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Abstract An ultra-sensitive photo-acoustic spectrometer

using a 10.4 lm broadly tunable mid-IR external cavity

quantum cascade laser (EC-QCL) coupled with optical

feedback to an optical power buildup cavity with high

reflectivity mirrors was developed and tested. A laser

optical power buildup factor of 181 was achieved, which

corresponds to an intra-cavity power of 9.6 W at a wave-

length of 10.4 lm. With a photo-acoustic resonance cell

placed inside the cavity this resulted in the noise-equivalent

absorption coefficient of 1.9 9 10-10 cm-1 Hz-1/2, and a

normalized noise-equivalent absorption of 1.1 9 10-11

cm-1 W Hz-1/2. A novel photo-acoustic signal normali-

zation technique makes the photo-acoustic spectrometer’s

response immune to changes and drifts in the EC-QCL

excitation power, EC-QCL to cavity coupling efficiency

and cavity mirrors aging and contamination. An automatic

lock of the EC-QCL to the cavity and optical feedback

phase optimization permitted long wavelength scans within

the entire EC-QCL spectral tuning range.

1 Introduction

Laser photo-acoustic spectroscopy (PAS) is an effective

technique for trace gas sensing because it combines high

sensitivity and the ruggedness required for field deployable

instrumentation [1]. Significant progress has been made in

PAS. Methods of modeling and design of the PAS cells

have been developed, which achieved photo-acoustic cells

close to optimum. Different designs of resonant PAS

cells based upon miniature electret condenser microphones

have been reported by several research groups [2–4]. This

resulted in similar values of normalized noise-equivalent

absorption (NNEA) of *1 9 10-9 cm-1 W Hz-1/2

regardless of their different acoustic resonator arrange-

ment, acoustic cell volume and resonant frequency. This

raises the question whether these designs reached a fun-

damental limit due to pressure fluctuations of air in the cell

resulting from the Brownian motion of air molecules as

suggested by Kreuzer [5]. In 1971, Kreuzer considered that

this fundamental limit was not achievable because micro-

phone pre-amplifier noise would dominate the Brownian

noise. The technology of miniature low noise electret

microphones with an integrated pre-amplifier has led to a

fundamental limit dominated by thermal motion of air

molecules [6]. In this work the electronic noise contribu-

tion of a miniature microphone (Knowles EM-3346) as

determined from vacuum measurements was \10 dB

below the thermal noise for a microphone with an operat-

ing bandwidth from *30 Hz to 10 kHz. This may explain

the similar detection sensitivity values reported by several

groups.

Furthermore, several attempts have been made to

replace a traditional microphone with an even better PAS

transducer. For example, in Ref. [7] the photo-acoustic

pressure was detected by measuring deflection of a mi-

cromechanical cantilever with a laser interferometer. Using

a small PAS cell in a non-acoustic-resonance mode and

exploiting the inverse proportionality of the cell response

to the excitation frequency the authors reported a sensi-

tivity of 2.8 9 10-10 cm-1 W Hz-1/2 for CO2 in N2.

However, despite a three-time gain in the detection
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sensitivity as compared to the best microphone-based

results, such a system is not suitable for its implementation

in low-cost, portable field gas analyzers. Another non-

microphonic sensor platform known as quartz-enhanced

photo-acoustic spectroscopy (QEPAS) [8], offers a low-

cost option and small detection volume. QEPAS best

detection sensitivity expressed in terms of the NNEA is

6.3 9 10-10 cm-1 W Hz-1/2 [9].

With a detection sensitivity limited by NNEA of

*10-9 cm-1 W Hz-1/2 and output powers of available

commercial, state-of-the art, compact laser sources typically

in the range of 10–200 mW, the detection sensitivity scales

to minimum detectable absorption coefficients of 10-7–

10-8 cm-1 Hz-1/2. This results in detection limits of sub-

ppm to tens of ppb for the majority of trace gases of interest in

atmospheric science, medical and industrial diagnostics.

These limits are not as good as those which other sensitive

spectroscopic methods such as cavity ring-down spectros-

copy (CRDS) or integrated cavity output spectroscopy

(ICOS) offer, typically values between 10-10 and

10-11 cm-1 Hz-1/2 using the same laser excitation powers.

