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With a plano-concave cavity, diode-pumped continuous-wave (CW) and actively @-switched Nd:YVOy4
laser operating at 1.34 pum is demonstrated. Maximum CW output power of 4.76 W and @Q-switched
average output power of 2.64 W are obtained with output coupler (transmission 7' = 3.9%). For the
Q@-switching operation, the theoretically calculated pulse energy and pulse width, with a pulse repetition
frequency (PRF) range of 540 kHz, coincide with the experimental results. With a T' = 11.9% output
coupler, the maximum peak power of 24.3 kW and minimum pulse width of 6.5 ns are obtained when the
PRF is 10 kHz. To the best of our knowledge, this is the shortest actively Q-switched pulse duration ever

obtained in a 1.3-pum Nd-doped vanadate laser.
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Diode pumped solid-state lasers (DPSSLs) approxi-
mately 1.3 ym have attracted much attention in recent
years because of their potential applications in medicine,
fiber optics, spectroscopy, etc. Among well-developed

Nd-doped vanadate crystals such as Nd:YVOA[ll_AL],

Nd:LuvOP® and Nd:GdVOY ™, Nd:YVO, has been
recognized as the optimum material to produce 1.3-um
laser output because its stimulated emission cross-section
for the 4F3/2 — 4F13/2(1.34 um) transition is the largest.
Moreover, the ratio of fluorescence radiation intensity
of Nd:YVO, at 1.34-1.06 pum is approximately 0.24,
which is much greater than the other two Nd-doped
vanadates. These characteristics mean that compared
with Nd:LuVO4 or Nd:GdVOy, continuous-wave (CW)
or Q-switched 1.34-pm laser can be more conveniently
constructed with a Nd:YVOy crystal. With a V3+:YAG
as the saturable absorber, Agnesi et al. obtained a 0.7-
ud pulse energy of passively @Q-switched mode-locking
at the repetition rates of 10-50 kHz by a diode-pumped
Nd:YVO, laser!*?l. An acousto-optical (A-O) Q-switched
1.34-pum laser with double Nd:YVQy crystals pumped by
fiber-coupled laser diodes (LDs) was presented by Lu et
al., in which at 10-kHz repetition rate, the shortest pulse
width was 19 ns and the peak power was higher than 30
kW, In this letter, we demonstrate efficient single-
end diode-pumping CW and A-O @Q-switched Nd:YVOy
lasers operating at 1.34 pm. For @Q-switched operation,
the theoretical calculated results coincided with the ex-
perimental data. When the output coupler transmission
was 11.9%, the pulse width and the peak power were
6.5 ns, 24.3 kW at a pulse repetition frequency (PRF)
of 10 kHz, and 14.8 ns, 3.9 kW at a PRF of 40 kHgz,
respectively.

The experimental setup is shown in Fig. 1. Previous
researches have shown that, for 1.34-um operation, low
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Nd?**t doping concentration of Nd:YVO, crystal presents
higher slop efficiency because of the small Auger up
conversion process. The reduced absorption coefficient
at the incident pump power for low doping could de-
crease thermal loading in the laser crystal and increase
achievable output power; the optimum value for the
Nd3* doping concentration was determined to be in the
0.25-0.5 at.-% rangel>~'4. Thus, in the current ex-
periment, we chose an a-cut Nd:YVO, crystal with 0.3
at-% Nd3t concentration and 3 x 3 x 10 (mm) di-
mension. Both end surfaces of the laser crystal were
anti-reflection (AR) coated at 808, 1064, and 1342 nm,
and the reflectivity of 1064 nm was limited to < 0.3%
to ensure that radiation would not oscillate. The pump
source was a fiber-coupled LD with a central wavelength
of approximately 808 nm. The core diameter and the
numerical aperture (NA) of the fiber bundle were 1.55
and 0.22 mm, respectively. Using a 3:1 focusing sys-
tem, the pump source output was focused into the laser
crystal with a spot radius of 0.258 mm. The absorption
efficiency of Nd:YVOQO, crystal to the pump light was
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Fig. 1. Schematic diagram of the experimental laser setup.
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Fig. 2. CW output power at 1.34 pm as a function of the
absorbed pump power.

