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A simple, reliable, linearly polarized laser source with very
high beam quality is demonstrated using standard diode-
side-pumped Nd:YAG modules. The laser produced 30 W
of output power with beam quality factor M? < 1.15 over
the entire range of input powers and beam quality of 1.02
at the laser operation point. This is, to our knowledge,
the highest beam quality for a dynamically stable high-power
laser that uses an optically isotropic crystal. The laser was
used as a pump source for an optical parametric oscillator
based on a periodically poled lithium niobate, producing
wavelength in the 1.5-3.8 pm range. © 2018 Optical
Society of America
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Current laser systems are capable of delivering high-quality
beams with high-power fiber lasers reaching several kW of out-
put power while maintaining good beam quality [1-3]. Some
of these commercially available systems can supply powers in
the kilowatt range while maintaining near-diffraction-limited
beam quality (M? < 1.1). Yet a simple, reliable, and cheap
source for linearly polarized, high-quality beams remains of in-
terest for a large number of applications, such as pump lasers for
optical parametric oscillators (OPOs) and frequency conversion
in general.

In this Letter, we demonstrate a simple and reliable laser
source for high-quality beams with 30 W of linearly polarized
output power and delineate the procedures to obtain such a
beam quality. The laser was based on a previous work [4] in
which we presented a Nd:YAG diode-pumped solid-state laser
based on standard, commercial laser modules. Here, we im-
proved the laser’s beam quality in a controlled and calculated
fashion to obtain a beam quality factor of 1.02 at the laser oper-
ation point. Furthermore, being a dynamically stable resonator,
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it provided a continuous, linearly polarized 30 W of output
power with a M? < 1.15 over the entire range of pump powers.
A typical application for this range of output powers and beam
quality is pumping of OPOs. The laser output was used to pump
a singly resonant OPO cavity with a 40 mm periodically poled
lithium niobate (PPLN) crystal, and wavelengths from 1500 nm
to 3800 nm were produced, demonstrating a simple, low cost
source for generation of tunable wavelengths in the range of
1500-3800 nm.

It is well known that every laser resonator containing a ther-
mal lens has two stability zones [5]. Cerullo demonstrated that
the stability zones can be joined, providing resonators with a
wide dynamic range of operation, composed of both individual
zones [ and II [6]. This makes the use of joined stability zone
resonators a good choice for working with laser cavities that are
occupied by large fundamental TEM, modes (w3) inside the
laser rods, which is necessary for high output powers [7-9]. In
such a case, both radial and tangential modes oscillate simulta-
neously, even though the width of a single stability interval is
too small for both modes to oscillate simultaneously [4,10],
given the limit for maximum beam waist size inside the rods
(w8}) imposed by thermally induced birefringent lensing;

(wh5)? ~ 3.50f, (1)

where A is the wavelength, and f is the average focal length of
the thermal lens inside the rod at maximum pump power [11].

Equation (1) is derived from the fact that the difference
between radial and tangential thermal induced lenses is approx-
imately 20% for unpolarized lasers [11,12]. However, our ex-
perimental results demonstrate that for polarized lasers, the
individual polarizations can depart strongly from this value,
as will be shown in detail in this work. Our previous works
have already shown that, depending upon the polarization,
the values of radial and tangential thermal lenses can be almost
the same [11]. Clearly, if the goal is beam quality, it is of interest
to choose the polarization for which radial and tangential ther-
mal lenses are as close as possible. In this way, the whole of the
laser rod will experience a similar thermally induced refractive
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gradient. If, on the contrary, the difference between the thermal
lenses is large, one part of the beam will always be either multi-
mode or unstable, generating a worse beam quality, which is
clearly demonstrated by the much higher M? values [4,10].

