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Abstract
We explore the prospects of laser-induced fluorescence diagnostics of nitric oxide (NO) using non-tunable fifth-harmonic 
radiation of a broad-band, ns-pulsed Nd:YAG laser at � = 213 nm. Typically, 2–5 mJ/pulse of 213-nm radiation is produced 
by a commercial harmonic generator in this study, with an efficiency of about 1–3% (relative to the input pulse energy). We 
present spectral results obtained in various environments, ranging from air-based combustion processes at room conditions 
up to elevated pressure and temperature environments, the latter resembling conditions typical for compression-ignition 
internal combustion engines. In all cases, the laser-induced fluorescence spectrum shows clear signatures of the NO spec-
trum, mostly on transitions in the �-band system ( A2

Σ+
→ X

2Π ). At higher fluences, multi-photon absorption also gives 
rise to blue-shifted fluorescence. The fluorescence yield increases with increasing pressure, allegedly due to non-resonant 
excitation, the efficiency of which increases with increasing pressure broadening. When applied to air-based combustion 
processes, interference by (hot) oxygen needs to be taken into account. We conclude that the method is a relatively straight-
forward option to visualize the NO distribution in a broad variety of applications.

1 Introduction

The potential formation of nitric oxide (NO) is a point of 
concern in all combustion processes involving air as oxidizer 
(or high-temperature air in general). Thus, the experimen-
tal visualization of NO distributions in combustion devices 
has received considerable attention [1–3]. Because of its 
non-intrusive nature, Laser-Induced Fluorescence (LIF) 
has become the experimental visualization technique of 
choice, typically employing some kind of tunable, pulsed 
laser system for excitation and intensified CCD cameras for 
detection.

Compression-ignition internal combustion engines, 
infamous for their soot-NOx trade-off, belong to the most 
ubiquitous combustion systems in (past and) current use. 

(See [4] for an early review of nitric oxide formation in these 
devices.) A number of studies have successfully applied NO 
LIF in engine-like environments using various excitation 
strategies, mainly in the A2

Σ+ − X2Π band system (also 
known as the �-bands) or in the D2

Σ+ − X2Π band system. In 
the latter case, a tunable ArF excimer laser is tuned to one of 
the transitions in the 193-nm range, but this deep UV radia-
tion suffers from severe attenuation due to absorption by O2 
and CO2 in the high-pressure, high-temperature conditions 
typical for internal combustion engines [5, 6]. Attenuation 
is less of an issue when excitation takes place in the �-bands 
(at 226 nm or larger wavelengths), employing a frequency-
doubled dye laser or an optical parametric oscillator (OPO) 
for excitation. In a comparative study [2, 7, 8], Bessler et al. 
identified the A ←X(0,0) excitation scheme as the most 
advantageous approach for NO visualization, in terms of 
signal strength and spectral purity, with only limited tem-
perature dependence. At an excitation wavelength of 226 nm 
this approach still suffers from attenuation. An alternative 
approach, involving excitation in the A ←X(0,2) band using a 
tunable KrF excimer laser [9], suffers less from attenuation, 
but the price to pay is sensitivity to hot NO only. In all these 
cases, the laser systems needed for fluorescence excitation 
are relatively complicated and expensive, requiring skilled 
operators for proper execution of the experiments.
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Still, new developments in NO detection strategies regu-
larly appear in literature [10–16], in part stimulated by new 
combustion concepts [17–19]. In this paper we explore an 
alternative approach to the visualization of NO, using the 
5th harmonic radiation of an unseeded, ns-pulsed Nd:YAG 
laser for excitation. This type of Nd:YAG laser is ubiqui-
tous in combustion and fluid dynamics laboratories world-
wide, and 5th harmonic boxes are commercially available, 
cost-effective, and straightforward to operate. The funda-
mental wavelength of the Nd:YAG laser, at 1064.15 nm 
[20] (1064 nm for short), can thus be quintupled to obtain 
212.83-nm radiation (213 nm for short). Based on simula-
tions performed with LIFBASE [21], excitation in the A ←
X(1,0) and (2,1) bands should be possible with this wave-
length, also at atmospheric pressure and temperature condi-
tions; see Fig. 1. At higher temperature and/or pressure, the 
excitation efficiency is expected to increase, due to better 
overlap of the excitation wavelength with available transi-
tions, either because more lower states become populated, or 
because linewidths increase. In the context of standoff detec-
tion of nitrotoluenes, Arnold et al. [11] have already demon-
strated the possibility of exciting NO in the �-bands, either at 
ambient conditions or as photolysis product of nitrotoluene, 
by means of frequency-quintupled Nd:YAG laser radiation.

