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Abstract

Passively Q-switched Yb:YAG lasers with Cr4þ:YAG as saturable absorber is numerically studied by solving the

coupled rate equations. The stimulation results indicate that the results obtained numerically are in good agreement

with those obtained experimentally. From the stimulation results, the parameters (reflectivity of the output coupler, the

concentration of the saturable absorber, etc.) for the best Q-switched operation can be obtained. And the effect of pump

power on the laser performance of passively Q-switched Yb:YAG lasers were studied systematically and results show

that the good laser performance can be achieved by higher pump power. A typical passively Q-switched laser pulse of

0.49 mJ with 32 ns in width at the repetition rate of 17 kHz can be obtained with a typical laser configuration, which

results in 15.3 kW peak power.
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1. Introduction

Laser diode (LD) pumped passively Q-switched

solid-state lasers are currently explored extensively

and used as miniature or micro-lasers capable of
delivering high peak power (�kW to MW) at high
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repetition rates and short nanosecond (ns) or sub-

nanosecond pulse width. These lasers can be po-

tentially used in micromachining, remote sensing,

target ranging, and microsurgery, etc. Most of the

work on passively Q-switched microchip lasers has
concentrated on laser diode pumped Nd lasers

with a Cr4þ:YAG as saturable absorber [1,2]. In

recent years, passively Q-switched Yb:YAG lasers

using Cr4þ:YAG as saturable absorber have been

reported [3,4]. Compared to Nd ions in laser

crystals, Yb ion is ideally suited for diode pumping
ed.
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since it has a very simple energy level scheme with

desirable properties for a laser system. Further-

more, diode pumped Yb:YAG lasers have several

advantages relative to Nd:YAG lasers, such as a

long storage lifetime (951 ls) [5] which is suitable

for storing energy and Q-switching operation, a
very low quantum defect (8.6%), resulting in three

times less heat generation during lasing than

comparable Nd-based laser systems [6], large ab-

sorption width around the InGaAs laser emission

range [7], a relatively large emission cross-section,

easy growth of high quality and moderate con-

centration crystal without concentration quench-

ing, and strong energy-storing capacity. Another
advantage of using Yb:YAG is that the 940-nm

absorption feature is approximately 18 times

broader than the 808 nm absorption feature in

Nd:YAG and therefore the Yb:YAG system is less

sensitive to diode wavelength specifications [8].

Q-switched operation of Yb:YAG lasers by using

the electro-optic switch [9] and semiconductor

saturable absorber mirror (SESAM) [10] were also
reported. Dong et al. [3] first reported passively

Q-switched Yb:YAG laser with Cr4þ:YAG as satu-

rable absorber and obtained 3.2 lJ/pulse output

energy with pulse width of 350 ns at 17 kHz rep-

etition rate. Kalisky et al. [4] reported laser diode

pumped passively Q-switched Yb:YAG lasers with

Cr4þ-doped garnets as saturable absorber, and

obtained about 0.5 mJ/pulse output energy with
pulse width of about 48 ns, resulting peak power

around 10.4 kW.

There are a number of publications dealing with

modeling of passively Q-switched Nd3þ lasers with

Cr4þ as saturable absorber [11–15], for simplicity,

in their analysis of the output pulse characteristics

(pulse energy, peak power and pulse width), they

ignores the pump power effects on the output pulse
characteristics. In real life, the Q-switched laser

pulse characteristics are varied with the pump

power. To more accurately stimulate the behavior

of the passively Q-switched laser pulse, the pump

power term should be included in the rate equa-

tion, the actual solution to the Q-switched rate

equations can be achieved by solving the rate

equations numerically. In this paper, the optical
performance of the passively Q-switched Yb:YAG

laser with Cr4þ:YAG as saturable absorber was
theoretically investigated by solving the coupled

rate equations, and effects of pump rate, reflectiv-

ity of the output coupler, the concentration of the

saturable absorber and the laser cavity length on

the performance of passively Q-switched Yb:YAG

laser with Cr4þ:YAG as saturable absorber are
addressed.
2. Passively Q-switching theory

