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Abstract The laser characteristics of laser-diode end-
pumped Yb:YAG/Cr4+:YAG composite ceramics microchip
passively Q-switched lasers were studied by solving the cou-
pled rate equations numerically taking into account the reab-
sorption of Yb:YAG ceramics at laser wavelength. Effects of
the reflectivity of the output coupler, the concentrations and
thickness of the saturable absorbers, and pump beam area
on the laser performance were investigated analytically. The
simulation results of the Yb:YAG/Cr4+:YAG composite ce-
ramics passively Q-switched microchip lasers were in good
agreement with the experimental data. Better laser perfor-
mance (high peak power, short pulse width and good optical-
to-optical efficiency) of the composite Yb:YAG/Cr4+:YAG
ceramics passively Q-switched laser can be obtained by us-
ing a thin Cr4+:YAG ceramic with high concentration, suit-
able reflectivity of the output coupler and proper pump beam
diameter under high pump power intensity according to our
simulations.
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1 Introduction

Laser-diode pumped passively Q-switched microchip solid-
state lasers are compact and simple single-mode lasers that
emit sub-nanosecond pulses with high pulse energies and
peak powers in a diffraction-limited output beam, and have
many applications such as remote sensing, range finders,
pollution detection, lidar, material processing, surgery, bio-
logical detection, laser ignition, and so on. The passively Q-
switched microchip lasers are usually operated using a thin
gain medium bonded with saturable absorber such as a semi-
conductor saturable-absorber mirror (SESAM) [1], bulk
Cr4+-ions doped crystals [2, 3], or depositing Cr4+:YAG
films on the gain medium by molecular beam epitaxy (MBE)
[4]. Compared with SESAM or the Cr4+:YAG film de-
posited on the surface of the gain medium, Cr4+-ions doped
bulk materials as saturable absorber have several advan-
tages: high damage threshold, low cost, and simplicity.
Compared with Nd:YAG laser materials, Yb:YAG laser
materials have several advantages such as a long storage
lifetime (951 µs) [5], a very low quantum defect (8.6%
with pump wavelength of 941 nm and laser wavelength
of 1030 nm), resulting in three times less heat genera-
tion during lasing than comparable Nd-based laser systems
[6], broad absorption bandwidth and less sensitive to diode
wavelength specifications [7], a smaller emission cross sec-
tion [8] suitable for Q-switching operation, and easy growth
of high quality crystals without concentration quenching
[9]. Self-Q-switched laser crystals have been successfully
grown by co-doping Cr4+ ions and Yb3+ ions or Nd3+ ions
in garnet laser crystal hosts [10, 11]. Compact laser-diode
pumped Cr,Yb:YAG self-Q-switched microchip laser with
pulse width of 440 ps and peak power of over 53 kW has
been demonstrated [12]. However, owing to co-doping of
chromium ions with Yb into YAG host, the fluorescence
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lifetime decreases [13] with increase of Cr concentration
and there is strong absorption (about 60% of that around
1 µm) of pump power by Cr4+-ions at pump wavelength
(around 940 nm) owing to the broad absorption spectrum
of Cr4+:YAG from 800 nm to 1300 nm [14, 15]. High
pump power threshold is caused by the high intracavity
loss induced by the defects introducing Cr and Ca ions into
Yb:YAG crystal to form Cr,Yb:YAG self-Q-switched laser
crystal. Passively Q-switched microchip lasers by sandwich-
ing Cr4+:YAG saturable absorber between gain medium
and output coupler, proposed by J.J. Zayhowski about two
decades ago [16] is an alternative way to overcome pump
power absorption loss from Cr4+:YAG and to achieve highly
efficient laser operation with short pulse width in pas-
sively Q-switched Yb:YAG/Cr4+:YAG microchip lasers.
Short resonator cavity length permits short pulse gener-
ation. Separation of gain medium and saturable absorber
eliminates the defects introducing in Cr,Yb:YAG crystal.
Passively Q-switched Yb:YAG/Cr4+:YAG microchip lasers
with sub-nanosecond pulse width have been demonstrated
[17]. However, there is loss and air gap between the inter-
face of Cr4+:YAG and Yb:YAG, the laser operation is less
efficient, and potential energy storage of Yb:YAG crystal
cannot be fully extracted. The air gap also significantly af-
fects the Q-switched laser performance by etalon effect in
the resonator [18] and limits the scaling of peak power be-
cause of potential air breakdown at high intracavity inten-
sity.

