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Self-calibrating aerosol absorption measurements using co-located TDLAS 
and tunable-wavelength photothermal interferometry

Joel C. Corbina , Alireza Moallemia , Daniel Poitrasb , Timothy A. Sipkensa , and  
Jalal Norooz Oliaeea 

aMetrology Research Centre, National Research Council Canada, Ottawa, Ontario, Canada; bQuantum and Nanotechnologies Research 
Centre, National Research Council Canada, Ottawa, Ontario, Canada 

ABSTRACT 
Photothermal spectroscopy, and photothermal interferometry (PTI) in particular, has the 
potential to provide reference measurements of aerosol absorption coefficients babn. Such babn 
measurements represent a fundamental property of aerosols such as black carbon and brown 
carbon, the accurate knowledge of which is essential for understanding their climate forcing: 
babn can be used in calculating the imaginary refractive index, absorption function, or mass 
absorption cross-section of a sample. Furthermore, babn is commonly expressed in units of 
equivalent black carbon mass (eBC) in the many photoacoustic or filter-based instruments that 
are used for air-quality monitoring and emissions testing of on-road, airborne, and marine 
transportation. Here, we propose the use of tunable-laser PTI (TL-PTI) as a self-calibrating refer
ence technique for quantifying babn. In TL-PTI, a wavelength-tunable laser is used to quantify 
the narrow absorption lines of a gas via direct absorption spectroscopy, providing a reference 
babn,ref in units of Mm−1. The A-band absorption lines of ambient oxygen at about 760 nm pro
vide a convenient reference. The PTI signal is then calibrated to this babn,ref. This gas-PTI signal 
can then be “switched off” by tuning the laser wavelength away from the absorption lines, so 
that only particulate PTI signals remain in the background-subtracted signal. The PTI signal is 
directly related to light absorption for both aerosols and gases, since the PTI pump-laser 
modulation is slower than the thermalization timescales of both. We demonstrate the accuracy 
of our PTI prototype by retrieving the refractive index of nigrosine dye.
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1. Introduction

Visible and infrared light absorption by nanoparticles 
such as soot, graphene, metals, and dust underlies key 
processes and measurements in combustion, materials 
synthesis, climate, and medicine. Light absorption by 
airborne soot results in climate forcing which is com
parable to that of CO2 and which continues after depos
ition onto snow and ice (Ramanathan and Carmichael 
2008). Light absorption by graphene, reduced graphene 

oxide, or other synthetic nanoparticles can be exploited 
to develop the production of such materials for indus
trial applications (Daun et al. 2017; Musikhin et al. 
2021). Finally, light absorption by metallic nanopar
ticles can be used to determine their size for various 
applications in spectroscopy, sensing, and fabrication 
(Sipkens et al. 2022; Willets and Van Duyne 2007). The 
airborne measurement of nanoparticle light absorption 
is therefore of broad scientific value.
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Nanoparticle light absorption is generally broad
band, with spectral features spanning hundreds of 
nanometers for most carbonaceous materials (Corbin 
et al. 2019; Sun, Biedermann, and Bond 2007), and 
tens of nanometers of wavelength even for extreme 
cases of quantum dots (Won et al. 2019). In contrast, 
small gas molecules display distinct and relatively nar
row absorption “lines” with sub-nanometer widths. 
The precise widths of these gas absorption lines 
expand slightly with increasing temperature and 
pressure.

Due to the broadband nature of aerosol light 
absorption, most measurement devices utilize a few 
select wavelengths, rather than being highly spectrally 
resolved. For example, three to seven wavelengths are 
used in some filter-based photometers which estimate 
light absorption from the light attenuation of a par
ticle-laden filter (Lack et al. 2014; Moosm€uller, 
Chakrabarty, and Arnott 2009). More-direct measure
ments of light absorption can be made using photoa
coustic spectroscopy, in which a modulated excitation 
laser heats aerosols to generate acoustic waves whose 
power correlates with the aerosol absorption coeffi
cient babn (Al Fischer and Smith 2018; Arnott, 
Moosm€uller, and Walker 2000; Lack et al. 2006; 
Moosm€uller, Chakrabarty, and Arnott 2009; Schnaiter 
et al. 2023; Stylogiannis et al. 2021). These acoustic 
waves are typically detected by a microphone, 
although a significant enhancement in sensitivity has 
been realized using novel transducers such as quartz 
tuning forks (Ma 2020; Patimisco et al. 2014) or canti
lever for detection (Karhu et al. 2022; Koskinen et al. 
2008). Many other PAS configurations are possible 
(Haisch 2012). Notably, advanced techniques such as 
beat-frequency quartz-enhanced PAS (Wu et al. 2017) 
allow for high-sensitivity and calibration-free gas 
monitoring.

Other approaches to the measurement of aerosol 
light absorption also exist. In particular, the extinc
tion-minus-scattering (EMS) approach allows for the 
accurate calibration of aerosol light absorption in 
highly-absorbing samples (Modini et al. 2021). This 
approach is limited, however, by uncertainties related 
to the subtraction of two large numbers, and by a 
need to model the phase function of the measured 
particles in order to correct for unmeasured 
(“truncated”) scattering angles. This scattering angle 
error could be reduced substantially with specialized 
nephelometer designs (Varma, Moosm€uller, and 
Arnott 2003), but this results in the need for two 
independent measurements and introduces undesir
able uncertainty as well as complexity. Filter-based 

photometers have also been developed which combine 
measurements of light extinction-and-scattering with 
radiative transfer calculations (Hyv€arinen et al. 2013; 
Petzold and Sch€onlinner 2004), or which estimate 
absorption from measurements of light extinction 
(Lack et al. 2014; Sipkens et al. 2023). Such photo
meters allow for the realization of low-maintenance, 
low-cost devices suitable for air-quality monitoring 
networks. However, they are cross-sensitive to light 
scattering signals, such that their signals depend on 
the ratio of light-scattering to extinction (single-scat
tering albedo; SSA) as well as particle size (Drinovec 
et al. 2022; Nakayama et al. 2010).