~92%. M1 was the input mirror with a curvature radius
of 200 mm, which was high-transmission (HT) coated
at 808 nm, 1.06 pum on the flat face, and HT coated
at 808 nm, 1.06 ym and high-reflection (HR) coated at
1.34 pm on the concave face. The output couplers, M2,
were flat mirrors with different transmissions (7' = 3.9%
and 11.9%) at 1.34 pm. A 1.34 pum, A-O Q-switch was
inserted between the laser crystal and the output cou-
pler. The physical length of the concave-flat cavity was
1.3 cm for the CW laser experiments, and the cavity
length was lengthened to 7.4 cm for Q-switched opera-
tion. The generated CW and average output power was
measured by an energy /power meter (EPM 2000, Molec-
tron Inc.). The temporal behaviors of the Q-switched
laser were recorded by a DPO7104 digital oscilloscope
(1-GHz bandwidth and 10-Gs/s sampling rate, Tektronix
Inc.). To remove the generated heat under high pump
power levels, the laser crystal was wrapped with indium
foil and mounted in a water-cooled copper block, and
the A-O @Q-switch was mounted on another water-cooled
copper block. The temperature of cooling water was
controlled at 15 °C.

The 1.34-um CW laser experiment with a cavity length
of 1.3 cm was carried out. The CW output power, as a
function of the absorbed pump power, is shown in Fig.
2. With T' = 3.9% output coupler, the maximum output
power was 4.76 W under an absorbed pump power of 17
W, resulting in an optical conversion efficiency of 28%
and a slop efficiency of 29.1%. The physical length of
the laser resonator was adjusted to 7.4 cm and the A-O
@-switch was inserted to carry out the 1.34-um pulse
laser experiment. For T" = 3.9% output coupler, Fig. 3
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Fig. 3. Dependence of the average output power on the ab-
sorbed pump power at different PRFs (T = 3.9%).
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Fig. 4. Variation of pulse energy with PRF.

shows the dependence of the average output power on
the absorbed pump power at different PRFs. During
high PRFs of 30 and 40 kHz, the output power dropped
off rapidly after it reached the maximum value at a high
pump power of 13.4 W. During low PRFs of 5-20 kHz,
the maximum value of output power could be maintained
in the pump range of 13.4-15.6 W. We supposed that
this phenomenon was caused by the thermal effect dis-
crepancy of the A-O @Q-switch. Figure 3 shows that, at
high pump level, the output power of high PRF is much
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Fig. 5. Experimental data and calculated results of pulse en-
ergy.

Table 1. Parameters Used in Theoretical
Calculations of Pulsd Energy and Pulse Width

T 110 ps

n 0.92
P 1.3 W

o 1.59%107' cm?

l 1 cm

3 0.98

1 0.96

ro 1

& 0.02 cm™!

w 0.022 cm

L 7.4 cm

hv 1.48x1071% J
) 0.86
Nin 3.8x10Y7 cm ™3
P 15 W
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Table 2. Calculated Results of ng, ns, and Pulse Width

PRF 5 kHz, 10 kHz
no (cm™3) 3.4x10"® 2.4x10'®
ng (cm™3) 0.03x10"° 0.3x10"°

tcal (ns) 13 15
texp (nS) 15 12

20 kHz 30 kHz 40 K
1.5x10® 1.1x10'® 0.82x10'8
2.7%x10'6 6x10%° 8.8x10%6

20 28 40
17 19 21

larger than that of low PRF; thus, the intra-cavity cir-
culation laser power will be very large for high PRF, es-
pecially when a small transmission mirror is used as the
output coupler. As a result, high PRF operation had
severe thermal effects on @Q-switch, making the cavity
unstable and the output power drop off easily. Figure 4
shows the variation of pulse energy with the PRF, where
the pulse energy decreased rapidly as the PRF changed
from 5 to 40 kHz. The maximum pulse energy was 198
1J, obtained at 5 kHz with T' = 3.9% output coupler.
According to the theory of LD end-pumped actively Q-
switched solid-state lasers!'® | the single pulse energy can
be expressed as
E = (ng — ng)hwVoy, (1)

where ng = K7Py(1 — e~ Y/, 7 is the fluorescent life-
time, P, is the incident pump power, and f is the PRF.
K is a pumping constant and can be determined through
the relation K = nn4y, /7Py, where 7 is the absorption
efficiency, P is the threshold pump power, and ny, is
the threshold inversion density, which can be calculated

11
from the equation®): ny, = 7[7 In(&\/rir2) "' + f]. In
ag

this relation, o is the stimulated emission cross-section
and can be calculated according to Ref. [17], I is the
length of the laser crystal, £ is the single pass transmis-
sion, 71 and ro are the reflectances of the output cou-
ple and the rear mirror, respectively, and 3 is the loss
coefficient of the laser crystal. ns can be obtained by the
relation: ng = nge= "0/ of which v =1 — 5\/@6_51
is a cavity loss factor.