According to the passively Q-switched theory

[11,13,14], the modified coupled rate equations of

photon density and population inversion density
of gain medium and the saturable absorber in the

passively Q-switched resonator, which includes the

excited-state absorption of the saturable absorber,

the pump term and the population reduction

factor of the laser, are as follows:

d/
dt

¼ /
tr

2rNl
�

� 2rgNgls � 2reNels

� ln
1

R

� �
� L

�
; ð1Þ

dN
dt

¼ �crc/N � N
s
þ Wp; ð2Þ

dNg

dt
¼ �rgc/Ng þ

Ns0 � Ng

ss
; ð3Þ

Ng þ Ne ¼ Ns0; ð4Þ

where / is the photon density in the laser cavity

of optical length l0, N is the population inversion

density of the gain medium, r is the stimulated

emission cross-section of the laser crystal, tr is the
cavity round-trip time, tr ¼ 2l0=c, l is the length

of the laser crystal, c is the speed of the light, rg

is the absorption cross-section of ground state of

the saturable absorber, re is the absorption cross-

section of the excited state, ls is the length of the

saturable absorber, Ng and Ne are the absorber

ground state and excite state population density,

respectively, Ns0 is the total population density of

the saturable absorber, R is the reflectivity of the

output coupler, L is the nonsaturable intracavity
round-trip dissipative optical loss, c is the inver-

sion reduction factor, c ¼ 2 for Yb3þ-doped

three-level solid state lasers, Wp is the volumetric
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pump rate into the upper laser level and is pro-

portional to the CW pump power, s is the life-

time of the upper laser level of the gain medium,

ss 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 relaxation times of the gain

medium, it is reasonable to neglect the effect of

pumping and spontaneous decay of the laser

population inversion density during pulse genera-

tion, with this assumption, Eq. (2) becomes,

dN
dt

ffi �crc/N : ð5Þ

When the photon intensity is low, almost all the

population of the saturable absorber is in the

ground state, hence we can approximate the initial
population inversion density before saturation of

the saturable absorber by setting the right-hand

side of Eq. (1) to zero and assume that Ng =Ns0, so

initial population inversion density can be written

as,

Ni ¼
2rgNs0ls þ lnð1=RÞ þ L

2rl
: ð6Þ

When the photon intensity is high, most of the

population in the ground state of the saturable

absorber is excited to the excited state. Therefore,

we can approximate the population inversion

density after the bleaching of the saturable ab-

sorber by setting right hand side of Eq. (1) to zero

and assuming that Ng ffi 0, the threshold popula-
tion inversion density can be written as,

Nth ffi
2reNs0ls þ lnð1=RÞ þ L

2rl
: ð7Þ

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

d/
dt

¼ /
tr

2rNlð � 2rNthlÞ: ð8Þ

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

d/
dN

¼ � l
l0
N � Nth

cN
: ð9Þ

Eq. (9) can be integrated from the time of Q-switch

opening to an arbitrary time t as follows:
Z /ðtÞ

/i

d/ ¼ � l
l0c

Z NðtÞ

Ni

1

�
� Nth

N

�
dN : ð10Þ

Initial photon density /i is small compared with

the value of / anytime during the laser output

pulse. Hence the solution of expression (10) is

/ðtÞ ffi l
l0c

Ni

�
� N � Nth ln

Ni

N

� ��
: ð11Þ

As can be inferred from expression (8), the photon

number reaches a peak value /peak when N is

equivalent to Nth. Hence from expression (11), we

have

/peak ffi
l
l0c

Ni

�
� Nth � Nth ln

Ni

Nth

� ��

¼ lNi

l0c
Ni=Nth � 1� ln Ni=Nthð Þ

Ni=Nth

� �
: ð12Þ

Expression (12) indicates that, when Ni=Nth

approaches to infinity, the peak photon number

approaches the maximum available population

inversion density lNi=l0c.
After the release of the Q-switched laser pulse,

laser population inversion density N is depleted by

the photon flux and is reduced to a value below
Nth. We can derive this final population inversion

density Nf from expression (11) by setting / ffi 0

because the photon density is small after the re-

lease of the Q-switched laser pulse. Let N ¼ Nf and

/ ¼ 0 then expression (11) becomes,

Ni � Nf � Nth ln
Ni

Nf

� �
¼ 0: ð13Þ

Expression (13) is transcendental and can be

solved numerically. When Ni and Nf are known,

the output pulse energy E, peak power P and pulse

width sp of passively Q-switched Yb:YAG laser

can be written as [16]:

E ¼ hmA
2rc

ln
1

R

� �
ln

Ni

Nf

� �
; ð14Þ

P ¼ hmAl
ctr

ln
1

R

� �
Ni

�
� Nth � Nth ln

Ni

Nth

� ��
;

ð15Þ



Table 1

The spectral parameters of Yb:YAG and Cr4þ:YAG used in

numerical simulations

rg 3.2� 10�18 cm2 [4]

re 4.5� 10�19 cm2 [4]

r 2.3� 10�20 cm2 [4]

s 951 ls [3,4]
ss 3.4 ls
c 2

hmp 2.112� 10�19 J

hm 1.93� 10�19 J
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sp �
E
P
; ð16Þ

where hm is the photon energy, A is the active area

of the beam in the laser medium.