Alternatively, photothermal spectroscopy (PTS) can 
be used to measure babn (Bialkowski, Astrath, and 
Proskurnin 2019). In PTS, the change of refractive 
index due to local sample heating is measured, rather 
than acoustic waves emanating from the sample. PTS 
and PAS are commonly treated as distinct techniques 
for this reason, although acoustic effects can be 
observed in PTS (Bialkowski, Astrath, and Proskurnin 
2019). In aerosol and gas applications, the most com
mon realization of PTS is photothermal interferometry 
(PTI). Relative to PAS, PTI removes the need for a 
resonant cell, which allows for a wider variety of 
measurement configurations (Krzempek et al. 2018; 
Radeschnig, Bergmann, and Lang 2024) and which 
significantly simplifies the use of multiple lasers to 
obtain spectrally resolved measurements of babn 
(Lewis et al. 2008). The lack of an acoustic resonator 
allows PTI sample cells to be optimized purely for 
aerosol transport, calibration (discussed below), or 
miniaturization (Radeschnig, Bergmann, and Lang 
2024). It also allows any arbitrary excitation-laser 
modulation frequency to be used, in contrast to the 
requirement to match the resonance frequency of a 
quartz tuning fork (e.g., 33 kHz [Wu et al. 2017]) or 
acoustic cell (e.g., �1.5 kHz [Arnott, Moosm€uller, and 
Walker 2000; Gillis, Havey, and Hodges 2010]) in 
most PAS applications, as well as in tuning-fork-based 
thermoelastic spectroscopy (e.g., 6 kHz; Qiao et al. 
2023). However, the absolute calibration of PTI meas
urements to babn remains an important issue, and is 
the focus of the current work.

Here, we propose the use of a tunable-wavelength 
laser to result in a self-calibrating tunable-laser PTI 
(TL-PTI) design. This laser is chosen such that it can 
be scanned across the absorption lines of a convenient 
gas molecule, such as O2, while also corresponding to 
a wavelength absorbed by many nanoparticles of 
interest, such as 760 nm. Thus, tunable-diode-laser 
absorption spectroscopy (TDLAS) can be used, 
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independently of the interferometer, to provide a ref
erence gas absorption coefficient babn,ref for calibra
tion. The TDLAS signal is compared with the PTI 
signal obtained for the same gas absorption line for 
HEPA-filtered air, to calibrate the PTI interferometer. 
The aerosol PTI signal (and any background signals) 
is then measured by tuning the excitation laser away 
from the absorption line. This approach allows for an 
internal cross-calibration of the TL-PTI by changing 
only the laser wavelength, minimizing uncertainty 
in babn.

Below, we demonstrate this concept using a proto
type system. We verify linearity in our measured babn 
by varying the excitation-laser power. We discuss the 
role of relaxation timescales for O2 and aerosols, 
which must both be smaller than the period of the 
excitation-laser modulation if signals from the two to 
be compared. We demonstrate the use of PTI com
bined with particle-volume measurements to retrieve 
the imaginary refractive index of nigrosine nanopar
ticles. Finally, we discuss our approach in the context 
of other instruments and calibration schemes.

2. Methods

2.1. Light absorption and optical depth

Light extinction can be described in terms of optical 
thickness s using the Beer-Lambert law (Arnott, 
Moosm€uller, and Walker 2000),

s ¼ −ln
I
I0

� �

¼ bextl, (1) 

where s is described in terms of the intensity change 
from I0 to I for light passing through the sample; or 
equivalently in terms of a path length l and extinction 
coefficient bext:

For light-absorbing gases, which scatter light negli
gibly, bext becomes equivalent to the extinction coeffi
cient babn so that s � A; the absorbance, so that 
Equation (1) is sometimes written as,

A ¼ babnl: (2) 

Equation (2) also describes light absorption by 
small nanoparticles, which scatter light negligibly 
when at least tenfold smaller than the light wave
length. More precisely, this occurs when the size par
ameter x ¼ pd=k� 1; (Moosm€uller and Arnott 2009) 
and when the particles are optically soft, x mj j � 1 
(where d is a particle diameter and m ¼ nþ ik is the 
complex refractive index of the particle) such that the 
electromagnetic field is uniform within the particles 
(Bohren 1986; Sorensen 2001). For particles with large 

d or large x mj j; light scattering bsca must be consid
ered (bext ¼ babn þ bsca).

2.2. Tunable diode laser absorption spectroscopy 
(TDLAS)

Tunable-diode laser absorption spectroscopy (TDLAS) 
is a technique wherein the wavelength k of a diode 
laser is scanned by scanning the electrical current 
driving the laser, in order to measure the absorption 
features of a sample (Werle 1998). The use of a tun
able diode laser (TDL) for this wavelength scan is not 
essential, but is practically convenient, as diode lasers 
are affordable and compact. Typically, increasing the 
TDL current above the diode’s threshold current cor
responds to a near-linear change in both wavelength k 

(as intended) and laser intensity I0 (unintended). 
Precise TDLAS measurements require careful analysis 
to quantify the laser performance, and to account for 
any unintended changes in I0 during the k scan. In 
particular, the voltage observed at a photodetector 
after the TDL must be fitted to determine the posi
tively sloping baseline (due to drift in I0), the absorp
tion lines of an analyte gas, and to fine-tune the 
wavelength response of the laser to current. The 
approximate wavelength of the laser must be known 
prior to the fit, and was determined in our case by 
tuning across multiple absorption peaks and compar
ing the result with the high-resolution transmission 
molecular absorption (HITRAN) database (Gordon 
et al. 2022; Yu, Drouin, and Miller 2014).

Gas absorption lines appear as Lorentzian peaks in 
TDLAS due to temperature and pressure broadening, 
and can be fitted by a function which includes these 
peaks and any baseline effects including drift in TDL 
wavelength and fluctuations in the s of the sample 
cell windows. We used the following equation for this 
fit (Norooz Oliaee et al. 2022; Rothman et al. 1998):

V tið Þ ¼ V0 þ V1exp −babn tið Þlg
� �

, (3) 

where VðtiÞ is the photodetector voltage measured 
from the TDL (in volts) at a time interval ti; V0 is the 
photodetector zero voltage, measured at a TDL cur
rent below the TDL threshold current; and V1 ¼

a1 þ a2ti þ a3t2i represents a near-linear baseline with 
coefficients a1; a2; a3 (the quadratic term a3 is typic
ally small), and lg is the absorption pathlength. Here, 
babn tið Þ is specified as a function of time because the 
TDL wavelength is scanned across the absorption 
peak over time.

babn tið Þ is further described as a function of the 
partial pressure of the reference gas pg (in atm), which 

AEROSOL SCIENCE AND TECHNOLOGY 3



is unknown prior to the fit; the measured air tempera
ture Tg (in Kelvin); and the Boltzmann constant (in J/ 
K) kB,

babn tið Þ ¼
pg

kBTg

X

j
Sj
1
p

cj

ti − tijð Þ
2 þ cj

2 , (4) 

where the summation over indices j represents the 
total k-dependent optical thickness due to Lorentzian 
gas absorption lines. In this summation, Sj are spectral 
line intensities (in cm/molecule), �i is the wavenum
ber of the TDL at time ti; �ij ¼ 1=kj are transition 
wavenumbers, and cj are the pressure-broadening 
half-widths (in cm−1). These half-widths are repre
sented by

cj ¼ bair P − pgð Þ þ bself pgð Þ, (5) 

where bself and bair are self-broadening and air-broad
ening coefficients from HITRAN, respectively, which 
are dependent on the total pressure P (Norooz Oliaee 
et al. 2022; Rothman et al. 1998).

