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Application of a characterized difference-frequency laser

source to carbon monoxide trace detection
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A tunable continuous wave (cw) mid-infrared (MIR) laser based on difference-frequency generation (DFG) in a

1.5-cm long AgGaS2 nonlinear crystal for trace gas detection is reported. Two visible and near-infrared diode lasers

were used as pump and signal sources. The MIR-DFG laser was tunable in a wavelength range of 4.75 µm–4.88 µm.

The phase-matching (PM) condition was non-critically achieved by adjusting the temperature of the crystal for fixed

pairs of input pump and signal wavelengths. The required PM temperatures of the generated MIR-DFG wavelengths

have been calculated by using three sets of recent Sellmeier equations and the temperature-dispersion equations of

AgGaS2 given by Willer U, et al. (Willer U, Blanke T and Schade W 2001 Appl. Opt. 40 5439). Then the calculated

PM temperatures are compared with the experimental values. The performance of the MIR-DFG laser is shown by

the trace detection of the P(16) carbon monoxide (12C16O) absorption line in a laboratory-fabricated absorption cell.

The enhanced sensitivity of about 0.6×10−4 was obtained through the long path absorption provided by consecutive

reflections between coated cylindrical mirrors of a constructed cell.
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1. Introduction

Development of coherent laser sources in the mid-

infrared (MIR) spectral region is of particular in-

terest for various applications. These include medi-

cal and environmental diagnostics as well as security

purposes and high resolution inspection of industrial

hazardous.[1] In recent years, numerous efforts have

been directed toward the generation of many new MIR

laser sources offering high sensitivity, selectivity, and

fast time responses.[2] They are categorized into two

special classes.[3] Distributed-feedback QC (DFB-QC)

lasers[4] and all solid states based upon recent devel-

oped crystals[5] are classed as class “A”. In class

“B”, nonlinear devices such as difference-frequency

generators (DFGs) and optical parametric oscillators

(OPOs) cover most of the optical spectrum from visi-

ble to far-infrared (FIR) near the newly opened THz

domain.[6] Nonetheless, DFG lasers are still very ef-

fective in generating narrow linewidth MIR radiation

with sufficient tunability and long-time stability. By

utilizing new developed nonlinear crystals like GaP

and ZnGeP2,
[7,8] the DFG laser is a very promis-

ing source for emitting a wide range of optical wave-

lengths. By proper engineering of periodically struc-

tured materials quasi-PM can be also possible in many

poled crystals such as PPLN and PPKTP.[9] Even

though the DFG laser suffers from low conversion ef-

ficiency and it is the most complex in design, it is ca-

pable of generating high beam quality radiation and

further it has minimum susceptibility to environmen-

tal disturbances like temperature and pressure. In

comparison with the variety of available MIR laser

sources, it places DFG laser at the level of highly re-

liable performance for many years. Numerous contin-

uous wave (cw) and pulsed DFG based MIR sources

have been designed and developed for high resolution

and quantitative spectroscopy of low molecular and

atomic concentrations.[10] The motivation for employ-

ing an MIR-DFG laser source is to access the funda-

mental absorption band of emission species such as

CO, NOx, CH4, SO2, and even water vapor, which

originate from polluting industries.[11−14] Depending

on the gas concentration and the given application,

various attractive spectroscopic techniques have been

used to detect gaseous species and on-line measure-

ment of the industrial processes both invasively and

noninvasively.[15] They are based upon either signal

improvement through optical and electrical noise re-

duction or by using a long optical interaction path

length. The latter is inherent to the Beer–Lambert’s

absorption law where the minimum detectable level
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can be improved with the longer optical path lengths

provided by multi-pass geometry. The most com-

monly implemented multi-pass cells have been em-

ployed in a countless number of gas sensing devices.

