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ABSTRACT: The total OH reactivity (k’OH) is an important parameter for quantitative assessment of the atmospheric oxidation 
capacity. Although laboratory measurement of k’OH has been achieved 20 years ago, the instruments required are often costly and 
complex. Long-term atmospheric observations remain challenging and elusive. In this work, a novel instrument combining laser-
flash photolysis with a mid-infrared Faraday rotation spectrometer (LFP-FRS) has been developed for the measurement of k’OH and 
for studying gas phase free radical kinetics. The  reactor is composed of a Herriott-type optical multipass cell, and OH radicals were 
generated by flash photolysis of ozone with a 266 nm pulsed Nd:YAG laser. The decay of the OH signal was directly measured 
with a time-resolved FRS spectrometer at 2.8 μm. The overlapping pathlength between the pump beam and probe beam was 25 m. 
Increased performance was achieved by subtracting the signals before and after flash photolysis to eliminate interferences caused 
by H2O absorption and background drift. The optimum precisions (1σ) of OH concentration and k’OH measurement were 4×106 
molecule cm-3 and 0.09 s-1 over data acquisition times of 56 s and 112 s, respectively. The performance of the system was evaluated 
by the reaction of OH with CO and NO. The measured rate coefficients (kOH+CO and kOH+NO) were in good agreement with values 
reported in the literature. The developed LFP-FRS provides a new, high precision, and highly selective tool for atmospheric chem-
istry research of  OH radicals and other transient paramagnetic free radicals such as HO2 radicals.  

The total OH reactivity (k’OH) is equal to the reciprocal of the 
atmospheric lifetime of OH (τOH), and is an important parame-
ter for quantitative assessment of the atmospheric oxidation 
capacity. It is defined as the total pseudo-first-order loss rate 
of OH in ambient air caused by the reactions of OH with most 
pollutants and greenhouse gases, such as volatile organic 
compounds (VOCs), CO, NOx (= NO+NO2), CH4, etc., 1-4  

i

1
OH OH+X i OH' [X ]k k τ −= =∑                             (1) 

where Xi represents the reactive species with concentration 
[Xi]. kOH+Xi is the reaction rate coefficient of OH with each 
species. Due to its high reactivity and short life time, the pro-
duction (POH) and sink (k’OH[OH]) of atmospheric OH radicals 
can be described by steady-state equation: 2,3,5  

OH OH
[OH] ' [OH] 0d P k
dt

= − = .                      (2) 

Therefore, measurement of k’OH in combination with OH 
concentration ([OH]) provides insight into OH production and 
loss processes and is a powerful test of our understanding of 
atmospheric oxidation chemistry. 6-8 

There are two common ambient k’OH measurement meth-
ods, the essence of which is the measurement of free radical 
kinetics. 9-12 The first is to measure the OH decays directly 
with the laser-induced fluorescence spectroscopy (LIF) 1-5 or 
semi-directly with chemical ionization mass spectrometry 
(CIMS) 13. High concentrations of OH radicals are artificially 
generated either by laser-flash photolysis (LFP) of O3 with a 
266 nm laser pulse (pulsed pump-probe) 2-4 or by continuous 
photolysis of H2O at 184.9 nm with a mercury lamp in a flow 
tube (FT) 1,5,13,14. The second method is the comparative reac-
tivity method (CRM) based on competitive kinetics. A non-
ambient reactive VOC (reference reagent such as pyrrole, 
C4H5N) is introduced into the glass reactor. The loss of OH is 
measured by detecting changes in the concentration of the 
reference reagent either in zero air or in ambient air with pro-
ton transfer reaction mass spectrometer (PTR-MS) or gas 
chromatographic photoionization detector (GC-PID).15,16  

While k’OH was first measured in the laboratory 20 years 
ago,9,17 the necessary instrumentation is costly and complex. 
Only a few research groups can make such measure-
ments.3,12,18 The long-term observation of k’OH and k’OH as a 



 

standard feature of atmospheric observations therefore remains 
challenging and elusive. 9   

In this work, we report the development of a new instru-
ment that combines laser-flash photolysis with mid-infrared 
Faraday rotation spectroscopy (LFP-FRS) for real-time in-situ 
measurement of k’OH and free radical kinetics studies. The OH 
decay was directly measured using a time-resolved FRS spec-
trometer at 2.8 μm. 19-21 FRS is based on the magneto-optic 
effect of paramagnetic species, which provides a powerful tool 
for gas phase chemical kinetic studies with high precision, 
high selectivity, and free of interferences from precursor’s 
absorption. 22-25 Further improvements can make the system 
more compact, portable, and affordable, which provides a 
reliable approach for long-term and network k’OH observations.  

