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paramount for an accurate description of many important 
environmental, biological, and geochemical processes [1–
3]. In addition, oxidation can have costly consequences in 
various high-tech fields, such as the semiconductor- or the 
pharmaceutical industries. As these technologies progress, 
more stringent demands are imposed on the involved trace 
oxygen sensing systems, with higher accuracy, robustness, 
and faster response times. For these reasons, highly sensi-
tive and non-invasive, in  situ oxygen sensors are needed 
to actively monitor the concentration levels of O2 without 
suffering from systematic drifts or require frequent re-cal-
ibration. Electrochemical oxygen sensors have been used 
extensively in the past [4, 5], but these systems are prone to 
drifts and often depend on recurring calibration procedures. 
The direct measurement capabilities provided by the laser-
based optical sensors seem promising in this regard, and 
several laser-based techniques have been explored to date. 
These include tunable-diode laser spectroscopy (TDLAS), 
quartz-enhanced photoacoustic spectroscopy (QEPAS), 
cavity-enhanced absorption spectroscopy (CEAS), and Far-
aday rotation spectroscopy (FRS) [6–15]. However, these 
techniques often struggle to reach the desired minimum 
detection limits (<ppmv), or are subject to optical fringes 
and drifts, which limit their maximum averaging times and 
consequently the achievable ultimate detection limits. In 
this work, the molecular interaction length enhancement 
provided by a high-finesse cavity is leveraged together with 
a balanced detection polarimetric scheme provided by Far-
aday rotation spectroscopy to achieve high-sensitivity oxy-
gen detection. The proposed system utilizes the quantitative 
properties of cavity ring down spectroscopy (CRDS) to 
probe the polarization rotation induced by the oxygen mol-
ecules, while the balanced polarimetric detection provides 
effective suppression of non-oxygen related losses in the 
cavity (e.g. induced by particulate matter contamination).

Abstract  A combination of the path length enhancement 
provided by cavity ring-down spectroscopy together with 
the selectivity and noise suppression capabilities of Fara-
day rotation spectroscopy is utilized for highly sensitive 
detection of oxygen at ~762.3 nm. The system achieves a 
noise-equivalent rotation angle of 1.3 × 10−9 rad/√Hz, and 
a trace O2 detection limit of 160 ppb for 100 s of averaging. 
The technique relies on measurements of the losses in two 
orthogonal polarization directions simultaneously, whereby 
an absolute assessment of the magnetically induced polari-
zation rotation can be retrieved, analogous to the absolute 
absorption measurement provided by stand-alone cavity 
ring-down spectroscopy. The differential nature of the tech-
nique described here eliminates the need for off-resonance 
decay measurements and thereby allows for efficient shot-
to-shot fluctuation suppression. This is especially advanta-
geous when operating the system under measurement con-
ditions that severely affect the non-absorber related losses, 
such as particulate matter contamination typically present 
in combustion or open-path applications.

1  Introduction

Oxygen (O2) plays a vital role in the ecosystem and reli-
able assessments of the concentrations of oxygen are 
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1.1 � Faraday rotation spectroscopy

Faraday rotation spectroscopy is a laser-based magneto-
optical technique for sensitive and selective detection of 
paramagnetic gaseous species (e.g. O2, NO, NO2, OH, 
HO2) [7, 16–19]. The technique relies on the Faraday 
effect (magnetically induced circular birefringence), which 
occurs for light that is resonant with optical transitions of 
paramagnetic species exposed to an external magnetic 
field. The Faraday effect introduces a rotation of the plane 
of polarization of linearly polarized light, which is propor-
tional to the number density of the interacting paramag-
netic molecules. The subtle change in the polarization state 
of the light is converted to an intensity change by introduc-
ing a polarization-selective element (analyzer) prior to the 
photodetector. Spectroscopic dispersion information from 
the sample species is by this procedure encoded in the pho-
todetector response signal, which can be used for quantita-
tive concentration assessments.

The sensitivity enhancement of FRS compared to cor-
responding conventional TDLAS-based techniques arises 
mainly from its noise suppression properties [17–19]. In 
particular, large suppression of intensity noise from the 
laser source usually observed in TDLAS is made possible 
by high extinction ratio polarizers. Furthermore, the mag-
netic field and/or the laser wavelength can be modulated, 
which encodes the polarization rotation signal at higher 
frequencies where experimental 1/f noise (flicker noise) 
is substantially reduced. The FRS signal can be retrieved 
by phase sensitive detection (e.g. by a lock-in amplifier) 
at harmonics of the modulation frequency. The polariza-
tion signal can also be detected using balanced optical 
detection, which suppresses common mode laser intensity 
noise measured by the two detectors. Also, direct modula-
tion of the sample response through control of the magnetic 
field can significantly reduce noise associated with opti-
cal fringes, which is often a limiting factor for absorption-
based laser spectroscopy. These noise suppression tech-
niques have enabled FRS systems that operate near the 
quantum shot noise limit [20, 21]. Once this fundamental 
limit is achieved, only methods that increase the FRS signal 
can lead to further improvements in system sensitivity, and 
thus cavity-enhancement is studied in this work.

