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Abstract. We have numerically investigated, for the first time, the optical performance and characteristics of diode-
end-pumped passively Cr*t:YSO Q-switched solid-state Cr3+ :LiSAF lasers using a rate equation system extended to
multi-wavelength. Homogeneously broadened emission spectra of the laser crystal and broad absorption spectra of
Cr*+:YSO saturable absorber have been respected in the investigation. A tunable passively Q-switched laser opera-
tion is also developed with a birefringent filter plate used as an intracavity selective element. As a result, improved
understanding of passively Q-switched Cr**:YSO solid-state Cr* :LiSAF lasers has been obtained in broadband and
tunable laser operations. Characteristics of the tunable passively Q-switched Cr3+ :LiSAF laser were demonstrated
to be clearly dependent on wavelength. The spectro-temporal evolution of a single pulse emitted from the passively
Q-switched CrP :LiSAF laser has been reported.
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I. INTRODUCTION

Many applications such as LIDAR, remote sensing, nonlinear frequency conversion and
material processing require high-energy laser pulses with pulse width in the nanosecond range [1].
For obtain such short laser pulses of high peak power, Q- switching techniques can be used. In
Q-switched laser operation, resonator losses can be switched by using active or passive modula-
tion schemes [2]. Compared to active Q-switching, passive Q-switching has been more widely
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used to develop lower-cost and compact Q-switched lasers. In passively Q-switched lasers, the
resonator losses are modulated with saturable absorber, semiconductor saturable absorber mirror
(SESAM) [2-12]. Many durable solid-state saturable absorbers have been reported to work ef-
fectively for the solid-state laser at various wavelengths. The Cr*t:Y,Si0Os (Cr:YSO) has been
shown to be an effective saturable absorber to Q switch the ruby laser, the alexandrite laser, and
the Cr3T:LiCaAlFg (Cr:LiCAF) laser [10-12]. Some of the important material properties and
parameters of Cr:YSO are shown in Table 1.

The Cr:LiSAF solid-state laser, discovered by Payne et al. at firstly in 1989 [14], has a
broad gain band from 780 nm to 920 nm. The Cr:LiSAF has been paid great attention in the
tunable and shortly pulsed laser technology [3—13,15-18]. The Cr:LiSAF has a long fluorescence
lifetime (67 us) and an effective Q-switched operation with the peak wavelength of the free-
running laser spectrum is near 850 nm [2, 16, 19]. The Cr:LiSAF exhibits a broad emission
spectrum, long lifetime of the upper laser level, low nonlinear refractive index, and low excited-
state absorption that make it a unique source for tunable or short pulse lasers. The LiSAF host
crystal is uniaxial and the Cr’* emission is strongly 7-polarized (E//c). The peak of the T, —*A,
emission spectrum occurs at 830 nm and has a cross-section of 4.8 x 1072° cm?. It has been
assumed that Cr>* ions in LiSAF crystal have a homogeneously broadened emission line for the
4T, — *A, transition [14]. Owing to the internal absorption caused by 4A> — *T, transitions, the
laser emission spectrum is red-shifted to be peaked near 850 nm. Some of the important material
properties of Cr:LiSAF parameters are shown in Table 2.

The laser performances of passively Q-switched Cr:LiSAF and Cr:LiCAF lasers were stud-
ied experimentally and numerically [3-6, 10-19], however, these works were only done at the
single frequency analysis and almost of the laser systems were flash lamp-pumped. As shown in
Table 1 and Table 2, emission spectra of Cr:LiSAF crystal and absorption spectra of Cr:YSO are
broadband. In practice, experimentally measured and computed bandwidths of the passively Q-
switched Cr:LiSAF (and Cr:LiCAF) laser emissions were quite broad as high as 10 nm [3-6, 13,
14]. Consequently, such a single- frequency analysis is impossible to understand better the spectro-
temporal evolution and wavelength-dependent characteristics... of the passively Q-switched laser
operations. Furthermore, CW laser diode end-pumping has been widely used to develop passively
Q-switched Cr:LiSAF and Cr:LiCAF laser systems.

