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We have developed an optimized high-throughput UV Raman spec-
trometer that utilizes a simple, inexpensive new 224.3 nm hollow
cathode laser. This quasi-continuous wave (CW) 224.3 nm laser can
be used to detect sub-ppm concentrations of aromatic and polycyclic
aromatic hydrocarbons in aqueous solutions. This excitation is also
useful for studying aromatic amino acids in proteins. We demon-
strate the utility of this spectrometer to study the environments of
tyr and trp in horse heart myoglobin.

Index Headings: Raman spectroscopy; Instrumentation; Lasers;
Proteins.

INTRODUCTION

UV resonance Raman spectroscopy (UVRS) is a pow-
erful tool to examine molecular structure and dynamics.1,2

The high UVRS signal-to-noise ratios make it possible
to study trace analytes such as polycyclic aromatic hy-
drocarbons1–3 and to study dilute protein and peptide so-
lutions.4,5 Its high spectral selectivity makes it ideal for
the study of aromatic amino acid environments in pro-
teins.6 We recently demonstrated that UVRS excited
within the p ® p* amide peptide absorption bands is the
most powerful dilute solution methodology to determine
protein secondary structure.4 It clearly is the most pow-
erful methodology available for the study of the �rst steps
in protein folding and unfolding.7

Although UVRS is a powerful spectroscopic tech-
nique, it has found rather slow acceptance due to the cost
and complexity of previous laser sources2,8,9 and the fact
that UVR spectrometers have not been commercially
available. Over the last decade, up until 1998, we eval-
uated a number of commercial Raman spectrometers that
claimed to operate in the UV at l , 250 nm. None of
these instruments had adequate performance.

The �rst UV laser sources were low-repetition-rate
nanosecond YAG lasers, which were frequency doubled
to pump dye lasers, which were then frequency doubled
and mixed to obtain tunable UV excitation.10 Alternative
strategies utilized frequency-tripled and -quadrupled
YAG lasers followed by Raman shifting.2,11 The duty cy-
cle of these lasers was very small (1028). This condition
resulted in high pulse energies and high incident �uences,
which resulted in nonlinear optical phenomena, making
Raman spectral measurements more complicated.12,13 The
use of frequency-doubled, high-repetition-rate excimer
laser-pumped dye lasers increased the duty cycle 100-
fold, but nonlinear phenomena could still pose spectral
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measurement challenges.13 The development of the intra-
cavity frequency-doubled Ar11 and Kr111 lasers solved
these problems since the lasers were continuous wave
(CW).8,9 These lasers are quite reliable, but are expensive.

In the work here, we describe a new 224.3 nm opti-
mized UVR spectrometer that utilizes a new, relatively
inexpensive laser. This hollow cathode laser is small, has
a relatively high electrical power ef�ciency, and requires
no water cooling. We believe that this laser source pre-
sents revolutionary opportunities to develop portable, in-
expensive UVR spectrometers.

EXPERIMENTAL

Acetonitrile and sodium perchlorate were purchased
from Fisher Scienti�c. Horse heart myoglobin (Mb) was
purchased from Sigma. Dodecyldimethylamine was pur-
chased from Akzo-Nobel, and the benzoic acid (BA) was
purchased from Alrich. The Raman cross sections of tyr
and trp were calculated from previously determined values
of the absolute Raman cross sections of the 932 cm21 band
of perchlorate and the 918 cm21 band of acetonitrile.14

The Mb samples were circulated through the beam as
a temperature-controlled, free surface �ow stream.7 The
use of a free surface avoids sample decomposition on
window surfaces and interference from the broad silica
Raman bands. Raman scattering was collected by a pair
of plano-convex silica lenses and dispersed by the Raman
spectrometer described below.

The dodecyldimethylamine and benzoic acid solutions
were measured with a micro Raman spectrometer similar
to that reported previously,15 where an Olympus B360
microscope was coupled to a Spex 1702 monochromator.
Light was collected with a 363 Cassegrain objective, and
the sample was illuminated by re�ection of focused laser
light by a small prism attached to the center of the ob-
jective.

RESULTS AND DISCUSSION

Hollow Cathode HeAg Laser. Figure 1 illustrates the
design of the HeAg 224.3 nm hollow cathode laser tube.
The active medium of this laser is singly ionized silver
ions formed by sputtering within a silver hollow cathode
tube with a 3 mm inside diameter and a 40 cm length.
Helium and other dopant gases are employed as buffer
gases to ionize and excite sputtered silver atoms in a
charge transfer pumping reaction: 2He1 1 Ag ® (Ag11 )*
1 2He. Lasing involves the 4d 95d 1 ® 4d 95p1 transition.16

The hollow cathode discharge is formed between the
hollow cylindrical silver cathode and a transverse anode
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FIG. 1. Hollow cathode laser tube.

FIG. 2. Schematic diagram of the Raman spectrometer. The HeAg laser
provides 224.3 nm excitation. The frequency-doubled Ar1 laser pro-
vides 228.9, 238,2, and 244 nm excitation wavelengths. Pellin–Broca
prisms are used for beam steering and elimination of plasma lines.

via a slot in the side of the cathode. The buffer gas pres-
sure mixture is optimized for output at 224.3 nm. The
threshold discharge current for laser output is less than 1
A, and the optimum output is achieved at a current ; 12
A. The voltage drop is about 350 V.