On the other hand, CRDS and ICOS require large cell vol-

umes of tens to hundreds cubic centimeters compared to a

QEPAS-based sensor platform, which can be as small as

several cubic millimeters. A reduction of the PAS and

QEPAS minimum detection limit would result in achieving

optimum sensor performance–high detection sensitivity in

cells of small volume. An alternative to increasing the

microphone performance is to increase the power levels in

the PAS or QEPAS cell. For example, a 15-fold increase in

optical power of a fiber-coupled semiconductor DFB laser

diode laser was achieved using an erbium-doped fiber

amplifier [2]. This reduced the minimum detectable

absorption coefficient to 9.5 9 10-10 cm-1 Hz-1/2. How-

ever, this method has limited applicability, as fiber amplifiers

are available only in a portion of the near-infrared wave-

length range. A more universal method of achieving high

power can be realized by placing a PAS cell into an optical

resonant cavity. When the diode laser is mode-matched to the

cavity and tuned into resonance with a fundamental optical

mode of the cavity, the optical power inside the PAS cell Pc

will exceed significantly the power incident onto the cavity

from the laser Pi according to the Eq. (1)

Pc ¼ Pi

gT

1� Rð Þ2
; ð1Þ

where R and T represent, respectively, the reflectivity and

transmission of the cavity mirrors and g is the coupling

efficiency. Even a ‘‘modest’’ reflectivity of 99 % would

allow a power enhancement of 100 times improving the

PAS sensitivity to a level much closer to the other laser-

based trace gas sensing techniques mentioned previously.

With a cavity mirror reflectivity of 99.9–99.99 % PAS

would compare with CRDS or ICOS in detection sensi-

tivity. In this case PAS would be able to take full advantage

of its spectroscopic merits such as a small absorption cell

volume and its ‘‘zero baseline’’ characteristic behavior. A

recent experiment on cavity-enhanced PAS [10] demon-

strated an expected 100-fold enhancement of the PAS

signal with cavity mirrors of reflectivity R = 99 % with an

external cavity diode laser (ECDL). The minimum

detectable absorption was not evaluated in Ref. [10], but

from the ratio of the strongest line in the upper plot of

Fig. 3 in Ref. [10] to the peak-to-peak noise for 1-s aver-

aging in the same figure, which is equal to 7.1 we can

determine the noise-equivalent absorption. The absorption

coefficient at the peak is 1.3 9 10-5 cm-1 which results in

a noise-equivalent absorption of 1.9 9 10-6 cm-1 Hz-1/2

that is *four orders of magnitude off the performance of

CRDS or ICOS.

The main difficulty of a passive cavity enhancement

technique similar to [10] is that the power enhancement in

the cavity will cease as soon as the cavity resonance width

becomes comparable to the laser line width due to the

cavity finesse increasing with mirror reflectivity. By

injecting a fraction of the laser radiation back into the

cavity with the appropriate phase a significant reduction of

the semiconductor laser line width and locking of the laser

to the cavity can be achieved with corresponding orders of

magnitude stronger power buildup [11]. This method

known as ‘‘optical feedback locking’’ has been used in

optical pumping experiments for more than two decades,

with power enhancement factors as high as 105 readily

achieved. The strong diode laser frequency pulling and the

necessity of maintaining the phase of the optical radiation

while the cavity resonance is being tuned by more than one

cavity free spectral range (FSR) present a technical chal-

lenge in designing a robust self-sustaining system capable

of spectral scanning and unattended, long-term operation,

which may explain why an optical feedback-locking tech-

nique was not applied to PAS until recently.

A novel approach to the problem of robust locking and

scanning was described in Ref [12]. A diode laser and cavity

can be locked with a fast and robust electronic loop using one

of the high-bandwidth locking methods known as Pound–

Drever–Hall [13] or Hänsch–Couillaud [14] techniques.

Robust locking is possible because a frequency-narrowed

high intensity-laser beam inside a cavity results in an intense,

low noise signal. A wavelength modulation at half of the

acoustic resonance frequency of the intra-cavity PAS cell is

applied to both the laser and the cavity while the laser is

locked to the cavity. This yields a PAS signal at twice the

modulation frequency, as is the case for wavelength-modu-

lated PAS. This approach provides reliable scanning, but the

system has a large background acoustic signal due to phys-

ical displacement of the cavity mirrors, a direct consequence
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of the wavelength modulation of the cavity resonance.

