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Abstract We have demonstrated the production of ∼1.9 µm
near-infrared radiation by using difference frequency gen-
eration within a 5% MgO doped PPLN crystal by cou-
pling ∼735 nm radiation from a tunable external cavity
diode laser with relatively high powered 532 nm radia-
tion from both Nd:YVO3 and Nd:YAG lasers. The radi-
ation produced is of low power, ∼15 µW, and was used
in conjunction with the sensitivity enhancing techniques of
wavelength modulation spectroscopy (WMS) and cavity en-
hanced absorption spectroscopy (CEAS). Experiments were
carried out on rotationally resolved transitions in the com-
bination bands of NH3 and CO2 in the 1.9 µm region. An
αmin value of 3.6 × 10−6 cm−1 Hz−1/2 was achieved for
WMS measurements on CO2. A comparable αmin value
of 2.2 × 10−6 cm−1 Hz−1/2 was achieved for NH3 using
CEAS. The low NIR power indicates that despite the level
of MgO doping quoted for the crystal, under prolonged ex-
posure photorefractive damage has occurred.

PACS 33.20.Ea · 42.60.Da · 42.62.Fi · 42.65.Ky ·
42.72.Ai, · 42.70.Mp

1 Introduction

Molecular spectroscopy in the near- and mid-infrared re-
gions is highly favourable because of the plethora of mole-
cular fundamental, overtone and combination bands which

M.L. Hamilton · R. Peverall (�) · G.A.D. Ritchie ·
L.J. Thornton · J.H. van Helden
Department of Chemistry, Physical and Theoretical Chemistry
Laboratory, University of Oxford, South Parks Road,
Oxford OX1 3QZ, UK
e-mail: robert.peverall@chem.ox.ac.uk
Fax: +44-1865-275410

can be accessed, and therefore selective spectroscopic mea-
surements of a large number of compounds can be made.
However, simple narrow linewidth laser sources that cover
an appreciable wavelength range (�200 cm−1) are only gen-
erally available in the form of external cavity diode lasers
(ECDL) operating at �1.65 µm. Hence there is interest in
the production of near- and mid-IR radiation via nonlinear
optical processes using widely available sources. The advent
of the reliable production of periodically-poled materials for
applications in nonlinear optics has opened up wide spec-
tral regions to laser based spectroscopy. The combination of
these materials with widely tunable sources, such as ECDLs,
enables access to transitions over a relatively large spectral
range at high resolution, (�20 MHz) which would represent
an advantage for multicomponent trace gas analysis, espe-
cially when combined with sensitivity enhancing techniques
such as modulation spectroscopy and cavity enhanced meth-
ods. Primarily, periodically-poled lithium niobate (PPLN)
has been used either in a difference frequency generation
(DFG) or optical parametric oscillator arrangement to gen-
erate radiation in the mid-IR (3–5 µm) for gas detection ap-
plications [1–4].

In this paper, we report preliminary findings limited to the
spectral range between 1.9–2 µm and using DFG employing
a multi-track 5% MgO doped PPLN crystal with poling pe-
riods 8–10.2 µm capable of an extended wavelength cover-
age 1.8–3 µm with the appropriate pump/signal lasers. If the
pump laser is chosen to be at 532 nm, then the signal laser
wavelengths will be in the range 645–750 nm; wavelengths
which are available from commercial tunable diode lasers.
Here, radiation from a tunable ECDL operating at ∼735 nm
is mixed with two different relatively high power lasers op-
erating at 532 nm. The resulting near-IR radiation is utilised
to probe transitions in the 2ν1 +ν3 combination band of car-
bon dioxide and transitions in the ν3 + ν4 combination band
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of ammonia in conjunction with sensitivity enhancing tech-
niques. The techniques used here are cavity enhanced ab-
sorption spectroscopy (CEAS), where pathlength enhance-
ment is achieved by use of an optical cavity; and wavelength
modulation spectroscopy (WMS) which transfers the detec-
tion regime to a higher frequency to reduce technical noise.
The performance of these techniques with the relatively low
power of near-IR radiation produced, is discussed.

