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This paper reports a continuous-wave (CW) mid-infrared intracavity singly resonant optical parametric oscillator
based on periodically poled lithium niobate (PPLN) pumped by a diode-end-pumped CW Nd:YVOQOy laser. Considering
the thermal lens effects, it adopted an optical ballast lens and the near-concentric cavity for better operation. At
the PPLN’s grating period of 28.5 um and the temperature of 140°C, the maximum idler output power of 155 mW at
3.86 um has been achieved when the 808 nm pump power is 8.5 W, leading to an optical-to-optical conversion efficiency
of 1.82%.
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1. Introduction

3-5 um waves are desirable in various applica-
tions including laser spectrum, atmospheric pollu-
tion monitor, remote detection, differential absorp-
tion lidar (DIAL) and time-resolved spectroscopy of
semi-conductors and so on. Optical parametric os-
cillators (OPOs) are attractive all-solid-state sources
for generating mid-infrared waves. Recently, a num-
ber of mid-infrared waves based on OPOs have been
reported:['=7 Stothard et al reported a diode-pumped
Nd:YVQy laser with intracavity singly resonant opti-
cal parametric oscillator (SRO) that hosts periodically
poled lithium niobate (PPLN) in 1998. At 1W of in-
put diode power, 70 mW of idler at 3.66 um, which cor-
responds to a photon conversion efficiency of 55%, has
been achieved.l’) In 2003, an intracavity continuous-
wave (CW) OPO based on PPRbTiOAsO4 pumped
by 1064nm Nd:YVO, laser was described. When the

diode-laser power is 3 W, the maximum power 65 mW

of idler at 3.52 um was obtained, indicating an optical-
to-optical conversion efficiency of 2.17%.13 In domes-
tic fields, only the extracavity quasi-continuous-wave
OPO with output wavelength at 3-5um have been

reported. 59

The OPOs are difficult in oscillating for high
threshold. However, by exploiting the high circulating
pump intensities, the intracavity pumping technique
uniquely allows extension of the operation of CW SRO
to miniature, low-threshold, low-cost, and the stable
operation can be achieved without the need for cavity-
length control, which are not attainable with alterna-
tive external pumping technique. In this paper, we
present an intracavity CW PPLN-SRO pumped by a
diode-end-pumped Nd:YVOy laser, which can gener-
ate CW output at 3.86 um. The OPO threshold is
only 2.1 W (diode-laser power). At the laser diode
(LD) power of 8.5 W, the SRO delivers 155 mW of the
maximum idler power, indicating an optical-to-optical

conversion efficiency of 1.82%.
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2. CW intracavity SRO theory

2.1. Model description

Figure 1 shows a rate-equation model of the multi-
mode intracavity SRO.!'% This device comprises a

nonlinear
crystal

< \ pump

pump laser source, and an OPO resonator in which
the signal field is resonant and the idler field exists
after a single pass. The laser and OPO cavities share
a common end mirror and are separated by a beam
splitter (BS). A nonlinear crystal of length [ is placed
in the common arm, and to simplify the model, the
cavities and crystal share a common end at z = 0.
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Fig.1. The theoretical model of the multi-mode intracavity SRO.

In this model, the laser bandwidth is assumed to
be well within the spectral acceptance bandwidth of
the parametric interaction, allowing all laser modes to
couple with a single-frequency resonant signal.[!!]

2.2. The laser, signal and idler fields

The laser and signal fields and the polarization
generated by three interacting fields mixing are:

E, (Zv Ty t) = Z 2Ep; (t) exp(—r2/w§)

x sin(kp;z) X cos(wp;t + ¢p;), (1)

Eq (2,7,t) = 2E4(t) exp(—r? /w?)
x sin(ksz) cos(wst + ¢s), (2)
Oisp = 26(2deq)Epis(z,7,t)Espi(2,7,t). (3)

Here, the subscript j denotes the jth laser mode,
kpjs = Mpswpjs/c, and np ¢ is an effective refractive
index. wp, and ws are the laser and signal transverse
waist radius in the nonlinear crystal respectively.
Only the travelling-wave components propagating
in the same direction interact, and we only retain the
terms satisfying wp; = ws+w;;. The idler polarization
oi(z,7,t) = @i (2,7, 1)+ p; (2,7,t) radiates a two-way,
single-pass idler field, whose axial amplitude variation
is calculated from the relation
E@Eii(z,r, t) " 8Eii(z,r, t)
c ot 0z
= —wipT (2,7, 1)/ (2e0mic). (4)

The + distinguishes travelling waves with +k;;z.
Since the idler experiences quasi-constant nonlin-
ear source term over its transit of the crystal, the
idler’s temporal variations follow those of the resonant
waves. 12

For E(z,7,t) = 0 at the start of each pass of the
nonlinear crystal, the nonlinear coupling always fixes a
phase of A%i = 7/2. Setting Ak = 0 (Ak represents
every value of Ak; = k,; — ks — kij because the laser
bandwidth is much smaller than the parametric gain
bandwidth), combining Eqs.(1)—(4), we can simplify
the idler field to:

E*(z,m,t)

1

0.t ws?)E(t)

= e exp(—r? (w,

x Z {wij Epj (t) cos(—(wijt + ¢5) £ kijz)}. (5)

The envelope of Eli (z,7,t) in the crystal increases lin-
early with £z.

