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1. Introduction

Nitric oxide, NO, is a molecule with several different attributes. It interacts
toxically with the human body1 and plays an important role in atmospheric
chemistry.2,3 NO generated by combustion processes4 catalytically increases
the decay of the ozone layer in the stratosphere.5 Since R. F. Furchgott,
L. J. Ignarro and F. Merid were awarded the Nobel Prize for medicine in
1998, the number of scientists studying NO is constantly increasing. Today,
the important role of nitric oxide in humans, animals and plants is well
established. The main problem when investigating the effects of NO in the
human body is to detect it accurately, because its lifetime in the human
body is very short due to its reactivity.6 Ideally, a method is needed to
measure NO non-invasively. If these goals can be achieved, NO can be
detected in human breath, which is normally at a concentration of about
10 parts per billion (ppb).7 These low concentrations require an extremely
sensitive technique which should also be selective, accurate and rapid. To
achieve this, one photon laser induced fluorescence (LIF) is used. In this
paper the detection of NO in exhaled human breath using LIF is described.

2. Theory

The ground state of nitric oxide has the configuration X2Π, which is split
into 2Π1/2 and 2Π3/2 states. Figure 1 illustrates a simulated absorption
spectrum of NO that contains the γ-band (A←X), β-band (B←X), δ-band
(C←X) and ε-band (D←X). The spectrum is simulated by LifBase8 and
does not contain all possible transitions. In these experiments, the molecule
is excited in the γ(0, 0)-band around 226 nm. From the γ state the molecule
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relaxes by emitting a photon. This fluorescence can be measured by a pho-
tomultiplier tube. The possible transitions and resulting branches are pre-
sented in Fig. 2. The probabilities of the different fluorescence transitions
are described by the appropriate Franck–Condon factors.9,10 For detection,
the (0, 2) transition occurring at 247.4 nm was chosen because of the rela-
tively high Franck–Condon factor and the possibility to filter out scattered
light around 226 nm.

Nitrogen and oxygen atoms have the following stable isotope distri-
butions: 14N (99.63 %), 15N (0.37 %), 16O (99.76 %), 17O (0.04 %), 18O
(0.20 %). The possible combinations of nitrogen and oxygen in NO are:
14N16O (99.390888 %), 15N16O (0.369112 %), 14N18O (0.19926 %), 14N17O
(0.039852 %), 15N18O (0.00074 %) and 15N17O (0.000148 %). In that which
follows, only on the two most frequently occurring isotopomers 14N18O
and 15N18O are considered. The spectra of these isotopomeres are slightly
different due to their differing reduced masses; therefore, it is possible to
detect both isotopomers with the same optical setup, but according to the
natural abundances the 14NO absorption is about 270-fold greater than the
15NO absorption. So a spectral region must be chosen where only 15NO ab-
sorbs the laser radiation, taking into account spectral laser linewidth and
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Fig. 1. Simulated absorption spectrum of nitric oxide in the ultraviolet region. Not all
possible transitions are displayed
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Doppler broadening of the peaks. For this purpose the absorption spec-
tra of 14NO and 15NO is simulated. One candidate for 15NO detection
is the spectral region between 226.369 nm and 226.387 nm that contains
four peaks: P11(6.5;11.5)/R22(10.5), P11(7.5;10.5), Q22(15.5)/R12(15.5)
and P11(8.5;9.5). The Q22(15.5)/R12(15.5) transition is not resolved by LIF
due to the weak transition probability and the closeness to the P11(7.5;10.5)
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Fig. 2. Energy level diagram of the A2Σ+ ← X2Π transition of nitric oxide
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Fig. 3. Comparison of measured and simulated 15NO spectra. The additional broad-
ening of the experimental line is due to the linewidth of the dye laser radiation.

transition. Fig. 3 illustrates this region with the four 15NO transitions in
more detail. It contains a simulated and a measured spectrum. The peak
width is due to Doppler broadening and the linewidth of the laser radiation.
A spectral width of less than 2 cm−1 is required to detect 15NO, because
of the surrounding 14NO peaks that conceal the 15NO peaks at broader
linewidth. In addition, the pulse length should be short compared to the
fluorescence lifetime in order to discriminate between the excitation light
and the fluorescence using appropriate gating techniques.11

The maximum fluorescence intensity is obtained at a pressure of
10 mbar, because quenching interferes at higher pressures12,13 and too few
fluorescing species are produced at lower pressures. The optimal pressure
was determined theoretically and experimentally.