In this paper, we have numerically investigated, for the first time, the optical performance
and characteristics of CW diode-end-pumped and passively Cr**:YSO Q-switched Cr’**:LiSAF
lasers using a rate equation system extended to multi-wavelength. Broadband emission and ab-
sorption spectra of the Cr’*: LiSAF laser medium and the Cr**:YSO saturable absorber have
been respected in the investigation. As a result, the obtained results showed clearly the temporal
and spectral processes, and therefore, provided better understanding of CW diode-end-pumped
passively Cr**:YSO Q-switched solid-state Cr>*:LiSAF lasers in broadband and tunable laser op-
erations. Laser characteristics of tunable passively Q-switched laser operation have been demon-
strated to be as functions of wavelength. Spectro-temporal evolution of a single pulse from the
passively Q-switched Cr>:LiSAF lasers has been reported.
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Table 1. Material properties of Cr:YSO [4].

Chemical formula Cr*t: Y,SiOs

Crystal system Monoclinic, biaxial

Lattice constants a=1041A,b=672A,c=1249 A, B =102°39’
Cr atoms / mole % ~ 97 x 107 Jem?®

Refractive index 1,8

Main absorption peaks 390 nm, 595 nm, 695 nm, and 750 nm

Absorption spectrum 300 nm to 950 nm

Emission spectrum 1000 nm to 1500 nm (peaked at ~ 1250 nm)
Fluorescence lifetime at 25 °C ~ 0.7us

Density 4.6 g/lcm’

Table 2. Material properties of Cr:LiSAF [2].

Chemical formula Cr’*: LiSrAlF,

Crystal system Rhombohedral, uniaxial

Main absorption peaks 440 nm and 650 nm

Emission spectrum 700 nm to 1100 nm (peaked at ~ 830 nm)
Peak laser wavelength ~  850nm

Peak emission cross-section ~ 48 x 10 %cm?

Fluorescence lifetime at 25 °C ~  67us

Refractive index ~ 141

II. LASER MODEL AND RATE EQUATION SYSTEM EXTENDED TO MULTI-
WAVELENGTH

We consider a diode end-pumped solid-state Cr:LiSAF laser passively Q-switched with a
Cr:YSO saturable absorber, as shown in Fig. 1.
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Fig. 1. Schematic diagram of a diode end -pumed solid-state Cr:LiSAF laser passively
Q-switched with a Cr:YSO saturable absorber.
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For computation, a system i+ 2 of rate equations extended to multi-wavelengths for i wave-

is used as follows [3,20-22]:
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the population density of the ground state of the active medium

the population density of the excited state of the active medium

the total doping density of the active medium

the laser intensity at wavelength A;

laser wavelength

the volumetric pumping rate

the pumping power at A ,(pumping wavelength)

the pumping wavelength

the pumping spot radius

the fluorescence lifetime of the active medium

the fluorescence lifetime of the saturable absorber

the round-trip cavity time, 7, = 2L'c™! with L' = L+ ly(ng — 1)+ l,(ng — 1)

the length of active medium

the length of the saturable absorber

the cavity length

refractive index of the active medium

refractive index of the saturable absorber

the total round-trip losses, 6 =—In (R Ry)+ 6

(0 is different losses due to absorption, diffraction and scattering intra-cavity)

the reflectivities of end mirror at the laser wavelength (R; =~ 1)

the reflectivities of output mirror at the laser wavelength

the constant that simulates the spontaneous emission at A,

the absorption cross section of the active medium at A;

the stimulated emission cross section of the active medium at A;

the total population density of saturable absorber, Nyo = —In(Tp)/ Y. Ga1ila
]

the intinial transmission of the saturable absorber

the ground-state population density of the saturable absorber

the ground state absorption cross-sections of saturable absorber at A;
the excited state absorption cross-sections of saturable absorber at A;
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o the absorption coefficient at 4, cm™!
h Planck’s constant J.us
c the velocity of light in vacuum cm/us

