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In this contribution, we present the development of a passively demodulated interferometer based on 3 x 3 wave-

guide couplers to measure light absorption of trace gases and aerosol particles via the photothermal effect. In
contrast to a “classical” interferometer with two outputs, active quadrature control is not required to ensure a
high sensitivity of the system. An algorithm for the evaluation of the photothermal interferometry signal from the
outputs of asymmetric 3 x 3 couplers is detailed. The performance of the algorithm is demonstrated with NO,

calibration experiments using couplers with different working principles (i.e., fused-fiber and planar-waveguide

based). The results of a laboratory measurement campaign using aerosolized nigrosin are discussed, and the mea-
sured aerosol absorption is compared to a reference instrument. A noise analysis shows interferometer phase noise
to be the primary noise component. Improvements to the setup are recommended, which should improve the cur-
rent instrumental detection limit in terms of absorption coefficient to below the current value of 100 Mm ™" (10, 60

s). This corresponds to mass concentrations of about 10 p1g/m?> for submicrometer-size black carbon particles. ©
2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/A0.476868

1. INTRODUCTION

The motivation for the development presented here is the need
to develop smaller and more cost-effective devices to monitor air
quality. Particular attention has been paid to the carbonaceous
particles produced by incomplete combustion of fossil fuels
and biomass, e.g., in transportation, home heating, and forest
fires. They have recently attracted the attention of the scientific
community and policymakers [1]. In particular, black carbon
(BC), a specific component of aerosols produced in combus-
tion processes, is considered a serious risk to human health [2].
Additionally, BC particles are efficient light absorbers, with light
absorption leading to local heating of the environment and thus
contributing significantly to global warming [3,4].

Online determination of BC particle concentrations typ-
ically uses light absorption measurements in the visible and
near-infrared spectral regions [5]. Absorption measurements
are selective as only specific particles absorb light at these wave-
lengths, namely, predominantly BC and other carbonaceous
aerosols. However, reference absorption instruments used in
monitoring networks are both expensive and bulky, limiting
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their deployment to representative locations. For the reduction
of BC exposure, it is important to be able to reliably measure
BC concentrations in urban areas with dense measurement
networks to identify the emitting sources.

In this contribution, we report on the initial development of
alight absorption sensor based on photothermal interferometry
(PTI), with the intention of developing a portable device to
measure BC concentrations by utilizing waveguide technology.
This new technology is interesting because it is more stable
and easier to adjust than free-space systems. It has the poten-
tial to pave the way for smaller, more portable, and cheaper
environmental sensors.

A. Photothermal Interferometry

Photothermal interferometry is a technique in which the light
absorption of a sample is determined via the differential change
of the optical path length in an interferometer. A modulated
pump beam intersects one beam path of the interferometer.
Absorption of pump beam light in the sample causes a local tem-
perature increase. As the refractive index of a gas depends upon


https://orcid.org/0000-0002-9798-3079
https://orcid.org/0000-0001-7178-2116
https://orcid.org/0000-0002-3086-7882
https://orcid.org/0000-0002-2427-4634
mailto:ernest.weingartner@fhnw.ch
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://doi.org/10.1364/AO.476868

Research Article

its temperature, a modulation of the refractive index (optical
path length) results, and modulation of the phase is produced
in the interferometric sensor. In a homodyne measurement, the
induced phase modulation is observed as a modulation of the
light intensity at the interferometer outputs.

PTT has been commonly employed for measurements of light
absorption by gases [6-8], but also aerosol particles [5,9-17].
While there are some examples of PTT gas sensors employing
optical glass fibers [16,18], previous realizations of PTI instru-
ments for aerosol light absorption measurements have been
large, laboratory-based devices based on free-space laser beams.
However, PTT has a unique potential for miniaturization, as the
sensitive measurement volume can be made almost indefinitely
small—it is defined by the overlap of the pump and probe lasers.

Apart from glass fiber technology, the emerging field of pho-
tonic integrated circuits (PICs) exhibits tremendous potential
for the miniaturization of optical sensors. Interferometric
schemes benefit from the reduction in size (entire interferom-
eters can be built on a centimeter-sized chip), as well as from
increased stability, due to the elimination of vibration-prone
free-space elements. Additionally, PIC technology enables the
design of photonic components, which are either not available
or difficult to realize in free space. One such component are
N x N couplers, where V> 2. Employing such couplers as
the beam-recombination optics in interferometers prevents the
complete phase-dependent signal fading that is characteristic of
standard two-output interferometers.

The prevention of signal fading is exceedingly important
for PTI measurements, given that the PTT signals for typical
ambient concentrations of BC are <1 mrad. By employing an
N x N coupler as beam-recombining optic, phase quadrature
control (regulation to the most sensitive operating point) is no
longer required, which reduces the hardware requirements of
the system. Instead of a 180° phase shift as in a standard two-
output interferometer, a symmetric 3 X 3 coupler results in
three output signals that are ideally phase shifted by 120° with
respect to one another. In order to reconstruct the PTI signal,
an advanced algorithm is required to process the signals, taking
into account the phase dependence of the individual signals and
compensating for the phase dependence of the total sensitivity.

