equal to v = vp = va = c/n0 and v̄ = ct0/n0z0. For
convenience in the following text we will use the same notation (without upper
hyphen) for normalized variables and parameters.

Saturable absorber. Passive Q-switching (PQS) of Nd:YAG lasers is com-
monly organized by using Cr:YAG crystals. The simplified scheme of energy
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levels and absorption transitions in the Cr:YAG Q-switcher is presented in
Fig. 3. Absorption of laser radiation from ground and excited states are usu-
ally realized during the PQS process.
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Figure 3. A scheme of energy levels and transitions in Cr:YAG crystal.

The relaxation time from the excited state is assumed to be very fast, and
the relaxation time from metastable lower sublevel is long enough. A more
detailed analysis of transition times in five-level scheme of Cr:YAG can be
found in [13]. The radiation transport equation and the rate equations for
population densities are defined as

1

va

∂I±a
∂t

±
∂I±a
∂z

= −

(

σg

∑

j

fj(θ)N
(j)
a1 + σe

∑

j

fj(θ)N
(j)
a2

)

I±a − αaI
±
a , (2.8)

∂N
(j)
a1

∂t
= −βaβλσg(I

+
a + I−a )fj(θ)N

(j)
a1 +N

(j)
a2 /τa21,

N
(j)
a1 +N

(j)
a2 = NCr,

Here σg and σe are the cross sections of generated radiation absorption from

the ground and excited levels, αa is non resonant absorption coefficient, N
(j)
e1,2

is the population densities of Cr+4 dipoles orientated along the unit vector ĵ

of crystal axis, fj(θ) = (̂jê)2 is the interaction coefficient of laser radiation
polarized along the unit vector ê with the appropriate Cr+4 dipoles. The
influence of Cr:YAG crystal orientation on the generation dynamics was studied
in [14, 15, 16] using PLM. Recently analogous generalization of orientation of
Nd3+ dipoles was proposed for Nd:YAG laser medium [29]. In this paper for
the simplicity we will use only parallel orientation of polarization with crystal

axis
(

fj(θ) = (̂jê)2 ≡ 1
)

and will not take into account the same possibility

for Nd3+ dipoles. Coefficient βa accounts for the possibility of changing the
transverse area of laser beam in pQ-sw as compared with an AE.

Active Q-switch. Active Q-switch (AQS) of resonator can be realized ex-
perimentally by different methods. Acousto-optical (AO) and electro-optical

Math. Model. Anal., 15(1):23–38, 2010.
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(EO) modulators are commonly used for Q-switching. We have modelled both
of them by the prescribed temporal transmittance changes

I±(ZQ ± 0, t) = T
(±)
Q (ZQ, t)I

±(ZQ, t),

where ZQ is the switching point. The transmittance T
(±)
Q (ZQ, t) can be different

for forward and backward traveling waves. It should be noted that for TWM of
laser all functions should be smooth enough in space-time coordinates. To be
able to describe active quality modulation of the resonator at pulse repetition
regime we have used the transmittance function

T
(±)
Q (zQ, t̄) =







































































T±

low, 0 ≤ t̄ ≤ tm1,

T±

low + (T±

high − T±

low)
(

t̄−tm1

∆t1

)β

exp
[

β
(

1− t̄−tm1

∆t1

)]

,

tm1 ≤ t̄ ≤ tm2 = tm1
+∆t1,

T±

high, tm2 ≤ t̄ ≤ tm3 = tm2
+∆t2,

T±

low+ (T±

high−T±

low)
(

t̄+∆t1−tm3

∆t1

)β

exp
[

β
(

1− t̄+∆t1−tm3

∆t1

)]

,

tm3 ≤ t̄ ≤ tm4 = tm3
+∆t3, ∆t1 ≪ ∆t3,

T±

low, tm4 ≤ t̄ ≤ tm5,

(2.9)
where T±

low and T±

high are low and high transmittance of the Q-switch, time
moments are given by relations

tmj+1 = tmj +∆tj , j = 1, . . . , 4, tmj = t0j +m∆t,∆t =
∑

j

∆tj ,m = 0, 1, . . .

and coefficient β = 1, 2, . . . determines the steepness of the pulse fronts.

