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Joint Thermal Effects of VBG and Nonlinear
Crystal in a Singly Resonant OPO

Xionghua Zheng, Guangyuan He, Baofu Zhang, Jing Guo, Zhongxing Jiao, and Biao Wang

Abstract— A continuous-wave singly resonant optical para-
metric oscillator employing a volume Bragg grating as one of
the end mirrors is demonstrated. Due to the high intracavity
power, the minute absorption of the grating leads to the thermal
induced surface deformation and reflection peak shift. In this
letter, the former effect is confirmed to be a cause of beam
quality degradation of the resonant signal, while the latter,
together with the thermal effects of the nonlinear crystal, leads
to unconventional behaviors of power and stability. To the best of
our knowledge, the joint effects of the grating and the nonlinear
crystal are studied for the first time in details by changing the
thermal effects of grating in varied strengths.

Index Terms— Volume Bragg grating, thermal effects, nonlin-
ear crystal, optical parametric oscillator.

I. INTRODUCTION

OHERENT sources producing continuous-wave (cw)

radiation with narrow linewidth and wide tuning range in
the infrared region are of great interest for applications includ-
ing high-resolution molecular spectroscopy, trace gas detec-
tion and atom physics [1]-[3]. OPOs with periodically poled
crystals have been the common choice for these applications.
However, without spectral selection, the spectral bandwidth of
OPO is inherently broad and thus not suitable when narrow
linewidth is required. Although designs based on an intracavity
etalon or birefringent filter as spectral selecting and tuning ele-
ment are satisfactory in most cases, they suffer from additional
cavity losses and therefore an increased threshold [4], [5S].
As alternatives, VBGs written in photothermal refrac-
tive (PTR) glass have shown great advantages in wavelength
stabilization, tuning, and spectral narrowing of various
lasers [6], [7] and OPOs [8], [9] due to their narrow diffrac-
tion bandwidth, high peak reflectivity and sensitive angular
selectivity.
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The VBG acts simultaneously as a cavity mirror and a
narrowband spectral filter in the OPOs or laser systems. The
high diffraction efficiency of VBG not only contributes to
decreasing threshold, but also rises the intracavity power to
the order of hundred watts. Therefore, any minute absorp-
tion in the VBG is sufficient to induce noticeable ther-
mal effects. Previous studies on thermal effects of VBGs
have been focused on the Bragg wavelength shifting, reflec-
tivity reducing and spectrum broadening in various laser
systems [10]-[12]. In these laser systems, the emission
wavelength from the laser crystal was potentially constant.
In a VBG-based OPO (VBG-OPO), situation can be somewhat
different since sufficient thermal load on the nonlinear crystal
induces a shift in spectral gain due to phase matching condi-
tion. A temperature control offers great alleviation, however,
these thermal effects are inevitable unless the absorption of the
VBG can be further reduced. Therefore, further investigation
on the combined thermal effects of the nonlinear crystal and
VBG in a high-power, cw OPO would be of great importance
for achieving stable, narrow-linewidth infrared radiation for
practical applications.

In this letter, we demonstrate a high-power, singly resonant,
cw OPO which employs a VBG as an end-mirror of the four-
mirror linear cavity. The VBG is mounted in copper blocks
with different sizes and without accurate temperature control;
this allows us to change the thermal effects of VBG in different
strengths. We confirm the effect of spectral narrowing and
locking of the VBG by comparing with OPOs employing a
common output-coupling (OC-OPO) or all highly reflective
mirrors (HR-OPO). Investigations of power and spectral char-
acteristics on different working points are performed in our
experiment, and results are interpreted by the joint thermal
effects of the VBG and nonlinear crystal. In addition, the beam
qualities of the resonant signal are measured, and the results
suggest a degradation effect of VBG on beam quality.