The use of 3 x 3 couplers in the demodulation of interfer-
ometric signals was introduced in the early 1980s [19-21].
Many algorithms [22-31] are available for demodulating phase
shifts. They make the basic assumption of a symmetric 3 x 3
coupler with phase differences between the individual outputs
of exactly 120° and equal amplitudes and offsets. However,
in real devices, the phase differences and signal contrasts can
deviate significantly from this symmetric case, and more sophis-
ticated algorithms [26,32—34] are necessary to recover the phase
information of the system.

In this contribution, we present a compact yet powerful
waveguide PTT sensor scheme for the measurement of aerosol
light absorption and propose a new algorithm for the evaluation
of the PTT signal. It features a small footprint sensor system,
which makes use of fiber- and integrated-photonic technolo-
gies. Furthermore, a novel, general-use algorithm is presented,
which allows us to retrieve the PTT signal from asymmetric
3 x 3 interferometric combiners. The usability of the algo-
rithm is demonstrated with initial measurement results using

Vol. 62, No. 2/ 10 January 2023 / Applied Optics 375

two different 3 x 3 couplers with different working princi-
ples (fused-fiber and planar-waveguide based), including a
calibration using NO, and the response of the sensor to vary-
ing concentrations of light-absorbing carbonaceous aerosols.
Finally, a noise attribution is discussed, from which the cur-
rent limitations of the sensor can be drawn, and strategies for
improvement are presented.

2. THEORY ON PHOTOTHERMAL
INTERFEROMETRY

The theory of the photothermal effect is covered in detail in
the publications of Sedlacek and Moosmiiller [13-15] and is
only presented here in brief. Light absorption in the sample
leads to a temperature increase of the absorbing species, and this
heat is transferred to the surrounding gas via conduction. The
temperature increase of the gas leads to a change of the real part
of thelocal refractive index, which is approximated by

n—1

An= AT, (1)

0

where 7 is the refractive index of the gas at its initial temperature
7). For a measurement made using a modulated light source,
henceforth the pump beam, inside one arm of an interferometer,
the initial increase of the refractive index A7 causes a phase shift
Ag of alight wave passing through this region with respect to a
reference light wave, which is directly proportional to the light
absorption coefficient (4,p;) of the sample [15]:

A 27T(7l—1) l'PPump
(p: .
)\probe' YBIOCP A

: babs - At. (2)

The first factor can be considered as a constant, where Apope
is the wavelength of the probe laser; p and C), are the density
and heat capacity of the gas, respectively. The second factor
determines the sensitivity of the instrument and is given by
the power of the pump beam Ppyy, and the geometrical beam
arrangement: / and A are the length and cross-sectional area
of overlap of the pump and probe beams. The pump beam is
modulated, and care must be taken to ensure that the duration
of the laser high phase At is sufficiently short to avoid tempera-
ture saturation effects and to remain within the linear response
range.

By calibrating the response of the interferometer to a gas of
known absorption, Eq. (2) can be reduced to

bs = C - Ag, (3)

where C is the calibration factor obtained from the calibration
measurement. For the case of a traditional two-output inter-
ferometer (with equal output intensities and high contrasts)
actively held in phase quadrature and A¢ < 1 rad, the phase
modulation caused by the PTT effect can easily be determined
from the measured intensity change at the outputs:

o= L hr= by
=2 n+5h

: , @

where I, represents the measured intensity at output 7, and
subscript f is the evaluation of the measured signal at the pump
laser modulation frequency.
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In this work, the evaluation of a PTI signal Ag will be
extended to the case of a passively demodulated system without
quadrature control and three (asymmetric) outputs.

3. EXPERIMENTAL PTI SETUP AND DATA
ACQUISITION

In this subsection, we present the physical design of our newly
developed waveguide-based PTI, which we have named
MiniPTI.

A. Realized Waveguide-Based PTI
The MiniPTTI is realised in the form of a Mach—Zehnder inter-

ferometer. A 1 X 2 coupler is used to split the incoming laser
beam into two probe beams (reference and measurement)
as schematically depicted in Fig. 1. After the 1 x 2 coupler,
the probe beams are free-space coupled using gradient-index
(GRIN) lenses. The collimated beams then enter two chambers,
where a second laser (pump beam) is used to induce the pho-
tothermal effect. Both probe beams are coupled back into the
waveguide and recombined in the 3 x 3 coupler. Light intensity
ateach output is monitored using a photodiode.