Here, we present measurements of NO under ambient 
conditions as well as in high-pressure and/or high-temper-
ature environments, using the 5th harmonic of a broad-band 
Nd:YAG laser for excitation and a grating spectrograph for 

detection. Spectral filters could be used for 2-D imaging, but 
here we focus on the spectral signature of NO. This study 
does not explore quantification of the NOx distribution; this 
would require a calibration, like any other LIF implementa-
tion. Rather, we merely intend to point out that a relatively 
simple extension of the laboratory work-horse Nd:YAG laser 
opens up the possibility to study one of the most important 
potential pollutants of any air-based combustion process, 
nitric oxide.

2  Experimental methods

In this work, the 5th harmonic of the fundamental output of 
an unseeded, ns-pulsed Nd:YAG laser (Quanta Ray PRO-
250, Spectra Physics) is created in an Ekspla H300FiHC 
harmonic generator. The generator contains two doubling 
crystals to subsequently generate 532-nm and 266-nm radia-
tion, followed by a mixing crystal that combines the 266-nm 
radiation with the residual fundamental radiation at 1064 nm 
by sum frequency generation. This results in up to 30 mJ/
pulse at 213 nm with a fundamental input of 800 mJ. Con-
version efficiency decreases with decreasing input pulse 
energy. Based on manufacturer information, we expect the 
pulse duration of the 5th harmonic to be ca. 5 ns and its fre-
quency bandwidth to be < 4 cm−1.

Fluorescence from the sample of interest is observed 
under 90◦ , through a 64-mm f/2 UV objective lens (Bernhard 
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Fig. 1  LIFBASE simulations of the NO absorption spectrum in the 
A ← X band system, in the wavelength range of the 5th harmonic of 
the Nd:YAG laser. Two spectra are plotted here, back-to-back: black 
(facing upward) for a temperature of 300 K, and blue (facing down-
ward) for a temperature of 2000 K. The spectra are scaled individu-
ally. The room temperature spectrum is dominated by absorption 

lines in the A ← X(1, 0) band, the ‘hot’ spectrum is dominated by 
absorption lines in the A ← X(2, 1) band. In the upward-facing spec-
trum, the 5th harmonic of the Nd:YAG laser is indicated by the red 
bell-shaped curve, and the rotational assignment of the transitions 
contributing most to the room-temperature absorption is included
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Halle Nachf.) mounted on an imaging grating spectrograph 
(Acton SpectraPro-300i) equipped with a UV-blazed 1200-
gr/mm reflection grating and an intensified CCD (ICCD) 
camera (Roper PIMAX 1, SB-slow intensifier) on its exit 
port. Such a spectrograph images the entrance slit onto 
the exit port, each wavelength component of the incident 
light producing an image at a different location on the exit 
port [22]. In our experiments, the entrance slit of the spec-
trograph is aligned along the laser beam propagation direc-
tion, so that the spectrograph output images show spectral 
resolution along one axis (perpendicular to the entrance 
slit orientation) and spatial resolution along the laser beam 
along the other axis (parallel to the entrance slit). The cam-
era opens with a gate width of 100 ns, starting at the laser 
pulse. Unless indicated otherwise, spectra shown in this 
paper are corrected for background and spectral sensitivity 
of the detection system.

To demonstrate the broad range of application of this 
NO visualisation method, we present data on NO in a gas 
cell at ambient temperature (293 K) and varying pressure 
(1-20 bar), in the burnt gas of an atmospheric-pressure oxy-
gen-acetylene welding torch, and under engine-like condi-
tions in a pre-burn combustion vessel. Details on these set-
ups are provided below.

3  Results and discussion

3.1  Atmospheric pressure NO LIF

Figure 2 shows the spectrally resolved fluorescence follow-
ing excitation of 400 ppm NO in N2 bath gas at 1 bar and 

20◦ C by about 2 mJ/pulse of 213-nm radiation. The sample 
gas is contained in a small pyrex cell, with fused quartz 
windows for laser beam passage and fluorescence obser-
vation. The spectra displayed in Fig. 2 are collages, made 
up of individually recorded spectra covering a 33-nm wide 
range and neighbouring spectra overlapping by 6.5 nm. Each 
recording is based on 1000 on-chip accumulations, and the 
individual recordings are stitched together by post-process-
ing in Matlab