V' is the effective lasing volume and can be given by
V = mw?ld, where w is the fundamental mode radius,
and ¢ is introduced to account for the reduction in the
lasing volume resulting from the end-pumping geometry.

o¢ is the fraction of circulating laser radiation within
the resonant cavity that emerges as useful output. The
value of the coupling factor oy is given by

In(rq)

og = . 2
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Fig. 6. Dependence of pulse width on PRF.

The pulse width can be estimated approximately by

2L/c
1—1In(ry) — & ng — nen[l + In(ng/ng)]

no — Nf

3)

tcal =

All the parameters used to calculate the pulse energy
and the pulse width are listed in Table 1. Figure 5 shows
the comparison of the experimental data with the calcu-
lated results on pulse energy for the T = 3.9% output
coupler. The two curves exhibited a rough agreement, in
which both demonstrated that high pulse energy could be
obtained at low PRF. The calculated and measured pulse
widths are shown in Table 2. At low PRF, the theoretical
value coincided well with the corresponding experimen-
tal value, whereas there was evident discrepancy when
PRF was greater than 30 kHz. This occurrence could
be attributed to the calculating assumption that both
inversion and photon density remain uniform across the
transverse section of the laser crystal. Although this as-
sumption does not lead to serious error in the calculation
of pulse energy, it limits the calculating accuracy of pulse
formative time and pulse width5:16],

With the relation of Pyeax = E/t, we can obtain the
peak power of @Q-switched pulse, where E is the pulse
energy and t is the pulse width. Figures 6 and 7 show
the dependence of pulse width and peak power on PRF,
respectively.  With a T = 11.9% output coupler, the
maximum peak power of 24.3 kW and the minimum
pulse width of 6.5 ns were obtained at a PRF of 10 kHz.
The corresponding pulse waveform and pulse train are
shown in Fig. 8. Figures 4, 6, and 7 show that, for A-Q,
actively Q-switching low PRF (< 10 kHz) is favorable
for obtaining high peak power because of the large pulse
energy and the narrow pulse width.

For comparison, we examined the 1.34-uym A-O Q-
switched performance of an a-cut 0.5 at.-% Nd:YVOy,
crystal with the same experimental setup. The results
were much inferior to that of 0.3 at.-% Nd:YVOy crys-
tal reported above. The maximum single pulse energy,
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Fig. 7. Dependence of peak power on PRF.
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Fig. 8. Pulse waveform of 6.5 ns (inser: corresponding pulse
train of 10 kHz)

shortest pulse width, and highest peak power, which were
78 1J, 12.9 ns, 6.1 kW for the T = 3.9% output coupler
and 112 pJ, 23.8 ns, 4.7 kW for the T = 11.9% output
coupler, were achieved at a PRF of 5 kHz.

In conclusion, short pulse width is significant to diode-
pumped actively Q-switched lasers. Previous research
have shown that, at high PRF, the average output power
of actively Q-switched lasers will approach CW output
power with the same cavity structure819 which is de-
termined mainly by the inherent characteristic of the
laser material. Hence, in high PRF operations of such
lasers, the single pulse energy is limited. Thus, in this
situation, decreasing the pulse width is the key method
for enhancing the peak power. In this letter, actively Q-
switched Nd:YVOy laser at 1.34 pm obtains short pulse
width and high peak power by shortening the laser cav-
ity and choosing the laser material properly. When the
transmission of output coupler is 11.9%, the pulse width
and the peak power are 6.5 ns, 24.3 kW at a PRF of 10
kHz, and 14.8 ns, 3.9 kW at a PRF of 40 kHz, respec-
tively. To the best of our knowledge, this is the short-
est actively @Q-switched pulse duration ever obtained in
a 1.3-um Nd-doped vanadate laser. The compact struc-
ture, efficient output, and excellent pulse performance
are favorable for future applications in relevant fields.
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