They consist of two identical spherical mirrors en-

closed in a vacuum housing and separated by a given

space which is almost determined by their diameter

of curvature.[16,17] The effective optical path length

is then limited by the overlapping of laser spots on

the mirrors which causes the feature of absorption to

be degraded by the signal oscillation. The number

of spots can be greatly increased by utilizing non-

spherical mirrors and will be spread over the entire

mirror surfaces without overlapping the spots. One

example is the use of off-axis cylindrical-mirrors pro-

viding about 45-m optical path length for a mirror sep-

aration of 15 cm.[18] In this investigation, nanoWatt

level temperature phase-matched MIR-DFG radiation

in the 4.75 µm–4.88 µm region is generated in a 1.5-cm

long AgGaS2 nonlinear crystal. The associated phase-

matching and acceptance-temperature bandwidth of

the generated DFG beam are experimentally mea-

sured and compared with the calculated values. Fi-

nally, long-time stability of the DFG radiation is also

characterized for gaining the mode-hope-free region

of its bandwidth tuning in order to access a noise-

less scanning width for tracing a carbon monoxide

(12C16O) absorption line at atmospheric pressure in-

side an open-path laboratory cell with the detection

sensitivity of 0.6×10−4. This is performed by increas-

ing the optical path length through multi reflections of

the DFG laser beam between the designed cylindrical

mirrors of the cell.

2. MIR-DFG experimental setup

The schematic diagram of the MIR-DFG is shown

in Fig. 1. The pump and signal sources of the

DFG laser are provided by two cw single mode diode

lasers. The pump laser (Opnex HL6738MG) provides

an output power of 35 mW operating at a center

wavelength of 690 nm and with tuning bandwidth

of ±5 nm while the signal source (Sanyo DL-8141-

035) had 150-mW output power and tuning band-

width of ±10 nm around its central wavelength of

808 nm. Their elliptical profiles are slightly modi-

fied to the Gaussian shape using anamorphic optics

(5AN-3-A-05 Schafter & Kirchhoff) to maintain max-

imum interaction length inside the nonlinear medium

provided by an AgGaS2 uniaxial optical crystal. Accu-

rate measurement of the pump and signal wavelengths

is done by a wavemeter (Bristol 821) possessing ab-

solute accuracy of ±0.6 GHz and a repeatability of

±0.06 GHz as provided by the manufacturer. Af-

ter an anti-reflected polarized beam splitter the resid-

ual beams of two pump sources are directed toward

a very accurate commercial wavemeter for simultane-

ous monitoring of their operating wavelengths. The

crystal was 1.5-cm long and cut for noncritical 90◦

phase-matching for e + o → o interaction.
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Fig. 1. (colour online) Schematic diagram of the MIR-DFG setup equipped by a cylindrical-mirror multi-pass cell

configured for CO gas detection.
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The AgGaS2 crystal temperature is controlled by a

thermo-electric device (TC200, Thorlabs) within the

accuracy of ∆T = ±0.1 ◦C. Therefore, MIR-DFG

light can be generated from 4.75 µm to 4.85 µm by

proper tuning of the crystal temperature ranging from

29 ◦C to 100 ◦C. After passing through a fabricated

multi-pass cell, a f = 15 cm CaF2 lens is used to image

the spatially Gaussian idler beam on the 1 mm×1 mm

active area of a very fast response MCT N2-cooled IR

detector (MCT 5-010-LN6N, GmbH) possessing aver-

age responsivity of about 4500 V/W. In the front, a

germanium plate is then used to cut the diode pump

beams off.

The amount of electrical and optical noises is then

significantly reduced by mechanically chopping the

signal diode laser beam and the lock-in technique is

used to improve the signal-to-noise ratio (SNR) level

of the experiment. The frequency of the chopper was

approximately 800 Hz.

3. Output characterization of the

generated MIR-DFG radiation

The intensity variation of the generated idler wave

with the PM temperature is illustrated in Fig. 2. For

carrying out the figure, the pump and signal wave-

lengths were fixed at 690.048 nm and 804.850 nm,

respectively, while the temperature of the crystal is

gradually changed around the perfect PM point cen-

tered at 75.9± 0.1 ◦C.
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Fig. 2. Intensity variation of the MIR-DFG with the PM

temperature of the AgGaS2 crystal. The maximum inten-

sity of the DFG occurred at a temperature of 75.9 ◦C.