2 Theory

2.1 Difference frequency generation

The induced polarization of a material is dependent upon
the applied electric field strength [5]. Typically, with low
field strengths this relationship appears linear and only the
first order optical susceptibility term needs to be considered.
However, when strong fields are applied to the material, such
as with laser radiation, higher order optical susceptibility
terms become important.

For DFG it is the second-order nonlinear optical suscepti-
bility term which gives rise to the process of interest [5]. In
DFG, idler radiation, i, is produced in the crystal by mix-
ing two different radiation sources, the signal, s, and the
pump, p. Through conservation of energy, the relationship
between the pump, signal and idler radiation frequencies, ω,
can be described by: ωp −ωs = ωi , where ωp > ωs > ωi by
convention. Since nonlinear processes are phase-sensitive,
the phase relationship between the pump and signal radia-
tion also needs to be considered. For DFG with collinear
beams the phase mismatch is given by

�k̃ = k̃p − k̃s − k̃i , (1)

where k̃p , k̃s and k̃i are the wave vectors of the pump, signal
and idler radiation, respectively, and kx = (nxωx)/c, where
nx is the refractive index of the material at frequency ωx

(x = i,p, s) and c is the speed of light. The efficiency of the
DFG process is maximised when �k̃ = 0 along the propa-
gation direction of the radiation over the crystal length. To
achieve this the configuration of the incident laser beams,
the geometry and temperature of the crystal all need to be
optimised to ensure a good phase relationship between the
interacting beams.

Chromatic dispersion as a consequence of the frequency
dependence of the refractive index of a crystal, causes �k̃ to
become non-zero. This reduces the efficiency of the nonlin-
ear interaction and results in less idler radiation being pro-
duced. To overcome this, quasi-phase matching (QPM) can
be used; this is achieved by using periodically-poled mate-
rials, such as PPLN, where a periodic change in the local
polarity of the second-order optical susceptibility between

the layers in the crystal corrects for the phase mismatch. Pol-
ing periodically alternates the optical axis, changing the sign
of optical susceptibility, allowing efficient generation of the
idler radiation. The optimal physical conditions required to
maximise the quasi-phase matching in a periodically-poled
crystal are achieved when �kQPM(T ) approaches zero,

�kQPM(T ) = 2π

(
np(T )

λp

− ns(T )

λs

− ni(T )

λi

− 1

Λ(T )

)
, (2)

where λp , λs and λi are the pump, signal and idler wave-
length, respectively; Λ(T ) is the temperature-dependent
crystal poling period. Finally, np(T ), ns(T ) and ni(T ) are
the temperature- and wavelength-dependent extraordinary
pump, signal and idler refractive indices, respectively, for
PPLN as described by the Sellmeier equations [6]. For
doped PPLN such as MgO:PPLN, which is used here, the
Sellmeier equation requires modification [7], such that

n2
e,x(λx, T ) =

[
A1 + B1f (T ) + A2 + B2f (T )

λ2
x − (A3 + B3f (T ))2

+ A4 + B4f (T )

λ2
x − A2

5

− A6λ
2
x

]/
h(T )2, (3)

where λx is the wavelength in µm for the i, p and s radi-
ation, and Az and Bz are the optimised parameters given
in Table 1. For undoped PPLN h(T ) is unity, but for the
MgO:PPLN h(T ) is given by

h(T ) = 1.0270295 − 4.56346827 × 10−5T , (4)

and the temperature parameter, f (T ), is defined as

f (T ) = (T − 24.5) × (T + 570.5), (5)

where T is the crystal temperature in ◦C.
The experimentally determined temperature tuning curve