EXPERIMENTAL SECTION 
The experimental setup of the LFP-FRS instrument is shown 
in Figure 1. The instrument consists of two parts: an FRS 
spectrometer for real-time in-situ measurement of OH radicals 
and a LFP device for generating pulses of high concentrations 
(~ 109 molecule/cm3) of OH radicals.  

The probe laser of the FRS spectrometer was a 2.8 μm 
continuous-wave (CW) distributed feedback (DFB) diode laser 
controlled by a LDC501 controller (Stanford Research). The 
Q(1.5e) line of the 2Π3/2 state at 3568.5238 cm-1, with the 
strongest line absorption intensity (9.556×10-20 cm-1/(molecule 
cm-2)) and the largest effective gJ (the rotational gyromagnetic 
ratio) value (0.936) in the infrared region, was chosen as the 
best probe for OH detection. 19 Wavelength modulation spec-
troscopy (WMS) combined with a static magnetic field (DC-
field) was used to efficiently modulate the Zeeman splitting of 
the absorption line. 20 The laser frequency was tuned in two 
ways: 21 (1) a point-by-point tuning method, using a GPIB card 
to control the laser injection current at each step; (2) a wave-
length sweeping method, scanning the laser injection current 
with a continuous ramp provided by a function generator. For 
WMS detection, a sinusoidal modulation with a frequency (fm) 
of 50 kHz from a lock-in amplifier (SR865, Stanford Research) 
was added to the injection current. The signal detected by the 
detector is demodulated (second-harmonic, 2f detection) by 
the lock-in amplifier with a time constant of 300 μs to obtain 
the FRS signal. For weak absorptions, the FRS signal is pro-

portional to the radical concentration (N) and absorption 
pathlength (L):19-21  

( ) sin 2 ( )FRS N S Lν ϕ χ ν= × × × × ,              (3) 
where ν is the frequency, S is the absorption line intensity, φ is 
the offset angle of the two polarizer, and χ(ν) is the lineshape 
function.  

To increase the length of the absorption path and thus im-
prove the detection precision and sensitivity, a Herriott-type 
optical multipass cell 26,27 was used. The cell was also used as 
the reactor for flash photolysis. The collimated beam from the 
probe laser was first passed through a polarizer (Rochon prism) 
to clean up the polarization state and then directed into the 
Herriott cell. Light transmitted through the optical cell passed 
through a second Rochon prism (polarization analyzer) to a 
thermoelectrically cooled detector. The analyzer’s purpose 
was to reduce the laser noise and thereby increase the signal-
to-noise ratio (SNR) of the system. 19,24,28 The polarization axis 
of the analyzer was typically set at a small offset angle to the 
orthogonal axis of the polarization axis of the first polarizer. In 
this work, the maximum SNR was achieved at an offset angle 
of φ = 7º. 

The Herriott cell consisted of two spherical mirrors with a 
radius of curvature of 1300 mm and a diameter of 50 mm. In 
the center of the mirror was a 32 mm in diameter hole for the 
laser photolysis beam. At the edge of the mirror was a 5 mm 
diameter hole for the coupling of the probe laser. The flash 
laser beam (266 nm, 25 mJ, 8 ns pulse duration) from a com-
pact pulsed Nd:YAG laser (Ultra 100, Quantel laser) was 
expanded to a diameter of 30 mm with a beam expander. The 
base length of the Herriott cell was 1220 mm. The total optical 
pathlength was 60 m from 49 back and forth reflections (25 
spots on the mirror, as shown in Figure 1). The overlap dis-
tance between the photolysis beam and the probe beam was 
estimated to be 25 m by ray-tracing software. On the outside 
of the Herriott cell, an 800 mm long water-cooled solenoid 
with an inner diameter of 62 mm was placed. The coil was 
made of 1 mm diameter enamel-coated copper wire. The mag-
netic field strength (B) was adjustable (~ 40 Gauss/A) by 
changing the coil current. The pressure and temperature inside 
the reactor were controlled at 50 mbar and 28 ºC, respectively. 
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Figure 1. A schematic of the LFP-FRS system and a photograph of the light spot pattern in the Herriott-type multipass cell. Both 
the polarizer and the analyzer used were Rochon type prisms. F: lens, DAQ: data acquisition, PC: personal computer.  

