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ABSTRACT
The incident pump beam waist-dependent pulse energy generation in Nd:YAG/Cr4+:YAG composite 
crystal passively Q-switched microchip laser has been investigated experimentally and theoretically 
by moving the Nd:YAG/Cr4+:YAG composite crystal along the pump beam direction. Highest pulse 
energy of 0.4 mJ has been generated when the Nd:YAG/Cr4+:YAG composite crystal is moved about 
6 mm away from the focused pump beam waist. Laser pulses with pulse width of 1.7 ns and peak 
power of over 235 kW have been achieved. The theoretically calculated effective laser beam area at 
different positions of Nd:YAG/Cr4+:YAG composite crystal along the pump beam direction is in good 
agreement with the experimental results. The highest peak power can be generated by adjusting 
the pump beam waist incident on the Nd:YAG/Cr4+:YAG composite crystal to optimize the effective 
laser beam area in passively Q-switched microchip laser.
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1. Introduction

Compact, passively Q-switched solid-state lasers with high 
beam quality and high peak power have potential appli-
cations in laser processing, engine ignition, efficient non-
linear frequency conversion, and so on [1–3]. Composite 
crystals have been widely used in constructing compact 
passively Q-switched miniature lasers by bonding Nd:YAG 
crystal and Cr4+:YAG crystal together because they have 
mitigated the thermal effect and improved the beam qual-
ity and optical efficiency [4]. Passively Q-switched micro-
chip lasers based on Nd:YAG/Cr4+:YAG composite crystals 
and composite ceramics have been demonstrated [5,6]. 
Quasi-continuous-wave (QCW) laser diode working at 
low repetition rate has been demonstrated to be an effec-
tive method to provide high pump power intensity and 
alleviate the thermal effect of solid-state lasers. QCW laser 
diode-pumped Cr4+:YAG passively Q-switched Nd:YAG 
micro laser with peak power of over 1  MW has been 
demonstrated [7]. Passively Q-switched laser pulses with 
pulse energy of 2.4 mJ and peak power of 2.8 MW have 
been achieved in QCW laser diode-pumped Nd:YAG/
Cr4+:YAG composite ceramics passively Q-switched 
laser [5]. The Nd:YAG/Cr4+:YAG ceramic laser gener-
ated pulses with energy of 2.5 mJ, 1.3 ns pulse duration 
(FWHM), and peak power of 1.9 MW [8]. These QCW 