Transparent laser ceramics fabricated by modern ceramic
sintering technology have attracted lots of attentions in
solid-state laser fields. Efficient, high power lasers based
on ytterbium or neodymium ions doped isotropic laser ce-
ramics have been achieved in the last decade [19–21]. Ef-
ficient continuous-wave Yb:YAG ceramic lasers [21, 22]
and passively Q-switched Yb:YAG/Cr4+:YAG all-ceramics
microchip lasers have been demonstrated [23, 24]. Most
impressive research works based on the sintering ceramic
technology [25] is to fabricate multifunctional compos-
ite materials for compact optics system applications [26].
Yb:YAG/Cr4+:YAG composite ceramics provide an effec-
tive way to build compact passively Q-switched microchip
lasers with efficient, sub-nanosecond, and high peak power
pulsed laser output. Composite ceramics not only decrease
the intracavity loss between the interface of Yb:YAG and
Cr4+:YAG, but also eliminate the air gap between these two
parts to avoid the air breakdown under high intracavity in-
tensity. Optical properties of Yb:YAG/Cr4+:YAG compos-
ite ceramics and laser performance of Yb:YAG/Cr4+:YAG
composite ceramics passively Q-switched laser by using
plane-concave cavity have been reported [26]. Highly ef-
ficient, sub-nanosecond pulse width and high peak power
laser operation has been achieved in Yb:YAG/Cr4+:YAG
composite ceramics [26, 27]. Laser pulses with pulse en-
ergy of 172 µJ, pulse width of 237 ps, and peak power of

over 0.72 MW have been achieved with Yb:YAG/Cr4+:YAG
composite ceramics, these are, to our knowledge, the short-
est Q-switched pulse width ever achieved in passively
Q-switched Yb:YAG/Cr4+:YAG microchip lasers.

Although Yb:YAG/Cr4+:YAG composite ceramics can
be fabricated easier than traditional optical bonding of
Yb:YAG/Cr4+:YAG crystals, the doping concentrations
of ytterbium ions and chromium ions in Yb:YAG and
Cr4+:YAG parts have to be fully considered before a practi-
cal laser system is built. The performance and optimization
of laser-diode pumped passively Q-switched lasers is usu-
ally analyzed by solving coupled rate equations. Motivated
by their research work on passively Q-switched microchip
lasers, Zayhowski and Kelly analyzed the rate equations for
rapid Q-switching [28]. Simple expressions for the maxi-
mum peak power, maximum pulse energy, and minimum
pulse width were derived for different output couplings un-
der fixed pump power. There are also lots of theoretical in-
vestigations on passively Q-switched solid-state lasers with
Cr4+:YAG as saturable absorber by adopting coupled rate
equations, most of them are focused on Nd3+-ions doped
solid-state materials [29–32]. Because the optical properties
of Yb:YAG is different from those of Nd-ions doped solid-
state materials, especially the quasi-three-level nature of
Yb:YAG material and the reabsorption of Yb:YAG at laser
wavelength of 1030 nm is totally different form the four-
level system of Nd lasers. Therefore, some theoretical works
on passively Q-switched Yb:YAG lasers with Cr4+:YAG as
saturable absorber have been proposed and the numerical
simulations are in good agreement with experimental data
[33, 34]. However, there are no references which investigate
the effects of concentration and thickness of saturable ab-
sorber on the laser performance (pulse energy, pulse width,
peak power and repetition rate) at fixed pump power in-
tensity. Although good agreements and predictions of laser
performance can be achieved by numerically solving the
coupled rate equations, it is tedious and time-costly. There-
fore, a simple analytical method is needed to predict the
performance of passively Q-switched lasers.

In this paper, motivated by our research work on highly
efficient, high peak power, sub-nanosecond Yb:YAG/Cr4+:
YAG composite ceramics passively Q-switched lasers,
we present the numerical simulations of a laser-diode
pumped Yb:YAG/Cr4+:YAG composite ceramics passively
Q-switched laser. The modified coupled rate equations of
passively Q-switched laser taking accounting into the re-
absorption of Yb:YAG ceramics were given and the nu-
merical solutions of the rate equations agreed well with
the experimental results [27]. The simple analytical method
was used to solve the transcendental equation connect-
ing final inversion population with initial inversion pop-
ulation and threshold inversion population for passively
Q-switched lasers. The effects of the reflectivity of the
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output coupler, concentration and thickness of Cr4+:YAG
ceramic, and pump beam waist on the performance of
the Yb:YAG/Cr4+:YAG composite ceramics passively Q-
switched lasers were investigated analytically. Practical de-
sign guidelines for Yb:YAG/Cr4+:YAG composite ceram-
ics passively Q-switched microchip lasers were given for
achieving high peak power while maintaining high effi-
ciency.

2 Model of passively Q-switched microchip laser

According to the passively Q-switched laser theory [29, 32,
35, 36], the modified coupled rate equations of photon den-
sity, population inversion density of gain medium and the
saturable absorber in the passively Q-switched resonator,
which include the excited-state absorption of the saturable
absorber, the pump term, and the reabsorption loss of quasi-
three-level laser medium, are given by

dφ

dt
= φ

tr

(
2σNl − 2σgNgls − 2σeNels

− ln

(
1

R

)
− L − 2αLl

)
(1)

dN

dt
= −γ σcφN − N

τ
+ Wp (2)

dNg

dt
= −σgcφNg + Ns0 − Ng

τs

(3)

