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Abstract In this paper, we analyze the sensitivity enhance-
ment attainable by combining a wavelength modulation
(WM) technique to integrated cavity output spectroscopy
(ICOS), pointing out how the spectrometer’s parameters and
the acquisition strategy affect the detection noise in both
techniques. We point out that WM-ICOS is mainly limited
by the slow scan rate that it requires, compared to regular
ICOS. Nevertheless, according to our analysis, WM can still
appreciably improve the SNR of an ultrasensitive ICOS sys-
tem, if the cavity transmission is so low that the detector
noise is not negligible. In light of these considerations, we
directly compare the performance of ICOS and WM-ICOS
in a high sensitivity ambient-air methane detection experi-
ment, finding a good agreement with the theoretical influ-
ence of the various spectrometer parameters.

1 Introduction

Sensitivity of spectroscopic detection is a crucial issue
whenever concentrations of trace molecular species have to
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Table1 Summary of various WM-ICOS SNR enhancements reported
in the literature and the key experimental parameters corresponding to
each

Reference SNR Mirror Cavity WM fre- A (nm)
Enhance- reflectivity length quency
ment (m) (kHz)
Zhao [6] 14 0.993 0.44 12 1573
Jia [7] 9.17 0.9969 0358 ? 1531
Kasyutich [8] 7 0.998 0.22 10 670
Bakhirkin [9] 5 0.99975 0.5 50 5450
Bakhirkin [10] 5 0.99975 0.053 5 5200

be measured. Atmospheric chemistry, environmental moni-
toring, biomedical diagnostics, and molecular astrophysics
are just a few examples of research areas that demand ultra-
sensitive and rugged setups, capable of field measurements.
Off-axis Integrated Cavity Output Spectroscopy (ICOS), in-
troduced in 2001 [1], has proven to be one of the most sen-
sitive and robust laser-based techniques, and since its inven-
tion it has been used in many diverse applications and with
arange of radiation sources [2-5].

In the last few years, a number of works have reported
how introducing a wavelength modulation detection scheme
in conjunction with the ICOS optical design can boost per-
formance compared to ICOS alone [6-14]. As we show in
Table 1, a wide range of SNR enhancements were obtained
in the WM-ICOS attempts, corresponding to the wide range
of experimental parameters reported. In particular, while an
enhancement factor around 14 is demonstrated in cavities
with mirror reflectivity R = 99.8 %, only a factor 5 enhance-
ment was reported with R = 99.975 %.

Understanding the noise issues in ICOS and WM-ICOS
for various spectrometer designs is then crucial to determine
in what cases wavelength modulation can provide a substan-
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tial SNR improvement, that is, an improvement which would
otherwise not be achievable by simply using a higher finesse
cavity or a more sensitive detector.

The ICOS technique is typically based on an off-axis cav-
ity alignment. In this geometry, the beam displaces at every
reflection, drawing an elliptical pattern on the cavity mir-
rors, and traces back its original trajectory only after a num-
ber m of round trips. The free spectral range (FSR) is then
compressed to FSReff = ¢/2mL, where L is the mirror sep-
aration [15, 16]. When the FSR.s reduces to less than the
laser linewidth, for any laser frequency, there will always be
a certain amount of radiation coupled to the cavity, which
in fact starts to behave as a nonresonant object. The off-axis
alignment therefore dramatically reduces the cavity’s reso-
nance fluctuations, providing a smoothed average transmis-
sion that is particularly useful in spectroscopy, where small
absorption signals need to be resolved from the baseline cav-
ity transmission.