The output performance of the laser system such as the output energy E,,,, the peak power
Ppeqr and the approximate FWHM pulse duration #, of the passively Q-switched laser pulse can

be written as:
A& he 1 N;
E,;=— In[ — |In[ —
T2 <1—Zl /liaei> n<R2> ! <Nf> ©
xr2l (& he 1 N;
P = — |1 — . —N; — N1 -t 7
peak T, ; 2 n<R2> [N N, —N; n<N,>:| @)

E
tp _ Lou (8)

P, peak

where, L’ is the optical length of the cavity; A is the cross-sectional area of the laser beam, A = nrlz;
N; is the initial population inversion density at the start of Q-switching and Ny is the final inversion
population density at the end of Q-switching in the generating medium.

Table 3. Parameters used for computation

Parameters Value
A =670 nm (pumping wavelength)
Pump (CW diode) rp, =80 ym (pumping mode radius)
P,=1+5W

ng=141;1,=0.4 cm

N =25.125 x 10" ions.cm =3 (Cr*T: at. 3%, « = 18 cm ™)
Te=67 us; & =10 cm.s *

Oeir 04 and 0, = 4.3 x 10~?Y cm?” [4, 14]

l,=0.1cm,n, =1.8, 7,=0.7 us

Absorber (Cr**: Y,Si05) 041; and Ogo; With 6,0i/0,1; = 0.33 [4]

To =80 - 98 %

L=5-+50cm

R =1;R,=0.8 +0.99

Active medium (Cr3*: LiSrAlFg) [4,14]

Cavity r; =80 um (laser mode radius)
01 =1 % (different losses intracavity)
e d =0.3 mm
Spectral selector (Birefringent filter) A =327 — 547 (tuning angle)
Velocity of light ¢ =3.10" cm/us
Planck’s constant h=6.625 x 1072 J.us

We numerically solve the rate equations extended to multi-wavelengths for i wavelength to
investigate the performances of a broadband passively Cr:YSO Q-switched Cr:LiSAF laser and a
tunable passively Cr:YSO Q-switched Cr:LiSAF laser. In the tunable Q-Switched laser operation,
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a birefringent filter (BF) plate was used intracavity as a spectral selector. We used 53 coupled
equations, one equation for the population density of the excited state of the gain medium, one
equation for the population density of the saturable absorber and 51 the monochromatic intensities
at wavelength between 830 — 880 nm chosen at a constant spectral interval of 1 nm. The parameters
used in the computations are collected in Table 3.
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Fig. 2. Polarized absorption spectra of the Cr: Y SO saturable absorber and emission cross
section of the Cr:LiSAF laser as a function of wavelength ranging from 780 nm to 920
nm along each of the three principal axes [4].

The spectral parameters of broadband emission spectra of Cr:LiSAF laser crystal and the
broadband absorption spectra of Cr:YSO saturable absorber were provided from Ref. [4]. Fig. 2
presents the polarized absorption spectra of the Cr:YSO saturable absorber and emission cross sec-
tion of the Cr:LiSAF laser as a function of wavelength ranging from 780 nm to 920 nm along each
of the three principal axes [4, 14]. For following studies, it is assumed that the laser polarization
is along the n3 axis of the Cr:YSO saturable absorber.

III. RESULTS AND DISCUSSION

Broadband Q-switched laser operation

Fig. 3 presents Ny, Loss and lintensity of the passively Cr:YSO Q-switched Cr:LiSAF laser
as a function of time when Ry =95 %; Ty =90 %; L =5 cm; P, = 2.5 W. The results indicate that,
when the intra-cavity light intensity is weak, the loss of the Cr:YSO Q-switched Cr:LiSAF laser
is large and has an initial value of about 1.78 x 10'8 jons.cm™3. The laser should be pumped so
that the gain will be greater than the loss i.e., Ny > Loss. When this condition is satisfied the intra-
cavity light intensity will start to build up from the noise by depleting the laser population inversion
density, and the Cr:YSO saturable absorber will start to saturated. When the intra-cavity light
intensity increases, the loss decreases accordingly as a result of the bleaching effect of the Cr:YSO
saturable absorber. The intra-cavity light intensity reaches its peak when the laser population
inversion density is equal to the cavity loss, i.e., when Ny = Loss ~ 1.76 x 108 jons.cm 3. Beyond
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this point the laser gain is smaller than the total loss, and the Q-switched laser pulse is exhausted
and disappears rapidly while the population inversion density decreases also quickly to a minimum
value of about 1.5 x 10'® ions.cm™3.The increase of the cavity loss after the release of the Q-
switched laser pulse is due to the relaxation of the saturable absorber population. As a result
of CW laser diode pumping, the population inversion density N, that does not decrease to zero
after the release of Q-switched laser pulse, will start to increase for the generation of the next
Q-switched laser pulse.