Ng + Ne = Ns0 (4)

where φ is the photon density in the laser cavity of optical
length lc, N is the population inversion density of the gain
medium, σ is the stimulated emission cross section of the
laser medium, tr is the cavity round-trip time, tr = 2lc/c,
l is the length of the laser gain medium, c is the speed of
the light in vacuum, σg and σe are the absorption cross sec-
tions of ground state and excited state of the saturable ab-
sorber, ls is the length of the saturable absorber, Ng and Ne

are the ground state and excited-state population density of
the saturable absorber, respectively, Ns0 is the total popu-
lation density of the saturable absorber; αL is the absorp-
tion coefficient at lasing wavelength of gain medium, R is
the reflectivity of the output coupler, L is the nonsaturable
intracavity round-trip dissipative optical loss, γ is the in-
version reduction factor, γ = 2 for Yb3+ doped three-level
solid-state lasers, Wp is the volumetric pump rate into the
upper laser level and is proportional to the continuous-wave
pump power, Wp = Pp[1 − exp(−αl)]/(hνpApl),Pp is the
incident pump power, hνp is the pump photon energy, Ap is
the pump beam area, α is the absorption coefficient of gain
medium at pump wavelength, τ is the lifetime of the upper

laser level of the gain medium, and τs is the excited-state
lifetime of the saturable absorber.

Because the buildup time of the Q-switched laser pulse is
generally quite short compared with the pumping and relax-
ation time of the gain medium, it is reasonable to neglect the
effect of pumping and spontaneous decay of the laser pop-
ulation inversion density during pulse generation; with this
assumption, (2) becomes,

dN

dt
∼= −γ cσφN (5)

When the photon intensity is low, almost all the popula-
tion of the saturable absorber is in the ground state, hence we
can approximate the initial population inversion density be-
fore saturation of the saturable absorber by setting the right-
hand side of (1) to zero and assume that Ng = Ns0, so the
initial population inversion density can be written as,

Ni = 2σgNs0ls + ln( 1
R

) + L + 2αLl

2σ l
(6)

When the photon intensity is high, most of the popula-
tion in the ground state of the saturable absorber is excited
to the excited state. Therefore, we can approximate the pop-
ulation inversion density after the bleaching of the saturable
absorber by setting the right-hand side of (1) to zero and as-
suming that Ng

∼= 0, and the threshold population inversion
density can be written as,

Nth ∼= 2σeNs0ls + ln( 1
R

) + L + 2αLl

2σ l
(7)

With expression (7) we can rewrite (1) as

dφ

dt
= φ

tr
(2σNl − 2σNthl) (8)

Dividing expression (8) by expression (5) gives,

dφ

dN
= − l

lc

N − Nth

γN
(9)

Equation (9) can be integrated from the time of Q-switch
opening to an arbitrary time t by

∫ φ(t)

φi

dφ = − l

lcγ

∫ N(t)

Ni

(
1 − Nth

N

)
dN (10)

Initial photon density φi is small compared with the value
of φ anytime during the laser output pulse. Hence the solu-
tion of expression (10) is

φ(t) ∼= l

lcγ

[
Ni − N − Nth ln

(
Ni

N

)]
(11)

As can be inferred from expression (8), the photon num-
ber reaches a peak value φpeak when N is equivalent to Nth.
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Hence from expression (11), we have

φpeak ∼= l

lcγ

[
Ni − Nth − Nth ln

(
Ni

Nth

)]

= lNi

lcγ

[
Ni/Nth − 1 − ln(Ni/Nth)

Ni/Nth

]
(12)

Expression (12) indicates that, when Ni/Nth approaches
infinity, the peak photon number approaches the maximum
available population inversion density lNi/ lcγ .

After the release of the Q-switched laser pulse, laser pop-
ulation inversion density N is depleted by the photon flux
and is reduced to a value below Nth. We can derive this fi-
nal population inversion density Nf from expression (11)
by setting φ ∼= 0 because the photon density is small after
the release of the Q-switched laser pulse. Let N = Nf and
φ = 0; then expression (11) becomes

Ni − Nf − Nth ln

(
Ni

Nf

)
= 0 (13)

Expression (13) is transcendental and can be solved nu-
merically. When Ni and Nf are known, the output pulse
energy E, peak power P and pulse width τp of Yb:YAG/
Cr4+:YAG composite ceramics passively Q-switched mi-
crochip laser can be written as [29]

E = hνA

2σγ
ln

(
1

R

)
ln

(
Ni

Nf

)
(14)

P = hνAl

γ tr
ln

(
1

R

)[
Ni − Nth − Nth ln

(
Ni

Nth

)]
(15)

τp ≈ E

P
(16)

where hν is the photon energy, and A is the active area of
the beam in the laser medium.

Expression (11)–(16) may be used to quantitatively eval-
uate the performance of a laser that is passively Q-switched
with a slow-relaxing saturable absorber without actually
executing the numerical calculation. Ni , Nth, Nf are the
population inversion densities at the start of Q-switching,
the point of maximum peak power and the end of the Q-
switched pulse, respectively.

