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Narrow-Linewidth Ultraviolet Source
for Rayleigh and Raman Applications
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A pulsed, high-efficiency, narrow-linewidth ultraviolet source is developed to explore its potential for Rayleigh
and Raman applications. A mercury lamp is driven with a high-voltage (30-kV), 2-ns-long, high-repetition-rate
pulse supply that produces a high average power train of light pulses. Each pulse in the train has a time-varying
spectrum that narrows to a single spectral line after 100 ns or so. This ultranarrow line output falls at 254 nm and
lends itself to filtered Rayleigh and filtered Raman scattering measurements in conjunction with a mercury vapor
filter. The performance of the mercury lamp has been characterized by operating the lamp in different configura-
tions and at various operating conditions. It was found that the lamp with the external electrodes performs better
than that with inner electrodes. The possibility of obtaining other Hg-UYV lines, particularly 185-nm radiation, has
also been explored. The suitability of this lamp for Raman measurements has been tested by recording vibrational
Raman spectrum for methanol. Filtered Rayleigh signals were also obtained for CO, at various gas pressures.

I. Introduction

VAILABILITY of intense, tunable, single-frequency, narrow-
linewidth lasers along with the atomic notch filters have greatly
improved the techniques used for classical Rayleigh and Raman
measurements. Filtered Rayleigh scattering is an extension of the
Rayleigh technique, which has long been used as a tool for flowfield
diagnostics. Rayleigh scattering is the strongest nonresonant scatter-
ing process but is often interfered with and limited by the elastically
scattered light from particles, windows, lenses, and walls. This limi-
tation can be removed by the addition of an atomic or molecular filter
in front of the detector. This approach is known as filtered Rayleigh
scattering (FRS) and has been extensively used for many practical
applications including flow visualization and quantitative measure-
ment of fluid properties in supersonic flows, weakly ionized plas-
mas, and combusting environments. Recent work shows that the FRS
technique can be successfully used with a tunable laser source to
capture quantitative planar measurements of gas temperature, pres-
sure, density, and velocity.! If the source frequency falls at the center
of the atomic or molecular filter spectral blocking region and the gas
pressure is known, the filter simultaneously can block background
scattering and can record the local temperature in weakly ionized
plasmas? and combusting gasses.> Compared with FRS in the visible
and infrared regions, FRS in the ultraviolet is preferred because the
Rayleigh scattering cross section is proportional to the fourth power
of the frequency. The mercury vapor transition at 254 nm is partic-
ularly useful for this application because mercury has a high vapor
pressure and high atomic mass, and so an optically thick atomic va-
por cell has sharp edges and so it acts very much like a notch filter.*
One of the restrictions in performing ultraviolet FRS is the avail-
ability of light source in that region. To use the mercury vapor filter at
254 nm, the illumination source needs to be narrow linewidth and at
the same frequency. Frequency-tripled Ti:sapphire and alexandrite
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lasers have been successfully employed for this purpose, but these
laser systems require injection-locking, active frequency control,
and they produce relatively low light levels in this regime. Because
of these practical problems, the possibility of using a mercury vapor
lamp as a replacement for these laser sources becomes very attrac-
tive, but for it to be useful as a source for FRS, the linewidth of the
mercury lamp must be as narrow as or narrower than the mercury
absorption filter.

One of the main limitations of Rayleigh scattering is that the signal
does not contain species-specific information. Spontaneous Raman
scattering can provide information on species concentration.’ Pure
rotational Raman scattering has about one order of magnitude larger
cross section than the vibrational counterpart. However, the pure
rotational spectrum resides in close proximity to the laser line due
to the small energy spacing between the rotational states, so that
spectral rejection of the elastic background is a severe challenge.
Atomic filter techniques can be used to overcome this problem.®~°
Tunable Ti:sapphire lasers in the infrared region with the Rb filter
and frequency-tripled Ti:sapphire in the ultraviolet with the Hg filter
have been employed to demonstrate this capability. Again the laser
systems require injection locking, are complicated and expensive,
and are difficult to operate. Like Rayleigh scattering, the Raman
scattering cross section scales as the fourth power of the scattering
frequency; thus, it is preferable to operate in the ultraviolet region.
Because the Raman signals are weak compared to their Rayleigh
counterpart, high-average-power sources and detectors with high
quantum efficiency are even more critical. In the ultraviolet re-
gion, charge-coupled device cameras can have quantum efficiencies
as high as 60% (Ref. 10). If a high average power, very narrow
linewidth, inexpensive ultraviolet light source that is centered on an
atomic absorption line can be developed, it could have a significant
impact on both Rayleigh and Raman detection techniques.