1.2 � Cavity ring‑down spectroscopy

Cavity ring-down spectroscopy [22, 23] is a cavity-
enhanced absorption technique that has demonstrated 
excellent performance [24] with noise-equivalent absorp-
tions (NEAs) only rivaled by the noise-immune cavity-
enhanced optical-heterodyne molecular spectroscopy 
(NICE-OHMS) technique [25]. A schematic overview of 
a typical CRDS system is shown in Fig. 1. The technique 

measures the intensity decay of light transmitted through a 
cavity as a function of laser frequency after a rapid inter-
ruption of the cavity injection. The decay rate measurement 
infers that the technique is inherently insensitive to inten-
sity noise, which contributes to the low detection limits. 
However, it usually suffers from rather low duty cycle due 
to the time separation of acquired ring-down events.

CRDS provides an absolute measurement of the losses 
of the cavity, but to distinguish absorption losses induced 
by the absorbing species from general losses of the cavity 
(mirror losses, scattering from particles, etc.), an “empty 
cavity” or off-resonance measurement (τ0) is performed at 
regular time intervals to maintain the system accuracy. This 
measurement can be performed by removing the sample 
species from the cavity (zero-gas measurement) or simply 
by detuning the frequency of the laser from the absorption 
transition of the molecules (off-resonance measurement). 
The calibration measurement time interval depends on the 
drifts of the system and a suitable calibration interval needs 
to be determined on system/application basis.

A combination of CRDS and FRS enables a differential 
measurement capability [26], which, similarly to saturated 
absorption cavity ring-down (SCAR) [27], does not require 
separate τ0 measurements. This is achieved by compar-
ing the intensity decay rates measured in two orthogonal 
polarization directions simultaneously. The FRS signal 
is encoded in the difference of the two decay rates, which 
share the same empty cavity ring-down time. Thus, the cav-
ity ring-down Faraday rotation spectroscopy (CRD-FRS) 
signal is independent of τ0, which relieves the demand of 
recalibration and makes the system highly unsusceptible to 
τ0 fluctuations, which are typically a characteristic of noisy 
measurement environments.

2 � Cavity ring‑down Faraday rotation 
spectroscopy

A general layout of CRD-FRS is shown in Fig. 2. It is based 
on a conventional CRDS setup with a couple of impor-
tant additions: (1) components for polarization control 
are added to the beam path prior to the cavity to carefully 
define the polarization direction of the light injected into 
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Fig. 1   Basic schematic of a cavity ring-down system. ① Laser oper-
ating in continuous wave mode, ② (optional) fast optical shutter, e.g. 
an acousto-optical modulator, ③ beam shaping optics, ④ high-finesse 
cavity assembly (possibly including piezo actuators for cavity length 
modulation), ⑤ measurement detector and electronics, ⑥ analog to 
digital conversion electronics and data processing
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the cavity, (2) a polarization-selective assembly is inserted 
after the cavity to enable the measurement of losses in the 
two orthogonal polarization directions, (3) an electromag-
netic coil or permanent magnet assembly is added to the 
system to induce an axial magnetic field that interacts with 
the paramagnetic species along the optical axis of the cav-
ity. When the frequency of the laser is scanned across the 
transition of a paramagnetic species subjected to the axial 
magnetic field, the Faraday effect will continuously trans-
fer a fraction of the intra-cavity optical power from one 
polarization state to the other. Through this process, the 
losses measured by the ring-down decays on the two detec-
tors will differ and the Faraday rotation induced by the 
molecules can be measured in an absolute sense. If a trans-
verse magnetic field is used, the Voigt effect rather than the 
Faraday effect can be detected [6].

It is important to note that the data acquisitions for the two 
detector channels are triggered simultaneously and, there-
fore, the two detectors measure the intensity decay for the 
same ring-down event albeit in different polarization direc-
tions. The empty cavity ring-down time is thus equal in the 
two channels and can be cancelled. A differential detection 
method such as this has several advantages. First, as men-
tioned previously, there is no longer a requirement to per-
form frequent calibrations of the empty cavity/off-resonance 
ring-down time, which opens the possibility of true line lock-
ing to the peak of the transition of interest. This also implies 
that the system will be insensitive to fluctuations of addi-
tional losses (losses that do not contribute to the polarization 
rotation). Such losses can, for instance, occur under meas-
urement conditions that contain a large number of particulate 
matter that interfere with the beam during the decay event 
(i.e. in an open-path cavity-enhanced systems). Second, the 
system will be insensitive to any fluctuating background due 
to spectrally interfering diamagnetic species (CO2, H2O, 
etc.) that may be of concern when the absorption spectrum 
is measured by conventional CRDS. Third, the system meas-
ures the polarization rotation in an absolute sense, which 
opens the possibility of a calibration-free spectrometer.