2.3. The dynamical characteristics of in-
tracavity SRO

The evolution of the resonant fields is described
by the self-consistency equations:

Es (t) + Es (t)/T; = —wsCs (t)/(250n§)7 (6)
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Epj(t) + Eyp;j(t)/m, = —wp;Cpj (t)/250n129
—wpi@aser; (1) /(220n2). (7)

7, are the signal- and pump-field cavity life-

times respectively. @raser; represents the polarization

/
Here 7,

in the laser crystal. Cs(t), Cp;(t) are polarization
terms describing the nonlinear crystal.
The resonant fields can be expressed as photon

Aows:[10]

Fs - nsCEOEgﬂ-wsz/(Zlth)?
F,j = npcaoEgjwwg/(élhij). (8)

For the signal field to experience gain, the laser
photon flow must exceed the threshold value

ZFPJ'
J

Thus the threshold must be attained by the to-
tal photon flow of all the laser modes. So long as the

2, .2
_ npninic®eoLs m(wi +wp)
- 12 ]2

hwpwswi Tl digl 2

(9)

th

laser bandwidth is sufficiently small that all nonlin-
ear processes are considered phase matched, then the
multi-mode laser provides the same gain as a single-
frequency laser of the same total power.[!3]

After multiplying Eq.(6) by Es and Eq.(7) by Ep;,
the coupled equations are obtained,

nP=P ) Py-1], (10)
J
ToPpj = Ppj (Nj —

Here N; = G;/Gj_wm, Ps = F/[3° Fpjliyy Poj =
Fi/[>° Fpjly,, are normalized gain, signal power, and

1-F'P). (11)

laser power respectively. F' = 7/nsLs/7iny Ly, is the
ratio between the laser and signal cavity finesses; 7, 7
are the signal and pump photon lifetimes respectively.

The evolution equation for the saturated laser

gain, which can derived from the Bloch equations!*?

k#j
Where 7, is the upper-state lifetime and o is the num-
ber of times for which the jth laser mode is pumped

The coef-
ficient 1 < 1 relates to the cross-saturation between

above threshold (o; o« unsaturated gain).

pairs of laser modes, x is a saturation parameter which
defined as

= [Z ij]th/Fsat’ (13)

where Fi,; is the laser saturation photon-flow.

2.4. Steady-state solutions

For single-frequency laser field and operation
above the OPO threshold: o > ow_opo = 1 + x,
setting ¢t = 0, we can get the steady-state solution
from Eqgs.(10)—(12) as

P)=1, N°=g/(1+ux),
P = (N°-1)/F". (14)

Then consider the multi-frequency laser field, the

general steady-state solutions of the Egs.(10)—(12)
with M axial laser modes are

By = 07/20]
X MO'J'—ZUJ / —,U)ZUJ' ’
NP = 305/ AM + (1 + u(M 1)},

J

N} —1)/F". (15)

(14 zu)

PY = (

The requirement is P}?j > 0 for the operation, so
each of the M modes should satisfy

o5 = (Uj)th_L
= NQ(I—I—xu)
ey R

k#j

The new threshold condition includes the para-

.+ F'PO(1 + xp). (16)

metric loss for individual mode. To achieve oscillation,
the gain for a given laser mode must be greater than a
fraction [1 4 zp]/[M(1 4+ zp) + x(1 — p)] of the total

laser gain.

3. Experiments and results

A schematic diagram of the intracavity SRO in
the experiment is depicted in Fig.2. The pump source
for the SRO was a diode-pumped CW Nd:YVO, laser
comprising a 0.4%-doped a-cut gain crystal with di-
mensions of 3mm x 3mm x 8mm. The Laser diode
(LD) was a high-brightness fibre-coupled diode-laser-
array emitting at 808 nm with a 400 ym fibre bundle
end. The multi-lens optical coupler (L; and Lg) fo-
cused the diode laser to the Nd:YVO, crystal with a
spot size of 400 um in diameter. The entrance face
of the Nd:YVO, was coated for high reflection (HR)
at 1064nm and antireflection (AR) coated at 808 nm.
The output face of the Nd:YVO, was AR coated at
1064 nm. The Nd:YVO, crystal was cooled by refrig-
erant water at 18°C.
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Fig.2. Schematic diagram of the all-solid-state CW intracavity SRO Lj and L2: coupling lens, L3: focal lens, BS:

beam splitter, M1 and Ma: cavity mirrors, Ms:filter.

