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ABSTRACT

Cavity ring-down spectroscopy (CRDS) is a well-established, highly sensitive absorption technique whose sensitivity and selectivity for trace
radical sensing can be further enhanced by measuring the polarization rotation of the intracavity light by the paramagnetic samples in
the presence of a magnetic field. In this paper, we highlight the use of this Faraday rotation cavity ring-down spectroscopy (FR-CRDS)
for the detection of HO, radicals. In particular, we use a cold atmospheric pressure plasma jet as a highly efficient source of HO, rad-
icals and show that FR-CRDS in the near-infrared spectral region (1506 nm) has the potential to be a useful tool for studying radical
chemistry. By simultaneously measuring ring-down times of orthogonal linearly polarized light, measurements of Faraday effect-induced
rotation angles (6) and absorption coefficients («) are retrieved from the same data set. The Faraday rotation measurement exhibits bet-
ter long-term stability and enhanced sensitivity due to its differential nature, whereby highly correlated noise between the two channels
and slow drifts cancel out. The bandwidth-normalized sensitivities are amin = 2.2 x 107" cm™ Hz" " and fpnin = 0.62 nrad Hz . The
latter corresponds to a minimum detectable (circular) birefringence of Anpmin = 5 x 10716 Hz "2, Using the overlapping 1Qs(N = 4-9)
transitions of HO,, we estimate limits of detection of 3.1 x 10° cm™> based on traditional (absorption) CRDS methods and
6.7 x 107 cm™> using FR-CRDS detection, where each point of the spectrum was acquired during 2 s. In addition, Verdet constants
for pertinent carrier (He, Ar) and bulk (N3, O;) gases were recorded in this spectral region for the first time. These show good agree-
ment with recent measurements of air and values extrapolated from reported Verdet constants at shorter wavelengths, demonstrating the
potential of FR-CRDS for measurements of very weak Faraday effects and providing a quantitative validation to the computed rotation
angles.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5119191

I. INTRODUCTION HO», which is of particular interest because of its role in the low
temperature oxidation chemistry that occurs in both the atmosphere

Radical species are of interest in a broad range of fields includ- and cold atmospheric pressure plasmas.’ '’ Peroxy radical measure-

ing atmospheric chemistry, medicine, and combustion dynamics.' ment by chemical amplification (PERCA), chemical ionization mass

With regard to this paper, we focus on the hydroperoxyl radical, spectrometry (CIMS), and laser-induced fluorescence assay by gas
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expansion (FAGE) are common techniques used to detect HO,;
however, these all involve reacting HO; in a controlled manner
and measuring the resultant product species.'' "> With the devel-
opment of highly stable and frequency-agile telecom continuous
wave (cw) diode laser sources, the near-infrared has been an increas-
ingly popular spectral region in which to detect HO, directly. In
particular, the 2v; O-H stretching overtone of HO, in the 6600-
6700 cm ™" region is well-documented.'® "’ Within this region, there
is a strong absorption feature at 6638.20 cm™", which is a superpo-
sition of numerous spin-rotation split Q branch transitions, 1Q;(N)
with N = 4-9."” The 9Q3(N = 4-9) transitions exhibit the strongest
absorption cross section in this region and, as Q branch transi-
tions, are attractive for Faraday rotation measurements; in gen-
eral, optimal transitions for absorption and rotation measurements
may be different, and comparisons between the methods should
be made at independently optimized transitions and experimental
conditions (e.g., pressure). There is also a neighboring feature at
6638.11 cm™" which consists of two spin-rotation split P branch
transitions, 9Py(6); this second feature has about half the absorption
cross section of the 1Q3(N = 4-9) absorption and provides a conve-
nient test for calibrating the wavelength and confirming the presence
of HO». The rotational fine structure is sufficiently well-resolved (at
least at pressure <100 Torr) that cw cavity ring-down spectroscopy
(CRDS) can readily be used for the selective and sensitive detection
of HO,.” Onel et al. demonstrated a sensitivity of 3.0 x 10° cm™?
for HO, at a total sample pressure of 150 mbar using CRDS
at 1506 nm.”’

In the context of radical detection, HO, also possesses a
nonzero magnetic moment and is therefore susceptible to the Fara-
day effect, i.e., the polarization of a linearly polarized light wave
propagating in the same direction as an applied magnetic field will
be rotated when it travels through the paramagnetic sample. The
Faraday effect is a consequence of magnetic circular birefringence
(MCB) induced by the Zeeman effect, in which left-hand circu-
larly polarized (LHCP) and right-hand circularly polarized (RHCP)
waves experience different refractive indices. Since the change in
the polarization of light through the medium depends on the con-
centration of the paramagnetic species as well as the external mag-
netic field strength, the Faraday effect can be exploited for detec-
tion of trace species using a technique called Faraday rotation
spectroscopy (FRS).”” ™

One advantage of Faraday rotation spectroscopy (FRS) is that
it is—to some extent—insensitive to potentially interfering diamag-
netic compounds such as water and carbon dioxide. Another advan-
tage lies in the noise-suppressing properties of the technique; in the
most common configuration, Faraday rotation is measured with a
pair of nearly crossed polarizers placed before and after the sample,
thus significantly reducing laser intensity noise.”””"""* Further-
more, flicker noise can be suppressed by shifting the detection of
the Faraday rotation signal to frequencies far from zero with field
and/or wavelength modulation techniques.” ° Several instrument
constants—such as amplifier gain and detector responsivity—must
be taken into account, however, so obtaining absolute values for the
Faraday rotation angle is not trivial.