As identified in Fig. 2, next weak harmonics have

been clearly occurred in 71.1 ◦C, 67.9 ◦C, and 64.4 ◦C,

respectively, which reflect the effective SNR enhancing

of the experiment and long-time stability of the DFG

beam. As can be deduced from the figure, for gaining

the maximum DFG intensity the temperature of the

crystal must be controlled within the PM bandwidth

of the crystal. It is defined as the DFG intensity de-

creases to about 40% of its maximum value. Therefore

the temperature acceptance bandwidth, ∆TBW, of the

crystal is a determinant parameter. From a theoret-

ical point of view, it can be evaluated by expansion

of the momentum mismatch, ∆k, around perfect PM

temperature, Tpm, as

∆k = ∆k0 +
∂∆k

∂T

∣∣∣∣
T=TPM

∆TBW = γT∆TBW, (1)

where

γT = 2π

(
1

λp

∂ne
p

∂T
− 1

λs

∂no
s

∂T
− 1

λi

∂no
i

∂T

)
(2)

and ∆k = π/L for a given crystal length of L. There-

fore by using the temperature-dispersion equations of

AgGaS2 crystal given in Ref. [19], and setting the

practical pump and signal wavelengths for 690.048 nm

and 804.850 nm, respectively, the full width at half

maximum (FWHM) of the temperature-acceptance

bandwidth can be calculated ∆TBW = 4.16 ◦C. The

correspondence measured value is obtained ∆TBW =

4 ◦C from Fig. 2, which shows a good agreement with

the calculated value.

As given in many literatures and textbooks[20−22]

the intensity of the DFG wave is proportional to the

linear product of pump and signal intensities. In the

case of perfect phase matching, e.g., ∆k = 0, it is

IDFG = IpumpIsignalηL, (3)

where IDFG/pump/signal are the DFG, pump, and signal

intensities, respectively, η is the frequency conversion

efficiency and L is the crystal length. The linear de-

pendence of the generated MIR-DFG intensity to the

pump and signal power product is shown in Fig. 3,

experimentally.

Rapid and high resolution spectroscopy requires a

DFG laser with long-time stability and adequate spa-

tial output characteristics. Long time stability of the

generated MIR-DFG radiation is shown in Fig. 4.

As clarified in Fig. 4, the MIR-DFG light remains

stable in both wavelength and intensity for a relatively

long time.
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Fig. 3. The DFG intensity versus incident pump and

signal powers produced using a 1.5-cm long AgGaS2

crystal. The pump intensity is varied in a specific range

while the signal intensity is kept constant. The solid

line is the linear fit to the experimental data.

Fig. 4. Variation of the MIR-DFG intensity with time.

It is achieved by setting the phase-matching condition

for fixed pairs of input pump and signal wavelengths

and recording the DFG intensity in 20-s increments.

The intensity variation is measured to be about ∆I =

0.08% during the measurement.

The main advantage of using non-critical PM, which is investigated in the present work, is to increase

the overlap region of interacting waves without walk-off. The amount of ordinary and extraordinary refractive

indices no and ne of the AgGaS2 optical crystal can be changed with the temperature to acquire the PM

condition. On the other hand, following the first Sellmeier equation of AgGaS2 crystal in 1971,[23] several

sets of Sellmeier and temperature-dispersion equations have been presented in many scientific documents. In

Ref. [24] they are completely considered and compared with the measured data. In this article we have employed

three sets of those Sellmeier equations and the temperature-dispersion equation given by Takaoka and Kato[19]

too, to investigate the agreement between theory and experiment. Starting with the PM calculation from

T (◦ C) = 20 +

[
ne(λp)λ

−1
p − no(λDFG)λ

−1
DFG − no(λs)λ

−1
s

][
dno(λDFG)

dT
λ−1
DFG − dne(λp)

dT
λ−1
p +

dno(λs)

dT
λ−1
s

] , (4)

where λDFG/p/s are DFG, pump, and signal wave-

lengths and dno/e/dT is the temperature-dispersions

for ordinary and extraordinary waves, respectively.

For the pair of practical input pump and signal wave-

lengths we have generated the possible phase match-

able MIR-DFG wavelengths experimentally. Those

are compared with the values computed by Eq. (4).

The results of this comparison are illustrated in Fig. 5.

To provide Fig. 5, the wavelength of the signal

was set on 804.850 nm while the pump wavelength

is changed to generate the correspondence MIR-DFG

wavelength under the perfect PM condition. As can

be followed in Fig. 5, in the lower temperatur region,

calculated PM temperatures using the Sellmeier equa-

tions reported by Robert referred to Ref. [25], are

well suited to the measured values better than 2%.

