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ABSTRACT This paper reports on the first spectroscopic appli-
cation of a novel type of GaN blue diode laser emitting around
450 nm, which has recently become available. The diode was
characterised and then implemented in an extended cavity, to
achieve mode-hop free tuning over a frequency range exceeding
105 GHz. The spectroscopic utility of the device was demon-
strated by probing the 5 2P3/2 to 6 2S1/2 transition of atomic
indium seeded to an atmospheric pressure flame. Single scans
over the pressure broadened hyperfine structure were recorded
with high signal-to-noise ratios and profiles of the indium LIF
distribution through the flame were acquired, at a high spa-
tial resolution. Potential applications of diodes emitting in this
spectral region range from industrial sensing to atomic cooling
experiments.

PACS 42.55.Px; 32.50.+d; 42.62.Fi

1 Introduction

Since their invention in the late 1990’s [1], GaN
diode lasers emitting in the range 390–420 nm have been
used in various spectroscopic studies [2–8]. Prior to this,
tunable diode laser spectroscopy had been performed prin-
cipally with red diodes probing electronic transitions in
atoms such as Li, Cs or Rb [9, 10], with near infrared diodes
probing ro-vibrational overtone transitions of gaseous mole-
cules [11, 12], or with mid-IR diodes probing fundamental
vibrational transitions [13, 14]. Devices emitting in the blue
and violet part of the spectrum have the advantage that they
allow strong electronic transitions to be probed, which, for
many atoms of practical interest, were previously inaccessible
to diode lasers. This capability has led to the demonstra-
tion of laser induced fluorescence (LIF) using diode lasers in
the 390–420 nm spectral range in high temperature vapour
cells [2], atomic beams [3, 4], and in flames [5]. Atomic
species generate strong LIF signals even when excited by
low power light sources because their oscillator strengths
are typically several orders of magnitude greater than those
of molecules. Other applications of violet diode lasers have
included absorption spectroscopy of aluminium atoms in
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a hollow cathode discharge [6] and detection of NO2 gas at
trace concentrations [7]. Violet diode lasers have recently also
been employed in atom and ion cooling experiments [8, 15].

In contrast, blue diode lasers operating above 420 nm
have not, to the authors’ knowledge, been applied in previous
spectroscopic studies. This is a spectral region where many
interesting species have strong transitions. For applications
requiring wavelengths in the region around 450 nm, for ex-
ample, Nd:YAG laser pumped frequency doubled Ti:Saphire
lasers [15], dye lasers [16] or optical parametric oscillators
(OPOs) [17] have previously been employed. Continuous
wave dye lasers pumped by Ar+ lasers [18], have also been
used in the past. Diode lasers would be an attractive alter-
native to these systems. The purpose of the present research
was to investigate the spectroscopic potential of novel diodes
operating in the 430–450 nm wavelength region, which have
recently become available [19, 20]. In addition to atomic in-
dium, which has a strong transition in this region (451 nm),
NO2 is another of a target species that could be excited with
these sources. Compared to the previously employed solid
state or dye lasers, diode lasers are inexpensive, rugged, com-
pact and easily tunable.

In some regions of the red and near infrared spectrum,
the manufacture of inherently single mode devices such as
distributed feedback (DFB) lasers and vertical cavity surface
emitting lasers (VCSEL) has been possible and their use in
spectroscopy has become widespread [21, 22]. In the blue and
violet spectral region, however, only multi-mode Fabry–Pérot
(FP) diodes are commercially available. It is thus necessary
to use an extended cavity scheme, employing wavelength se-
lective feedback [9, 23], to obtain narrow linewidth, tunable
single-mode emission.

In this paper, we discuss work performed with a diode
laser emitting around 450 nm, which constitutes a new wave-
length region for diode laser spectroscopy. We report on the
longitudinal mode structure of the raw FP device and de-
scribe the construction of a wide tuning range extended cavity
diode laser (ECDL). The spectral width over which the ECDL
can be tuned without mode-hops, is crucial in determining its
usefulness for spectroscopic studies. For the extended cavity
scheme reported here, this tuning range has been found to ex-
ceed 105 GHz. As an example of the practical application of
the 450 nm laser, indium fluorescence spectroscopy was per-
formed in an atmospheric pressure flame.
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2 Experimental set-up

The FP GaN diode laser used was purchased from
Nichia Corporation, emitting at around 450 nm and generat-
ing an output power of 5 mW when operated at 40 ◦C. Diode
laser injection current and temperature were controlled using
commercial drivers (Tektronix, LDC8002 and TED8020).
The mode structure of the FP device was resolved and char-
acterised using a 1.26 m spectrograph (Spex) equipped with
a back-illuminated, unintensified CCD camera (Wright In-
struments, 384 ×576 pixels).