Recently, another method of reliable locking and scanning in

optical power buildup cavity (OPBC) PAS was proposed in

Ref [15], which does not require any additional optical

components and high-frequency electronics and does not

create acoustic background perturbations. A laboratory

evaluation performed with near-infrared semiconductor

DFB lasers demonstrated a detection sensitivity close to

CRDS and ICOS. Hippler et al. [16] in their recent experi-

ment on optical feedback-assisted PAS with a diode laser

operating in the visible range and a linear cavity demon-

strated the ability to perform spectral scans of more than one

wavenumber using a frequency and phase-locking method

similar to that of Ref. [15]. A minimum detectable absorption

of 4.4 9 10-9 cm-1 Hz-1/2 was reported in Ref. [16]. In

order to avoid perturbations of the diode laser by back-

reflection from the linear cavity front mirror it was necessary

to use a combination of two Faraday isolators. Limited

availability and high cost of high-performance Faraday

isolators in the mid-infrared makes extension of their tech-

nique to the mid-infrared technically challenging. In this

paper we report the application of the method described in

Ref. [15] to the mid-infrared spectral region and demonstrate

that the method is compatible with EC-QCL and offers the

benefits of wide spectral scanning in combination with high

sensitivity for multiple species analysis.

2 Experimental sensor platform and operation

in the optical feedback regime

2.1 Spectrometer details

The experimental platform is shown in Fig. 1, based on Ref

[15] with a 10.3 lm CW EC-QCL (DayLight Solutions,

model CW-MHF) that could be tuned without mode hops

in a spectral range of 73 cm-1, from 933 to 1,006 cm-1,

and a peak power of 72 mW at 970 cm-1.This range is

optimum for atmospheric ammonia detection and close to

the emission wavelength of the CO2 gas laser, which

facilitates the commercial availability of required wave-

length-dependent components, such as polarizers, wave

plates and mirrors. The output beam of the EC-QCL is

directed into a V-shaped buildup cavity formed by three

mirrors, M1, M2, and M3 through a mode-matching optical

system composed of two spherical lenses. All three mirrors

use ZnSe substrates (1 in. in diameter with 1 m radius of

curvature; Los Gatos Research Inc., Mountain View, CA).

The mirrors have an ultra-high reflectivity coating of

99.99 % with the reflectivity peak at 9.6 lm—quite far

from the 10.4 lm wavelength where our EC-QCL operates.

According to our measurements the transmission of the

mirrors M2 and M3 operating at normal incidence is

T2 = 0.057 %. Mirror M1 operating at an angle of inci-

dence of 23� has a slightly higher transmission of

T1 = 0.091 %. The end mirrors M2 and M3 were mounted

on 1-in. piezoelectric kinematic mirror mounts (KC1-PZ,

Thorlabs, Newton, NJ) with a travel range of 7 lm, which

is sufficient to move the mirrors to *1.5 cavity FSR at the

operating wavelength of 10.4 lm. The mirrors’ translation

range is larger than one cavity FSR, which is essential for

operation in the optical feedback mode as described later

on. The two arms of the cavity M1M2 and M1M3 were both

equal to 100 mm which results in a fundamental mode

diameter of 1.8 mm at the 1/e2 intensity level. We mea-

sured the beam profile of our EC-QCL and found it to have

an elliptical cross section with the horizontal beam waist

size wX = 1.25 mm, Mx
2 = 1.17 and vertical beam size

wY = 1.03 mm and MY
2 = 1.05. This elliptical beam was

relayed to the middle of the cavity arm M1M2 with a

Fig. 1 EC-QCL based OPBC-

PAS trace gas sensor platform
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combination of two spherical lenses with focal lengths of

?75 mm and -50 mm. The magnification was chosen so

that the mean value of the relayed ECDL horizontal beam

waist and the vertical beam waist was equal to the cavity

mode size. Thus, the ECDL beam was slightly mode

mismatched in both directions. We observed some higher

order mode excitation while scanning the EC-QCL, but the

strongest higher order mode did not exceed several percent.

The distance between the EC-QCL output mirror and the

cavity mirror M1 is 400 mm which corresponds to four

times the cavity arm length. Simultaneous optical fre-

quency tuning of the mutually locked cavity and EC-QCL

was accomplished by the application of a tuning voltage to

the PZT tuning element of the mirror M2, and a synchro-

nous adjustment of the optical feedback phase by moving

mirror M3 in the opposite direction so as to keep the total

cavity length constant. Furthermore, the cavity and EC-

QCL were mounted on a vibration-isolated aluminum

breadboard plate and placed in acoustically isolated Sty-

rofoam box.

2.2 Resonant photo-acoustic cell

A custom-built resonant photo-acoustic cell was placed into

the cavity between the mirrors M1 and M2. A 42-mm-long

stainless steel tube was used as an open-ended windowless

acoustic resonator. An input aperture of miniature hearing

aid microphone (EK3133, Knowles Electronics, LLC,

Itasca, IL) was mounted in a small hole in the middle of the

acoustic resonator tube. The insertion loss due to clipping of

the intra-cavity beam by the tube with an inner diameter of

0.16 in. is *3.7 9 10-5, which corresponds to 1.3 % of the

total cavity roundtrip loss for four mirror reflections.