Ⓡ . The sample cell itself produces strong stray 
light (elastic scattering of the excitation laser beam), and 
therefore the spectral region around 213 nm is skipped in the 
measurements. Two fluorescence spectra are shown back-
to-back, one (pointing downwards, blue) with unfocussed 
excitation laser beam, the other (pointing upwards, black) 
with the laser beam focussed into the probe volume by a 
300-mm plano-convex lens. Both spectra are dominated by 
emission in the �-bands. The unfocused laser beam excites 
transitions in the A(1) ← X(0) band, and the emission out 
of A(1) makes up most of the fluorescence, with only about 
3.5% following prior relaxation down to A(0) . The focused 
laser beam apparently induces multi-photon transitions, pop-
ulating higher energy states that give rise to fluorescence 
that is blue-shifted relative to the excitation wavelength, as 
well as emission out of the A(2) state. The more prominent 
peaks between 180 and 213 nm correspond to the first few 
members of the C(0) → X(v�) progression.

Spectra recorded in the cone region of an atmospheric 
oxy-acetylene welding torch flame are qualitatively very 
similar to the gas cell spectra; see Fig. 3. The spectrum 
is dominated by emission out of the directly excited A(1) 
state, with relatively broad rotational envelopes (as com-
pared to the room temperature spectra of Fig. 2). The 

Fig. 2  Cell spectra (400 ppm NO in N2 , 1 bar, 293 K). Two fluores-
cence spectra are plotted back-to-back; the upward-pointing black 
spectrum is recorded following excitation by a focussed 213-nm 
beam, the downward-pointing blue spectrum is generated by an unfo-
cussed excitation beam. The two spectra are scaled individually. In 

both plots, the smooth curves with increased thickness show �-band 
emission ( A(v�) → X(v��) ) based on LIFBASE simulations; the bar 
graphs at the right indicate the relative contributions of the various 
upper vibrational states



 T. Bolderman et al.148 Page 4 of 8

almost complete absence of contributions from other 
vibrational states indicates that the higher temperature in 
the flame has populated rotational states in the electronic 
ground state(s) that are more efficiently excited by the 5th 
harmonic radiation at 213 nm, as compared to the room 
temperature case. The fluorescence that is blue-shifted 
relative to the excitation wavelength can be attributed to 
emission from the C(0) and D(0) states, which must have 
been reached by multi-photon absorption.

3.2  Pressure influence

The pressure dependence of the NO LIF spectrum is stud-
ied in an optically accessible pressure chamber, with small 
quartz windows on opposite sides to provide for laser beam 
access, and a large observation window in the perpendicular 
direction. For the latter, only a BK7-window was available, 
which limited the recorded fluorescence spectrum to wave-
lengths longer than about 300 nm. The vessel was initially 
filled with 2 bar of the same 400 ppm NO in N2 mixture as 
was used for the spectra in Fig. 2, and subsequently pres-
surized, and diluted, by adding N2 . (That is, the NO number 
density stays the same, but its concentration decreases with 
pressure.) Spectra were recorded using a focussed excita-
tion laser beam, as above, integrating 2000 laser pulses on 
the CCD sensor. Spectra at various pressures are shown in 
Fig. 4. The top panel shows the raw data recorded by the 
camera in a false color scale (20 bar total pressure); the spec-
tra in the lower panel are extracted from similar 2-D spectra 
by column-wise summation of pixel rows between the two 
horizontal white lines; they are not corrected for the internal 
transmission of the observation window. The laser beam was 
focussed halfway between these white lines.

As in the case of the atmospheric cell spectra, the spec-
trum is dominated by emission out of the A(1) and A(0) 
states. The fluorescence yield is seen to increase with pres-
sure, a somewhat unusual feature. Most likely, this is due 
to the excitation wavelength not being resonant with any 
transition. Absorption takes place in the wings of several 
individual transitions (see Fig. 1), and with increasing pres-
sure broadening, the overlap between the absorption profile 
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Fig. 3  Flame spectrum, recorded in the cone region of an oxy-acety-
lene welding torch, following excitation by a focussed 213-nm beam 
(thin red line). A simulation based on LIFBASE is included (the 
smooth, black curve); this is a compilation of LIFBASE-generated 
fluorescence spectra out of the D(0) , C(0) and A(1) vibronic states, for 
a rotational temperature of 1500 K
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Fig. 4  Spectra recorded in a pressure vessel containing about 
0.8 mbar NO in nitrogen (total pressure indicated at the left), follow-
ing excitation by a focussed 213-nm beam. The upper panel shows 
a 2-D spectrum in false color; the wavelength axis is horizontal, the 
vertical axis is aligned with the laser beam (yellow arrow), which is 