laser diode-pumped Nd:YAG/Cr4+:YAG composite mate-
rials passively Q-switched lasers operated in several Hz 
to hundred kHz. High repetition rate laser operation of 
Nd:YAG/Cr4+:YAG composite crystal was achieved under 
continuous-wave laser diode pumping and optical effi-
ciency of 18% was achieved [9]. Comparable laser per-
formance with pulse width of 237 ps and peak power of 
0.72  W were also achieved in Yb:YAG/Cr4+:YAG com-
posite ceramic passively Q-switched microchip laser, the 
optical efficiency of 19% was obtained [10]. Recently, 
QCW laser diode-pumped Yb:YAG/Cr4+:YAG composite 
crystal passively Q-switched laser with peak power over 
1 MW has also been demonstrated [11]. The pulse energy 
generated in passively Q-switched microchip laser is pro-
portional to the laser beam area according to the passively 
Q-switched laser theory [12]. The large laser beam area is 
a key issue to generate high pulse energy in end-pumped 
passively Q-switched microchip laser. The laser beam area 
in Cr4+:YAG passively Q-switched Nd:YAG laser strongly 
depends on the incident pump beam waist and pump 
power. For the constant pump power, the incident pump 
beam waist and propagation of the pump beam inside the 
Nd:YAG crystal govern the inversion population distribu-
tion inside the Nd:YAG crystal for achieving large laser 
beam area. The effects of the laser diode pump beam spot 
size on laser threshold and efficiency of continuous-wave 
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grown by Czochralski (CZ) method along the [1 1 1] 
direction. The Nd3+ ions’ doping concentration of Nd:YAG 
crystal is 1 at.%, the thickness of Nd:YAG crystal is 3 mm. 
The thickness of Cr4+:YAG crystal is 0.5 mm, the initial 
transmission of Cr4+:YAG crystal is 80%. The Nd:YAG/
Cr4+:YAG composite crystal was fabricated using ther-
mal bonding technology. The plane-parallel Nd:YAG/
Cr4+:YAG composite crystal was used as gain medium and 
also a saturable absorber. One surface of the Nd:YAG crys-
tal was coated with anti-reflection at 808 nm and highly 
reflected at 1064 nm to act as the rear cavity mirror of 
the laser cavity. The Cr4+:YAG crystal surface was coated 
with anti-reflection at 1064 nm to reduce the intracavity 
loss. Plane-parallel mirror with reflectivity (ROC) of 60% 
at 1064  nm was attached tightly to Nd:YAG/Cr4+:YAG 
composite crystal to act as the output coupler. The cavity 
length is 3.5  mm. A fiber-coupled 808  nm QCW laser 
diode from DILAS (M1F2S22-808.2-100C-IS9.2MPW) 
with core diameter of 200 μm and numerical aperture of 
0.22 was used as the pump source. Two focus lenses with 
8-mm and 11-mm focal lengths, respectively, were used 
to collimate and focus the pump beam on the Nd:YAG 
crystal. The diameter of the focused pump beam spot 
was measured to be 600 μm. The pump pulse duration 
of the QCW laser diode was fixed to 0.7  ms for effec-
tively extracting the energy stored in Nd:YAG crystal. The 
pump repetition rate of the QCW laser diode was fixed to 
10 Hz for alleviating the thermal effect of Nd:YAG crystal. 
The maximum incident pump peak power of the QCW 
laser diode after optical coupling system was measured 
to be 81 W. For studying the effect of the incident pump 
beam diameter (2wp) on the pulse energy in the QCW 
laser diode end-pumped Nd:YAG/Cr4+:YAG passively 
Q-switched microchip laser, the Nd:YAG/Cr4+:YAG com-
posite crystal was moved along the pump beam direc-
tion close to or away from the position of the focused 
pump beam diameter (2w0). z represents the position of 

solid-state laser have been investigated by varying the 
focused pump beam diameter [13,14]. The pump power 
threshold increases and the optical efficiency decreases 
with the pump beam spot [15–17]. However, up until now, 
there is no report on the investigation of the effects of the 
pump beam waist on the pulse energy in the passively 
Q-switched microchip lasers. The effects of the inver-
sion population distribution under different pump beam 
waists and the nonlinear absorption of Cr4+:YAG satura-
ble absorber on the pulse energy generation in passively 
Q-switched microchip laser are worthy investigating.

In this paper, the effects of incident pump beam waist 
on pulse energy generation in the Nd:YAG/Cr4+:YAG 
composite crystal passively Q-switched microchip laser 
have been investigated by moving Nd:YAG/Cr4+:YAG 
composite crystal along the pump beam direction to 
change the pump beam waist incident on the Nd:YAG 
surface. The passively Q-switched pulse energy as a func-
tion of the position of the Nd:YAG/Cr4+:YAG composite 
crystal along the pump beam direction has been studied 
and the optimal position of Nd:YAG/Cr4+:YAG compos-
ite crystal along the pump beam direction for high pulse 
energy generation has been obtained experimentally. The 
variation of the effective laser beam area as a function of 
the position of the Nd:YAG/Cr4+:YAG composite crystal 
along the pump beam direction is theoretically calculated 
and found that the theoretical simulation results are in 
good agreement with the experimental data.