3 � Theoretical description of cavity ring‑down 
Faraday rotation spectroscopy

Faraday rotation spectroscopy signals can be conveni-
ently described using the Jones matrix approach [28] and 
extensive theoretical descriptions have been published in 
the works by Müller et  al. [29] and Dupré [30]. Here, a 
short derivation of the CRD-FRS signal is given for our 
particular experimental configuration.

For convenience, this analysis assumes that the incom-
ing polarization direction is aligned at 45° with respect to 
the analyzer (see Fig.  3). The initial polarization state of 
the electric field after passing the polarizer is thus given by

where a small polarization ellipticity, ε, has been added to 
account for polarizer imperfections due to the finite extinc-
tion ratio of the polarizer [31]. The Jones matrix for a single 
round trip in the cavity is given by a matrix multiplication 
of the Jones’ matrices of the individual components, i.e.

The light inside a cavity of length L will experience 
an attenuation and a phase shift due to magnetic circu-
lar dichroism (MCD) and magnetic circular birefringence 
(MCB), whose Jones’ matrices can be written as

and

(1)Ei =
E0√
2

[

1

1+ iε

]

,

(2)Jtot = JnJn−1 . . . J2J1.

(3)JMCD = e
−αL/2

[

cos h(�αL/4) i sin h(�αL/4)

−i sin h(�αL/4) cos h(�αL/4)

]

,
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Fig. 2   General layout of the CRD-FRS setup. ① Laser operating in 
continuous wave mode, ② (optional) fast optical shutter, e.g. an acou-
sto-optical modulator, ③ beam shaping optics, ④ polarization control-
ling optics, ⑤ high-finesse cavity and permanent magnet/solenoid for 
axial magnetic field (possibly including piezo actuators for cavity 
length modulation), ⑥ polarization analyzing optics to divide the light 
into two orthogonal polarizations, ⑦ measurement detector and elec-
tronics, ⑧ measurement detector and electronics, ⑨ analog to digital 
conversion electronics and data processing

Fig. 3   Schematic overview of the electric field propagation in the 
CRD-FRS system. The polarization of the incoming light (P) is ori-
ented at 45° with respect to the analyzer. Without polarization rota-
tion, a perfect balance is maintained between the two optical pow-
ers impinging on the detectors. A magnetically induced polarization 
rotation continuously transfers power from one branch to the other, 
which gives rise to different losses and thus different ring-down times 
measured by the detectors. M1,2 cavity mirrors, PD1,2 photodetectors, 
PPBS polarizing beam splitter used as the analyzer, B magnetic field 
vector
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respectively, where α = αR + αL, �α = αR − αL, and 
�n = nR − nL is the total absorption, the difference in 
absorption, and the difference in refractive index between 
right-hand and left-hand circularly polarized light com-
ponents. The Jones’ matrices for the cavity mirrors (here 
assumed to be identical) are given by

where R is the reflectivity of the mirrors. The Jones’ 
matrix for a round-trip in the cavity will be given by,

where the differential absorption, Φ = ∆αL/2, and the 
Faraday rotation angle, Θ = ∆nLπ/(2λ), have been intro-
duced. The total Jones’ matrix after N round-trips is given 
by

where it is assumed that N ≫ 1. The electric field directly 
after the cavity is given by

where Ja is the Jones’ matrix for the analyzer given by

where φ is the analyzer angle (with respect to the first 
polarizer) and a ≈  1 and b ≪  a represents polarization 
imperfections due to the finite extinction ratio of the 
analyzer. This means that the intensities for the s- and 
p-polarizations (up to 2nd order terms) are given by

(4)JMCB =
[

cos(�nLπ/�) − sin(�nLπ/�)

sin(�nLπ/�) cos(�nLπ/�)

]

,

(5)JMIR =
√
R

[

−1 0

0 1

]

,

(6)Jrt = JMCDJMCBJMIRJMCBJMCDJMIR,

(7)Jrt = Re
−αL/2

[

cos h
(

Φ
2
+ iΘ

)

i sin h
(

Φ
2
+ iΘ

)

−i sin h
(

Φ
2
+ iΘ

)

cos h
(

Φ
2
+ iΘ

)

]

,

Jtot = (Jrt)
N ,

(8)Jtot = R
N
e
−NαL/2

[

cos h
(

NΦ
2

+ iNΘ
)

i sin h
(

NΦ
2

+ iNΘ
)

−i sin h
(

NΦ
2

+ iNΘ
)

cos h
(

NΦ
2

+ iNΘ
)

]

,

(9)Ef = JaJtotEi,

(10)Ja =





a sin2(φ)

+b cos2(φ)

a sin(φ) cos(φ)
−b sin(φ) cos(φ)

a sin(φ) cos(φ)
−b sin(φ) cos(φ)

a cos2(φ)