In order to obtain tunable single-mode output, a custom
designed extended cavity was constructed around the diode
(see Fig. 1). This consisted of an 1800 lines/mm holographic
grating (Edmund Scientific) mounted in the Littrow configu-
ration, which served as the frequency selective element and
as the output coupler of the extended cavity. The grating
was mounted on a three-axis piezo-electric mount (Thorlabs,
KC1-PZ) in order that grating angle and cavity length could be
tuned independently. Wavelength scanning was achieved by
tuning the piezos with two triangular waveforms, which were
in phase and whose amplitudes could be accurately adjusted.
One of these waveforms was used to modulate the piezo
marked ‘x’ in Fig. 1, and the other was applied to both piezos
‘y’ and ‘z’, thus permitting simultaneous rotation and transla-
tion of the grating. By contrast, most ECDLs reported [3, 4, 6,
8–10, 24] have been based on mounting a grating on a lever
arm and rotating it around a pivot point, the position of which
has to be located very precisely to achieve long tuning ranges.
The present design avoids the problems of thermal and me-
chanical instabilities that could result from the lever arm im-
plementation. No anti-reflection coating was applied to the
front facet of the diode. Instead the effective length of the in-
ternal FP cavity formed by the diode crystal facets was tuned
synchronously by ramping the bias current with a third trian-
gular waveform. The output power of the ECDL was around
1 mW. A confocal etalon (FSR = 7.5 GHz; F = 30) was used
to determine the maximum single-mode wavelength tuning
range that could be achieved without mode-hops.

Laser induced fluorescence spectra of indium atoms were
recorded in a flame. The experiments were performed in
a 10 mm diameter atmospheric pressure laminar CH4/air
Bunsen flame. The air stream was passed through a nebuliser

FIGURE 1 The extended-cavity diode laser configuration

containing an aqueous solution of InCl3, resulting in a con-
centration of less than 1 ppm of atomic indium in the flame.
The output beam from the ECDL was focused to a diam-
eter of 110 µm in the flame. The fluorescence spectrum for
the 5 2P3/2 → 6 2S1/2 transition of indium at 451.1 nm was re-
solved by tuning the laser wavelength over a 40 GHz wide
region, at a scan repetition rate of 20 Hz. The resonant fluo-
rescence signal originating from the laser focus was imaged
at f/2.4 through a pin-hole of 150 µm diameter onto a pho-
tomultiplier tube (Hamamatsu, R3788). An interference filter
centred around the indium fluorescence transition was used to
suppress flame emission. Before entering the flame, part of the
laser beam was split off by a glass plate and passed through
a solid FP etalon (FSR = 3.1 GHz) to monitor the relative
wavelength position, and to ensure that the scan was mode-
hop free, A separate photodiode was used continuously to
monitor the laser power. The LIF signal, the etalon transmis-
sion, the laser intensity, and the modulation waveform were
recorded on a PC with a data acquisition card (National Instru-
ments PCI-6014).

3 Results

Figure 2 shows the spectral output from the FP
diode laser operating without extended cavity feedback at dif-
ferent diode injection currents ranging from below threshold
(45 mA) up to operating current (58 mA). The width of the
individual laser modes in the plot is determined by the spec-
trometer resolution and does not represent the actual linewidth
of the laser. The spectrum in plot (a) corresponds to an injec-
tion current of 45 mA, which is just below the lasing threshold
for a diode operating temperature of 40 ◦C. Emission from
a large number of modes is observed, with a mode spacing
of around 0.058 nm. This is in good agreement with the ex-
pected FP mode spacing of 0.059 nm for a diode chip length of
0.70 mm [25] at an estimated refractive index of 2.48 [26]. At
the threshold current of 46 mA, plot (b), two dominant modes
are observed, with a number of weaker side modes present.
As the injection current is further increased, plots (c)-(f), the
positions of the strongest modes shift to higher wavelengths.
Single mode lasing is observed only over limited regions for
specific combinations of current and temperature as shown,
for example, in plot (c). The observed multimode behaviour
is one of the reasons why it is desirable to use the FP laser
in an extended cavity configuration for high resolution spec-
troscopy applications. Another advantage is that the range of
coarse wavelength tuning, for a specific diode, can be ex-
tended by a few nm beyond what is possible by tuning tem-
perature and current only. The mode spacing observed above
threshold current in the present laser matches the regular FP
spacing observed below threshold. This is in contrast to pre-
vious observations for some violet diode lasers operating in
the 400–420 nm region, where mode spacings several times
greater than those estimated from the FP cavity length were
observed [25, 27].