2. Experiments

The schematic diagram of experimental setup for study-
ing the effects of pump beam waist on the pulse energy 
in the QCW laser diode-pumped Nd:YAG/Cr4+:YAG 
composite crystal passively Q-switched laser is shown in  
Figure 1. Nd:YAG crystal and Cr4+:YAG crystal used for 
fabricating Nd:YAG/Cr4+:YAG composite crystal were 

Figure 1. schematic diagram of laser diode-pumped nd:YaG/cr4+:YaG composite crystal passively Q-switched microchip laser. oc is the 
output coupler. w0 is the focused pump beam waist and wp is the incident pump beam waist at z (the position of the nd:YaG/cr4+:YaG 
composite crystal along the pump beam direction). (the colour version of this figure is included in the online version of the journal.)
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the Nd:YAG/Cr4+:YAG composite crystal along the pump 
beam direction. The Nd:YAG/Cr4+:YAG composite crystal 
passively Q-switched lasers were operated at room tem-
perature without active cooling. Average output power 
and pulse characteristics were measured with a Thorlab 
power meter and 6  GHz Tektronix digital oscilloscope 
(TDS6604), respectively.

3. Experimental results

The incident pump peak power from QCW laser diode 
after optical coupling system was fixed to 81 W for stud-
ying the performance of Nd:YAG/Cr4+:YAG passively 
Q-switched laser under different pump beam waists. The 
output energy and the pump threshold of QCW laser 

diode-pumped Nd:YAG/Cr4+:YAG composite crystal 
passively Q-switched laser as a function of the position 
of Nd:YAG/Cr4+:YAG composite crystal along pump 
beam direction are shown in Figure 2. The highest out-
put energy of Nd:YAG/Cr4+:YAG composite crystal pas-
sively Q-switched microchip laser was obtained when 
the focused pump beam spot was located 1.2 mm inside 
the Nd:YAG crystal. z = 0 indicates the position of the 
Nd:YAG/Cr4+:YAG composite crystal along the pump 
beam direction for generating highest output energy. 
The distance between entrance surface of Nd:YAG and 
the pump beam focus spot is 1.2 mm at z = 0, as shown 
in Figure 1. Negative displacement indicates that the 
Nd:YAG/Cr4+:YAG composite crystal is close to the 
focus lens. Positive displacement indicates the Nd:YAG/
Cr4+:YAG composite crystal is far away from the focusing 
lens. The highest output energy of 6.4 mJ was achieved at 
z = 0; when the input pump energy of 56.7 mJ was applied, 
the corresponding optical efficiency was about 11.3%. The 
output energy decreased when the Nd:YAG/Cr4+:YAG 
composite crystal was moved away from z = 0 for high-
est output energy generation. The decrease of the output 
energy with |z| was attributed to the changing of the pump 
beam diameter, and mode matching between laser beam 
and pump beam. The inversion population decreased at 
the same pump peak power when the Nd:YAG/Cr4+:YAG 
composite crystal was positioned further away from z = 0. 
The pump threshold at a certain position of Nd:YAG/
Cr4+:YAG composite crystal along the pump beam direc-
tion was measured by adjusting the pump power. The low-
est pump threshold was also measured at z = 0, while the 
pump threshold increased when the Nd:YAG/Cr4+:YAG 
composite crystal was moved away from z = 0. This is in 
good agreement with the variation of the pump threshold 
at different pump beam diameters in solid-state laser and 
semiconductor laser [13,14]. The pump threshold at z > 0 
is higher than that at z < 0 for the same absolute value of z. 
This may be caused by the different inversion population 
distributions inside the Nd:YAG crystal and the thermal 
effect when the Nd:YAG/Cr4+:YAG composite crystal is 
positioned along the pump beam direction with different 
incident pump beam waists.

The number of laser pulses generated in the QCW 
laser diode-pumped Nd:YAG/Cr4+:YAG composite crys-
tal passively Q-switched microchip laser varied with the 
position of the Nd:YAG/Cr4+:YAG composite crystal along 
the pump beam direction. Figure 3 gives the variation of 
the pulse number with z. Thirty-three Q-switched laser 
pulses were generated at z = 0, the number of laser pulses 
decreased with |z|. The number of laser pulses gener-
ated in Nd:YAG/Cr4+:YAG composite crystal passively 
Q-switched microchip laser at z > 0 is less than that at z < 0 
for the same distance moved away from z = 0. The incident 

Figure 2.  output energy and pump power threshold of the 
nd:YaG/cr4+:YaG composite crystal passively Q-switched 
microchip laser versus z (the position of the nd:YaG/cr4+:YaG 
composite crystal along the pump beam direction). (the colour 
version of this figure is included in the online version of the 
journal.)