II. EXPERIMENTAL SETUP

The layout of the VBG-OPO is depicted as Fig. 1. The pump
system consists a commercial cw Nd:YVOy solid-state laser as
seed source and two amplifier stages, delivering stable output
power up to 21 W at 1064 nm with a ~0.8 mm diameter in
TEMy spatial mode (M§~1.2, M%Nl.l). A combination of a
half-wave plate (HWP) and a polarizing beam splitter (PBS)
is used to vary the pump power for OPO without disturbing
the pump system. The pump beam is confocally focused to
yield a beam waist radius of ~55 um inside the crystal by a
single lens (f=75 mm), corresponding to a focusing parameter
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Fig. 1. Schematic of the cw VBG-OPO based on a four-mirror linear cavity.

of ¢p~1.3 [13]. The parametric oscillator is a standard four-
mirror standing-wave cavity while one of the end mirror is
replaced with a reflective VBG. All mirrors in cavity are
highly reflective (R>99.9%) for the signal and transparent for
the idler and pump. The geometric separation between the
concave mirrors M1 and M2 (r=100 mm) is 140 mm, and the
distance between a curved and a flat mirror (M3)/grating is
170 mm. The resonant signal in the cavity has a beam radius
of ~70 um at the center of the crystal, corresponding to a
focusing parameters of {s~1.2, slightly deviating from the &,.

A 5% doped MgO:PPLN (HC Photonics Inc.) is
employed as nonlinear crystal, which is in a dimension of
50x8.6x 1 mm?, containing 7 separated grating periods from
28.5 um to 31.5 um. In our experiment, the crystal is used
in a poling period of 30.0 um at ~125.0 °C for a phase
matching at signal wavelength of 1535 nm, as calculated from
the relevant Sellmeier equations [14]. Both end faces of the
crystal are antireflection-coated to avoid residual etalons, and
one of them is angle-polished (0.7°). The crystal is housed
in an oven of which the temperature can be stabilized within
40.1 °C ranged from room temperature to 200 °C. The VBG
(Ondax 114-er217-001) used as an end mirror in the cavity is
highly reflective at the signal wavelength and the peak reflec-
tivity is specified as 97% with a bandwidth of 0.8 nm. Facets
of the VBG are antireflection-coated and angle-cut (0.5°) in
order to reduce optical losses and minimize etalon effects.
The VBG substrate, in a dimension of 2 x 2 x 2 mm3,
is covered with indium foil and mounted in copper carriers.
A dichroic mirror M separates the generated idler output
from the residual pump and signal radiation. In addition to
the VBG-OPO, by replacing the VBG with a mirror that is
highly (R>99.9%) or partial reflective (R=98.5%) at the signal
wavelength, a HR-OPO and an OC-OPO are also demonstrated
in our experiment, respectively.

III. RESULTS AND DISCUSSIONS

To investigate the thermal effect of the VBG, we divided
the heat dissipation of VBG into three cases. In the first case,
the VBG was mounted in a small copper block which served
as a heat sink. The small copper block is a circular plate
with 12.7 mm in diameter and 4.1 mm in thickness; in the
second case, the small copper was replaced by a larger one,
which was a circular plate in diameter of 25.4 mm and in
thickness of 7 mm; in the third case, a fan was added to the
second case, providing air current across the front surface of
the copper block. A square hole in the center of each copper
block is disposed to fix the VBG. The ability of dissipating
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Fig. 2. Idler power versus oven temperature at a pump power of 21 W.

heat from VBG is enhancive from the first to three cases.
We scanned the temperature of the MgO:PPLN to find out
an optimal operating point at a fixed pump power of 21 W.
The output idler power as a function of oven temperature is
plotted in Fig. 2. The temperature tuning curves are visibly
asymmetric, similar to behaviors that have been reported in
high power second harmonic generation, which stems from
the residual absorption of fundamental power in the nonlinear
crystal [15], [16]. Moreover, for a fixed pump power, the
maximum idler power is achieved at an oven temperature
of 125.0 °C in the first case, while this temperature drops
to 122.9 °C in the third case. In our experiment, these are
attributed to the joint effects of the thermal load on nonlinear
crystal as well as on VBG.