With continuous-wave pumping, the laser will be pas-
sively Q-switched as soon as the gain exceeds the com-
bined saturable and unsaturable losses in the resonator. As
the incident pump power is increased, the laser eventually
reaches a threshold condition and starts to repetitively Q-
switched operation with a time interval between pulses, tc .
For continuous-wave pumped repetitive Q-switching laser at
a repetition rate f , the maximum time available for the in-
version to build up between pulses is tc = 1/f . Therefore,

Fig. 1 The experimental setup of laser-diode pumped Yb:YAG/
Cr4+:YAG composite ceramics passively Q-switched laser. OC is the
output coupler

the initial inversion density of the Q-switch under the influ-
ence of the absorbed pump power can be written as [32]

Ni = Ncw − (Ncw − Nf ) exp

(−1

τf

)
(17)

in order to have the population inversion return to its orig-
inal value after each Q-switch cycle, where Ncw is the
continuous-wave pumping inversion population density in-
side the resonator. Equations (17) and (13) can be solved nu-
merically to obtain the initial inversion density, Ni and final
inversion density, Nf for continuous-wave pumped repeti-
tively Q-switched lasers.

3 Configuration of passively Q-switched microchip
laser

The schematic diagram of a laser-diode end-pumped Yb:
YAG/Cr4+:YAG composite ceramics passively Q-switched
laser is shown in Fig. 1. A monolithic coated Yb:YAG/
Cr4+:YAG composite ceramics was used to form a res-
onator. The Yb3+-ions doping concentration of Yb:YAG
ceramic is CYb, and the Cr ions doping concentration of
Cr4+:YAG ceramic is Cs . The thickness of Yb:YAG ceramic
is l, and the thickness of Cr4+:YAG ceramic is ls , varying
from 0.1 mm to 3.4 mm depending on the doping concen-
tration of Cr ions. Therefore the total thickness of the mono-
lithic Yb:YAG/Cr4+:YAG composite ceramics is l + ls . The
Yb:YAG ceramic surface facing the pump beam was coated
for high reflectivity at 1030 nm and antireflection at pump
wavelength of 940 nm. The other surface of the compos-
ite ceramic was coated with antireflection at 1030 nm to
reduce the intracavity loss. An plane-parallel output cou-
pler with reflectivity of R at 1030 nm was attached tightly
to the Yb:YAG/Cr4+:YAG composite ceramics. Therefore,
the total cavity length, lc, is l + ls . A commercial available
fiber-coupled laser-diode working at central wavelength of
940 nm was used as pump source, the numerical aperture
is 0.22. The Rayleigh length of the pump beam after opti-
cal coupling system is within the range of one centimeter
depending on the focus spots required in the laser system.
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Table 1 The parameters used
for modeling of
Yb:YAG/Cr4+:YAG composite
ceramics passively Q-switched
lasers

Constant Value Ref.

Emission cross section of Yb:YAG
ceramic

σ 2.2 × 10−20 cm2 [21, 40]

Absorption cross section of Cr4+:YAG σg 4.6 × 10−18 cm2 [41–43]

Excited-state absorption cross section of
Cr4+:YAG

σe 8.2 × 10−19 cm2 [43]

Lifetime of Yb:YAG ceramic τ 951 µs [5, 40]

Lifetime of Cr4+:YAG ceramic τs 3.4 µs [43]

Pump photon energy hνp 2.12 × 10−19 J

Laser photon energy hν 1.93 × 10−19 J

Loss L 0.05

Yb3+ ions concentration CYb 10 at%

Cr4+ ions concentration Ns0 5 × 1017 cm−3

Thickness of Yb:YAG ceramic l 1.2 mm

Thickness of Cr4+:YAG ceramic ls 1.5 mm

Pump wavelength λp 940 nm

Laser wavelength λ 1030 nm

Pump beam waist wp 66 µm

Laser beam waist wL 60 µm

4 Numerical simulations

The numerical simulations of laser pulse trains and pulse
profiles of Yb:YAG/Cr4+:YAG composite ceramics pas-
sively Q-switched lasers were done by numerically solv-
ing (1)–(4) with Runge–Kutta method based on the pa-
rameters obtained in the laser experiments [27]. Because
2.7-mm-thick Yb:YAG/Cr4+:YAG composite ceramics [27]
is less than the Rayleigh length of the pump beam used
in the experiments, the effective laser beam area on the
laser gain medium can be assumed to be equal to that on
the saturable absorber for the Yb:YAG/Cr4+:YAG compos-
ite ceramics passively Q-switched microchip laser. And it
is reasonable to assume that the pump beam diameter in-
side the Yb:YAG/Cr4+:YAG composite ceramics does not
change along the pump axis. The parameters used in the nu-
merical simulations are taken from the experimental con-
dition of Yb:YAG/Cr4+:YAG composite ceramics passively
Q-switched lasers [27] and listed in Table 1.

Figure 2(a) shows the numerical stimulation of the
pulse train of the Yb:YAG/Cr4+:YAG composite ceram-
ics passively Q-switched lasers under incident pump power
of 4.5 W. It takes about 235 µs to develop the first Q-
switched laser pulse, the time interval between subsequent
Q-switched laser pulses is about 170 µs, which is shorter
than that required for developing the first laser pulse be-
cause inversion density, N , does not decrease to zero af-
ter the release of the first laser pulse. The repetition rate
is estimated to be 5.7 kHz, which is higher than that of
4 kHz measured in experiments under the same pump power
level [27]. Figure 2(b) is an expanded picture of Fig. 2(a)