Figure 3.  laser pulses generated in the nd:YaG/cr4+:YaG 
composite crystal passively Q-switched microchip laser versus 
z (the position of the nd:YaG/cr4+:YaG composite crystal along 
the pump beam direction). (the colour version of this figure is 
included in the online version of the journal.)D
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passively Q-switched microchip laser, together with the 
typical oscilloscope pulse profiles when the Nd:YAG/
Cr4+:YAG composite crystal is positioned at z  =  0 and 
z  =  6.15  mm. Within 0.7  ms pump pulse duration, 33 
pulses were generated at z = 0, while 5 laser pulses were 
generated at z  =  6.15  mm. Severe peak power fluctua-
tion and time jitter between laser pulses were found at 
z = 0, while the fluctuation of the peak power and the time 
jitter between five laser pulses were dramatically allevi-
ated when the Nd:YAG/Cr4+:YAG composite crystal was 
moved to z = 6.15 mm. The repetition rates of laser pulses 
were determined to be 51 kHz at z = 0 and 9.3 kHz at 
z = 6.15 mm from Figure 4(a). The typical laser pulse gen-
erated at z = 0 and z = 6.15 mm in the Nd:YAG/Cr4+:YAG 
composite crystal passively Q-switched laser is shown in 
Figure 4(b). The pulse profile at z = 0 is similar to that at 
z = 6.15 mm. And the pulse width is kept the same at both 
z = 0 and z = 6.15 mm. The laser pulse with pulse energy 
of 0.4 mJ and pulse width (FWHM) of 1.7 ns was obtained 
at z = 6.15 mm. Therefore, the peak power of Nd:YAG/
Cr4+:YAG composite crystal passively Q-switched laser is 
estimated to be over 235.3 kW.

The pulse energy of QCW laser diode-pumped Nd:YAG/
Cr4+:YAG composite crystal passively Q-switched laser as a 
function of z is shown in Figure 5. The Q-switched single 
pulse energy of 0.193 mJ was obtained at z = 0. The single 
pulse energy increases with |z| when the Nd:YAG/Cr4+:YAG 
composite crystal was moved away from z = 0. There are 
two optimal positions at z = −6.35 mm and z = 6.15 mm for 
achieving high pulse energy. However, highest pulse energy 
of 0.4 mJ was achieved at z = 6.15 mm, which was higher 
than 0.354 mJ obtained at z = −6.35 mm. The pulse energy 
at z = 6.15 mm is two times of that obtained at z = 0. Further 
moving Nd:YAG away from these two positions to increase 
the pump beam waist, the single pulse energy decreased. 

pump beam waist has a great effect on the number of laser 
pulses generated in Nd:YAG/Cr4+:YAG composite crystal 
passively Q-switched microchip laser. The larger pump 
beam diameter causes low pump power intensity when the 
incident pump power level is set to constant; the popula-
tion lifted to the upper laser state is decreased. Therefore, 
the time for accumulating sufficient inversion population 
for laser pulse oscillation is extended; the laser pulse num-
ber decreases within the same pump pulse duration.

Because the high pump peak power of QCW laser 
diode was applied in Nd:YAG/Cr4+:YAG composite crys-
tal passively Q-switched microchip laser, the pump power 
intensity was high enough to fulfill the intracavity photons 
to oscillate; therefore, the pulse width was kept nearly con-
stant at different pump beam diameters. Figure 4 shows 
the laser pulse trains at z = 0 and z = 6.15 mm in the QCW 
laser diode-pumped Nd:YAG/Cr4+:YAG composite crystal 

(a) (b)

Figure 4. (a) typical laser pulse trains of nd:YaG/cr4+:YaG composite crystal passively Q-switched microchip laser at z = 0 and z = 6.15 mm. 
(b) the corresponding pulse profiles at z = 0 and z = 6.15 mm. (the colour version of this figure is included in the online version of the 
journal.)