During the model fit, the horizontal scale ti is 
mapped to wavenumber (in cm−1) of the gas absorp
tion lines by a quadratic fit (Norooz Oliaee et al. 
2022),

ti ¼ a4 þ a5ti þ a6t2i , (6) 

where a4, a5; and a6 are fit parameters dependent on 
the rate of change of current sent to the laser. While 
it is also possible to calibrate wavenumber by compar
ing neighboring peaks, this approach calibrates at all i 
and allows for a more precise calibration.

Thus, TDLAS can provide a calibration-free deter
mination of the babn of a gas, such as oxygen, relying 
only on absolute measurements of the gas molecular 
properties (as published in HITRAN), the sample cell 
length, and the temperature and pressure within the 
instrument.

2.3. Theory of photothermal spectroscopy and 
photothermal interferometry

Photothermal spectroscopy (PTS) refers to a collection 
of techniques by which sample heating by a light 
source (often modulated) is measured. PTS is distinct 
from photoacoustic spectroscopy (PAS), which meas
ures acoustic waves generated by a light source and 
propagated away from the sample toward a detector. 
It is worth noting, however, that PTS is sometimes 
labeled as PAS due to the historical popularity of the 
latter (e.g., Krzempek et al. 2018). Nevertheless, PTS, 
and specifically its realization via PTI, has recently 
seen renewed interest for gas and aerosol characteriza
tion (Bialkowski, Astrath, and Proskurnin 2019; Davis 

and Petuchowski 1981; Drinovec et al. 2022; Li, 
Wang, and Li 2016; Li et al. 2017; Lin and Campillo 
1985; Radeschnig, Bergmann, and Lang 2024; Sedlacek 
2006; Visser et al. 2020).

In PTI, a light source (such as a laser) first pumps 
energy into a system, resulting in local sample heating. 
This heating causes a temperature and therefore 
refractive-index change, described by the Clausius– 
Mossotti equation (Radeschnig, Bergmann, and Lang 
2024):

Dn ¼
dn
dT

� �

DT � −
n0 − 1ð Þ

T0
DT, (7) 

where n and T are respectively the refractive index 
and temperature of the gas, and the subscript 0 indi
cates the reference temperature state. The light source 
is normally modulated, such that Equation (7) applies 
to each heating/cooling cycle in the instrument 
(Bialkowski, Astrath, and Proskurnin 2019), allowing 
for improved signal-to-noise. Of course, for particles, 
Equation (7) only holds when the sample is given 
adequate time to thermalize, which requires that Dn is 
measured on a timescale slower than the timescales 
required for relaxation (Gillis, Havey, and Hodges 
2010) and transfer of energy from any absorbing aero
sol particles to the gas. This is discussed further in 
Section 3.4.

When considering the phase shift D/ of an inter
ferometer (e.g., a Mach-Zehnder or Jamin configur
ation), the change in refractive index given in 
Equation (7) depends on the interferometer wave
length k0; as well as the excitation-laser properties. If 
an excitation-laser with power Pe and beam radius ae 
is modulated at frequency fe; then the phase change 
can be stated as (Sedlacek 2006)

D/ ¼
le

2k0a2eqCp
�
n0 − 1ð Þ

T0
�
babn � Pe

fe
, (8) 

where babn is the combined absorption coefficient of 
the sample (gases and particles); q ¼ p=RT is the 
density of air (1.20 kg m−3) according to the pressure 
p and temperature T in the sample cell; and Cp is the 
specific heat of air (1005 J kg−1 K−1). The expected 
phase shifts are small, < 1 lrad (Sedlacek 2006). Note 
that the path length le is the distance over which the 
excitation and interferometer beams overlap, and is a 
segment of the TDLAS path length lg : We discuss the 
determination of lg and le below.
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2.4. Cross-calibration of PTI with reference-gas 
TDLAS

In order to calibrate PTI using reference TDLAS 
measurements of absorption (babn,ref) from a known 
gas, we can rewrite Equation (8) as a simpler calibra
tion equation. We first separate its parameters into 
those which are sample properties (D/; babn, q) and 
those which are not: instrument control parameters 
(Pe; fp) kept constant between calibration and meas
urement, and physical constants or physical properties 
(k0, ap, … ). These non-sample properties can be 
grouped together using a calibration factor,

C0 ¼
le

2k0a2eqCp
�
n − 1ð Þ

T0
�
1
fe
, (9) 

such that,

babn ¼
D/

C0Pe
: (10) 

We measured Pe using a photodetector, the calibra
tion constant of which is implicitly incorporated into 
C0: Thus, the PTI calibration factor C0 can be deter
mined from the background-(bg) subtracted PTI 
phase shift caused by a known gas-absorption line as

C0 ¼
D/gas

Pe, gas
−

D/bg

Pe, bg

 !

� babn, ref , (11) 

where babn, ref is known from TDLAS (at the same k) 
via Equation (2). Background subtraction is performed 
after power normalization, to account for potential 
changes in laser power between gas-absorption-line 
and background setpoints. Note that this calibration 
approach does not require any priori knowledge 
beyond the babn, ref obtained from TDLAS, and a 
measurement of the PTI background. The PTI back
ground can be obtained either with N2, or from a 
TL-PTI scan of HEPA-filtered air, the data from 
which can be fitted using Equation (3), as described 
for TDLAS above. Here, we performed of these 
methods and obtained identical results.

The particulate absorption coefficient babn, PM can 
then be calculated as

babn, PM ¼ babn, total − bHEPA (12) 

where babn, total is the total (backgroundþ PM) signal, 
and bHEPA is the background signal observed for 
HEPA-filtered air due to potential background 
absorption (including window contamination) and 
noise sources.

