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The self-Q-switched laser performance of a diode-laser-pumped monolithic Cr**, Nd®*:YAG planar—planar
5-mm-long resonator was studied experimentally and theoretically. The dynamic characteristics of the self-
Q-switched Cr, Nd:YAG laser were studied by solution of coupled rate equations. The effects of the pump rate,
the reflectivity of the output couplers, and the concentrations of saturable absorbers on the laser performance
were investigated in detail. The numerical simulation of the Cr, Nd:YAG lasers was in good agreement with
the experimental results. We could optimize the laser performance by varying the pump rate, the concentra-
tion of the Cr*" ions in the saturable absorber, and the reflectivity of the output coupler. A typical self-Q-
switched laser pulse output of 19 wd, 3.5 ns wide (FWHM) at a repetition rate of 26 kHz, was obtained, yielding
5.4 kW of peak power. © 2004 Optical Society of America

OCIS codes: 140.3540, 140.3580, 160.3380.

1. INTRODUCTION

In recent years, Cr*"-doped crystals have attracted a
great deal of attention as passive @ switches.!™® Cr**-
and Nd*"-codoped YAG crystal is an important self-Q-
switched laser material.®'® However, we are aware of
no reports of the effects of the pump power, the concen-
tration of the saturable-absorbing ions, and the reflectiv-
ity of the output coupler on the performance of monolithic
Cr, Nd:YAG lasers. In this paper we describe the perfor-
mance of a diode-laser-pumped monolithic Cr, Nd:YAG
self-@Q-switched laser. The average output power, the
single-pulse energy, the pulse width, the peak power, and
the repetition rate of the 1064-nm laser output have been
measured as functions of the absorbed pump power. The
coupled rate equations of a self-Q-switched laser were
evaluated, and the numerical solutions of the rate equa-
tions agree with the experimental results in the entire
pump region. The effects of the pump rate, the reflectiv-
ity of the output coupler, and the concentration of the
saturable-absorbing ions on the performance of Cr,
Nd:YAG monolithic lasers were investigated in detail. A
proposed optimized laser pulse output is described, as
well as its achievement based on the experimental setup
and on the numerical simulations detailed below.

2. EXPERIMENTS AND METHODS

The Cr, Nd:YAG crystal used in the experiment was
grown by the standard Czochralski method. Cr*" was
substituted into a distorted tetrahedral Al site;!” there-
fore a charge compensator was required, and CaCO3; was
added for that purpose. The nominal concentrations of
Cr and Nd in the Cr, Nd:YAG crystal were 0.01 and 1
at. %, respectively. The absorption spectra were mea-
sured with a Cary 500 Scan UV-Vis-NIR spectrophotom-
eter at room temperature. The resolution was set to be
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0.1 nm. We estimated the ground-state absorption cross
section of Cr, Nd:YAG by measuring the absorption coef-
ficient of Cr*" ions centered at 1064 nm and the concen-
tration of Cr** in the Cr, Nd:YAG crystal. The satura-
tion transmission was measured by use of a 1064-nm
Nd:YAG pulse laser as the pump source; the pulse width
was 5 ns. We recorded the transmission of Cr, Nd:YAG at
different input pump energies by varying the focusing di-
ameter of the pump source. We used the transmission
data to determine the excited-state absorption cross sec-
tion.

A schematic of the diode-laser-pumped Cr, Nd:YAG self-
@-switching laser cavity is shown in Fig. 1. A Cr,
Nd:YAG crystal was polished to a plane—plane geometry
as a laser resonator. The planar rear surface was coated
for high transmission at 808 nm and total reflection at
1064 nm. The planar front surface, which served as the
output coupler, was coated for 97% reflection at 1064 nm
and total reflection at 808 nm. The overall cavity length
was 5 mm. The misalignment of the axes of the two mir-
rors was measured to be less than 0.3°. A 1-W high-
brightness Hamamatsu 2901 diode laser with a 50 um
X 1 um emission cross section was used as the pump
source. Owing to the large emission angles of the diode
laser, the coupled optics (two focal lenses with a focal
length of 8 mm) was used to focus the pump beam onto
the crystal’s rear surface. After the coupling optics, the
pump light spot in Cr, Nd:YAG was ~150 um in diameter.
The laser operation was performed at room temperature.
The @Q-switched pulses were recorded with a fast Si
P-I-N detector of 1.5-ns rise time and a Tektronix TDS
380 digitizing oscilloscope of 500-MHz sampling rate in
the single-shot mode. The output power was measured
with a laser powermeter. The laser’s output beam profile
near the output coupler was monitored with a CCD cam-
era; we could estimate the beam diameter.