Two different probe lasers were used in the experiments:
(a) a pig-tailed single-frequency distributed feedback (DFB)
solid-state laser from Thorlabs operating at 1310 nm with an
optical power of 2 mW (LP1310-SAD2) and (b) a pig-tailed
single-frequency DFB solid-state laser from DK Photonics (FL-
1310-20-SM-B) with an optical power of 20 mW. All optical
fibers are of the type SMF-28. The laser pigtail is directly con-
nected to the input of a fused-fiber 1 x 2 coupler ([35], product
ID 65798), which divides the amplitude of the incoming light
50:50 between the two outputs. The outputs are connected to a
pair of pig-tailed GRIN lenses ([35], product ID 123939, work-
ing distance: 20 mm) that are mounted in the chambers (see
below for more details). Light exits the GRIN lenses, traverses
the chamber, and is collected by a second pair of GRIN lenses.
The pigtails of the GRIN lenses are connected directly to two
inputsofa3 x 3 coupler (either a fused-fiber coupler or a planar
waveguide device; see below).

Beam dump f S M

1x2 Coupler

1310 nm Laser
[z2100m e [—— &
N

450nm Laser
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The setup is custom-built out of stainless steel and consists of
two individual chambers, which are denoted the measurement
and reference chambers. The two chambers are separated by
a glass window, with two further windows mounted at either
end of the chamber to allow the passage of the pump laser.
The GRIN lenses are mounted in custom four-axis adjustable
mounts, which can be fixed via setscrews following adjust-
ment. Flanges are mounted to the tops of the two chambers
that allow visual alignment of the pump and probe beams once
removed. The pump laser is a Fabry—Perot type laser diode oper-
ating at 450 nm, which was used at a power of 1 W (Thorlabs,
L450P1600MM). The laser diode is mounted in a temperature-
controlled mount, and the pump laser is amplitude modulated
at the desired measurement frequency ( fiod < 200 Hz, typ-
ically 80 Hz). The beam is focused into the aerosol chamber
using a spherical singlet lens and is adjusted to coincide with the
probe beam in the measurement chamber. The high pump laser
power was necessary to achieve sufficient sensitivity to measure
environmentally relevant concentrations of trace substances.
A lower excitation power could be employed if noise sources or
beam overlap can be improved in a future setup.

B. Passive Phase Demodulation Using Waveguide
Couplers

The realization of a PTT without quadrature control requires
that the sensitivity of the measurement does not go to zero at any
interferometric phase. This is not possible for a standard two-
output interferometer with a phase difference of 180° between
the outputs, whereby the sensitivity of the measurement goes to
0 for interferometric phases of§360° (n=0,+£1,2,3,...).To
overcome this, a different phase relation between the outputs is
required. Waveguide-based NV x N couplers (N > 3) provide a
practical solution to increase the number of outputs, and thusan
opportune phase relation, compared to what is easily achievable
in a free-space system.

In order to demonstrate the extended usability of the devel-
oped signal analysis algorithm (described below), experiments
have been performed with two 3 x 3 couplers of different
working principles and different characteristics. First, we used

RC G

N

e
G

Fig. 1.  Schematic of the waveguide-based photothermal interferometer with a fiber-coupled probe laser (1310 nm) and a free-space pump laser
(450 nm). The 1 x 2 coupler generates two probe beams, which are collimated with GRIN lenses (G) into the measurement chamber (MC) and ref-
erence chamber (RC). These beams are recombined with a 3 x 3 coupler, and the light absorption of the pump laser in the measurement chamber is
retrieved from the three measured intensities (PD 1, PD 2, PD 3). A lens (L) and mirrors (M) are used to focus the pump beam into the probe beam in

the measurement chamber.
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Fig. 2. Working principle of the multimode interference coupler
(MMI). The colors show the intensity distribution of the modeled
interference pattern when light with a phase shift of 22.3° is injected
at the two outer inputs on the left. The center input is not used in
the experiments. Note that dimensions are not to scale: the horizon-
tal dimension (X) is in millimeters (mm), and vertical one (Y) is in
micrometers (jtm).

a fused-fiber coupler ([35], product ID 65798) made by fusing
three fibers to distribute the input power of any one fiber equally
among the three output fibers. Any incoming beam is ideally
split between the three outputs in the ratio 1/3:1/3:1/3. Used in
an interferometer, phase differences of 120° between the three
respective outputs are ideally obtained.

The other 3 x 3 coupler investigated was custom designed
at [36] based on their integrated planar waveguide technology
[37]. In this platform, photonics devices are defined photolitho-
graphically using optical polymer materials. In contrast to the
fused-fiber coupler, the planar waveguide device is based on a
multimode interference (MMI) coupler. This photonic struc-
ture consists of a wide multimode waveguide body, accessed
by single-mode waveguide input ports and terminated by a
number of single-mode output ports (see Fig. 2). The number
of input and output ports can be freely chosen, so in princi-
ple, any coupler configuration of the form N x M (where
N < M) can be realized. The actual length of the MMI-based
3 x 3 coupler is only 2 mm (as compared to the centimeter-size
fused-fiber coupler). This demonstrates a path toward further
miniaturization, enabling a complete PTI scheme directly on a
photonic chip. In order to connect the MMI chip to the aerosol
chamber, a waveguide fan-out and fiber pigtails were used. The
fiber pigtails increase the interferometric path lengths, i.e., the
length of the fibers that lie between the first (1 x 2 splitter) and
the second (3 x 3 combiner) coupler. This length is important
because even the smallest vibrations or temperature fluctuations
can cause disturbances in these paths. Based on the selection of
available components, the path length was 76 cm when using
the fused-fiber coupler as the second coupler. With the MMI
coupler, the path length changes to 84 cm.