Experimental setup. The laser employed a diode pumped
laser module (HTOE Optoclectronics) containing a 78 mm
long 0.6 at.% Nd-doped YAG rod pumped by twelve
808 nm diode bars arranged in a three-fold geometry. For
the unpolarized laser, the measured thermal lens at 240 W
of maximum pump power was f = 18.2 cm, corresponding
to a birefringence-limited beam waist inside the rod of
823 pm [Eq. (1)]. The pump module’s thermal lens was char-
acterized as a function of pump power by combining a slit aper-
ture and a polarizer as described in Ref. [11]. Shown in Fig. 1 is
the difference of the measured radial and tangential dioptric
powers in horizontal and vertical polarizations when compared
to the mean value of the unpolarized resonator [Fig. 1(a)] and
the ratio between radial and tangential focal lengths for vertical
and horizontal polarizations [Fig. 1(b)].

The thermal lens components of the vertical polarization at the
operation range above 190 W are much dloser (f,/f, ~ 1.11)
than for the horizontal polarization (f,/ f, ~ 1.25). We therefore
preferred the vertical polarization that allowed for closer values
of the beam waist inside the rod in the radial and tangential
directions.

It is important to observe that the choice of the vertical
polarization does also allow higher w3, values; recalculating

Eq. (1) with f,/f, = 1.11,
(wWB)? ~6.14f (2)

results in a 32% bigger birefringence-limited stationary beam
waist. For our pump module, it means that the stationary beam
waist could be increased up to 1086 pm. For a beam waist of
that size, birefringence is no more the limiting factor, and dif-
fraction effects at the rod aperture become dominant [12].
Next, the TEM, spot size inside the laser rod, w;, as a
function of rod dioptric power was simulated for different
cavities and the corresponding misalignment sensitivity calcu-
lated, using a MATLAB code based on equations given in

Refs. [5,13]. A convex—convex resonator, composed of two mir-

rors with radii R, = -30 cm and R, = -50 cm, was chosen
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Fig. 1. (a) Normalized difference 6/ of rod polarized thermal lenses
(measured in units of dioptric power) with unpolarized lens and ratio
between measured tangential (f',) and radial (f,) focal lengths for
horizontally P;; and vertically P, polarized beams (b). Vertical dotted
line is the laser operating point at 209 W of pump power. P, and P
denote beam polarized in the vertical and horizontal directions, respec-
tively, while 7 and P” denote radial and tangential polarizations, re-
spectively. The values for the vertical polarization are closer together
than for the horizontal polarization. Also shown (solid horizontal line)
in (b) is the literature value of f,/f, = 1.2. Dotted vertical line is
operating point for M? = 1.02 in vertical polarization.
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because it allows for large fundamental mode inside the rod
while maintaining minimal sensitivity to misalignment along
the stability interval [4]. The resonator was designed for joint
stability zones, allowing the laser to accommodate both tangen-
tial and radial thermal lenses [6]. Output coupling was 30%
(R = 70%) at 1064 nm. Linear laser polarization was obtained
by means of an intracavity thin-film polarizer, TFP (Layertec)
designed for 45° incidence with R, > 99.8% and R, < 1%.

In order to calculate the distances from the prmc1paf planes of
the rod to the mirrors, L; and L,, we fixed the edge of the sta-
bility interval at maximum pump power corresponding to an
average lens of 18.2 cm, which resulted in Z; = 35 cm and
L, = 42 cm. The distance between mirror 2 and TFP is
10 cm. The laser setup is shown in Fig. 2. Next, the resonator
was shortened with concomitant decrements in distances Z; and
L,, observing the constraint of Fig. 3(a) and changing distance
L, linearly with distance L, to keep the laser operation in joined
stability zones. Shortening the resonator length becomes neces-
sary because, as seen in Fig. 1(a), the vertical polarization has a
smaller average focal length than the horizontal polarization. The
final dimensions were ; = 33.7 cm and L, = 41.6 cm.

The effects of a length change on the resonator can be seen
in Fig. 3(b): the lower stability limit at small pump powers
(dashed line) varies slowly in terms of dioptric power (f~!)
as L, increases while the upper limit of stability zone I (dotted
line) decreases faster, allowing us to choose how close the res-
onator should operate to the stability limit at maximum
pump power.