© 2004 Optical Society of America
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Fig. 1. Experimental setup of the self-@Q-switching diode-laser-
pumped Cr, Nd:YAG laser: AR, antireflective; HR, highly reflec-
tive.

The pulse energy was determined from the average
output power and pulse repetition rate. The peak power
was determined from the pulse energy and pulse width.

3. THEORETICAL MODEL

The coupled rate equations for the photon density and the
population inversion density of the gain and the
saturable-absorber medium in the self-@-switching reso-
nator, including the excited-state absorption of the satu-
rable absorber and the population reduction factor of the

laser, are as follows®-20;
d¢ ¢
— = —|20Nl — 20,N, — 20.N,l
dt ¢,
&
—In|=| - L|, 1
|z (D
dN N
E: —ycapN — : + Wp, (2)
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el —0gcpN, + — (3)
Ng+Ne:NSO' (4)

The notation used in Egs. (1)—(4) is summarized in Ap-
pendix A. The absorption length of the Cr**-ion satu-
rable absorber is the crystal length, /, for a monolithic Cr,
Nd:YAG self-@Q-switched laser. y = 1 for Nd-doped solid-
state lasers. Volume pump rate W, is proportional to the
CW pump power.

From Eq. (1), the loss of the @-switched laser can be ex-
pressed as

20,N,l + 20,N,l + In(l/R) + L
20l '

(5)

Loss =

The dynamic and laser characteristics of the passively
Q-switched laser can be obtained by numerical solution of
coupled rate equations (1)—(4) by use of Matlab 6.0 soft-
ware.

Output pulse energy E, peak power P, and pulse width
7, of the self-Q-switched Cr, Nd:YAG laser can be written

asl9
e thl’1 (1) = q
- Mz fo ¢(t)de, (6)
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o Al (1)
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where [[¢(¢)d¢ is the integral of the cavity photon den-
sity over a temporal range covering the entire laser pulse
and ¢, is the maximum photon density in the laser cav-
ity.

4. RESULTS AND DISCUSSION

The room-temperature absorption spectrum is shown in
Fig. 2. Cr®" is the dominant state in Cr-doped YAG crys-
tal; Cr*" can be formed by addition of Ca?" ions for
charge compensation while the crystal is grown or an-
nealed in an O, atmosphere. However, Cr*" is only a
small fraction [~4% (Ref. 21)] of the total Cr-ion concen-
tration added to the Cr, Nd:YAG crystal. The absorption
spectrum of Nd®* is superimposed over that of Cr®*.
The absorption spectrum of Nd®" near 808 nm is shown
in inset (a) of Fig. 2. There is a broad absorption spec-
trum of Cr*" centered at 1064 nm, and the detailed ab-
sorption spectrum of Cr*' centered about 1046 nm is
shown in inset (b) of Fig. 2. The absorption coefficient is
7.3 em™ ! at a pumping wavelength of 808 nm for Nd**
ions and is 0.2 cm ™! at 1064 nm for Cr** ions. The emis-
sion cross section is 2.35 X 10! cm? at 1064 nm with a
lifetime of ~210 us,'® which is marginally shorter than
that in Nd:YAG (230 wus). It is difficult to determine the
spectroscopic parameters of Cr**:YAG crystal because of
the presence of Cr®" ions in the YAG host, the effect of the
O, growth atmosphere, and the amount of charge-
compensating ions such as Ca?" and Mg?*. Reported
ground-state and excited-state absorption cross sections
vary by an order of magnitude.*® From our measure-
ment of the absorption coefficient of Cr** at 1064 nm and
from its estimated concentration in the Cr, Nd:YAG crys-
tal, we calculated the ground-state absorption cross sec-
tion to be 4.3 X 10 '®cm?, which is in the range of re-
ported values.®® We determined the excited-state
absorption cross section at 1064 nm by measuring the