C. Analog Signal Processing and Data Acquisition

The beams exiting each of the three outputs impinge on three
separate photodetectors PD (FC/PC-coupled photodetector)
which each contain a photodiode (Thorlabs, FGA01-InGaAs).
For the signal conditioning, the photodiodes are connected
directly to custom-built electronics (see Fig. 3).
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Fig.3. Schematic electronic circuit for obtaining the DC (Z; ;) and
AC (44,,) signals. The AC amplifier has an adjustable gain with possible
values of 10, 100, and 1000.

The circuitry is designed to provide DC- and AC-coupled
signals from each photodetector to the data acquisition unit
(DAQ). The photocurrents from the photodiodes are converted
to voltages using a load resistor R; and fed into a voltage buffer.
The resistor Ry is chosen so that the DC-coupled signals 7
are trimmed to be close to the full-scale rail of the DAQ. The
index #=1, 2, 3 in I ; denotes the channel number, and the
subscript s the sample index. In parallel, the photodetector
signals are high pass filtered via a first order high pass with a
cutoff frequency of 34 Hz to obtain AC-coupled signals iy ;.
The AC signals are subsequently amplified by up to 3 orders of
magnitude using a non-inverting instrumentation amplifier to
optimally use the full range of the DAQ and increase the reso-
lution of these small signals. The DAQ (National Instruments,
USB-6356) is operated with a sampling frequency of 50 kHz
and is connected via USB to a PC running a custom LabVIEW
program, which generates a (hardware buffered) reference
square-wave signal for the modulation of the pump laser. The
incoming DC- and AC-coupled signals are digitized with 16-bit
resolution and stored together with the modulation signal.

A separately executed Python script processes these measured
values, and the DC signals are then used to calculate the current
phase of the interferometer. Lock-in amplification is applied to
the digitized AC-coupled signals, using the signal from a photo-
diode observing a reflection of the pump laser (see Fig. 1) as the
seed for the generation of a sinusoidal reference signal. PTT sig-
nal retrieval algorithms (introduced in the following section) are
then employed on the lock-in filtered signals.

4. SIGNAL ANALYSIS AND RETRIEVAL OF
PTI SIGNAL

This section describes how the measured PD signals are pro-
cessed to obtain the interferometric phase and the PTI signal.
Figure 4 schematically shows the three detector signals as a
function of the phase ¢ of the interferometer. In this example,
the three detector signals are phase-shifted by 120° and have
different contrasts, which are expressed in different minimum
and maximum values. Such data is experimentally obtained by
performing a phase scan, during which the optical path length
in one arm is changed by changing the pressure in one of the
chambers. In normal operation, the interferometer phase ¢ is
not regulated to a specific value and is subject to random drifts
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Fig. 4. Measured DC signals /, and AC signals 7, with respect
to the current interferometric phase ¢. The PTI effect induces a
modulation of the interferometric phase Ag, which is recorded as
lock-in-demodulated signals 7, whose amplitudes and phases depend
on the derivatives of the respective DC curves.

caused, for example, by changes in the pressure or temperature
differences between the two chambers. The modulation of the
pump laser at a fixed frequency (typically 80 Hz) causes a small
periodic phase change A as described in Eq. (2). The figure
shows an example of the relationship between PTI-induced
phase modulation (Ag) and the observed intensity demodu-
lation (i) at an arbitrarily chosen phase. The derivative of the
intensity /; at the prevailing interferometric phase determines
the measured AC coupled amplitude. Note that a phase shift
of 180° is introduced on the demodulated signals when the
derivative of the sine changes from positive to negative.

After digitization, the DC and demodulated AC signals are
processed in order to retrieve the PTT signal Ag according to the
signal flow diagram presented in Fig. 5.

All input signals are acquired at a sampling frequency much
higher than the modulation frequency to ensure a clean
reproduction of the analogue signals in the digital domain.
A predefined number of samples are collected and are then
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analyzed block-wise, with the optimal sampling period depend-
ing on the dynamics of the system (phase drift) and noise
characteristics (lock-in time constant).

For the current system, a decimation period of 1 s was found
to be optimal. In the first step, the DC signals 7, ; are averaged
over the decimation period

S

1
[, =—= I, 5
/eSE b, (5)

s=1

where the subscript s denotes the sample index of the high-
resolution data (50 kHz), and S the total number of samples
in the sampling period (§=750,000 in the presented exper-
iments). In a second step, the high-resolution AC signals
are filtered for common-mode noise. For a 2 x 2 coupler,
the normalization with total intensity in Eq. (4) suppresses
common-mode noise arising from, e.g., small fluctuations in
probe laser intensity. A similar correction needs to be imple-
mented in the 3 X 3 coupler algorithms because common-mode
noise, even if in the sub-per-mille range, will affect the calculated
final product and will compromise the measurement accuracy.
From the time-averaged DC signals 7, the total outputintensity
I is calculated:

3
b=y _ I 6)
k=1

The sum of the high-resolution AC signals is used to increase the

precision of the measured intensity, as the absolute values of the
DC signals are limited by the 16-bit quantization of the DAQ:

3
Lo =lot Y ips. (7)
k=1

The three AC signals can be corrected for transient small
changes in laser intensity, according to

s [:)t,:
e =is =\ 1) L, (8)
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intermediate PTT signals Agy, which are then weighted to obtain Ag.