+b sin2(φ)



,

(11)

Is =
I0

4
e
−t/τ0e

−t/τ

[

2(a2 + b
2) cos h

(

cΦt

2L

)

+2a
2
sin

(

cΘt

L
+ 2φ

)

−(2b2 − ε2a2) cos

(

cΘt

L
+ 2φ

)

−2εa2 sin h

(

cΦt

2L

)

+ a
2ε2 cos h

(

cΦt

2L

)]

,

and

respectively, where a variable substitution, N → t/trt = ct/
(2L), from the number of round-trips into the correspond-
ing time has been performed, which is easily accom-
plished by considering the time it takes to make a single 
round-trip, trt. Also, the reflectivity R is rewritten using 
the empty cavity ring-down time, τ0,

and a ring-down time due to the non-mirror related losses 
in the cavity, τ, is introduced. The expressions given in 
Eqs. (11) and (12) can be simplified further by assuming 
decent polarizers (extinction ratio >1000:1), i.e. a ≈  1, 
b ≪ a, and ε ≪ 1. This means that Eqs. (11) and (12) can 
be reduced to

and

It is easy to see that if there is no magnetic field, i.e. Φ = 0 
and Θ = 0 the expressions reduce to the expected ring-down 
decays for conventional cavity ring-down spectroscopy. By 
introducing a magnetic field the decays of each polarization 
start to oscillate as determined by the terms in the brackets of 
Eqs. (14) and (15).

From these equations, it can be concluded that polarizer 
imperfections of the initial polarizer (ε) couple magnetic cir-
cular dichroism (MCD) contributions to the intensity decays 
to the first order, whereas imperfections of the analyzer (a 
and b) only appear in second-order terms. Furthermore, the 
MCD contributions in the two orthogonal polarization direc-
tions are of the same sign and will thus contribute equally to 

(12)

Ip =
I0

4
e
−t/τ0e

−t/τ

[

2(a2 + b
2) cos h

(

cΦt

2L

)

−2a
2
sin

(

cΘt

L
+ 2φ

)

+ (2b2 − ε2a2) cos

(

cΘt

L
+ 2φ

)

−2εa2 sin h

(

cΦt

2L

)

+ a
2ε2 cos h

(

cΦt

2L

)]

,

(13)
τ0 =

L

c|lnR|
,

⇒ R
2N = e

−t/τ0 ,

(14)

Is =
I0

2
e
−t/τ0e

−t/τ

[

cos h

(

cΦt

2L

)

+ sin

(

cΘt

L
+ 2φ

)

−ε sin h

(

cΦt

2L

)]

,

(15)

Ip =
I0

2
e
−t/τ0e

−t/τ

[

cos h

(

cΦt

2L

)

− sin

(

cΘt

L
+ 2φ

)

−ε sin h

(

cΦt

2L

)]

.
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the overall losses in the two polarization directions, which 
may be conveniently cancelled via differential measurements. 
It is now appropriate to consider only cases where the over-
all magnetic circular birefringence and dichroism are small. 
This leads to additional simplifications of Eqs. (14) and (15) 
yielding

and

where the angle sum identity for the sine function has 
also been used. These expressions can be re-written as 
single exponential decays,

(16)

Is ≈
I0

2
e
−t/τ0e

−t/τ

[

1+
(

cΘt

L

)

cos (2φ)+ sin(2φ)− ε

(

cΦt

2L

)]

,

(17)

Ip ≈
I0

2
e
−t/τ0e

−t/τ

[

1−
(

cΘt

L

)

cos(2φ)− sin(2φ)− ε

(

cΦt

2L

)]

,

From Eq.  (23) it can be concluded that the maxi-
mum Faraday rotation signal occurs for analyzer angles, 
φ = kπ/2, where k = 0, 1, 2, …, i.e. oriented at either 0° or 
90°. Since the initial polarization was oriented at 45°, this 

Fig. 4   Plot of a numerical calculation of intensity decays in the two 
orthogonal polarization directions. The s- and p-polarization decays 
are represented by the blue and red traces, respectively. The intensity 
decay of conventional CRDS (without analyzer) is introduced as a 
reference (yellow trace). The Faraday rotation induced gain and loss 
in the two detection channels are clearly visible

(18)Is ≈
I0

2
exp

{

−
t

τ0
−

t

τ
− t

[(

cΘt

L

)

cos(2φ)− ε

(

cΦt

2L

)]

+ sin(2φ)

}

,

(19)Ip ≈
I0

2
exp

{

−
t

τ0
−

t

τ
− t

[

−
(

cΘt

L

)

cos(2φ)− ε

(

cΦt

2L

)]

− sin(2φ)

}

,

which leads to the following expression for the decay 
times in the two orthogonal polarizations,

This shows that the Faraday rotation induced by the para-
magnetic molecules manifests itself as either an additional 
decrease or as an additional increase in the ring-down times 
(1st order approximation). Figure 4 shows a numerical simula-
tion of the intensity decays in the two orthogonal polarization 
directions based on the theoretical model described above. The 
additional gain and loss introduced by the Faraday rotation 
is clearly visible in the two detector channels. The intensity 
decay of conventional CRDS has been added as a reference.