The PAS cell response as a function of frequency was

determined using a wavelength-modulated 1,392 nm DFB

laser with output power of 20.3 mW, which was tuned to

the peak of an atmospheric water absorption line at

1,391.68 nm. The frequency dependence of the PAS cell

response is shown in Fig. 2 by a blue line. The resonance

frequency of the PAS cell was measured to be 3,986.6 Hz

and the resonance width is 258 Hz at the level of 1/H2 of

the peak. Their ratio yields the Q-factor to be 15.5 for the

PAS cell. The neperian absorbance of 0.142 at the peak of

the same water line for a 91.4 cm path length was mea-

sured by conventional absorption spectroscopy. This gives

an absorption coefficient of 1.55 9 10-3 cm-1 for this

water line. The output voltage of the PAS cell at the line

peak at 2f with an optimized wavelength modulation

amplitude was 3.54 mV, which corresponds to PAS cell

conversion coefficient g = 113 V W-1 cm-1.

The noise floor was determined from averaged Fourier

transformation of the digitized 1-s-long output voltage

samples from the PAS cell located in the cavity with the

acoustically isolated box in place but the intra-cavity beam

blocked. The data were processed to obtain the cell output

voltage noise spectral density as depicted in Fig. 2 by the

green line. The measured voltage noise at the optimum

detection frequency of 3,986.6 Hz was 0.145 lV Hz-1/2.

From this noise value and the PAS conversion coefficient

measurement we determined the NNEA value of the nor-

malized noise-equivalent absorption of the PAS cell to be

*1.3 9 10-9 cm-1 W Hz-1/2—a value in agreement with

the results reported by other groups, as discussed in Sect. 1.

2.3 Cavity and phase locking with optical feedback

The first OPBC applications were in optical pumping [11,

17]. The intra-cavity optical buildup power was approxi-

mately constant, and the locked laser frequency remained

within the absorption line of the atom at all times. It was

sufficient to adjust the length of the optical arm between

the input mirror M1 and the laser until the beam coming

from the cavity had the same phase as the incident beam

reflected from the laser resonator coupling mirror. The

optical feedback would then result in locking the laser

operation frequency to the cavity resonance. As soon as

locking was achieved, the laser operation frequency will

remain close to the cavity resonance peak even for large

(hundreds of MHz) detuning of the intrinsic (unperturbed)

laser diode frequency. In order to maintain static locking

required for optical pumping, it was sufficient to keep the

current of the laser within the locking range as well as to

maintain the phase of the optical feedback by keeping the

distance between the laser and the cavity constant using a

piezoelectric transducer. The theory of a laser locked to a

cavity by optical feedback is given in Ref. [20].

For photo-acoustic spectroscopy with the laser locked to

OPBC by optical feedback a number of additional
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conditions have to be achieved and maintained throughout

the entire measurement. First of all, we need the optical

power absorbed by the molecules of interest to be modu-

lated under the condition that the laser should remain

locked to the cavity mode regardless of the modulation.

The next requirement is the ability of spectral scanning

across a selected absorption line without disrupting optical

feedback. Finally, the ability of self-recovery after a sud-

den disruption of the operation is important. The challenge

of implementing these conditions is that the laser diode

temperature and current alone no longer determine the

operating wavelength because of the strong laser frequency

pulling by the cavity. On the other hand, the cavity alone

with its mirror mounted on a PZT also cannot be used as a

wavelength reference. In this work, the amplitude modu-

lation of the intra-cavity power due to periodic passages of

the laser operating wavelength across the optical feedback

resonance is used for simultaneous phase and frequency

locking according to the method described in Ref. [15]. In

the initial setup stage the optical feedback strength should

be adjusted to ensure that the optical feedback-locking

range does not exceed half of the frequency interval Dm
between the cavity modes.

The optical feedback strength adjustment was accom-

plished by a combination of a neutral density (ND) infrared

filter (Edmund Optics, NT64-353) and a variable infrared

ND filter with an optical density (OD) range from OD = 0

to OD = 1 (Reynard Corporation, R0231Z-10) inserted

into the optical path between the cavity and the laser. A

sufficiently large linear ramp to observe several cavity

transmission peaks was applied to the laser current, and the

optical feedback phase was adjusted to its optimum value.

Subsequently, the variable ND filter transmission was

adjusted until the areas of the zero transmitted intensity

were equal to the width of the optical power buildup peaks.

