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Abstract: A theoretical model for the passively Q-switched (PQS) operation which includes
the spatial overlapping between the pump and lasing modes under the thermal lensing effect
is developed to give a transcendental equation that can directly determine the critical
parameters such as pulse energy, pulse repetition rate, and pulse width for the PQS
performance. More importantly, an analytical function which gives the approximate solution
for the transcendental equation as well as a specific critical criterion for good PQS operation
are derived for practical analyses and design. A Nd:YVO,/Cr**:YAG system with a concave-
convex resonator which can achieve fairly stable PQS pulse trains even at a high pump level
is further exploited to manifest the proposed spatially dependent model. The good agreement
between the experimental results and the theoretical predictions is verified to show the
feasibility of the proposed model for designing high-power PQS lasers with high accuracy.
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1. Introduction

Passively Q-switched (PQS) solid-state lasers with the advantages of compactness, high
reliability, and low cost have been extensively developed to offer high-peak-power and high-
pulse-energy light sources for various applications such as range finders [1], remote sensing
[2], lidars [3], material processing [4], laser ignition [5], and nonlinear optics [6]. Unlike
actively Q-switching (AQS) with an external electronic controller, the performance of
passively Q-switching is dominated by the saturation mechanism which is closely related to
the initial transmission and the irradiated photon density of the absorber [7]. As a
consequence, it is of great importance to control the intracavity mode size to effectively
bleach the saturable absorber for building up a stable giant pulse [6,8]. To avoid pulse
instability caused by the parasitic effect due to the asynchronous bleach of absorber with
respect to different high-order transverse modes [9, 10], the end pumping scheme is
frequently adopted for achieving good TEMgy, mode operation in PQS lasers. However, the
serious thermal lensing effect of the end-pumped crystal lasers significantly influences the
stability and oscillation mode size of the cavity, leading the pulse repetition rate, pulse
energy, and pulse width to present behavior that is greatly different from the theoretical
predictions at higher pump level [11-13]. So far a theoretical model with the consideration of
varying mode size due to the thermal lensing effect is highly desirable for practically
designing and accurately analyzing high-power PQS lasers.

The essential elements to model the PQS operation are the coupled rate equations first
derived by Szabo and Stein [14]. Following the seminal work, several generalized models to
optimize the PQS performance have been successively proposed [15-18]. Degnan introduced
his elegant approach to obtain closed form solutions for key laser parameters such as output
energy and pulsewidth and to determine the optimum design criterion in terms of the gain
factor [15]. Modifying Degnan’s method, Xiao et al [16] and Zhang et al [17] included the
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excited state absorption (ESA) of the saturable absorber into the rate equations for more
accurate analyses. Chen et al. further considered the influence of intracavity focusing into the
modified model and derived an analytical expression to determine optimum initial
transmission of absorber and optimum reflectivity of output coupler for a practical design
[18]. However, most of these treatments are based on the plane-wave approximation in which
the pumping profile, the intracavity photon intensity, and the bleaching of absorber are
assumed to be spatially uniform. There are only few investigations reported to consider the
spatial dependences of the intensity of intracavity photon, inversion population of gain
medium, and the ground-state population of absorber into the PQS models [19, 20]. Since the
spatial variation of cavity mode has been confirmed to be important for the output efficiency
of end-pumped lasers [21], an analytical model which integrates the present treatments for
PQS operation with the modification of mode-size dependence on the thermal lensing is
worthwhile to be developed.

