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A diode-pumped tunable and multi-wavelength continuous-wave Nd:YAG laser based on the
4F3/274113/2 transition has been demonstrated for the first time. The combination of the glass plane
positioned at the Brewster angle and the electro-optical crystal KH,PO, (KDP) lens formed a Lyot
filter in the cavity and compressed the available gain bandwidth. With an adjustable voltage applied
to the KDP crystal lens, the laser wavelength could be tuned from 1333.8 to 1338.2 nm. Moreover,
we can also realize cw dual-wavelength and triple-wavelength lasers with smaller wavelength
separation by adjusting the free spectral range of the Lyot filter. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866093]

. INTRODUCTION

All-solid-state 1.3—1.4 um lasers have attracted a great
deal of attentions for its applications in laser medicine, fiber
communications system, non-linear frequency conversion to
produce visible radiation, and so on."? The 4F3/2—4113/2 tran-
sition of Nd>"-doped crystal locates in this wavelength
region. The Nd:YAG crystal has been most widely used as a
kind of solid-state laser medium so far. The diagram of
energy levels of Nd*" ion in YAG crystal on the *F; /2—4113/2
transition is shown in Fig. 1. The 4F3/2—4113/2 transitions of
Nd** ion are located in the 1.3—1.4 um wavelengths region,
from which there are eleven emission lines due to the split of
stark energy levels. Because the stimulated emission cross
sections of 1318.8, 1320, 1333.8, 1335, 1338.2, 1341,
1353.6, 1356.4, 1414, 1430.8, 1444 nm transitions are less
than those of 1319 and 1338.2 nm, the laser emissions of
these wavelengths cannot compete against those of 1319 and
1338.2 nm during the laser operation. In addition, the emis-
sion cross sections of the adjacent transition wavelengths are
very close. For example, the stimulated emission cross sec-
tions of 1333.8 and 1335 nm are 3.0 x 10~ ** and 3.4 x 10~>°
cm?, respectively.’ Moreover, the interval of the two peaks
is only 1.2 nm. Thus, it is difficult to realize the oscillation of
single wavelength by suppressing the other with coatings. In
order to obtain the single-wavelength output in narrow band
range, an etalon is usually inserted in the cavity to select
wavelength.*® However, when tuning with the etalon, me-
chanical rotation is necessary, which lowers the adjusting ac-
curacy and can only realize single-wavelength output. In this
paper, we propose a new tunable method for narrow band
range by applying an adjustable voltage to the KH,PO,
(KDP) crystal lens. We achieved a diode-pumped tunable cw
Nd:YAG laser based on the 4F3/2—411 3,2 transition, and the
laser wavelength could be tuned from 1333.8 to 1338.2 nm.
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Multi-wavelength laser with the smaller separation
would be especially valuable as a compact and strong laser
source to generate the THz emission because the frequency
difference’ between two wavelengths is about 0.7 THz.
Coherent THz waves, traditionally defined in the frequency
range of 0.1-3 THz, have great potential for THz imaging,
sensing, and THz spectroscopy applications.*'® Up to now,
the realized dual-wavelength lasers of the smaller wave-
length separation in Nd**-doped crystals can be classified
into two main categories. The first category is the laser oper-
ated in the same laser transition with a smaller wavelength
separation and a single polarization.''™"* The second cate-
gory is the dual-wavelength lasers with orthogonal
polarizations.'*'¢ Very little research was carried out on the
triple-wavelength lasers of the smaller wavelength separa-
tion.'”'® In this paper, the output of cw dual-wavelength
laser operating at 1333.8 and 1335 nm and triple-wavelength
laser operating at 1333.8, 1335, and 1338.2 nm was realized
in the Nd:YAG lasers. To the best of our knowledge, it is the
first time that the multi-wavelength operation with such
small separation is demonstrated.

