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The influence of pumping laser pulse on the property of quasi-continuous-wave (QCW) diode-side-pumped Nd: YAG
laser is investigated theoretically and experimentally. Under remaining a fixed duty cycle, the average output power in-
creases, and the corresponding thermal focal length shorten with the increase of the pump pulse duration, which attributes
to the decrease of the ratio of pulse buildup time to the pulse duration. At a pump power of 146 W, the laser output power
changes from 65.1 W to 81.2 W when the pulse duration is adjusted from 150 us to 1000 ps, confirming a significant
enhancement of 24.7%. A laser rate equation model incorporating the amplified spontaneous emission is also utilized and
numerically solved, and the simulated results agree well with the experimental data.

Keywords: pump pulse duration, diode-side-pumped, pulsed Nd:YAG laser, laser rate equation, amplified

spontaneous emission
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1. Introduction

Diode-pumped Nd:YAG solid-state laser, along with its
advantages of high efficiency, high reliability, compactness,
and long operation time,!'™# has a wide range of applica-
tions in industry, science and basic research.>~7! To date, the
characteristics of the Nd:YAG laser have been widely stud-
ied to obtain high power output. For instance, Yu et al
and Wang et al. have experimentally investigated the influ-
ence of different output couplings, cavity lengths, types of
cavities, and the temperatures of cooling water on the laser
output power and beam quality of continuous-wave (CW)
Nd:YAG laser.[*8 Hajiesmaeilbaigi ef al. presented the out-
put power of CW Nd:YAG laser under different resonator mir-
rors and rod end-face curvatures.® In 2007, Sundar er al. re-
ported the performance results of Nd:YAG rods with differ-
ent diameters and doping concentrations in the CW diode-
pumped geometry.!!% Recently, they studied different pump
configurations to cater to the need to build a high-power CW
Nd:YAG rod laser.!''l Compared with the CW lasers, quasi-
CW (QCW) lasers with higher peak power and the capability
to be modulated have attracted increasing attention for indus-

(13

trial cutting,['?! welding,!"3! laser medical treatment,!'*! and

sodium beacon laser.[!>!
In this paper, we carry theoretically and experimentally

studies on the influence of the pump pulse duration on the out-
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put characteristics of a diode-side-pumped QCW Nd: YAG rod
laser. Based on the rate equation of four-level system, a laser
model that takes into account the amplified spontaneous emis-
sion (ASE) is introduced to estimate the laser output power,
which is well in agreement with the experimental results. In
this work, the pump pulse duration and repetition rate are mod-
ulated from 150 ps at 800 Hz to 1000 ps at 120 Hz while main-
taining a duty cycle of 12%. At a given pump power of 146 W,
the average output power has an improvement of 24.7% from
65.1 W to 81.2 W, due to decreasing the building up time of
the laser oscillation. Moreover, the measured thermal focal
length of the Nd:YAG laser rod shorten slightly with the in-
crease of the pump pulse duration. The result could offer a
significant guidance to the design and optimization of highly
efficient QCW pulsed Nd: YAG lasers.

2. Experimental setup

Compared with diode-end-pumped lasers with the char-
acteristics of the high absorption, the excellent overlap be-
tween pump volume and laser mode, and the high pump
densities, the diode-side-pumped lasers have the advantages
of compactness, high reliability and flexibility, and easily
integrated.['®) Moreover, side-pumped device can offer sim-
plicity by eliminating coupling optics while providing the po-
tential for scaling the solid-state lasers to a much higher power
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Fig. 1. (a) Schematic diagram of the side-pumped module and (b) fluores-
cence distribution of the Nd: YAG rod.

The cross section schematic configuration of homemade
laser diode (D) side-pumped Nd:YAG laser module is illus-
trated in Fig. 1(a). The rod Nd:YAG crystal is doped of 0.6-
at.% Nd>t with a diameter of 3 mm and length of 82 mm,
and the two end facets are coated with antire-reflective film
at 1064 nm. The Nd:YAG rod is surrounded by a diffusive
reflector and side-pumped by three-fold symmetrically QCW
808-nm LD arrays. The diode bars operate at an adjustable
pump pulse duration from 150 ps to 1000 ps with 800-Hz to
120-Hz repetition rate while the duty cycle remains 12% con-
stant. The diffusive reflector is made of polished brass coated
with gold to reflect the unabsorbed pumping light back into the
crystal, where the absorption efficiency of the Nd:YAG rod is
estimated to be as high as 95%. The LD arrays and Nd:YAG
rod are cooled to 25 °C with temperature precision of +0.1°
by deionized water flowing in the heat sink and glass tube, in
order to match the pump radiation wavelength of LD and the
808.5-nm absorption spectrum of Nd:YAG. The fluorescence
distribution of the side-pumped module is measured at the rod
end with a CCD, as shown in Fig. 1(b), indicating the uniform
gain distribution in the Nd:YAG rod. This above beam cou-
pling method not only achieves efficient pumping for high out-
put power, but also produces a uniform pump light distribution
for good beam quality. A compact flat—flat cavity is utilized
to investigate the average laser output power versus the pump
pulse characteristics, as shown in Fig. 2. The mirror M1 is

coated with high reflectance at 1064 nm, and the mirror M2 is

an output coupler with a transmission of 40% at 1064 nm. The
thermal effect of the Nd: YAG laser rod can affect laser perfor-
mance seriously, and the corresponding thermal focal length
is carefully measured by changing the distance L between LH
and M2.