Determine
Interferometric
Phase ¢
—

¥ 4
Calculate

Intermediate Apye
PTI Signals

—] Ak: B,

N\

PTI Signal Ay

P T

and Weighing y

Calculate
PTI Signal

Signal flow diagram for the retrieval of the interferometric phase ¢ and the PTT signal Ag. Three lock-in amplifiers are used to calculate
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where the term in brackets describes the rapid relative change
of the measured total light intensity. By multiplication with the
actual intensity /;, the signal contribution caused by common-
mode noise is calculated and subtracted from the measured AC
signal 7; . Using Eq. (7), this simplifies to

3

Zik,f

. . f=

i, =i S ©
tot

where 7}  are the common mode noise filtered AC signals.

These signals are then passed to three individual lock-in
algorithms. The signals are demodulated, and information
on the PTI-induced phase change is extracted from the AC
signals using the known carrier from the excitation. Sine and
cosine demodulation is performed simultaneously (dual-phase
demodulation). From the lock-in algorithms, the amplitude
R and phase 6; of the AC signals are obtained at the modu-
lation frequency. For an ideal system, 6 is expected to be the
same for all three outputs, i.e., it represents the response of the
interferometer to the modulation of the pump laser. These
response phases are denoted as 6. They are device-specific,
and these phases are given, for example, by time delays from
the laser driver and AC filters. They must be experimentally
determined for proper demodulation [see Supplement 1 for
more information].

Asaresult, the demodulated signals are

i, = Ry cos (Qk —9;) . (10)

The sign of 7; depends on the slope of the detector signal (see
Fig. 4) and is expressed in a change of 6, i.e., a phase shift of
180° is observed in 6; with a change in sign of the detector slope.

As the interferometer is not held in phase quadrature, the
phase-dependent sensitivity of the PTT response must be charac-
terized and corrected. The characteristics of the interferometer
(contrast and phase of each output) can be determined by per-
forming, e.g., a phase scan over multiple cycles, which can be
realized by gradually changing the pressure in the reference cell.
During such a characterization procedure, the DC signals are
recorded, and the amplitude A, and offset B;, of each detector
signal are determined.

In a symmetric 3 X 3 coupler, each of the three outputs has
an intrinsic phase difference of 120° with respect to both other
outputs. Moreover, the amplitude and offset would be identical
for each detector. However, in a real, non-symmetric 3 X 3 cou-
pler, this phase relation of the outputs does not necessarily hold,
as well the equality of amplitudes and offsets. Hence, the actual
phases of the output signals, referred to as the output phases
(o), must be determined to allow phase-dependent correction
of the calculated signal. For simplicity, o is arbitrarily set to 0,
i.e., [; is maximum at the interferometer phase ¢ = 0.

For an asymmetric (general) coupler, the equations for the £th
detector can be written as

I, = Ay cos(p — ay) + By. (11)

There are a number of ways of determining A, By, and o, from
the experimental data. We developed a robust method that does
not rely on actively controlled phase scans. It utilizes the data
from a standard measurement by recording the random passage
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over a sufficient number of phases. With knowledge of the
output phases a;, the current phase of the interferometer ¢ can
then be reconstructed from the DC signals 7; (see Supplement 1
for more information). The phase ¢ is used in the further com-
putational steps in which the PTT signals A¢ are reconstructed.
As these signals are comparatively small (Ag is in the microrad
range), they cannot be resolved in the DC-coupled signals
and must be derived from the amplified and demodulated AC
components.

In the following, we introduce Agy, which represents the
reconstructed PTT signal from the 4th channel and will be
denoted as an intermediate PTI signal. The demodulated AC
signals (7;) are related to the DC signals and intermediate PTI
signals with the following linearization:

dJ,
i = —% Ay (12)
de

By definition, the demodulated signals are related to the
PTI-induced phase change Ag; as follows:

dr d
ih= L Agp = — (Agcos(p —ap) + Bo) Ag  (13)
de de

= — Ay sin(p — ap) Agy. (14)
This can be rearranged in terms of Agy:
ik

 Agsin(p —ap) (19)

Agp =
As mentioned before, Ag is a purely mathematical construct
representing the phase change determined by the kth channel,
as there is only one modulated phase shift Ag resulting from
the PTI measurement. To identify Ag, it has to be considered
that the sensitivity (and thus the noise) of the outputs is strongly
phase dependent. Therefore, the three outputs are weighted
with weighing factors w; based on the sensitivity at the cur-
rent phase, i.e., the absolute value of the slope of the response

dz
curve d_:
@

wy = Ai| sin(p — o). (16)