Figure 5. Q-switched pulse energy as a function of z (the position 
of the nd:YaG/cr4+:YaG composite crystal along the pump beam 
direction). (the colour version of this figure is included in the 
online version of the journal.)
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Aeff, is relative to the pump beam waist, pump power 
applied on the gain medium, and the initial inversion 
population needed for laser oscillation. When a focused 
pump beam from a laser diode is incident on Nd:YAG/
Cr4+:YAG composite crystal, the variation of pump beam 
waist with z along the pump beam propagation direction 
can be expressed as,

 

where w0 is the focused pump beam waist at z0, z0 is the 
position of the focused pump beam waist, M2 is the beam 
quality factor, n is the refractive index of gain medium, and 
λp is the pump wavelength. The incident pump beam waist 
(wp) on the Nd:YAG/Cr4+:YAG composite crystal can be var-
ied by moving Nd:YAG/Cr4+:YAG composite crystal along 
the pump beam direction, as shown in Figure 1. The spatial 
distribution of the population inversion, ΔN(r, z), along the 
thickness and radial direction inside the Nd:YAG crystal pro-
vided by the pump power can be expressed as,
 

where Pin is the incident pump power, r is the radial 
direction in the plane transverse to the laser propagation 
direction, z is the pump beam position incident on the 
Nd:YAG crystal along the laser propagation direction, h 
is the Planck constant, νp is the frequency of the pump 
power, τ is the fluorescence lifetime of gain medium, α 
is the absorption coefficient of gain medium at pump 
wavelength λp, fa is the fractional equilibrium Boltzmann 
population of the upper laser level in the crystal field com-
ponent, and wp(z) is the pump beam waist at position z.

The effective laser beam area is determined by the 
inversion population provided by the pump beam and the 
initial inversion population needed for oscillation of the 
Nd:YAG/Cr4+:YAG composite crystal passively Q-switched 
microchip laser. It is reasonable to assume that the initial 
inversion population is constant when the intracavity laser 
intensity is high enough to bleach the Cr4+:YAG saturable 
absorber. The inversion population distribution inside the 
Nd:YAG crystal strongly depends on the incident pump 
beam waist and incident pump power. Owing to the expo-
nential decay of the pump power along the thickness of 
Nd:YAG crystal, the absorbed pump power decreases 
along the thickness of the Nd:YAG crystal. The pump 
power intensity along the thickness of Nd:YAG crystal 
depends on the incident pump beam waist applied. The 
inversion population distribution varies with the position 

(5)wp(z) = w0 ⋅

√

√

√

√

1 +

(

M2
)2

⋅ �2
p ⋅

(

z − z0
)2

�2
⋅ w4

0 ⋅ n
2

(6)ΔN (r, z) =
2Pin� fa �

h�p�w
2
p(z)

exp

(

−2r2

w2
p(z)

)

exp (−� z)

The results shows that high pulse energy generation in the 
Nd:YAG/Cr4+:YAG composite crystal passively Q-switched 
laser strongly depends on the position of Nd:YAG/Cr4+:YAG 
composite crystal along the pump beam direction. High 
pulse energy can be generated by choosing a suitable position 
of the Nd:YAG/Cr4+:YAG composite crystal along the pump 
beam direction, which opens a new window for designing 
high peak power passively Q-switched microchip lasers.