It follows that the difference in decay times can be writ-
ten as

which implies that the Faraday rotation signal can be suc-
cinctly written as

(20)
1

τs
≈

1

τ0
+

1

τ
+

(

cΘ

L

)

cos(2φ)− ε

(

cΦ

2L

)

,

(21)
1

τp
≈

1

τ0
+

1

τ
−

(

cΘ

L

)

cos(2φ)− ε

(

cΦ

2L

)

,

(22)
1

τs
−

1

τp
= 2

(

cΘ

L

)

cos(2φ),

(23)Θ =
L cos(2φ)

2c

(

1

τs
−

1

τp

)

.

analyzer configuration divides the light equally in terms of 
initial intensities. It should be noted that minor deviations 
from the optimum angle will have negligible impact on the 
measurement precision (2nd order effect) and no particular 
emphasis need to be placed on careful analyzer angle opti-
mization (unlike conventional 90°-method Faraday rotation 
spectroscopy, which requires precise analyzer offset angle 
adjustment). This result is consistent with that reported 
by Dupré [30] and Müller et al. [29, 32], but differs from 
that derived by Engeln et al. [26] by a factor of 1/[cos(2φ)
sin(2φ)], which likely stems from an incorrect treatment of 
the electric field transmitted through the analyzer (see Eq. 
A11 in [26]). Small values of φ would in this case yield 
unrealistically large rotations as Θ → ∞ when φ → 0.

3.1 � Comparison between CRDS and CRD‑FRS 
ring‑down measurements

A simple error propagation calculation can be performed 
to compare the expected performance of CRDS and CRD-
FRS under the assumption that they possess similar decay 
time distributions (i.e. they operate under the same meas-
urement conditions). For convenience, the minimum 
detectable absorption is used as the metric of comparison. 
In conventional CRDS the absorption is given by [22]
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Assuming a standard deviation of the ring-down decays, 
στ, the propagation of uncertainty in Eq.  (24), which con-
tains two ring down measurements with uncorrelated noise, 
yields an absorption uncertainty of

For CRD-FRS, the ring down decays for both polariza-
tions are measured simultaneously and can, therefore, be 
highly correlated. In this case, the propagation of uncer-
tainty with correlated variables gives

where ρ is the correlation coefficient between s- and 
p-polarization decays measured for the same ring-down 
event. Close to the detection limit, where the absorption is 
small, the decay times in the above equations are approxi-
matively equal, i.e. τs ≈  τp ≈  τ0 ≈  τ. Equation  (25) and 
(26) then simplify to

and

respectively. In order to relate the two quantities we uti-
lize the approximation relating Θ and (αL)min in a dilute 
medium [33], which gives an equivalent absorption in FRS 
of σαL–Θ ≅ 4σΘ. In order to compare the two techniques we 
solve for a ratio of σαL–Θ and σαL, which gives

From the equation above it is clear that if the CRD-FRS 
system is affected by uncorrelated noise in the two polari-
zation channels (e.g. detector or shot noise), the measure-
ment precision will be two times worse than in the corre-
sponding CRDS system. However, in the case of correlated 
noise (e.g. due to particle scattering) the CRD-FRS system 
can significantly improve the precision. At a correlation 
coefficient of 0.75 the techniques show similar perfor-
mance, and for correlation coefficients of 0.94–0.99 the 
CRD-FRS is expected to yield a 2–5 times improvement. 
It is important to note that there is an upper limit on the 
correlation coefficient set either by the shot-noise or detec-
tor noise of the system. This prevents unrealistically large 

(24)αL =
L

c

(

1

τ
−

1

τ0

)

.

(25)σαL =
L

c

√

σ 2
τ

τ 4
+

σ 2
τ

τ 40
.

(26)σΘ =
L

2c

√

σ 2
τ

τ 4s
+

σ 2
τ

τ 4p
−

2ρσ 2
τ

τ 2s τ
2
p

,

(27)σαL =
√
2L

c

στ

τ 2
,

(28)σΘ =
√
2L

2c

στ

τ 2

√

1− ρ,

(29)
σαL

σαL−Θ

=
1

2
√
1− ρ

.

improvement factors for CRD-FRS. Also note that this sim-
plified scenario does not consider any additional qualities 
of the FRS techniques such as the improved immunity to 
interfering diamagnetic species or optical fringe suppres-
sion through magnetic field modulation.