In this work, we start from the coupled rate equations given in [18] to explicitly derive a
transcendental equation whose solution can straightforwardly determine the critical
characteristics of pulse energy, pulse repetition rate, and pulse width for the PQS lasers. With
the numerical fitting, the solution of the transcendental equation is found that can be
approximated by an analytical function that is greatly useful for practical design and analyses.
More importantly, it is confirmed that the approximated solution is not only feasible for PQS
operation but also valid for AQS lasers under the rapid Q-switching condition. For
generalizing the theoretical results into a spatially dependent model, we further consider the
spatial overlapping between the pump and lasing modes influenced by the thermal lensing
into the analysis. The modified model reveals that there are significant differences of the PQS
performance between the theoretical predictions with and without the spatial dependence. In
order to prove the validity of the modified theory for analyzing PQS lasers in a real case, an
end-pumped Nd:YVO./Cr*:YAG system with a concave-convex resonator is utilized for
manifestation. Compared with the PQS performance of a conventional concave-plano cavity,
the concave-convex resonator with large mode volume [22, 23] is found that can meet the
second threshold criterion and achieve energy scale-up very easily. The experimental pulse
trains with little time jitters and small amplitude fluctuations even under a high-power pump
show that the concave-convex resonator is advantageous for designing PQS lasers with a
stable output performance. Finally, it is confirmed that all experimental pulse energy, pulse
repetition rate, and pulse width can be described in perfect consistency by using the modified
PQS model. The good agreement between the experimental results and theoretical predictions
sheds light on using the developed spatially dependent model to design and analyze high-
power PQS practically.

2. Modified model for PQS operation under the influence of thermal lensing

At first we give a thorough review of the approach proposed in [18] to derive a concise
expression for describing the performance of the PQS lasers. The coupled rate equations for a
four-level system in the PQS operation with the effects of ESA and intracavity focusing are

given by
% _ g|:20'n|g ~20,n, 1, 20,0, —[m(%} Lﬂ , )
dn
—=—Cong, 2
pm ong 2
dn
—gSI—ACG n.o, 3)



Research Article Vol. 25, No. 3 | 6 Feb 2017 | OPTICS EXPRESS 1713 I

Optics EXPRESS :

where ¢ is the intracavity photon density; n is the inversion population density of the gain
medium; 1, is the length of the gain medium; I, is the length of the saturable absorber; A/A
is the ratio between the effective mode area at the gain medium and at the saturable absorber;

n and n,, are the ground, excited states, and total population densities of the absorber;

gs? Nes s

o4 and o, are the GSA and ESA cross sections of the absorber, respectively; R is the

reflectivity of the output coupler (OC); L is the round-trip optical loss; t, =2l /c is the
round-trip time of light with respect to the cavity length I, , and c is the light speed in
vacuum. For the saturable absorber, the total population density satisfies the equivalence of
n, =Ny +N. In terms of the initial transmission of the saturable absorber T, the factor

o, N, can be given by o, n 1, =In(1/T,) assuming there are no excited-state absorption

at the |n|t|aI condition. For analyzing the process of the passively Q-switching more
concisely, the dimensionless parameters are introduced as follows: i =2c1 n, $=2ol_4,

=20, 1n,, A, =20, 1n =20, I,n,, =In(Y/T;?), and T =t/t, . Using the relation

g gs 's''gs’? es 's'es? s gs 's ' 'so

of n, =n,+n the excited state population of the saturable absorber fi,, can be replaced

es ! es

with i, = ,B[In(J/TOZ)—ﬁgsJ , where g =0, /o, . Interms of the dimensionless parameters,
the coupled rate equations for the PQS laser are rewritten as

e o

i -
E=—n¢, (5)
di, . ;
Fiad ©

where o = (Aags/AS 0') is a key factor for the PQS performance as seen in later discussion.
Dividing Eq. (5) by Eg. (6) and integrating gives

oo () o[ ) AY
a2 (34

where . is the initial inversion population of the gain medium. The value of A is

determined from the condition that the round-trip gain is exactly equal to the round-trip losses
just before the absorber starts to bleach. Thus

. 1 1
. :In[?}rlniﬁ}r L, (8)