Figure 3 shows the confocal etalon (FSR = 7.5 GHz; F =
30) transmission during a wavelength scan of the ECDL de-
vice, in which the diode current was tuned around a central
value of 51.9 mA. The 15 etalon fringes observed correspond
to mode-hop free tuning over a range exceeding 105 GHz.
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FIGURE 2 Spectral output from the FP
diode laser, operating near 451 nm, as a func-
tion of diode injection current. (a) corresponds
to a current just below the threshold for las-
ing, (b) is at threshold, and in (c–f) injection
currents range from just above threshold up to
operating current. The relative intensity scale
of each spectrum is indicated to the right

FIGURE 3 Recorded intensity transmitted
through a confocal etalon (FSR = 7.5 GHz;
F = 30) during a single-mode wavelength
scan of the ECDL operating near 451 nm. The
15 interference fringes observed correspond
to a mode-hop free tuning range exceeding
105 GHz. The variation in laser output power
during the scan is also shown

This compares favourably to the widest ranges that have pre-
viously been reported for violet diode lasers [5, 24]. The diode
used in the present work was reported to have a front facet
reflectivity of around 50% [28] which illustrates that substan-
tial mode-hop free tuning ranges can be obtained even without
the need for costly anti-reflection coating of the diode. It is
noted that the laser power falls steadily throughout the scan.
This is an inherent feature of the current tuning process and
restricts the scanning range in all ECDL devices which rely
on this principle. Starting the scan at a higher initial injection
current could result in wider tuning ranges but may limit the
diode operational lifetime. Clearly, the fractional decrease in
laser power is less significant the shorter the scan.

A measurement of the linewidth of the ECDL emission
was made using the method described by Arnold et al. [29].
This resulted in an upper estimate of the laser linewidth of
8 MHz over a timescale of 150 ms. The technique relies on the
assumption that the fundamental linewidth (typically around
100 kHz for ECDLs [23]) of the source is negligible compared
to the magnitude of rapid mechanically-induced frequency jit-
ter. The laser wavelength was tuned so that the transmitted
intensity through a confocal etalon (FSR = 7.5, F = 30) was
about 50% of the maximum, corresponding to the location of
the steepest gradient on an interference fringe. As a result,

any change in the laser frequency would result in a change in
the intensity of transmitted light, which was monitored with
a photodiode. The measured linewidth is the consequence
of mechanical instabilities in the extended cavity and in the
etalon used for analysis combined with fluctuations in laser
intensity. Since the latter two effects are artefacts of the meas-
urement, the actual linewidth is likely to be lower than the
value reported.

Figure 4 shows a recorded LIF spectrum of the 5 2P3/2 →
6 2S1/2 transition of atomic indium. The indium atoms were
excited from the 5 2P3/2 state, which is the upper sub-level of
the spin-orbit split ground state, to the 6 2S1/2 excited state.
Through spontaneous emission, the atoms can decay back to
either the 5 2P1/2 state by emission at 410 nm, or to the 5 2P3/2

state by emission at 451 nm. The photomultiplier was filtered
to detect only the latter. Figure 4 shows a single scan spec-
trum acquired in 50 ms (offset from the baseline for clarity),
a spectrum averaged over 200 individual scans, and a fit of
a theoretical spectrum to the experimental data. Before av-
eraging, the individual spectra were normalised with respect
to the simultaneously acquired laser power. The spectrum is
subjected to significant collision broadening at atmospheric
pressure. As a result, the six hyperfine peaks appear merged
into one another. The fitted spectra correspond to a non-linear
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FIGURE 4 LIF spectra of the 5 2P3/2 → 6 2S1/2 hy-
perfine structure in atomic indium, recorded in an
atmospheric pressure flame at around 2000 K. Shown
are a single scan spectrum and an average over 200
scans. A best fit theoretical spectrum consisting of
six Voigt profiles corresponding to the six hyperfine
components of the transition is also displayed. The re-
sidual of the fit is shown on a separate axis. An indium
energy level diagram is shown on the insert

least squares fit of the sum of six Voigt profiles representing
the six hyperfine transitions (see insert of Fig. 4). The relative
positions of the six hyperfine peaks (hyperfine splittings of the
5 2P3/2 level: 1.75 GHz, 1.13 GHz, and 0.67 GHz; hyperfine
splitting of the 6 2S1/2 level: 8.44 GHz) were taken from De-
verall et al. [30] and the relative intensities (0.34; 0.51; 0.54;
1; 0.51; 0.18) of the peaks were calculated from the Clebsch-
Gordan coefficients [31] of the states involved. These param-
eters were specified in the fit. The individual Voigt peaks
are also shown and it can be seen that the composite fit is
in good agreement with the experimental data (residuals less
than 3%). From the shape of the hyperfine peaks, it is clear
that pressure broadening is dominant under the present con-
ditions. The Lorentzian contribution to the broadening was
found to be about 5.8 GHz, whereas the Doppler broadening
at 2000 K is only 2.0 GHz. Note that the higher noise level on
the right-hand side of the single scan spectrum is caused by the
decreasing laser power at the end of the scan resulting from
tuning of the diode injection current, as discussed above.