2.5. TL-PTI prototype

Figure 1 shows a prototype which realizes the refer
ence-gas cross-calibration concept presented here by 
combining TDLAS and PTI measurements. This 
prototype was used to generate all presented data. The 
interferometer is a folded Jamin interferometer 
(Moosm€uller and Arnott 1996) similar to that used by 
Sedlacek (2006) for PTI. A pressure cell was used for 
maintaining quadrature.

The interferometer probe laser used here was a 
632.8 nm frequency-stabilized HeNe (Thorlabs 
HRS015B). The entire setup shown in Figure 1 was 
enclosed in a simple acrylic box, and the HeNe laser 
tube was surrounded by additional insulating foam to 
minimize its temperature sensitivity. The probe laser 
was split by a 50.8mm Ø window (Thorlabs 
WG42012; see Figure 1) treated in-house with custom 
partial-reflectivity, high-reflectivity, and anti-reflectiv
ity coatings to act as a combined 50/50-beamsplitter– 
mirror in the folded Jamin interferometer. The geo
metrical arrangement of the custom coatings on the 
window (depicted in Figure 1) followed that originally 
demonstrated by Moosm€uller and Arnott (1996). The 
coatings were fabricated in a Spector (Veeco, NY, 
USA) dual-ion-beam sputtering system, with SiO2 and 
TiO2 as the layer materials, using an automated 
deposition approach developed at NRC (Sullivan and 
Dobrowolski 1992). After alignment, the pressure-cell 
setpoint required to reach quadrature was determined 
by modulating the pressure in the pressure cell. The 
outputs of the interferometer were monitored by two 
Thorlabs PDA10A2 photodetectors with 632.8 nm fil
ters (Thorlabs FLH633-1) and sent to a lock-in ampli
fier (SR830, Stanford Research Systems, USA), along 
with the reference signal generated by a function gen
erator (Tektronix AFG3022B).

A dichroic mirror (Thorlabs DMSP650; see Figure 
1) immediately following the beamsplitter acted as 
both the window to the measurement cell, and the 
means by which the probe and excitation lasers were 
combined, similarly to Davis and Petuchowski (1981). 
A second identical dichroic mirror was placed at the 
other end of the sample cell to separate the beams. 
The excitation laser was a so-called “mode-hop-free” 
TDL lasing at about 760 nm (Photodigm Inc., TX, 
USA, Model 760DBRH-MHFL) with 500 kHz line
width and about 1mm 1/e2 beam diameter. The TDL 
was controlled by a benchtop laser temperature and 
current controller (LDC501, Stanford Research 
Systems). The output of the TDL was directed 
through an acousto-optical modulator (AOM; 
IntraAction USA, Parts AOM-402AF3 and ME-403-24), 
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which served as a vibration-free method to TTL 
modulate the power sent to the sample cell. Due to 
the AOM, and to the fact that we did not operate the 
TDL at peak power, the actual power entering the cell 
at the peak O2 absorption line used for the measure
ments below was 60mW. We found that direct 
square-wave modulation of the TDL current led to 
wavelength instabilities which manifested as artifacts 
in the gas absorption spectra discussed below, pre
sumably because of the physical response of the TDL 
to its drive current. That is, by using an AOM for 
rapid modulation while a stable current was sent to 
the TDL, we allowed the TDL to stabilize in its wave
length output. The relative TDL power was monitored 
after exiting the cell by a large-area Thorlabs 
PDA100A2 detector (“Det C.” in Figure 1) to normal
ize for power variations during both TDLAS and TL- 
PTI measurements. This power meter was calibrated 
by reference to a Gentec XLP12-3S-H2-D0 power 
meter. The TDL produced about 80mW of power at 
its maximum.

Aerosols were pulled through this sample cell 
using a 0.5 L min−1 flow controlled by a critical ori
fice and pump. At this flow rate, no additional noise 
was observed at our 90 Hz measurement frequency 
in our prototype. The relationship between sample 

flow and noise is expected to depend on parameters 
like sample-cell cross-section and choice of pump, 
and may be minimized by using Helmholtz resona
tors (Moosm€uller, Chakrabarty, and Arnott 2009) in 
the future.

2.6. Nigrosin experiments

Experiments were conducted with a nigrosine solution 
(� 2 g/L; Sigma-Aldrich 198285, Lot # SHBL0637) in 
deionized water (>15 MX). The solution was nebu
lized and dried with a diffusion drier (Topas ATM 
226) before being diluted with a dilution bridge (as 
recommended in ISO 27891 Annex H). The dilution 
ratio (and thus concentration) was varied nonlinearly, 
to verify that long-term drift did not occur in the sys
tem. Then, excess flow was vented and the remainder 
was split between the NRC PTI and a scanning mobil
ity particle sizer (SMPS; Model 3082þ 3776; TSI Inc., 
MN, USA). The SMPS measures the number distribu
tion as a function of log-binned mobility diameter dm;
dN/dlogdm. The SMPS measurements were corrected 
for multiple charging and diffusion losses according 
to the manufacturer’s software (TSI AIM, version 
11.4); polydisperse particles were measured by 
the PTI.

Figure 1. Schematic diagram of the tunable-laser PTI prototype. Orange lines indicate the probe laser (here, 632.8 nm), dark-red 
lines indicate the excitation laser (here, 760 nm). Detectors A and B monitor the interferometer while Detector C monitors the exci
tation laser power; all are photodiodes. AOM: acousto-optic modulator, PC: data acquisition system and personal computer. (a) 
emphasizes the optical paths, while (b) shows the aerosol flow path and the anti-reflectively (AR) coated windows through which 
the excitation laser enters and exits the sample cell. Dividing walls were present between the interferometer arms in the sample 
cell, but were not used in this study and are omitted for simplicity.
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Because the volume-weighted SMPS size distribu
tions extended above the maximum size measured by 
the SMPS (760 nm), we fitted lognormal curves to the 
SMPS data to obtain truncation-corrected volume dis
tributions. This correction was relatively small, result
ing in an additional 2-6% of babn as modeled by Mie 
calculations, as shown below. Two different Mie codes 
were used for cross-validation; PyMieScatt version 1.8 
and the code of Pe~na and Pal (Pe~na and Pal 2009; 
Taylor et al. 2015).