near the occurrence of the first laser pulse. When the pho-
ton density inside the laser cavity increases, the loss de-
creases accordingly as a result of the bleaching effect of the
Cr4+:YAG saturable absorber. The photon density reaches
its peak value when the gain equals the cavity loss, i.e.,
when N = Nth = 1.56 × 1020 cm−3, corresponding to the
value calculated by (7). Beyond this point the laser inver-
sion density (gain) is smaller than the total loss of the laser
system, and the Q-switched laser pulse dies out quickly
while the laser inversion population decreases gradually to
a minimum value of ∼8.78 × 1019 cm−3. The increase of
the loss after the release of the Q-switched laser pulse is
due to the relaxation of the saturable absorber population.
The initial laser inversion population required for laser ac-
tion, 2.54 × 1020 cm−3, calculated by (6), is lower than that
obtained by numerical simulation, 2.55 × 1020 cm−3. The
cause of this difference is that we assume that N = Loss/2σ l

in deriving (6), whereas it is required that N > Loss/2σ l

for the laser action to occur. The pulse width (full width at
half-maximum) is about 200 ps, as shown in Fig. 2(b). The
output pulse energy is about 180 µJ, which is calculated by
integration of the Q-switched laser pulse over a time range
covering the entire laser pulse according to the expression
[32]

Eout = hνlAl ln(1/R)

2lc/c

∫ ∞

0
φ(t) dt (18)

so the peak power was determined to be 900 kW. The av-
erage output power of 1 W was obtained at incident pump
power of 4.5 W, corresponding to optical-to-optical effi-
ciency of 22% with respect to the incident pump power.
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Fig. 2 The numerical calculations of laser pulse train and the dynamic
of the pulse development for laser-diode pumped Yb:YAG/Cr4+:YAG
composite ceramics passively Q-switched laser. (a) Evolution of the
photon density, gain inversion density and the loss on the time scale
of the repetition period for pump power of 4.5 W; (b) evolution of the
photon density, gain inversion density and the loss on the time scale of
the pulse width

The calculated pulse energy of 180 µJ and pulse width of
200 ps are in fair agreement with the experimentally ob-
tained pulse energy of 172 µJ and pulse width of 237 ps [27].
The remaining discrepancies between the numerically cal-
culated results and the experimental data may be caused by
the precise concentration of the Cr4+ ions in the Cr4+:YAG
ceramic, the pump beam variation along the thickness of
Yb:YAG/Cr4+:YAG ceramics, and the beam diameter of the
laser output. Furthermore, the thermal lens is one critical
factor for forming stable laser cavity in a plane-parallel res-
onator, and it is not taken into account in the numerical sim-
ulation.

5 Analytical simulations and prediction

Although good agreements and predictions of laser perfor-
mance can be achieved by numerically solving the rate equa-
tions, it is tedious to repetitively calculate the coupled rate
equations to predict the laser performance of passively Q-
switched microchip lasers. Therefore, following simple an-
alytical method was proposed to predict the performance of

passively Q-switched lasers. From (14) and (15), we can see
that the pulse energy and peak power are governed by the
laser beam area, A, reflectivity of output coupler, R, ini-
tial inversion population, Ni , the threshold population in-
version density, Nth, and final inversion population, Nf . Ini-
tial inversion population, Ni , and threshold inversion pop-
ulation density, Nth, are determined by (6) and (7), respec-
tively. Final inversion population, Nf , is related to Ni and
Nth through transcendental equation (13). Ni,Nth, and Nf

are all relative to the initial transmission of saturable ab-
sorber, T0, and reflectivity of output coupler, R. Therefore,
the pulse energy, peak power and pulse width are all de-
termined by the laser beam area, A, reflectivity of output
coupler, R, and initial transmission of saturable absorber,
T0. The transcendental equation (13) can be solved ana-
lytically with the aid of Lambert W-function [37]. Lam-
bert W-function has the property of x = W(x) exp[W(x)]
[38]. Transcendental equation (13) was changed in form as
Ni − Nf = Nth ln(Ni/N th). Then, we took the exponential
on both sides of the equation and changed the form into

−Nth

(
−Nf

Nth

)
exp

(
−Nf

Nth

)
= Ni exp

(
− Ni

Nth

)
(19)

Let W(x) = −Nf /Nth; then (19) becomes

−NthW(x) exp
[
W(x)

] = Ni exp

(
− Ni

Nth

)
(20)

Comparing (20) with x = W(x) exp[W(x)], then, x =
− Ni

Nth
exp(− Ni

Nth
). With expression W(x) = −Nf /Nth,Nf

was obtained as follows,

Nf = −NthW

[
− Ni

Nth
exp

(
− Ni

Nth

)]
(21)

Therefore, effects of doping concentration and thick-
ness of saturable absorber, reflectivity of output coupler
and pump beam diameter on the laser performance of
Yb:YAG/Cr4+:YAG passively Q-switched microchip lasers
can be fully analyzed.