Off-axis injection of cw lasers allows the behavior of
laser light in the cavity to be described by a simple rate equa-
tion. Considering a cavity of length L, mirror reflectivity R,
with a constant incident radiation intensity Ip, and which
contains a sample with per-pass absorption A. The per-pass
intensity loss is dI = —I(1 — R 4+ A) while the per-pass
optical transit time is dt = L/c. If the number of passes is
large and dI is small, the ratio between these two quantities
can be written as a differential equation [16]:

dl c

E?zzzuﬂT—zul—R+Aﬂ e
where the source term InpCT represents the average cavity
injection. (C is a coupling parameter between O and 1 and T
is the input mirror transmittance.) The steady-state solution
of Eq. (1) multiplied by T gives the average off-axis cavity
transmission:

I/ CT

=—2""
2(1— R+ A)

2

Equation (2) can be used to calculate the fractional ab-
sorption, resulting in a simple Beer—Lambert-like relation-
ship where a factor proportional to the cavity finesse J is
gained in the interaction path length. Indeed, ICOS is unique
in that it maintains this path length enhancement which is
common to all cavity enhanced techniques, while providing
an intrinsic insensitivity to small vibrations and misalign-
ments.

In Eq. (2), the incident intensity values Iy and the cou-
pling parameter C are the only dynamic quantities, and can
be considered as average values with fluctuations 6/ and
8C, respectively. Fluctuations of C are chiefly responsible
for the incomplete flattening of the cavity resonance struc-
ture. This noise is primarily caused by the random nature
of the injection of a laser into a cavity mode. Intuitively, it
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can be seen as originating in the fast jittering of the opti-
cal frequency inside the laser linewidth, which may instan-
taneously overlap more or less completely with the cavity
resonance profile [14].

In an axial cavity alignment, as the laser scans through
the TEM(y cavity modes, the coupling efficiency is well de-
scribed by a Poissonian distribution with mean value C,, and
variance §C, = \/f_a [17]. The actual value of the average
resonant coupling strongly depends on the “passage in reso-
nance” dynamics, which are defined by the cavity mode and
laser linewidths (ycay, 1as) and by the scan velocity used.
For sufficiently fast scans, typical of the ICOS techniques,
Co~ K 17].

In an off-axis alignment, a number N = Y|/ FSRefr of
cavity modes fall within the laser linewidth, and are there-
fore injected simultaneously. Considering these injection
events as independent, the coupling efficiency can be ex-
tended to the off-axis case by simply considering a mean

value C = NC, and a variance §C = % Substituting the

expressions for C,and N, and using the relation yeay = %,

we obtain the following expression for the average mode
coupling and its fluctuation in an off-axis cavity:
Yeav M

=— 3a
FSReer 3 (32)

sc— |Ca_ %Z‘S‘Reff:)/cav /3 by
N Nas Vias ¥ M

Finally, propagating the error with respect to C in Eq. (2),
we get the baseline intensity noise due to the coupling fluc-
tuations (mode injection noise):

C=

IyT?

thaw )

Alopi(R) ~

In general, the mode injection noise is not the only op-
tical noise source in ICOS. Indeed, in any practical off-axis
alignment, the finite laser spot size causes partial overlap-
ping of the beam before the re-entrant condition is met. As
a consequence, unwanted etalon interferences arise, which
can mask weak absorption signals. This type of optical noise
can be largely reduced by improving the alignment or using
large diameter mirrors [19]. For this reason, we chose to ne-
glect it in our analysis.

Optical noise in ICOS is mainly reduced by using a fast
scan of the laser wavelength across the cavity modes and
time integration of the transmitted signal. In fact, with a scan
velocity vsean (Hz/sec) and a time integration ¢, the coupling
C is further averaged over K = Igf?cﬁzlf cavity modes [14].
In both ICOS and WM-ICOS, this averaging effect reduces
the mode injection noise by an additional factor 1/v/K, the
only difference being that in WM-ICOS the role of vgcan is
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Fig. 1 Sensitivity enhancement factor attainable in ICOS after the
complete suppression of the electronic 1/f noise, plotted as a func-
tion of R. Different curves correspond to different detector noise lev-
els: 81ger = 1078 (purple), 10~ (green), and 10~ 10 (biue). The follow-
ing spectrometer parameters were adopted for all model curves: cavity

played by the wavelength modulation. As we will point out
in next section, the scan velocity cannot be increased indefi-
nitely in either ICOS or WM-ICOS, due to the emergence of
anonnegligible “skew” of the spectral features of interest [5,
6, 18].