The SMPS-measured volume distributions, meas
ured at a range of dilution ratios, were used to fit the 
imaginary refractive index of nigrosine, with the real 
refractive index constrained to a value measured by 
spectroscopic ellipsometry (VASE, J.A. Woollam Co.) 
and spectrophotometry (Lambda-900, Perkin-Elmer, 
equipped with an integrating sphere, Labsphere), with 
both measurements performed on dried nigrosine 
films on N-BK7 glass substrates. The fitted refractive 
index was then used to predict babn from the SMPS 
measurements, for visualization of the results in terms 
of both size-resolved babn-weighted distributions 
dbabn/dlogdm and the overall integrated absorption 
coefficient babn. Uncertainty in this babn was expanded 
by 10% to account for inaccuracy in the SMPS- 
measured volume, which was estimated from the SMPS- 
mass-concentration uncertainty of >15% reported by 
previous studies (Liu et al. 2012; Momenimovahed and 
Olfert 2015). The TL-PTI uncertainty was also propa
gated from the standard error of the mean measured 
value, and expanded by a further 2% to represent 
observed variability in the calibration constant for our 
laboratory prototype.

3. Results and discussion

3.1. Relative path lengths in TDLAS and PTI 
measurements

We determined the path length lg by comparing the 
overall O2 TDLAS signals for our standard setup and 
for a dedicated experiment where the sample cell was 
filled with nitrogen. For the nitrogen experiment, the 
O2 optical depth changed by a factor 0.796 ± 0.011 
(this uncertainty was propagated from the fit coeffi
cients). The path length within the PTI cell (which is 
shown in Figure 1 as a broad U-shape and includes 
two reflections off the dichroic mirrors) is 
281.24 ± 0.13mm, with its uncertainty known from 
standard machining tolerances. Combining these val
ues yields a total TDLAS path length of 1378 ± 18mm. 
(In our prototype, the TDL path length outside of the 
sample cell was considerably longer than the path 

length within, in order to allow the incident and dif
fracted light exiting the AOM to separate in space.) 
Our relative calculation of the TDLAS path length 
avoids uncertainties in path length due to the various 
air gaps between the TDL and the PD shown in 
Figure 1. Moreover, this means that the path lengths 
in both TDL and PTI measurements are referenced to 
the same quantity.

3.2. Calibration-free measurement of babn of O2 

via TDLAS

Figure 2 shows the photodetector (PD) signal 
obtained when scanning the excitation laser wave
length across an oxygen line at 760 nm (upper red 
curve). The presented data represent one 10-s scan, 
and a corresponding fit to Equation (3). The fitted 
quadratic term was small (Table 1), indicating that the 
chosen Lorentzian absorption line shape and a mostly 
linear baseline model adequately describes the 
observed oxygen absorption feature and the relation
ship of power with current for the excitation laser. 
The approximate wavelength of these absorption lines 
was determined by scanning the laser across a much 
broader wavelength range (not shown) and comparing 
the result with HITRAN; the precise wavelength was 
determined by the fit. The oxygen concentration 
retrieved from the fit was 20.27 ± 0.07% mol O2/mol 
air. The results of the fit to Equation (3) are summar
ized in Table 1.

Figure 2. Measurement of two exemplary oxygen absorption 
lines at 760.215 and 760.258 nm by direct absorption spectros
copy (TDLAS) and by tunable-laser photothermal interferom
etry (TL-PTI). The upper curve shows the TDLAS transmittance 
spectrum obtained at the Detector C. The lower curve shows 
the PTI phase shift measured by the interferometer, via the 
lock-in amplifier. Curves and baselines (already subtracted) 
were obtained by fits to Equation (3).
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3.3. TL-PTI measurement of babn of O2

Figure 2 also shows the PTI signal obtained during a 
slow TDL wavelength scan where 243 points were 
measured during 15min. (TDLAS data obtained sim
ultaneously with this 15-min scan were comparable to 
the TDLAS data obtained from a 10-second scan.) 
The background-subtracted PTI data display the same 
O2 absorption lines as the TDLAS data, and can thus 
be cross-calibrated.

The TL-PTI data shown in Figure 2 reflect HEPA- 
filtered ambient air, with background signals deter
mined in the same way as for TLDAS, by fitting 
Equation (3). Thus, the two curves quantify the same 
absorption lines of oxygen. During routine TL-PTI 
measurements, a much faster scan can be performed 
with these same parameters (e.g., 30 s) by reducing 
the range of k scanned to focus on a known absorp
tion line, allowing rapid checks to be interspersed 
between more careful 15-min calibrations.

While it would be possible to obtain TLDAS and 
PTI peak scans for O2 even in the presence of par
ticles in the cell, the PTI scan needs to be relatively 
slow to allow for steady-state temperatures to be 
reached in the cell. Steady-state temperatures change 
as a function of Pe and babn because the instrument 
heating cycle is too fast to allow for complete cooling 
between laser-on periods (Bialkowski, Astrath, and 
Proskurnin 2019). Thus, PTI wavelength scans are 
expected to be slower than variations in the aerosol 
loading and to lead to distortion of the measured 
peaks. We therefore recommend that absolute TLDAS 
calibration be performed as part of routine, automated 
HEPA-filter measurements, e.g., every 10min.

We performed an additional experiment to verify 
that our fitted PTI background signals represented the 
true background, by filling the sample cell with 

nitrogen and repeating the experiment shown in 
Figure 2. The results showed a similar background as 
our fit to Equation (3), verifying the interpretation 
given above. Since the PTI background can be fitted, 
nitrogen is not needed for routine instrument 
operation.

We also performed an additional experiment to 
demonstrate the linear relationship babn / D/=C0Pe 
given in Equation (10). Figure 3 shows that varying 
the laser power Pe results in a linear change in 
absorption coefficient babn, as calculated from the 
measured interferometer phase shift D/. Thus, our 

Table 1. Results of the TDLAS fit to the oxygen absorption line via Equation (3).
Parameter Best-fit value Confidence interval (95%)# Unit� Description

a1 3.80690 3.80670, 3.80711 V Baseline offset term
a2 9.1494 9.1445, 9.1543 � 10–4 V/d Baseline slope term
a3 −9.269 −9.446, −9.092 � 10–9 V/d2 Baseline quadratic term
a4 13153.8990 13153.8960, 13153.9020 cm−1 High frequency end of data
a5 −2.95 −2.97, −2.93 � 10–4 cm–1/d Laser linear tuning rate
a6 1.09 1.00, 1.17 � 10–9 cm–1/d Laser non-linear tuning rate
[O2] 0.2027 0.2020, 0.2034 atm. Oxygen partial pressure
V0 0.015 0.002 V Detector zero level voltage†

T 296 2 K Temperature†

P 1 0.02 atm Ambient pressure†

lg 1378 18 mm TDLAS path lengthz

le 281.24 0.13 mm PTI path lengthx

v2 5.56� 10−3 n.a. V2 Fit residual (SSE)
�d is 1/(DAQ Sampling rate) in units of (1e-5 s).
†Fixed at measured values.
zFixed at the value obtained by relative path-length measurements (see Section 2.2.).
#From fit, or from repeated measurements.
xMeasured value, used when predicting PTI signals from Equation (3) independently of the oxygen fit.