On the other hand, the stability interval width in terms of
dioptric power [difference between dotted and dashed lines; see
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Fig.2. Pump laser setup. PP, principal planes of rod; TFP, thin-film

polarizer; M, HR mirror; M, output coupling mirror.
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Fig. 3. (a) Calculated distances L, versus L; and corresponding

widths of the stability interval (dashed line, right axis) for keeping
joined stability zones using mirror radii R; = -30 cm and R, =
-50 cm. Af! is the dynamic range or width of the joined stability
zones. (b) Calculated stability zones limits in terms of rod focusing
power as distances Z; and L, are changed, maintaining joined stability
zones. Dotted curved line represents beginning of zone I; continuous
line is transition between zone I and II, and dashed line is end of zone
II; dashed—dotted line is corresponding stationary beam waist value
ws (right axis). Dotted horizontal and vertical lines represent final
dimensions of resonator.
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Fig. 3(b)] decreases with corresponding increase in stationary
beam waist w;3y. Both effects—the increase in stationary beam
waist and the proximity to the border of the stability limit at
maximum pump power (dotted line)—result in better beam
quality. Therefore, this procedure makes it possible to fine-tune
the point at which beam quality is maximum before the reso-
nator becomes unstable.

At 209 W of pump power and average beam waist at the rod
of 781 pm, with a corresponding thermal lens of 20.9 cm and
tangential and radial values of the beam waist inside the rod
differing by only 7%, the measured M? value was 1.02(2).

Figure 4 shows the stability diagram and the beam waist at
the rod in the stability range. Clearly seen is [Fig. 4(b)] that if
horizontal polarization were chosen, part of the laser beam (27;)
would operate outside the stability zone with a very large beam
waist in the vertical direction, suffering strong diffraction ef-
fects, whereas the vertical polarization is contained neatly in
the center of zone I.

Pumping of the singly resonant OPO. Figure 5 shows the
singly resonant OPO (SROPO) setup. The pump laser passes

through an optical isolator, a 2:1 expansion telescope, and is
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Fig. 4. (a) Stability diagram showing the dynamic range of opera-
tion from 153 W to 228 W of pump power (vertical dashed lines) and
stability of resonator (solid diagonal line) as a function of pump power.
(b) Beam waist in rod (wj3) as a function of pump power for the final
resonator (continuous line) and for the original, non-polarized reso-
nator (dashed—dotted—dotted line). Horizontal dashed—dotted line in-
dicates w3 value. Horizontal dotted line represents the maximum
birefringence limited stationary beam waist given by Eq. (1).
Horizontal dashed line represents the maximum birefringence limited
stationary beam waist given by Eq. (2). Vertical dotted line represents
the pump power corresponding to the best-measured beam quality
factor of 1.02 with the filled ranges indicating the difference between
the radial and tangential focusing powers for horizontal (Pf;) and ver-
tical (Py) polarizations in this condition.

M, Nd:YAG
/ laser residual
f,+ ol Wwp pump
chopper residual
T oven signal
wp f R R idler
2 |

N prism

TN PPLN

Fig. 5. Linear SROPO setup. WP, half-wave plate; OI, optical iso-
lator; M and M, turning mirrors; f; and f,, 2:1 beam expander
lenses; f, pump focusing lens; R, OPO cavity mirrors; BA, beam
absorber.
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then focused by a 75 mm lens into a concave—concave
SROPO resonator. Half-wave plates were used before and after
the optical isolator for adjusting power and angle of the polari-
zation plane of the pump radiation focused into the OPO cav-
ity. Mirror M, had partial reflection and was chosen to
introduce further losses to the pump laser in order to limit
the pump power to a maximum of 12 W. The OPO resonator
consisted of a 40 mm long PPLN (Covesion Ltd.) with four
I mmx 1 mm periodically poled regions ranging from
29.52 pm to 31.59 pm between two mirrors with radii
50 mm. The beam waist in the center of the PPLN crystal
was adjusted to 55 pm for both pump and resonant beams,
resulting in a focusing parameter & of 1.1 for the pump and
about 1.6 for the resonant beam (¢ = L/(2z,), where L is
the crystal length, and z, is the Rayleigh range). Both mirrors
had reflectivity R < 2% at 1064 nm, R > 99.9% for 1410—
1800 nm, and R < 5% for 3000-4000 nm.

