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The possibility of detecting OH radicals and stable paramagnetic NO species in flames
using the effect of rotation of the polarization plane of terahertz radiation (1–10 THz)
in a magnetic field (Faraday effect) was experimentally demonstrated. Experimen-
tal data on detection of NO in a cell and OH radicals in an atmospheric–pressure
H2/O2/N2 flame using this method are given. The proposed method can be used to
study highly scattering media which are opaque in the visible region, for example,
dusty or sooty flames.
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INTRODUCTION

Using terahertz radiation (1–10 THz or 30–300 μm)
for flame diagnostics seems to be promising for the fol-
lowing reasons. In this region there are bands of rota-
tional transitions of many free radicals which play an
important role in combustion processes: OH, CN, CH,
CH2 [1], etc. In addition, long-wave radiation is weakly
scattered by micron-size particles. In contrast to ex-
isting optical methods of radical detection using visible
and ultraviolet laser radiation, the method using ter-
ahertz radiation can be suitable for studying strongly
scattering media which are opaque in the visible region.
An example of such objects are flames with a high soot
content.

Absorption spectra of atmospheric–pressure flames
in the terahertz region were first studied by Cheville
and Grischkowsky [2] using time domain terahertz spec-
troscopy based on using femtosecond lasers to gener-
ate short pulses of terahertz radiation. In a premixed
propane–air flame, many absorption bands in the region
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of 0.2–2.65 THz were recorded. Most of these bands be-
long to water vapor, but some of them were assigned by
the authors to absorption bands of CH radicals.

Subsequent studies of the same authors [3, 4] have
focused on studying the absorption bands of water va-
por in flames. In [3], they verified the assignment of the
relative intensities of the observed bands by a calcula-
tion based on known intensities at room temperature.
Absorption bands of water molecules in the ground vi-
brational state and in the first vibrationally excited
state were observed. A strong reduction in rotational
band intensities of water with increasing temperature
was noted. Collisional broadening of rotational bands
of high-temperature water vapor was studied in [4]. Ab-
sorption spectra of hot water vapor were also studied
in [5].

Thus, available papers on flame spectroscopy in the
terahertz region deal with absorption spectra of stable
combustion products, most often, water molecules. In
[2], the assignment of some of the observed bands to CH
radicals seems to be erroneous. This follows from the
fact that, in the spectra given in [2] there are no ab-
sorption bands of OH radicals. Had the observed bands
belonged to CH radicals, the spectrum should have con-
tained strong bands of OH. The rotational absorption
band intensities of OH radicals [1] exceed the rotational
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band intensities of CH radical. In addition, it is well
known that in a propane–air flame, the CH radical con-
centration is much lower than the OH concentration.

In the present work, we studied the possibility of
using terahertz radiation to detect flame radicals.

ABSORPTION COEFFICIENTS
ON THE BANDS OF OH RADICALS

The OH radical is the most convenient research
subject because of its high concentration in flames and
the presence of intense absorption bands in the tera-
hertz regions. The Novosibirsk terahertz free electron
laser (FEL) [6] was used as the radiation source. In
this facility, the laser radiation frequency can be var-
ied in a range of 118–230 μm (2.5–1.3 THz) at power
of up to 50 W. The spectral width of the radiation is
about 0.5 cm−1 = 15 GHz.

The FEL frequency range contains two absorp-
tion bands of OH radicals at frequencies of 1835 and
2512 GHz. These bands correspond to transitions
from the lower rotational levels of the electronic states
2Π1/2
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1
2

)
and 2Π3/2

(
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1
2

→ 2
1
2

)
. Both bands

are in the atmospheric transmission microwindows. The
distances to the nearest intense absorption bands of wa-
ter vapor are 33 and 20 GHz, respectively [1].

Attempts were made to measure the absorption
on both bands of OH radicals directly. We studied
a 16.6/7.4/76.0 H2/O2/N2 flame stabilized on a flat
burner at a pressure of 1 atm. The volumetric flow rate
of the gas mixture was 84 cm3/sec (under normal condi-
tions). The burner consisted of a tube with an attached
copper disk 16 mm in diameter and 3 mm thick with
0.5 mm diameter holes spaced uniformly 0.7 mm apart.
The burner temperature was maintained at 35◦C by a
thermostat. The laser frequency was set at 1835 GHz
or 2512 GHz.

In the experiments, we compared the powers of
the radiation transmitted through the burner with the
flame and without it. In some experiments, the burner
operation modes and laser radiation wavelength were
varied. In all cases, attenuation of the laser radiation
by the flame was not observed (with an accuracy of
3%). Integrated intensities of various absorption bands
of OH radicals at a temperature of 300 K are given
in [1]. Using these data, the measured shape of the
FEL radiation spectrum, the OH radical concentration
known for this flame, and the collisional width of the ab-
sorption band, one can calculate the expected radiation
absorption coefficient as follows.