Figure 3. Linearity of the calibrated TL-PTI signal babn with 
TDL excitation laser power Pe at the 760.258 nm O2 absorption 
line. The Pe was controlled by varying the diffraction efficiency 
of the AOM, which varied the fraction of transmitted laser 
power, while modulating at 90 Hz. This allowed the remainder 
of the system to be operated at constant conditions. The 
phase shift D/ corresponds to a babn of 0.02m

−1 and the 
laser power reported on the abscissa.
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use of a calibration constant (rather than calibration 
function) is justified. We note that the consistency 
between the Lorentzian absorption lines measured by 
TDLAS and by PTI in Figure 2 also demonstrated the 
linearity of our PTI system.

Finally, we also note that the measurements in 
Figure 2 and Figure 3 all represent the mean of sev
eral seconds of measurements, recorded a few seconds 
after the excitation laser was switched on. Thus, the 
observed linearity in babn with different Pe indicates 
no relationship between the absolute temperature 
change of our sample and the measured babn. This 
absolute temperature change was calculated as 1.2 mK 
per cycle for our system at 80mW (Equation 9 of 
Mazzoni and Davis 1991) when targeting the babn of 
O2. However, since the sample volume does not cool 
completely between periods, the actual peak tempera
ture may be larger by a factor of � 2 after tens of 
heating cycles (Bialkowski, Astrath, and Proskurnin 
2019), which is still �1K.

This temperature change is minor, and far below 
the change required to appreciably affect the meas
ured Lorentzian lineshapes measured by TDLAS 
and PTI. To illustrate this further, we calculated the 
change in lineshapes expected for a temperature 
change of 20 K (which might occur when sampling 
from combustion sources) using Equation (3) and 
Table 1, and found that the resulting curve was 
visually indistinguishable from the unheated case. 
Frequent calibrations should nevertheless be 
employed to monitor for any issues.

3.4. Timescales for PTI modulation

While the modulation frequency, fe, is generally flex
ible, it is subject to certain practical constraints due to 
the timescales of underlying physical processes. First, 
both signals and noise in a PTI instrument generally 
increase at lower frequencies, although at different 
rates. The difference between these inverse-frequency 
relationships results in a minimum fe below which 
noise increases faster than signal.

At the other extreme, it is important that fe be kept 
small so that the PTI system gives sufficient time for 
excitation-laser energy to be thermalized. This 
requirement is not independent of the first constraint, 
since greater thermalization results in greater signal. 
However, it is essential to acknowledge that there are 
other physical limits to the system, especially when 
calibrating the PTI signal with gas absorption lines.

For the oxygen reference gas chosen here, the ini
tial excitation of an absorption line results in an 

excited-state O2 which most efficiently decays by colli
sional relaxation with H2O (Gillis, Havey, and Hodges 
2010). Since H2O concentrations vary broadly between 
dry and wet air, this may lead to an undesired and 
large sensitivity of the PTI response to O2 with varia
tions in relative humidity. For example, in their PAS 
system modulated at 1.6 kHz, Gillis, Havey, and 
Hodges (2010) observed an �8-fold change in sensi
tivity of their PAS system between low-H2O and high- 
H2O samples (ranging from 1% to 90% relative 
humidity at 20 �C). This sensitivity must be avoided 
when O2 is used for PTI calibration, as discussed in 
this subsection.

Figure 4 shows the timescales of O2 relaxation, just 
discussed, as well as that of PTI and PAS sensitivity 
and PAS sensitivity. Also included is the timescale of 
thermal diffusion from the center to the edge of the 
excitation-laser beam (Radeschnig, Bergmann, and 
Lang 2024), which represents an upper limit for any 
modulated PTI instrument. Broadband acoustic noise 
is generally also important, but is not shown in Figure 
4 due its broadband nature. The variability in O2 

relaxation timescale due to variation in H2O concen
tration is shown by the broad black line (representing 
the broad range of H2O concentrations explored by 
Gillis, Havey, and Hodges 2010). The range of values 
shown for other properties represent the physical 
parameters of devices reported in the literature or 
herein. Details of these calculations are given in 
Table 2. 

Figure 4. Key timescales involved in PTI, calculated from the 
values in Table 2. The green arrow at top indicates our meas
urement fe, where enough time has been given for O2 relax
ation (a bottleneck in signal generation) but where acoustic 
noise (not shown) is minimized relative to even lower frequen
cies. This region is not accessible for PAS resonators designed 
for high frequencies (fp > 1 kHz).
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The figure shows that the excitation-laser-modula
tion timescale of our NRC PTI prototype (highlighted 
by the green arrow) is much greater than the time
scale of even the slowest O2 relaxation rate, such that 
our prototype will be insensitive to the H2O concen
tration. This result is also applicable to any PTI or 
PAS system (Drinovec et al. 2022; Karhu et al. 2022; 
Lee and Kim 2012; Radeschnig et al. 2021; Sedlacek 
2006; Visser et al. 2020) which operates at a similar 
order-of-magnitude in fe.

We also experimentally validated these conclusions 
by measuring the PTI signal for O2 at fe ¼ 100Hz, at 
7 different relative humidities, ranging from 10% to 
90%. Each measurement was not statistically different 
from the others, demonstrating an insensitivity to 
H2O concentrations. Baseline signals (where k was 
chosen such that babn,O2

! 0) were also insensitive to 
variations in [H2O].

3.5. Imaginary refractive index retrieval

As a demonstration of our system, Figure 5 shows a 
comparison between our self-calibrated TL-PTI meas
urements and the babn calculated for nebulized nigro
sine nanoparticles based on their size distribution and 
fitted k¼ 0.168 ± 0.005. For this fit, we constrained n 
to the value of 1.790 ± 0.008 found from analysis of 
spectroscopic ellipsometry and diffuse transmittance 
data.

The spectroscopic ellipsometry and diffuse trans
mittance analysis gave k values of 0.16− 0.19 (range 
of repeated measurements), which encompasses the 
more precise value obtained from repeated TL-PTI 
and SMPS measurements. The poor repeatability of 
these k values is attributed to a greater dependence on 
the film-thickness variability, reflection from the back 
of the sample (the film was semi-transparent at 
760 nm) and the scattering (surface and bulk) of the 
nigrosine-on-glass film (Joerger et al. 1997).