4. Theoretical model

The variation of the pulse energy with the position of 
Nd:YAG/Cr4+:YAG composite crystal along the pump 
beam direction is attributed to the variation of the inver-
sion population distribution inside Nd:YAG crystal, which 
strongly depends on the incident pump beam waist and 
the propagation of pump beam inside the Nd:YAG crystal. 
The output pulse energy of passively Q-switched laser is 
proportional to the effective laser beam area and can be 
expressed as follows [18–20],
 

where hν is the laser photon energy, Aeff is the effective 
laser beam area, σ is the emission cross section of gain 
medium, γ is the inversion reduction factor of laser 
medium, and ROC is the reflectivity of the output coupler. 
The initial inversion population, Ni, the threshold inver-
sion population, Nth, and the final inversion population 
after pulse output, Nf, of Cr4+:YAG passively Q-switched 
Nd:YAG microchip laser can be expressed as [21],
 

 

 

where σgs and σes are the ground-state absorption cross 
section and excited-state absorption cross section of 
Cr4+:YAG saturable absorber, Ns0 is the total concentration 
of Cr4+ in Cr4+:YAG crystal, ls is the length of the Cr4+:YAG 
crystal, l is the length of the Nd:YAG crystal, and δLoss is 
the total intracavity loss.

When the cavity parameters are set for Nd:YAG/
Cr4+:YAG composite crystal passively Q-switched micro-
chip laser, the output energy mainly depends on the effec-
tive laser beam area, Aeff. The effective laser beam area, 

(1)E =
h�Aeff

2� �
ln

(

Ni

Nf

)

ln

(

1

ROC

)

(2)
Ni =

[

2 ⋅ �gs ⋅ Ns0 ⋅ ls + ln
(

1
/

ROC

)

+ �Loss

]/

(2 ⋅ � ⋅ l)

(3)
Nth =

[

2 ⋅ �es ⋅ Ns0 ⋅ ls + ln
(

1
/

ROC

)

+ �Loss

]/

(2 ⋅ � ⋅ l)

(4)Ni − Nf − Nth ⋅ ln
(

Ni

/

Nf

)

= 0
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area. The effective laser beam area decreases with further 
increase in the absolute values of z; this is caused by the 
decrease in the incident pump power intensity with fur-
ther increase in the pump beam diameter applied on the 
Nd:YAG/Cr4+:YAG composite crystal. For the focused 
pump beam waist of 0.3  mm used in the experiment, 
two positions of the Nd:YAG/Cr4+:YAG composite crys-
tal for achieving large effective laser beam area locate at 
z = −9.5 and 10.5 mm, respectively. When the Nd:YAG/
Cr4+:YAG composite crystal is located at z = 0, the effec-
tive laser beam area is only half of those at z = −9.5 and 
10.5 mm. The pump beam focused waist has an effect on 
the effective laser beam area. The effective laser beam area 
at z = 0 increases with the focused pump beam waist. The 
peak effective laser beam area at z < 0 decreases with the 
focused pump beam waist, while the peak effective laser 
beam area at z > 0 increases a little with the focused pump 
beam waist. The position of the peak effective laser beam 
area expands with the focused pump beam waist.

Two peaks of the calculated effective laser beam area 
locating away from z = 0 are in good agreement with the 
pulse energy variation with the position of the Nd:YAG/
Cr4+:YAG composite crystal along the pump beam direc-
tion (as shown in Figure 5). However, there are some 
discrepancies between the variation of the calculated 
effective laser beam area and the pulse energy with the 
position of the Nd:YAG/Cr4+:YAG composite crystal along 
the pump beam direction. The optimal position of the 
Nd:YAG/Cr4+:YAG composite crystal along the pump 
beam direction to obtain highest pulse energy locates at 
z = 6.15 mm, while the largest effective laser beam area 
locates at z = −9.5 mm and the second largest effective 
laser beam area locates at z  =  10.5  mm. The causes of 
the discrepancies between the experimental data and the 
calculated results are thermal effect and mode match-
ing between pump beam and laser beam. The thermal 
effect was ignored in the simulation of the effective laser 
beam area. The thermal effect in the Nd:YAG/Cr4+:YAG 

inside Nd:YAG crystal. Therefore, in order to accurately 
evaluate the effective laser beam area, the Nd:YAG crys-
tal is treated as many pieces of Nd:YAG crystal stacking 
together. For each piece of Nd:YAG crystal, it is reasonable 
to assume that the laser beam waist at the entrance surface 
is equal to that at the exit surface. The incident pump 
beam power and beam waist for each piece Nd:YAG crys-
tal are estimated by applying the exponential decay law 
and the variation of the pump beam along the propagation 
direction of pump beam. Eventually, the effective laser 
beam area is obtained by averaging the laser beam area 
of different pieces of Nd:YAG crystal over the thickness of 
Nd:YAG crystal. When the Nd:YAG/Cr4+:YAG composite 
crystal is set at position z along the pump beam direction, 
the effective laser beam area can be expressed as:

 

where N is the number of Nd:YAG crystal slices and ti is 
the position of ith slice in Nd:YAG crystal (ti ∈ [0, l]).

5. Discussion

The effective laser beam area, Aeff, is calculated according 
to Equation (7) with properly choosing the parameters of 
Nd:YAG, Cr4+:YAG crystal, pump beam, and laser cavity 
based on the laser experiments. The parameters used for 
calculation of the effective beam area are listed in Table 1. 
Figure 6 shows the calculated effective laser beam area in 
QCW laser diode-pumped Nd:YAG/Cr4+:YAG composite 
crystal passively Q-switched microchip laser versus the 
position of Nd:YAG/Cr4+:YAG composite crystal along the 
pump beam direction for different focused pump beam 
waists. When the Nd:YAG/Cr4+:YAG composite crystal 
is moved away from z = 0, the calculated effective laser 
beam area increases with the absolute value of z. There 
are two positions for achieving large effective laser beam 

(7)Aeff =
1

N

N
∑

i=1

�w2
p

(

z + ti
)

2
ln

2�Pin� exp
(

−� ti
)

Ni h�p�w
2
p

(

z + ti
)

Table 1. the parameters of nd:YaG/cr4+:YaG composite crystal passively Q-switched microchip laser used for theoretical calculation.

parameter (unit) Value reference
σ (cm2) 2.3 × 10−19 [22]
σgs (cm2) 4.6 × 10−18 [23–25]
σes (cm2) 8.2 × 10−19 [23]
τ (μs) 230 [22]
τs (μs) 3.4 [23]
γ 1  
hνp (J) 2.46 × 10−19  
hν (J) 1.87 × 10−19  
l (mm) 3  
ls (mm) 0.5  
ROC (%) 60  
δLoss 0.1  
Ns0 (cm−3) 9.66 × 1017  
α (cm−1) 7  
Pin (W) 81  
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pump beam area as a function of z for different focused 
pump beam waists is shown in Figure 7. The good mode 
matching is achieved around z  =  −1  mm for different 
focused pumped beam waists. The best mode matching 
is achieved at z = −1 mm for the focused pump beam waist 
of 0.2 mm, and the mode matching becomes worse with 
further increase in focused pump beam waist. The pump 
power intensity decreases with large pump beam waist. 
Only the pump beam area with the inversion population 
higher than the initial inversion population could support 
the laser oscillation. This means the optical efficiency is 
degraded with the pump beam waist. When the focused 
pump beam waist is smaller than 0.2 mm, the Rayleigh 
length of the focused pump beam is shortened and the 
effective laser beam area is decreased; therefore, the mode 
matching between laser beam and pump beam is also get-
ting worse. The mode matching between laser beam and 
pump beam gets worse when the Nd:YAG crystal is moved 
away from z  =  −1  mm. The mode matching is getting 
worse dramatically with z away from z = −1 mm when 
the small pump beam waist is applied.