for the MgO:PPLN crystal is shown in Fig. 1, where the nor-
malised photodiode signal is plotted as a function of crys-
tal oven temperature, also plotted is the expected simulated
temperature profile, determined using (2)–(5). An important,
but predicted, observation is that the widths of these tun-
ing curves are much narrower than those observed for DFG
at longer wavelengths [1]. Due to instabilities in the oven
temperature and possible temperature gradients along the
crystal the experimentally obtained profile is broadened and
detailed structure lost. Furthermore, from the experimental
data the optimal temperature for the MgO:PPLN crystal for
maximum conversion efficiency is 71°C; this is quite dif-
ferent from the theoretically optimal temperature of 60.4°C;
for ease of comparison an x-axis translation has been ap-
plied to the theoretical tuning curve in Fig. 1. This indicates
that there is a potential uncertainty in the poling period (to
which the optimal conversion temperature is very sensitive),
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Table 1 The Az and Bz parameters of the Sellmeier equation for MgO:PPLN

z 1 2 3 4 5 6

A 5.35583 0.100473 0.20692 100 11.34927 1.5334 × 10−2

B 4.629 × 10−7 3.862 × 10−8 −0.89 × 10−8 2.657 × 10−5

Fig. 1 Temperature tuning curve for MgO:PPLN showing both the
experimental and theoretical results, with an x-axis translation applied
to the theoretical curve; the reasons for this have been outlined in the
text. PPLN was pumped using a DPSS Nd:YAG laser as described in
the text

although some degree of uncertainty in the oven/crystal tem-
perature cannot be ruled out.

Two different diode pumped solid state (DPSS) 532 nm
pump lasers of different design, power and optical quality
where used in these experiments. One, is an actively tem-
perature stabilised frequency doubled Nd:YAG laser (Quan-
tum Torus) operating at ∼320 mW maximum power and
has mode tracking electronics to ensure single longitudi-
nal mode output and a nominal sub-MHz bandwidth. The
other is a water cooled, indirectly temperature stabilised
Nd:YVO3 laser (Coherent Verdi V5) which utilises a sin-
gle longitudinal mode design with a 50 ms bandwidth of
<5 MHz and a maximum power output of 5 W. The latter
required some warm up time to achieve stability (∼1 hour)
but even with a larger stated bandwidth shows higher qual-
ity spectral output than the Nd:YAG laser. Figure 2 shows
the contrast between the lasers upon analysis using a 2 GHz
optical spectrum analyser. The Nd:YAG laser exhibits a
less than ideal mode structure with ‘sub-modes’ growing
and receding under an envelope of ∼50 MHz width, while
the Nd:YVO3 laser is truly single mode. The drift in the
∼1.9 µm radiation when using the two different pump lasers
was very similar, observed over 20 minutes (10 MHz versus

Fig. 2 The 2 GHz optical spectrum analyser traces for the Nd:YAG
(left) and Nd:YVO3 (right) lasers; clearly shown is the clean single
mode behaviour of the Nd:YVO3 laser compared to the Nd:YAG laser.
The quoted bandwidths for both lasers is less than suggested in these
traces, and there is some broadening due to the spectrum analyser band-
width

50 MHz for the Nd:YVO3 and Nd:YAG, respectively); the
major source of drift in this experimental setup is the sig-
nal diode laser source (∼400 MHz over the same 20 min
measurement period).

2.2 Absorption spectroscopy

Two different spectroscopic techniques were used to in-
crease the experimental sensitivity over single-pass direct
absorption spectroscopy. Presented here is a brief outline on
how these techniques work and how the enhanced sensitivity
is achieved; more comprehensive descriptions can be found
elsewhere [8–10].

The first method, CEAS, exploits the enhancement in the
effective pathlength that the radiation travels by the use of
an optical cavity, where the radiation is trapped between two
highly reflective mirrors [8, 10].

