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Tunable midinfrared source by difference frequency generation in bulk
periodically poled KTiOPO 4

K. Fradkin,a) A. Arie, A. Skliar, and G. Rosenman
Department of Electrical Engineering—Physical Electronics, Faculty of Engineering, Tel Aviv University,
69978 Tel Aviv, Israel

~Received 27 October 1998; accepted for publication 14 December 1998!

We demonstrate quasi-phase-matched difference frequency generation in periodically poled
KTiOPO4. A midinfrared~3.2–3.4mm! idler with a power level of 0.17mW is generated by mixing
a Nd:YAG laser and tunable external cavity laser near 1550 nm which is amplified by an
erbium-doped fiber amplifier. The wavelength, temperature, and angle tuning characteristics of this
device are determined. The experimental results are used to derive a Sellmeier equation with
improved accuracy in the midinfrared range for the extraordinary refractive index of flux-grown
KTiOPO4. © 1999 American Institute of Physics.@S0003-6951~99!04007-3#
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There is considerable interest in developing sources
the midinfrared range for selective and sensitive meas
ments of trace-gas concentrations. Since the fundamenta
brational modes of most of the molecules lie in the 2–20mm
wavelength region, infrared spectroscopy using tuna
narrow-band sources provides a convenient and real-
method of detection for most gases. Difference freque
mixing in nonlinear materials is a powerful way of producin
midinfrared coherent sources using compact and efficien
sers which presently exist mainly in the visible and ne
infrared region. Other possible infrared sources for sim
applications were reviewed in Refs. 1–3.

Diode-based continuous-wave difference frequency g
erated ~DFG! spectroscopic sources were already dem
strated in the 3–5mm region with AgGaSe2,

1 LiNbO3,
4 and

AgGaS2.
5 Electric field poling of ferroelectric crystal

opened new possibilities for quasi-phase-matched~QPM!
difference frequency generation. These processes ca
noncritically phase matched, are highly efficient, and ph
matching of the idler wavelength can be achieved using
appropriate QPM grating period. Whereas several ferroe
tric crystals can be poled by an electric field, up until no
mainly periodically poled LiNbO3 was used for DFG
processes.2,6 In this letter we report QPM-DFG using a ne
crystal: periodically poled KTiOPO4 ~PP-KTP!,7,8 which was
already used before for second-harmonic generation8 and
OPO9 processes. After the submission of this paper, diff
ence frequency generation of near-infrared radiation in
KTP was also reported.10 KTP11 is commercially available
from a variety of suppliers at a relatively low price. It exhi
its a high damage threshold and is transparent over a l
wavelength range: 350–4500 nm.

In addition to providing an alternative method for ge
erating midinfrared radiation, this experiment also enab
one to characterize the phase-matching properties of KT
the midinfrared range, where experimental data are scarc
is important to emphasize that the published experime
with PP-KTP7–10 were performed in the visible and nea
infrared regions, whereas in this experiment, coherent ra
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tion is generated in the midinfrared range and PP-KTP pr
erties are investigated in this wavelength range. The n
data will also be useful for designing other devices in t
midinfrared range, e.g., optical parametric oscillators.

The DFG experimental setup employed two compact
ser sources: a diode-pumped Nd:YAG laser at 1064
~Lightwave Electronics, model 122! and a tunable externa
cavity diode laser near 1550 nm. The use of a signal sou
near 1550 nm has great advantages compared to using a
ible or near-infrared diode. It enables one to use a wide ra
of photonics devices developed for this wavelength ran
including optical fibers, erbium-doped fiber optic amplifie
and fiber-coupled diagnostics equipment. Two diode las
were used: 1490–1568 nm~New-Focus, model 6200! or a
fiber-coupled laser, 1400–1600 nm~Hewlett–Packard,
model 8168C! with an external fiber-polarization controlle
The beams of the pump and signal lasers were comb
collinearly using a polarizing beamsplitter and focused in
an uncoated 0.5-mm-thick, flux-grown KTP crystal, period
cally poled over 10 mm out of its total length of 14 mm. Th
crystal had three different periodic domain gratings fab
cated by low-temperature electric field poling7 with the fol-
lowing periods: 35.7, 36.3, and 36.8mm.

Our configuration used the largest nonlinear coeffici
in KTP, d33514.9 pm/V.8 Quasi-phase-matched idler wav
radiation near;3.3mm was generated in the PP-KTP cryst
and was refocused with a single uncoated CaF2 lens ~focal
length 100 mm! onto a 1-mm-diam liquid-nitrogen-coole
HgCdTe detector~Fermionics, model PV-6-1! with a cold
spectral filter, designed to fit the generated waveleng
Cooling of this filter is required in order to reduce its therm
emission. The detector, which was used in the photovol
mode, exhibited a noise-equivalent power of;1 pW/AHz.
A tilted uncoated germanium flat was placed immediately
front of the detector to block the pump and signal beam
The signal beam was chopped at a rate of 1.5 kHz, and
idler signal was detected with a lock-in-amplifier. The ope
ating wavelengths of the pump and signal lasers were m
sured using a Burleigh WA-20 wavemeter with a spect
accuracy of;1 pm.