The noise contributions from the laser source fluctuations
(61p) and the detector/preamplifier noise (8 /4e¢) also have to
be taken in account. The former is obtained by differentiat-
ing Eq. (2) with respect to Iy, whereas the latter is a noise
floor that is independent of the optical cavity characteristics.

We can finally obtain the overall noise level of an ICOS
signal by combining in quadrature all the above described
noise sources:

Al (R)
T2
=To (2(1 R’

It is worth noting that if we express Iy in power units,
then the last term 6 /get/ Io is equivalent to the ratio between
the detector noise equivalent power (NEP) and the laser
power incident on the cavity.

The last two terms of Eq. (5) are crucial for WM-ICOS.
Indeed, as we mentioned before, the optical noise is aver-
aged out in the same way by the fast scan in ICOS and
by the fast modulation in WM-ICOS. The additional SNR
enhancement of WM-ICOS then relies on the fact that the
modulation/demodulation process encodes the signal in a
narrow electrical bandwidth away from DC, where the non-
optical noise (that usually scales as 1/f) is reduced.

c 2+ CT? 51 2+ S 1ot \ >
21— R) Iy Iy

&)

length L = 0.5 m, transmission 7 = 0.5(1 — R), off-axis reentrant con-
dition n = 1000. Laser linewidth 1,5 = 3 MHz, fluctuations §1p = 1 %
of laser amplitude, vscan = 20 GHz/sec, integration time ¢ = 100 ps.
The red spots correspond to the WM-enhancement values reported in
literature (see Table 1)

In Fig. 1, we show a plot of Al /(Aliot — Alel) vs. R,
where Al is the quadratic sum of the last two terms of
Eq. (5). This function represents the SNR enhancement due
to the complete suppression of the 1/f noise in the ICOS
signal, and can in fact be thought as the theoretical limit to
the improvement obtainable by WM-ICOS over ICOS. To
plot this function for a given spectrometer, a detailed knowl-
edge of all the laser (o, 81p, Y1as), the cavity (m, T, L) and
the detector (§14et) parameters are needed. However, in or-
der to allow a reasonable comparison with the values of Ta-
ble 1, which were obtained with different spectrometers, we
used a set of average parameters (listed in the figure caption)
for an optimized off-axis ICOS spectrometer.

It is important to notice that although with a different off-
set or slope, for any set of reasonable parameters used, the
electronic noise fraction (and thus the possibility of WM im-
provement) of the ICOS output decreases with R, until very
high R are approached. Such a behavior well reproduces the
trend depicted by the results of Table 1 (superimposed as
red spots in Fig. 1), and indicates that, as a general rule,
it is harder to obtain a significant WM enhancement in a
high-finesse ICOS setup, unless the finesse is so high that
the detector noise dominates.

In particular, three key regions can be identified in Fig. 1.
At low mirror reflectivity (below 0.998), because of the rel-
atively high transmission, the laser amplitude fluctuations
dominate the overall noise level. A high sensitivity im-
provement is attainable in this region regardless of §/ge;.
For higher values of R (0.998-0.9995), the cavity through-
put is reduced, so optical and electronic noise contributions
are more balanced. As a consequence, the §/4e; dependence
starts to be critical. Finally, at ultrahigh reflectivity, when
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Fig. 2 Experimental setup for
the comparison between ICOS
and WM-ICOS performance in
ambient-air methane
isotopologue detection

[ Bias current + ramp ]

QCL

®

Modulation

the cavity transmission gets close to the detector’s NEP, the
detector’s noise becomes the limiting factor. Only after this
“inversion point” WM could provide a dramatic enhance-
ment on top of an already ultrasensitive spectrometer.