As a final product, the PTI-induced phase shift is then the
weighted arithmetic mean of the phase shifts determined from
the three individual outputs:

3
Y wrAgy
Ap=t=L (17)

3
> W
k=1
The numerator of Eq. (17) therefore becomes

3

3 .
Zka(pk:_Zi | sin(p — o)l (18)
k=1

I3 )
o sin(p — o)

which is simply the sum of the demodulated signals multiplied
by the sign of their derivatives at the current interferometer
phase. The sine terms can then be replaced with a logical test for
the calculation. The denominator of Eq. (17) is
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3 3
D we=)_ Aulsin(p — ap)l. (19)
k=1 k=1

This term represents the overall phase-dependent sensitivity of
the measurement.

5. EXPERIMENTAL VALIDATION
A. Calibration with a Gas of Known Absorption

For calibration of the setup, a defined concentration of light
absorbing gas (10 ppm NO; in synthetic air) was provided by
[38] in a pressure cylinder. The mixing ratio was verified at the
factory using the chemiluminescence method (uncertainty of
£3%). The cylinder was connected to a gas manifold, where
either filtered clean air or the gas containing NO; was fed into
the measuring chamber of the MiniPTT at a flow rate of 0.2
L/min. Teflon hoses were used to avoid absorption losses in the
supply lines.

Measurements were performed with PTT setups using the
fused fiber and the MMI coupler. Figure 6 shows the temporal
evolution of the measured DC signals (7, 1 s resolution), the
derived interferometric phase (¢, 1 s), and the retrieved PTI
signal (A@, 1 and 60 s running average).

During the course of these experiments, the reference cham-
ber was filled with clean air. The measurement chamber was
initially flooded with filtered compressed air, then with a defined
mixture of NO; in synthetic air, and this cycle was repeated 3
times. The influence of the injection of 10 ppm NO; resulted in
adistinctincrease of Ag.

In these experiments, the interferometric phase ¢ drifted
freely (no active quadrature control), demonstrating the phase
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independence of the PTI measurement. The observed con-
tinuous drift in ¢ is attributed to small temperature or pressure
changes in the system. Another possible cause is a drift of the
probe laser frequency.

From these experiments, the coupler-specific parameters, i.e.,
the amplitudes Ay, offsets By, and the output phases o, were
determined using the procedures described in Supplement 1
and are listed in Table 1. Furthermore, the system characteristic
phases (response phases) 6 are given. The fused-fiber coupler
is very close to the ideal case: it has uniformly high contrast, and
the phase differences are close to 120°. The MMI coupler, on
the other hand, shows significantly larger asymmetries, both in
the amplitudes and in the output phases. The table also shows
that different probe lasers and load resistors were used in these
two experiments.

NO; is a strongly absorbing gas, and a known concen-
tration of NO, can be used to calibrate the PTI response
of the MiniPTI. Using absorption data from Vandaele
et al. [39], 10 ppm of NO, has an absorption coefficient of
bas =11500 £ 100 Mm™! for the current experimental
conditions at the 450 nm pump laser wavelength. The indi-
cated error in by, is given by the relatively wide excitation laser
spectrum of several nanometers (nm). It was estimated by a
convolution of this bandwidth and the wavelength-dependent
NO; molecular absorption cross section.

Knowing &, of 10 ppm NOy, the calibration factor C [see
Eq. (3)] was determined for the two presented experiments
(see Table 2). A good agreement in the C-values is expected, as
the sensitivity of the PTT system is mainly determined by the
geometry of the pump and probe laser overlap and the exci-
tation strength (pump laser power). However, we observed a
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Fig.6. Typical calibration measurement cycle for the setup using the fused-fiber coupler (left) and the MMI coupler (right) as the recombining 3 x
3 coupler. (a) Time evolution of the measured DC signals and (b) the derived interferometric phase. While performing these experiments, clean air
and air with absorbing gas (10 ppm NO,) were alternately introduced into the measurement chamber, resulting in a distinct increase of the PTT sig-
nals Ag (c). Note that the detected changes in Ag are in the microradian (p-rad) range.
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Table 1. Characteristic Values of the Two Couplers
Derived by the Inversion Algorithm at the Beginning of
the Measurements (see Supplement 1 for More
Information)®

Channel 2 A, [V] B, [V] oy [deg] 0; [deg]
(a) Fused-Fiber Coupler

1 1.49 1.63 0 130 + 4
2 1.51 1.66 123.3 132+£3
3 1.39 1.51 242.5 138+ 7
(b) MMI Coupler

1 2.44 2.71 0.00 110 £28
2 1.07 1.14 105.8 123 +£29
3 1.70 1.94 215.3 120+9

“When interpreting the amplitudes A, and offsets B, it must be taken
into account that different series resistors and probe lasers were used:
(@) R, =820, P =20mW (DK Photonics); (b) R, =34kS2,
Prrgpetases =2 mW (Thorlabs). The standard deviation of 6 is also specified.
The uncertainty for A;, By, o, by the retrieval is found to be small (<0.1%)
and is not given here.