The required attenuation for achieving an optical feedback-

locking range of *half of cavity Dm = 1,500 MHz was

small, making it possible to use as much as 58 mW of the

initial 70 mW EC-QCL power for the OPBC excitation. An

explanation for the low required attenuation can be that an

EC-QCL is less sensitive to optical feedback because of its

much smaller line width enhancement factor as compared

to traditional diode lasers. The power losses can be further

avoided either by replacing the linear attenuator between

the V-shaped cavity and the laser by a partial Faraday

isolator [21], or with a linear cavity by using a linear

polarizer/quarter wave plate [17].

A symmetric sinusoidal wavelength modulation wave-

form was applied to the EC-QCL drive current of the EC-

QCL, as shown by the dashed line in Fig. 3. The solid line in

all three panels in this figure represents the intra-cavity

buildup power calculated from the model described in

Ref. [20]. The peak-to-peak value of the current modulation

is adjusted to a value about twice as large as the optical

feedback-locking range. The modulation frequency

f = 1,993.3 Hz is one half of the PAS cell resonance fre-

quency. When the optical feedback phase has its optimum

value / = 0 the output voltage of the monitor photodetector,

which is proportional to the intra-cavity power, will have a

symmetrical shape, as shown in Fig. 3a. The output voltage

of the photodetector is sent to the input of the lock-in

amplifier (LIA) which is responsible for both cavity and

phase locking. This cavity and phase-lock LIA operates at

the fundamental wavelength modulation frequency f and has

two outputs. The cavity and phase-lock LIA in-phase output

voltage is a filtered product of its input voltage by a sinu-

soidal of frequency f, which is in phase with the wavelength

modulation waveform. This waveform is depicted in Fig. 3

by the letter ‘‘s’’ and in red color. When the laser intrinsic

optical frequency and the feedback phase both have values

corresponding to perfect locking, the observed photodetector

output voltage waveform is as shown in Fig. 3a. The average

for one period of the product of the solid line waveform and

the sinusoidal waveform will be equal to zero. This will also

be the case for the filtered product that is sent to the cavity

and phase-lock LIA in-phase output indicating a zero error

signal of the laser frequency lock channel.

The quadrature cavity and phase-lock LIA output is the

filtered product of its input voltage by a sinusoidal of fre-

quency f, which is 90� out of phase with the wavelength

Fig. 3 Intra-cavity power waveforms in optical feedback phase and frequency locking
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modulation waveform. This sinusoidal waveform is

marked in Fig. 3 by the letter ‘‘c’’ and in blue color. The

one period average of the product of the buildup power

shown in Fig. 3a by a black solid line and the sinusoidal

waveform ‘‘c’’ will also be equal to zero. This is because a

positive half-period of the 90�-shifted sine in the first half

of the period will cancel the product of the identical

buildup waveform and a negative half-wave of the sinu-

soidal in the second half of the period. This results in a zero

phase lock output voltage for an optical feedback phase

error, / = 0.

In order to further explain the phase-lock operation let

us assume that the intrinsic laser optical frequency main-

tains the correct value, but that the phase has drifted from

its correct value, and thus a small phase error / = -d
occurs, as shown in Fig. 3b. The waveform looses its

symmetry, and the cavity buildup intensity peak on the left

side of the plot has a smaller area than the peak on the right

side. The period average of the product has a negative

value, indicating a phase-lock error. This error voltage is

applied to the PZT phase, and the same signal will be

applied as an increment of opposite sign to the PZT tuner.

This in turn will restore the correct phase value without

changing the cavity resonance frequency. Figure 3c depicts

the case of a phase drift in a positive direction. Similarly, if

we assume that the phase retains its value and the laser

frequency shifts from its correct value, the two peaks in

Fig. 3 will retain their shape but will move away from each

other, thus generating a negative laser diode frequency

error signal. This signal will be applied as an increment to

the PZT tuner. This procedure will maintain the cavity

resonance position in the middle of the wavelength mod-

ulation waveform both on its up-going and on the down-

going segment. The experimental waveform of the monitor

photodetector output voltage and the EC-QCL wavelength

modulation waveform recorded by a digital oscilloscope

and plotted in Fig. 4 which shows a close resemblance with

our numerical model in Fig. 3a. This system provided

robust locking of both the laser and the cavity, as well as

maintaining the feedback phase for periods of up to tens of

minutes.