 



 

A small amount of the zero air (with a flow rate of 0.2 
L/min) was bypassed through an ozone generator before being 
added to the sample (with a flow rate of 1 L/min) to obtain an 
O3 concentration of ~ 1.5 × 1012 molecule/cm3 in the reactor.18 
Like the LFP-LIF instrument used for k’OH measurement, OH 
radicals in the reactor were generated by photolysis of O3 at 
266 nm in the presence of H2O:29,30 

1
3 2O    (266 nm)  O( D) + Ohν+ → ,                  (4) 
1 3O( D)  + M  O( P) + M→ ,                                   (5) 
1

2O( D)  + H O  2OH→ ,                                          (6) 
where M is the inert “bath” gas such as N2 or O2. The recom-
mend quantum yield of excited singlet oxygen atom O(1D) 
produced by O3 photolysis is 0.90±0.05.31 Under the current 
experimental condition, about less than 5% O3 can be 
photolyzed, resulting in ~ 6.8 × 1010 molecule/cm3 of O(1D) in 
the reactor. Once an O(1D) is formed, it is either quenched to 
its ground-state (O(3P)) or reacts with H2O to generate OH 
radicals. O(3P) will rapidly react with O2 to produce O3: 

3
2 3O( P)  + O  + M  O  + M→ .                              (7) 

The number of OH radicals produced by each O(1D) is:30  

2

1
6 2 6

OH H O1
5 6 2 5

2 [O( D)][H O] 2
( [M] [H O])[O( D)]

k k
k k k

ε ξ= ≅
+

,  (8) 

where k5 and k6 are the rate coefficients for reactions (5) and 
(6). [O(1D)], [H2O], and [M] are the concentrations of the 
corresponding molecule. 

2H Oξ  is the mixing ratio of H2O. At 

298 K, k5 is 2.9 × 10-11 cm3 molecule-1 s-1 for the atmospheric 
N2/O2 mixing ratio, and k6 is 2.2 × 10-10 cm3 molecule-1 s-1.30,31 
The concentration of OH produced in the reactor depends on 
the mixing ratio of H2O. When 

2H Oξ  was ~ 0.2% ([H2O] ~ 3 

×1015 molecule/cm3 at 50 mbar), the concentration of OH 
radicals that can be generated in the reactor was ~ 2 ×109 
molecule/cm3. 
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Figure 2. Timing scheme of data acquisition and laser photol-
ysis for one laser photolysis pulse. (a) TTL signal generated 
by function generator for DAQ card data acquisition. Data 
record begins to record from the rising edge of the TTL and 
ends at the end of the falling edge. (b) Delayed pulse generat-
ed by a digital delay generator for triggering photolysis pulse. 
(c) Experimental time-resolved FRS signal for OH decay 
(average signal of 40 pulses), exponential fit and the corre-
sponding fit residual. 

 
The pulse repetition rate of the flash photolysis laser 

ranged from 1 to 5 Hz. The corresponding data acquisition and 
triggering scheme is shown in Figure 2. The rising edge of the 
TTL signal generated by the function generator (Figure 2(a)) 
was used to trigger the data acquisition of the DAQ card. The 
delayed pulse generated by DG645 digital delay generator 
(Stanford Research) was used to trigger the photolysis laser. 32 
The signal acquired between the two rising edges was the 
background signal without photolysis. When the pulsed laser 
was triggered, O3 was photolyzed and reacted rapidly with 
H2O to produce OH radicals. The FRS signal increased rapidly. 
The OH decay was fitted with a single-exponential equation: 

( )0 OH[OH] [OH] exp 'k t= − ,                         (9) 

to get the total reactivity k’OH and the reaction rate associated 
with the OH radical. An example of the fitting result and the 
corresponding residual is shown in Figure 2(c).  