Expression (11)–(16) may be used to quantita-

tively evaluate the optical 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 popula-

tion inversion densities at the start of Q-switching,
the point of maximum power and the end of the

Q-switched pulse, respectively.

With continuous-wave pumping, the laser will

passively Q-switched as soon as the gain exceeds

the combined saturable and unsaturable losses in

the resonator. As the incident pump power is in-

creased, the laser eventually reaches a threshold

condition and begins to repetitively Q-switched
with a time interval between pulses, tc. The pulse

energy and pulse repetition rate will be increased

and the pulse width will be decreased with further

increasing of the incident pump power.

For continuous-wave pumped repetitive

Q-switching laser at a repetition rate f, the maxi-

mum time available for the inversion to build up

between pulses is tc ¼ 1/f. Therefore, the initial
inversion density of the Q-switch under the influ-

ence of the absorbed pump power can be written

as [17]:

Ni ¼ Ncw � Ncwð � NfÞ exp
�1

sf

� �
ð17Þ

in order to have the inversion return to its original

value after each Q-switch cycle, where Ncw is the

continuous-wave pumping inversion density inside

the resonator, Ncw ¼ Wps, Wp is the volumetric
pump rate into the upper laser level and is pro-

portional to the continuous-wave pump power,

Wp ¼ ðPp 1� exp �2alð Þ½ �Þ=ðhmpAplÞ, Pp is the inci-

dent pump power, hmp is the pump photon energy,

Ap is the pump beam area, a is the absorption

coefficient of gain medium at pump wavelength, l

is the length of the gain medium. Eqs. (17) and (13)

can be solved numerically to obtain the initial in-
version density, Ni and final inversion density, Nf

for continuous-wave pumped repetitively Q-swit-

ched lasers.
3. Numerical stimulation

The spectral parameters of Yb:YAG and

Cr4þ:YAG used for numerical stimulation of

Cr4þ:YAG passively Q-switched Yb:YAG laser
are taken from [3,4] and listed in Table 1. The

ground sate absorption cross-section of Cr4þ:YAG

(3.2� 10�18 cm2) is substantially greater than the

emission cross-section of Yb:YAG (2.3� 10�20

cm2) at laser wavelength of 1.03 lm. Therefore,

assuming that the effective laser beam area on the

laser gain medium equal to that on the saturable

absorber (this is reasonable for our case for
Cr4þ:YAG crystal is tightly bonded with Yb:YAG

crystal), passively Q-switched Yb:YAG lasers

using Cr4þ:YAG as saturable absorber is satisfied

with the second threshold condition [11]. In a

previous work, we experimentally demonstrated

Ti:sapphire laser pumped passively Q-switched

Yb:YAG laser with a Cr4þ:YAG as saturable ab-

sorber [3]. A single Q-switched laser pulse of 3.2 lJ
in energy and 350 ns in duration at laser wave-

length of 1.03 lm was obtained. The schematic

diagram for the passively Q-switched Yb:YAG

laser experiments is shown in Fig. 1(a), which

consists of a 23-cm-long fold-shaped laser reso-

nator with a flat output coupler of total reflectivity

at 940 nm and an 97% reflectivity at laser wave-

length of 1.03 lm.
According to Eq. (1), the loss of the Q-switched

laser can be defined as

Loss �
2rgNgls þ 2reNels þ ln 1

R

� �
þ L

2rl
: ð18Þ

Fig. 2 show the results of the numerical stimu-
lation for the passively Q-switched Yb:YAG lasers



Fig. 2. Inversion density N, total loss of laser cavity, Loss and

photon density, / as functions of time.

Fig. 1. Schematic diagrams of passively Q-switched Yb:YAG laser with Cr4þ:YAG saturable absorber.