Our fitted k is not significantly different from the 
k¼ 0.1601 ± 0.0066 measured by Bluvshtein et al. 
(2017) using spectroscopic ellipsometry of a nigrosine 
film. It is somewhat larger than the value of Drinovec 
et al. (2022), who reported k¼ 0.142 for a nigrosine 

film, based on Brewster angle measurements. While 
our value is in excellent agreement with that of 
Bluvshtein et al. (2017), the discrepancy with that of 
Drinovec et al. (2022) suggests variability in the prop
erties of nigrosine between batches, as also hypothe
sized by Drinovec et al. (2022). The fact that our 
aerosol-phase measurements agree with the film meas
urements of Bluvshtein et al. (2017) suggest that the 
phase of the material is unimportant to the measured 
value of k, as expected. However, our approach avoids 
both the additional effort and the additional uncer
tainty involved in relying on film-based refractive 
index measurements of a non-standardized material 
such as nigrosine.

Table 2. Key timescales involved in PTI, as illustrated in Figure 4.
Phenomenon s lower [s] s upper [s] Note Reference

Photothermal (PTI, PAS, … ) 5� 10−3 5� 10−2 Decreases with fe PTI: raw data; PAS: Yang, Chen, and Wang (2021), 
Karhu et al. (2022)

Acoustic noise � 1/fe > 0.1 Decreases with fe Raw data
Thermal diffusion 0.023 0.115 Radial only (axial much slower) Radeschnig, Bergmann, and Lang (2024), with 

a0 ¼3mm and ap ¼1mm
O2 relaxation 6.8� 10−6 1� 10−3 Timescale range represents  

the influence of H2O
Gillis, Havey, and Hodges (2010)

Figure 5. Scatterplot of babn calculated for nebulized nigrosine 
nanoparticles based on their size distribution (SMPS) and 
refractive index (real refractive index n measured by ellipsome
try, imaginary refractive index k¼ 0.168± 0.005 determined 
from self-calibrated TL-PTI), plotted against self-calibrated 
TL-PTI measurements of babn. The TL-PTI k was determined by 
fitting the TL-PTI data as reference to the SMPS-measured 
nigrosine volume. The inset shows the number- and absorp
tion-weighted SMPS distributions, dN/dlogdm and dbabn/ 
dlogdm. The vertical dashed grey line shows the point above 
which the SMPS data were extrapolated by lognormal fitting. 
Error bars represent the propagated uncertainties discussed in 
the text. The deviation of the PTI signal at lower babn is mostly 
attributed to noise in our prototype interferometer.

10 J. C. CORBIN ET AL.



4. Literature context

4.1. Comparison with other approaches to 
calibrating aerosol absorption

A few related approaches to cross-calibrating aerosol 
absorption with gases have been previously reported 
in the context of both PAS and PTI.

In PTI, as well as PAS, calibration has often been 
achieved with broadband light absorbing gases such as 
ozone (Lack et al. 2006) or nitrogen dioxide (NO2) at 
532 nm wavelength (Arnott, Moosm€uller, and Walker 
2000; Drinovec et al. 2022; Sedlacek 2006). Lack et al. 
(2006) determined their reference ozone concentra
tions using 532 nm cavity ring-down spectroscopy and 
suggested that commercial ozone monitors could also 
be used as references, although later work showed 
that ozone photodissociation was a source of substan
tial error (Fischer and Smith 2018). Drinovec et al. 
(2022) determined their reference NO2 concentrations 
using a portable, traceably calibrated NO2 monitor.

The use of an independent reference measurement 
introduces uncertainties due to sample transport, par
ticularly for the chemically labile NO2. Also, NO2 can
not easily be quantified via its absorption lines at the 
blue/green wavelengths of interest in atmospheric sci
ence (though it can be used to infer bext, as discussed 
above). Moreover, our oxygen-based approach is 
advantageous over NO2 and O3 due to oxygen’s ubiqui
tous presence in ambient air at high concentrations.

Alternatively, Arnott, Moosm€uller, and Walker 
(2000) showed that PAS instruments can be cross-cali
brated without the use of an external reference device, 
using extinction measurements of high concentrations 
of an absorbing gas like NO2 in the PAS cell, although 
external (independent) calibrations of the PAS micro
phone and photodetector were needed. They used a 
532 nm laser and about 500 ppm of NO2. Using an 
internal piezoelectric disk to calibrate the resonance 
frequency and quality factor of their acoustic reson
ator, they calculated a babn,532nm from 500Hz PAS sig
nals (0.16m-1) that agreed well with extinction 
measurements. Thus, Arnott, Moosm€uller, and Walker 
(2000) demonstrated that PAS can be calibrated from 
bext. Al Fischer and Smith (2018) also calibrated their 
system using bext of NO2, but used a cavity ring-down 
spectrometer in series with their photoacoustic cell, in 
order to also measure bext,PM routinely. Our system 
differs from these measurements of bext in that we 
exploit a tunable laser to identify oxygen absorption 
lines (as well as instrument background) unambigu
ously, and do not require an external calibration sam
ple. Also, as we employ TDLAS, no photodetector 

calibration is necessary, and orders-of-magnitude 
lower gas-absorption signals can be used. Lower cali
bration reference signals can be obtained by reducing 
the laser power with an AOM (as done here), by 
using optical filters, or by selecting a weaker absorp
tion line. The precise lower limit will depend on 
instrument signal-to-noise, which has not been opti
mized in our current prototype. Finally, as our system 
utilizes PTI rather than PAS, there is no microphone 
calibration required.

Later work by the same team (Tian, Moosm€uller 
and Arnott 2009) showed that simultaneous wave
length-modulation spectroscopy (WMS) could be 
accomplished within a PAS cell, rather than extinction 
calculations. Tian, Moosm€uller and Arnott (2009) uti
lized a 760-to-770 nm external-cavity laser, and thus 
measured oxygen A-band absorption, which inspired 
our approach. They performed PAS measurements at 
1.5 kHz and WMS measurements at 10Hz. It is worth 
noting that the laser used here takes advantage of a 
recently available, more compact and lower-cost tech
nology than that used by Tian et al. More impor
tantly, the use of PAS and WMS at different operating 
frequencies leads to a major uncertainty due to the 
slow relaxation timescale of O2, as shown later by 
Gillis, Havey, and Hodges (2010). In particular, as 
relative humidity varies, the resulting PAS efficiency 
may vary by almost one order of magnitude. We have 
avoided this issue in our PTI approach because of the 
slow 90Hz power modulation in our instrument, as 
discussed above. In addition, Tian, Moosm€uller and 
Arnott (2009) did not measure oxygen concentrations 
directly, as done here using TLDAS, but rather 
employed a reference value of 20.95%.