12 T T T T | I —| T T

—
o
T
1

4
2

8| 7 i
780 790 800 810 820 830 840

)

0.2

0.1

0806556 1000 16501106 1150 1200

Absorption coefficient (cm™)
[=>]

0 r
300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Fig. 2. Absorption spectrum of a Cr, Nd:YAG crystal at room
temperature. (a) Absorption spectrum near 808 nm for Nd3*,
which is suitable for commercially available diode laser pumping;
(b) absorption spectrum of Cr*" centered at 1064 nm.
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Fig. 3. Details of numerical calculations and experimental os-
cilloscope traces of the diode-laser-pumped Cr, Nd:YAG laser
pulse train and a single pulse development in time. (a) Evolution
of the photon density, gain inversion density, and loss on a time
scale of the pulse repetition period. The measured oscilloscope
pulse train is in arbitrary units for comparison with the numeri-
cal calculations. (b) Evolution of the photon density, gain inver-
sion density and the loss on a time scale of the pulse width. In
(a), the thin solid line is the experimental oscilloscope trace of the
laser pulses; the thick lines are the numerical results. A pump
rate of W,= 4 X 102257 cm 2 was used for both figures. The
measured oscilloscope trace was normalized at peak power for
comparison with the numerical calculation.

saturation transmission curve of the sample, using the
1064-nm laser as the pumping source, to be 8.2
X 107" cem?, which is also in good agreement with the
reported values.®

With Cr, Nd:YAG crystal as the active medium, by cw
pumping, a repetitively @-switched laser was obtained.
The output laser pulse train was stable, and the variation
of the pulse amplitude was within 10%. The thin solid
line at the bottom of Fig. 3(a) shows the oscilloscope pulse
train for 850 mW of absorbed pump power. The output
laser was nearly TEM,, mode, and the laser beam’s ra-
dius near the output coupler was estimated to be ~85 um.
The highest average output power of 102 mW at 1064 nm
was obtained at an absorbed pump power of 850 mW.
Each pulse had an energy of 3.3 wuJ and a width of 5 ns,
resulting in a peak power of 680 W at a repetition rate of
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32 kHz. The short-dashed curve in Fig. 3(b) shows the
oscilloscope pulse profile at 850 mW of absorbed pump
power. The filled circles in Figs. 4(a), 4(b), 4(c), 4(d), and
4(e) show the pulse energy, the pulse width (FWHM), the
repetition rate, the average output power, and the peak
power, respectively, of a Cr, Nd:YAG self-@Q-switched laser
as functions of the pump rate. Pump rate W, is propor-
tional to the absorbed pump power and is given by the ex-
pression W, = Pas/hv,ALl, where P, = P[1
— exp(—2al)] for a two-pass pumping geometry, P is the
pump power incident upon the crystal surface, A v, is the
pump photon energy, A, is the pump beam area at the en-
trance of the Cr, Nd:YAG crystal, and [ is the crystal’s
length. It is assumed that the pump beam area inside
the crystal changes little along the pump axis for the
short cavity used. It can be seen that the average output
power depends linearly on the pump rate and exhibits no
saturation in the pump power range used. Thus much
higher laser output power could be obtained by use of
higher-power diode lasers as the pump source. The
threshold pump power was approximately 250 mW, and
the slope efficiency was 19.6%. The optical efficiency (the
ratio of average output power to the absorbed pump
power) of the self-Q-switched laser was approximately
12%. The pulse’s repetition rate and width are also in-
fluenced by the absorbed pump power. Repetition rate f
increases linearly with the absorbed pump power, as ex-
pected from the theory. The pulse width narrows consid-
erably with the absorbed pump power at low pump rates
and continues to narrow moderately at higher pump
rates.