2 Experimental apparatus

In order to compare the performances of ICOS and WM-
ICOS experimentally, we added WM capability to an exist-
ing high sensitivity ICOS experiment. A full description of
the experimental apparatus is given in [5, 18] and we note
only certain features here as well as the added WM-ICOS
electronics. The modified setup could be run in ICOS, WM-
ICOS, and cavity ringdown mode and is sketched in Fig. 2.
The light source was a thermoelectric cooled DFB quantum
cascade laser (QCL) delivering a power of around 10 mW at
the target wavelength of 1294 cm™!. The laser current was
supplied by the summed output of the DC and AC electri-
cal components, which were combined at a bias tee (Mini-
circuits 3434). At the DC port of the bias tee, we introduced
both a small offset current and a sawtooth ramp (10-1000)
Hz for scanning over the spectral line of interest while re-
maining constantly above threshold.

At the bias tee, these two slower components were
summed with the higher frequency AC component which
was used for wavelength modulation. The L = 90 cm cavity
with air inlets and outlets was equipped with two custom
coated 10 cm diameter ZnSe mirrors, with a typical reflec-
tivity of 0.9996 at 1294 cm™~! (measured by cavity ringdown
at the beginning and end of every experimental run) and cur-
vature radius of 140 cm. The cavity transmission is focused
on a nitrogen-cooled DC-coupled photovoltaic MCT detec-
tor with D* = 10!°. By turning off the modulation and by-
passing the mixer, both ICOS and WM-ICOS spectra could
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be acquired in the same conditions for a direct comparison.
It is worth noting that using a photovoltaic detector, which
is not affected by the 1/f noise, represents the best choice
for the direct ICOS technique, where a DC signal has to
be measured. A higher WM-enhancement could in princi-
ple be achieved with a photoconductive detector. However,
since extremely sensitive photovoltaic MCTs are nowadays
commercially available, using such a detector yields a more
realistic comparison of the two techniques.

3 Acquisition strategies and results

As we mentioned in the previous paragraph, increasing the
scanning speed increases the achievable SNR in ICOS. In
fact, a faster scan provides a twofold advantage: on one hand
it reduces the optical noise as discussed in previous section,
while on the other allows for the averaging of more spectra
in the same acquisition time. The upper limit to the useful
scan speed is set by the emergence of line skew, as thor-
oughly discussed in [5, 18]. Such a limit for ICOS is gen-
erally around several hundreds of Hz. In comparison, the
maximum scan speed that can be used in WM-ICOS is dra-
matically lower for the following reason:

Consider a radiation whose wavelength is modulated as
w(t) = wo +a cos(wy,t) interacting with a weakly absorbing
medium of length L and absorption coefficient «(w). The
transmitted intensity is
I(a)o(t)) = Io(l —a(a)o+acoswmt)L) (6)

Such a signal, periodic in w,,, can be expanded in a
Fourier series. When demodulating (at wy,, 2w,,) with a
lock-in amplifier or with a mixer+lowpass filter, one re-
trieves the corresponding (1%, 2") Fourier coefficient of this
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Fig. 3 SNR of the CHy line @ 1294.38 cm™! in a sample of 13 Torr
ambient air obtained for different scan rates by ICOS (red) and WM-I-
COS (f signal = blue, 2 f signal = black)

expansion. For example, the second coefficient:

Hy(wg) = / I(w0(1)) cos 2wt dwyt 7
0

From Eq. (7), it can be seen that to compute an accurate
value of the transmission at a frequency wo with wavelength
modulation, it takes half of one modulation cycle. This re-
quirement poses severe limitations when wavelength mod-
ulation is used in conjunction with fast scan rates, like in
ICOS.