Firstly, the effect of reflectivity of output coupler on
the Yb:YAG/Cr4+:YAG composite ceramics passively Q-
switched lasers was investigated analytically by solving (21).
The incident pump power of 4.5 W was used in the simu-
lations. And the other optical parameters of Yb:YAG/Cr4+:
YAG composite ceramics used in simulations were listed in
Table 1. The corresponding pump power intensity is about
33 kW/cm2, which is higher enough to obtain efficient laser
oscillation at room temperature for Yb:YAG gain medium
[39]. Figure 3 shows the calculated pulse energy, the pulse
width, the peak power, the repetition rate, and the average
output power of Yb:YAG/Cr4+:YAG composite ceramics
passively Q-switched laser as a function of R for different
Cr4+ concentrations. When the thickness of Cr4+:YAG ce-
ramic is fixed to 1.5 mm, the pulse energy decreases with
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Fig. 3 (a) Pulse energy, (b) pulse width, (c) peak power, (d) repetition
rate and (e) average output power as a function of the reflectivity of
output coupler for different concentrations of Cr4+:YAG ceramic un-

der incident pump power of 4.5 W. The solid dots are the experimental
data under incident pump power of 4.5 W taken from Ref. [27]

R for different concentrations of Cr4+:YAG ceramics, the
larger the reflectivity of the output coupler, the lower the
pulse energy. The pulse energy increases with concentra-
tions of Cr4+:YAG ceramic, the higher the concentrations of
Cr4+:YAG ceramic, the higher the pulse energy, as shown
in Fig. 3(a). The effect of Cr4+ concentration on the pulse
energy becomes smaller at high Cr4+ concentration levels
(e.g. Ns0 > 10×1017 cm−3). The pulse width increases with
R when Cr4+ concentration is higher than 5 × 1017 cm−3.
There is an optimum reflectivity of the output coupler (about

62%) to obtain minimum pulse width when Cr4+ concen-
tration is 1 × 1017 cm−3, as shown in Fig. 3(b). Pulse width
decreases with Cr4+ concentration and becomes no sensi-
tive to the Cr4+ concentration at high Cr4+ concentration.
The peak power decreases with R for different concentra-
tions of Cr4+:YAG ceramic. When the reflectivity of output
coupler is fixed, the peak power increases with concentra-
tions of Cr4+:YAG ceramic, the higher the concentration of
Cr4+:YAG ceramic, the higher the peak power, as shown in
Fig. 3(c). The repetition rate increases with R for different
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concentrations of Cr4+:YAG ceramic. When the reflectiv-
ity of output coupler is fixed, the repetition rate decreases
with concentrations of Cr4+:YAG ceramic and is very sen-
sitive to the concentration of Cr4+:YAG ceramic when the
concentrations of Cr4+:YAG ceramic is low, the lower the
concentrations of Cr4+:YAG ceramic, the higher the repeti-
tion rate, as shown in Fig. 3(d). The average output power
decreases with concentrations of Cr4+:YAG ceramic, there
is a optimum reflectivity of the output coupler to achieve the
maximum average output power for different concentrations
of Cr4+:YAG ceramic, as shown in Fig. 3(e). The optimum
reflectivity of the output couplers are 62, 48, 42, 42 and
42% for Ns0 = 1 × 1017, 5 × 1017, 10 × 1017, 15 × 1017,
20 × 1017, cm−3, respectively. The optimum reflectivity of
the output coupler becomes smaller with concentration of
Cr4+:YAG ceramic. The optimum reflectivity of the out-
put coupler nearly keeps constant when the concentration
of Cr4+:YAG ceramic is higher than 5 × 1017 cm−3. From
Fig. 3, we can see that there is an optimum reflectivity of
the output coupler to obtain the maximum average out-
put power, therefore, the reflectivity of the output coupler
should be chosen based on the highest optical-to-optical ef-
ficiency, e.g. the highest average output power achievable
under certain doping concentration of Cr4+:YAG ceramic.
The simulated results show that a better Yb:YAG/Cr4+:YAG
passively Q-switched laser, such as short pulse width, high
pulse energy output and high average output power, can be
obtained by choosing a Cr4+:YAG ceramic saturable ab-
sorber with high Cr4+ concentration and with suitable re-
flectivity of output coupler (around 50%).

From Fig. 3, for Cr4+ concentration of 5 × 1017 cm−3,
laser pulse with over 184 µJ pulse energy, pulse width of
238 ps at repetition rate of 4 kHz was obtained when R is
set to 50%, which was corresponding to the experimental
conditions of Yb:YAG/Cr4+:YAG composite ceramics pas-
sively Q-switched lasers. The corresponding peak power of
over 0.77 MW was achieved. The average output power of
730 mW was obtained at incident pump power 4.5 W, the
corresponding optical-to-optical efficiency of 23% with re-
spect to the absorbed pump power can be obtained. These
calculated results are in good agreement with the experi-
mental pulse energy of 172 µJ, pulse width of 237 ps, and
peak power of 0.72 MW [27]. The calculated laser character-
istics of Yb:YAG/Cr4+:YAG composite ceramics passively
Q-switched microchip lasers with Lambert W-function are
more accurate comparing to the simulation results by nu-
merically solving coupled rate equations. Therefore, solving
transcendental equation analytically with the aid of Lambert
W-function is a more effective and simple way to analyze the
laser performance of passively Q-switched solid-state lasers.