Fig. 2. Schematic diagram of laser resonator and the thermal focal mea-
surement. LH: laser module; M1: high reflector; M2: output coupler; L:
distance between LH and M2; PM: power meter.

3. Theoretical model

For practical solid-state lasers, the spontaneously emitted
photon could be at any position and any direction inside the
laser rod. Without ASE, the differential equation governing
the population inversion density 7 of laser rod is given by!!”]

%:Wp(no—n)—cnmﬁ—%, €))
where ng is the total number of atoms density of laser rod, ¢
is the photon density in the laser cavity, ¢ is the stimulated
emission cross section of laser rod, c is the speed of the pho-
ton in vacuum, 7 is the fluorescence lifetime of the upper laser
manifold. W, = BF,/DchvynoVy is the pumping rate, where
B denotes the conversion efficiency including absorption and
pump quantum efficiencies, P, is the pump power, /4 is the
Planck constant, v, is the pump laser frequency, D, is the duty
cycle of the pump pulse, Vj is the volume of active medium.

ASE will cause the large loss of the population density
of the upper laser manifold, which has been considered as an

18191 Bach spontaneously emitted

unwanted parasitic effect. !
photon is amplified by a factor of exp(ons), where s is the
path length of the spontaneously emitted photon in the laser
rod, and then the population density of ASE photon with any

frequency v can be written by2%!

dn o 4t Vo p
an_ / / / 2 exp(ons)G(v) - AV dQdv /4nV,
dr Jo Jo Jo

2
osn
= - ) (2)
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where G(v) describes the aggregate lineshape function of the
upper laser manifold. After taking into consideration the ASE
loss term, the rate-equation model for the four-level system
could be modified as following:

on n  osn?
E:Wp("O*")*C"G‘P*E* P 3)
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For a short laser resonator, the decay time for the photons is
defined by 7. = (2I/c)[2al — In(1 — T')], where ¢ is the loss
coefficient, T is the transmission of output coupler, and / is the
length of laser rod. n; is the refractive index of the laser rod.

For the Nd:YAG laser system, the average output power
P, could be expressed as

1
P, = E,TR = TR/PAcq)hvldt, (5)
0

where E, is the energy of single laser pulse, R is the pulse rep-
etition rate, A is the area of output laser, 4V is the output laser
photon energy, #, is the pump pulse duration. The average laser
output power and optical-to-optical conversion efficiency ver-
sus the pump pulse duration are simulated by solving the cou-
pled Egs. (3)—(5) with the fourth-order Rounge—Kutta method.
The following parameters used in the theoretical calculation is
listed in Table 1.

Table 1. Parameters for the laser cavity and Nd: YAG crystal.

Parameters Value
n(cm3) 8.28x 10"
o (cm?)U7] 2.8x10°19
¢ (m/s) 3%x108
Te (Us) 230
Bl 0.7
hv, (1) 2.46x10719
De 12%
Vo (cm?) 0.57
s (mm) 20 117
o (cm™) 0.005
T 40%
[ (mm) 82
ny 1.82
A (cm?) 0.071
hwv () 246x10719

For a QCW pulsed laser with a fixed duty cycle, it will
not change the laser peak power for adjusting the ration of the
repetition rate and pulse duration. Without regard to the im-
perative laser building up time #,, the optical-to-optical con-
version efficiency can be given by 19 = F,/(F, — B,), where
B, is the pumping power wasted by building the laser pulse.
If the building up time of laser oscillation is not negligible,
the relationship between the conversion efficiency 1 and the
pumping pulse duration 7, can be described as

Po_770'<PP_Pb)_770 P b
o N B (p -2 4R
Pp Pp Pp tP~R

Mo (1 —j") ©)
P

we can see that the conversion efficiency has the positive pro-

portion with the pump duration. As ¢, is usually a constant
value, the saturation phenomenon will appear with further in-

creasing the pump pulse duration.

4. Results and discussion

Under different pump pulse duration, the average output
power as a function of the LD pump power is shown in Fig. 3.
The output power grows approximately linearly with the inci-
dent pump power from 67 W to 146 W. At the pump power
of 146 W, the maximum output powers are measured to be
65.1 W, 694 W, 71.3 W, 73.6 W, 76.7 W, 78.4 W, 79.2 W,
80.7 W, 81.2 W for 150 us, 200 us, 240 ps, 300 ps, 400 ps,
500 ps, 600 ps, 800 ps, 1000 us, respectively. The corre-
sponding power increment is as high as 24.7% for the pump
pulse duration from 150 ps to 1000 ps. The output energy
does not show any roll-over effect up to the maximum pump
energy, indicating that higher output can be achieved with
higher pump energy. The compact laser resonator operates at
multi transversal modes, and the power stability for each case
is measured to be less than 0.5% within 30 min.