4 � Experimental method and procedures

The cavity ring-down Faraday rotation spectrometer 
developed in this work is schematically shown in Fig. 5. 
It is based on a diode laser from Sacher Lasertechnik 
(Cheetah) operating at 762 nm, which was chosen due to 
its relatively high output power (30 mW) and its ability 
to target the PP1(1) transition of oxygen in the A elec-
tronic band, which exhibits the greatest susceptibility to 
the magnetic field strengths typically reachable with sole-
noids of practical size and reasonable power consumption 
(150–300 Gauss at 50 W). The technique was also tested 
using a set of cylindrical permanent neodymium magnets 
(axially magnetized) arranged in an octupole configura-
tion [7]. The permanent magnets allow for unobstructed 
flow and continuous operation without power consump-
tion, which is generally preferred for open-path cav-
ity arrangements. However, this configuration lacks the 
convenience of field strength control provided by the 
DC-solenoid.

The emitted laser light was spatially filtered through a 
pinhole (Thorlabs, KT310) in order to produce a uniform 
Gaussian beam, which was then transmitted through an 
acousto-optical modulator (AOM). The AOM fulfills the 
role of the optical shutter in this system by shifting the 
direction of the beam and thereby rapidly interrupting the 
optical injection to the cavity.

The cavity assembly was constructed around a stain-
less-steel tube of 0.5 m length (CRD Optics, Inc.). Cav-
ity mirror mounts were attached on either side of the 
stainless-steel tube using vacuum flanges. The tilt of the 
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Fig. 5   Detailed schematic of the experimental setup for the CRD-
FRS system designed for this project. ① Laser operating in continu-
ous wave mode, ② spatial filter comprising two lenses and a pinhole, 
③ acousto-optical modulator (AOM), ④ mode-matching optics, ⑤ 
injection polarization controller (half waveplate and linear polarizer), 
⑥ high-finesse cavity and solenoid, ⑦ plate polarizing beamsplit-
ter and two photodetectors, ⑧ matched transimpedance amplifiers 
(FEMTO DHCP-100), ⑨ DAQ-card and PC for data collection and 
numerical processing
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mirrors was controlled through micrometer adjustors, of 
which one side used piezo-controlled actuators to allow 
for repeated cavity injection. In order to obtain a control-
lable magnetic field along the optical axis of the cavity, 
a solenoid was custom engineered to match the inner 
diameter of the tube. The solenoid was 25  cm in length 
with an inner and outer diameter of 0.5 and 1.5  inches, 
respectively. The length of the solenoid was chosen to 
not obstruct the flow through the cavity, which limited its 
length to roughly half of the cavity length. The magnetic 
field strength was controlled through the current provided 
by a DC power supply, which enabled continuous opera-
tion at approximately 300 Gauss of axial magnetic field 
using <40 W of power.

Prior to entering the cavity, the Gaussian beam was 
mode-matched to the cavity by two lenses placed at appro-
priate distances and the polarization direction of the light 
was rotated and filtered by a half-wave plate and a linear 
nanoparticle polarizer. The light transmitted through the 
cavity was divided into two orthogonal polarization direc-
tions by a polarizing plate beam-splitter before focusing 
on the photodetector surfaces. The photodetector currents 
were amplified by two similar transimpedance amplifiers 
(FEMTO DHPCA-100) before A/D conversion by a 16-bit, 
200 MS/s DAQ-card (Gage Applied, FCiX Razor).

4.1 � Mirror birefringence characterization

It is important to carefully characterize the polarization 
properties of the cavity mirrors to optimize the conditions 
for CRD-FRS. Mirror birefringence in the order of micro-
radians will give rise to an offset of the CRD-FRS signal 
unless modulation of the magnetic field can be applied. 
Even state-of-the-art high reflectivity mirror coatings have 
shown to contain residual birefringence in the order of 
micro-radians per reflection [34–39]. Moreover, strain due 
to the mounting of the mirrors may introduce additional 
birefringence in the coatings. Any cavity birefringence that 
is not induced by the paramagnetic species may contribute 
to a small offset of the Faraday rotation signal. This offset 
can be remedied by co-aligning the fast and slow axis of 
the cavity mirror pair. A few different cavity mirror bire-
fringence measurement procedures based on CRDS have 
been proposed in the literature [34, 36, 40]. They typically 
involve a rotation of one of the mirrors with respect to the 
other while the losses in a particular polarization direction 
are characterized.

Characterization of the cavity mirror birefringence of the 
two mirrors can be accomplished in a straightforward fash-
ion using the CRD-FRS methodology. A zero-gas polari-
zation rotation measurement is performed for different 
angular rotations of the cavity mirrors. One mirror remains 

fixed while the other is gradually rotated around the optical 
axis of the cavity. The results from a set of such measure-
ments are shown in Fig. 6. This information can be used to 
align the slow and fast axis of the two mirrors. By setting 
the mirrors at the zero-crossings of the curve in Fig. 6, the 
mirror axes are aligned and the effects of birefringence that 
cause the Faraday signal offset are suppressed. It is impor-
tant to note that this procedure is not necessary if a modula-
tion of the magnetic field is applied, which effectively nulls 
any constant offset in the Θ measurement.