Table 2. Calibration Values and PTI Noise for the
Measurements Shown in Fig. 6°
Calibration Noisein Ap  Noisein Ag
Factor C (1o,15s) (10,60s5)
Coupler [10® =L [107 rad] [107 rad]
Fused-Fiber 6.17 1.96 0.21
MMI 10.50 2.25 0.29

“The instrumental noise is represented as standard deviation o, which was
calculated for constant experimental conditions for 1 and 60 s aggregated data.

42% lower sensitivity for the MMI experiment, expressed in
a higher C-value. This deviation cannot be attributed to the
use of different 3 x 3 couplers and two different probe lasers.
It is partly explained by an observed 12% decrease in the pump
laser intensity during the MMI experiment. In addition, a slight
misalignment of the pump laser in the MMI experiment cannot
be excluded.

It is noteworthy in Fig. 6 that the noise in the 1 s DC signals
(and also in the interferometric phase) is much larger in the
experiment with the fused-fiber coupler than with the MMI. We
suspect that this low-frequency noise is caused by different phase
noise of the lasers used in the two setups (see Table 1). However,
this noise component does not manifest itself equally in the PTT
signal, i.e., at the pump laser modulation frequency of 80 Hz.
The presented experiments show that both setups can measure
stable PTT signals (A¢) in the microrad range.

A long-term experiment (65 h) was performed to determine
the instrumental noise dependence on the integration time and
the analysis (modified Allan plot) can be found in the SI. In the
following, we restrict ourselves to the standard deviation of Agp
for the 1 and 60 s data determined for background conditions
(see Table 2). The C-value can be used to convert this noise into
an instrumental detection limit for the absorption coefficient
(with an average over 60 s). This translates into a 1o detection
limit of b,ps = 126 Mm ™! and 305 Mm ™!, for the fused-fiber
and MMI setup, respectively. Assuming a BC mass absorption
cross section (MAC) of 10 m? /g, this corresponds to BC detec-
tion limit of the MiniPTI in the order of 10 |ng/m3 (10,60 s
average).
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As mentioned eatlier, the phase is not controlled in these
experiments and varies freely. Figure 6 shows that the retrieved
PTIsignals are not fading even with the MMI, which has a com-
paratively pronounced asymmetry. However, this asymmetry is
responsible for the phase-dependent magnitude of the noise in
the PTI signal (seen in the MMI experiment at, e.g., # = 1100,
1700, 2800 s). The signal contribution of the three channels to
the PTI signal is considered in the algorithm by including the
respective slopes (—Ay sin(¢ — @;)). AC noise, on the other
hand, is amplified accordingly by this method for channels
with a small slope caused by the low amplitude (CH2 in this
example).

B. Concentration Series with Absorbing Aerosols

Further experiments with the fused-fiber coupler were per-
formed during a measurement campaign with aerosolized
nigrosin, a black dye [16]. Here a nebulizer was filled with a set
of dilute solutions of nigrosin to produce varying concentrations
and size distributions of nigrosin aerosol. The generated drop-
lets were subsequently dried using a diffusion drier and further
diluted with dry compressed air using a rotating disc diluter.
The diluted aerosol was filled into a buffer volume designed
to damp pressure variations caused by the rotating disc diluter
and subsequently sampled by a number of in situ and ex situ
aerosol light absorption instruments including the MiniPTI, a
free-space PTT (MSPTI [17]) operating at 532 nm, a custom-
built photoacoustic instrument, and a filter-based absorption
instrument (AE33 Aethalometer). The concentration of the
nigrosin aerosol was monitored using a light scattering sensor,
and the size distribution of the aerosol particles with a scanning
mobility particle sizer (SMPS). In order to test the response
of the MiniPTT to light absorption by nigrosin aerosol, the
measured signals were transferred to absorption coefficients
via the NO, calibration and compared to the light absorption
measured by the MSPTI. Both instruments were attached to
the same sampling line and recorded the same measurement
cycle: 800 s aerosol sampling followed by 300 s of background
(filtered aerosol). Each 800 s sampling period was averaged, and
the background subtracted. A comparison of the MiniPTT and
MSPTT absorption measurements is shown in Fig. 7, whereby
the error bars denote 1o of the 60 s averaged data during the
measurement period. Data points with significant error bars for
the MSPTI measurements denote measurement periods during
which the aerosol concentration was changing. The overall
noise in both interferometer signals was higher than for standard
laboratory measurements due to the number of instruments
with pumps sharing a single sampling line.
The data in Fig. 7 was fitted with a linear function

bas it = (—92 £ 29)Mm ™" + (0.65 £ 0.01) by mserr (20)

and the coefficient of determination of R? = 0.98 shows the
linear relationship between the measured absorption coeffi-
cients of the two instruments. The slope of 0.65 between the
MiniPTI (450 nm) and the MSPTI (532 nm) is primarily due to
the absorption spectrum of nigrosin, which peaks in the visible
region at around 580 nm. Interpolation of the nigrosin spectra
from the literature leads to absorption ratios of 0.68 [40] to 0.75
[16]. A UV-VIS measurement of a nigrosin solution performed