 

RESULTS AND DISCUSSION 
Unlike the commonly used differential detection scheme with 
two detectors,20,33,34 or the method of subtracting the zero air 
signal from the sample signal by quickly flushing the absorp-
tion cell,35 a special background subtraction technique was 
used in this work. Figure 3 shows an example of the data 
processing method to get the FRS 2f signal of the OH absorp-
tion. We used the average value over ca. 0.02 s (marked with a 
magenta box in Figure 2(c)) before laser photolysis for the 
background signal, and a fixed time point (marked with a 
magenta line in Figure 2(c)) shortly after the photolysis as the 
sample signal (as shown in Figure 3(a)). By subtracting the 
background from the signal, the adjacent H2O absorption and 
baseline drift of the 2f signal were completely eliminated, and 
the FRS signal of OH absorption can be clearly observed 
(Figure 3(b)). This method strongly suppressed laser noise, 
optical interference, and the absorption of the precursor, al-
lowing the instrument to achieve a very high performance.  
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Figure 3. (a) FRS 2f signals (40 pulses average) before (black 
line, no OH absorption, used as background signal) and after 
(magenta line, with OH absorption) laser photolysis. (b) OH 
signal. After subtracting the background from the signal, the 
absorption of OH was clearly observed ([OH] ~ 4×108 mole-
cule/cm3). This method effectively eliminated the influence of 
H2O absorption and baseline drift. The point-by-point method 
was used for the laser wavelength tuning.  

 



 

The OH concentration in the reactor was determined by the 
WMS 2f detection scheme. The WMS 2f signal (B = 0) of OH 
absorption was obtained using the same method as FRS 2f 
signal. H2O (absorption at 3568.54995 cm-1) with known 
concentration (determined from direct absorption) was used as 
the reference for the cross-calibration of the OH concentration 
(absorption at 3568.5238 cm-1). Details can be found in our 
previous work.19,20 The total uncertainty in OH concentration 
determination was estimated to be < 5%.20 The relationship 
between the peak intensities of FRS 2f signals and OH concen-
trations is shown in Figure 4. The FRS signal was linearly 
proportional to the OH concentrations with a fit uncertainty of 
less than 1%: [OH] (molecule/cm3) = 2.23(±5.08)×106 (mole-
cule/cm3) + 5.39(±0.05) ×109 (molecule/cm3/mV) × FRS sig-
nal (mV). The 1 mV FRS signal corresponded to an OH con-
centration of 5.39×109 molecule/cm3.  
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Figure 4. The linear relationship between the measured peak 
intensities of the FRS 2f signals and the OH concentrations.  
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Figure 5. Performance evaluation of the LFP-FRS instrument for [OH] (a-c) and k’OH (d-f) measurements with zero air. Upper 
panel: time series measurement of (a) [OH] and (d) k’OH. Middle panel: Allan deviation plots for (b) [OH] and (e) k’OH. The domi-
nant regions of white noise (σAllan∝ t-1/2) and drift (σAllan ∝ tα, α = 0.3 and 0.04) are shown as the olive dashed lines. Lower panel: 
frequency distribution of the corresponding time series measurement of (c) [OH] and (f) k’OH. 

 
 
The precisions of the LFP-FRS instrument for OH concen-

tration and k’OH measurements were evaluated with Allan 
variance analysis (Figure 5).36 The upper panels of Figure 5 
show a 40 minutes continuous measurement of [OH] and k’OH 
by photolysis of the mixture of zero air and O3. The pressure 
inside the reactor was maintained at 50 mbar. Forty decays 
(with 5 Hz pulse repetition rate) were averaged (with an 8 s 
total acquisition time) for data analysis. [OH] was calculated 
using the FRS 2f signal intensities at a fixed time point (10 ms 
after photolysis) with the linear relationship obtained in Figure 
4. k’OH was obtained directly by exponential fitting of the 
averaged decay. The corresponding frequency distribution plot 
of the time series measurement of [OH] and k’OH are shown in 
the lower panel.  