5 � Cavity ring‑down Faraday rotation 
measurements of oxygen

The system was evaluated by measuring atmospheric 
oxygen under low pressure conditions with a closed-cav-
ity. The spectroscopic data were acquired through step-
ping the injection current of the laser in increments of 
100  µA and cavity ring-down events were continuously 
collected at a rate of ~1 kHz for 50 ms per laser current 
step. The decays were analyzed offline by least square fit-
ting to a standard model of the intensity decay, using the 
amplitude, decay time, and offset as free-parameters [41]. 
The off-resonance decay time was ~25 µs. The two detec-
tor channels were analyzed separately and the results 
were used to calculate the CRD-FRS signal according to 
the theoretical model described in this work. The major 
isotope oxygen transition targeted was the PP1(1) transi-
tion in the A electronic band around 762.3  nm and the 
sample pressure was set at ~8 Torr.

Figure  7 shows the absorption and Faraday rotation 
spectra obtained by stepping the injection current of the 
laser across the transition. Each measurement point rep-
resents intensity decay data acquired during a total acqui-
sition time of 50 ms.

Fig. 6   Cavity mirror birefringence measurements as a function of 
back mirror angle. The figure shows the characteristics for one of 
the mirrors used as back mirror. Based on the measurements the two 
mirrors can be aligned in order to minimize the effects of linear cav-
ity birefringence and polarization dependent losses when no Faraday 
rotation is present. The measurement shows a maximum birefrin-
gence contribution in the order of a few micro-radians
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6 � Spectrometer performance and limitations

6.1 � Shot‑to‑shot fluctuations

One of the main strengths of CRD-FRS is drawn from 
its ability to cancel fluctuations of non-absorber related 
losses that are often significant contributors of noise in 
conventional CRDS systems. Such additional losses 
may originate from micrometer sized particles passing 
through the cavity beam path or spatial inhomogeneities 
of the high reflectivity mirror coatings, which transforms 
vibrationally induced beam steering into fluctuations of 
the cavity losses. The differential nature of the CRD-FRS 
measurements can effectively suppress the influence of 
these noise sources since the non-absorber related losses 
are highly correlated in the two detector channels. To 
visualize this phenomenon, off-resonance measurements 
were recorded for the two detector channels in an open-
path cavity configuration. Here, the stainless sample cell 
was removed and the solenoid replaced by permanent 
magnets (K&J magnetics, Inc., RX04X0) in an octupole 
magnet arrangement. This configuration was chosen to 
minimize the restriction of flow through the cavity. A 
total of 40 magnets were used, which resulted in a weight 
of 3.6 kg, comparable with the DC-solenoid weight. The 
results from this measurement are shown in Fig. 8 (verti-
cal offsets have been added for visibility purposes). Solid 
lines represent smoothed data using Savitzky–Golay fil-
ter, which highlights the strong correlation between the 
two channels. By inspection of the solid lines it is clear 

that the two detector channels measure correlated losses. 
This gives rise to a significantly lower standard deviation 
of their difference shown as Δτ, which is the basis for 
the Faraday rotation signal extraction. This cancellation 
of shot-to-shot fluctuations will be more pronounced for 
systems predominantly affected by this source of noise 
(e.g. open-path CRDS systems), while uncorrelated noise 
sources (e.g. detector noise) cannot be suppressed.

6.2 � System stability

The stability of the system was evaluated by perform-
ing off-resonance Allan deviation [42] measurements 
using the open-path configuration that served as our 
worst-case laboratory conditions. The results from these 
measurements are displayed in Fig.  9. To demonstrate 
the effectiveness of the noise suppression properties dis-
cussed above, two Allan deviation measurements were 
performed under different noise conditions. Figure  9a 
shows the Allan deviation of a system that is severely 
affected by digitization noise from the data acquisi-
tion card (LeCroy 735Zi, 8-bit), which would be the 
equivalent of random detector noise. This type of noise 
is uncorrelated for the two polarization channels, which 
leads to an increase of the noise in the differential meas-
urement (∆τ) by √2 in the random-noise limited regime. 
It should be noted that at longer acquisition times, where 
the random noise component is averaged out and a sys-
tem drift becomes dominant, the differential measure-
ment shows visible improvement over the single channel 
measurement, which points to a correlated drift in both 
channels. The second measurement performed with a sys-
tem with improved random noise characteristics resulted 
in the Allan deviation shown in Fig.  9b. In this meas-
urement, the 8-bit DAQ-card was replaced with a 16-bit 

Fig. 7   a Absorption measurements for the two orthogonal polariza-
tion directions measured at 8 Torr of pressure. The difference in the 
losses experienced by the two polarizations is visible on the wings 
and at the peak of the absorption transition. b The corresponding 
CRD-FRS signal

