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Abstract A quasi-monolithic second-harmonic-generation
ring resonator assembled with miniaturized components is
presented. The ring contains a 10-mm-long bulk periodically
poled lithium niobate crystal for second-harmonic genera-
tion, four plane mirrors and two gradient-index lenses. All
parts are mounted on a glass substrate with an overall size of
19.5 mm x 8.5 mm x 4 mm. As pump source a broad-area
laser diode operated in an external resonator with Littrow
arrangement is utilized. This external cavity diode laser pro-
vides near diffraction limited, narrow-bandwidth emission
with an optical output power of 450 mW at a wavelength
of 976 nm. Locking of the diode laser emission to the reso-
nance frequency of the ring cavity was achieved by an opti-
cal self-injection locking technique. With this setup more
than 126 mW of diffraction-limited blue light at 488 nm
could be generated. The opto—optical conversion efficiency
was 28% and a wall plug efficiency better than 5.5% could
be achieved.
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1 Introduction

Compact and highly efficient coherent light sources in
the visible spectral region are needed for various applica-
tions in spectroscopy, digital printing and medical diagnos-
tics [1, 2]. Especially, wavelengths in the blue and green
spectral ranges are of high interest because of the countless
number of applications that have been established around
the strong emission lines of the argon-ion laser at 488 nm
and 514.5 nm. Since those gas lasers are bulky and suf-
fer from low efficiencies and high operation costs they are
highly desired to be replaced.

Diode lasers are the most efficient and compact coherent
light sources covering a wavelength range from 635 nm to
2600 nm. Because of the broad gain spectrum, diode lasers
can be tuned over several nanometers when they are oper-
ated in an external cavity. Nowadays, GaN-based devices
emitting in the blue spectral range between 365 nm and
475 nm are available. However, between 480 nm and 635 nm
no emission from diode lasers is available.

A way to generate laser radiation where no sources are
available is nonlinear frequency conversion, i.e. second-
harmonic generation (SHG). This field was dominated by
the diode pumped solid state lasers (DPSSLs) because high
intensities have been necessary to achieve efficient conver-
sion in birefringent phase-matched crystals. The drawback
of DPSSLs is that due to the fixed laser transitions of the
solid-state materials those devices are restricted to certain
wavelengths and their tunability is limited.

Since the introduction of quasi-phase-matched (QPM)
materials efficient single-pass frequency conversion with
edge-emitting diode lasers has become possible. Several
approaches for the generation of visible light with high-
brightness laser diodes and QPM materials have been pre-
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sented including the use of waveguides [3—8] and bulk non-
linear crystals [9, 10].

Although single-pass SHG stands out by its simplicity
and it has the potential to realize miniaturized devices [6],
some limitations exist. For efficient single-pass SHG in bulk
materials still higher pump powers are demanded. So far,
600 mW of visible cw light has been generated in bulk
periodically poled lithium niobate (PPLN) with an opto—
optical efficiency of 15% [10]. Higher efficiencies can be
achieved with waveguide QPM crystals. However, the laser
to waveguide coupling is challenging and the SHG output
power is strongly limited by the damage threshold of the
material and, furthermore, photorefractive effects can oc-
cur. Until now, 160 mW at 488 mW with proton-exchanged
PPLN waveguides and 300 mW at 530 nm with PPLN ridge
waveguides (RWs) could be demonstrated using distributed
feedback (DFB) and distributed bragg reflector (DBR) RW
diode lasers, respectively [7, 8].

Higher efficiencies can be realized with resonant SHG.
Therefore, the nonlinear crystal is placed inside a high-
finesse cavity where the power of the fundamental light is
enhanced. Conversion efficiencies of more than 85% have
been demonstrated by resonant frequency doubling of cw
DPSSLs [11]. By using diode laser master oscillator power
amplifiers (MOPAs) to pump resonant SHG, cw output pow-
ers of 1 W [12] and efficiencies better than 75% [13] could
be achieved in the blue spectral range. Recently, up to
600 mW of blue light could be demonstrated by using a
grating-stabilized tapered diode laser and a bowtie ring res-
onator [14]. A common way to achieve locking between the
diode laser frequency and the resonant frequency of the en-
hancement cavity is to operate the pump laser diode at a
fixed injection current and adjust the length of the SH cav-
ity by using piezo mechanics and an electronic loop. This
results in rather large setup sizes and very good optical iso-
lation between diode laser and SHG cavity is demanded.