Low-pressure arc discharges in mercury—inert gas mixtures have
been studied for years. They are efficient sources for conversion of
electrical energy into radiation through excitation of the resonant
lines of the mercury atom at 185 and 254 nm (Ref. 11). Commercial
mercury lamps usually operate with dc or low-frequency ac glow
discharge. Studies have shown that the use of a short-pulse discharge
in these mercury inert gas mixtures can enhance the output efficiency
of the ultraviolet radiation.'>~!* For instance, a 12.0-82.0-ns pulse
discharge in the form of a high-speed ionization wave in a mixture
of mercury vapor and argon has been studied by Vasilyak et al.'>
With the use of a pulser rather than a continuous discharge, it was
possible to increase the excited population of the resonant state of the
mercury atom by more than a factor of 10. The research reported
here also uses short, pulsed excitation, but in the 2.0-ns regime.
This pulse is significantly shorter than the emission lifetime of the
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excited state, so that the time evolution of the emitted resonance
radiation can be followed. It has been observed that the short-time
radiation has multiple lines associates with many mercury vapor
transitions, but after 100.0 ns or so, only the lines at 254 and 185 nm
persisted because they were optically trapped in the vapor. This
time-delayed radiation is exceptionally narrow linewidth, reflecting
the cold mercury atom temperature; thus, through time gating, the
mercury lamp can be made to function as an ultranarrow source.

II. Experimental Setup

The mercury lamp used in this study was a cylindrical quartz tube
with electrodes on each end of it. The lamp has a cold tip that was
filled with a very small quantity of liquid mercury. The tip tempera-
ture was controlled and maintained as the lowest temperature point
of the discharge tube. The temperature of the cold tip controlled the
mercury vapor pressure. A schematic diagram of the tube is shown in
Fig. 1. The discharge tube also had an outlet valve, which was used
to change the inert gas fill and was closed during the experiment.
The inner diameter of the tube was 1.0 cm, and the interelectrode
gap was about 6.0 cm. The discharge tube was surrounded by a
grounded copper screening foil. The screening foil was used to re-
duce the impedance of the discharge circuit, to lower the electronic
noise arising from the discharge, and to facilitate breakdown in the
tube. The copper screening had an opening of about 1 cm?, which
was used for the emission of the optical radiation from the lamp.

The discharge tube was excited by a high-voltage, high-frequency
electrical pulser capable of generating 2.0-ns, 30.0-kV pulses, each
having a rise time of about 1.0 ns. These high-voltage pulses were
generated across a 400-2 load at a repetition rate of up to 100.0
kHz. The device used a proprietary switching diode in an inductor—
resistor—capacitor (L—R—C) circuit to generate 10.0-kV pulses. In the
current experiment, measurements were made at a pulse repetition
rate of 11.0 kHz. The lamp was also operated in the pulse burst mode,
where the repetition rate of the pulse package was kept at 1.0 kHz,
and 10 pulses were generated at a 100.0-kHz rate in each package.

To measure the spectrum of the mercury lamp, the light collected
from the optical opening of the lamp was focused onto a Model
SP-500 I Acton Research spectrometer. This spectrometer had a
2.0-m path length and a 2400-g/mm grating that was coated for UV
detection. The minimum slit width of the spectrometer was 10.0
um, and with this width, a maximum resolution of 0.05 nm was
achieved. The spectrometer was used in conjunction with a Hama-
matsu Model R1477 photomultiplier, which had ~25% quantum
efficiency at 254 nm. The line shapes of the radiation decay were
observed on an oscilloscope, and the spectra were recorded through
a gated integrator.

III. Experimental Results

In these experiments, a homogeneous discharge was observed.
As mentioned in Refs. 12-15, the shorter excitation time provided
higher efficiency for the 254-nm radiation. Also, because the pulse
excitation time was significantly shorter than the lifetime of the
excited states,'% it was possible to observe the time decay of the dif-
ferent radiation lines. The emission spectrum of the pulsed mercury
discharge lamp with 3.0 torr of helium and 80.0 mtorr of mercury is
shown in Fig. 2. The spectrum was integrated for 3.0 ws. This broad
spectrum is characteristic of the dc glow discharge Hg lamp, and
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Fig. 1 Mercury lamp design.
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Fig. 2 Spectrum of the Hg lamp with 3-us integration time (3.0-torr
He, 80.0-mtorr Hg).

the multiple spectral lines seen here make such a lamp poor source
for FRS, even though more than 60% of the shot energy lies in the
254-nm line.

