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A compact monolithic Nd:YAG non-planar ring laser with diffusion-bonded Cr**:YAG is demonstrated,
and high stable pulsed single-frequency laser at 1.06 pm is realized. Theoretical analysis and simulation
results of pulsed laser parameters are illustrated. 14.96-kW maximum peak power, pulse-width of 4.8 ns

is achieved for single-frequency operation.
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Pulsed single-frequency lasers have many potential ap-
plications in such areas as coherent lidars, micro-
machine, metrology, and coherent imaging!’?l. Passive
Q-switching as a simple and effective approach for achiev-
ing pulsed output has been widely reported®=5. While,
the pulse energy of passively Q-switching lasers using the
conventional standing-wave cavity is unstable because of
spatial hole burning. Monolithic non-planar ring oscilla-
tor (NPRO), firstly developed by Kane et al.[%, has been
widely documented due to its advantage of high stability
single frequency operation, narrow linewidth and low fre-
quency noisesl’ . In 1995, Braun et al. demonstrated
@-switched operation of NPRO by using Fabry-Perot sat-
urable absorbers'%). However, the low peak power (a few
Watts) and the cost limited its applications. In 1997,
Freitag et al. reported passively @-switched single fre-
quency Nd:YAG ring laser by using Cr*t:YAG[. Al
though it realized peak power of 30 kW, energies of 70-uJ
output, the construction was discrete. And the faces of
Nd:YAG near the saturable absorber should be antire-
flection coated to minimize the transmission loss.

In this letter, we demonstrate a diode pumped mono-
lithic Nd:YAG (NPRO) with a diffusion-bonded sat-
urable absorber Cr**:YAG. The stability of the oscilla-
tor was ensured by bonding the saturable absorber to
the gain medium. The schematic draw of the mono-
lithic double diffusion-bonded Nd:YAG NPRO crystal
is shown in Fig. 1. The first parts is undoped YAG
to reduce the residual spatial hole burning and thermal
effect!'213], The second crystal segment is the Cr*t:YAG
which is used as saturable absorbers to ensure passively
@-switched operation. The third parts is the active
Nd:YAG gain media for the laser process with 1.0 at.-%
doping concentration. The facets containing B, C, and D
are optically polished flat surfaces on the Nd:YAG crystal
where total internal reflections occur. The front surface A
is dielectrically coated for high transmission at the pump
wavelength of 808 nm and a few percent output coupling
at the laser wavelength. Stable single-frequency opera-
tion is accomplished by enforcement of unidirectional op-
eration owing to an intrinsic optical diode. To achieve the
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optical diode we applied a permanent magnetic field of
~0.25 T along the crystal. The unidirectional laser oscil-
lation of NPRO cavity will significantly reduce the fluc-
tuation of output pulse energy of passively @Q-switched
Cr*t:YAG laser. The combination of NPRO cavity and
Cr*t:YAG ensure a stable single frequency @Q-switched
laser oscillation.

The dynamics of the @Q-switched process could be sim-
ulated with the help of rate equations. The relevant rate
equations for passively Q-switched lasers were firstly de-
rived by Szabo et al.l'4. Degnan optimized and simpli-
fied the equations by employing several rational approx-
imations and analytically calculated the parameters of
pulsed laser(!5]. The pulse energy and pulse peak power
can be given by

E, = %hl (%) In (Z—;), (1)
Ppeax :%ni{l — n_,: + Nln (Z—j — é(l —N)

-G DY ®

where A is the effective beam area, h is Planck’s con-
stant, v is the laser frequency, R is the reflectivity of out-
put coupler, c is the speed of light, ¢ is the laser emission

Cr*, YAG

/

Fig. 1. Schematic of Nd:YAG NPRO with diffusion-bonded
Cr'™:YAG.
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cross section, 7 is population reduction factor, which
equals 1 for an ideal four-level laser, « is a special pa-
rameter of passively Q-switched laser. The larger « in-
dicates more easily bleached of the saturable absorber.
n;, ng, and ng are the initial population inversion density
at the start of Q-switching, the inversion density at the
point of maximum power, and the final inversion density
respectively. They are given by

ln(T%z) +4

i = 20l ’ )
Z_ZZN+(1—N)(Z—Z)Q, (4)
%:Hmn(%)—é{l—(%)a}, (5)

where § = In(%) + L is the total loss of cavity, [ is the
ﬁln(T—loz)H

1n(T—lg)+5 :

length of gain medium. N is defined as N =

Note that § = g—f = 12 % o1s and 094 are the saturable

absorber (SA) absorption cross section of ground-state,
and stimulated-state respectively. Ts and T are sat-
urable transmission and initial transmission of saturable
absorbers respectively. The pulse width and repetition
rate can be obtained as

E
ty ~ —2 6
P Ppeak ()
_ 1w (1 5)/2 :
f= 1 ; (7)
Ta 1—B

where 7, is the lifetime of the upper level of the gain
medium, R and R, are the pump rate and threshold
pump rate respectively, § = 1 — %(1 — Z—f), fa is the
Boltzmann occupancy factor for the stark level. It is
clear that all the parameters of pulse are as a function of
inversion densities ni, ny, and ng. And all the inversion
densities depend on two important coefficients Ty and R.
Figure 2 illustrates the parameters of pulse as a function
of R at different initial transmissions Ty of 60%, 70%,
80%, and 90%.