The extinction method reported by Arnott, 
Moosm€uller, and Walker (2000) is similar to the cali
bration method used in a commercial device, the pho
toacoustic extinctiometer (PAX) produced by Droplet 
Measurement Technologies (DMT Inc., CO, USA). In 
that device, high concentrations of PM are used to cali
brate first a nephelometer (measuring light scattering 
integrated from 6� to 174� [Beuttell and Brewer 1949; 
Marcos A. Pe~naloza 1999]) using non-absorbing par
ticles, then a PAS cell (using a� 1 W, 870 nm laser) 
using light-absorbing particles. The nephelometer cali
bration is necessary in order to translate the bext 
obtained from a photodetector into babn, via 
babn ¼ bext – bsca. The resulting calibration has been 
shown to extrapolate linearly down from the high PM 
concentrations required for calibration (about 
20,000Mm−1) to the atmospherically relevant concen
trations normally measured (about 100Mm−1) (Corbin 
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et al. 2020), as has also been demonstrated for other 
PAS instruments (Arnott, Moosm€uller, and Walker 
2000; Lack et al. 2006). However, the use of high PM 
concentrations for calibration introduces a high risk of 
contaminating the instrument during the calibration 
procedure itself, which is avoided by our gas-based 
approach (though contamination during subsequent 
PM sampling may occur, and should be addressed by 
frequent calibration). In addition, this approach 
requires two different reference substances, whereas 
our approach can exploit ambient gases as ubiquitous 
internal standards for calibration. Nevertheless, the 
PAX approach has the benefit of being excitation-laser 
agnostic, as it exploits the broadband extinction prop
erties of PM.

The extinction approach could also be used to cali
brate a PTI instrument, with a non-tunable laser, by 
introducing a calibrant gas mixture with a large bext 
and comparing with a reference gas mixture with a 
negligible bext, at the wavelength of interest. If one of 
these gases was filtered air, this procedure would only 
require one reference substance. However, the proced
ure then requires a source of this reference gas, such 
as a compressed-air cylinder or a reaction-based gen
erator. A major advantage of directly measuring a gas 
absorption line of ambient oxygen is that both the 
calibration signal and the interferometer background 
(D/bg in Equation (11), representing electronic noise, 
background vibrations, etc.) are measured at once, 
from the height and baseline of the peak.

Drinovec et al. (2022) also demonstrated the use of 
nigrosine as a transfer standard between absorbing 
gases and infrared wavelengths, where the wavelength- 
dependent complex refractive index of nigrosine is 
measured independently by ellipsometry. This is an 
approach that remains viable in an oxygen-calibrated 
PTI instrument such as ours. Alternatively, it is feas
ible to cross-calibrate lasers in our prototype by sim
ple physical alignment, since our excitation laser is 
collimated and collinear with our interferometer laser. 
Then, the calibration factor C0 in Equations (10) and 
(11) would only need to be adjusted by the ratio of 
power Pe for the two lasers.

4.2. Potential improvements

There are a number of simple extensions that can be 
made to our prototype. The system can be extended 
to include multiple lasers using standard dichroic mir
rors prior to the excitation laser injection, combined 
with time-or frequency-multiplexing. Overlap of these 
beams with the calibration laser should be optimized 

using, for example, optical apertures. Measurement of 
the beam profiles at the entry and exit of the sample 
cell can be used to quantify and constrain any uncer
tainty in beam collimation.

The prototype used here has not been optimized 
for signal-to-noise, which may be achieved through 
the use of a more stable interferometer laser; thermal 
and acoustic isolation of the measurement region; and 
improved data acquisition. Other improvements, such 
as switching valves (Karhu et al. 2022) or acoustic 
notch filters (also known as Helmholtz resonators) to 
acoustically isolate the sample region (Cotterell et al. 
2019; Patrick Arnott et al. 1999) may further improve 
the signal-to-noise.

For applications where the reference gas concentra
tion may differ between the sample cell and its sur
roundings, uncertainty in the TDLAS calibration may 
be reduced by enclosing the sample cell surroundings 
in a vacuum-pumped chamber. Conversely, a valve 
may simply be switched so that the sample pumped 
into the cell is drawn from the cell surroundings, 
ensuring reference-gas homogeneity. Alternatively, a 
gas specially introduced into the sample stream may 
be used.

For references gases present at low concentrations, 
where a higher sensitivity may be desired than that 
provided by TDLAS, calibration-free wavelength- 
modulation spectroscopy, which may enhance signal- 
to-noise ratios by factors around 4 (Rieker, Jeffries, 
and Hanson 2009) may be employed.

5. Conclusions

We have presented and demonstrated an aerosol PTI 
instrument in which babn calibration is achieved by 
quantifying the absorption line(s) of a reference gas 
via TDLAS, without any external reference measure
ments. In the case of this work oxygen gas present in 
the ambient air was used for calibration. Oxygen is 
convenient for its atmospheric ubiquity, its absorption 
in the near-infrared (a region of interest for nanopar
ticles such as soot), and its chemical inertness relative 
to NO2 or H2O. However, if desired, our method is 
applicable to any other calibration gases with resolv
able absorption features.

The reference gas concentration is determined inde
pendently of the PTI system, using TDLAS, but with 
the same laser as is used to generate the PTI signal. 
Thus, our instrument is capable of self-calibrating as 
frequently as every minute, if required. Uncertainties 
due to laser alignment, sensitivity, and drift can there
fore be minimized. Because our PTI system operates at 
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low frequencies (�100Hz), sufficient time is given for 
the reference gas to fully thermalize, which is not the 
case for PAS performed at higher frequencies (>1 kHz) 
(Gillis, Havey, and Hodges 2010; Tian, Moosm€uller 
and Arnott 2009). Our method can fulfill the require
ments of a primary method of measurement in that all 
measurements are traceable to SI units, since the only 
non-relative measurements made are the path length of 
the PTI cell, ambient temperature, and ambient pres
sure. Future work will focus on the uncertainty in this 
method and on the cross-calibration of other lasers in 
multi-wavelength systems.
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