Dividing Eq. (4) by Eg. (5) and substituting Eq. (7) into the result can lead to

d¢ [1+(1 ,B)In(_l_ j{”—lj+%} ©)
2)A fi

where
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q = pin| L ][
nth_ﬂln[T02J+ln(Rj+L (10)

is the critical inversion population at the point of maximum photon density corresponding to
d@/dfi =0 under the limit of rapid Q-switching (&« — ). From Eq. (9) it can also be

confirmed that d&/dﬁ =0 at Ai=n;. Consequently, the criterion for achieving a stable PQS

pulse train depends on the value of d’§/di’ . Once d’g/di’ >0 at i=r,, the photon
density can effectively grow up to form a giant pulse. With some algebra, it can be derived
that d2@/di” (7 = i) =[(« —D)(R, — ) —fi, ]/fiZ . Therefore, the second threshold criterion

which describes that the saturable absorber should bleach first before the gain saturation to
develop a giant pulse can be expressed as [18]

X
o>—, 11
1 (11)

where x=fi/fi, is the ratio between the initial inversion and the critical inversion,

representing the relative initial inversion population. According to the criterion, once the
initial transmission of absorber, the reflectivity of output coupler, and the gain medium have
been chosen, increasing a by controlling the cavity mode size is of great importance to
generate a good PQS pulse train.

Integrating dq?/dﬁ over i from Eq. (9) yields

3 - {(ﬁi - ) {1—(?] } , In{i}} . 12)
a f, fi

The normalized final inversion population can be determined by the condition of &(ﬁf )=0:

(f, _ﬁf)_Ml}_[ﬁTfJ :l_ﬁth In{f]_iJ:O- (13)
a f A,

Defining 77 = (i, — 1, )/fi as the energy-utilization efficiency, Eq. (13) can be expressed as

1 1 «7 1 1
O ) L el o

This transcendental equation of #g straightforwardly determines the critical characteristics of
PQS performance such as the output pulse energy E,, and the maximum peak power Ppeg. In
terms of x and #g, the output pulse energy and the maximum peak power can be easily found
to be given by [15]

A 1
E,=hy,—In| =
out VI 20_ (Rj'[

=hy, AIn (ijln
R

(15)

o

and
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(16)

= miﬁm {(x—l)[l—i(l—iﬂ— In(X)},
t 20 al X

where Av, is the energy of single lasing photon. Since the pulse energy directly depends on the
energy-utilization efficiency, it is greatly useful to find an analytical approximation for the
solution of the transcendental equation given by Eq. (14). Based on the numerical fitting, the
dependence of the energy-utilization efficiency #g on the relative initial population density x
can be approximately found to be

7 (x,2) =1—exp|:—1.55{a2 glJ(x_L) | } 17)
o

a-1

for a > x/(x—1). As a result, the output pulse energy can now be explicitly expressed as a

function of the parameters x and o. It is worth to note that the analytical expression given by
Eq. (17) cannot only be used to practically design PQS lasers but also be applied to the
actively Q-switched operation under the rapid Q-switching limit (& — o) [15]. With E,; and
Preak, the effective pulse width can be defined as

w b In[1Y(1-7. (x.@))]

Tp = B
Ppeak Ny, {(X_1)|:1_1(1_];):|—|H(X)}
o X

1 (18)
_ 'n(R)+ : In[Y(1-7(xa))]

el D]

where 7, =t, /[In(Y/R)+L] is the photon lifetime. Note that z, /z, directly depends on the

values of parameters x and o. Another important parameter for the PQS laser is the pulse
repetition rate that is closely related to pump period for building up the initial inversion

population fi; . For a given pump power P;,, the inversion population in a pump duration T is
given by

E

A(T) :——[1—exp(—T/z'f )] , (19)

where A, is the pump mode area, /v, is the energy of the pump photon, and z; is upper-level
lifetime of gain medium. From Eqg. (19) the threshold pump power for generating a PQS pulse

can be found to be given by R, =(hv,A)f})/(207, ). Once the given pump power Pi, > Py,

the pump period T, for building up the initial inversion population fi, to generate a PQS pulse
can be determined by the following equation:

5 N 1 1 20 Ry
A(T.) =1, =|n[?J+In(Ej+L=E ™ [1—exp(—Tr/rf )] , (20)

After some algebra, the pulse repetition rate can be found to express as
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1 1 1P

f =—=

' Tr |: 1 :| Rn>Rn ;E
rln| =
1-(R./Py)

Equation (21) clearly reveals that the pulse repetition rate is proportional to the pump power
for a typical PQS laser when P, > B, . Nevertheless, it is frequently found that there are

significant deviations between the calculated results of Eq. (21) and the experiments of diode-
pumped PQS lasers especially under a high pump level with a serious thermal lensing effect
[11-13].