The OH absorption cross section at a frequency of
1835 THz is estimated by the formula

σ(ν) =
2A

π

w

4(ν − ν0)2 + w2
, (1)

where A is the integrated band intensity, nm2 · MHz,
and w is the collisional bandwidth. For various tem-
peratures, the integrated intensity can be found by cal-
culating the change in the population of the rotational
levels between which the transition occurs. The tem-
perature dependence of the population densities of the
lower and upper rotational levels is given by

n0(T ) =
g0

Zvib(T )Zrot(T )
exp

(
−E0

kT

)
, (2)

n1(T ) =
g1

Zvib(T )Zrot(T )
exp

(
−E0 + hν

kT

)
,

where g0 and g1 are the degenerations of the rotational
states, Zvib(T ) and Zrot(T ) are the vibrational and ro-
tational statistical sums, respectively, h is Planck con-
stant, and k is Boltzmann constant. The integrated
intensity of a band is proportional to

n0(T ) − g0

g1
n1(T ). (3)

Thus, the temperature dependence of the integrated in-
tensity is given by

A(T ) = A(300)
Zvib(300)Zrot(300)

Zvib(T )Zrot(T )

× exp
(
− E0

k

(
1

300
− 1

T

))

×
(

1 − exp(−hν/kT )
1 − exp(−hν/k · 300)

)
. (4)

A calculation for the bands at 1835 GHz shows
that, as the temperature increases from 300 to 1450 K,
the integrated intensity of the absorption band de-
creases by a factor of 24.3 times. This decrease is due
to the redistribution of the population densities of the
rotational levels: the difference in population density
between the lower and upper rotational levels decreases
sharply with increasing temperature.

The calculated absorption cross section of
OH radicals averaged over the laser line spectral
profile is σ = 0.72 · 10−19 cm2. Under the conditions
used in the experiments, the volumetric concentra-
tion of OH radicals in the flame is about 0.1%, i.e.,
n = 4.8 · 1015 cm−3 at a temperature of 1450 K. Under
these conditions, the expected absorption at a length
l = 1 cm is

ΔI/I = σnl = 3.4 · 10−4.
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Fig. 1. Diagram of the experimental setup.

Thus, the expected absorption coefficient of the
FEL terahertz radiation at the bands of OH radicals
is approximately two orders of magnitude smaller than
that accessible to direct measurements (about 3%).
This explains why absorption at the OH bands was not
recorded in the experiment performed.

The small value of the absorption coefficient is par-
tially due to the large spectral width of the FEL radi-
ation. The width of the rotational bands of OH rad-
icals in the flame is unknown. If the shock broad-
ening of the OH bands is considered to be similar
to that for water molecules [4], the width of the OH
bands in the atmospheric–pressure flame should be
≈0.1 cm−1, which is ≈5 times smaller than the FEL
spectral width. Thus, if one uses a radiation source
with a small spectral width, the absorption coefficient
of the flame on the rotational lines of OH radicals can-
not exceed ≈5 · (3 · 10−4) ≈ 1.5 · 10−3 cm−1.

The above estimates show that the value of the
absorption coefficient on the rotational lines of OH rad-
icals in the flame is insufficient for direct measurements
of its concentration from a change in the radiation in-
tensity. In addition, these estimates provide further ev-
idence that in [2] the assignment of the observed lines
to CH radicals is erroneous.

A METHOD USING ROTATION
OF THE POLARIZATION PLANE
IN A MAGNETIC FIELD

A more sensitive method of recording paramagnetic
species is the one of recording the rotation of the po-
larization plane of radiation in a magnetic field (Fara-
day effect) [7]. Rotation of the polarization plane in a
magnetic field is due to the difference in the refractive
index of a medium for waves with right and left circular
polarizations. Due to the abnormal dispersion of the
refractive index of the medium for radiation frequency

close to the absorption band frequency of a paramag-
netic species, the value of polarization plane rotation
increases significantly upon reaching a resonance. The
high sensitivity of the Faraday method is provided by
the possibility of measuring small rotation angles of the
radiation polarization plane.

Figure 1 shows a diagram of the experimental
setup. The setup consists of an electromagnet, a burner
placed between the electromagnet poles, an input po-
larizer, an analyzer (output polarizer), a radiation re-
ceiver, and necessary optical elements. The FEL ra-
diation was directed along the magnetic field through
holes drilled at the magnet poles. The radiation was
focused by a combination of convex and concave spher-
ical mirrors. The beam diameter in the region of the
burner was 1 mm. The radiation intensity after the an-
alyzer was recorded by a MG-33 pyroelectric radiation
receiver. Because pyroreceivers are sensitive to a vari-
able signal, the radiation was modulated by a rotating
disk with holes at a frequency of ≈300 Hz. The variable
signal from the radiation receiver was recorded by an
USD-2 synchronous detector and sent to a computer.