Secondly, the effect of the thickness of Cr4+:YAG ce-
ramic on the laser performance of Yb:YAG/Cr4+:YAG com-
posite ceramics passively Q-switched laser was investigated

analytically. When the concentration of Cr4+:YAG ceram-
ics is fixed, the thickness of the Cr4+:YAG ceramic governs
the initial transmission of saturable absorber, and the initial
transmission of saturable absorber decreases with the thick-
ness of Cr4+:YAG ceramic. Figure 4 shows the pulse energy,
pulse width, peak power, repetition rate and average output
power as a function of the thickness of Cr4+:YAG ceramic
for different concentrations of Cr4+:YAG ceramics when the
reflectivity of output coupler was set to 50%. The incident
pump power of 4.5 W and pump beam diameter of 132 µm
were used in the calculation, and the corresponding pump
power intensity is about 33 kW/cm2.

From Fig. 4(a), the pulse energy increases with thick-
ness of Cr4+:YAG ceramic for different Cr4+ concentra-
tions, the higher the Cr4+ concentration, the higher the out-
put pulse energy. For Cr4+:YAG with high Cr4+ concen-
tration, the pulse energy is limited by inversion popula-
tion provided by the pump power used in the simulation
(4.5 W) to overcome the laser oscillation threshold owing
to the low initial transmission of thick Cr4+:YAG. As in-
dicated in Fig. 4(b), the pulse width is very sensitive to
the length of Cr4+:YAG ceramic and varies from several
ns to 0.5 ns rapidly with thickness of Cr4+:YAG ceramic
when the thickness of Cr4+:YAG ceramic is shorter than
0.5 mm. The pulse width decreases slowly with the thick-
ness of Cr4+:YAG ceramic when the thickness of Cr4+:YAG
ceramic is larger than 0.5 mm for different Cr4+ concen-
trations. The peak power increases with the thickness of
Cr4+:YAG ceramic for different Cr4+ concentrations, the
higher the Cr4+ concentration, the higher the peak power,
as shown in Fig. 4(c). The repetition rate decreases dramat-
ically with the thickness of Cr4+:YAG ceramic when the
thickness of Cr4+:YAG ceramic is less than 0.5 mm and then
decreases slowly with thickness of Cr4+:YAG ceramic for
different Cr4+ concentrations, the higher the Cr4+ concen-
tration, the lower the repetition rate, as shown in Fig. 4(d).
The average output power decreases with the thickness of
Cr4+:YAG ceramic for different Cr4+ concentrations, and
this effect becomes remarkable for high Cr4+ concentra-
tions, as shown Fig. 4(e). From Fig. 4, we can also see
that the same pulse energy can be achieved with differ-
ent combinations of Cr4+ concentrations and thicknesses of
Cr4+:YAG ceramic. Higher output pulse energy can be real-
ized with thick saturable absorber and high Cr4+ concentra-
tion if enough pump power is provided.

The output pulse energy of Yb:YAG/Cr4+:YAG compos-
ite ceramics passively Q-switched lasers is not only gov-
erned by reflectivity of output coupler and initial transmis-
sion of the Cr4+:YAG ceramic, but also is proportional to
laser beam area, according to (14). Therefore, the pulse en-
ergy can be further scaled by increasing the pump beam di-
ameter when the initial transmission of saturable absorber
and reflectivity of the output coupler are fixed. Laser beam



Optimization of Yb:YAG/Cr4+:YAG composite ceramics passively Q-switched microchip lasers 757

Fig. 4 (a) Pulse energy, (b) pulse width, (c) peak power, (d) repetition rate and (e) average output power as a function of the thickness of
Cr4+:YAG ceramic under incident pump power of 4.5 W

diameter is relative to the pump beam diameter. Yb:YAG is a
quasi-three-level system, it requires high pump power inten-
sity to achieve efficient laser oscillation at room temperature
[39]. For efficient laser oscillation, the pump power intensity
should be high enough to overcome the threshold of pas-
sively Q-switched laser, therefore, the high pump power in-
tensity is required for quasi-three-level Yb:YAG/Cr4+:YAG
composite ceramics passively Q-switched laser. To achieve
high output pulse energy, pump beam diameter should be
increased under the condition of certain pump power in-
tensity. Figure 5 shows the pulse energy, pulse width, peak

power, repetition rate and average output power as a func-
tion of pump beam waist for different Cr4+ concentrations.
The pump power intensity is 33 kW/cm2. The thicknesses
of Yb:YAG part and Cr4+:YAG part in Yb:YAG/Cr4+:YAG
composite ceramics are 1.2 mm and 1.5 mm. Yb doping con-
centration is 10 at.%. The reflectivity of the output coupler
is 50% based on the laser performance obtained in Fig. 3(b).