To include the spatial dependence of the pumping profile and the intracavity photon
intensity into the theoretical analysis, we follow the approach proposed in [19] but consider
more general forms for the spatial distributions of the pump and lasing modes. Taking the
spatial distributions into account, the inversion population densities and the photon density
can be expressed as

1)

n(x,y,2)=Nr,(xy,2) , (22)
N, (X, y,2) =ny , (23)
#(x,y,2) =Py, (xY,2) , (24)

where N is the total number of the inversion population of gain medium, @ is the cavity
photon number, r (x,y,z) and ¢,(x,y,z) are the normalized densities of the pump and

lasing modes. Note that here the ground-state population of absorber is assumed to be
uniform at the initial condition [19]. Substituting Egs. (22)-(24) into Egs. (1)-(3) then
performing the overlapping integrals for the spatial distribution of r (x,y,z) and ¢,(x,y,z),
we obtain spatially dependent coupled rate equations which are in the same form as Egs. (4)-

(6) but with the replacement of ¢ >®, i— N, and fi,, — N,. Here the dimensionless
parameters with spatial dependence are given by N =201, N/, , ® =201, ®/(V,4S),

and N, =20, In,, where

1
Veff =
jro(x, ¥, 2) ¢, (X, Yy, z)dV

(25)

and

U (XY, 2) g, (X, y,2)dV ]2
o (26)
.[ro(X' Y, 2) ; (%, y,2)dV

are the effective mode volume and the overlapping efficiency, respectively [24]. Since the
coupled rate equations are in the same form as the previous analysis, the approximated

solution given by Eq. (17) is still valid to the transcendental equation of 7, :(Ni ~N, )/N~i

with the spatial dependence, where N, = 201, i, [V s the initial inversion population and

Nf is final inversion population at the end of the PQS process. Consequently, the pulse

energy, maximum peak power, effective pulse width, and pulse repetition rate with the
consideration of spatially overlapping efficiency can be derived as
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E =h Ve in(Llmf—1 27
out(xla) = Zo_lcav n(ﬁj n[l—ﬂE (X, a)J7 ( )
P = miln(i) fi, {(x—l)[l—i(l—iﬂ—ln(x)}, (28)
P t l, \R a x?
- tzrvelﬁ In[1/(1-7:(x,@))] | 29)
%o q, {(x—l) {1—1@—1&)}— In(x)}
a X
- 1 . (30)

r 7, In !
f 1_(P1hveff /PinAp Icav)

It is worth to note that the primary advantage and progress of the present model compared
with previous works by other groups [19, 20] are to offer concise expressions that can
analytically approximate the performance of pulse repetition rate, pulse energy, pulse width,
and peak power under the non-negligible thermal lensing effect for practically designing and
analyzing high-power PQS lasers in real applications. In the next section we perform a real
case PQS laser system to manifest the modified model with the spatial dependence.