From Fig. 2(a), it can be seen that peak power of
pulsed laser decreases with increasing reflectivity R from
0.7 to 1. For a given reflectivity R, higher initial trans-
mission Ty leads to lower peak power. Figure 2(b) plots
pulse width as a function of R at different T (60%, 70%,
80% and 90%). When T is 90%, pulse width initially
decreases and then increases slightly with increasing R.
When Ty is at 60%, 70% and 80%, they all experience
little rise with R. Higher Ty leads to larger pulse width.
Pulse energy experiences the similar trend with peak
power (see Fig. 2(c)). Lower Ty and R lead to higher
pulse energy. Figure 2(d) shows that repetition rate in-
creases with both Ty and R. The simulation results of
pulse parameters guide the optimization of laser design.
If one need higher peak power laser with low repetition
rate and shorter pulse, saturable absorbers with lower Ty
combined with lower reflectivity of output coupler should
be chosen. On the contrary, when needing high repeti-
tion rate pulsed laser with lower pulse energy, saturable

absorbers with higher Tj should be used.

The experimental setup of the monolithic Nd:YAG
NPRO with diffusion-bonded Cr*t:YAG pumped by a
808-nm laser diode is illustrated in Fig. 3. The geomet-
rical size of the diffusion bonded crystal was 12x9.8x4
(mm). The width of the saturable absorber was 2 mm.
The width of the undoped YAG was also set 2 mm to
minimize the thermal effect. The Nd-doping concen-
tration of the gain medium was 1.1 at.-%. According to
the simulation results, the Cr-doping concentration of the
saturable absorber was chosen for the initial transmission
To of 80%. The input surface (also was output coupler)
was multi-dielectric coated for a high transmission at
808 nm and for a 15% output coupling of the s-polarized
beam at 1.06 ym. The pump beam was focused into the
monolithic NPRO by a 1:1 coupling optics.

In Fig. 4, the dependencies of the pulse parameters on
the pump power are shown. The average output power
and pulse frequency exhibited an approximate linear de-
pendence on the pump power increased from ~5.5 to 10
W. In single-frequency operation, the maximum average
output power was 466 mW with the slope efficiency of
26.8%. The peak power exhibited a non-linear increase
on the pump power, with a simultaneous shortening of
the pulse width.

To confirm single frequency operation of the pulsed
laser, the output beam was coupled into a Fabry-Peort
cavity. A charge-coupled device (CCD) camera was used

4r 30
= a b
= To=60% @ - 25F (®)
S 3rF
x T oot To=00%
% S
“&3 X
g 2 To=70% Z 15F
5 g
g zL0r T)=80%
! 2 o5k To=T0%
& To=90%
1

1 I ?1,:60"/0'
0.70 0.75 0.80 0.85 090 095 100

Reflectivity of output coupler R

1 1 |
.70 075 0.80 085 090 095 100
Reflectivity of output coupler R

o=

Ty=60%

Tp=90%

©

4 ® ©
(

1 1 1 1 1
075 080 085 090 095 1.00
Reflectivity of output coupler R

1 1 1 1 1 |
70 075 080 085 090 095 1.00
Reflectivity of output coupler R

510 ]
1 S (CY)
= B
% 0.8 Z 6F
< Ty=80% Z 5L
K06 F 2
& = oar Ty=80%
€ 04 _ S 3F
5] To=90% £ Tp=T0%
2 g o2pb
£ 02 el I
[ = 1F
0
0.

oo
=
S}

Fig. 2. (a) Peak power, (b) pulse width, (c) pulse energy, and
(d) repetition rate versus reflectivity of output coupler R for
different Tp with a pump power of 5 W.
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Fig. 3. Experimental schematic diagram of Nd:YAG NPRO
with diffusion-bonded Cr**:YAG pumped by a laser diode.
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to monitor the interfered laser beam. Figure 5 shows the
interference fringe of output beam with magnetic field
and without magnetic field. It is clear that only one set
of fine fringe observed in (Fig. 5(a)), whereas (Fig. 5(b))
has two sets of fringe which meant that the laser was
under multi-mode operation.

The stability of the output pulse train was investigated
using an oscilloscope (Tektronix TDS5052B). Figure 6
shows the envelope of pulse with 10000 times accumu-
lation and pulse train with 1000 times accumulation. It
confirmed the stability of pulse energy of the Q-switched
single-frequency ring laser. The beam quality of laser
beam was measured at the maximum output power in
single-frequency operation. Figure 7 illustrates the mea-
sured beam radii at different positions. M? factors were
calculated to be 1.35 and 1.4 in the x direction and y
direction, respectively, by fitting the data with a hy-
perbolic curve. For this configuration approximately
7% of pump energy was absorbed by Cr*t:YAG after
reached the gain medium. The initial transmission of
saturable absorber would be higher than 80% because
part of ground-state population was excited to the upper
level. This effect leads to higher threshold (~5.88 W)
and lower pulse energy.
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Fig. 4. Output average power, peak power, repetition rate,
and pulse width versus optical pump power.

Fig. 5. Interference fringe of output beam (a) with and (b)
without magnetic field.
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Fig. 6. Envelope of pulses and pulse train.
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Fig. 7. M? factor calculated by nonlinear fitting and beam
profiles of the pulsed single-frequency NPRO with diffusion-
bonded Cr*":YAG.

In conclusion, we demonstrate a pulsed single-
frequency operation in diode pumped monolithic NPRO
at 1.06 ym. The undoped YAG eliminates the residual
spatial hole burning under high power pump condition.
Average output power of 466 mW and pulse energy of
70.08 pJ are generated. The maximum pulse peak power
is 14.96 kW. 4.8-ns-long (FWHM) pulses at a repetition
rate of 6.49 kHz are observed. The simple and compact
passively @Q-switched laser design makes it as an ideal
coherent light source for applications of coherent lidar,
coherent imaging, and other fields which require pulse
and single-mode operation.
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