2.4 Spectral scanning and data acquisition

Experimental data representing a 2.2-cm-1 wide EC-QCL

scan, when the cavity mode is locked to the laser frequency

and the optical feedback phase has its correct value, is

shown in Fig. 5. The spectrum was recorded in a step mode

which is one of the scanning regimes provided by the EC-

QCL control module (Daylight Solutions, Inc). Computer

control of the EC-QCL via GPIB interface initiated a scan

to start at 960 cm-1, remain at this wavenumber for 20 s,

then move to the next spectral point, stay again 20 s, and

repeat this sequence in increments of 0.02 cm-1 until the

final wavenumber of 962.2 cm-1 is reached. The cavity

lock system was set into a lock position when one of the

cavity modes is locked to the laser and the optical feedback

phase is at its optimum position. In order to maintain this

lock at each scan step through the entire scan, the lock

system increments the PZT voltage at each laser scan step.

When the monotonically increasing PZT voltage reaches a

predetermined threshold value close to its limit, the com-

puter program resets the PZT voltage back towards its

initial value in order to achieve a PZT displacement equal

to one half of the operating wavelength. This reset dis-

placement occurs on a time scale much shorter than the

response time of the cavity lock system, which is therefore

unable to detect such a fast displacement. The cavity lock

system will sense when the next cavity mode is close to the

laser operating frequency, and will re-lock to this mode.

The cavity lock system can track small frequency incre-

ments of the EC-QCL until the PZT tuner approaches the

end of its displacement range. In this manner the reset and

relock sequence is repeated until the final scan wavenum-

ber is reached. The optical feedback phase-locking system

operates in exactly the same way thus permitting arbitrarily

long seamless synchronous spectral scans of both the cavity

and the EC-QCL. The plot in Fig. 5a) shows the filtered

2f output voltage of the PAS signal lock-in amplifier taken

at a sampling frequency of 99,665 Hz, which is 50 times

the PAS cell resonance frequency. The stepwise character

of this plot reflects the 20-s intervals between the scan

steps. Figure 5b shows the 2f output voltage of the second

(monitor) lock-in amplifier sampled coherently with the

signal lock-in amplifier and the same sampling frequency

and sample clock. The digital filters of both lock-in

amplifiers have exactly the same settings, a time constant

of 0.3 s and a slope of 24 dB/oct. The equivalent noise

bandwidth of both channels is 0.26 Hz. The steep digital

filter slope helped to suppress some residual spurious

power line interference that is visible on the PAS detector
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Fig. 4 Experimental waveforms in locked state. 1 monitor photodi-

ode output voltage, 2 EC-QCL wavelength modulation waveform
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noise power spectral density plot at frequencies between 6

and 8 kHz in Fig. 2. This coherent sampling of the PAS

signal and of the monitor photodetector signal is important

for two reasons [15]. One reason is that the laser power

fluctuations are filtered out. The second reason is that it

permits the normalization of the PAS signal to only that

part of the intra-cavity optical power that is effective in

enhancing the PAS cell response and thus provide immu-

nity of the measurement results to various drifts, such as

laser-to-cavity coupling efficiency drift, the buildup power

decrease due to mirror contamination and the possible loss

of laser output power with time. Ideally, the intra-cavity

buildup optical power peaks during the laser frequency

scan should have a shape similar to Fig. 3a with some

gradual change of the amplitude peaks that follows EC-

QCL output power variations within the spectral tuning

range. The buildup peaks may be different from the ideal

case as can be seen in Fig. 4. The reasons for this may be

imperfections of the feedback loop operation and external

perturbations. As a result, the Fourier component of the

buildup power (i.e., the monitor lock-in output Vm) at 2f,

plotted in Fig. 5b has variations of several percent at one

laser scan point and between scan points. Even if the total

laser power remains constant, its contribution to the PAS

signal excitation may vary when the shape or position of

the buildup peaks changes (see magnified part of the scan

in the right panel of Fig 5). This plot represents a residual

absorption between two overlapped spectral lines, which

should look like a broad smooth minimum. However, the

PAS signal depicted in Fig. 5d shows variation that reflects

the effective buildup power deviations visible in Fig. 5e.

This figure shows excursions of the effective buildup

power as large as *10 % peak to peak regardless that the

EC-QCL power is stable in a scan. We can see these

variations to cancel out in the ratio of the two signals

depicted in Fig. 5f. The impact of the PAS signal excitation

efficiency variations can thus be eliminated. Benefits of the

normalization of the PAS transducer signal to the effective

intra-cavity power make PAS measurements not sensitive

to optical misalignment and aging of the cavity mirrors and

laser. Once the conversion coefficient between optical

absorbance and the value of the normalized PAS signal has

been determined with a sample gas as a part of the

instrument initial setup, it can be used in subsequent

measurements for determining directly the absorbance and

calculating the target molecule concentration.