3. Experimental manifestation and discussion

Figure 1 depicts the experimental setup. Considering a typical case for end-pumped PQS
lasers with high repetition rate, we choose a 0.2 at. % a-cut Nd:YVO, crystal as the gain
medium and a Cr**:YAG crystal as the saturable absorber. The Nd:YVO, crystal with the
dimensions of 3 x 3 x 12 mm? was coated with antireflection (AR) at 808 nm and 1064 nm on
both end facets and it was placed at a small distance d; to the input mirror for effective
pumping. The Cr*":YAG crystal was also AR coated at 1064 nm on both surfaces and with an
initial transmission Ty = 65% for the lasing wavelength. The laser crystal and the saturable
absorber were wrapped with indium foil and mounted in water-cooled copper heat sinks at
16°C. The pump source was a fiber-coupled laser diode at 808 nm with a core diameter of
400 pm and a numerical aperture of 0.14 combined with a reimaging lens set with an effective
focal length of 38 mm and a unity magnification. The pump beam was reimaged into the gain
crystal with a beam radius wp=300 um considering the beam divergence and with a coupling
efficiency of 94%. The input front mirror (FM) was a concave (CV) mirror with the radius of
curvature p; = 100 mm which was coated AR at 808 nm on the entrance face as well as high-
transmittance (HT) at 808 nm and HR at 1064 nm at the second facet. For thorough studying
the influences of cavity mode on the PQS performance, we choose two output couplers (OCs)
with 40% transmission at the lasing wavelength A, for comparison: one is a convex (CX)
mirror with a radius of curvature p, = =30 mm while the other is a plane (PL) mirror with
p2—. In order to meet the second threshold criterion for effectively bleaching the absorber,
the Cr**:YAG crystal was placed fairly close to the OC and the cavity length was set to be I,
=70 mm for tight focusing operation [6].
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Fig. 1. The experimental setup of a typical end-pumped PQS laser.
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Fig. 2. Effective mode size (a) on the gain crystal o and (b) on the saturable absorber ws as
functions of the pump power for the cases of CV-CX and CV-PL resonators. (c) The key
parameter o as a function of the pump power for the cases of CV-CX and CV-PL resonators.
The dotted black line marks the critical value of o for a good PQS performance.
At first we study the variations of cavity mode size for the two configurations of CV-PL
and CV-CX resonators under the thermal lensing effect. Utilizing the g-parameters and the
effective cavity length Il given by

g, =1- I -Dd. (1—ﬂj , Lj=12&i# ], (31)
Pi i

o (d1 + dz) -D d1d2 ) (32)

the mode size w, at the gain medium and the mode size w; at the absorber fairly closed to the
OC under thermal lensing effect can be respectively written as

a,c:\/%'eﬁl 2] [Id_J Gge)| g

z \o.@-g0) | p

9,

and

\/ﬂl Ieff J ; ) (34)

\9;1-9.9;)

Here D is the refractive power of thermal lens whose value is proportional to the pump power
and inverse proportional to the pump areaas D(P,,)=C Pin/a)§ [25]. Note that d; + d = g4y if
the thermal lens is considered to be a thin lens. Using C~2 x 10~°> mm/W [25] and substituting
the experimental parameters mentioned above into Egs. (31)-(34), w. and ws as functions of

the pump power can be calculated as shown in Figs. 2(a) and 2(b), respectively. For the case
of CV-CX cavity, w, first decreases under the cold cavity condition with P;, <4 W and



Research Article Vol. 25, No. 3 | 6 Feb 2017 | OPTICS EXPRESS 1719 I

Optics EXPRESS N Y

remains nearly unchanged in the region of P;, = 4 W to 16 W and then dramatically rises with
the increasing pump power when P, >16 W. On the other hand, the w, for the CV-PL cavity
keeps growing with the increasing pump power and becomes divergent at about P, = 21 W.
The nearly unchanged region of w, for the CV-CX cavity implies that the thermal lens can be
effectively compensated by choosing a suitable CX mirror as the OC [26, 27]. It can be
clearly seen in Fig. 2(a) that the overall cavity mode size of . for the CV-CX cavity is far
larger than that of the CV-PL cavity. In other words, the CV-CX resonator can be a more
feasible configuration to achieve energy scale-up for PQS lasers [23]. For the mode size on
the saturable absorber, it can be found that ws decreases with the increasing pump power for
both the CV-CX and CV-PL resonators. Nevertheless, the decreasing rate of ws with respect
to P;, for the case of CV-CX cavity is faster than that of CV-PL cavity, which indicates the
CV-CX configuration can achieve more effective tight-focusing operation for the PQS lasers.
For comparing the two configurations more quantitatively, we analyze the dependence of the
key parameter a on the pump power to theoretically examine the PQS performance of the two
resonators. Using the results shown in Figs. 2(a) and 2(b) with ¢ = 2.5 x 107*® mm? and Ogs =
8.7 x 10" mm? « as a function of the incident pump power for the CV-CX and CV-PL
resonators are calculated as shown in Fig. 2(c). Since Eqg. (11) only gives the threshold
criterion for PQS operation, here we define the critical value of ag which satisfies
ne(X,a=a,)=0.75n. (X, >) as a more specific indicator for a good PQS