Propagation through passive elements and free space. The pulse prop-
agation in passive optical elements (and in free space also) is described by simple
transport equations

1

ve

∂I±e
∂t

±
∂I±e
∂z

= 0. (2.10)

Initial and boundary conditions. For AE placed between zAE
1 ≤ z ≤ zAE

2

equations (2.1), (2.2), (2.3), (2.4)–(2.7) are solved in this interval only. It is
commonly assumed that N1(z, t = 0) = NNd and Nj(z, t = 0) = 0, j = 2, 3, 4.
It is also assumed that at initial moment the laser and pump waves are absent
in the region zAE

1 ≤ z ≤ zAE
2 , that is I±(z, t = 0) = 0 and I±p1,2(z, t = 0) = 0.

Boundary conditions for laser waves are given by

I+(z = 0, t) = R1I
−(z = 0, t) + I+seed(z = 0, t),

I−(z = L, t) = R2I
+(z = L, t) + I−seed(z = L, t)
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and for pump waves

I+p1,2(z = 0, t) = (1 −R
(p1,2)
1 )I−p1,2(z = 0, t),

I−p1,2(z = Zp1,2, t) = R
(p1,2)
2 I+(z = Zp1,2, t)

In these expressions R1 and R2 are the reflection coefficients of resonator mir-

rors, R
(p1,2)
1 is the reflection coefficient of the front resonator mirror at pump

wavelength λp1,2. R
(p1,2)
2 is the reflection coefficient of the additional dichroic

mirror after the AE for reflection of pump wave into AE.
It should be noted that at all interfaces z = zA inside the resonator the

incident and transmitted intensities are assumed to be equal

I±(zA ∓ 0, t) = I±(zA ± 0, t).

For simplicity we assume that all seed and pump intensities have the same
functional form as transmittance function (2.9) with different quantitative pa-
rameters.

3 Simulation Results and Discussion
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Figure 4. Generation dynamics using a) passive, b) active, c) active-passive, d) passive-
active Q-switching.

In this paper we present results which first of all show the principal differ-
ence between results obtained using laser TWM and PLM. It is obvious that
the results of TWM may depend on the optical elements sequence inside the
resonator. The situation is different for PLM in which we cannot distinguish
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different element sequences because of the averaging procedure along the res-
onator. For numerical solution of transport equations (2.1), (2.2), (2.3), (2.8)
and (2.10) the algorithm developed in [11, 23] was used. Fig. 4 shows the
positive-traveling (toward the front mirror with reflection coefficient R2) laser
pulses generated when only AQS is turned on Fig. 4a, only PQS is turned on
Fig. 4b, both passive and active Q-switches are turned on together Fig. 4c, and
active Q-switch precedes the passive one Fig. 4d. PQS has initial transmittance

about 10%, that is N
(j)
Cr = 0.719 for 1 mm thick Cr:YAG crystal with σg = 32

and σe = 2.8. The conducted simulations show that the results depend only
slightly on the values of relaxation times τ32 and τa21. They influence pulse
repetition rate only. Therefore, in order to reduce the simulation time, we have
used shorter durations of relaxation times τ32, τa21 and higher pump inten-
sities as compared with a real experimental situation for laser diode pumped
Nd:YAG lasers. To obtain results shown in Fig. 4, we have used the following
values: τ32 = 500, τa21 = 100, R1 = 1.0 and R2 = 0.2. Active Q-switch has
following transmittances T±

low = 0.1, T±

high = 0.95 and enough long switching
on time ∆t1 = 10 with steepness coefficient β = 2. It can be seen that for sim-
ilar transmittance parameters of passive and active Q-switches the generation
dynamics is different. During PQS a sequence of pulses is generated. Using
AQS with high enough initial transmittance the so called relaxation oscillations
are observed before it is turned on to the high transmittance. After the AQS is
opened, the giant pulse is generated. As expected, results of combined passive
and active Q-switching depend on the chain of these elements in the resonator.