The FEL radiation is linearly polarized but the de-
gree of polarization was not high enough — 99.5%. To
improve it, an additional polarizer was placed before the
entrance of the electromagnet. The direction of the po-
larizer axis was aligned with the polarization direction
of the laser radiation. The analyzer was a broadband
Tydex polarizer (St. Petersburg). It provided suppres-
sion of undesired polarization up to 10−3 at wavelengths
of 120–180 μm. The direction of the analyzer axis was
rotated by an angle π/2 + ϕ0 relative to the laser po-
larization direction, where ϕ0 is a small deviation.

Before the measurements, the FEL radiation fre-
quency was adjusted to the absorption band. The laser
radiation spectrum was measured by a Bruker IFS-
66V Fourier spectrometer. The measurements actually
consisted of comparing the intensities of the radiation
transmitted through the analyzer with the magnetic
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Fig. 2. Faraday effect in the rotational spectrum of NO: (a and b) FEL radiation spectrum, the vertical
line shows the position of the 2Π3/2(16.5) ← 2Π3/2(15.5) NO absorption band; (c and d) change in the
radiation intensity with a magnetic field of 8 kGs switched on (regions denoted by +) and switched off; the
2Π3/2(16.5) ← 2Π3/2(15.5) band.

field switched on and off. If polarization plane is ro-
tated by an angle Δϕ as the magnetic field is switched
on, the radiation intensity at the receiver is

I = I0 sin2(ϕ0 + Δϕ) ≈ I0(ϕ2
0 + 2ϕ0Δϕ + Δϕ2). (5)

Accordingly, the change in the intensity due to switch-
ing on and off of the field is equal to

ΔI ≈ I0(2ϕ0Δϕ + Δϕ2). (6)

From formula (6), it is evident that the addition of the
deviation ϕ0 increases the value of ΔI and, hence, the
sensitivity of the setup.

RESULTS

Before the experiment with the flame, we checked
the operation of the setup at the NO absorption bands.
In these experiments, the burner was replaced by an
optical cell with polyethylene windows filled with NO.
NO molecules have a constant magnetic moment, and
the Faraday effect should be observed at the NO ab-

sorption bands as well as at the absorption bands of
free radicals.

Figure 2 gives the results of experiments with NO.
The magnetic field induced rotation of the polarization
plane of the FEL terahertz radiation with the laser radi-
ation adjusted to the absorption band of NO molecules.
Figure 2a shows the FEL radiation spectrum and the
absorption band in the rotational spectrum of NO, and
Fig. 2c shows the intensity of the radiation transmit-
ted through the cell with NO and the analyzer. When
the magnetic field is switched on (the switching on and
off times are denoted by vertical lines), the polariza-
tion plane is rotated, leading to a change in the in-
tensity of the radiation transmitted through the ana-
lyzer. When the filed is switched off, the intensity is
restored. Some delay is due to the fact that the mag-
netic field increases slowly due to a high inductance of
the electromagnet winding. If the laser band is adjusted
away from the NO absorption band (see Fig. 2b and d),
the magnetic field does not influence the polarization
of terahertz radiation.
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Fig. 3. Change in the intensity of the radiation trans-
mitted through the polarizer with the magnetic field
switched off (−) and switched on (+); laser frequency

1843 GHz; band 2Π1/2

�
1
2 → 11

2

�
of OH radicals.

Figure 3 gives the experimental results on rota-
tion of the polarization plane at the band 2Π1/2

(1
2 →

11
2
)

of OH radicals. The burner described above was
placed between the magnet poles. The effect was de-
tected when the FEL was adjusted to a frequency of
1843 GHz. The half-height width of the FEL band
was 18 GHz. The rotation angle of the polarization
plane of the laser radiation calculated by formula (2)
was (1.4 ± 0.3) · 10−3 rad.

Thus, for terahertz radiation adjusted to OH ab-
sorption band in an atmospheric–pressure flame, the
value of the rotation of the polarization plane in the
magnetic field is large enough (≈10−3 rad) to be mea-
sured. This effect can be used to develop a method for
detecting free radicals in flames in the terahertz region,
which will require a detailed spectroscopic study of the
effect.

CONCLUSIONS

The experimental results obtained in the work show
the possibility of detecting OH radicals in flames and
stable paramagnetic NO species by means of terahertz
radiation. Because of low sensitivity, the method of di-
rect measurement of radiation absorption cannot detect
OH in flames. The sensitivity of the method can be in-
creased by using the effect of rotation of the polarization

plane of terahertz radiation in a magnetic field (Fara-
day effect). The proposed approach made it possible to
detect OH radicals in H2/O2/N2 flames at atmospheric
pressure. The results open the way for the development
of a method for detecting and measuring concentrations
of chemically important species, such as OH, CN, CH,
CH2, NO, etc., in sooty and dusty flames.

This work was supported by the Russian Founda-
tion for Basic Research (Grant Nos. 07-03-01000-a and
09-03-00865-a) and the Siberian Branch of the Russian
Academy of Sciences under integration project No. 102.
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