Indeed, when a regular scan across an absorption line is
performed at a rate vscan, and digitized in a number P of
points by a DAQ card, each spectral point is acquired in a
time Afgcan = 1/PVscan. When using WM instead, a min-
imum time Atwy = 7/wy, is required to compute the in-
tegral of Eq. (7). As a consequence, there emerges a crit-
ical scan rate that satisfies the condition Afgan = Atwum,
at which each spectral point is calculated independently by
WM. For scan rates faster than this, the laser will be probing
the next spectral point before the integral of Eq. (7) is com-
pleted, thus introducing a distortion in the digitized spec-
trum. With a 16 k Hz modulation and a digitization P = 500
points per scan, the critical scan rate is v* = 2y, /P =
64 Hz.

In Fig. 3, we show the measured SNR for the CH4 ab-
sorption line at 1294.38 cm~! in 13 Torr ambient air, ac-
quired respectively by ICOS and WM-ICOS (f and 2 f de-
modulations) at 16 k Hz. The optimal modulation conditions
were found empirically by optimizing the demodulated sig-
nal. In particular, the best modulation index resulted to be
different for the f and the 2 f WM signal (probably because
of the cavity low-pass filter that attenuates the 2 f output).

wavelength

Fig. 4 Examples of WM-ICOS 2f signals (512 averages) at three dif-
ferent scan rates. For small values of vsean (black line), there is lot of
residual baseline noise, while for scans as fast as 200 Hz (blue line)
the lineshape shows clear signs of distortion. An optimal scan rate of
75 Hz was found for our setup

The signal was measured as the peak-to-baseline voltage,
while the noise level was calculated as the standard devia-
tion of the baseline (acquired in a region with no absorption
lines).

As can be seen in Fig. 3, the quality of the WM-ICOS
is constantly higher than the regular ICOS, reaching a peak
value of 391 @ 75 Hz and degrading rapidly for higher scan
rates. An example of how the WM-ICOS signal appears at
different scan rates is shown in Fig. 4 for the 2 f demodula-
tion.

As opposed to that, the ICOS SNR increases with the
scan rate, reaching a plateau at 250-300 Hz with SNR
around 80, and slowly getting worse only for scan rates be-
yond 500 Hz. Therefore, a fair comparison should be carried
on using the best signals obtainable with the two techniques,
namely between ICOS @ 500 Hz and WM-ICOS @ 75 Hz.

All the data in Fig. 3 were acquired in the conditions of
minimum electrical bandwidth. That is, at every scan the
lowest low-pass filter that did not distort the signal was used
(1-3 kHz, 6 dB/oct for WM and 10-30 kHz for ICOS).
A bandwidth-normalized comparison yields in this case a
WM enhancement never higher than 1.5.

However, bandwidth normalization is meaningful only in
the assumption of Gaussian noise, which is not true in any
high finesse ICOS measurement, where the optical noise is
still dominant. In this case, a more practical evaluation of
the detection capability of the two techniques can be carried
on by minimizing empirically the electrical bandwidth, and
then comparing the signal to noise ratios obtainable in 1 sec
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averaging. In this way, from the data of Fig. 3, we get

SNRZ)SmIiZi cos E _ { 1.9
SNRXOHz V500 | 1.2
for the f and 2 f signals, respectively.

In any case, in our analysis, the WM-ICOS technique
results only marginally more sensitive than conventional
ICOS. Such a small enhancement can is a clear sign that
our spectrometer is not limited by electronic noise. The re-
duced effectiveness of WM can be also addressed to the high
slope efficiency of the QCL, introducing a large amount of
residual amplitude modulation noise (RAM).

However, the above expression points out a general lim-
itation of the WM technique, namely, its necessarily slow
scan rate compared to regular ICOS. In our interpretation,
the limitation in the scan rate is caused by the finite amount
of time needed to compute the integral of Eq. (7) for each
spectral point. The WM scan rate could be then improved
only by increasing the modulation frequency. However, be-
cause of the cavity low-pass, increasing the modulation fre-
quency means increasing its amplitude consequently, at a
rate of 6 db/oct.