Fig. 3 shows that the first Q-switched pulse is developed at a time of 21.35 us after the
pumping starts. This time is so-called the time required for the developing the first Q-switched
pulse (The higher the diode pump power, the shorter this time). However, the time interval between
two adjacent Q-switched laser pulses becomes constant and it is 5.65 us in the case. In other
words, the passively Q-switched laser pulses are a regular pulse train generated at a repetition rate

of about 177 kHz.
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Fig. 3. a) Temporal processes of the passively Cr:YSO Q-Switched Cr:LiSAF laser pulse
when Ry =95 %; To =90 %; L =5 cm; P, = 2.5 W, b) 3D presentation of temporal and
spectral processes as shown in Fig. 3a, and c) temporal and spectral evolution of a single
Q-Switched Cr:LiSAF laser pulse. The insets show it integrated laser spectrum with a
linewidth of 8.9 nm and a pulsewidth of 168 ns.

Fig. 3b presents the 3D presentation of the processes as shown in Fig. 3a in respect to laser
wavelength. The spectro-temporal evolution of a single broadband Q-switched laser pulse was
presented clearly in Fig. 3c. Each of the broadband Q-switched laser pulses has a pulsewidth of
168 ns, a bandwidth of 8.9 nm and a pulse energy of about 310 ptJ given by (6).
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Figures 4 and 5 present the pulse width, output laser energy and repetition rate of the broad-
band passively Q-switched Cr:LiSAF laser pulse as a function of reflectivity of output mirror for
several values of Ty of Cr:YSO saturable absorber when P, = 2.5 W; L =5 cm (Fig. 4) and for
several values of L when P, = 2.5 W; Ty = 90 % (Fig. 5). The simulation results indicate that
broadband passive Q-switching performance becomes better while Ry from 0.9 to 0.98 and Ty
(Fig. 4) and L decreased (Fig. 5). However, when L became shorter, output laser energy is also
decreased.
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Fig. 4. a) Laser pulse width, b) Output pulse en- Fig. 5. a) Laser pulse width, b) Output pulse en-
ergy, and c) repetition rate of the passively Q-switched ergy, and c) repetition rate of the passively Q-
Cr:LiSAF laser pulse as a function of output mirror re- Switched Cr:LiSAF laser pulse as a function of
flectivity with different initial transmissions of Cr:YSO output mirror reflectivity with different cavity
saturable absorber when P, =2.5W; L = 5cm length when P, = 2.5 W; Ty = 90 %.

Figures 6 and 7 show the pulse width, output laser energy and repetition rate of the broad-
band passively Q-switched Cr:LiSAF laser pulse as a function of pump diode power for several
values of Ry when Ty = 90 %; L = 5 cm (Fig. 6) and power for several values of Ty when L =
5 cm; Ry = 95% (Fig. 7). It is obvious that better laser performance can be obtained with higher
pumping diode power.
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Fig. 6. a) Laser pulse width, b) Output pulse en- Fig. 7. a) Laser pulse width, b) Output pulse energy,

ergy, and c) repetition rate of the passively Q- and c) repetition rate of the passively Q-Switched

switched Cr:LiSAF laser pulse as a function of Cr:LiSAF laser pulse as a function of pump diode

pump diode power with different output mirror power with different initial transmissions of Cr:YSO
reflectivity when Top =90 %; L =5 cm. saturable absorber when L =5 cm; Ry =95 %.