Faraday rotation spectroscopy can also be combined with opti-
cal cavities to increase the sensitivity of the detection of paramag-
netic species. Faraday rotation cavity ring-down spectroscopy (FR-
CRDS) or polarization-dependent cavity ring-down (PDCRD) was
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first demonstrated for molecular oxygen detection using a pulsed
laser system at 628 nm and magnetic field of 200 G.” Numer-
ous examples of coupling high finesse optical cavities to mea-
sure small amounts of Faraday rotation or, more generally, opti-
cal rotation exist in the literature.”” *’ Recently, Westberg and
Wysocki’' refined the technique to measure the ring-down times
of two orthogonally polarized beams simultaneously to detect
molecular oxygen at 762 nm, achieving a polarization rotation
sensitivity of 1.3 nrad Hz /2 (per cavity round-trip). One major
advantage of this latter implementation is that it puts the Fara-
day rotation angle on an absolute scale if the ring-down times of
two orthogonal, linearly polarized beams are measured. Since the
two ring-down times can be measured simultaneously, common
mode noise (fluctuations that appear on both polarization channels)
cancels out.

In this article, we present a near-infrared FR-CRDS setup con-
sisting of an 86 cm long cavity with ring-down times on the order
of 160 us (finesse F ~ 175000) and a DC longitudinal magnetic
field of ~700 G over 60 cm. We demonstrate the system by sam-
pling a cold atmospheric pressure plasma (CAPP) and measuring
the 9Q3(N = 4-9) and 9Py(6) transitions of the 2v; O-H stretch of
HO, near 6638.20 cm™ ! at a range of sample pressures and magnetic
field strengths. Furthermore, we measure known Verdet constants
to quantitatively validate our method. This study demonstrates the
potential for using FR-CRDS to study the chemistry of atmospheric
pressure plasma jets.

Il. THEORY

In this section, we outline the theory associated with the FR-
CRDS technique. A complete derivation of the equations presented
can be found in the Appendix. In the neighborhood of a transi-
tion in a paramagnetic molecule subject to a magnetic field, the
Zeeman-splitting of the absorptive and dispersive lineshapes induces
magnetic circular dichroism (MCD) and birefringence (MCB). If the
magnetic field is applied such that its flux density vector lies in the
same direction as the probe beam propagation vector, the transi-
tions with AM; = +1 (AM; = -1) couple to left-hand (right-hand)
circularly polarized light, respectively. For a linearly polarized inci-
dent wave, circular birefringence leads to a rotation of the plane of
polarization by the Faraday rotation angle,”

nLpAn

T

where 1 is the wavelength of the incident wave, Lp is the field-

sample interaction length, and An = n, — n_ is the circular bire-

fringence [n,: refractive index for a left-hand circularly polarized

(LHCP) wave, n_: refractive index for a right-hand circularly polar-

ized (RHCP) wave], which in turn is dependent on the frequency,

on the total gas pressure p, on the temperature T, on the magnetic

field strength B, and on the number density of the paramagnetic
species [HO].

If a sample with MCB is placed within an optical cavity, bire-
fringence causes the two circular polarizations to possess two slightly
different resonance frequencies. We assume that the resonance fre-
quency difference is smaller than the cavity and laser linewidths so
that both eigenpolarizations oscillate simultaneously. When the inci-
dent wave is abruptly switched off, each eigenpolarization executes

0=

1)
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an exponentially damped oscillation with its respective resonance
frequency [see (A19)]. A Wollaston prism placed directly after the
cavity mixes the two circular components to produce two orthogo-
nal, linearly polarized (s and p) waves, which are detected by a pair of
photodetectors. A beat note then appears in the measured intensity
of each linearly polarized wave in addition to the exponential decay
[(A26)]. If the period of the beat note is long compared to the decay
time, as it usually is, then each of the decays may still be consid-
ered approximately exponential but with modified ring-down times
(RDTs), which we denote as 75 and 7p.

Another perhaps simpler picture is the following: after the inci-
dent wave has been switched off, the birefringence causes the polar-
ization of the transmitted wave to change with time, while the inten-
sity decreases exponentially. In the case of pure MCB, this change
is simply a continuous rotation of the polarization vector. With a
polarizer placed between the cavity and photodetectors, the mea-
sured decay will depend on the evolution of the projection of the
transmitted wave’s polarization vector on the polarizer transmission
axis with time. For example, if the polarization vector rotates toward
the polarizer axis, the measured RDT will appear slightly longer,
while if it rotates away from the axis, it will appear shorter.

The Faraday rotation angle, 6, for a single pass through the

cavity is given by (A32),
0- £(i - l), @
dc\1p  Ts

where L is the cavity length (and, in general, Lg < L). For the
interested reader, a derivation of this equation is presented in the
Appendix. Alternatively, there are numerous publications in which
equivalent relationships can be found, e.g., the work of Engeln
et al.,”” Miiller et al.,*’ Westberg and Wysocki,} "and Hayden et al. 5
We note that some authors define 6 per round-trip, whereas here it
is defined per pass. One of the benefits of this technique is the can-
cellation of common mode noise on the two measured ring-down
times. The ratio of the uncertainty of the sample’s Faraday rotation
angle and absorbance scales with the square root of one minus the
correlation coefficient between the two ring-down times, p,

% /1-p. 3)

Highly reflective dielectric mirror coatings are known to exhibit
significant (linear) birefringence and polarization-dependent reflec-
tivity (dichroism).”® With this additional source of anisotropy, the
relationship between 6 on the one hand and 7, 7p on the other
becomes significantly more complicated. An expression for 6 under
these conditions is beyond the scope of this article and would require
knowledge of the orientations of all the relevant axes (fast and slow
axes of each mirror, high and low attenuation axes of each mirror),
as well as the amounts of birefringence and dichroism present, and
their type (linear, circular). We account for mirror effects with an
empirical offset, which is discussed in Sec. I'V.