The simplest optical cavity consists of two mirrors with
radii of curvature r1 and r2 and reflectivity R in a linear
arrangement. Radiation is coupled into the cavity through
the backface of the first mirror and is then trapped between
the two reflective faces of the mirrors. A detector placed be-
hind the second mirror is used to detect the time-integrated
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radiation intensity as the laser is scanned across the spec-
tral region of interest. The intensity profile versus frequency
of the radiation detected is dependent on the cavity mirror
separation, the precise geometry of the cavity with respect
to the optical axis, laser power and mirror reflectivity and
transmission. To optimise CEAS the mirrors are partially
misaligned so as to optimise the mode density and re-entrant
condition of the cavity, hence sequential scans can be aver-
aged to give a smooth spectrum which can be described by

I0(ν) − I (ν)

I (ν) − γ
= σ(ν)cl

1 − R
, (6)

where I0(ν) is the baseline signal, I (ν) is the recorded sig-
nal with the sample present, l is the cavity length, γ is com-
prised of any background signal, R is the geometric mean of
the reflectivity of the cavity mirrors and σ(ν) is frequency-
dependent absorption cross section of the absorbing medium
and c is its concentration.

The second technique employed is WMS, in which the
absorption signal is moved to a higher frequency domain
where technical noise sources are less likely to interfere with
the signal. Experimentally, WMS involves rapid modulation
of the wavelength of the laser as it slowly traverses the spec-
tral feature of interest. Hence there are two frequency com-
ponents which require definition, ωL known as the central
laser frequency which is slowly ramped and traverses the
absorption profile and ωm which is the rapid modulation su-
perimposed on ωL, its amplitude (�ωm) is usually experi-
mentally optimised and is generally similar to the halfwidth
of the spectral feature being investigated [11]. The overall
instantaneous angular frequency of the electric field of the
laser, ω, which is the combination of both of the above fre-
quency components is described by

ω = ωL + �ωm cos(ωmt). (7)

The interaction between absorbing species and the spectrally
modulated light leads to changes in the time-dependent in-
tensity of the modulated radiation. This can be expressed as
a cosine Fourier series,

I (ωL, t) =
∞∑

n=0

An(ωL) cos(nωmt), (8)

where An(ωL) (where n > 0) are the harmonic components
of the series. To record a WMS spectrum the detector sig-
nal is demodulated, generally by a lock-in amplifier. Any
noise contributions that do not coincide with the modulation
frequency are essentially not detected. Assuming that I0 is
independent of frequency in the absence of an absorber, and
by substituting ωmt with θ , each individual harmonic com-
ponent in the presence of a frequency-dependent absorption

cross section σ(ω), is given by

An(ωL) = 2

π

∫ π

0
I0(ωL + �ωm cos θ)

× exp
[−σ(ωL + �ωm cos θ)cl

]
cos(nθ)dθ

= 2I0

π

∫ π

0
exp

[−σ(ωL + �ωm cos θ)cl
]

cos(nθ)dθ.

(9)

In the limit of low absorbance when σcl � 1, the expression
simplifies to

An(ωL) = 2I0cl

π

∫ π

0
−σ(ωL + �ωm cos θ) cos(nθ)dθ.(10)

Although WMS is good for removing noise, the WMS
spectrum obtained is not self-calibrating, unlike single-pass
direct absorption spectroscopy. To determine absolute con-
centrations calibration against single-pass direct absorption
spectroscopy or measurements of standard gas mixtures is
generally required, although a recent publication suggests
that WMS spectra may be calibrated directly from the resid-
ual amplitude modulation (RAM) signal [12].