2.5 Analysis of resonance enhancement and sensitivity

In our evaluation of the EC-QCL-based OPBC-PAS gas

sensor platform, we used the absorption of water vapor

present in laboratory air. Hence, we could not use a ref-

erence sample approach for the spectrometer calibration.

Instead the direct absorption of the atmospheric water

absorption line was measured at 1,391.68 nm with a near-

IR DFB laser as described in Sect. 2.2. This open path near-

16 17 18 19

16 17 18 19

x 10
-3

16 17 18 19

x 10
-5

10 20 30 40 50
0

5

x 10
-4

V
s [V

]

10 20 30 40 50
0

0.05

V
m

 [V
]

10 20 30 40 50
0

5

x 10
-3

R
at

io

Datapoints ×10-3

(c)

(b)

(d)(a)

(e)

Fig. 5 Cavity-enhanced PAS

scan of laboratory air at ambient

pressure

Cavity-enhanced optical feedback-assisted PAS 53

123



infrared measurement made at the same time as a cavity-

enhanced PAS scan, and spectral fit with HITRAN 2008

database [18] for our experimental conditions yielded a

water vapor concentration of 1.1 % at 21.2 �C and atmo-

spheric pressure of 101 kPa. The absorption spectrum of

air for the spectral range of the EC-QCL scan using data

from HITRAN 2008 database, and the scaled averaged

ratio data of Fig. 5c were used to achieve the best match

with the HITRAN absorption spectrum. The result is

shown in Fig. 6. Each of the experimental datapoints

shown in Fig. 6 as circles represents a 20 s average of all

normalized data for each EC-QCL wavenumber step. The

solid line is the atmospheric absorption calculated from

HITRAN. The absorption line at *960.5 cm-1 has an

absorption coefficient of 0.70 9 10-6 cm-1, which corre-

sponds to a PAS cell signal of 0.53 mV (shown in Fig. 5a).

In Sect. 2.2 we reported a PAS cell noise density of

0.145 lV Hz-1/2. We could achieve a very good match

between the measured points and HITRAN data by simple

scaling of the experimental values with no shift required.