Ill. EXPERIMENT
A. Optical setup

The experimental setup (Fig. 1) consists of a linear cavity
formed by two plano-convex dielectric mirrors (Layertec, reflectivity
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FIG. 1. Optical setup. DL: diode laser; AOM: acousto-optic modulator; A/2: half-
wave plate; POL; Glan-Taylor polarizer; L: lens; SOL: solenoid; PH: sampling
pinhole; WP: Wollaston prism; DET: detector; AMP: transimpedance amplifier;
DAQ: data acquisition module; TRIG: trigger circuitry; and PC: computer running
LabVIEW.

R ~ 099998, 1 m radius of curvature). The spacing between
the mirror’s reflective surfaces is 86 cm. The mirrors are mounted
on kinematic mounts (Thorlabs Polaris-K1-2AH) housed within
custom stainless steel enclosures. Transparent windows (Thorlabs
WG41050-C) are mounted on one face of each enclosure, while on
the opposite face, a 0.75 in. UltraTorr fitting (Swagelok SS-12-UT-
A-16) connects each enclosure to a 75 cm long borosilicate glass
tube (outer diameter: 18 mm). A short tube (6 mm outer diameter,
~15 mm long) allows sampling into the tube at the end opposite the
exhaust to the vacuum pump. In normal operation, the plasma jet
effluent is directed at a copper pinhole (~0.1 mm diameter) located
on the short inlet and the cavity is evacuated through the enclo-
sure at the opposite end of the tube, resulting in the products of
the plasma jet being aspirated and drawn through the magnetic field
region. The pressure within the cavity is adjusted by varying the rate
of evacuation.

The laser source is a cw 1506 nm distributed feedback (DFB)
diode laser (NTT NLK1S5GAAA) in a 14-pin, pig-tailed butter-
fly package (mounted on a Thorlabs LM14S2 mount). The laser
diode current and thermoelectric cooler drivers are a LDC 202C
and a TED 200C (Thorlabs), respectively. A fiber-coupled acousto-
optic modulator (AOM) (Gooch & Housego Fibre-Q), driven by
an 80 MHz RF driver (Gooch & Housego A35080), is inserted
between the laser diode and the adjustable fiber collimation pack-
age (Thorlabs CFC-8X-C). The fiber collimation package is fol-
lowed by a half-wave plate (Thorlabs WPH05M-1550) and a Glan-
Taylor polarizer (Thorlabs GT10-C). The beam emerging from the
fiber is elliptically polarized, and so the half-wave plate is used to
rotate the ellipse to achieve maximum power transmitted through
the Glan-Taylor polarizer. A biconvex lens (f = 100 mm) works
in combination with the adjustable collimator to achieve spatial
mode-matching of the laser beam to the fundamental transverse
cavity mode.

After the cavity, another half-wave plate (Thorlabs WPH05M-
1550) is followed by a Wollaston prism (Thorlabs WP10). This half-
wave plate is turned in such a way that the s and p-polarized beams
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produced after the Wollaston prism (20° angular separation) carry
equal intensities. The same effect could be achieved by rotating the
Wollaston prism, but this would cause the two polarized beams to no
longer propagate in the horizontal plane, requiring awkward place-
ment of the detectors. The lens and half-wave plate between the
polarizer and Wollaston prism cause no measurable degradation of
the linear polarization produced by the Glan-Taylor polarizer. The
cavity mirrors, on the other hand, modify the linear polarization into
elliptical. We attribute this effect to the linear birefringence of the
highly reflective dielectric coating of the mirrors, enhanced by the
large finesse of the cavity.”

The signals from the two detectors (Thorlabs DET10C) are
amplified by a pair of variable gain transimpedance amplifiers
(Femto DLPCA-200) with gain bandwidths >200 kHz. The output of
one amplifier is sent to a home-built trigger circuit, which switches
the RF driver of the AOM off for a predefined duration whenever
the detected intensity on the detector exceeds a set threshold. Both
amplified detector signals are digitized by a data acquisition mod-
ule (NI-USB 6356) and processed by a custom LabVIEW (National
Instruments) program, which fits the exponential decays, removes
outliers, averages, and saves the data to file.

One of the cavity mirrors is mounted on a piezoelectric trans-
ducer stage driven by a 150 V driver (Thorlabs TPZ001). The same
LabVIEW program responsible for the acquisition modulates the
piezoelectric transducer with a user-specified triangular waveform.
In standard operation, the piezoelectric transducer is modulated
at 150 Hz with an amplitude corresponding to about 10% of the
cavity’s free spectral range (FSR) and biases the modulation wave-
form to maintain the timing of the ring-down events approximately
in the center of the modulation range. This technique compen-
sates for any slow drift in laser frequency or expansion/contraction
of the cavity. For measurements of Verdet constants, the piezo-
electric transducer was scanned over ~1 FSR at a modulation rate
of 30 Hz.