It is also possible to lock diode laser emission to a ref-
erence cavity, as demonstrated by Dahmani et al. [15]. This
so-called optical self-injection locking was adapted to res-
onant SHG [16-19]. Sun et al. used feedback from a SHG
ring resonator and a grating at the same time [16] to stabi-
lize the diode laser. In another scheme the transmitted light
of a linear SHG cavity was fed back to the diode laser via
an outer ring resonator [17]. Compact devices could be re-
alized by using monolithic enhancement cavities consist-
ing of crystals with curved and coated facets [18, 19]. In
the setup presented by Hemmerich et al. [18], the counter-
propagating infrared light was used to provide feedback to
the diode laser and maintain locking. However, so far the
scheme of optical self locking was only applied to birefrin-
gent phase-matched crystals and the achieved SHG output
powers have been rather low. In this work we present a
quasi-monolithic enhancement ring resonator comprising a
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10-mm-long PPLN bulk crystal for efficient SHG at 488 nm.
This SHG ring resonator was designed as small as possi-
ble with the PPLN crystal being the limiting part. It con-
sists of four mirrors with appropriate reflectivities and two
gradient index (GRIN) lenses mounted on a glass substrate
to provide high mechanical stability and simple adjustment.
A broad-area laser diode (BAL) operated in a V-shaped Lit-
trow external cavity was used as pump laser. This compact
external cavity diode laser (ECDL) provides 450 mW of tun-
able, diffraction-limited and narrow-bandwidth emission at
976 nm. Locking of the diode laser emission to the resonant
frequency of the SHG enhancement resonator is realized by
the optical self-locking technique utilizing the counterprop-
agating wave.

2 Experimental setup

2.1 Design and realization of the quasi-monolithic ring
resonator

A scheme of the high-finesse ring cavity containing a PPLN
crystal is depicted in Fig. 1. The 10-mm-long bulk PPLN
bulk crystal was manufactured by HC Photonics. It was
made of congruent melt with an MgO doping of 5%. The
poling period was 5.36 um, resulting in QPM for SHG from
976 nm to 488 nm at a temperature of 50°C.

The cavity consisted of four plane mirrors each with a
size of 2.5 mm x 2.5 mm x 1 mm. The PPLN crystal was
placed between the incoupling mirror R; with R} = 0.86
and the outcoupling mirror R with Ry = 0.96. Furthermore,
mirror R is highly reflecting for the blue light which is cou-
pled out via the dichroitic mirror R3. The fourth mirror R4
is highly reflecting for the infrared light.

To minimize incoupling losses into the ring cavity the re-
flectivities of the mirrors R; and R, have to be impedance
matched. Thus, the reflectivity of the mirror R, has to com-

Fig. 1 Schematic drawing of the SHG ring cavity. The reflectivities of
the mirrors R and R; are impedance matched for the lowest incou-
pling loss
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Fig. 2 Calculated reflected power at the incoupling mirror as a func-
tion of the reflectivity R for five different outcoupling reflectivities R
(assumptions: Py =450 mW, Vy =0.03, n =3%/W)

pensate the sum of all losses inside the resonator. For the
reflected power Preq one can derive

P —P<7‘R2V_‘/R_l)2 (1)
refl = 10 1— —R1R2V .

The loss factor V depends on the circulating power P
This results from the power-dependent efficiency of the
SHG process. Furthermore, the inherent losses inside the
ring cavity that originate from non-perfect anti-reflection
(AR) coatings or misalignment have to be taken into ac-
count. The loss factor then reads

V=1-W—nPc, 2)

with the cavity loss Vy and the nonlinear conversion ef-
ficiency of the crystal n denoted in W', The circulating
power is given by the equation

(I1-=RDR>
(1= VRIRV)?

Figure 2 shows the reflected power as a function of the re-
flectivity Ry of the incoupling mirror for five different re-
flectivities R, of the outcoupling mirror.