Figure 3 shows the results of the numerical simulation
for the self-@-switched Cr, Nd:YAG lasers obtained by so-
lution of Eqs. (1)—(4) by the Runge—Kutta method for
pump rate W, = 4 X 10**s™! cm™?, which corresponds to
an absorbed pump power of 850 mW. The other param-
eters used in this simulation are listed in Appendix B. It
takes ~34 us to develop the first @-switched laser pulse;
the time interval between subsequent @-switched laser
pulses is ~30 us, which is shorter than the time required
for developing the first laser pulse because inversion den-
sity N does not decrease to zero after the release of the
first laser pulse [Fig. 3(a)]. The repetition rate can be es-
timated as ~33 kHz, in a good agreement with experi-
mental data [thin solid line at the bottom of Fig. 3(a)l.
The thick curves in Fig. 3(b) are an expanded view of Fig.
3(a) near the occurrence of the first laser pulse. When
the photon density inside the laser cavity increases, the
loss decreases accordingly as a result of bleaching of the
Cr*":YAG saturable absorber. The photon density
reaches its peak value when the laser inversion popula-
tion equals the cavity loss, i.e., when N = Loss = 5.6
X 10"cem 3. Beyond this point the laser inversion den-
sity (gain) is smaller than the total loss of the laser sys-
tem, and the @-switched laser pulse dies out quickly
while the laser inversion density decreases gradually to a
minimum value of ~1.8 X 107em™3. The increase in
the loss after the release of the @-switched laser pulse is
due to relaxation of the population of Cr*" saturable-
absorber ions. In Fig. 3(b) the calculated pulse profile is
in good agreement with that of the experiment (short-
dashed curve). The measured oscilloscope trace was nor-
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Fig. 4. Diode-laser-pumped Cr, Nd:YAG self-@-switched laser
output characteristics (a) pulse energy, (b) pulse width, (c) rep-
etition rate, (d) average output power, and (e) peak power as
functions of pump rate for three Cr**-ion concentrations of the
saturable absorber.
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malized for comparison with that of our numerical calcu-
lation. The pulse width (full width at half-maximum)
was ~4.5 ns, which is a bit shorter than the measured la-
ser pulse width (5 ns). We consider this difference to be
the result of defects inside the crystal and of a transverse
variation in the pump beam that was not included in the
numerical model. The computed output pulse energy
was ~3.5 ud, and the peak power was ~780 W.

Obviously, the cw pump power strongly affects all the
performance parameters of a @-switched laser. The av-
erage output power increases with the absorbed pump
power. The curves in Fig. 4 show the self-@-switched la-
ser’s pulse energy, pulse width, repetition rate, average
output power, and peak power as functions of pump rate
W, at 1064 nm for 97% reflectivity of the output coupler
and various concentrations N, of the Cr** saturable ab-
sorbers. The @-switched laser pulse energy increases
with the pump rate for various concentrations of Cr*"
ions in a range from 3 X 10 to 7 X 10%cm ™2 (the
length of the saturable absorber remains constant). The
pulse energy increases with the concentration of Cr#"
ions in the same range [Fig. 4(a)]. The pulse width de-
creases with the pump rate for the same concentrations of
the Cr**-ion saturable absorbers as well as with the con-
centration of the Cr*' saturable-absorbing ions [Fig.
4(b)]. Near the pump power threshold, the pulse energy
increases and the pulse width decreases sharply with in-
creasing pump rate. After the pump rate reaches a value
of approximately 3 X 10225~ ! cm ™2, the increase in pulse
energy and the decrease in pulse width diminish with in-
creasing pump rate. It is obvious that improved
Q-switched laser performance can be achieved by use of a
high pump rate and a high concentration of Cr** ions, as
expected from theory and demonstrated by the numerical
simulations. Figure 4(c) shows the repetition rate as a
function of the pump rate for three concentrations of the
saturable-absorber Cr** ions. The repetition rate of
QR-switched lasers increases linearly with the pump rate
and decreases with the concentration of the saturable-
absorber Cr*" ions. Figure 4(d) shows the calculated av-
erage pump power as a function of the pump rate for
three concentrations of Cr** ions. The average output
power increases linearly with the pump rate, yet de-
creases with the concentration of Cr*" ions; the cause
may be the increase in the cavity loss owing to excited-
state absorption by the saturable-absorber Cr*" ions.
The peak power increases with the pump rate as well as
with the concentration of Cr*" ions in the saturable ab-
sorber [Fig. 4(e)]. The peak power increases steeply with
the pump rate at low pump rates and then slowly for
pump rates greater than 3 X 10?25 1em 2.