Figure 5(a) shows the pulse energy increases with pump
beam waist for different Cr4+ concentrations, the higher
the Cr4+ concentration, the higher the pulse energy achiev-
able. Pulse energy increases slowly with Cr4+ concentra-



758 J. Ma et al.

Fig. 5 (a) Pulse energy, (b) pulse width, (c) peak power, (d) repetition
rate, and (e) average output power as a function of pump beam waist
for different Cr4+ concentration. The pump intensity is 33 kW/cm2 and

the thickness of Yb:YAG and Cr4+:YAG parts in Yb:YAG/Cr4+:YAG
composite ceramics are 1.2 mm and 1.5 mm, respectively; reflectivity
of the output coupler is 50%

tion at high Cr4+ concentration levels for the same pump
beam waist. For the constant pump power intensity, the
pulse width does not change with pump beam waist for
different Cr4+ concentrations, the higher the Cr4+ concen-
tration, the shorter the pulse width, as shown in Fig. 5(b).
The pulse width decreases with Cr4+ concentration, and
is not sensitive to Cr4+ concentration when Ns0 is greater
than 5 × 1017 cm−3. The peak power increases with pump
beam waist for different Cr4+ concentrations, the higher the
Cr4+ concentrations, the higher the peak power, as shown

in Fig. 5(c). Owing to the constant pump power intensity
used in the simulations, the repetition rate dose not change
with the pump beam waist for different Cr4+ concentrations,
the higher the Cr4+ concentration, the lower the repetition
rate, as shown in Fig. 5(d). Average output power increases
with pump beam waist for different Cr4+ concentrations, the
higher the Cr4+ concentration, the lower the average output
power, as shown in Fig. 5(e).

From the relationship of the pulse energy as functions
of the reflectivity of the output coupler and the thickness
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of the saturable absorber, as shown in Figs. 3(a) and 4(a),
the higher pulse energy can be obtained by using lower
initial transmission of the saturable absorber and lower
reflectivity of the output coupler. However, for a practi-
cal design of a compact, monolithic Yb:YAG/Cr4+:YAG
composite ceramics passively Q-switched laser, adequate
pump power should be absorbed by the gain medium to
make the laser more efficient, and the loss of the cavity
should be kept as low as possible. From Fig. 5, we can see
that Yb:YAG/Cr4+:YAG composite ceramics with 1.2-mm-
thick-Yb:YAG and 1.5-mm-thick Cr4+:YAG can generate
laser pulses with pulse energy of 0.67 mJ, pulse width of
130 ps, peak power of over 5.1 MW for Cr4+:YAG saturable
absorber with Ns0 = 10 × 1017 cm−3. The laser works at
2 kHz, and the average output power of 1.3 W can be gen-
erated with 10.6 W incident pump power and pump beam
waist of 100 µm; the optical-to-optical efficiency is about
13% with respect to the incident pump power; optical-to-
optical efficiency of over 18% can be achieved with respect
to the absorbed pump power. For Cr4+:YAG saturable ab-
sorber with Ns0 = 5 × 1017 cm−3, laser pulse with pulse
energy of 0.42 mJ and pulse width of 238 ps, resulting peak
power of over 1.7 MW can be achieved. The laser works at
4 kHz, the average output power of 1.68 W can be generated
with 10.6 W incident pump power and pump beam waist of
100 µm; the optical-to-optical efficiency is about 16% with
respect to the incident pump power; optical-to-optical effi-
ciency of over 23% can be achieved with respect to the ab-
sorbed pump power.

From these results, we can see that there is a trade-
off between laser efficiency and laser characteristics such
as pulse energy, pulse width, peak power for laser-diode
pump Yb:YAG/Cr4+:YAG composite ceramics passively Q-
switched laser. The same pulse energy can be achieved by
using different combination of the Cr4+ concentration and
thickness of Cr4+:YAG ceramic. The pulse width is not
sensitive to the Cr4+ concentration when the thickness of
Cr4+:YAG ceramic is longer than 0.5 mm, as shown in
Fig. 4(b). Therefore, better laser performance (short pulse
width and high peak power) and good laser efficiency can be
achieved by using thin Cr4+:YAG ceramic with high doping
concentration and suitable reflectivity of the output coupler.

6 Conclusions

The laser performance of laser-diode end-pumped
Yb:YAG/Cr4+:YAG composite ceramics passively
Q-switched laser were investigated by numerically solv-
ing the modified coupled rate equations including the pump
rate term and the excited-state absorption of the saturable
absorber of Yb:YAG/Cr4+:YAG composite ceramics pas-
sively Q-switched lasers. The laser characteristics of the

passively Q-switched lasers as functions of reflectivity of
the output coupler, thickness of Cr4+:YAG and pump beam
waist were studied analytically by solving the transcen-
dental equation with the aid of Lambert W-function. For
Yb:YAG/Cr4+:YAG composite ceramics, optimization of
the laser performance can be done by choosing suitable
reflectivity of the output coupler, varying the thickness of
Cr4+:YAG ceramic and using proper pump beam waist un-
der certain pump power intensity. There is a trade-off be-
tween laser characteristics and laser efficiency. The high
pulse energy can be obtained with lower reflectivity of
the output coupler and lower initial transmission of the
saturable absorber. Better laser performance (high peak
power and high efficiency) can be achieved using a thin
Cr4+:YAG ceramic with high Cr4+ concentration, and the
suitable reflectivity of the output coupler. The laser char-
acteristics can be predicted by varying the parameters of
Yb:YAG/Cr4+:YAG passively Q-switched microchip lasers,
this is important for the development of efficient laser-diode
pumped Yb:YAG/Cr4+:YAG composite materials passively
Q-switched laser used in various applications such as remote
ranging, pollution monitoring, laser ignition for engines, and
so on.
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