3. Experimental Setup

Figure 4 presents a schematic drawing of the experimental setup used to
detect 14NO and 15NO. A XeCl-excimer laser (Lambda Physik LPX600)
pumps a dye laser (Lambda Physik LPD2000) that was operated by Couma-
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rine 47.14 The laser beam was frequency doubled by a BBO crystal to gen-
erate UV radiation between 225 nm and 227 nm. The maximum energy of
the resulting ultraviolet radiation was 800 µJ at a pulse width of 0.2 cm−1

and a repetition rate of 5 Hz. The UV beam was separated from the vis-
ible beam by a Pellin Broca prism and then entered the cell through a
quartz window at the Brewster angle. After passing through the cell, the
laser power is monitored by a joulemeter (Laser Precision Corp., Model
RJP-735). The detection optics were arranged perpendicular to the beam
axis: two f/1 lenses focus the fluorescence to the photomultiplier tube
(Hamamatsu R3788), whereas between the two lenses, a bandpass filter
blocks the scattered light. The filter (Andover Corporation, 248FS10-50)
had a centre wavelength at 248 ± 3 nm with a transmission of 17 %. The
signals of the photomultiplier and the joulemeter were integrated by a gated
integrator and boxcar averager (Stanford Research Systems SR250, SR280),
transferred to a personal computer via an I/O controller card (National In-
struments DAQ PCI-1200) and acquired by LabView 5.0. The resulting
data were analysed by Origin.

The sample gas mixtures were formed from pure nitrogen (6.0, Linde)
and an NO/N2 mixture (2.5 ppm ± 5 %, Westfalen) using two mass flow
controllers (MKS 1179). The total gas flow was established at 100 sccm,
while the pressure in the chamber was automatically maintained at 10 mbar
via an automatic valve and a pressure gauge (MKS 248AC/221A). The sys-
tem was evacuated by a rotary vane pump (Edwards RV12) with a cryotrap
arranged in line to prevent oil particles reaching the cell which can be frag-
mented by the laser radiation.
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Fig. 4. Schematic view of the experimental setup
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4. Results

Since LIF is not an absolute method, the system has to be calibrated using
known NO concentrations. Different 14NO and 15NO concentrations were
produced by mixing the 2.5 ppm NO test gas with pure nitrogen via the
mass flow controllers. The results are illustrated in Fig. 5. Using these
calibration curves, 14NO and 15NO concentrations in a sample could be
determined performing only one calibration exercise each day. To mea-
sure low NO isotopomer concentrations very accurately, the standard addi-
tion method was used.15 Thus, known NO isotopomer concentrations were
added to the sample and the resulting signal intensity was monitored. The
resulting straight line is fitted and extrapolated to the abscissa; the in-
tercept (see Fig. 6) provides the absolute value of the concentration of NO
isotopomer in the sample. The advantages of the standard addition method
are the very high accuracy due to signal averaging and the independence
on laser power, photo-multiplier voltage and boxcar sensitivity, as long as
these parameters remain constant during the measurement.

To demonstrate the validity of this NO detection system, tracer exper-
iments were performed using 15N-labelled arginine. L-arginine is known
to be the precursor for nitric oxide in the human body,16 so 7.5 mg/kg
body weight of 15N-labelled L-arginine were administered orally to a male
and a female volunteer. 95 % of the nitrogen atoms were 15N. The time
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Fig. 5. Calibration curves for 14NO and 15NO
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dependence of the 15NO content of the exhaled air was monitored. The
volunteers blew up sample bags made of polyvinyl fluoride (PVF) which
were coupled to the mass flow system. The results are shown in Fig. 7.
Both volunteers were healthy non-smokers and filled the sample bags in
one breath exhalation. The male was 59 years old, the female 23 years old.
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Fig. 6. Measurement of 14NO via the standard addition method. The 14NO content of
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Fig. 7. Monitoring the 15NO concentration in exhaled breath after ingestion of
15N-labelled arginine. Time zero characterises the moment of intake.
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Surprisingly, the amount of 15NO increases rapidly following ingestion.
The maximum concentration is reached after 10 minutes and falls back to
normal levels after about one hour. The experiments with the male volun-
teer were not performed using the standard addition method; therefore the
uncertainties are much higher compared to those for the female volunteer,
which are less than 1 %. Currently, the practical detection limit of the ap-
paratus is better than 1 ppt, but this is expected to be reduced to below
0.1 ppt.

5. Conclusions

Our results demonstrate that LIF is a reliable method for measuring nitric
oxide traces in gas samples with respect to sensitivity, selectivity, accuracy
and time resolution. The sensitivity and selectivity is sufficiently high to
detect different isotopomers of nitric oxide down to sub-ppt levels. Hence,
experiments using isotopically labelled NO precursor compounds can be
carried out to investigate the generation of NO in the body. The high time
resolution enables online measurements of nitric oxide in human breath
just as in animal breath,17 plant and soil emissions,18,19 and combustion
exhaust gases.4
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