focussed halfway between the two horizontal white lines. The lower 
panel shows spectra derived from this and similar 2-D spectra, by 
summing the pixel rows between the two white lines. Note the emis-
sion around 337 nm, which is seen only at and around the focal point 
of the excitation laser
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and the excitation laser profile improves. This is illustrated 
by Fig. 5, which shows the overlap integral �,

of the 5th harmonic radiation (assumed to have a gaussian 
wavelength envelope L centered at �5 = 212.83 nm) with 
the room-temperature NO absorption spectrum S , for 5th 
harmonic bandwidths of 2 cm−1 (dashed curve) and 4 cm−1 
(solid curve). When the pressure increases above atmos-
pheric pressure, the increasing linewidth initially leads to 
better overlap with the laser bandwidth, up to a certain opti-
mum. The steepness of this pressure dependence depends 
strongly on the details of the irradiation bandwidth and the 
absorption spectrum. Simultaneously, collisional relaxation 
rates increase with pressure, which reduces the fluorescence 
yield out of the directly excited A(1)-state, but less so for 
the fluorescence out of the A(0)-state, which is largely popu-
lated indirectly, by (collision-induced) vibrational relaxation 
out of the A(1)-state. In the focal point of the laser beam 
multi-photon processes start playing a role, giving rise to 
additional emission around 337 nm, possibly from the 2nd 
positive system of N2 [24].

3.3  Engine‑like environment

Finally, NO LIF with 213-nm excitation is tested in 
the optically accessible constant-volume combustion 
vessel, described in detail in  [25, 26]. In this vessel, 

(1)� =

+∞

∫

−∞

L(�; �5)S(�) d� ,

ambient conditions typical for heavy-duty internal combus-
tion engines are achieved by igniting a combustible mixture 
(the so-called “pre-burn”). The composition of the pre-burn 
mixture is taylored such that the desired conditions (in terms 
of pressure, temperature, and oxygen concentration) are 
reached at some point during cool-down, at which moment 
a fuel spray can be injected into the pre-burn end gas. The 
optical diagnostics used for spray studies are focused at the 
center of the combustion vessel. Thus, the 213-nm beam 
has to travel about 50 mm through a high-pressure and high-
temperature ambient before it reaches the fuel spray axis 
and the field of view of the detector. To compensate for the 
increased absorption losses, the laser pulse energy for these 
experiments was increased to about 5 mJ/pulse. Since our 
Nd:YAG laser has a 10-Hz pulse repetition rate, only one 
single measurement can be taken per fuel injection event. As 
compared to the (quasi-)stationary setups discussed above, 
this severely limits the practical possibilities for ensemble 
averaging.

Spectra recorded without spray flame at 22.8 kg/m3 , 15% 
O2 and temperature ranging between 800-1100 K were used 
to assess the background fluorescence by the ambient gas. 
At 1100 K the spectra are dominated by molecular oxygen 
fluorescence in the B3

Σ−

u
← X3

Σ−

g
 Schumann-Runge bands, 

see Fig. 6. The intensities of both Rayleigh scattering and 
LIF significantly decrease along the laser beam propaga-
tion direction, indicating strong absorption (presumably by 
hot O2 , NO, and possibly also hot CO2 and H2 O [27]). At 
ambient temperatures of 900 K and lower, this absorption 
becomes much less significant, and most spectral structure 
originates from the fluorescence out of the NO A(v� = 1)

-state. Clearly, under the conditions in the pre-burn combus-
tion vessel, both background fluorescence and laser beam 
attenuation should be taken into account.

Figure 7 shows the ensemble-averaged spectra of four or 
five experiments in the combustion vessel at so-called ‘Spray 
A’ boundary conditions [28], using n-dodecane ( C12H26 ) as 
fuel. The typical structure of such spray flames can be found 
in the literature [26]. Spectra were recorded at 4.5 ms after 
start of injection (total injection duration 6 ms). The field 
of view covers about 20 mm on one side of – and includ-
ing – the spray axis, 65 mm downstream of the nozzle exit; 
the laser beam passes top-down through the field of view. 
In Fig. 7 the top panels show the minimally processed data 
recorded by the spectrograph. The horizontal white-dashed 
lines indicate the radial extent of the spray flame at this loca-
tion. (This was obtained from separate measurements, using 
a gate width of 2 � s and the spectrograph set to 400 nm 
center wavelength, to observe soot incandescence.) The bot-
tom panel shows the spectrum obtained from integration 
over the full height of the upper panels. The short-wave-
length part of the spectrum is saturated, due to strong Ray-
leigh scattering; the extent of the saturation decreases along 
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Fig. 5  Overlap integral of the 5th harmonic radiation of the broad-
band Nd:YAG laser with the room-temperature NO absorption spec-
trum of Fig. 1 as a function of pressure. Data for pressure broaden-
ing and shift of the NO absorption lines have been taken from [23], 
assumed to be valid for absorption lines in the A ← X(1, 0) band, too. 
The spectral profile of the 5th harmonic is taken to be gaussian, with a 
full width of 4 cm−1 (solid curve) and 2 cm−1 (dashed curve)