With 222 mW Nd:YAG power at 1064.4 nm and 3.
© 1999 American Institute of Physics
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mW of diode power at 1552.3 nm incident on the uncoa
mixing crystal with period 35.7mm, a maximum idler power
of 24 nW was measured at the detector. Taking into acco
the transmission of the cold filter and of the uncoated co
ponents in the setup~e.g., the crystal facets, the germaniu
flat, and the CaF2 lens! the measured infrared power ind
cates a normalized internal conversion efficiency of 0.012
~W cm!.

Assuming a lossless crystal and focused pump and si
Gaussian beams, the generated idler power is given in
12. Let us denotem as the ratio of the signal and pump wa
vectors (m5ks /kp) andj as the ratio of the crystal length t
the confocal parameter. For the lasers used in this experim
m'0.69, and the optimal focusing condition isj'2.5, indi-
cating a desired confocal parameter of 4 mm inside the c
tal for each of the two laser sources. This condition w
achieved by average beam waists of 19.2mm for the
Nd:YAG laser and 23.3mm for the tunable diode, both hav
ing a slightly elliptic profile.

The calculated internal efficiency according to Ref. 12
0.04%/~W cm! for a lossless crystal, and 0.03%/~W cm!
when the relatively high absorption of KTP in the midinfr
red range13 is taken into account. The remaining discrepan
could be attributed to possible deviations from ideal QP
grating,14 imperfect spatial overlap of the pump and sign
beams inside the nonlinear crystal, a slightly elliptic profi
for both of the beams, and possible deviations of pump
signal transverse modes from an ideal Gaussian TE00

mode. Nevertheless, the measured normalized efficienc
still comparable with reported efficiencies in other nonline
materials~e.g., periodically poled LiNbO3 in Refs. 2 and 6!.
Alternatively, assuming the measured efficiency of 0.012
~W cm!, the effective nonlinear coefficient is'5.2 pm/V.

The DFG power as a function of the signal waveleng
at room temperature~25 °C! is shown in Fig. 1 for two dif-
ferent grating periods:L1535.7mm and L2536.3mm.
Negligible power was generated with the 36.8mm grating
period since it required signal wavelengths outside our la
diode range. The full width at half-maximum~FWHM! in
means of signal wavelength for the 35.7 and 36.3mm grat-
ings are 8.4 and 10.3 nm, accordingly~which are equivalent

FIG. 1. Measurement of normalized DFG power as a function of the sig
wavelength, near room temperature, for two grating periods: 35.7mm
~circles! and 36.6mm ~triangles!. The solid and dashed lines are calculat
according to the new Sellmeier coefficients, see Eq.~1!. Inset: Measuremen
of DFG conversion efficiency in a 10-mm-long PP-KTP crystal.
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to a FWHM of 40 and 42.7 nm in means of idler wav
length!. The asymmetry of the curve is a result of the tigh
focused Gaussian beams.10,15

The DFG power as a function of the crystal temperat
is shown in Fig. 2 for both of the grating periods: 35.7 a
36.3 mm. The full temperature width at half-maximum
;70 °C, which is in poor agreement with the bandwidt
calculated according to the published temperature deriva
of the refractive index,16,17;20 °C. In addition, the optimum
phase-matching idler wavelength could be tuned with te
perature. We measured a tuning slope of;0.5 nm/°C, com-
pared to calculated ones:;2.3 nm/°C16 and ;1.5 nm/°C.17

The relatively large difference between the measured
calculated values of the temperature dependence of the
fractive index could be due to the fact that Refs. 16 and
include measurements in the visible and near-infrared ra
only. In order to correctly predict the temperature depe
dence in the midinfrared range, these measurements sh
be extended to that region.

In order to gain an order of magnitude in the genera
infrared power we used an erbium-doped fiber amplifi
~IRE-Polus, model EAD60! at the output of the tunable di
ode. As a result, the diode power at the input facet of
crystal was increased by a factor of;10, and the maximum
idler power that was generated with the amplifier was
creased by a factor of;7 ~owing to slight deviations from
optimum focusing and polarization! to 0.17mW.