Fig. 3. Inversion density N, total loss of laser cavity, Loss and

photon density, / at the first Q-switched pulse as functions of

time.
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with Cr4þ:YAG as saturable absorber, obtained by

solving Eqs. (1)–(3) with the Runge–Kutta method

when pump rate Wp ¼ 9� 1023 s�1 cm�3 and the
other parameters are as follows: R ¼ 97%, the in-

tracavity loss is estimated to be 5%, the initial

ground state population density, Ns0, is 4.5� 1016

cm�3. It takes about 74 ls to develop the first

Q-switched laser pulse, the time interval between

subsequence Q-switched laser pulses is about 52

ls, which is shorter than that required for devel-
oping the first laser pulse because inversion den-

sity, N, does not decrease to zero after the release

of the first laser pulse. The repetition rate can be

estimated to be 19 kHz. Fig. 3 is an expanded

picture of Fig. 2 near the occurrence of the first

laser pulse. When the photon density inside the

laser cavity increases, the loss decreases accord-
ingly as a result of the bleaching effect of

Cr4þ:YAG saturable absorber. The photon density

reaches its peak value when the laser inversion



Fig. 4. The variation of Q-switched pulse energy, pulse width

and repetition rate with pump rate for different concentrations

of saturable absorber.
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population equals to the cavity loss, i.e., when

N ¼ Loss ¼ 3:8� 1019 cm�3, corresponding to

the value calculated by Eq. (7). Beyond this point

the laser inversion density (gain) is smaller than

the total loss of the laser system, and the Q-swit-

ched laser pulse dies out quickly while the laser
inversion population decreases gradually to a

minimum value of �2.1� 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 ab-

sorber population. The initial laser inversion pop-

ulation required for laser action, 5.3� 1019 cm�3,

calculated with Eq. (6), is lower than that obtained

by numerical simulation, 6.5� 1019 cm�3. The
cause of this difference is that we assume that N ¼
Loss in deriving the Eq. (6), whereas it is required

that N > Loss for the laser action to occur. From

Fig. 3, the pulse width (full width at half-maxi-

mum) is about 248 ns, the output pulse energy

(calculated by integration of the Q-switched laser

pulse over a time range covering the entire laser

pulse) is about 3.7 lJ, so the peak power can be
determined to be 15 W.

The pump power has a great effect on the

Q-switched laser performance, Fig. 4 shows the

Q-switched Yb:YAG laser pulse energy, pulse

width and repetition rate as functions of the pump

rate, Wp, at 1.03 lm with reflectivity of output

coupler, R ¼ 0:97 and different concentrations of

the saturable absorbers, Ns0. From Fig. 4(a), the
Q-switched laser pulse energy increase with the

pump rate for different concentration satura-

ble absorber, the higher the concentration of satu-

rable absorber (for the same length of the

saturable absorber), and the higher pulse energy

obtained. The pulse width decrease with the in-

crease of pump rate for different concentration of

saturable absorber, the higher the concentration of
saturable absorber, the shorter the pulse width (as

shown in Fig. 4(b)). At the lower pump rate near

the pump threshold, the pulse width decreases

dramatically (Fig. 4(b)) and pulse energy increase

dramatically (Fig. 4(a)) with the pump rate. In the

higher pump rate, the pulse energy increases slowly

and pulse width decreases slowly with the pump

rate. It is obvious that a better Q-switched laser
performance can be achieved by using a high

pumping rate, as expected from the theory.
Fig. 4(c) shows that repetition rate increases nearly

linearly with the pump rate, the higher the con-

centration of saturable absorber, the lower the

repetition rate.
The reflectivity of output coupler also has great

impact on the Q-switched laser characteristics,

Fig. 5 shows the pulse energy, pulse width and

repetition rate as a function of reflectivity of out-

put coupler for different concentration of saturable

absorber, the pump rate, Wp ¼ 9� 1023 s�1 cm�3,

and the other parameters remain the same. The

Q-switched pulse energy increases and the pulse
width decreases for a specific reflectivity of output

coupler when the concentration of saturable ab-

sorber increases. The results show that a better

passively Q-switched Yb:YAG laser performance

with Cr4þ:YAG as saturable absorber, such as a

short pulse width and a high pulse energy output,



Fig. 5. The Q-switched pulse energy, pulse width and repetition

rate as a function of reflectivity of the output coupler for dif-

ferent concentrations of the saturable absorber.
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can be realized by using a thicker saturable ab-