B. Solenoid

A solenoid with 92 turns was constructed from copper tub-
ing (OD: 6.35 mm, ID: 4.52 mm) coiled with an internal diameter
of 19 mm. The copper tube was wrapped in Kapton tape to pro-
vide electrical insulation between neighboring turns. This type of
construction was selected due to its ease of assembly and cooling.
Moreover, the magnetic field can easily be turned on or off and its
sense can be reversed. At each end of the solenoid, a segment of
about 20 cm of the copper tube was left onto which the electrical
and water-cooling connections were affixed. Current to and from
the solenoid was carried by two pairs of 1 m-long welding cables
(conductive cross section: 35 mm?). Cooling water was provided by
a tap with a normal flow of 1.25 1 min~". In operation, the water
was heated by ~15 °C for a current of 400 A. The solenoid was sup-
ported and held between the two cavity mirror enclosures on the
optical bench, and a glass tube (18 mm inner diameter) was inserted
along the axis of the solenoid and connected to the cavity mir-
ror enclosures at each end. The power supply unit (PSU; Keysight
N8731a) provided up to 400 A of DC current at 8 V. The field mag-
nitude within the solenoid is expected to be 670 G with a current of
I=400 A. The voltage required to drive this current is a modest 4 V,
resulting in 1.6 kW dissipated heat.
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The longitudinal component of the magnetic field within the
solenoid was measured with a Hall effect sensor (Allegro Microsys-
tems A1301) at various points along the axis of the solenoid (which
coincides with the beam). The field is reasonably homogeneous over
a length of 60 cm with a value of 694 + 15 G, and, while it falls
off quickly close to the solenoid extremities, it does not change
the direction. The behavior of the magnetic field at the center with
current was determined to be linear, as expected, with a slope of
1.75 G A™". The water-cooled solenoid can be run continuously with
a current of 400 A, which is the upper limit of our power supply.
Larger fields with higher currents are possible with more powerful
power supplies and improved heat management. The DC resistance
of the solenoid at room temperature (including all connections and
the welding cables) is ca. 10 mQ.

C. Plasma jet source

Two atmospheric pressure plasma jets (APPJs) were used as
sources of HO; radicals in this work. The first source consists of
a dielectric (glass) tube with two ring electrodes. The discharge is
driven by a 10 kV sinusoidal waveform with a frequency of 21.5 kHz.
The gas flow was a constant mixture of 2000 scm® min~" of argon
and 100 scm® min~" of helium. This type of APPJ is similar to that
reported in the work of Alkawareek et al.® and results in a repro-
ducible transient (us) guided streamer discharge that manifests as a
jet with a length of several centimeters emerging from the tube. The
second jet is a radio-frequency (rf) plasma source which operates at
megahertz frequency with electrodes in a ring-pin configuration. We
note that similar devices are commercially available, such as the KIN-
Pen, which can be equipped with a gas curtain arrangement, allow-
ing control of the atmosphere surrounding the plume.”” Details of
the ensuing plasma chemistry that is induced in the ambient atmo-
sphere by these sources are not pertinent for this paper other than
to note that both are compact, reproducible, and efficient ways of
generating HO; radicals.

In both cases, the discharge in the humidified noble gas feed
produces excited metastable species and electrons which partially
dissociate the water molecules present. HO, is then formed by
the reaction of the resulting H atoms with the molecular oxygen
in the environment surrounding the plasma. The HO, concentra-
tiolrg is hi,;gl}ly spatially varied in the effluent, with values exceeding
10 cm™."

IV. RESULTS AND DISCUSSION
A. Faraday rotation measurements of HO,

Figure 2 shows exemplar absorption and Faraday rotation data
measured with our FR-CRDS instrument using an rf discharge in
humidified Ar surrounded by O; curtain gas to produce HO; radi-
cals. The sample was pulled into the cavity at a rate that maintained
a pressure of 30 Torr. Some losses are expected due to the self-
reaction of HO; and, possibly, due to the interaction with the glass
tube. We have not quantified these losses, but with an estimated res-
idence time of 1 s in the cavity, an initial concentration of 10" cm™3
would reduce by 26% within 1 s, based on a self-reaction rate of
1.79 x 107'2 cm® s7'.”" Smaller initial concentrations decrease by
less. The magnetic field was set to 694 G. Simultaneous acquisi-
tion of the ring-down events on the s and p-polarized arms of the
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FIG. 2. Absorption and Faraday rotation spectra of HO, around 6638.2 cm~"
at 30 Torr (B = 694 G). The spectra cover both the 9Q3(N = 4-9) transitions
(6638.20 cm=") and 9Py (6) transition (6638.11 cm=1).

spectrometer allows for retrieval of absorption coefficient, &, and
0 values from the same data set based on (A33) and (2), respec-
tively. Ring-down measurements were acquired across the spec-
tral region with a step size of 0.0036 cm™' with 200 RDTs aver-
aged (integration time: ~2 s) for each spectral data point. For each
set of ring-down measurements, 7 values outside three standard
deviations of the mean were removed; typically, these accounted
for <1% of the measured decays. Note that we have removed the
effects of mirror birefringence and background Faraday effect from
other gases present, which will be explained in more detail later in
this section.

The asymmetry in both the « and 0 profiles arises from
the multiple overlapping rotational transitions contributing to
each feature: the spectra cover both the 9Qs;(N = 4-9) transition
(6638.20 cm™!) and 1P, (6) transition (6638.11 cm™!). The Q branch
transitions exhibit a much stronger Faraday effect than the P branch
transition—relative to their comparative absorption cross sections—
because the upper and lower states share the same g factor. This
means all subtransitions M <« M — 1 (and M <« M + 1) are
Zeeman-shifted by the same amount and will therefore interfere
constructively.