The power reflected from the ring cavity only slightly
depends on the reflectivity of the outcoupling mirtror R;.
Also, variations in the loss factor which can result from
misalignment do not change the impedance-matching con-
dition significantly. This results from the high efficiency of
the nonlinear crystal and the corresponding high losses due
to SHG. The optimum reflectivity for the incoupling mir-
ror is Ry = 0.86. For the outcoupling mirror R, a moderate
reflectivity of 0.96 was chosen to obtain some transmitted
light from the ring cavity. This light can be used in further
experiments for optical locking of the cavities.

The calculations were done assuming an infrared pump
power of Py =450 mW, a cavity loss of Vj =0.03 and an

Pcirc = PO (3)
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Fig. 3 Calculated power of the generated blue light as a function of
the infrared pump power for three different conversion efficiencies of
the nonlinear crystal (assumptions: R} = 0.86, Ry = 0.96, Vy = 0.03)

efficiency of the PPLN crystal of n =0.03 W~!. The power
of the generated blue light can be derived using the approx-
imation

Psug = nP2., 4)

which is valid for the described system. The calculated
power of the generated blue light for three different conver-
sion efficiencies of the nonlinear crystal are plotted in Fig. 3.

Even when the efficiency of the crystal is reduced the
SHG efficiency will remain high. This results from the de-
creased loss, which leads to a higher circulating power and
in turn to a higher conversion of infrared light. Hence, the
ring cavity shows self-stabilizing characteristics regarding
the SHG efficiency.

The quasi-monolithic ring resonator was assembled on a
glass platform with a size of 19.5 mm x 8.5 mm. For easy
positioning stop bars for each component have been applied
with a diamond-blade saw. The four mirrors have been pre-
adjusted with a visible reference laser and were glued onto
the platform. Figure 4 shows a picture of the assembled
quasi-monolithic ring resonator with the two GRIN lenses
and the PPLN bulk crystal.

The GRIN lenses had a length of 3.2 mm and were po-
sitioned with a distance of 2.5 mm apart from each other,
resulting in an effective focal length of f = 6.61 mm. The
surface quality of the GRIN lenses was measured to be
better than 0.35 (peak to valley) and 0.08 RMS. To min-
imize the losses inside the cavity the GRIN lenses were
AR coated for the pump wavelength. Since the mirrors of
the ring cavity were fixed, only the positions of the GRIN
lenses could be varied during the experiment. Thus, the dis-
tance between the two lenses was adjusted for optimal SHG
conversion efficiency. The optical length of the ring cav-
ity is L = 48.9 mm, giving a longitudinal mode spacing
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Fig. 4 Quasi-monolithic ring resonator with two GRIN lenses and a
PPLN bulk crystal for efficient SHG

of FSR = ¢o/L = 6.1 GHz with the speed of light in vac-
uum cg. The finesse of the ring cavity was calculated to be
approximately 20.

2.2 Experimental results

The experimental setup is depicted in Fig. 5. An exter-
nal cavity diode laser (ECDL) is used to pump resonant
SHG using a 10-mm PPLN crystal placed inside the quasi-
monolithic ring resonator described earlier. Locking of the
diode laser emission to the SHG cavity frequency is main-
tained by feedback from the counterpropagating infrared
light inside the SHG ring resonator back into the ECDL.
The feedback power to the BAL amplifier due to the coun-
terpropagating wave was approximately 30 mW.

The ECDL consists of the BAL as gain medium, a fast-
axis collimator (FAC), a half-wave plate (HWP) and a dif-
fraction grating with ¢ = 1800 mm~!. The gain-guided

Fig. 5 Sketch of the
experimental setup in the plane
of the slow axis of the
broad-area laser. The light of a
frequency-stabilized broad-area
laser diode (BAL) is coupled via
a beam-shaping optics and an
attenuator into a miniaturized
ring resonator containing a
PPLN crystal for SHG and two
GRIN lenses

beam
shaping
optics
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BAL has an emitter size of w x A =400 um x 1 pym and
a cavity length of 1500 pm. To suppress the internal longitu-
dinal and transversal modes of the laser chip the front facet
was anti-reflection (AR) coated with a remaining reflectiv-
ity of R < 10~*. The ECDL is realized in a V-shaped design
that was developed to improve the beam quality of a gain-
guided BAL [20, 21] and is best understood when separated
into the fast-axis and slow-axis parts.