3 Experimental

A schematic of the DFG experimental setup is depicted in
Fig. 3 and is common to both CEAS and WMS experiments.
The pump beam was provided by one of two different DPSS
lasers at 532 nm (Coherent Verdi V5, ∼800 mW and Quan-
tum Torus, 320 mW) and the ECDL operating at ∼735 nm
(Sacher Lynx, ∼40 mW) provided the signal; polarisation
matching to the pump beam was achieved using a half wave-
plate. To protect the diode laser from optical feedback the
beam was passed through an optical isolator (Isowave 1-
7090-CM). A spectrum analyser (Melles Griot), with a free
spectral range of 2 GHz, was used for wavelength calibra-
tion and to monitor the behaviour of the diode laser. Wave-
length tuning of the system was possible by temperature and
current tuning of the diode laser. Tuning the diode laser to
737 and 732 nm generated the necessary idler radiations at
1.91 and 1.95 µm, respectively. The pump and signal beams
were combined using a dichroic mirror, and focusing lenses
prior to the dichroic mirror focused the beams into the 5%
MgO:PPLN crystal. The MgO:PPLN crystal (HC Photon-
ics, 40 × 14.5 × 0.5 mm) is AR coated for 532 and 640–
750 nm and has 12 tracks with poling periods ranging from
8.0–10.2 µm, of which the 8.2 µm track was used for this
work. The crystal was situated inside an HC Photonics oven,
which was optimally aligned using a three-axis micrometer
stage. The oven temperature was set to maximise the crys-
tal’s conversion efficiency and was 72.5°C and 109°C to pro-
duce the 1.91 and 1.95 µm radiation, respectively. The three
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Fig. 3 Schematic of the DFG
experimental setup used for
CEAS measurements of NH3 at
1.91 µm. For the direct
absorption and WMS
experiments carried out on CO2
and NH3 at 1.95 µm the vacuum
chamber was replaced with a
10 cm glass cell

beams exiting the crystal were separated using a silicon fil-
ter; the ∼1.9 µm radiation was transmitted whereas the vis-
ible beams were reflected into a beam dump. The ∼1.9 µm
radiation was collimated using a 10 cm focal length lens
and passed through either the CEAS setup incorporated into
the vacuum chamber (shown in Fig. 3) or through a 10 cm
glass cell; it was then focused onto an amplified photodiode
(Hammamatsu G5852-01). With pump and signal powers of
300 mW and 20 mW, respectively, approximately 15 µW of
∼1.9 µm was generated in the crystal, although after losses
due to optics only ∼4 µW was incident upon the cavity or
glass cell. To aid in alignment the path of the ∼1.9 µm beam
was tracked by a HeNe alignment laser (Fig. 3).

The power output of the system is much lower than the-
oretical calculations predict [13], and we have achieved a
maximum efficiency for the DFG here of ∼0.25% using
the Nd:YAG laser; we suspect that this is due to photore-
fractive damage to the crystal. This was affirmed when us-
ing the higher power laser: as the pump was increased,
the near IR power (∼1.9 µm) would only temporarily in-
crease before dropping back to approximately the original
levels. There seems to be a relatively large variation of re-
ported damage thresholds for MgO:PPLN (congruent form)
in the literature (doping concentrations similar to this crys-
tal), with values ranging from 10 kW cm−2 to 75 kW cm−2

[14–17]. We estimate that we have maximum intensities be-
tween 25 kW cm−2 and 80 kW cm−2, but we also note that
damage threshold experiments are reported for relatively
short exposure times ∼10 minutes not for extended use near
threshold values over a number of hours [14, 15].

During single-pass direct absorption measurements on
CO2 and NH3 at 1.95 µm a triangular ramp, to scan the
laser ∼3.4 GHz (ramped at 10 Hz), was applied to the piezo-
electric transducer of the diode laser grating element us-
ing a function generator (TTi TG330). The 532 nm beam
was also modulated using an optical chopper (Bentham,
∼1 kHz). The 1.95 µm radiation was passed through the
glass sample cell and the detector signal was then demod-
ulated using the lock-in amplifier (Stanford Research Sys-
tems, SR510) before being displayed on the oscilloscope
(LeCroy WaveSurfer 434); 50 averages were taken for each
spectrum. Due to the slightly improved linewidth and stabil-
ity achievable with the Nd:YVO3 laser, all the spectroscopic
measurements reported here have been recorded using this
laser.

WMS was conducted by applying a low ramping fre-
quency, ω0 (over ∼3.4 GHz ramped at ∼2.5 Hz) to the laser
in a similar fashion as for single-pass direct absorption. The
reference output of the lock-in amplifier was used to produce
the fast sinusoidal modulation frequency, ωm, ∼1.4 kHz
with a modulation depth, �ωm, of ∼300 MHz. The radia-
tion was passed through the glass sample cell and the spec-
tra were collected in a similar fashion as for single-pass
direct absorption, again 50 averages were taken. Although
1f -harmonic detection gave larger signal amplitudes, 2f -
harmonic detection was used throughout these experiments
to reduce baseline variation.