The magnitude of the Faraday rotation angle signal is also
dependent on the sample pressure and magnetic field strength. To
study the effect of sample pressure, the spectrum of HO, was mea-
sured at a fixed magnetic field strength of 694 G, while the total
pressure in the cavity was varied between 19 Torr and 55 Torr.
The normalized Faraday rotation angle at 6638.2 cm™" is plotted
in Fig. 3 as a function of pressure. As the concentration of HO,
varied during the measurement (between 8.3 x 10" cm™ and
9.8 x 10" cm™), the measured Faraday rotation angles were nor-
malized to a concentration of 1 cm™>. For the given magnetic field of
694 G, the maximum Faraday rotation angle is reached at a pressure
of 30 Torr. One point (at 35.5 Torr) is not shown because ring-
down data near the frequency of maximum rotation were missing.
By inspecting the available spectral data for this pressure, it was how-
ever clear that the Faraday rotation angle was less than at 30 Torr and
more than at 40.4 Torr. The error bars represent the uncertainty in
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FIG. 3. Normalized Faraday rotation angle at 6638.2 cm~" (YQs transitions) as a
function of pressure, with B = 694 G.

the normalized Faraday rotation angle due to the fluctuations of the
ring-down times and to the uncertainty in [HO,] derived from a. For
a fixed volume fraction of HO,, the Faraday rotation angle is known
not to be a monotonic function of total pressure.”” At low pres-
sure, the Zeeman-split subtransitions are Doppler-broadened and
are thus relatively easily separated by the Zeeman effect. As the pres-
sure is increased, the overlap between the subtransitions increases
(reducing the amount of birefringence per molecule), but since the
molecular number density increases proportionally to pressure, the
Faraday rotation angle increases. Beyond a certain pressure, which
depends on the field strength and on the g-factors of the upper and
lower states of the transition, increasing the pressure further actually
decreases the Faraday rotation angle: the increased number density
of HO; is not sufficient to compensate for the increasing overlap of
the subtransitions.

The Faraday rotation spectrum was then measured at 30 Torr
for various values of the magnetic field between 0 G and 694 G
(0-400 A solenoid current in steps of 50 A). The normalized Fara-
day rotation angle at the center of the 7Q3(N = 4-9) feature as a
function of magnetic field strength is depicted in Fig. 4. Since the
concentration of HO, varied while the measurements were being
taken (between 2.3 x 10 cm™> and 2.9 x 10" cm™), the data
were normalized to a concentration of 1 cm™>. The vertical error
bars represent the uncertainty in the normalized Faraday rotation
angle due to the fluctuations of the measured ring-down times and
to the uncertainty in [HO;]. The horizontal error bars are due to the
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FIG. 4. Normalized Faraday rotation angle at 6638.2 cm~" (“Qs transitions) as a
function of magnetic field strength, with p = 30 Torr.
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uncertainty in the magnetic field measurement. Within the range of
accessible magnetic field strengths, the relationship between Fara-
day rotation angle and magnetic field is roughly linear. For suffi-
ciently large fields, however, the Faraday rotation angle reaches a
maximum at a field strength that is dependent on the sample pres-
sure (see, for example, Fig. 4 in the work of Westberg et al. Y or
Fig. 3 in the work of Gianella et al.”’). Figure 4 shows that the
maximum is not reached at the field strength of 694 G, meaning
that even larger fields could further increase the sensitivity of the
spectrometer.

B. Verdet constant

As mentioned in Sec. [V A, raw data exhibit a nonzero
background Faraday rotation angle. We attribute this wavelength-
independent offset to two main sources. First, it is well known that
interaction of radiation with high reflectivity coatings is polariza-
tion dependent; therefore, s and p polarized light experiences differ-
ent effective reflectivity.” Second, all materials exhibit a very weak
Faraday effect, described by the Verdet constant (V). Due to the
long effective path lengths (~10 km) through the intracavity sam-
ple, the main constituent gases of the sample will measurably rotate
the polarization of light; in this case, the major constituents are N
and O, from the ambient air and the carrier gas of the jet (He or
Ar). There are very few reports of Verdet constants measured in
the near-infrared spectral region partly because the effect is much
weaker at these wavelengths compared to the visible. In order to
measure pure gases, the plasma jet pinhole inlet was sealed and an
inlet on the left-hand enclosure shown in Fig. | connected to cal-
ibrated gas cylinders via 25 mm OD Teflon tubing. To isolate the
influence of mirror birefringence, the Faraday rotation angle was
first measured with no applied magnetic field—this value was cali-
brated daily as it is very sensitive to cavity alignment. Verdet con-
stants were determined in O3, N3, Ar, and He—species commonly
used in APPJs—by measuring the Faraday rotation angle with a
magnetic field of 694 G over the range 6637.715 to 6638.835 cm™*
(500 averages per data point, 0.022 cm™" step size) where diamag-
netic species show no discernible wavelength dependence of the
Faraday rotation angle within the signal-to-noise ratio, SNR, of our
instrument (and the wavelength-dependence of the Verdet constant
for O, is only significant at high partial pressures). A single Verdet
constant is therefore reported for each gas across this wavelength
region, using the average Faraday rotation angle () in the following
equation:

0

V= ,
pBLB

4

where B is the magnetic field strength, Ls = 60 cm is the interaction
length of the magnetic field, and p is the pressure of the gas.

