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Abstract
We report the development of a high-sensitivity laser absorption diagnostic optimized for measurement of the hydroxyl radi-
cal (OH) at temperatures relevant to combustion studies, and demonstrated here in shock tube experiments. This diagnostic 
utilizes a narrow-linewidth CW UV laser that is tunable over the A2Σ – X2Π (0,0) band of the OH rovibronic transitions. 
First, we identified the strongest absorption transition of OH, over the current temperature range of interest, to be the Q1(5) 
transition near 308.61 nm. We then measured the OH absorption coefficients behind reflected shock waves over tempera-
tures of 1656–2993 K and pressures of 0.88–4.09 atm, and determined the pressure-broadening and pressure-shifting coef-
ficients in argon bath gas. Compared to the previous diagnostic targeting the OH R1(5) transition, the current diagnostic has 
approximately 2.2 times the sensitivity. Finally, we demonstrated the excellent sensitivity of the current OH diagnostic in a 
set of highly-diluted  C3H8 oxidation experiments in a shock tube, where a 1 − σ detection limit of less than 0.15 ppm OH 
was successfully achieved.

1 Introduction

As the primary carrier of chain branching and propaga-
tion reactions, the hydroxyl radical, OH, is one of the most 
important intermediate species in hydrogen and hydrocarbon 
combustion chemistry. Consequently, there is a strong need 
in the combustion community for the ability to accurately 
measure OH at elevated temperatures. Previous research-
ers have demonstrated the use of laser-induced fluorescence 
[1–7], emission [8–13] and absorption [14–25] spectros-
copy, at both UV [1–8, 10–13, 16–25] and IR [9, 14, 15] 
wavelengths, for OH measurements in flames [1, 2, 4, 5, 
9–13], engines [3, 6, 7] and shock tubes [16–25]. Among 
these various OH diagnostic methods, UV-laser absorption 
spectroscopy is particularly useful as it can provide sensi-
tive, quantitative, and time-resolved measurement of OH 
concentration.

A comprehensive survey of the OH absorption spectrum 
suggests that the strongest OH transitions at combustion-
relevant temperatures are within the  A2Σ-X2Π (0,0) rovi-
bronic band in the UV (see Fig. 1) (according to HITRAN 

2016 [26], the strongest IR transition is at least two orders 
of magnitude weaker). Several transitions in this band 
have been previously explored for sensitive OH detection 
[26–29], of which the R1(5) transition particularly mer-
its mention. Although not the strongest transition in the 
A-X(0,0) band, R1(5) has historically been used for many 
quantitative measurements of OH in combustion research 
(e.g., [18, 19, 22–25]) due to its relative ease of access with 
frequency-doubled dye lasers, especially when stronger OH 
transitions were beyond conventional laser tuning ranges.

Very recently, advances in solid-state laser technolo-
gies have provided alternative UV light sources and ena-
bled access to other OH transitions, including the strongest 
ones at combustion-relevant temperatures in the entire A – X 
(0,0) band: Q1(4) at 308.42 nm, Q1(5) at 308.61 nm, and 
Q1(6) at 308.82 nm. As such, we were motivated to revisit 
the spectroscopy and to develop an optimized UV absorp-
tion diagnostic for OH. The current study focuses on the 
Q1(5) transition, which is optimal for OH measurement over 
1265–1880 K.
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2  OH absorption spectroscopy

In a laser absorption measurement, the mole fraction (χ) 
of OH in a test gas mixture can be determined from the 
logarithmic attenuation of the laser intensity (− ln(I/I0)), 
also known as absorbance (α), via the Beer–Lambert rela-
tion: α = χkPL, where P is the total pressure of the test gas, 
L is the (assumed uniform) absorption pathlength, and k 
is the OH absorption coefficient, a spectroscopic parameter 
that is dependent on temperature, pressure, and wavelength. 
The current study targeted a distinctive and isolated absorp-
tion transition of OH for which k could be interpreted in a 
relatively simple manner: k = S(T)φ(ν,T,P), with S being the 
integrated linestrength (in units of  cm− 2  atm− 1) and φ being 
the spectral lineshape function (in cm units). The tempera-
ture dependence of the linestrength S, relative to a reference 
temperature of choice, T0, is given by

where Q is the OH partition function, E″ and v0 are the 
lower-state energy and the line-center frequency of the 
OH absorption transition, and h, c, k are Planck’s constant, 
the speed of light, and Boltzmann’s constant, respectively. 
Regarding the Q1(5) transition explored in the current study, 
values of E″ and v0 have been determined with high accuracy 
in the work of Goldman and Gills [30]: E″ = 544.809 cm− 1 
and v0 = 32403.405 cm− 1. Q(T) has also been tabulated 
by Goldman and Gills, with a minor correction for anhar-
monic oscillator effects discussed later by Goldman [32]. 
Over 1000–4000 K, in the current study, Q(T) is fitted with 
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the following polynomial expression, which is valid over 
1000–4000 K within ± 0.3% error:

To place absorption measurements on an absolute basis, 
one needs to know the precise value of S at the reference 
temperature T0. However, S(T0) was conventionally calcu-
lated from the Einstein A coefficient, which was typically 
determined on a relative basis (e.g., Chidsey and Crosley 
[33]) with respect to a particular vibrational/rotational state 
(e.g., the N′ = 0, v′ = 0 state whose natural lifetime was 
measured by German [34]). The current study is hence moti-
vated to provide a direct measurement of the linestrength S 
for the OH Q1(5) transition, particularly at a temperature 
representative of combustion situations.

Another prerequisite for quantitative and accurate 
measurement of OH concentration is a detailed under-
standing of the spectral lineshape, φ. Under the cur-
rent experimental conditions, the lineshape is affected 
simultaneously by contributions from Doppler and col-
lisional/pressure-broadening and can be described by 
a Voigt profile: � = 2

√

ln 2V(x, a)∕
√

�Δ�D ,  where 
Δ�D = 5.629 × 10−3 (T∕K)1∕2 cm−1 is the Doppler linewidth 
(FWHM) of the Q1(5) transition, V(x,a) is the normalized 
Voigt function, x = 2

√

ln 2
�
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�
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(2)
Q(T) = 11.367 + 1.194 × 10

−1T∕K + 1.364

× 10
−5(T∕K)2 + 1.600 × 10

−9(T∕K)3.
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Fig. 1  Simulated linestrengths of OH A2Σ  –  X2Π (0,0) transitions 
at 1000  K (left) and 2000  K (right). Note that the Q1(5) transition 
selected in the current study is one of the three strongest transitions 

in the entire band. Simulations performed using the spectroscopic 
parameters from Goldman and Gillis [30]. LIFBase [31] predicts sim-
ilar results
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normalized frequency detuning relative to line center, and 
a =

√

ln 2Δ�C∕Δ�D is a measure of the relative scale of 
the collisional vs. the Doppler linewidth. The collisional 
linewidth Δ�C is proportional to the pressure of the colli-
sional partner of OH, i.e., Δ�C = 2�(T) ⋅ P . To accurately 
model the lineshape of the OH Q1(5) transition at various 
temperatures and pressures, it is necessary to characterize 
the lineshape parameters δ (the pressure-shift coefficient) 
and 2γ, which is another objective of the current study.

3  Experimental method

High-temperature OH absorption measurements were con-
ducted in a 15.24-cm diameter high-purity shock tube utiliz-
ing a state-of-the-art solid-state UV laser, as illustrated in 
Fig. 2. Known concentrations of OH radical were generated 
by shock-heating a 0.1%  H2/ 0.1%  O2/Ar mixture. The mix-
ture was manometrically prepared in a 40-L mixing tank 
using a double-dilution procedure described in our earlier 
work [35]. Between shock experiments, the shock tube and 
mixing assembly were routinely evacuated to less than 6 
µtorr to remove possible residual impurities. Further details 
about this Stanford shock tube facility have been docu-
mented in our previous study [36] and are not repeated here.

The UV-laser diagnostic was accessed through a pair of 
windows located 2 cm away from the shock tube endwall. To 
access the OH Q1(5) transition near 308.61 nm, the current 

diagnostic employed a sum–frequency-generation (SFG) 
solid-state laser system, which consisted of four different 
components: a 10-W CW 532-nm pump laser (Lighthouse 
Photonics Sprout™), a Ti:sapphire resonator (M-Squared™ 
SolsTiS), a frequency- and polarization-stabilized CW 532-
nm laser (Coherent Verdi™ V-5, with a maximum power of 
5.5 W), and a frequency mixing/SFG module (M-Squared™ 
ECD-X). The Ti:sapphire resonator was optically pumped 
by the 10-W 532-nm laser to generate about 2 W of laser 
radiation at 734.48 nm, which was fed into the SFG module 
together with the stabilized 532-nm laser for frequency mix-
ing, and the resulting 308.61-nm UV output (up to 300 mW 
achievable, but set to about 10 mW in the current study to 
avoid detector damage) was directed to the shock tube for 
OH measurement.