Figure 3 shows the time evolutions at 254, 313, and 365 nm,
which correspond to the transitions of 6° P;—6'S,, 63 D,—6° Py, and
6° D3—6> P, transition. Note that 6' S is the ground state of mercury.
These lines were selected because they were the strongest observed
in the spectrum. The time constant of the 254-nm line decay was
estimated by fitting a curve and was found about 7.0 us. Decay
times of all of the other lines were below 200 ns. This difference
was explained primarily by optical trapping. Because the emitted
photons were reabsorbed by the Hg atoms and were reemitted again
and again, the decay time of the radiation at 254 nm was much
longer than the lifetime of that excited state. Because the decay
time of the 254 line was much longer than those of the other lines,
it was possible to obtain pure 254-nm radiation by delaying the
integration time by a few hundred nanoseconds. Figure 4 shows the
spectrum taken following a 200.0-ns time delay.

The spectral distribution is also a function of the inert gas pressure.
As a comparison, Fig. 2 shows the spectrum with 3.0 torr of helium
and Fig. 5 shows the spectrum with 10.0 torr of helium. Note that
the relative intensity of the 254-nm line depends strongly on the gas
fill. Approximately 60% increase was observed in the intensity of
254 line as the helium pressure was increased from 3.0 to 10.0 torr.

From experiments, it was observed that the radiation intensity at
254 nm was stronger with helium than with argon, as is shown in
Figs. 5 and 6, in which spectra from the Hg lamp were obtained un-
der identical operating conditions for both gases. Note that electron
temperature in the discharge was controlled by the ambipolar dif-
fusion. The ambipolar diffusion coefficient for helium was almost
100 times higher than that for argon. In addition, the intensity max-
imum was related to the mercury vapor pressure in the discharge
tube. Figure 7 shows the relative 254-nm radiation intensity under
various pressures of argon and helium for a case when the tem-
perature of the cold tip was kept constant at 80.0°C. Because the
initial electron temperature of the discharge is dictated by the elec-
trical field/pressure (E/ P) value, the intensity of 254-nm radiation
also changes with the changing of the filling gas pressure. Figure 7
clearly shows that, for identical operating conditions, the intensity
at 254-nm line is two—three times stronger with helium than with
argon as the filling pressure varies from 5.0 to 50.0 torr.

The performance of the lamp was also found to depend on the
repetition rate of the pulses. Figure 8 shows the 254-nm radiation
of a lamp with a 10-torr helium fill at different repetition rates.
Normally, the 254-nm radiation intensity decreases with the increase
of the repetition rates. Increasing repetition rate increases the gas
temperature, which, for a constant pressure, reduces the density of
atoms that radiate.
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Fig. 3 Pulse shapes at 254, 313, and 365 nm (3.0-torr He, 80.0-mtorr
Hg, 3.0-us integration).
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Fig. 4 Spectrum of Hg lamp with 200.0-ns delay (3.0-torr He, 80.0-
mTorr Hg, 3.0-us integration).
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Fig. 5 Spectrum with 10.0-torr helium filling (80.0-mtorr Hg, 3.0-us
integration).
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Fig. 6 Spectrum of the mercury lamp with 10.0-torr argon filling (80.0-
mtorr Hg, 3.0-us integration).
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Fig. 7 Comparison of the helium filling and argon filling (80.0-mtorr
Hg, 3.0-us integration): ¢, He and @, Ar.

A SciTech power meter was used to measure the absolute inten-
sity of the lamp radiation. The calculation of total power was based
on a linear source, 10 mm in diameter and 6.0 cm long. At a helium
pressure of 10.0 torr with 80.0 mtorr of Hg pressure (with cold-tip
temperature set at 80.0°C) and excitation at an 11.0-kHz pulse rep-
etition rate with a 25.0-kV peak voltage electrical power supply, an
emission intensity of 2.3 mW/cm? was obtained on detectors that
were located a distance of 10.0 cm from the front of the 1.0-cm?
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Fig. 8 Different repetition rates, 254-nm radiation (10.0-torr He, 80.0-
mtorr Hg, 3.0-s integration).
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Fig. 9 Absorption by the mercury vapor filter.

optical window of the source. When the collection efficiency is in-
cluded and multiplied by the total area of the lamp surface, the
average total optical power of the lamp is 2.2 W. Because the rep-
etition rate was 11.0 kHz, the energy deposition in each pulse was
around 0.2 mJ. With ~10.0-us decay time of the 254-nm line, the
peak power provided by this lamp was approximately 50.0 W. To
generate more power, higher-repetition-rate pulses can be applied
to the discharge. This may need to be done in a pulse burst mode to
avoid temperature effects.