The numerically obtained results presented in Fig. 4 - Fig. 7 are the laser characteristics
of the broadband passively Q-switched Cr:LiSAF lasers, our results are in a good agreement with
those obtained experimentally and numerically by other research groups [3-5, 13,14].

Fig. 8a) presents the effects of the initial transmissions of Cr:YSO saturable absorber on
peak position and bandwidth of the integrated laser spectra of the broadband passively Q-switched
Cr:LiSAF laser pulse when L =5 cm; Ry, =95 % and P, = 2.5 W. Fig. 8b) shows the effects of
pump diode power on bandwidth of the integrated spectra of the broadband passively Q-Switched
Cr:LiSAF laser pulse when L =5 cm; Ry =95 % and To = 90 %. While the initial transmission
of Cr:YSO was increasing, the bandwidth of the integrated laser spectra became narrow, and
simultaneously a short-wavelength shift of its peak position was observed, however, the bandwidth
of the integrated laser spectra is not sensitive with pump diode power.

Tunable Q-switched laser operation:

A tunable passively Q-Switched laser operation was obtained with a birefringent filter plate
used as an intra-cavity spectral selector. The birefringent filter plate is used for the incident beam
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Fig. 8. Dependence of integrated laser spectra of the passively Q-switched Cr:LiSAF
laser pulse on initial transmissions of Cr:YSO saturable absorber when L = 5 cm; Ry =
95 % and P, = 2.5 W (a) and on pump diode power when L =5 cm; R; =95 % and Ty =

90 % (b).

at Brewster angle. The transmission function of this BF plate was given by [23]:

50 (4)
5 ©)

T (A) =1—4cot® ytan’ 0 (1- cot? ytan? 6) sin’
where 7 is the angle between the internal wave vector and the optic axis; 0 is the incident angle
(Brewster angle) and 6 ¢ (A) is the phase retardation of the BF plate, in which [23]

2nd (n, —n,) sin?y
0p(A) =
o(%) Asin®
with (n, — n,) is the index difference between the ordinary and extraordinary rays, d is the plate
thickness, A is the wavelength of the incident ray. The tuning angle A is defined as follows [23]:
cosy—sin@sinf (1
cos O cosf3

(10)

COSA =

where f3 is the angle between the optic axis and the BF plate surface.

For comparative studies with the broadband passively Q-switched laser operation, we used
the same laser parameters and the tunable passively Cr:YSO Q-switched Cr:LiSAF laser was tuned
to 802 nm with a birefringent filter plate of 0.3 mm thickness at tuning angle A = 32°. Hence,
the performance of such a tunable passively Q-switched Cr:LiSAF laser is similar as that of a
broadband passively Q-switched Cr:LiSAF laser with an additional dependent-wavelength loss
due to the BF plate.

We numerically solve the rate equations extended to multi-wavelengths for i wavelength to
investigate the performance of the tunable passively Cr:YSO Q-switched Cr:LiSAF laser system
when P, =2.5 W; L =5 cm; Top =90 %; Ry =95 %; BF: d = 0.3 mm; B =0, tuning angle A=32°
corresponding to the laser wavelength at 802 nm. The other parameters used in this computation
are collected in Table 3. In the case, the total cavity losses containing the output coupler loss,
saturable absorber loss and dependent-wavelength loss due to the birefringent filter is given by:

§(A)=—In[RiRy-T*(A)] + & (12)
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Fig. 9. a) Temporal and spectral processes of the tunable passively Q-switched Cr:LiSAF
laser tuned at 802 nm when P, =2.5 W; L =5 cm; To = 90 %; R, =95 %; BF: d =0.3
mm; 8 = 0, tuning angle A = 327, b) 3D presentation of temporal and spectral processes
as shown in Fig. 9a in respect to wavelength, and c) temporal and spectral evolution of a
single tunable Q-switched laser pulse. The insets show its integrated laser spectrum with
a linewidth of 1.15 nm and a pulsewidth of 178 ns.