Pump, idler, and residual signal beams exiting the resonator
were separated by a prism prior to characterization. A spectrom-
eter (NIRQuest 512-2.5 pm, OceanOptics) allowed detection
of the signal beam spectrum as well as some spectral part of the
idler beam. An additional spectrometer in the range of 670—
1090 nm (HR2000, Oceanoptics) also detected a residual
second-harmonic generation of the signal beam, allowing
a finer resolution in wavelengths. Beam quality of the OPO
was characterized by the knife-edge method. Measurements
were taken in both continuous-wave (cw) and pulsed condi-
tions using a chopper, installed after the optical isolator, to ob-
tain 500 ps pump pulses with 5% duty cycle.

Results. Pump power versus output power and beam qual-
ity factor, measured utilizing a slit scanning device (Beamscope
P8, Dataray), are shown in Fig. 6 for the pump laser. Each
point in the graph represents the average of three different mea-
surement runs. Maximum output power was 30 W and best
beam quality was M? = 1.02(2), measured at 24.8 W of out-
put power. The transition between stability zones is clearly seen
at about 195 W of pump power. The M2 value remained below
1.16 in the entire range of pump powers from 165 W
to 235 W.

Maximum output power was lower than the 45 W from our
previous work [4], this being a result from the choice of the
vertical polarization, which has a smaller beam waist inside
the rod at the same pump power. In order to operate with maxi-
mum output power at the birefringence limit given by Eq. (2),
we would need mirrors with smaller negative radius of curva-
ture, which were not available in the lab. However, the output
power was still much more than the ~10 W of pump power

needed for the OPO.
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Fig.6. Laser output power of pump laser (left axis) and correspond-
ing beam quality factor (average of x and y directions; right axis).
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Fig. 7. (a) Output spectrum with A4 = 31.59 pm at 150°C show-

ing both signal and idler beam peaks. (b) Measured wavelengths gen-
erated by the OPO and obtained with gratings 1-4.

Letter

A beam quality of M? = 1.02 was obtained with a linearly po-
larized 1064 nm beam. The output remained stable in power
and beam quality for several months without any realignment.
The laser was built with standard, commercially available laser
modules without any special sorting or conditioning. It is in-
teresting to point out that the whole pump laser is a small frac-
tion of the cost of an OPO crystal. Using this pump laser,
a SROPO was successfully built, demonstrating its usefulness
for such applications.
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Fig. 8. (a) Idler beam output powers at 2486 nm (A = 31.59 pm,

150°C) and (b) focused beam radius for beam quality measurement for
idler at 2486 nm showing a M? < 6 value.

Figure 7(a) shows an output spectrum with grating A4 =
31.59 pm at 150°C where it is possible to identify both idler
and signal beam peaks at 1.86 pm and 2.49 pm, respectively.
Figure 7(b) shows the wavelengths generated for crystal tempera-
tures between 30° and 150° for the periodic gratings A=
29.52 pm, Ay =29.98 pm, A =31.02 pm, and A; = 31.59 pm.

Figure 8 shows output power curves and knife-edge beam
quality measurement for the idler beam with grating 4 at
150°C. For pulsed operation, 23.6% and 7.7% slopes were ob-
tained for idler and signal beams, respectively, with 7.7 W
threshold. For comparison, slightly better values have been re-
ported in the literature [14,15], which might be due to back
conversion affecting our OPO threshold and beam quality
[16]. During cw operation [Fig. 8(a)], the behavior of the out-
put power curve deviates from linear due to thermal effects in
the crystal. For this reason, pump power in continuous mode
was limited to avoid damage to the crystal. Measured M? values
[Fig. 8(b)] were 5.7 and 5.8 in x and y directions, respectively.

Conclusion. We demonstrate that beam quality needs not
be limited by thermally induced birefringence in dynamical sta-
ble resonators, even when using isotropic crystals such as YAG.
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