Several different Sellmeier equations for flux-grow
KTP13,18,19appeared in the literature. For a pump operat
wavelength of 1064.4 nm at room temperature, the Sellm
equation of Kato13 gives the closest estimation to the me
sured data: 1487mm for a period of 35.7mm and 1516 nm
for a period of 36.3mm. However, it is still insufficient in
predicting the experimentally measured signal waveleng
1552.3 nm and 1586.9 nm, accordingly.

We have also measured the angle-dependent ph
matching wavelength of our crystal, by placing the crystal
a rotation stage. This enabled us to achieve phase matc
for effectively longer periods, depending on the angle b
tween the incident beams and the perpendicular to the c
tal’s input facet. Angles in the range210° to 10° were mea-
sured. This range was limited by the width~2 mm! of the

al
FIG. 2. Measurement of normalized DFG power as a function of the
KTP crystal temperature for two grating periods: 35.7mm ~circles! and 36.6
mm ~squares!.



si

in
e
nt
th
tiv
t-

im
s
m

wt
t
in
ic
n
irs
ion
ac
s
e
t

of

wi
w

as
re

io

at
o
e

we
G

sed
at

uit-
d,
n-

rat-
sed
ide

the
ice
meter
e-
are
of
tio

ut
ffi-
ts
he
of

g.,

t.

l,

Y.

o-

tt.

.

s-

m

r,

tin

916 Appl. Phys. Lett., Vol. 74, No. 7, 15 February 1999 Fradkin et al.
periodically poled region for each grating, and can be ea
extended using a wider region.

Figure 3 shows the idler wavelength at phase match
for each of the effective grating periods. We used the n
experimental results to recalculate the Sellmeier coefficie
Using our measured points in the midinfrared waveleng
and previously measured data from Ref. 18 for the refrac
index in the visible and near-infrared range we initially a
tempted to represent the refractive index data in a form s
lar to the one previously used in Ref. 18, which include
single pole in the deep ultraviolet. We adjusted the para
eters by least-squares data fitting, using the Gauss–Ne
method. Since most of the previous measurements of
index of refraction of KTP were performed at wavelengths
the visible and near-infrared range only, we could not pred
accurately enough the index of refraction for the signal a
for the idler. We therefore iteratively searched for pa
(ns ,ni) that would satisfy both the phase-matching condit
and obey the general form of the Sellmeier equation for e
grating period. The resulting equation predicted the pha
matching data with reasonable accuracy, but still includ
systematic residuals. We thus added a second pole in
midinfrared region to the Sellmeier equation in the form

nz
25A1

B

12C/l2 1
D

12E/l22Fl2 ~1!

and repeated the fitting procedure. We found that the sum
the square of the residuals was reduced by a factor of 10
the additional pole. The parameters of the fit are as follo
A52.127 25; B51.184 31; C55.148 5231022; D
50.6603; E5100.005 07;F59.689 5631023; where l is
given in microns. No significant improvement in the fit w
obtained when we added a third pole either in the far-infra
or in the deep-ultraviolet range. With Eq.~1!, all of the gen-
erated idler wavelengths were predicted with a deviat
smaller than 0.2%.

We used the new Sellmeier coefficients to calcul
theoretically the expected phase-matching curves at ro
temperature~25 °C!. These curves appear in Fig. 1 togeth

FIG. 3. The generated idler wavelength as a function of the effective gra
period.
ly

g
w
s.
s
e

i-
a
-
on
he

t
d

h
e-
d
he

of
th
s:

d

n

e
m
r

with the measured data. Without any further adjustment
could accurately predict the location of the maximum DF
signal and the first shorter wavelength sideband.

In conclusion, we have demonstrated a PP-KTP-ba
widely tunable cw single-frequency DFG source operating
midinfrared region. This compact and robust source is s
able for high-resolution spectroscopy in the midinfrare
where many of the interesting molecules exhibit their stro
gest absorption lines. By using the appropriate QPM g
ings, the whole tuning range of the tunable laser can be u
to generate a continuous source over an extremely w
range ~;3.2–4.4 mm!. By replacing the liquid-nitrogen-
cooled detector with a thermoelectric-cooled detector,
need for liquid nitrogen can be eliminated, and the dev
described here can serve as a room-temperature spectro
in the midinfrared range. Typical values for the nois
equivalent power of thermoelectric-cooled detectors
higher by an order of magnitude compared to those
nitrogen-cooled detectors, resulting in a signal-to-noise ra
of ;104 ~instead of;105!, which is still sufficient for most
applications. The output power as a function of the inp
beams power was investigated, giving a conversion e
ciency of;0.012% W/cm, which is comparable with resul
obtained with other crystals in this wavelength range. T
efficiency can be further improved using other isomorphs
KTP with higher transmission in the infrared range, e.
KTiOAsO4 and RbTiOAsO4.
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