Wavelength tuning of the UV laser was achieved by 
adjusting the output wavelength of the Ti:sapphire resona-
tor using the M-Squared™ control software. While a rapid 
wavelength-scanning measurement strategy is still under 
development, this study adopted a fixed-wavelength direct-
absorption strategy—the laser was tuned to a target wave-
length and kept constant during each reflected shock wave 
experiment. The actual wavelength of the Ti:sapphire reso-
nator output was monitored in real time with a Burleigh™ 
WA-1000 wavemeter, which had a spectral resolution of 
0.01 cm− 1. Both the Ti:sapphire resonator and the SFG mod-
ule were stabilized with active feedback control to minimize 
wavelength and intensity drifts (less than ± 0.01 cm− 1 within 

Fig. 2  Schematic of the experi-
mental setup used in the current 
study
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30 min and less than ± 0.5% within 100 s, respectively). 
Using a flip mirror, the UV laser was also guided through 
a low-pressure (< 10 torr) flowing  H2O/He microwave dis-
charge cell. This microwave discharge served as a room-
temperature OH source with negligible pressure-induced 
spectral shift and hence provided a good spectral reference 
for the OH line center.

Transmitted UV-laser intensities through the shock tube 
and the discharge cell were measured with Thorlabs™ 
PDA36A Si switchable-gain detectors (20 dB gain setting, 
f− 3dB = 1 MHz). A UV beam splitter redirected part of the 
beam onto a bandwidth-matched reference detector whose 
signal was used to normalize the diagnostic detectors sig-
nals. This scheme, typically referred to as common-mode 
rejection, successfully reduced the laser intensity noise to 
less than ± 0.1%. To block the emission of the shock-heated 
gas or the microwave discharge, a set of UV bandpass filters 
(Newport™ FSR-UG5) were placed in front of the diag-
nostic detectors; similarly, an iris was placed in front of the 
reference detector to block background light. The detector 
signals were digitally sampled with a 14-bit data acquisition 
system (National Instruments™ PXIe-5122) at 100 MS/s for 
anti-aliasing, and low-pass-filtered to 1.25 MHz to reduce 
bit-noise and electronic noise. Note that 1.25 MHz was still 
higher than the detectors’ bandwidth (1 MHz), so that the 
temporal resolution was never compromised.

4  Results and discussion

A direct comparison of OH absorption signals, measured 
at the peaks of the Q1(5) and R1(5) transitions in two nearly 
identical reflected shock experiments, is shown in Fig. 3. A 

mixture of 0.1%  H2/0.1%  O2/Ar was shock-heated to temper-
atures of approximately 2010 K and pressures of 1.16 atm. 
OH was generated through the oxidation of hydrogen, and 
its concentration rapidly reached a plateau of 165 ppm. This 
value was determined from the R1(5) measurement using OH 
absorption coefficient characterized in previous studies [29, 
37], and was in excellent agreement (within ± 3 ppm differ-
ence) with predictions of several reaction models, such as 
Aramco 2.0 [38], USC Mech II [39] and the Li et al. model 
[40]. As evidenced, the current Q1(5) diagnostic yielded a 
much stronger (a factor of 2.24 ± 0.08) absorption signal 
compared to our previous R1(5) diagnostic.

These experiments allowed for direct measurement of the 
OH absorption coefficient. Moreover, we have also mapped 
out the absorption lineshapes of the OH Q1(5) transition 
by repeated reflected shock experiments at similar tempera-
tures and pressures but with slight offsets in wavelength. 
Figure 4 shows the measured Q1(5) lineshapes at T = 2008 K, 
P = 1.16 and 4.06 atm. Notably, the OH absorption spectrum 
became broader and slightly shifted to the low-frequency 
side at higher pressures. By fitting the measured lineshapes 
with Voigt profiles, we have determined the integrated line-
strength (S), the Ar-broadening (2γAr) and the Ar-shifting 
(δAr) coefficients of the Q1(5) transition at 2008 K, as shown 
in Table 1. A more sophisticated model of the OH absorp-
tion spectrum could incorporate speed-dependent lineshape 
[41] and collision-induced narrowing [42], however, accord-
ing to the previous studies of Rea et al. [29] and Herbon 
[37], these effects were small (less than ± 2% deviation from 
the Voigt profile) at the current experimental conditions and 
hence were omitted in this study.

Similar values of 2γAr are observed between the Q1(5) 
and R1(5) transitions, which is expected due to the same 
lower-state rotational quantum number (J” = 5.5) shared by 
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these two transitions. The similarity in δAr, however, is per-
haps a coincidence [cross-over of Q1(J”) and R1(J”)], as the 
J"-dependence of δAr is generally different for each branch 
[37]. The uncertainties in current determinations of 2γAr and 
δAr are dominated by the spectral resolution of the fixed-
wavelength measurements. Future experiments are planned 
to improve the accuracy of these measurements using rapid 
wavelength scanning.