performance. The critical parameter a.; evaluated with x = 1.935 for the present experiment
is marked by the black dotted line in Fig. 2(c). It can be clearly seen that for the configuration
of CV-CX cavity the critical criterion for good PQS performance is always fulfilled, whereas
the o parameter meets the critical value only when P;,>15 W in the case of CV-PL cavity.
Consequently, it is expected that the stable output pulse trains can only be achieved at higher
pump power in the PQS laser with a conventional CV-PL cavity.
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Fig. 3. The experimental results of averaged output power versus incident pump power (left-
hand side) and the corresponding PQS pulse trains and single pulse profiles (right-hand side)
for the PQS performance of the CVV-PL configuration.



Research Article Vol. 25, No. 3 | 6 Feb 2017 | OPTICS EXPRESS 1720 I

Optics EXPRESS SN X

O Exp.data — Theo. with spatial dependence ~ ------- Theo. without spatial dependence
50 ps/div | | 10 ns/div
(€} ‘
—|«0
50 ps/div 10 ns/div
S @ ! '
= 50 psidiv 10 nsfdiv
=1 ®
o {
;'5 3 - S e
3 100 ys/div e _ 10 ns/div
|@ HiH ‘ -
i | | =P
0 1 1

5 10 15 20
Incident pump power (W)

Fig. 4. The experimental results of averaged output power versus incident pump power (left-
hand side) and the corresponding PQS pulse trains and single pulse profiles (right-hand side)
for the PQS performance of the CV-CX configuration. The solid red line and dashed blue line
depict the theoretical predictions by the PQS model with and without the spatial dependence,
respectively.

Figure 3 shows the experimental results of averaged output power versus input pump
power (left-hand side) and the corresponding PQS pulse trains and single pulse profiles
(right-hand side) for the PQS performance of the CV-PL configuration. The output transverse
patterns for the PQS laser are also shown in the insets of Fig. 3. The beam quality M? factor is
estimated to be about 1.25 x 1.31 for the horizontal and vertical directions on the average of
each pump power. Since the critical criterion for good PQS operation is only satisfied at
higher pump power (P;,>15 W) for the case of CV-PL cavity, the dependence of averaged
output power on the input pump power is not quiet linear with two segments at lower (P;,<15
W) and higher pump power (P;,>15 W) corresponding to two slope efficiencies of 30% and
53%, respectively. On the other hand, it can be clearly seen that the pulse trains at low power
show significant amplitude fluctuations with a serious satellite pulse effect originated from
the ineffective bleaching of absorber. It is until P;,>15 W to meet the critical criterion that the
pulse trains become more stable and a single giant pulse can be effectively built up. From the
experimental results, the pulse energy, and the peak power at the pump power of 19.4 W with
pulse repetition rate of 111 kHz and pulse width of 14 ns are evaluated to be 63.1 uJ and 4.5
kW, respectively.