In the direction of the fast axis the BAL possesses a
waveguide with a 1-um aperture and only the fundamental
transversal mode will propagate. This highly divergent and
diffraction-limited light is collimated with a fast-axis colli-
mator (FAC), an aspherical lens with a high numerical aper-
ture of NA = (0.8. The grating is set up to form a Littrow-
style resonator in the fast-axis direction with the grating
lines positioned parallel to the plane of the slow axis. Thus,
wavelength tuning can be realized by tilting the grating in
the direction of the fast axis and changing the Littrow angle,
respectively. Since the laser diode emission is TE polarized,
a half-wave plate is necessary to rotate the electric field by
90°. In this direction longitudinal mode selection is realized,
while the transversal mode remains unaffected.

In the direction of the slow axis the BAL diode is sub-
structured as a stripe array by gain guiding. Contact stripes
with a pitch of d = 10 um and a width of 3 um are ap-
plied onto the active region. Thus, pumped and unpumped
regions alternate and beneath each contact stripe a transver-
sal fundamental mode will propagate. An anti-phase oscilla-
tion between the emissions of neighboring stripes was ob-
served resulting in a far-field pattern with a double lobe.
The angle of the two lobes follows a simple interference pat-
tern sina = £A /2d. With the pitch of the contact stripes of
d = 10 um and the wavelength A = 976 nm a feedback angle
of o = +48.8 mrad can be calculated. By applying feedback

generated
GRIN blue light
circulating lenses counter
light propagating
I:{dichroic |Ight

»

transmitted
infrared light




Quasi-monolithic ring resonator for efficient frequency doubling of an external cavity diode laser 755

to the laser diode under this specific angle «, the anti-phase
oscillation is enforced [20]. This leads to constructive inter-
ference of the fundamental modes that arise beneath each
contact stripe and a nearly diffraction limited output under
the angle —« will be achieved. Because the grating acts sim-
ilar to a plane mirror in the direction of the slow axis, the
feedback angle o can be selected by tilting the grating.

The astigmatism of the ECDL emission was corrected by
the use of three cylindrical lenses. Two lenses in the slow-
axis direction (f =300 mm and f = 60 mm) and one lens
in the fast-axis direction ( f = 40 mm) were used to create a
focus with a symmetric beam waist radius of wg = 16 um in
both axes.

Inside the ring cavity only the fundamental transversal
mode can propagate while all other modes will experience
losses. Furthermore, the high Q of the ring will only al-
low narrow-bandwidth light to circulate. Thus, the SHG ring
cavity can be understood as a transversal and longitudinal
mode filter. The ECDL emission is locked onto the SHG
cavity by the feedback of the counterpropagating infrared
light. The counterpropagating field arises from partial sur-
face reflections due to non-perfect AR coatings of the op-
tical elements inside the ring resonator and is sufficient to
seed the BAL amplifier onto the desired frequency. This self-
injection locking mechanism results in a passive coupling
of both cavities. A similar technique was used in combi-
nation with a monolithic ring resonator [19]. A discussion
about other types of optical self-injection locking is pro-
vided in [22].

The ECDL was operated at a fixed injection current of
1.8 A with a corresponding output power of 450 mW. At this
operating condition the beam propagation factors in both
axes were measured to be better than M? < 1.2. A spectral
line width below 1 GHz was determined. Furthermore, the
light was tunable over more than 30 nm with a center wave-
length of 970 nm. Figure 6 shows the blue output power as
a function of the circulating infrared power inside the ring
cavity. The crystal was temperature stabilized at 30°C. The
output power of the infrared light and, thus, the circulating
power was varied using an attenuator.

With an infrared laser output power of 450 mW, a maxi-
mum blue output power of 126.7 mW was achieved. At this
operating point the transmitted infrared output power was
measured to be 80 mW and, with the known reflectivity of
the outcoupling mirror, a circulating power of Pgjre =2.0 W
results. The normalized conversion efficiency of the PPLN
crystal was calculated to be n = 3.1%/W. This is only
slightly lower than the value obtained with the single-pass
setup.