Fig. 9a) presents the temporal processes of the tunable passively Q-Switched Cr:LiSAF
laser when P, =2.5 W; L =5 cm; Ty = 90%; R, = 95%; BF: d = 0.3 mm; B =0, the laser was
tuned to the wavelength of 802 nm with the BF plate of tuning angle A of 32 °. In this case, the
time interval between two adjacent Q-switched laser pulses is constant and about 6.88 us. The
narrowband Q-switched laser pulses are a regular pulse train generated at a repetition rate of 146
kHz.

Fig. 9b) shows the 3D presentation of the temporal and spectral processes of the tunable
passively Q-switched Cr:LiSAF laser, as shown in Fig. 9a. Fig. 9c shows the temporal and spectral
evolution of a single tunable Q-switched laser pulse at ~ 802 nm. The numerically obtained results
show the bandwidth of integrated laser spectrum to be 1.15 nm, a pulsewidth of 178 ns and a pulse
energy of 1.71 mJ given by (6).

Similarly, we numerically solve the rate equations extended to multi-wavelengths for i
wavelength to search the spectral range for tuning wavelength of the tunable passively Cr:YSO
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Fig. 10. a) Spectral range for tuning wavelength from 780 - 920 nm of the tunable pas-
sively Q-switched Cr:LiSAF laser when P, = 2.5 W; L =5 cm; Ty = 90 %; Ry= 95 %;
Birefringent Filter: d = 0.3 mm; 8 = 0, the tuning angle A was varied from 28° to 54°; b)
Laser pulsewidth and output pulse energy and c) repetition rate of the tunable passively
Q-switched laser pulse as a function of wavelength.

Q-switched Cr:LiSAF laser system when P, =2.5 W; L =5 cm; Tp = 90 %; Ry =95 %; BF: d =
0.3 mm; B =0 and the tuning angle A is varied from 28° to 54°.

Fig. 10 presents the spectral range for tuning laser wavelength from 780 - 920 nm of the tun-
able passively Q-switched Cr:LiSAF laser when the birefringent filter plate was tuning from 28
to 54°. The spectral tuning range was obtained experimentally or numerically by other research
groups [4-6,19]. The results also indicate that the laser characteristics of the tunable passively
Q-switched Cr:LiSAF laser depend clearly on laser wavelength. Fig. 10b and Fig. 10c show that
pulse width, output pulse energy and repetition rate of the tunable passively Q-switched Cr:LiSAF
laser pulse are as functions of wavelength. It is noteworthy that the absorption of Cr:YSO saturable
absorber is large considerably in the short laser wavelength region (shorter than 825 nm), our re-
sults are quite different from those obtained by a single-frequency analysis [4—6] where homoge-
neously broadened emission spectra of Cr:LiSAF laser crystal and broadband absorption spectra of
Cr:YSO saturable absorber were neglected. These simulation results are in a good agreement with
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those obtained experimentally in the wavelength region (longer than 825 nm) [3-5,13,14]. Exper-
iments to investigate the characteristics of such a tunable passively Cr:YSO Q-switched Cr:LiSAF
laser has been carried out and presented in detail in elsewhere.

IV. CONCLUSION

Using a rate equation system extended to multi-wavelength, we have numerically inves-
tigated, for the first time, the performances and characteristics of CW diode-end-pumped, pas-
sively Cr:YSO Q-switched Cr:LiSAF lasers in broadband and tunable laser operations. Homoge-
neously broadened emission spectra of Cr:LiSAF laser crystal and broadband absorption spectra
of Cr:YSO saturable absorber were respected in the investigation. As results, improved under-
standing of the passively Q-switched Cr:YSO Cr:LiSAF laser operations has been obtained. Laser
characteristics of the tunable passively Q-switched laser operation were as functions of wave-
length, and particular, different from those obtained in the short laser wavelength region of pre-
vious single-frequency investigations. The spectro-temporal evolutions of a single pulse from the
broadband and tunable passively Q-switched Cr:LiSAF lasers have been reported.
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