As the temperature is increased above 70 °C, bet-

ter agreement between the measured PM tempera-

tures and calculated values using Sellmeier equations

given by Takaoka and Kato referred to Ref. [19] is

obtained. The physical explanation is that at higher

temperatures the necessary thermal equilibrium be-

tween AgGaS2 crystal and its massive copper housing

is a protensive process. Moreover, the temperature

gradient is not uniform throughout the length of the

crystal.
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Fig. 5. Measured (•) and calculated PM temperatures

for pairs of phase-matchable input pump and signal wave-

lengths. Three sets of Sellmeier equations; (�) given

in Ref. [25], (∆) given in Ref. [19], and (⃝) given in

Refs. [26] and [27], have been used in this comparison. The

temperature-dispersion equation reported by Takaoka and

Kato[19] is used for these sets of Sellmeier equations.
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4. Spectroscopic performance

The performance of the characterized MIR-DFG

radiation is, firstly, shown as trace detection of the

P(16) absorption line of CO molecule in a vacuumed

single-pass laboratory cell. It is accomplished by fine

tuning of the DFG wavelength over several tens of

nanometers at a certain PM temperature. The re-

quired mode-hope-free frequency scanning of the MIR-

DFG is obtained by using a sawtooth ramp superim-

posed on the input current of the signal diode-laser

source while the frequency of the pump laser was

kept constant. The ramp was provided in the Lab-

View environment enabled with about 100-s sample

acquisitions in the DFG scanning bandwidth of about

1.1 cm−1. Figure 6 shows the results of the scanning

of the MIR-DFG wavelength around the P(16) rota-

tional line of CO centered at 2077.27 cm−1 (Ref. [28])

inside a vacuumed 15-cm single-pass cell containing

about 43-mbar (1 bar = 105 Pa) pure CO (99.99%)

gas provided about 60-ppm concentration.

The detection sensitivity of 0.2 × 10−4 is mea-

sured by taking into account all the limitations caused

by optical elements and electronics. During the mea-

surement, the wavelength of the pump source was

fixed at 690.262 nm while the signal is scanned from

805.775 nm to 805.859 nm. The PM is obtained by

setting the temperature of the crystal at 65± 0.1 ◦C.

DFG wavenumber calibration is performed by accu-

rate measurement of the signal wavelength at the be-

ginning and ending of the ramp by using a commercial

wavemeter (Bristol 821).
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Fig. 6. (colour online) Doppler-broadened absorption

spectrum of the P(16) rotational line of a CO molecule

centered at 2077.27 cm−1 (4.81 µm) in a 15-cm vacuumed

single-pass absorption cell at a pressure of 43 mbar. The

solid line is the Voigt fit to the experimental data.

To achieve better sensitivity at the same level of

DFG output power, an alternative is the lengthen-

ing of the absorption path by multi-pass configuration

while the physical size remains as compact as possi-

ble. Therefore, a multi-pass cell with a physical size

of about 30 cm is fabricated and used for the trace

detection of CO molecules. It consisted of two off-axis

cylindrical mirrors facing each other. By using the

ray matrix approach the number and location of the

probe beam spots can be determined. The beam pat-

tern and path length can be controlled by rotating the

cylindrical mirrors with respect to the optical axis of

the device and by adjusting the mirror separation. It

was found that under optimum conditions and good

alignment the fabricated cell is capable of increasing

the optical path length to about 45 m containing 300

round-trip between the mirrors. However, the inten-

sity of the MIR-DFG light imposes a limitation on the

number of possible reflections between the mirrors and

hence the effective path length. Therefore, owing to

the weak DFG intensity, the effective path length is

limited to 90 cm after six complete round-trips of the

beam inside the cell which translates to effective mir-

ror separation of 15 cm.

In our work, the substrates of two cylindrical mir-

rors were provided from stainless steel with the ra-

dius curvature of about 20 cm. To provide a very

smooth and uniform substrate, the mirror surfaces

were coated with a thin layer of about 250-nm alu-

minum. The coating procedure is then completed with

another layer of about 500-nm gold to provide mini-

mum loss reflection at the MIR-DFG wavelength in

each round trip. The generated MIR-DFG beam is

then directed toward a hole on one of the mirrors at

an angle of about 30◦ with respect to the optical axis.