Thus, good agreement was achieved between the ex-
perimental data and the numerical calculations. The av-
erage output power and repetition rate of the diode-laser-
pumped Cr, Nd:YAG laser are in fair agreement with the
numerical calculations for a saturable-absorber concen-
tration of 5 X 10 Cr** jons/cm?.

The reflectivity of the output coupler also has an effect
on the Cr, Nd:YAG self-Q-switched laser characteristics.
Figure 5 shows the pulse energy, the pulse width, the rep-
etition rate, the average output power, and the peak
power as functions of reflectivity of the output coupler for
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Fig. 5. Laser characteristics (a) pulse energy, (b) pulse width, (c)
repetition rate, (d) average output power, and (e) peak power as
functions of reflectivity of the output coupler for three concentra-
tions of the Cr*" saturable absorber. Pump rate,
6 X 102s tem ™3,

three concentrations of saturable-absorber Cr*" ions. A
pump rate of W, = 6 X 1022571 em ™ was used in these
numerical calculations, and the other parameters re-
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mained unchanged and are listed in Appendix 2. The
Q-switched pulse energy increases and the pulse width
decreases with the concentration of Cr** ions for a
specific reflectivity of the output coupler. The repetition
rate of the @-switched pulse decreases with increasing
concentration of the saturable-absorber Cr**-ions. The
results show that one can obtain a better self-@-switched
Cr, Nd:YAG laser performance, in terms of a narrow
pulse width and a high pulse energy output, by increasing
the concentration of saturable-absorber Cr®* ions. From
Fig. 5(a), the @-switched pulse energy decreases steeply
with the reflectivity of the output coupler, especially when
the reflectivity becomes close to unity. The pulse energy
increases with the concentration of saturable-absorber
Cr** ions. The pulse energy decreases slowly when the
reflectivity of the output coupler ranges from 40% to 70%
for a constant concentration of saturable-absorber
Cr** jons. As indicated in Fig. 5(b), there is an optimum
reflectivity of the output coupler for which the shortest
pulse width of self-@Q-switched Cr, Nd:YAG laser can be
achieved. The optimum reflectivities of output
couplers are approximately 80%, 82%, and 90% for
Cr**-ion concentrations of 7 X 10'®, 5 x 10'®, and 3
X 10%em ™3, respectively. The pulse width increases
steeply with the reflectivity of the output coupler when
the reflectivity of the output coupler is close to unity.
The Q-switched pulse repetition rate increases with the
reflectivity of the output coupler and decreases with the
concentration of saturable-absorbing Cr*" ions for a con-
stant reflectivity (such as 90% reflectivity) of the output
coupler [Fig. 5(c)]. The average output power increases
with decreasing output coupling for the three concentra-
tions (3 X 10, 5 x 10, and 7 X 10%cm™3) of satu-
rable absorbers, and there are optimum reflectivities of
65%, 62%, and 60%, respectively, for obtaining the high-
est average output power [Fig. 5(d)]l. There is a slightly
decrease of the average output power with increasing con-
centrations of the saturable-absorber Cr*" ions; this was
probably caused by the increase in the concentration of
the saturable-absorber Cr*" ions that brought about an
increase in the cavity loss. From Figs. 5(a) and 5(b), pa-
rameters for the best self-Q-switched Cr, Nd:YAG laser
performance in terms of higher peak power can be ob-
tained. The reflectivities of the output coupler to achieve
the highest peak power output should be near 80%, 70%,
and 60%, respectively, for three concentrations of
saturable-absorber Cr*" ions {3 X 10, 5 x 106, and
7 X 10%cm ™3 [Fig. 5(e)]}.