The Allan variance analysis (middle panel of Figure 5) 
shows that the precision of OH concentration measurements 
was about 1.1×107 molecule/cm3 over 8 s integration time, and 
can be further improved to 4×106 molecule/cm3 over 56 s 
integration time. For k’OH, measurement precisions were 0.33 
s-1 and 0.09 s-1 over 8 s and 112 s, respectively. For ambient 
applications, a correction of the pressure is necessary to get 
the actual OH decay rate. By pumping the ambient air sample 
(1 atm) into the reactor (50 mbar), the concentration of the 
reactant was decreased by ~ 20 times, and the corresponding 
reactivity was also roughly reduced by ~ 20 times (in simple 
terms). The achievable precision of the developed LFP-FRS 
for ambient k’OH measurement was therefore estimated to be ~ 
1.8 s-1. This precision is favorably compared to state-of-the-art 



 

LIF instruments.18 By increasing the pressure in the reactor, 
this limit can be further reduced.  
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Figure 6. (a) Examples of the measured OH decay FRS sig-
nals of zero air and different concentrations of CO, and a plot 
of the pseudo-first-order decay rates versus reactant concentra-
tion: (b) CO and (c) NO. The laser frequency was fixed at the 
peak position of the OH absorption.  

 
The accuracy of the measured OH decay rate with the de-

veloped LFP-FRS instrument was evaluated with the well-
known reactions of OH with CO and NO. Taking the CO 
reaction as an example to illustrate the verification process, the 
measured OH decay signals for zero air and different concen-
trations of CO are shown in Figure 6(a), which satisfied the 
following equation:  

CO OH CO
[OH] ' [OH] [CO][OH]d k k
dt += − = −    (10) 

where k’CO is the pseudo-first order rate constant of the OH 
reaction with CO obtained from the exponential fitting, and 
kOH+CO is the reaction rate constant of OH with CO. k’CO in-
creased as the reactant concentration increased. The slope of 
the measured k’CO versus CO concentration (absolute concen-
tration at 50 mbar and 28 ºC) represents the reaction rate con-
stant kOH+CO (as shown in Figure 6(b)). For CO, the measured 
rate constants was 1.60 (±0.03)×10-13 cm3 molecule-1 s-1, in 
good agreement with the IUPAC (International Union of Pure 
and Applied Chemistry) preferred value (~ 1.48×10-13 cm3 
molecule-1 s-1 ). 37 For NO (as shown in Figure 6(c)), the meas-
ured rate was 1.42 (±0.04)×10-12 cm3 molecule-1 s-1, which also 
agreed with literature values (ranging from 8.45×10-13 – 
1.34×10-12 cm3 molecule-1 s-1). 31  

The fitted intercepts in Figure 6(b) and (c) represent the 
non-reactive loss of OH to wall losses and diffusion losses, 
depending on experimental conditions. By frequently record-
ing and subtracting k’OH in zero air, the effect of the non-
reactive loss and the intercept changes can be effectively 
avoided. The developed LFP-FRS instrument has been suc-
cessfully applied for the first time during a field campaign 
carried out on the Tibet Plateau during the period of May to 

July 2019. The total OH reactivity of the Namucuo area (4730 
m above sea level) has been obtained. The relevant results will 
be reported in subsequent articles.  

 

CONCLUSIONS 
In this work, we report the development of a novel method 
that combines laser-flash photolysis with mid-infrared Faraday 
rotation spectroscopy for k’OH measurement and gas phase 
radical kinetics studies. By performing background subtraction 
of the signal before laser photolysis, influence of laser noise, 
optical interference, and precursor’s absorption on the signal 
could be greatly reduced, and high performance was achieved. 
The optimized detection precisions that could be achieved 
were 4×106 molecule/cm3 and 0.09 s-1 for OH concentration 
and k’OH measurement with 56 s and 112 s integration time, 
respectively, with an effective absorption pathlength of 25 m.  

The instrument described here provides a new, high preci-
sion, and highly selective tool for radical chemistry research. 
It is not only applicable to the OH radical and can be extended 
to other transient paramagnetic free radicals such as the HO2 
radical. 25,38 With the rapid development of laser, detector, and 
electronics, this laser spectroscopy instrument can be made 
more compact and affordable. This work provides a reliable 
method with low maintenance cost for field k’OH applications. 
Further improvements will make long-term and network ob-
servations possible.  
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