The maximum laser irradiance used in the experiments
was about 11 W cm−2. The linearity of the fluorescence sig-
nal with increasing laser power was confirmed experimentally
by varying the laser excitation intensity (data not shown), and
no saturation was observed. Previous studies on indium LIF

FIGURE 5 Profile of LIF signal intensity recorded
along the central axis of a laminar Bunsen flame

in similar flame environments by Dec and Keller [18] and
by Engström [32] have found that no saturation is evident in
the 451 nm transition of indium even for substantially greater
values of laser irradiance than that used here. These findings
are substantiated by theoretical calculations of the saturation
irradiance, which we based on data for similar three-level
systems [33, 34].

Figure 5 shows the indium LIF profile along a vertical axis
near the centre of the flame, recorded by translating the burner
with respect to the laser beam. Each data point shown cor-
responds to the integrated fluorescence signal of an averaged
spectrum (200 scans), and the error bars correspond to the
standard deviation of the integrated single-scan signals. The
flame front is located at a height between 15 and 16 mm from
the burner. Signal levels rise sharply in this high-temperature
zone due to the formation of neutral indium atoms by volatil-
isation and decomposition of InCl3 [35]. Significant fluctua-
tion in the signal level is observed in the region immediately
surrounding the flame front due to slight flickering of the
flame front location, which gives rise to the larger error bars
in Fig. 5 for the data points corresponding to these positions.
Another reason for this fluctuation may be that the InCl3 ar-
rives at the flame front in the form of solid particulates [35],
which would cause the liberation of indium atoms at the flame
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front to occur in discrete bursts. The existence of such par-
ticles is plausible since Mie scattering of incident laser light
was observed when the seeded air stream was passed through
the burner without the presence of a flame (this was not ob-
served when the nebuliser was by-passed).

The larger LIF signals observed towards the flame front
are also affected by the increasing population in the 5 2P3/2

level state at higher temperature. This effect, however, is
known to be much less pronounced than the formation of neu-
tral indium: LIF signals observed for the 5 2P1/2 → 6 2S1/2
transition, which probes the ground state, show a very similar
trend to Fig. 5 [5].

The concentration of indium atoms gradually decreases
with increasing height in the post flame gases. This reduc-
tion in signal strength is entirely due to indium atoms being
consumed by reactions since the temperature is nearly con-
stant in the post combustion region. The situation is likely to
be similar to that in a hydrogen-air flame in which case the
formation of the hydroxide InOH would be dominant [36].
The profile shown in Fig. 5 demonstrates the excellent spatial
resolution (< 0.25 mm) that can be achieved using diode LIF,
a significant advantage compared to the line-of-sight absorp-
tion techniques that have traditionally been employed with
diode lasers in the study of flames.

4 Conclusions

Blue laser diodes are now available in the
430–450 nm spectral region and tests have been performed
with a diode operating near 450 nm. A regular mode spacing
of 0.058 nm was observed from the FP diode, which is multi-
mode in free-running operation. Stable and widely tunable
single-mode output and a mode-hop free tuning range exceed-
ing 105 GHz were achieved by the construction of a Littrow
configuration extended cavity around the diode. Diodes in this
region hold promise for experimental applications in various
situations including atomic and molecular spectroscopy and
also for atom and ion cooling. The potential of this new laser
has been demonstrated by performing high resolution fluo-
rescence spectroscopy of indium atoms seeded to a flame.
The 451 nm extended cavity laser is of particular interest be-
cause, used in combination with a 410 nm diode laser [5],
both the 5 2P1/2 → 6 2S1/2 and the 5 2P3/2 → 6 2S1/2 transi-
tions could be probed using diode based laser technology.
This would allow, for example, indium atom cooling experi-
ments to be performed using simple diode lasers, obviating
the need for second harmonic generation from traditional
NIR diode or Ti:Saphire laser sources [15], thus substantially
reducing cost and complexity of apparatus required. Further-
more, the possibility of exciting both indium transitions with
diode lasers holds promise for the development of a com-
pact and cheap laser thermometry technique based on two-line
atomic fluorescence [16]. This technique has the potential
to provide accurate temperature measurements in fluctuat-
ing [16] and even sooting [17] combustion environments, with
high temporal and spatial resolution. It has previously only
been performed with large and expensive dye laser systems
pumped by Nd:YAG or Ar+ lasers [16, 18]. The strong LIF
signals obtained from flames, which are reported here, illus-
trate the feasibility of such a concept.
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