As previously reported, a minute absorption of the resonant
radiation results in a temperature rising, and hence a redshift
of phase-matching wavelength 4, for the parametric process,
or a redshift of peak reflectivity A, of VBG [10], [11]. From
this, a physical explanation for the asymmetry of temperature
tuning curves can be understood by a careful analysis on
these thermal effects simultaneously. Take the first case for
example, in which the thermal wavelength shift induced by the
intracavity absorption is assumed to be more pronounced in
VBG than that in PPLN. For the lower temperature situation,
as we increase the oven temperature from 7', by an amount
of AT, the phase-matching wavelength 1, undergoes a red-
shift. Owing to the fact that 1y is at longer wavelength than 4,,,
a better overlap of them is induced and a consequent higher
intracavity power. The enhanced intracavity power, however,
slightly holds back the overlap of Ay and 4, since the redshift
of Ay is larger than that of 1,, thus accounts for the curb
in rising to the maximum power. If we further increase the
oven temperature beyond the curve maximum to the right half,
then Ay is at shorter wavelength than A,. The decrement of
intracavity power caused by the increase of oven temperature
will further separate Ay and Ap, and consequently results in an
accelerative decrease in power versus oven temperature. For
the second and third cases, thermal wavelength shift of A, is
assumed to be more pronounced than that of A,. Similarly, the
additional change in overlap between 4y and A, resulting from
the joint thermal effects account for the accelerative increasing
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Fig. 3.  Signal spectra at the maximum pump power of 21 W of the

(a) HR-OPO, (b) OC-OPO, and (c-f) VBG-OPO with small copper block.

towards the maximum power at the low temperature and curb
in power decreasing at high temperature.

In our experiment, the temperature of VBG with small
copper block was observed to increase from room temper-
ature (25 °C) to 80 °C soon after the OPO started. Giving
2.9 W as output signal power, the corresponding intracavity
power is ~190 W. Thus temperature increase of VBG versus
intracavity power is 0.29 K/W. The absolute frequency scan
rate of VBG is measured to be ~1.6 GHz/K [9], so that in the
first case the peak frequency shift of VBG versus intracavity
power, namely, the shift rate of Ay, is 0.46 GHz/W. For the
PPLN, it has been proved that the signal absorption solely
explains the crystal heating. The temperature increase of PPLN
versus intracavity power is 8 mK/W [17] and the shift of
phase-matching frequency of the signal versus temperature
is 47 GHz/K [14], which arrives at 0.37 GHz/W as the shift
rate of Ap. This confirms our hypothesis that the shift rate
of Ay is greater than that of A, in the first case. As for the
VBG with big copper block in the second or third cases, the
maximum temperature of VBG of 50 °C indicates a shift
rate of Ay of 0.21 GHz/W, smaller than that of A,. This
again confirms our hypothesis and leads to the asymmetry
of temperature tuning curves in Fig. 2. Therefore, the thermal
wavelength shift of VBG and PPLN might compensate each
other if a proper heat sink for VBG is selected, and a
symmetric temperature tuning curve is then expected. The
reduction of maximum power in the first case in comparison
with that of the other two also implies a decrement of peak
reflectivity of the VBG under high flux irradiation.

The signal spectra of the HR-OPO, OC-OPO and
VBG-OPO with small copper block as heat sink are measured
at the maximum pump power of 21 W and shown in Fig. 3.
All these spectra are the average trace of 5 sweeps. Multimode
operations were observed in both HR-OPO and OC-OPO, and
the corresponding signal (idler) powers are 0.2 W (2.5 W)
and 3.15 W (3.5 W), respectively. This is believed to result
from the multimode pump laser and sufficient parametric
gain. In VBG-OPO, the signal bandwidth (~0.12 nm) is
substantially narrowed by a factor of ~4, compared with
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Fig. 4. Idler power stability of the VBG-OPOs. Red: VBG with big copper
block; blue: VBG with big copper block and a fan.

that in HR-/OC-OPO (~0.50 nm). For T=125.0 °C where
maximum output power is available (2.9 W for signal, 2.15 W
for idler), wavelength fluctuation is observed. This is again
believed to be thermal origin due to the sufficient intracavity
power [11], [12].

The idler power stability of the VBG-OPOs in the second
and third cases are recorded and depicted in Fig. 4. For the
third case, the VBG-OPO shows a stability of 1.4% rms in
45 minutes, and the oven temperature is fixed at 122.9 °C for
a maximal idler power. For the second case, the OPO seems to
experience more fluctuation after 20 minutes during the mea-
surement at oven temperature of 123.2 °C, though no active
disturbing was applied. It should be noted that the stability of
VBG-OPO in the first case was not available because it was
not able to keep running for more than 30 minutes.