Based on the experimental results of the variation of the 
pulse energy with z and the calculated effective laser beam 
area with z, an optimal position of the Nd:YAG/Cr4+:YAG 
composite crystal along the pump beam direction can be 
obtained for generating high pulse energy. There are two 
positions to achieve highest effective laser beam area for 
different focused pump beam waists, as shown in Figure 
6. The focused pump beam waist affects the effective laser 
beam area. The smaller the focused pump beam waist 
used, the more obvious influence of z on the effective 
laser beam area, Aeff . For the cases of w0 = 0.3 mm and 
w0  =  0.8  mm, the variation of the effective laser beam 
area, Aeff, with z is significantly different. The variation 
of the Aeff with the absolute value of z tends to be stable 
in a large range for w0 = 0.8 mm; the difference between 
the peaks and valley tends to be negligible. Namely, the 
optimal position of Nd:YAG/Cr4+:YAG composite crys-
tal for achieving high pulse energy is flexible. However, 
the optical efficiency degrades because the pump beam 
waist is too large to support large laser beam area and the 
mode matching becomes worse. Only when a fraction of 
the pump beam area can be excited for laser oscillation, 
the mode matching is worsened. For the small focused 
pump beam waist such as w0 = 0.3 mm, the highest laser 
beam area can be obtained by adjusting the position of 
the Nd:YAG/Cr4+:YAG composite crystal along the pump 
beam direction, as shown in Figure 6. Besides the larger 
effective laser beam area, the high pump power intensity 
and good mode matching between laser beam and pump 
beam can be maintained even moving Nd:YAG/Cr4+:YAG 
composite crystal away from z = 0; therefore, high pulse 
energy and the high optical efficiency could be achieved. 

composite crystal passively Q-switched laser is a main 
factor to limit the laser performance. The thermal effect 
degrades the emission cross section of Nd:YAG crystal and 
also increases the initial transmission of Cr4+:YAG crystal, 
which limits the output energy from passively Q-switched 
lasers. The loss of the cavity was assumed to be a constant 
in the theoretical calculation; however, the pump beam 
area and laser beam area have great effects on the loss in 
practice. The variation of the cavity loss with pump beam 
area affects the accurate calculation of the Ni, Nth, and Nf. 
All of these factors have some influence on the accurate 
estimation of the effective laser beam area.

The mode matching between the laser beam and 
pump beam in the Nd:YAG/Cr4+:YAG composite crys-
tal passively Q-switched microchip laser was estimated 
by calculating the ratio of the laser beam area to the 
pump beam area. The ratio of the laser beam area to the 

Figure 6.  theoretically calculated effective laser beam area as 
a function of z (the position of the nd:YaG/cr4+:YaG composite 
crystal along the pump beam direction) for different focused 
pump beam waists. (the colour version of this figure is included 
in the online version of the journal.)

Figure 7. Mode matching between laser beam and pump beam 
of nd:YaG/cr4+:YaG composite crystal passively Q-switched 
microchip laser as a function of z for different focused pump 
beam waists. (the colour version of this figure is included in the 
online version of the journal.)
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This is important for designing highly efficient, high peak 
power passively Q-switched solid-state lasers by applying 
suitable pump beam parameters.

6. Conclusions

The effects of the incident pump beam waist on the 
pulse energy generation in the Nd:YAG/Cr4+:YAG com-
posite crystal passively Q-switched microchip laser 
have been investigated experimentally and theoretically. 
The highest pulse energy is obtained by optimizing the 
position of the Nd:YAG/Cr4+:YAG composite crystal 
along the pump beam direction. Two optimal positions 
with suitable incident pump beam waist incident on the 
Nd:YAG/Cr4+:YAG composite crystal give largest effec-
tive laser beam area for high pulse energy generation 
in passively Q-switched microchip lasers. The varia-
tion of the effective laser beam area with the position 
of the Nd:YAG/Cr4+:YAG composite crystal is in good 
agreement with the experimentally obtained incident 
pump beam waist-dependent pulse energy. Laser pulses 
with pulse energy of 0.4 mJ, pulse width of 1.7 ns, and 
peak power of 235.3 kW have been obtained by setting 
Nd:YAG/Cr4+:YAG composite crystal at z = 6.15 mm 
along the pump beam direction. The experimental 
results and theoretical simulation of position-depend-
ent high pulse energy generation in Nd:YAG/Cr4+:YAG 
composite crystal passively Q-switched microchip laser 
provide a new method for designing end-pumped pas-
sively Q-switched solid-state lasers for high peak power 
generation without sacrificing the optical efficiency.
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