Il. EXPERIMENT AND RESULT ANALYSIS

The experimental setup used is described in Fig. 2. The
optical pumping was done by using fiber-coupled (diameter
of 200 um and numerical aperture NA =0.22) diode lasers
from Coherent Co., USA. The 809 nm emitting diode output-
ted 20 W of pump power with an emission bandwidth of
2.0nm (FWHM definition). The coupling optics consists
of two identical plano-convex lenses with focal lengths of
15 mm used to re-image the pump beam into the laser crystal
at a ratio of 1:1. The coupling efficiency is 95%. The laser
crystal is a 1.0 at. % Nd*>" doped, ®4 mm x 3 mm Nd:YAG
wrapped with indium foil, and mounted at a TEC (thermal
electronic cooled) copper block, and the temperature is
maintained at 20°C. The whole cavity is also cooled by
TEC. Both sides of the laser crystal were coated for high

© 2014 AIP Publishing LLC
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transmission (HT) from 1330 to 1340nm. The Brewster
angle (BP) was used in order to achieve polarized beam. The
plane mirror (M1) of the cavity is HT at the pump wave-
length and highly reflective (HR) from 1330 to 1340 nm. The
concave mirror (M2) is an output coupler, which was coated
with a transmission of 2.8% from 1330 to 1340 nm. A KDP
crystal lens (RoC = —200 mm) is inserted in the cavity. Both
end facets of the KDP crystal lens are AR coated from 1330
to 1340 nm to reduce the reflection losses in the cavity. The
optical axis (c-axis) and b-axis of the KDP crystal are,
respectively, perpendicular and horizontal to the optical axis
of the resonator, and the a-axis is also perpendicular to the
optical axis of the resonator (see Fig. 2). The beam in the
cavity is horizontally polarized. The horizontally polarized
light is divided into the ordinary ray and the extraordinary
ray in the crystal. The difference between the refractive indi-
ces of the ordinary ray and the extraordinary ray makes the
KDP crystal act as a birefringent filter. Combined with the
BP, the KDP crystal lens formed a Lyot filter and com-
pressed the available gain bandwidth.

Equation (1) is the round transmittance 7, of the Lyot
filter

T, = cos’ [4n(nx — ng)d/l], (1)

where n, = n, — 1/2n3y¢E is the refractive index of the or-
dinary ray when applying the electric field to the KDP crystal
lens, n, is the refractive index of the ordinary ray, ye; is the
electrooptic coefficient, E = U/D is the electric field inten-
sity, U is the voltage, D is the distance between the two elec-
trodes, n, is the refractive index of the extraordinary ray

Coupling lenses a b

Nd:YAG

Fiber- coupled
diode laser

M1: HT@809 nm
and HR@1330-1340 nm

(n, is constant when applying voltage in the direction of the
c-axis of the KDP crystal lens), d is the center thickness of
the KDP crystal lens, and 4 is the laser wavelength. The re-
fractive indices of the ordinary ray and the extraordinary ray
are, respectively, 1.5115 and 1.4698. According to Eq. (1),
T333.80m = 100%, T;335 am = 2.32%, and 13382 nm = 1.40%
when applying the voltage of 0.69kV. Namely, the oscilla-
tion of 1333.8 nm is achieved by suppressing the oscillation
of 1335nm and 1338.2nm. By adjusting voltage to 3.5kV,
T3350m=100%, T;33380m =2.77%, T;33820m = 3.26%.
Therefore, the oscillation of 1335 nm is achieved. Similarly,
the oscillation of 1338.2 nm is achieved by adjusting voltage.

Because of certain fundamental physics mechanisms,
e.g., the quantum defect and fluorescence quenching, it is in-
evitable that a larger amount of absorbed energy transfers
into the heat in the laser rod, which produces an uneven tem-
perature field and greatly reduces the beam quality.'”
Therefore, it has been a long-term active subject to study the
heat generation mechanism and its interaction with other
physics mechanisms in solid-state lasers.”**' To compensate
for the thermal lens effect of the laser rod, we shaped the
KDP crystal into concave lens (see Fig. 2). As KDP crystal
lens has electro-optical characteristics, we can change its re-
fractive index by applying voltage perpendicularly to the op-
tical axis, which can change the focal length of the lens.
Hence, by adjusting the focal length of the KDP crystal lens,
we could compose a Galileo telescope system consisting of
the thermal lens of the laser rod and KDP crystal lens. Thus,
the thermal lens effect can be well compensated. Several
methods are used to compensate for the thermal lens effect.
The first is using the thermal-insensitive resonator.”” The