 T. Bolderman et al.148 Page 6 of 8

the laser beam, due to significant absorption losses (compare 
also Fig. 6). Further to the red ( � ⪆ 220 nm) spectral struc-
ture becomes evident. The upper panels of Fig. 7 show that 
this spectral structure largely originates from two slightly 
displaced locations at or just outside the spray boundary. 
At the spray boundary, there are emission features at about 
220, 226, 234, 242, 251 and 260 nm; these match well with 
the expected central emission wavelengths of the stronger 
members of the B(v� = 1, 6) → X(v��) bands in the Schu-
mann-Runge system. The spray periphery is a region where 
hot oxygen is present, which most likely is excited by our 

213-nm radiation in the 1 ← 2 and 6 ← 4 ( v′ ← v′′ ) bands of 
the Schumann-Runge system [29]. The former initial state 
will be relatively well-populated, but the transition has a 
small Franck-Condon factor. The v� = 4-state will be less 
populated, also at high temperature, but the transition has a 
relatively large Franck-Condon factor, which compensates 
for the lower population. The relative intensities of the vari-
ous fluorescence peaks indicate that the fluorescence is in 
fact originating from the B(v� = 6) state. A little bit further 
away from the spray axis, weak emission can be seen at 
about 224, 244, and 256 nm, which can be attributed to the 
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Fig. 6  Fluorescence spectrum recorded under ’Spray A’ conditions 
in a pre-burn combustion vessel, recorded at 65 mm downstream of 
the nozzle exit (but without fuel spray). The laser beam passes the 
field of view top-down (white arrow). The spectrum is shown in a 

false-color logarithmic scale, to emphasize the strong attenuation of 
the laser beam by the vessel contents. (The elastic scattering feature 
around 213 nm is heavily overexposed with this scaling.)
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Fig. 7  Fluorescence spectrum of an n-dodecane fuel spray flame 
recorded under ’Spray A’ conditions in a pre-burn combustion vessel, 
recorded at 65  mm downstream of the nozzle exit. The laser beam 
passes the field of view top-down.The spectrum is recorded in two 
runs, of about 30 nm wavelength coverage each, with a small gap in 
between. Top panels show the average of raw data from 4 (left) or 5 
(right) individual fuel spray injections. The bottom of these plots cor-

respond to the spray axis, the white lines indicate the spray boundary 
at this axial location (65 mm downstream of the nozzle exit), and the 
height of the plots correspond to 20.9  mm in the object plane. The 
spectrum in the bottom panel is obtained from column-wise inte-
gration of these plots over their full height. Assignment of the most 
prominent peaks is indicated
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A(1) → X(v��) bands of NO, as before. No fluorescence is 
observed from the central region of the spray.

4  Conclusion

We have demonstrated laser-induced fluorescence using 
the 5th harmonic ( � = 213 nm) of an unseeded, ns-pulsed 
Nd:YAG laser as a relatively low-cost and uncomplicated 
tool for the qualitative visualisation of nitric oxide (NO) 
distributions in a variety of environments. At room tem-
perature, NO gives rise to spectrally well-defined structure, 
and there is no significant absorption of the excitation laser 
beam. At higher fluences multi-photon processes give rise 
to blue-shifted fluorescence. These processes compete with 
the direct population of the NO A-state, and for diagnos-
tic purposes should be avoided. Contrary to most other NO 
detection schemes, the signal improves with increasing 
pressure, which we attribute to improved overlap between 
laser line shape and absorption line shape with increas-
ing pressure broadening. In hot combustion end gas laser 
beam attenuation becomes significant, and in the presence 
of high-temperature oxygen ( ⪆ 1000 K) spectral interfer-
ence by the Schumann-Runge bands needs to be taken into 
consideration.
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