90 T T T T T T T T T T T T T T T T T T
—a— 150 us
80T o 200 us ]
70k 240 ps 4
— —v— 300 us
= 60} 400 ps b
- —<— 500 ps
'
2 50T 600 ps ]
a 4ok 800 ps 7 |
- —k— 1000 ps =
=} Z
2 30r g 60 b
O 20 E‘“ 56 .
S
10F g 5206 12 18 21 30 ]
Time (min) 1
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
60 70 80 90 100 110 120 130 140 150

Pump power (W)

Fig. 3. Average output power variation with input pump power for different
pump pulse durations. The inset shows the power stability for each case.

The pulse temporal characteristics of the laser is moni-
tored by the fast photodiode detector (Thorlabs Inc. DET200,
rise time < 25 ns) connected to a 4-GHz bandwidth digital
oscilloscope (Tektronix DPO70404). At the pump power of
146 W, figure 4 shows the laser pulse trains of 800 Hz, 150 ps;
600 Hz, 200 us; 400 Hz, 300 ps; and 200 Hz, 600 us. The
pulse duration of single pulse temporal profile is measured to
be 130 us, 180 ps, 280 us, and 580 s, respectively, which is
less 25 ps than pulse duration of the pumping source, includ-
ing the laser building up time of ~ 20 ps, the pulse rising time
of ~ 0.5 us, and the fall time of ~ 4.5 ps. In unit time, the
wasted pumping time for the oscillating laser is 16 ms, 12 ms,
8 ms, and 4 ms for 800 Hz, 600 Hz, 400 Hz, and 200 Hz,
respectively.

The optical-to-optical conversion efficiency of QCW
Nd:YAG laser versus the pump pulse duration is shown in
Fig. 5, and the measured conversion efficiency is 44.6%,
47.5%, 48.8%, 50.4%, 52.5%, 53.7%, 54.7%, 55.3%, and
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55.6% for the pump pulse duration of 150 ps, 200 s, 240 us,
300 ps, 400 ps, 500 ps, 600 ps, 800 pus, and 1000 ps, respec-
tively. Based on the laser theoretical model described previ-
ously, the simulated results of the conversion efficiency are
plotted in Fig. 5, using the red curve for that without ASE and
the black curve for that with the ASE. It can be seen the the-
oretical result taking the ASE into consideration is in accor-
dance with the experimental data. The conversion efficiency
shows a significant improvement with increasing the pump
pulse duration that decreases the ratio of the pulse buildup time
to the pulse duration. Because of the smaller and smaller ratio,
it tends to saturation for longer pump pulse duration > 800 us,
which is also in excellent agreement with the green dot curve
based on Eq. (6).

—— 800 Hz, 150 ps

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-6 -5 -4 -3 -2 -1 0 1 2 3 4
Time (ms)

Fig. 4. Observed oscilloscope traces of Nd:YAG laser pulse.
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el 54
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g 52 | i

iz 50 —— Without ASE

L i —— With ASE 1

g 48k B Experimental result |

(@) Modified equation (6)
46

200 400 600 800 1000

Pump pulse duration (us)
Fig. 5. Measured and simulated results of conversion efficiency as a func-
tion of pump pulse duration for pump power of 146 W and duty cycle of
12%: the red curve is the simulation without ASE, the black curve is the
simulation with ASE, the blue dots are the measurement, and the green dot
curve is the fitting with modified equation (6).

Figure 6 gives the effect of the pump pulse duration on
the thermal focal length of the Nd:YAG laser rod, and the
thermal focal length shorten slightly with increasing the pump
pulse duration, particularly noticeable for higher power pump-
ing. At a pump power of 120 W, the measured thermal focal
length is approximately 710 mm and 697 mm for 200-ps pulse
duration and 1000-ps pulse duration. At a pump power of
190 W, the corresponding thermal focal length reduces grad-
ually from 440 mm to 405 mm. For a high power solid-state
QCW laser with long pulse duration, the serious heat inside the
laser rod could not be effectively carried away by the flowing
water. This result will be conducive to optimizing the design
of highly efficient QCW pulsed Nd: YAG lasers.

— P,=100 W
g 800F m - = O A
=

- .- ~ R P, =120 W
S 700 ° o o o -
=i

2

g 600F A, P,=150 W |
S A —A
RS

75 5001 P,=180 W |
5}

<

H

ww
400 1 1 1 1

1000

200 400 600 800
Pump pulse duration (ps)

Fig. 6. Thermal focal length versus pump pulse duration under different
pump powers.

5. Conclusion

In summary, the analytical and experimental studies on
the influence of the pump pulse characteristics on output
power of QCW laser are reported in details. In a proof-of-
principle experiment, the laser output power expresses a 24%
enhancement when the pump pulse duration increases from
150 ps to 1000 ps, due to the fact of decreasing the ratio of
pulse build-up time to the pump pulse duration. However, the
conversion efficiency tends to saturation and the thermal fo-
cal length is shorter for longer pump pulse duration. And, the
theoretical analysis result with ASE effect is quite coincident

with the experimental data.
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