M2: T=2.8%@1330-1340 nm

and HT@1064 nm

Laser

FIG. 2. Experimental configuration of
the fine wavelength control in 1.3 yum
Nd:YAG lasers.
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second is manufacturing the end of the laser rod into a con-
cave shape, which could act as the role of a negative lens
compensation for the thermal lens effect.”® The third is
inserting a negative focus device in the cavity.”* However,
the first method can be used only in the case of a long focal
length of the thermal lens (<50 mm). The other two methods
could only show good performance under certain pump
power. In addition, to improve the mechanical arrangement
(deformable mirrors,”> moveable lens,?® and resonator length
adjustments?”), Graf et al. and Wyss et al. proposed using an
adaptive negative lens to compensate for the power-
dependent thermal lens.?®2° This method could generate a
strong negative lens to effectively compensate for the ther-
mal effect; however, it is difficult to manufacture the com-
pensating disk. The method we raised could compensate for
the thermal lens effect in a wide range of thermal focal
length change, and the KDP crystal is very easy to
manufacture.

Figure 3 presents the dependence of the output power on
the incident pump power for the Nd:YAG laser at
1333.8 nm. In a frame in the top left corner of Fig. 3, a scaled
plot of a part of the spectrum is shown. It can be seen that os-
cillation of 1335 nm was suppressed by the Lyot filter, and
only the 1333.8 nm output was realized. The output power
reaches 1.03 W at an incident pump power of 18.4 W. The
corresponding optical-to-optical conversion efficiency is
5.6% with a slope efficiency of approximately 6.5%. With
this configuration, we recorded an oscillation threshold at
2.4W. Some intensity stability testing was carried out by
monitoring the 1333.8 emission with a Field-Master-GS
powermeter at 10 Hz. The fluctuation of the output power is
about 2.3% in 4h. The short-term power stability is meas-
ured by a LabMaster Ultima that operates at 50 kHz, and the
percent rms noise value is 2.8%. The thermal stability of the
output wavelength was also observed at different pump
powers. We found that the change range of central wave-
length maintains less than *+0.01 over the full range of pump
powers. The optical spectrum was measured with a
Spectrapro-500i  spectrometer from Acton Research
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FIG. 3. Output power versus the incident pump power for the 1333.8 nm
emission. Inset: optical spectrum of the 1333.8 nm emission at the maximum
output power.
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FIG. 4. Output power versus the incident pump power for the 1335 nm emis-
sion. Inset: optical spectrum of the 1335nm emission at the maximum out-
put power.

Corporation (see Fig. 3 inset). The spectral linewidth
(FWHM definition) is about 0.25 nm with the central wave-
length at 1338.2nm. The M? factor is about 1.05 measured
by knife-edge technique. The output power at 1335 nm ver-
sus the incident pump power is shown in Fig. 4. In a frame in
the top left corner of Fig. 4, a scaled plot of a part of the
spectrum is shown. The spectral linewidth is about 0.3 nm
with the central wavelength at 1335 nm. The output power of
1335nm was 1.36 W and the optical-to-optical efficiency
was 7.4%. The slope efficiency with respect to the incident
pump power was 8.2%. The threshold pump power is 1.9 W.
The M? factor is about 1.12. The long-term intensity stability
of the laser is better than 1.8%. The laser performance of
1338.2 nm is presented in Fig. 5. The measured optical spec-
trum at the maximum output power is depicted in the inset
of Fig. 5. The output power was 4.59W and the optical-
to-optical efficiency was 24.9%. The slope efficiency and the
threshold were 26.9% and 1.3 W, respectively. The M? factor
and the long-term stability were 1.06 and 1.4%, respectively.
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FIG. 5. Output power versus the incident pump power for the 1338.2nm
emission. Inset: optical spectrum of the 1338.2 nm emission at the maximum
output power.
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Equation (2) is the free spectral range A4y of the KDP
electro-optical crystal lens

Adp = 22/2(ny — no)d. )