The temperature dependence of the Q1(5) linestrengh S 
was determined from Eq. 1. To simplify the mathematical 
expression, the results have been fitted to the following form:

The overall 1 − σ uncertainty in this expression, including 
both measurement uncertainty and fitting error, is estimated 
to be less than ± 4%. As for 2γAr and δAr, the previous stud-
ies of Rea et al. [29] and Herbon [37] suggested that for 
the OH transitions in the A – X (0,0) band, they generally 
follow a T− 0.8 dependence. Hence to the first-order approxi-
mation, and for the temperature range of current interest 
(about 1200–3000 K), we can express the Ar-broadening 
and Ar-shifting parameters of the Q1(5) transition as follows:

Equations 3–5 provide a complete description for the 
OH absorption coefficient at Q1(5). To validate this spec-
troscopic model we directly measured the absorption coef-
ficient and compared these data to the calculated values, as 
illustrated in Fig. 5. Excellent agreement is seen between the 
current measurement and model.

The following expression is a numerical fit for the OH 
absorption coefficient at 32403.40 cm− 1 near the Q1(5) 
line-center:

where Tr = T/1000 K and Pr = P/1 atm are the reduced/non-
dimensional temperatures and pressures. This expression 

(3)
S(T) = exp[6.81 − 1.71 × 10−3T∕K + 2.59 × 10−7(T∕K)2

− 2.00 × 10−11(T∕K)3] cm−2 atm−1.

(4)2�Ar(T) = 0.034 × (2000 K∕ T)0.8 cm−1 atm−1,

(5)�Ar(T) = −0.010 × (2000 K∕T)0.8 cm−1 atm−1.
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should be valid over 1000–4000 K and 0.5–4 atm, with an 
estimated 1 − σ overall uncertainty of ± 5%. Under the typi-
cal pathlength (~ 15 cm) and minimum detectable absorb-
ance (1 × 10− 3) of Stanford shock tube facilities, sub-ppm-
level OH detectivity is easily achievable with the current 
diagnostic (see Fig. 6).

Table 1  Spectroscopic 
parameters of the OH Q1(5) vs. 
R1(5) transitions at T = 2008 K

Values obtained from aGolden and Gillis [30]; bcurrent study; cRea et al. [29]; dHerbon [37]

ν0  (cm− 1) E″  (cm− 1) S  (cm− 2atm− 1) 2γAr  (cm− 1atm− 1) δAr  (cm− 1atm− 1)

Q1(5) 32403.405a 544.809a 71 ± 2.5b 0.034 ± 0.005b − 0.010 ± 0.0025b

R1(5) 32606.557a 543.575a 31.65a 0.032 ± 0.003c − 0.0100 ± 0.0002d
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5  Example application

This new OH diagnostic is intended for use in future kinetics 
experiments, but here, we report on initial tests to demon-
strate and validate its use in shock tube oxidation of dilute 
 C3H8 mixtures. Exhibited in Fig. 7 are two example OH 
measurements at T = 1419 K and 1646 K, respectively. Even 
at these extremely low OH concentrations, signal-to-noise 
ratios of 10 or higher were readily achieved. Shown in com-
parison with the current measurements are kinetics simula-
tions using the Aramco 2.0 mechanism [38], which is seen 
to be in excellent agreement with the measurements.

6  Conclusions and future work

In this study, we have developed a high-sensitivity diagnostic 
for OH using laser absorption at 308.61 nm, aimed particu-
larly at shock tube applications. This new diagnostic utilizes 
the Q1(5) transition of the OH A – X (0,0) band, one of the 
strongest OH absorption transitions at elevated temperatures, 
and has improved the OH detection sensitivity relative to the 
previous R1(5) diagnostic by a factor of 2.24 ± 0.08. The OH 
absorption coefficient at the Q1(5) transition was measured 
behind reflected shock waves at various temperatures, pres-
sures and wavelengths. From these measurements, we have 
also determined the linestrength and the Ar-broadening and 
-shift coefficients of this transition.

We have demonstrated the unprecedented sensitivity of 
this new diagnostic in highly-diluted  C3H8 oxidation experi-
ments, where a 1 − σ detection limit of less than 0.15 ppm 
OH was achieved. Future extensions of the current work will 
involve applications of this high-sensitivity OH diagnostic to 
shock tube kinetics studies and also will aim to address other 

spectroscopic questions. For example, we are interested in 
investigating use of the Q1(4) and Q1(6) transitions that are 
slightly stronger (by up to 15% and 5%) than Q1(5) over the 
temperature ranges of 800–1250 and 1900–2650 K, respec-
tively. We would also like to explore possibilities of rapid 
wavelength scanning, with hopes of obtaining more accurate 
determinations of lineshape and shift coefficients.
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