Figure 4 shows similar plots as Fig. 3 for the PQS performance of the CV-CX
configuration. Because the critical criterion for good PQS operation is always satisfied in the
CV-CX cavity, it can be found that the dependence of averaged output power on the pump
power reveals a fairly linear behavior with an overall slope efficiency up to 46% and an
optical-to-optical conversion efficiency of 34.5% at the maximum pump power of 19.6 W.
More importantly, the pulse trains composed by the single giant pulses for the PQS laser with
the CV-CX resonator show quiet stable behavior with little amplitude fluctuations and timing
jitters as seen in Fig. 4. In addition, the M? factor for the transverse patterns is estimated to be
about 1.27 x 1.24 for the horizontal and vertical directions on the average of each pump
power. With the experimental data shown in Fig. 4, the pulse repetition rate, pulse energy,
pulse width, and maximum peak power as functions of input pump power are determined and
shown in Figs. 5(a)-5(d), respectively. To the best of our knowledge, it is the first-time
employment of the concave-convex linear resonator to fulfill a stable PQS laser system with a
high repetition rate and a high pulse energy in the end-pumped scheme. Unlike the theoretical
prediction from PQS model without spatial dependence given by Eq. (21), it is discovered
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that the pulse repetition rate presents a saturation and decreasing behavior at higher pump
power when there is a dominant thermal lensing. As a result, the corresponding pulse energy
shows a significant enlargement with the increasing pump power when P;,>15 W as seen in
Fig. 5(b). The saturation and decrease of repetition rate with increasing pump power mainly
comes from the variation of cavity mode size which is closely related to the initial inversion

population Ni =20l R /Veff for starting the PQS process. The superior stability of the PQS

performance of the CV-CX configuration enables us to manifest the proposed PQS model
with spatial dependence carefully. Considering the normalized density distribution of the
pump and lasing modes are both Gaussian which can be given by [28]

r(xY, z)={ Kexp(=x2) M szexp{—z(x—:y)], (35)

1-exp(-«l,) || 7w, o,

and

0,(%.¥,2) :[ 2 ]exp{—dx—iy)], (36)

c “cav c

where x is the gain coefficient of the gain medium, the effective mode volume and the
overlapping efficiency can be evaluated as

Vi =[7(@ + 0}, ]2, 37)
and

S =M. (38)
(02 +?)

Substituting Eqgs. (37) and (38) into Egs. (27)-(30) with the experimental parameters, the
theoretical predictions for the PQS performance by the spatially dependent model are
calculated and shown by the red solid lines in Figs. 5(a)-5(d). For comparisons, the theoretical
results given by the PQS model without spatial dependence are also calculated and shown by
the blue dashed lines in Figs. 5(a)-5(d). Note that we also used the calculated results of pulse
repetition rate and pulse energy to analyze the averaged output power with Py = Eqt X f; as
shown in Fig. 4. It can be clearly seen that all the experimental results of the PQS
performance can be described by the proposed spatially dependent model with excellent
consistency. The good agreement between the experimental results and the theoretical
analyses not only verifies the validity of the proposed model for describing the performance
of high-power PQS lasers with a significant thermal lensing effect but also sheds light on
using the theoretical predictions to design high-pulse-energy and high-peak-power lasers with
higher accuracy.
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Fig. 5. The (a) pulse repetition rate, (b) pulse energy, (c) pulse width, and (d) maximum peak
power as functions of incident pump power analyzed from the results shown in Fig. 4. The
solid red line and dashed blue line depict the theoretical predictions by the PQS model with
and without the spatial dependence, respectively.

4. Conclusion

In conclusion, a thorough derivation from the coupled rate equations of PQS operation have
been reviewed to give a transcendental equation which determines the key properties of PQS
lasers. It has been numerically found that the solution of the transcendental equation can be
approximated by an analytical function which is not only practical for analyzing PQS laser
but also valid for active Q-switched operation. The theoretical treatment has been further
generalized into a spatially dependent model which includes the spatial overlapping between
the pump and lasing modes under the thermal lensing effect. To verify the modified PQS
model with the spatial dependence, an end-pumped Nd:YVO,/Cr**:YAG system with a
concave-convex resonator has been utilized for manifestation. Compared with the typical
configuration of a concave-plano cavity for a PQS laser, the concave-convex resonator has
been confirmed to show superior advantage that can easily achieve the critical condition for a
good PQS performance to generate fairly stable pulse trains with small amplitude fluctuations
and little timing jitters. With the stable output performance from the PQS laser with the
concave-convex resonator, we have validated that the proposed spatially dependent model can
describe all experimental results in perfect consistency. The good agreement between the
experimental results and the theoretical predictions sheds light on using the proposed model
to design and analyze the high-power end-pumped PQS lasers under a strong thermal lensing
effect with very high accuracy.
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