After six complete passes between the adjusted mir-

rors the beam exits through the same hole as indicated

in Fig. 1. The residual outgoing DFG beam is then

imaged onto the MCT detector.

To evaluate the sensitivity of the newly provided

detection system the released smoke from a burned

standard cigarette is collected in a voluminous precon-

centrator and then flowed toward the pre-vacuumed

multi-pass cell. The cigarette smoke contains an

amazing array of toxic compounds, such as CO with

the concentration of about 0.5% v/v–5% v/v.[29] The

direction of the smoke flow was normal to the direc-

tion of the beam path inside the cell which ensured

that the smoke did not interact with the coating ma-

terials and indeed avoid obscurity. The mainstream

of the cigarette smoke was then injected to the cell

with the flow rate of less than 0.5 lit/min (Ref. [30])

at atmospheric pressure and evacuated at nearly the

same rate. The DFG beam is then scanned over the

center of the P(16) CO absorption line simultaneously.
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The result of this in-situ measurement is depicted in

Fig. 7.

1.0

0.8

0.6

0.4

0.2

0
2076.6 2077.0 2077.4

Wavenumber/cm-1

M
IR

D
F
G

 i
n
te

n
si

ty
/
a
rb

. 
u
n
it
s

Fig. 7. (colour online) The in-situ and sensitive trace de-

tection of the P(16) CO line in the flow of cigarette smoke

(0.5 lit/min) after passing six complete reflections inside

a cylindrical-mirror multi-pass cell. Measurement is per-

formed at atmospheric pressure and room temperature.

The red line is the Voigt fit to the experimental data.

The detection sensitivity is measured 0.6×10−4

which has grown three times in comparison with the

deduced results shown in Fig. 6. The observed noises

imposed on the end of the trace are either due to the

signal wavelength fluctuations when it reaches at the

ending of the ramp voltage or the electronic noise. The

broadening of the traced line is due to the effect of the

atmospheric pressure. Whenever the thermal broad-

ening is deconvoluted from the fitted Voigt profile,

the concentration of CO molecules can be determined

from the homogeneous width of the given lineshape.

The Lorentzian width of the traced line given in Fig. 7

is accurately measured by using a commercial PeakFit

analyzer while the reference beam was deduced from

the trace. As a result a CO concentration of about

7.2% v/v is obtained from the background corrected

spectrum, which is comparable with the given value

in Ref. [29].

5. Conclusion

We have generated MIR radiation between

4.75 µm–4.88 µm based on difference-frequency gen-

eration by using a AgGaS2 uniaxial nonlinear crys-

tal cut for type I 90◦ noncritical phase-matching con-

dition. The output characterization of the MIR-

DFG is demonstrated to be very stable and reliable

for an adequate scanning time. The PM tempera-

tures of the DFG wavelengths for the pairs of visi-

ble and near-infrared pump and signal wavelengths

are calculated by using three different sets of Selle-

meier equations and the temperature-dispersion equa-

tion given by Takaoka and Kato. The PM temper-

atures are also experimentally measured and com-

pared with the computed values. This comparison

shows that the use of Sellmeier equations reported by

Roberts is matched with the measured values at lower

PM temperatures while those published by Takaoka

and Kato reproduce the experimental PM condition

at temperatures higher than 70 °C. The feasibility of

the generated MIR-DFG light is shown by trace de-

tection of the P(16) absorption line of CO molecules

at 2077.27 cm−1 in a 15-cm long single-pass cell con-

taining 60 ppm of CO concentration. A detection

sensitivity of about 0.2×10−4 is obtained in the pro-

vided experimental setup. More sensitive detection

is performed through lengthening the optical absorp-

tion path by fabricating a multi-pass cell utilizing two

off-axis coated cylindrical mirrors. It is shown that

at the same level of the DFG laser power, sensitiv-

ity is improved to a better value of about 0.6×10−4.

The concentration of CO in the condensed cigarette

smoke is measured and compared with reported values

in the scientific documents. This comparison demon-

strates promise for reliable and on-line measurement

of toxic gases such as carbon monoxide. As a result,

compared with the alternative MIR laser sources, the

generated MIR-DFG radiation in combination with

the long path spectroscopy technique is still advanta-

geous for sensitive and in-situ measurement of emis-

sion molecular species.
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