This interesting phenomenon, can also be explained by
the joint effects of PPLN and VBG. In our experiment,
a passive disturbance is possibly induce by the pump instabil-
ity, room temperature shift, random air current, or imperfect
mechanical stability of the table. Any disturbance will induce
a fluctuation on the intracavity power, thus both the VBG
and PPLN experience a temperature fluctuation and hence a
wavelength shift. For VBG with big copper, we should take
the relative location of A, and Ay and the fact that thermal
wavelength shift of 4, is more pronounced than that of 1y into
consideration. Namely, giving a certain change in intracavity
intensity, whether the frequency shift of the spectral gain
peak is compensated or enlarged by the shift of the VBG’s
reflection peak. It is concluded that power fluctuation tends
to be compensated at high temperature while exacerbates at
low temperature. The conclusion is opposite for VBG-OPO
with small copper block. In our experiment, the VBG-OPO
in second case operated at a temperature of 123.2 °C for
the maximum power at the first 20 minutes, and somehow
shifted to a lower temperature, so that the power fluctuation
exacerbates in the last 25 minutes. As for the VBG with
small copper block, due to the poor heat dissipation, a small
fluctuation in power can lead to a great change of thermal
effect in VBG. In this way, the VBG with small copper is
easily shift into thermal fluctuation-exacerbation regime, and
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thermal fluctuation-exacerbation, determined by the relative
strength of their thermal effects and the oven temperature.
These are considerable for practical applications involving
VBGs with high diffraction efficiency in high-power OPOs.
A proper oven temperature takes advantage of the thermal self-
locking effect, and relaxes the requirements for thermal and
mechanical stability of the crystals and cavities. Realignment
is necessary after a great change of intracavity intensity. Tem-
perature control of the VBG is also recommended. In future
studies, more work needs to be done to get a comprehensive
and quantitative understanding of the joint thermal effects.
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Fig. 5. Quality factors of the signal beam versus signal power (a) and

intracavity power (b).

even stop operating after a few large fluctuation. Furthermore,
once the working VBG-OPO with small copper is blocked
for several seconds, realignment is needed to restart the OPO,
indicating that such a strong thermal effect not only induce a
thermal frequency shift, but also change the optical paths.

The quality factors of the signal beam were measured at
different output power in three configurations respectively, as
shown in Fig. 5(a). Evidently, the beam quality dependence
on power indicates a thermal origin. For a certain output
signal power, the OC-OPO generally shows a worse beam
quality than the other two configurations. This is attributed
to the thermal lens effect of PPLN due to intracavity power
absorption. If a constant reflectivity of the VBG is assumed,
intracavity powers of the OPOs are available, which helps to
verify the impact of VBG on beam quality. This is reasonable
since the VBG is located at the second waist of signal,
which is large (~290 ym) in order to minish the thermal
induced reflectivity shift of VBG [10]. As given in Fig. 5(b),
considering a certain intracavity power, namely, an equal
thermal effect of PPLN, the OC-OPO generally gives a better
beam quality than the other two configurations. Therefore, it
can be concluded that the VBG leads to the degradation of
beam quality, mainly because of the thermal induced surface
deformation [10]. This holds true even if we take the thermal
induced reflectivity reduction of VBG into consideration. The
inferior of beam quality in x-direction compare to that in
y-direction keeps the same even though we rotated the VBG
by 90°, and this is believed to be related with the pump beam
quality and the thermal dissipation of the PPLN.

IV. CONCLUSION

In conclusion, VBGs with thermal effects in varied strengths
are employed as end-mirrors of the OPOs in our experiment,
allowing detailed studies on the joint thermal effects with
PPLN. Results show that the VBG do impose a spectral
narrowing and locking effect on the resonant signal, while
the thermal distortion of VBG degrades beam quality. The
most interesting result is that the joint thermal effects of
VBG and PPLN can lead to either thermal self-locking or
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