Finally, a CEAS setup shown in Fig. 3, was implemented
at 1.91 µm to make measurements on NH3 using selected ro-
tational transitions within the (ν3 + ν4) band. During these
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measurements the pump beam was modulated using an op-
tical chopper (∼1 kHz) and the detector signal demodulated
using the lock-in amplifier. A slow laser scanning speed
(3.7 mHz) was required because of the long time constant
needed by the lock-in amplifier which was essential in order
to detect the very low powers after the cavity; input power
resident on the cavity was only ∼4 µW, hence the output
power is likely to be only tens of pW. The cavity length as
dictated by the width of the vacuum chamber was 82 cm.
The cavity mirrors were mounted in gimbal mounts onto
the vacuum chamber and their reflectively, R, was experi-
mentally determined to be 0.9993, using an NH3 sample of
known concentration.

4 Results and discussion

Single-pass direct absorption profiles of CO2 and NH3 at
1.95 µm were fitted with Voigt lineshapes. Generally low
pressure spectra are fitted with Gaussian profiles as the ma-
jor line-broadening component is Doppler broadening (char-
acterised by a FWHM, �νD). As gas pressures increase
there is also a self-broadening component with a Lorentzian
line shape (characterised by a FWHM, �νL). Pure sam-
ples of CO2 and NH3 with pressures between 2–10 Torr
were prepared for the WMS experiments, hence the col-
lected spectra were expected to contain only a small self-
broadening component.

Table 2 contains the details of the transitions probed
such as line positions and integrated cross sections along
with broadening parameters obtained from the HITRAN
2004 database [18]. The Doppler widths for a sample tem-
perature of 296 K are also tabulated. The expected DFG
idler radiation bandwidth is <10 MHz which is sufficiently
high resolution to easily resolve the Doppler broadening of
∼300 MHz.

The areas of the fitted Voigt profiles of the absorption
spectra were used to accurately determine the sample gas
pressures and to calibrate the WMS spectra. The resulting
pressures were 8.3 and 2.1 Torr for CO2 and NH3, respec-
tively.

The experimental WMS profiles for CO2 and NH3 are
plotted in Fig. 4, also shown are simulations calculated using

a MATLAB program. The �νD and �νL parameters from
the fitting of the WMS spectra are reported in Table 3 and
are in good agreement with calculated values, the associated
error values have been determined as a combination of the
errors in the fitting of the direct absorption profiles and the
x-scale calculation.

The sensitivity of the WMS setup can be described by
an αmin value, corrected for the effective bandwidth of the
detection system,

αmin(BWeff) = abs

lS/N

√
πτn, (11)

where S/N is the signal to noise ratio of the WMS signal,
where the noise is defined as twice the standard deviation
of baseline variations; abs is the peak absorbance; l is the
cell length, τ is the lock-in amplifier time constant and n

is the number of averages. The αmin values are indepen-
dent of sample and a value of 3.6 × 10−6 cm−1 Hz−1/2

was achieved for this experimental setup from the CO2 data,
Fig. 4.

CEAS measurements were carried out on 50 mTorr of
NH3 using 1.91 µm radiation. Due to the low power of the
laser radiation incident on the cavity the signal collected by
the detector was very small. Therefore to get a significant
signal to noise ratio which allowed for reliable analysis, the
time constant on the lock-in amplifier needed to be longer
than that which is typically used in this type of CEAS ex-
periment. The drawback of longer time constants is that they
require the system to be stable over an extended period, con-
sequently, any drifting of the laser or related components re-
sults in reduced performance and possible broadening of the
absorption profile. The time constant used for these mea-
surements was 3 s; longer time constants where investigated
which resulted in improvements in signal to noise ratio but
also broadened profiles.