425 426 427 428
-0,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

 

 

In
te

ns
ity

t

a)

417,0 417,5 418,0 418,5 419,0 419,5

0,0

0,5

1,0

1,5

2,0

2,5

 

 

In
te

ns
ity

t

c)

424,5 425,0 425,5 426,0 426,5 427,0 427,5 428,0

0,0

0,2

0,4

0,6

0,8

1,0

 

 

N
or

m
al

iz
ed

 In
te

ns
ity

t

b)

417,0 417,5 418,0 418,5 419,0 419,5

0,0

0,2

0,4

0,6

0,8

1,0

 

 

N
or

m
al

iz
ed

 In
te

ns
ity

t

d)

Figure 5. Shapes of forward (+) and backward (-) traveling pulses inside the resonator
before the outgoing mirrors using passive (a, b) and active (c, d) Q-switching.

Using TWM we can expect that for outgoing pulses through the front and
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rear mirrors not only amplitudes of pulses but also their shapes may be differ-
ent. Fig. 5 shows pulse shapes using active and passive Q-switching separately.
It is seen that amplitudes of pulses inside the resonator differ very strongly.
This difference increases even more when pulses pass the output mirrors with
reflection coefficients R1 = 0.9 and R2 = 0.2 because the transmitted intensities
and pulse energies are given by expressions

W1m =

∫ tm0+∆t

tm0

(1−R1)I
−(t) dt, W2m =

∫ tm0+∆t

tm0

(1−R2)I
+(t) dt.
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Figure 6. Temporal pulse modulation a) in the case of high rate opening of AQS, b) pulse
shape smoothing by additional PQS with high enough transmittance.

It is also seen from the normalized intensities that shapes of forward and
backward traveling pulses differ only slightly for PQS. Unlike PQS we can con-
trol the rate of AQS. It is seen that for fast enough Q-switching with leading
front rising time τT = ∆t1 = 1 (see, Fig. 5c,d) the shapes of generated pulses
have temporal modulation with period shorter than resonator round-trip time.
We think that this modulation is caused by strong and fast modulation of
pulse amplitudes inside the resonator by the AQS and low reflection coefficient
of front mirror. Influence of the switching rate on pulse shape and amplitude
can be seen from Fig. 6a. For low switching rate (τT = 5 and τT = 2) the
generated pulses have smooth shapes but are less intensive as compared with
fast switching. Thus, using slow active switching the smooth pulses with sig-
nificantly lower energy are generated. Pulse smoothing with higher efficiency
can be realized by the use of additional PQS with high enough initial transmit-
tance Ti. This possibility is demonstrated in Fig. 6b, where the pulse shapes
are obtained by simultaneous usage of AQS with τT = 1 and PQS with different
initial transmittance. It should be noted that in our simulations turning out of
PQS means that NCr = 0, i.e. its initial and final transmittance are equal to
Ti = Tf = 1. Thus, the optical path of the resonator does not change during
such turnings on/off of PQS. Therefore, the condition of generation remains
the same in both cases, and there are no causes to generate shorter pulses.

The developed software allows us to control temporal changes of investigated
variables in different planes along the resonator. From Fig. 7 we can see how
the population densities of AE laser working manifolds and of SA are changing
during the generation of giant pulses by PQS. It is seen that bleaching of SA

Math. Model. Anal., 15(1):23–38, 2010.
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Figure 7. Temporal changes of population densities in AE and pQ-sw during the pumping
and pulse generation.

is smooth but very fast. Therefore, for generating smooth pulses by AQS its
opening should be fast and smooth simultaneously.

We can also control the spatial changes (along the resonator) of studied
quantities at different predetermined times, e.g. before, in time and after of
giant pulse generation. Fig. 8 presents changes along the AE of the population
densities (Fig. 8a,c) and changes of the pumping intensities (Fig. 8b,d) at time
moments just before the generation of giant pulses using PQS for different kinds
of pumping: indirect – through the pump levels (Fig. 8a,b) and direct – to the
upper laser manifold (Fig. 8c,d). It can be seen from equations (2.1), (2.2) that
for the low pump intensities, when population densities N3 ≈ 0 and N4 ≈ 0,
the pump absorption coefficients are equal to

α̃1p ≈ σ(14)
p f

(14)
1p N1 ≈ σ(14)

p f
(14)
1p NNd, (3.1)

α̃2p ≈ σ(13)
p f

(13)
1p N1 ≈ σ(13)

p f
(13)
1p NNd.