The SRO resonator consisted of a concave high
reflector My (R = 200mm) and an output mirror
M; (made of CaFy, R = 100mm). M; was a con-
cave reflector and was HR coated (R > 99%) at both
the pump and the resonant signal wavelengths (1.4—
1.6 pm) on concave face and was high transmission
(HT) (T > 94.6%) coated at the idler wavelengths
(3.7-4.1 pm) on both sides. My was specified to be
highly reflecting (R > 99%) at the signal wavelength
range (1.4-1.6 um) only. The flat-flat BS was HT
coated at 1064 nm on both sides and HR at 1.4-1.6 um
on one side. An uncoated PPLN crystal with dimen-
sions of 24 mm x 8 mm X 1 mm, which contains 7 grat-
ings, equally spaced in periods from 26 ym to 29 um,
was employed in experiments. To facilitate tempera-
ture tuning and to avoid photorefractive effects, the
PPLN crystal was placed in a servo-controlled oven.
Mirror M3 (identical with M;) was used as a filter.

For keeping the Nd:YVOy, laser operating at high
power and better beam quality, the thermal lens ef-
fects were considered to make the Nd:YVO, laser op-
erate at the tangential stable region boundary in the
experiment, where the larger oscillating mode volume
and the pumping mode volume matched well at the
Nd:YVOy, crystal.'¥ And in order to realize an ef-
ficient OPO operation, the pump intensities in the
OPO resonator should be increased and the diffrac-
tion loss of the OPO should be reduced. A lens Lg,
which had a focal length of 100mm and was coated
AR at 1064nm on both sides, was inserted into the
cavity as the optical ballast to make the pumping ra-
dius vary insensitive with the thermal lens effects and
focus the pump waist radius to 110 gm with the pur-
pose of sufficient pump intensities. The PPLN crys-
tal was placed at the beam waist of 1064nm laser,
which was 90mm to M;. By controlling the radius

of curvature of My and the distance between My and
M, the well matched mode volume is obtained when
the signal beam waist radius is approximately as the
1064 nm laser’s and the diffraction loss is the lowest.
In the experiments, mirror Mo with the radius of cur-
vature of 200 mm and the near-concentric cavity were
adopted for the PPLN-SRO. The distance between M;
and My was about 280 mm. The signal waist radius in
the PPLN crystal was 120 ym as calculated, indicating
mode volume matched well.

Figure 3 shows the wavelength of the CW PPLN-
SRO at different temperatures at the grating pe-
riod of 28.5um. Under the temperature of PPLN
which varies from 383 K to 433K in the experiment,
the signal wavelength (measured by an optical spec-
trum analyser: Agilent 86142B) is 1.46 um—1.47 pm,
and the corresponding idler wavelength is 3.91 pm—
3.83 um. The theoretical curve and the experimental
data are shown in Fig.3. Obviously, the experimental
data fit the theoretical curve perfectly.
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Fig.3. Wavelength of the CW PPLN-SRO as a function
of temperature at grating period of 28.5 um.
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The spectra of the signal wave and the 1064 nm
pump laser at the temperature of 413 K were shown
in Fig.4. The signal wavelength was 1.469 ym, and
the corresponding idler wavelength must be 3.86 um
as shown in Fig.3 (limited by the range of the opti-
cal spectrum analyser, the idler wavelength could not
be measured). In addition, the sum-frequency-mixing
wave of the signal and the pump laser at 617 nm was
also found in the experiment.

Figure 5 shows the idler power (measured by a
power meter: Molectron EPM1000) and the conver-

sion efficiency at 3.86 um as a function of diode laser
power delivered to the Nd:YVQ, crystal. For mea-
suring the idler power precisely, a filter M3 (made of
CaFs, HT at 3.7-4.1 ym, HR at 1064nm and at 1.4—
1.5 um) was placed behind the output mirror M;. The
SRO threshold was 2.1 W at diode pumping power.
At the LD power of 8.5W, the maximum idler out-
put power of 155 mW at 3.86 um was achieved, corre-
sponding to an optical-to-optical conversion efficiency
of 1.82%.
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Fig.4. The spectra of the signal wavelength at 1469 nm and the pump wavelength at 1064 nm.
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Fig.5. Output power and the conversion efficiency of the
idler wavelength at 3.86 pm.

Due to the Nd:YVOy4 laser’s thermal lens effects
and pump depletion during the nonlinear parametric
process, the instability of the idler output power was

about +£8% in the experiment.

4. Conclusion

In this paper, we have demonstrated an intra-
cavity CW PPLN—SRO pumped by a LD pumped
Nd:YVOy laser which can generate CW mid-infrared
wave. The operation of the intracavity SRO based on
the multi-frequency laser field was theoretically anal-
ysed. An optical ballast lens and the near-concentric
cavity were adopted by considering the thermal focal
length of the Nd:YVOy laser. At the PPLN’s grat-
ing period of 28.5 um and the temperature of 140°,
the SRO threshold is only 2.1 W, and the maximum
idler output power of 155 mW at 3.86 um is achieved
at LD power of 8.5 W, leading to the optical-to-optical
conversion efficiency of 1.82%.
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