The utility of this lamp for FRS relies on the 254-nm line remain-
ing very narrow. For FRS to work, an optically thick mercury vapor
filter must completely block the 254-nm radiation. Figure 9 shows
the 254-nm line detected through a 5.0-cm-long, optically thick,
mercury vapor filter. This filter consisted of an evacuated gas cell
in which the mercury vapor pressure was controlled by varying the
cold-tip temperature. It is apparent that the width of the 254-nm line
itself is changing with time because the absorption depends on the
delay time of the signal. Note from Fig. 9 that, when the tip temper-
ature of the mercury filter was higher than 135.0°C (Py, ~ 1.5 torr),
the unabsorbed optical signal had a decay time ~100.0 ns, which
had broader linewith than the mercury vapor filter. The full absorp-
tion of the 254-nm radiation after 200.0 ns implied that the radiation
was exceptionally narrow (of the order of 30.0 GHz) during this time
period and that the lamp could be used for FRS measurements. Note
that for commercial dc mercury lamps full absorption of the 254-nm
radiation is almost impossible.

With the internal electrodes, the lifetime of the lamp was limited
by the process of electrode sputtering. To overcome this problem,
the lamp was redesigned to operate with external copper electrodes
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Fig. 10 Schematic of mercury vapor lamp with external electrodes.
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(Fig. 10). Performance of this lamp was investigated at various pres-
sures of helium and argon. Figure 11 shows the spectra for two
helium pressures. Comparison of spectra for both lamps (internal
and external electrodes) at 3.0-torr helium (Figs. 2 and 11) shows
that the lamp with external electrodes has stronger radiation at 254
nm as compared to that with internal electrode. A more uniform
and homogeneously distributed discharge was observed in case of
external electrodes, whereas with internal electrodes, the discharge
was mostly concentrated around the edges of the electrodes.

Figure 12 shows the pulse shapes of the 254- and 366-nm lines
for various helium pressures in the external electrode lamp. It was
observed that generally the decay times for lines other than 254 nm
were relatively lower than those measured in the lamp with inner
electrodes.
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366 nm.

As mentioned earlier, the 254-nm radiation power decreases with
increasing repetition rate. To increase the repetition rate without
overheating, the mercury lamp was operated in the pulse burst mode,
where the repetition rate of the pulse package was kept at 1.0 kHz,
and 10 pulses were generated at the 100.0-kHz rate in each package.
Because there were still a total of 10,000 pulses in 1 s, the heating
of the lamp was similar to the uniform 10.0-kHz repetition case.
Figure 13 shows the performance of the mercury lamp with external
electrodes running under pulse burst mode. Although the first pulse
is often weaker than other pulses, the pulse train is stable in intensity,
and after the first one or two pulses, each pulse in the package is
near the lamp’s optimum performance.

To investigate the possible generation of 185-nm mercury line
from the lamp used in the current study, some modifications were
made in the data acquisition system. For the study of 185-nm ra-
diation, a vacuum UV spectrometer photomultiplier (PMT) was
employed. The SP-500 I spectrometer was modified to have the
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Fig. 14 Spectrum of commercial 185-nm Hg lamp with dc power
supply.

capability of N, purging. The PMT used in the preceding experi-
ment was replaced by another Model R7154 that has considerably
higher detection efficiency below 180 nm. Both the lamp and the
PMT were placed in an aluminum box that could be purged with
N,. The Hg lamp for 185-nm radiation was made from a fused sil-
ica tube, which could transmit light with wavelengths longer than
160 nm. To test the detection efficiency of the vacuum UV system,
the spectrum of a commercially available 185-nm mercury lamp
driven with a dc power supply was scanned. As shown in Fig. 14,
the spectrum shows a 185/254-nm ratio of 1:23. From the 1:10 de-
sign ratio provided by the manufacturer, it was estimated that the
detection efficiency of this system at 185 nm was roughly half of
that at 254 nm. It was found that by using the pulsed power supply,
the ratio of 185/254-nm radiations could be significantly increased.
Figure 15 shows the comparison of 185- and 254-nm radiation at
two different helium fill pressures. In both cases, the power supply
was set at the 11.0-kHz repetition rate and 25.0-kV peak voltage.
For 10.0-torr helium fill, with the assumption that the detection ef-
ficiency of 185 nm was one-half of that at 254 nm, the power of the
lamp at 185 nm was comparable with that at 254 nm.