Measured Verdet constants are shown in Table I for a range
of gases commonly used in feed or curtain gas mixtures for APPJs.
Alongside the experimental data, extrapolated Verdet constants are
presented for He, Ar, O,, and N,. The extrapolated values are cal-
culated by assuming 1/A* dependence of V and utilizing data from
Ingersoll and Leibenberg, Cadéne et al. and Savukov.”’ >

Cadéne et al. measured the Verdet constant of He at 1064 nm
using linearly polarized light injected into an optical cavity within
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TABLE I. Measured Verdet constants of various gases in units of nrad G~ cm '

atm—". The second column shows measured values from this work, and these are
compared in column three with values extrapolated from published measurements at
different wavelengths. The Verdet constant of air was calculated from the values for
0, and N, and excludes water vapor.

Gas Measured V Extrapolated V. References
O, 0.543 £0.010 0.676 50

N> 0.209 + 0.005 0.195 50

Ar 0.288 + 0.006 0.280 51

He 0.021 £ 0.002 0.019 52

Air (measured) 0.279 + 0.008

Air (calculated) 0.284 + 0.015

a longitudinal magnetic field.”” Meanwhile, Ingersoll and Leiben-
berg’s experimental setup utilized a multipass White cell to measure
V for N», D, and O, at a range of wavelengths in the visible region.
Similarly to the use of a Wollaston prism in this work, Ingersoll
and Leibenberg used a double-image prism to split the beam into
two orthogonally polarized components meaning the relative inten-
sity of these can be used to calculate the Faraday rotation angle.’
Contrastingly, Savukov’s work presents noble gas Verdet constants
calculated through computer modeling (specifically a particle-hole
configuration-interaction method).” All extrapolated values pre-
sented here show a good level of agreement with the experimentally
determined values, with the exception of O, whose experimen-
tal and predicted value differ significantly. This is not surprising
due to the paramagnetic nature of O, which results, not only,
in a deviation from the inverse-square-wavelength law. Further-
more, the Verdet constant of O, is likely to show a greater tem-
perature dependence than other molecules due to its paramagnetic
nature.”’ Therefore, a difference in experimental temperature condi-
tions between this work and that of Ingersoll and Leibenberg could
further contribute the very different values of experimental and
extrapolated V.

In addition to these extrapolated values, Phelps et al. used a
single pass, triple modulation setup to directly measure the Verdet
constant of air in the near-IR region. Modulation of the magnetic
field, light polarization, and light intensity allowed for measurement
of values of V for air at four wavelengths ranging from 632-1550 nm.
At 1500 nm, a value of (0.27 + 0.04) x 10~° rad G ! cm™! atm™*
was measured,”” showing close agreement with the values measured
here.

There are very few further literature values available for direct
measurements of V in the near-IR due to the fact that Verdet con-
stants in this wavelength region are very small and therefore difficult
to measure. The capability to measure Verdet constants of inert gases
demonstrates the sensitivity of our spectrometer, while agreement
with the sparse literature available in this spectral region provides
confidence in the assumptions and approximations applied for the
derivation of Eq. (2).

C. Sensitivity and LOD

In Fig. 2, the HO, number density was estimated by fitting a
Gaussian lineshape to the 9Q3(N = 4-9) absorption feature with

the linestrength § = 7.1 x 102! cm? cm™*" and was found to be
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[HO,] = (9.3 £ 0.1) x 10" cm™>. The uncertainty is mainly a con-
sequence of fluctuations in actual [HO;] due to the production and
sampling technique rather than noise and so is not representative of
the limit of detection. Here, we define the SNR as the ratio between
the maximum signal amplitude and the standard deviation of the
signal in spectral regions where no absorption (or rotation) occurs:
SNR, = 300 and SNRy = 1400. Each spectral point is the average
of 200 ring-down events, corresponding to approximately 2 s inte-
gration time. For the experimental settings of Fig. 2, the limits of
detection, defined as the concentration needed to produce a spec-
trum with SNR = 1, are LOD, = [HO>]/SNR, = 3.1 x 10® cm™> and
LODy = [HO2]/SNRy = 6.7 x 10° cm™>. We note that the actual
LODs may be lower since if [HO>] is determined through a line-
shape fit, thus being a function of several spectral points, the effect
of baseline noise on [HO,] would be reduced. Alternatively, one
could take “on absorption/off absorption” measurements consisting
of only two spectral points (or, for FR-CRDS, switching the sense
of the magnetic field); for such measurements, the signal would be
the differential absorption or Faraday rotation angle, and the noise
would be the Allan deviation (vide infra).

The ring-down times 7, and 75 were measured for 145 min at
an average ring-down rate of 117 s™' at 6638.20 cm™" while sam-
pling a mixture of oxygen and argon through the pinhole at a cavity
pressure of 30 Torr (but without any plasma). Figure 5 is an Allan-
Werle plot™® of the absorption coefficient, «, and of the Faraday
rotation angle, 6. For integration times of 0.2 s or less, the Allan devi-
ations for both a and 6 exhibit white-noiselike behavior; the slopes
are omin = 2.2 x 107 em™! Hz!/? and Omin = 0.62 nrad Hz'/? (per
pass) [or 1.24 nrad Hz'/? (per round-trip)]. The latter value is almost
identical to the one reported by Westberg and Wysocki’* at 762 nm.
The minimum detectable birefringence, Atimin, can be derived from
Eq. (1) and is

A -
ANmin = 76min =5x10 l6HZI/2- (5)
Lp
For 0, the sensitivity improvement with increasing averaging time
continues up to integration times of 60 s, reaching 0.15 nrad, while

for a, there is nothing to be gained from integration longer than
0.5 s, where the sensitivity is 4 x 10" cm™'. The correlation