One can improve the performance of the self-
Q-switched Cr, Nd:YAG laser by optimizing various pa-
rameters, such as by using a high pump rate and a high
Cr**-ion saturable-absorber concentration, and by suit-
able reflectivity of the output coupler. Based on the
current monolithic Cr, Nd:YAG self-@-switched laser ex-
perimental configuration, a @-switched laser pulse of
19 wd with a pulse width of 3.5 ns can be obtained for a
laser cavity 5 mm long with 60% reflectivity of the output
coupler, a concentration of the saturable absorber of N
= 7x10%cm ™2, and a 6 X 1025 'ecm? pump rate.
The repetition rate of such a laser system is 26 kHz, and
the peak power will be ~5.4 kW. By varying the param-
eters in the simulations, one may predict the output laser
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characteristics. This is important for the development of
diode-laser-pumped Cr, Nd:YAG @-switched lasers used
in various applications such as remote ranging and pollu-
tion monitoring.

5. CONCLUSIONS

We have investigated the dynamic and laser characteris-
tics of a self-@Q-switched Cr, Nd:YAG laser by numerically
solving the relevant rate equations. The modified
coupled rate equations include the pump rate term, and
the excited-state absorption of the saturable absorber was
solved numerically. The laser characteristics were stud-
ied in detail as functions of the initial population of the
ground state of the Cr*" saturable-absorber ions, the
pump rate, and the reflectivity of the output coupler.
The simulation results show that the results obtained nu-
merically are in good agreement with those obtained ex-
perimentally.  Optimized laser performance can be
achieved by use of a high-concentration Cr**-ion satu-
rable absorber, a high pump rate, and the optimum reflec-
tivity of the output coupler for a specific concentration of
Cr**-ion saturable absorber. A typical self-@-switched
19-ud laser pulse, 3.5 ns wide and with 5.4-kW peak
power at a 26-kHz repetition rate, can be achieved.

APPENDIX A. NOTATION USED IN THE
RATE EQUATIONS

Parameter Description

¢ Photon density in the laser cavity

I’ Optical length of the laser cavity

N Population inversion density of the laser rode

o Stimulated emission cross section of the laser
crystal

t,=2l'lc Cavity round-trip time

= 2nll/e

n Refractive index of the laser crystal

l Length of the laser crystal

c Vacuum speed of light

o Ground-state absorption cross section of the
saturable absorber

o, Excited-state absorption cross section of the
saturable absorber

o Ground-state population density of the saturable

absorber

N, Excited-state population density of the saturable
absorber

Ny Total population density of the saturable
absorber

R Reflectivity of the output coupler

L Nonsaturable intracavity round-trip dissipative
optical loss

y Inversion reduction factor

w, Volume pump rate into the upper laser level

T Lifetime of the upper laser level of the gain
medium

T, Excited-state lifetime of the saturable absorber

A Active area of the beam in the laser medium

hv Laser photon energy
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APPENDIX B. PARAMETERS USED IN THE
NUMERICAL SIMULATIONS

Constant Value Reference
o (cm?) 2.35 x 1071 15
o, (cm?) 4.3 x 10718 6-8
o, (cm?) 8.2 x 10719 8

7 (us) 210 15
75 (us) 3.4 8

b% 1

hv, (J) 2.46 X 101

hv(dJ) 1.87 X 10719

R (%) 97

L 0.06

A (cm?) 2.3x 107*

N, (em™3) 5 x 10

[ (mm) 5

A, (nm) 808

\ (nm) 1064
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