The CEAS spectrum for a single scan and the corre-
sponding Gaussian fit are shown in Fig. 5; the experimental
�νD of 0.016±0.002 cm−1 was obtained by analysing each
of the spectra individually and then averaging the fitting re-
sults; averaging prior to analysis was not carried out due
to setup instabilities which resulted in baseline fluctuations
and spectral feature drifts. The calculated value of �νD ,
0.0156 cm−1 (Table 2), is within experimental error. The

Table 2 Transition information for the CO2 and NH3 lines of interest, where the transition assignments are presented as �J J ′′ for CO2 and
�k�J(J ′′, k′′)(sym) for NH3

Line position Assignment Integrated cross section Self-broadening coefficient �νD

cm−1 (µm) cm−1/(molecules cm−2) cm−1/atm cm−1

CO2–WMS 5123.586 (1.91) R34 1.521 × 10−21 0.0835 0.00951

NH3–WMS 5123.645 (1.91) RR(5,4)(s) 3.468 × 10−21 0.5653 0.0153

NH3–CEAS 5234.482 (1.95) P R(6,5)(s) 1.22 × 10−22 0.5755 0.0156
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Fig. 4 WMS spectra for CO2 and NH3 at 8.3 and 2.1 Torr, respectively, also shown are the fitted Voigt profiles. The lower plots for each show the
residuals for each fit; these highlight a slight asymmetry in the experimental data. This is possibly due to the lock-in detection

Table 3 Theoretical and experimental Doppler and Lorentzian FWHM values

Doppler width, �νD /296 K Lorentzian width, �νL

Theory Direct absorption WMS Theory Direct absorption WMS

error 3% error 3% error 6% error 6%

CO2 0.00952 0.0108 0.00857 0.0018 0.0013 0.0017

NH3 0.0153 0.0157 0.0153 0.0031 0.0036 0.0039

improvement in sensitivity over WMS is apparent through
a decrease in the αmin value to 2.2 × 10−6 cm−1 Hz−1/2,
determined using

αmin(BWeff) = (1 − R)2SD

l

√
πτn, (12)

where R is the mirror reflectivity and SD is the standard de-
viation of the baseline noise. It is clear that, although there
is a slight improvement in sensitivity for the CEAS exper-
iment, at these power levels this is not significant enough
to counter the difficulties in implementation. Nevertheless,
the 2σ αmin values reported here are not unreasonable for
mirrors of reflectivity R ∼ 99.93% and compared to experi-
ments using higher power sources (∼10 mW) with sensitiv-
ities ∼10−8 cm−1 [8, 10].

5 Conclusion

The production of near-IR radiation has been success-
fully achieved by combining 532 nm radiation from either
a Nd:YAG or a Nd:YVO3 laser with 732/737 nm radia-
tion from an ECDL in a MgO:PPLN crystal. The resul-
tant ∼1.9 µm radiation has been used in both WMS and
CEAS experiments to achieve relatively high sensitivities
while retaining accurate spectral information in the form of
linewidths.

Both WMS and CEAS yielded minimum absorption co-
efficients in the range 2–4 × 10−6 cm−1 Hz−1/2 and al-
though there is a slight improvement in the αmin value for
CEAS, there is no real benefit over WMS since the low
light levels make the alignment and data acquisition diffi-
cult and time consuming. Unfortunately, the crystal used in
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Fig. 5 CEAS spectrum of 50 mTorr of NH3; also shown is a Gaussian
fit

these studies has suffered damage, probably photorefractive,
as a consequence of laser intensities utilised here. Even with
the lower power Nd:YAG laser at 300 mW, and although re-
ported damage thresholds for congruent lithium niobate with
∼5% MgO doping can be as high as 75 kW cm−2 over a
relatively short timescale (hours), damage has occurred (we
estimate this is ∼3 times greater than intensities applied to
the crystal using the Nd:YAG laser). MgO doped stoichio-
metric PPLN has a much higher damage threshold and is a
more suitable material for high power DFG [15, 17].
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