Fig. 8   Shot-to-shot fluctuations of off-resonance measurements in 
an open-path cavity configuration. The ring-down times for the s- and 
p-polarization have been vertically offset for visualization purposes. 
A filtered solid line has been added to the measurements in order to 
visualize the correlation between the data sets. The ring-down times 
in the two channels typically exhibit correlation coefficients ρ > 0.9, 
which is clearly observable when considering their difference (shown 
in the center)
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card, which results in significantly lower digitization 
noise affecting the intensity decay measurements. This 
uncovers the shot-to-shot fluctuations representing corre-
lated noise in both channels with a correlation coefficient 
of ρ =  ~0.94. An improvement by a factor of ~2 in the 
differential signal can be observed across all averaging 
times, which is consistent with Eq. (29).

6.2.1 � Detection limit

The performance of the CRD-FRS spectrometer was 
estimated based on an off-resonance (baseline) measure-
ment using the closed-cavity configuration with the DC-
solenoid. The standard deviation of the Faraday rotation 
angle obtained by this measurement was ~5.7 × 10−9 rad, 
which yields a bandwidth-normalized noise-equivalent 
angle (NEAΘ) of 1.3 × 10−9 rad/√Hz. For direct compar-
ison with other FRS systems it is more appropriate to cite 

the cavity-length normalized NEAΘ, which in case of our 
system (50 cm cavity) gives 2.6 × 10−11  rad/(cm √Hz). 
This is generally over an order of magnitude lower than 
previously reported values for short-path FRS spectrom-
eters operating in the mid-IR spectral region [21, 43, 44] 
and in par with our best FRS systems for oxygen detec-
tion operating at the same wavelength and using a 6.8-m 
multi-pass cell [7, 20]. It should be noted, however, that 
while the multi-pass cell based system shows compara-
ble short-term performance, over longer acquisition times 
these systems are strongly affected by system drift, and 
allowed only for averaging times in a 10- to 30-s range 
[7]. In contrast, the CRD-FRS system is white noise lim-
ited up to 103  s and provides a bandwidth-normalized 
minimum detection limit (MDL) for trace oxygen of 
1.6 ppm/√Hz (estimated from the NEAΘ at an optimum 
operating pressure of 200 Torr and the available magnetic 
field of ~300  G). The system can reliably operate with 
100  s integration time, which results in a trace oxygen 
detection limit of ~160 ppb.

7 � Conclusion

A combination of cavity ring-down spectroscopy and 
Faraday rotation spectroscopy for sensitive oxygen detec-
tion has been experimentally implemented and theoreti-
cally described. This technique permits sensitive detec-
tion of paramagnetic gaseous species with improved 
detection limits under noisy measurement environments. 
The developed system relies on an enhancement of mag-
neto-optical signals (Faraday effect demonstrated here or 
Voigt effect) by utilizing the large path length enhance-
ment provided by a high-finesse optical cavity. An advan-
tage of the technique is that it can be implemented into 
an existing cavity ring-down spectroscopy instrumenta-
tion by incorporating polarization-selective elements, 
an additional detector, and permanent magnets or an 
electromagnetic coil. The noise suppression qualities of 
Faraday rotation spectroscopy enables cavity-enhanced 
trace measurements of paramagnetic gases that can sur-
pass what is possible with conventional cavity absorp-
tion spectroscopy under measurement conditions that are 
heavily contaminated by particulate matter, which intro-
duces large fluctuations of non-absorber related cavity 
losses. Moreover, the CRD-FRS measurement builds on 
the strengths of the CRDS methodology and can offer an 
absolute measurement of the polarization rotation angle, 
which is a promising path to obtain calibration based on 
first principles linked to metrology standards. In addi-
tion, the technology can be adapted for detection of chiral 
molecules [29, 32, 45, 46] with only minor alterations of 
the experimental setup.

Fig. 9   Allan plots for two different detector noise levels. a The 
Allan deviation of a system that is limited by detector noise. Since 
this type of noise is not correlated between the two detector channels 
(ρ < 0.01), the CRD-FRS system exhibits a larger noise level com-
pared to each individual channel. However, a slight improvement in 
long-term drift can be observed. b A system that is not limited by the 
detector noise. This uncovers the shot-to-shot fluctuations, which are 
highly correlated in the two detector channels
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The CRD-FRS spectrometer presented in this work 
exhibits a NEAΘ of 1.3 × 10−9 rad/√Hz, which at opti-
mum conditions can achieve trace oxygen detection 
limit of ~160 ppb for 100  s of integration time. Further 
opto-mechanical improvements of the cavity assembly, 
increased coil/cavity length ratio, active laser stabiliza-
tion, and an increase in the system duty cycle, will enable 
a CRD-FRS spectrometer whose oxygen detection limit 
approaches tens of ppb levels.
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