sorber or a higher concentration saturable ab-
sorber. From Fig. 5(a), the Q-switched pulse

energy decreases dramatically when the reflectiv-

ity of output coupler is high, especially when the

reflectivity is close to unity, because the out-

put energy relates directly to the amount of the

output coupling. With different concentration of

Cr4þ:YAG saturable absorber, the higher the con-

centration of saturable absorber or the thicker the
saturable absorber, the higher the pulse energy

obtained. The pulse energy nearly keeps the con-

stant when the reflectivity is in the range from 50%

to 70% for a specific concentration of the saturable

absorber. As indicated in Fig. 5(b), there is an

optimum reflectivity of output coupler with which

the shortest pulse width of Q-switched Yb:YAG

lasers can be achieved. The optimum reflectivity of
output couplers are about 81%, 85% and 88%

for three different concentrations from high to low

of Cr:YAG saturable absorbers. The pulse width

increases dramatically with the reflectivity of out-

put coupler when the reflectivity of output cou-

pler is close to the unity. From Fig. 5(a) and (b),
parameters for the best passively Q-switched

Yb:YAG laser performance such as the higher

peak power can be obtained, the reflectivity of

output coupler to realize the higher peak power

output should be in near 70%. The Q-switched

pulse repetition rate increases with the reflectivity

of the output coupler, the higher the concentration

of the saturable absorber, the lower the repetition
rate for a certain reflectivity of the output coupler

(as shown in Fig. 5(c)).

The better performance of passively Q-switched

Yb:YAG laser with Cr4þ:YAG as saturable ab-

sorber can be achieved by using shorter laser

cavity, which will result in short pulse duration, so

the higher peak power output. In [4], the short

laser cavity of 52 mm (Fig. 1(b)) was used and
better laser performance was obtained. The pas-

sively Q-switched laser performance of laser diode

pumped Yb:YAG laser was investigated in detail

below. Using the parameters given in [4], such as

the reflectivity of the output coupler, R ¼ 85%, the

cavity length is 52 mm, the intracavity loss is es-

timated to be 8%, the initial ground state popu-

lation density, Ns0 ¼ 4:12� 1017 cm3, and length of
the saturable absorber is 0.85 mm. The coupled

rate equations Eqs. (1)–(3) were solved numeri-

cally, Fig. 6 shows the numerical simulation of

the passively Q-switched laser including pulse en-

ergy, pulse width and repetition rate as func-

tions of pump rate. From Fig. 6, we can see that

the numerical results are in good agreement with

the experimental results. Good laser performance
of passively Q-switched Yb:YAG lasers with

Cr4þ:YAG as saturable absorber can be achieved

by using high concentration Cr4þYAG or thicker

Cr4þ:YAG saturable absorber, higher pump rate

and shorter laser cavity with an optimum reflec-

tivity of the output coupler. For this kind of laser

cavity design, the second-harmonic generation can

be easily realized by insert a certain second-har-
monic generation crystal inside the laser cavity.

These numerical simulation of laser performance



Fig. 6. The output characteristics of passively Q-switched

Yb:YAG laser performance as a function of pump rate with

short laser cavity.
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of passively Q-switched Yb:YAG lasers with
Cr4þ:YAG as saturable absorber and experimental

results can be a good guideline for developing high

power output passively Q-switched microchip

Yb:YAG lasers or the second-harmonic laser

output of such microchip lasers.
4. Conclusions

The passively Q-switched Yb:YAG lasers with

Cr4þ:YAG as saturable absorber were investigated

in theory. The modified coupled rate equations

including the pump term and the excited sate

absorption of the saturable absorber of passively

Q-switched Yb:YAG lasers with Cr4þ:YAG as

saturable absorber are solved numerically. The
characteristics of the passively Q-switched laser
output as functions of the initial population of the

ground state of the Cr4þ:YAG saturable absorber,

the pump rate, the reflectivity of the output cou-

pler and the cavity length are studied in details.

The simulation results show that the results ob-

tained numerically are in good agreement with
those obtained experimentally. The better laser

performance can be achieved by using high con-

centration or thicker saturable absorber, higher

pump rate and shorter laser cavity with an opti-

mum reflectivity of the output coupler. A typical

passively Q-switched laser pulse of 0.49 mJ with 32

ns in width at the repetition rate of 17 kHz can be

obtained with a typical laser configuration (Fig. 1
(b)), which results in 15.3 kW peak power.
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