This allows us to assume that the photo-acoustic back-

ground signals and their contributions to the baseline noise

is negligible, and that we can use the measured value of the

PAS cell noise density for the spectrometer sensitivity

evaluation. The signal-to-noise ratio for the indicated

absorption line per unit bandwidth is 3.7 9 10-3 Hz-1/2,

which yields a noise-equivalent absorption of

1.9 9 10-10 cm-1 Hz-1/2. Hence the detection sensitivity

of OPBC-enhanced PAS is comparable to the most sensi-

tive laser-based spectroscopic sensor techniques reported in

the literature [1]. The EC-QCL power available in this

experiment is 56 mW which results in a NNEA for OPBC-

PAS 1.1 9 10-11 cm-1 W Hz-1/2. It is also interesting to

compare the sensitivity of our cavity-enhanced PAS

instrument with conventional PAS. For example, if we

assume that our PAS cell is used directly without the

cavity, then with the available optical power of 56 mW a

noise-equivalent absorption of 2.3 9 10-8 cm-1 Hz-1/2

could be obtained thus gaining a factor of 121 times in

detection sensitivity. A direct comparison would be even

more valuable, and the selected absorption line would be

measurable with the NNEA based on conventional PAS

sensor technology. However, it was not feasible to make a

direct comparison with the available EC-QCL because it

does not allow wavelength modulation at a frequency of

1,993 kHz with an amplitude that WMS requires at the

atmospheric pressure. The EC-QCL wavelength modula-

tion mode available from the EC-QCL controller module

does not allow modulation frequencies higher than 100 Hz

by application of a sinusoidal voltage to the PZT built into

the EC-QCL control module. The second wavelength

modulation mode via the QCL current input has a modu-

lation depth limited to 2.5 GHz, whereas conventional

WMS of the water vapor lines requires *7.5 GHz. It was

feasible to operate the OPBC as it required a peak-to-peak

laser frequency excursion of only 0.6 GHz. An alternative

approach of OPBC gain evaluation is to compare the intra-

cavity power with initial power. For evaluation of the intra-

cavity power the EC-QCL is tuned to the minimum

atmospheric absorption at *961.45 cm-1. This allows a

measurement of the optical power Pm transmitted by the

cavity mirror M2 (see Fig. 1), the power Pr reflected from

the cavity mirror M1 and the power Pi incident onto the

three mirror OPBC. The incident power was sampled by

measuring a reflection Pim from the mirror substrate front

surface shown in the Fig. 1 by a dashed line. From a

measured value of Pm = 2.6 mW transmitted by one of the

OPBC end mirrors the power inside the cavity, PCirq can be

determined to be PCirq = Pm/T2 = 4.8 W. This value can

be confirmed by comparing the incident power

Pi = 56 mW with the power Pr = 29 mW reflected from

the cavity at the power buildup peak. Between the peaks

with no buildup most of the incident radiation will be

reflected from the cavity mirror M1 which results in an

optical power Pi 9 R1 & 56 mW. At the buildup maxi-

mum the beam reflected from M1 will destructively inter-

fere with a fraction of the circulating power

P1 = PCirq 9 T1 = 4.3 mW transmitted by the same mir-

ror to yield Pr. Indeed (HPi 9 R1 - HP1)1/2 results in a

value of *29 mW. The power coupled into the cavity at

the buildup peak was Pi - Pr = 27 mW which is *half of

the available EC-QCL power. The circulating OPBC laser

beam will traverse the PAS cell twice in one roundtrip

which makes its effective power twice as large as the cir-

culating power. The effective intra-OPBC power, PCirq of

9.6 W is 181 times higher than the total available EC-QCL

power. Therefore, the same gain in sensitivity can be

expected. However, our estimate based on the generated

960.5 961 961.5 962
0

0.2

0.4

0.6

0.8

Wavenumber [cm-1]

A
bs

or
pt

io
n 

co
ef

fic
ie

nt
 [1

0-6
cm

-1
] Experiment

HITRAN

Fig. 6 PAS spectrum comparison with HITRAN 2008

54 A. Kachanov et al.

123



PAS signal and PAS cell noise properties in the previous

paragraph yielded an OPBC gain value that is *1.5 times

lower. Therefore, in our evaluation of OPBC-enhanced

PAS not all of available PCirq of 9.6 W was effective in

PAS signal generation. An explanation for the lower effi-

ciency of PAS signal excitation can be found by comparing

the intra-cavity power waveforms shown in Figs. 3 and 4

depicting different WMS modulation waveforms. The

highest PAS signal excitation efficiency can be achieved

for a rectangular excitation power waveform with a duty

factor close to 50 %, as in conventional amplitude-modu-

lated PAS. Our calibration value for PAS response in Sect.

2.2 was obtained by WMS for a Lorentzian absorption line

with an optimum modulation index of 2.2 times the

absorption line width. This form of modulation is about

1.46 times less efficient than rectangular amplitude mod-

ulation. The OPBC waveform in an ideal case, as depicted

in Fig. 3a, has a shape closer to a rectangular modulation.

Therefore, the PAS signal excitation in an OPBC can be

nearly as efficient as with rectangular modulation by

making the OPBC waveform duty factor *50 %. The

actual intra-cavity buildup power waveform shown by a

black trace in Fig. 4 has a duty factor of \50 % which

explains the lower sensitivity gain.

3 Conclusions

A mid-infrared photo-acoustic spectrometer using a 10.4-

lm EC-QCL and an OPBC composed of high reflectivity

dielectric mirrors capable of high trace gas detection sen-

sitivity is reported. The V-shaped cavity configuration

resulted in efficient injection of the quantum cascade laser

radiation into the OPBC using only a minimum number of

optical elements. The EC-QCL power is increased 181

times by an OBPC-PAS sensor configuration which resul-

ted in a 121-fold reduction of the NNEA as compared to a

conventional PAS sensor architecture. The capability of

automatically maintaining a lock of the laser to the cavity

frequency and an optical feedback phase lock during

wavelength scanning of the EC-QCL was demonstrated. A

novel method of normalization of the intra-cavity PAS cell

signal to monitor the photodetector signal at the same

detection harmonics was evaluated. This normalization

method makes the PAS spectrometer response independent

of optical alignment drifts and cavity mirror contamination.

The reported PAS spectrometer operation principle based

on optical feedback is applicable to different types of

infrared-tunable semiconductor lasers such as traditional

semiconductor diode lasers, quantum cascade lasers and

interband cascade lasers as well as external cavity-QCLs or

ICLs. For example, using conventional PAS a NNEA of

1.9 9 10-10 cm-1 Hz-1/2 was demonstrated, which offers

detection limits lower than 10 ppbv. As an example,

ammonia was monitored in urban air using conventional

PAS with a limit of detection of 8 ppbv [19]. With OPBC-

enhanced PAS, we expect to obtain a minimum detectable

concentration of \10 pptv for the same ammonia rota-

tional–vibrational absorption line located at 965.35 cm-1.
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