Bandwidth / Hz
100 10 1 0.1 0.01

—_

PEIU / ( UOTJBIAJD UB[[Y

Allan deviation ./ 10" cm™

0.1
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Integration time / s

FIG. 5. Allan-Werle plot for the absorption coefficient, «, and the Faraday rotation
angle, 6.
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coefficient [(3)] was p = 0.910 with an integration time of 1 s. This
large correlation benefits 6 but not « and is the reason for the very
different trends in Fig. 5. The plot for « also indicates the pres-
ence of a quasiperiodic fluctuation, which does not affect 0, so that
we can assume it occurs on both ring-down times and thus can-
cels out in 6. In Fig. 6, a segment of the data used to produce the
Allan-Werle plot is shown. The integration time is 2 s, and the corre-
lation between 7, ' and 7, is clearly visible in the two upper traces
and in the fact that the fluctuations are much reduced in the differ-
ence, 7' — 75!, The standard deviations are S, = 2.98 s and

S,-1 = 3.13 57" for the two reciprocal ring-down times and 0.95 s~
for the difference.

V. CONCLUSIONS

In this paper, we demonstrate that FR-CRDS is a powerful addi-
tion to the spectroscopic toolkit for studying radical species. We
used cold atmospheric pressure plasma jets as an efficient source
of HO, molecules, an exemplar species of significant importance in
both plasma and atmospheric chemistry. Measurements of HO, in
the plasma effluent show that FR-CRDS can improve CRDS sensitiv-
ity by a factor of five at low pressure (15-60 Torr) with near-infrared
(1506 nm) sources. We confirm the robustness of our approach
by measuring Verdet constants of O;, N, He, and Ar—common
principal components found in atmospheric pressure plasma jet
systems. In the future, FR-CRDS can be used to study the com-
plex chemistry of these intriguing sources with myriad practical
applications.

ACKNOWLEDGMENTS

The authors would like to acknowledge the UK Engineer-
ing and Physical Sciences Research Council (EPSRC; Grant No.
EP/P026621/1) and the EU Horizon 2020 FET-OPEN Project
ULTRACHIRAL for support. KM.M received additional support
as the David Cockayne Junior Research Fellow at Linacre College,
Oxford.

J. Chem. Phys. 151, 124202 (2019); doi: 10.1063/1.5119191
Published under license by AIP Publishing

151, 124202-7



The Journal
of Chemical Physics

APPENDIX: EFFECTS OF DICHROISM AND
BIREFRINGENCE ON RING-DOWN MEASUREMENTS

We define the s polarization as the vector s = [1, 0]" and the p
polarization as p = [0, 1]7. We assume that the two circular polar-
izations, U, and U_, are eigenpolarizations of the cavity. This is the
case if the anisotropy is given by magnetic circular dichroism and
birefringence. IfJ" indicates the Jones matrix for a round-trip within
the cavity, then U, and U_ are its two eigenvectors. The matrix of

eigenvectors,
1 /1 1
U=[U,U_|= — ) Al

[v.v-] V2 [+i —i] (A0

then diagonalizes J",
Tt 0

t + 1

Ir :U[O ]rt]U , (A2)
where

Ji = Rem 2 PV (A3)

are the complex eigenvalues of J* written in the polar form, with
the polarization-dependent round-trip attenuation, Re 2**, and
phase-shift, 2y,. It is convenient to introduce the following four

parameters:

o=V T —n), (Ad)
2 c

y= ("’* ; v ) mod 27, (A5)

Ky —K— Oy — O

D= = Lg, A6
3 T L (A6)

RSt 2y (A7)
2 2

The parameters 0 and D are measures of birefringence and dichro-
ism, whereas ¥ and & are the average phase-shift (modulo 27) and
attenuation, respectively. Thus, we can rewrite (A3) as

]:rtt _ Re—2k+2iwe¥2D12i9' (A8)

Consider Fig. 7 which shows a linear cavity into which a
plane monochromatic wave is injected. We assume this wave to be
abruptly switched off at t = 0,

VT VT
> T
> =< 1 T[‘](rt)]]
C > ‘ > T[.](rt)]z
C - - > T[.](rt)]”
C ) =Jm
FIG. 7. For the derivation of the transmission of a cavity when the input is abruptly

switched off.
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Eie—Zm‘vt’ t< 0,
Ei(t) = (A9)
0, t>0.

Before switch off, the cavity transmission is given by the sum
(over k) of all the partial waves T(J")E;, where we ignore the
attenuation and phase-shift of the first pass

o A
Icav _ TZ(Irt)k _ U[ 1—01+ - :|UT. (AlO)
k=0

-y

For frequencies v close to a cavity resonance, the eigenvalues
J& =T - ]it)"1 are (in magnitude) close to unity. Because of
anisotropy, however, they are slightly different from one another so
that the incident polarization, E;, emerges from the cavity as JVE;
which is not parallel to E;. Hence, if the incident polarization is lin-
ear, the transmitted polarization will, in general, be elliptical even
before switch off. We designate the polarization vector after the
cavity before switch off as E.,

E, =JE,. (A11)

After switch off, the partial waves in Fig. 7 vanish one after another
every round-trip time. At the time ¢, the sum of the partial waves
starts at k = [t/ trt]. Strictly speaking, the round-trip times for the
two circular polarizations are different since the refractive indices
are different. However, even for comparatively large values of bire-
fringence, the difference between the “average” round-trip time, i
and the polarization-specific ones, £, is completely negligible. After
smoothing the abrupt phase and amplitude jumps by removing the
ceiling operator

>

o (A12)

[~ 5

we find with (A2) the transmitted field amplitude, Ef(t), for times
t>0,

Ef(t) _ i (]rt)k:|Eie—27rivt

k=ct/2L

_ T(]rt)Cf/ZL [i (]rt)k:IEie—Znivt

k=0
_ (Irt)ft/ZL]caine—Znivt
t/2L
(]'l;'t)c 0 T/ —2mivt
= U|: 0 (]rt)ct/ZL U E,-e . (A13)
By inserting (A8) into (A13), we can write Ey in the form
(e—’D+i6)d/L 0

0 ( e+D—i9)“/L
(A14)

!