It was also of interest to compare the pulse shapes of the lamp
at 185 and 254 nm. Figure 16 shows the pulse shapes of the lamp
with a 10.0-torr helium fill. Although 185-nm radiation is also a
transition to the ground state, the radiation time is much shorter. As
a result, although the total power of 254 nm might be higher than
185 nm, the peak power of the 185-nm radiation is always much
higher than 254-nm radiation.

IV. Applications

Because the lamp was designed to provide an ultranarrow-
linewidth, UV source for high-discrimination detection, it could
immediately be used as a light source in the UV region. Because the
lamp radiated in all directions, it was useful to focus all of the light
onto the sample under investigation. This was achieved by designing
an elliptical cavity in which the sample and the lamp were located,
respectively, at two foci, as shown in Fig. 17. The inner surface
of the cavity was highly reflective. Because the radiation emitted
by the source at one focal point must pass through the second fo-
cal point, it was anticipated that most of the radiation in the cavity
would be used to illuminate the sample. The Rayleigh and Raman
signals were collected from the side windows of the sample cell.

The suitability of the lamp as a UV source to perform Rayleigh
and Raman measurements was tested by performing experiments
with liquid and gas samples. The vibrational Raman spectrum for
methanol was recorded using the experimental arrangement shown
in Fig. 17.

For the methanol molecule, the O-H stretching shows very weak
scattering in the Raman spectrum; only the characteristic infrared
(IR) absorption could be emphasized. The CH3 symmetric umbrella
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bend near 1380 cm~! is medium in the IR and very weak in the
Raman. The CHj; asymmetrical and symmetrical stretchings of
methanol occur near 2962 and 2872 cm™!, respectively. These two
lines show comparable strength in the Raman scattering and are
used in this experiments. Because these vibrational Raman features
appeared several nanometers away from the center frequency, there
was no need to suppress the elastic scattering and the Rayleigh signal
arising from the operating frequency of the lamp (254 nm). Figure
18 presents the vibrational Raman features obtained for methanol.
To ensure that the lamp can be used as an alternate UV source
for making Raman measurements, the vibrational Raman features
observed in this study were compared and found similar to those
obtained by other researchers.!”

Measurements were also made to obtain the FRS of CO, gas
at various pressures. Figure 19 shows the variation in the filtered
Rayleigh signal as a function of the CO, pressure in the sample cell.
The light collected from the side window of the sample cell was
collimated and was passed through a Hg vapor cell before it was
focused onto the spectrometer slit. Because of the resolution of the
spectrometer used in these experiments, the information obtained
was not used to extract any information on gas temperature. Note
that the preceding experiments were conducted to demonstrate that
the newly designed pulsed mercury lamp was able to provide suffi-
cient Rayleigh and Raman signals from the gas and liquid samples
used in these experiments. Future work includes the improvement
in the design of the lamp to increase the peak power and the overall
collection efficiency of the system.

V. Conclusions

This work presents a study of a low-pressure mercury vapor lamp,
pumped by 2.0-ns, 30.0-kV voltage pulses. Preliminary results show
that about 60% of the energy of the measured optical signal is at
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the 254-nm line and that, after several hundred nanoseconds, the
output of this lamp is virtually entirely at 254 nm. The intensity
of the 254-nm emission depends on the mixture of the inert gases
with the mercury. The linewidth of the 254-nm radiation, after the
initial 100 ns or so, is narrow enough to be fully absorbed by an
optically thick mercury vapor cell. It appears that this new kind
of ultranarrow-linewidth and UV source can be used with mercury
vapor filters for FRS and for other forms of high-discrimination
detection. As a preliminary check, Rayleigh scattering and Raman
scattering experiments have been performed with this nanosecond-
pulsed mercury lamp. The performance of the lamp at 185 nm has
also been studied at various conditions.
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