The beam propagation factors were measured with the
moving slit technique (modified Beam scope P5, Data Ray
Inc.). The beam waist radii were determined using the
second-order moments of the intensity distribution. The M2

140
1 B measurement
120 quadratic fit curve

100

Py [MW]

0 " 500 1000 1500 2000
P [mW]
circ

Fig. 6 Output power of the generated blue light as a function of the
incident infrared power with quadratic fit curve

80 T—®
L)

\

Beam radius [um]
-y

Position [mm]

Fig.7 Caustic of the generated blue light at an optical output power of
120 mW. The beam quality was determined to be better than M2 < 1.1
for both axes

values were calculated from a hyperbolic fit through the
data. This follows completely the ISO11146 standard [23].
The caustic of the generated blue light at a laser diode injec-
tion current of 1.8 A and a blue output power of 120 mW is
depicted in Fig. 7. Beam propagation factors of Mf2ast < 1.05
for the fast axis and M 5210w < 1.1 for the slow axis have been
obtained.

Figure 8 shows the spectrum of the generated blue light
measured with an optical spectrum analyzer (OSA—Ando
AQ-A6315A) at a maximum output power of 120 mW. At
a crystal temperature near room temperature (30°C) a cen-
ter wavelength of 487.5 nm was determined. The width of
the spectrum (FWHM) was measured to be 50 pm, which is
the resolution limit of the OSA. The side mode suppression
ratio was better than 40 dB.

@ Springer



D. Skoczowsky et al.

-10

-20 4

-30 4

norm. Intensity [dB]

-40 -

v T v T T T
485 486 487 488 489 490

Wavelength [nm]

Fig. 8 Spectrum of the generated blue light at an injection current of
1.8 A and a PPLN temperature of 30°C
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Fig. 9 Center wavelength of the blue light as a function of the PPLN
crystal temperature. A tuning range of more than 2 nm was achieved

By changing the crystal temperature it was possible to
tune the emission wavelength of the blue light. Therefore,
the wavelength of the ECDL emission had to be adjusted to
achieve the state of self locking. This was done by tilting the
grating and changing the Littrow angle, respectively. A con-
tinuous tuning is not possible because of the longitudinal
mode spacing inside the ring cavity.

By changing the crystal temperature from room temper-
ature to about 80°C, a tuning range of more than 2 nm with
a temperature coefficient of & = 0.038 nm/K was achieved
as depicted in Fig. 9. The optical output powers were well
above 100 mW for all cases.

3 Conclusion

A new compact ring resonator assembled with miniaturized
components is presented. A quasi-monolithic setup was re-
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alized with four plane mirrors glued onto a glass platform
with a size of 19.5 mm x 8.5 mm. The ring cavity contained
a 10-mm-long bulk PPLN crystal to achieve efficient SHG of
diode laser emission. Two GRIN lenses were used to main-
tain resonator round-trip stability.

An ECDL system containing a stripe array BAL as gain
medium was used to pump SHG inside this resonator. The
locking of the ECDL emission to the ring resonator modes
was achieved by a weak back reflection of the counterprop-
agating infrared light inside the SHG cavity. No electronic
loop or piezo actuators have been used for the locking of the
two cavities.

With this setup it was feasible to generate an optical out-
put power of more than 125 mW of diffraction-limited laser
emission at a wavelength of 488 nm.

The opto—optical conversion efficiency from the infrared
to the visible was better than 28% with a resulting wall plug
efficiency of 5.5%. This high conversion efficiency was pos-
sible because the infrared emission of the ECDL was en-
hanced by a factor of 4.5 inside the ring cavity. The beam
propagation factors of the blue light were measured to be
better than M2 < 1.1 in both axes. The generated blue light
showed almost no astigmatism or ellipticity.

To our knowledge, this is the first demonstration of
a compact quasi-monolithic enhancement resonator con-
taining a quasi-phase-matched crystal. Furthermore, the
achieved opto—optical conversion efficiency of 28% repre-
sents the highest value obtained with a single broad-area
laser diode and SHG.
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