Due to short relaxation times from pump level manifold (we used in our
calculations τ43 = 0.3) the pumping manifold is not populated (N4 ≈ 0) and
the formula (3.1) is good enough for high pumping intensities too. Therefore,
the saturation of absorption does not occur practically. This statement is
confirmed by Fig. 8b. It is seen that absorption of the pump does not differ
for the cases with and without reflection mirror. It is seen also that absorption
of the pump is low enough (α̃1 ≈ 0.95). Therefore, the additional mirror for
pump backward reflection after the AE increases the population of upper laser
manifold significantly (Fig. 8a).

The situation with pump saturation is different for direct pumping. It is
seen from Fig. 8d that absorption of pump intensity is higher in the absence of
reflection mirror. Experimental values of spectroscopic cross section σ13

p and
σ14
p are not known exactly. Therefore, we have used the same value (0.4) for

both of them. Due to lower absorption coefficient for this case the population
density is practically homogeneous along the AE (Fig. 8c) when additional
reflection mirror for pump intensity is used.

Thus, it follows from obtained results that distribution of population densi-
ties is inhomogeneous along the AE, especially for high enough pump absorp-
tion. The same statement is even more significant to the spatial distribution
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Figure 8. Spatial dependences (along the AE) of the population densities N3 and pump
intensities Ip for the indirect a, b and direct c, d pumping.

along the resonator of the intensity of generated laser pulse. Fig. 9 presents
the spatial behaviour of PQS generated laser pulse inside the resonator at the
moment of its maximum intensity. It is seen that spatial changes of pulse in-
tensity are very strong. First of all, the intensity of the forward and backward
traveling pulse strongly increases during propagation (amplification) inside the
AE (0 ≤ z ≤ 1). Then, it is seen that even at the moment of pulse maxi-
mum the absorption in PQS (1 ≤ z ≤ 1.1) is noticeable due to excited state
absorption. During the free propagation in other passive elements of the res-
onator the changes of pulse intensities are small because the spatial length of
the generated pulses is much longer than the length of resonator. Therefore,
spatially averaged intensity cannot show in general case the true situation in-
side the SSL resonator. Thus, PLM cannot be used for generation dynamics
description when the traveling laser waves are subjected to the strong impact
from the active and passive elements inside the resonator.

4 Conclusions

Traveling wave model (TWM) is used for detailed numerical analysis of gen-
eration dynamics of laser diode end-pumped solid-state lasers with active and
passive Q-switching. In addition to standard indirect pumping through he
pump manifold, the Stark splitting and Boltzmann occupation factors of ac-
tive ions energy levels gives the possibility to use direct resonant pumping into
upper laser working manifold, short and long relaxation times from excited lev-
els, excited state absorption in active element and passive Q-switch and other
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Figure 9. Spatial distribution of laser pulse intensity along the AE at the moment of
maximum intensity of outgoing laser pulse.

processes, such as energy transfer upconversion are taken into account.
It is shown that generation dynamics depends on element distribution inside

the resonator, that is a TWM, unlike widely used point laser model, can take a
proper account of element layout in the resonator. The pulse shapes of outgoing
pulses through the front and rare mirrors differ visibly, especially for fast change
of transmittance of active Q-switch. For this case the generated pulses have
temporal modulation with typical times shorter than resonator roundtrip time.
This temporal modulation can be smoothed by using an additional passive
Q-switch element with enough high initial transmittance without significant
decrease of pulse energy. Developed software allows us to control temporal and
spatial distributions of pump and laser intensities, population densities and
other parameters inside the resonator. Usage of traveling wave model for the
description of pump absorption allows us to observe the saturation of pump
absorption, which is especially significant for direct resonant pumping.

It is shown that intensity distributions of the forward and backward travel-
ing generated laser pulses inside the resonator are strongly spatially modulated.
Therefore, we think that the standard point laser model cannot give correct
results in the situations when traveling waves inside the resonator are subjected
to strong impact from active and passive elements of resonator and as a result
acquire sharp and strong changes of intensities.
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