Ef(t) _ (Rct/ZLe(—k+ia;/)ct/Le—2nivt)U UTEZ-.
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We then define
1 In R
— ==, (A15)
279 2L
1 1 K
- & (Al6)
2t 219 L
1 1, (A17)
2ty 2t L
cy c0
=V-—F —, A18
ve =V 2nL  2nL (A18)
with which we can write (A14) in the compact form
e—t/Zn—Zm’\qt
E(t)=U U'E. (A19)

0 e—t/ZL —2miv_t

Assuming the polarization, E’;, to be linear and forming a 7/4 angle
with the s and p axes, E} = 272[1, 1]7, (A19) becomes

—in/4 in/4
€ —t/21,—2miv,t €
e /27, —2miv, U, +

V2 V2
which is a superposition of two exponentially decaying, circularly
polarized waves with two different frequencies and ring-down times.
If MCD is negligible, then Ef is linear too, but with a different
polarization angle.

The Jones matrix for a polarizer with its axis oriented at an
angle y relative to the s polarization is the projection matrix

Ef(t) _ e—t/Z‘r-—Zniv_tU_, (A20)

2 .
cos cos ysin
P- [ v y]. (A21)
cosysiny  sin”y
Its action on the vectors, U, U_, yields the two vectors
2 .
COS Ccos y sin 1
PU. - o Y v (A22)
V2| cos ysiny  sin“y +1,
e [cosy
= s A23
V2 [sin Y 2

both of which point in the fixed direction [cos y, sin y]" determined
by the axis of the polarizer. If such a polarizer is placed between
the cavity output and the detector, the measured irradiance at the
detector, I(t), is

1(t) o< [Eae (1) = [PEf(D)]". (A24)

The irradiance measured at the detector then follows from (A24)
with (A20) and (A23),

I(t) oc e_t/T‘r + e_t/L + Ze_f/2T+e—t/2L

x cos(—2m(vy —v_)t +2y — m/2). (A25)

Finally, using (A17), (A16), and (A18), we can rewrite (A25) as

I(t) e_t/T[cosh(Zth/L) +sin(2c0t/L +2y)]. (A26)
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The last equation is a key result and shows that the measured
irradiance is an exponential decay with ring-down time 7 [(A16)],
modulated by a factor consisting of

1. a monotonically increasing cosh-term which depends exclu-
sively on the dichroism, D [(A6)], of the cavity; and

2. an oscillating sin-term with frequency given by the amount of
birefringence, 8 [(A4)], of the cavity.

The oscillating term is a beat note arising from the slightly differ-
ent resonance frequencies of the two eigenpolarizations which beat
against one another during the ring-down event.

For times t <« L/(2¢D), we can linearize cosh,

cosh(F2cDt/L) ~ 1. (A27)
Similarly, for times t << L/(2cf)), we can linearize the sine,
sin( 27691‘ + 2)/) ~ sin(2y) + 2Tcetcos(Zy), (A28)
and simplify (A26) as
I(t) o< e_t/T[l +sin(2y) + ZCTet cos(2y)]
oc [1+5sin(2y)]e” |1+ ZCif)ticos.(Zy)
L 1+sin(2y)
o< [L+sin(2p)]e”™,  y~o0,7/2, (A29)
where
1 1 2 2
11 20 cos(2y) y0,7/2. (A30)
7, T L 1+sin(2y)

Note that the step from the second to the third line of (A29) (i.e.,
the approximation 1 + x »~ ¢) implies that 1 + sin(2y) ~ 1 so that
(A30) is only valid for y ~ 0 or y ~ /2. In the present approxi-
mation, the observed decay of the irradiance is a single exponential
with ring-down time 7,. If the ring-down time is measured with two
orthogonal settings of the polarizer, namely, y = 0 (s polarization)
and y = 71/2 (p polarization), then it follows from (A30) that

cos(r) ]

1+sin(0) 1 +sin(n)

Tp Ts L

1 1 ZCG[ cos(0)

=2 (A31)
or

(A32)

The average absorption coefficient, & (A7), follows from (A16)
and (A30),

1(1 1 2
NETTREEEY .
2c\1p T T
The linearization (A28) is only valid for
L
<< —. A34
2c0 (A34)
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The exponential prefactor, ¢™*/", in (A26) is significant for 0 < ¢
< 57 (¢7° ~ 0.007) so that I(t) becomes negligible after t ~ 57, and
the time span of interest is 0 < ¢ < 57. Hence, if 57 < L/(2¢0), then
(A34) is fulfilled during the whole ring-down event, and (A32) is
valid. Alternatively, if

(A35)

then (A32) is a good approximation. For a cavity with length
L = 86 cm and a ring-down time of 150 us, (A32) is a good
approximation only if 8 « 2 prad. The dynamic range could be
extended toward larger birefringences by foregoing the lineariza-
tions above and treating the measured decays, which are no longer
single exponentials, accordingly.
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