We next ran a second set of measurements at a reduced
laser power (from 10 to 2.5 mW). In this way, we selec-
tively increased a noise source that can be reduced by WM
(third term of Eq. (5)). Wavelength modulation is therefore
expected to have a more positive effect on SNR, although
a quantitative prediction would require accurate measure-
ments of the spectrometer noise levels in Eq. (5).

Under the low laser power conditions, we could indeed
observe a 20-30 % better enhancement for WM-ICOS. The
500 Hz ICOS and the 75 Hz f and 2 f signals dropped, re-
spectively, to SNR values of 53, 320, and 218. Our effective
comparison yields in this case SNRym—;cos/SNR; cos = 2.3
for the f and 1.6 for the 2 f signal.

Finally, we calculate for our WM-ICOS setup the min-
imum detectable absorption coefficient in 1 sec averaging.
From our data, taken with scan rate vgcan = 75 Hz at a pres-
sure P = 13 Torr and a number of averages Naye = 532, we
get

S(T)
SNR U]\S/z: - 7 Vair (P)

Np(P,T)nP

Qmin = Omin"? =

2.75 x 10710
=1145x%x 10710
2.28 x 10710

cem~ ! Hz /2

for respectively the ICOS and the WM-ICOS f and 2 f sig-
nals. The line strength S(7) and the air broadening coef-
ficient y,i values for the given CH4 absorption line were
provided by the HITRAN database, Ny (P, T) = P/K,T is
the Loschmidth number at 13 Torr and ambient temperature,
and 7 is the average methane concentration in air (1.8 ppm).
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4 Conclusions

The added value that wavelength modulation can actually
bring to the ICOS technique is strongly dependent on a num-
ber of spectrometer variables: the optical cavity design and
the scan rate, as well as the laser, detector, and preamplifier
used. We proposed a simple way to model the various con-
tributions to the overall noise level in an ICOS spectrome-
ter that allows estimating the maximum SNR enhancement
attainable by application of WM. According to our model,
for cavity finesses normally used in ICOS spectrometers this
quantity decreases as the mirror reflectivity increases. As a
consequence, the higher the ICOS cavity finesse, the harder
is to improve the detection sensitivity using a wavelength
modulation technique. This behavior is qualitatively in good
agreement with the results reported in the existing WM-
ICOS literature. However, by further increasing the cavity
mirror reflectivity, the model predicts again a dramatic im-
pact of WM on the ICOS detection sensitivity. Normally, it
is not convenient to use such a high finesse cavity in an ICOS
spectrometer, because the transmission is so low that the ad-
vantage of having a longer absorption path length is neutral-
ized by the increased electronic noise level [18]. Instead. ac-
cording to the presented model, the wavelength modulation
technique could allow to fully profiting the use of ultrahigh
finesse cavities in ICOS spectrometers.

We finally carried on a thorough experimental compari-
son between ICOS and WM-ICOS in ambient-air methane
detection using an high-sensitivity ICOS-optimized setup.
We found that practical application of the WM-ICOS tech-
nique is chiefly limited by its necessarily slow acquisition
rate compared to that of the traditional technique, confirm-
ing another point put in evidence by our theoretical analysis.
In fact, WM did provide an appreciable sensitivity improve-
ment (a factor 7.5) only for slow scan frequencies. As the
scan rate was increased, WM-ICOS signal degraded, while
regular ICOS SNR kept on improving. This reduced averag-
ing capability strongly affects WM-ICOS effectiveness. Ul-
timately, the direct comparison between the two techniques
yielded a factor 2 enhancement by WM. A second set of
measurements was carried on at a lower laser power, to sim-
ulate a reduced transmission cavity. According to the model,
the WM enhancement increased. In conclusion, by point-
ing out the main advantages and the limitations of the WM-
ICOS technique, we believe that the proposed analysis can
provide useful guidelines to design a WM- ICOS optimized
spectrometer.
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