To achieve the multi-wavelength operation, we increase
the free spectral range by changing the length of KDP crystal.
When the center thickness of KDP crystal was 4 mm and the
adjusting voltage was 1.2kV, according to Egs. (1) and (2),
Adp=5nm, T;33380m=100%, T;3350m=92.4%, T;33820m
=1.19%. Thus, according to the condition of multi-
wavelength oscillation,® a dual-wavelength emission at
1333.8 and 1335 nm was achieved. Figure 5 shows the output
power at each lasing wavelength with respect to the incident
pump power at 809 nm. The threshold of pump power is 2.5 W
for 1333.8 nm, and 2.2 W for 1335 nm. The output power of
1335nm line increases monotonically as the pump power
increases. On the other hand, the output power of 1333.8 nm
line first increases linearly with the pump power, reaches its
maximum power of 0.47 W at the pump power of 14.1 W, and
then descends monotonically. We believe that the gain compe-
tition between 1335 nm and 1333.8 nm lines leads to the output
power of 1333.8 nm decreases over 14.1 W of pump power.
The laser beams were observed at different pump powers. The
M? factor of 1333.8 nm emission is estimated to be approxi-
mately 1.14 near threshold, and then increases to 2.45 at pump
power greater than 18.4 W. On the other hand, the 1335 nm
emission maintains the beam quality factor M? less than 1.13
over the full range of pump powers. The long-term intensity
stability for 1333.8 nm and 1335nm emissions at the pump
power of 18.4W is about 5.2% and 2.1%, respectively. The
inset of Fig. 6 shows the measured optical spectrum for
the dual-wavelength laser at the pump power of 18.4 W. The
central wavelengths are 1333.8nm and 1335nm, with the
spectral linewidths of 0.25nm and 0.32nm, respectively.
Similarly, a triple-wavelength emission at 1333.8, 1335, and
1338.2nm was achieved by adjusting voltage to 0.6kV. The
output powers at each lasing wavelength versus incident power
are given in Fig. 7. It can be seen the output power of
1338.2 nm increases quadratically as the incident pump power
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FIG. 6. Output powers versus the incident pump power for dual-wavelength
operation. Inset: optical spectrum of dual-wavelength operation.
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FIG. 7. Output powers versus the incident pump power for triple-wavelength
operation. Inset: optical spectrum of triple-wavelength operation.

increases. And the output power of 1335 nm rises monotoni-
cally with the incident pump power. On the other hand, as the
incident pump power was increased, the 1333.8 nm transitions
was not suppressed completely by the 1335 nm and 1338.2 nm
transitions, but the three wavelengths competed with each
other. The output power proportion of 1333.8nm, 1335nm,
and 1338.2nm was 1:2.3:5.8. A total output power of 3.89 W
for the triple-wavelength was achieved at the incident pump
power of 18.4 W with optical conversion efficiency of 13.6%.
The measured optical spectrum for the triple-wavelength laser
at the maximum output power is depicted in the inset of Fig. 7.
The long-term intensity stability of 1333.8 nm, 1335 nm, and
1338.2 nm emissions at the maximum output power are about
4.2%,5.6%, and 3.3%, respectively.

lll. CONCLUSION

In conclusion, we have demonstrated an all-solid-state
tunable Nd:YAG laser based on the 4F3/2—4113/2 transition
with an electro-optical crystal lens. With an adjustable voltage
applied to the KDP crystal lens, the laser wavelength could be
tuned from 1333.8 to 1338.2 nm. By adjusting the free spectral
range of the Lyot filter, a dual-wavelength Nd:YAG laser at
1333.8nm and 1335nm has also been demonstrated. At an
incident pump power of 18.4 W, the output power obtained at
1333.8nm and 1335nm is 0.24 W and 1.59 W, respectively.
And a cw emission of triple-wavelength 1333.8, 1335, and
1338.2nm has been achieved. A total output power of 3.89 W
was yielded with optical conversion efficiency of 13.6%.
Thus, this wok presents a new method to realize tunable and
multi-wavelength solid-state laser. The method avoids me-
chanical modulation, so it is simpler, more precise, and appli-
cable, which can also be popularized in other solid-state lasers.
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