https://doi.org/10.6084/m9.figshare.21610650

382 Vol. 62, No. 2/ 10 January 2023 / Applied Optics

5000
— 4000
1

E
=

= 3000 -
£
&
Z

% 2000 1
<

1000

0

0 1000 2000 3000 4000 5000 6000 7000 8000
babs,mspT1 [MM™1]
Fig. 7. Comparison of the absorption coefficients for nigrosin

aerosol measured with the MiniPTT and the MSPTT (reference instru-
ment). The data points represent the average over one measurement
cycle (800 s; see body text for further details), with the error bars repre-
senting 10 of the 60 s averaged data during the measurement period.
The linear regression and the 95% prediction interval are shown in
blue and light blue, respectively.

in house gave an absorption ratio of 0.78. Hence, the slope of the
linear regression of the PTT absorption data is in good agreement
with the absorption ratio calculated from the data of Bluvshtein
et al. [40]. The sources of uncertainty in the measurements are
primarily the transfer of the absorption spectrum of nigrosin
from solution to the gas phase, the uncertainty in the NO,
calibration of the MiniPTI (= 10%) due to the uncertainty
in the emission spectrum of the laser, and the lack of highly
resolved spectral data for nigrosin (the spectral bandwidth of the
Nd:YAG laser in the MSPTT is much smaller than the resolution
of the literature spectra, though the spectra are expected to be
smooth).

6. NOISE ANALYSIS

A set of experiments were performed to quantify the noise
sources for the current MiniPTI setup, in which components of
the setup were progressively disabled. From these experiments,
it was determined that the primary noise component (= 98%)
was interferometer phase noise arising from differential changes
in the optical path lengths of the measurement and reference
arms of the interferometer at the measurement frequency. This
noise is primarily ascribed to vibrations of the fibers, GRIN
lenses, and holders changing the physical path length of the
interferometer arms and, to a lesser degree, turbulence (local
pressure variations) in the measurement chamber. Phase noise
additionally arises indirectly from frequency noise in the probe
laser, as the measurement and reference path lengths are not
exactly equal. There was also evidence of a photoacoustic signal,
caused by the absorption of the pump laser light by the window
between the measurement and reference chambers, though this
was primarily observed as a baseline offset, rather than adding
to the noise. Laser intensity noise was found to be only a small
component of the overall noise (& 2%), while electronic and
acquisition noise were determined to be inconsequential for
the current setup. The signal amplitude and thus the SNR
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could be improved by increasing the power of the pump laser
(linear relationship), though the goal of a miniature instrument
places a cap on any significant increases in laser power. Instead,
a considerable advantage could be gained by reducing the phase
noise in the system. This could be achieved by changing the
interferometer geometry to a folded one (see, e.g., [13]) and
mounting the GRIN lenses on a single plate to reduce the influ-
ence of vibration. Another considerable improvement could
be achieved by replacing the fiber optic components with a
custom-made waveguide. In this way the arm lengths of the
interferometer would be considerably reduced, making it also
easier to equalize them. This change has the advantage of reduc-
ing the susceptibility of the MiniPTT to external noise sources
such as vibration but also has the potential to significantly
reduce the probe laser frequency component of the phase noise.
The frequency noise component could also be addressed directly
through the purchase of a stabilized probe laser with narrower
spectral bandwidth.

7. CONCLUSION

We have developed a new inversion scheme to demodulate the
phase signal of a waveguide-based photothermal interferom-
eter for measuring light absorption. Experiments with 3 x 3
couplers of different working principles as beam recombination
optics demonstrate the passive operation of the system. The
retrieved PTT signal amplitude does not depend on the actual
interferometric phase. No quadrature point control is needed,
which significantly reduces the hardware requirements of the
system. The algorithm, which works for imperfect asymmetric
couplers, is tested with 10 ppm NO; and varying concentra-
tions of light-absorbing carbonaceous aerosols. The PTT signal
noise is about 0.2 microrad (1o, 60 s), corresponding to an opti-
cal path change of about 40 femtometers. This noise defines the
current instrumental detection limit, which is above 100 Mm ™!
in terms of light absorption coefficient, or about 10 pg/m? in
BC mass concentration. Analysis shows that the primary noise
component is phase noise of the interferometer, caused by,
e.g., frequency noise in the probe laser or vibrations of optical
components such as the fibers.

The setup offers massive room for improvement: It has the
potential to be miniaturized, as a future interferometer can be
built on a centimeter-sized chip. Reducing the optical path
length (currently ~ 70 cm) and using stiffer integrated com-
ponents (increased stability by eliminating vibration-prone
free-space elements) will further increase sensitivity and sig-
nificantly reduce cost. Such miniaturization steps are currently
underway, and we are working on a PIC-based photothermal
interferometer design that eliminates the optical fibers in the
arms between the two couplers.
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