The 224.3 nm laser transition is a CW transition with
a demonstrated output of .120 mW at 224.3 nm with
the use of the 40 cm cathode, a �at 0.75% transmission
output-coupling mirror, and a 2 m concave high re�ecting
mirror. Output is achieved within 15 ms after application
of voltage between the anode and cathode. The output
remains constant as long as the voltage is applied. After
termination of the voltage, the laser output decays with
an exponential time constant of ; 10 ms.

The laser output beam diameter is ; 2.5 mm with a
divergence of ; 0.3 mR. The emission linewidth is less
than 3 GHz (0.1 cm21), and the line position is �xed. The
longitudinal mode spacing is 257 MHz. The transverse
mode of the laser is multimode with a ‘‘times diffraction
limit’’ of about 18.

The laser output is insensitive to ambient temperature
and requires no warm-up or other preheating and no tem-
perature regulation. The laser head and power supply are
designed for operation at an average input power of ,100
W in order to keep the system air cooled and simple. In
order to provide the discharge conditions needed for op-
timum output (12 A at 350 V 5 4.2 kW) and to keep the
average input power below about 100 W, the input power
is switched with a maximum, long-term duty cycle of
,3%. The average output power is therefore restricted in
the present design to less than ; 3 mW at 224.3 nm.

The mode quality of the output beam was determined
from the measured, focused spot size, and gave a value
of m 2 5 18. This approach allows us to calculate the
focused spot size on the sample, d:

24m l f
d 5 (1)

pD

where f is the focal length of the focusing lens, D is the
beam diameter (2.5 mm), and l is the laser wavelength
(224.3 nm). Therefore these lasers can be focused to a
; 5 mm spot with a 2.5 mm focal length, 0.5 NA (nu-
merical aperture) microscope objective.

Figure 2 shows the Raman spectrometer. The laser
light is simultaneously steered and frequency-�ltered by
a pair of Pellin–Broca prisms. This arrangement is es-
pecially necessary for the HeAg laser due to its intense,
nonlasing plasma lines. These prisms also separate the
frequency-doubled output from the fundamental output of
the Ar11 laser.

Figure 2 also shows the Czerny–Turner spectrograph
( f /# 5 7), which uses a second stage to reimage the dis-
persed light in order to reduce the stray light on the
charge-coupled device (CCD) detector. The mirrors were
dielectrically coated (CVI Laser, Inc.) to have a 40% re-
�ectivity at 224.3 nm and .95% re�ectivity for light at
229.4 nm (a 1000 cm21 Raman shift). These �ve mirrors
and the grating (50% ef�ciency) are expected to give
throughputs of ; 0.5% at 224.3 nm and ; 39% at 229.4
nm.

We used a solar-blind intensi�ed CCD detector made
by Roper Scienti�c (IMAX-1024 3 256). This solar-blind
intensi�er has a very low equivalent background illumi-
nation, which improves the spectral signal-to-noise ratios
(SNRs). In addition, we tested numerous CCD detectors
(backthinned as well as coated with �uorophores) and
found that the intensi�ed CCD gave much higher SNRs.
This occurred even when the technical speci�cations in-
dicated that the unintensi�ed detectors should give better
SNRs. We did not completely characterize the origin of
the poor SNRs from these other detectors. The major fac-
tor appeared to be a low sensitivity to UV light, since
these detectors operated well in the visible spectral re-
gion. The detector speci�cation normally indicates pho-
tocathode responsivity. However, actual measurements of
spectral SNRs have this parameter convoluted with the
intensi�er gain, the intensi�er equivalent background il-
lumination, and the number of CCD-detected events per
photon counted and the detector readout noise. Our con-
clusions about the utility of the other detectors result from
experiments which exchanged different detectors on one
spectrometer that was illuminated by a low-intensity UV
source.

The 228.9, 238.2, and 244 nm doubled Ar1 laser lines
of s- and p-polarizations and the 224.3 nm HeAg laser
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FIG. 3. Calculated ef�ciencies of the monochromator for 224.3 nm
Raman excitation. The ef�ciency curve for randomly polarized light
was used for correcting spectra acquired with the HeAg laser. (v)
Measured values (s-polarization), (m) measured values ( p-polariza-
tion), ( ) calculated ef�ciency (s-polarization), (········) calculated
ef�ciency (random polarization), (– – –) calculated ef�ciency ( p-po-
larization).

FIG. 4. The 224.3 nm excited Raman spectra of Te�ont block, calcite,
and neat acetonitrile. Te�ont and calcite spectra: power 5 0.2 mW.
Integration time 5 20 s. Acetonitrile spectrum: power 5 0.3 mW, in-
tegration time 5 10 s, resolution 5 11 cm 21.

FIG. 5. The 224.3 nm UV Raman spectra of horse heart myoglobin at
pH 7.1 and pH 2.1. Spectra have been normalized to the 918 cm 21

CH3CN band intensity. Power 5 0.5 mW, integration time 5 60 s,
resolution 5 11 cm21.

line were used to measure the spectrograph throughput
ef�ciency. The ; 1 mW laser beams were directed
through the spectrograph entrance slit, and the transmit-
ted power was measured at the detector image plane. The
values for s- and p-polarized light are shown in Fig. 3.
The effective monochromator ef�ciency is the average of
that for s- and p-polarizations. We empirically found that
the expression

Nn1Me
T (n) 5 A* 1 (Dn 1 C ) (2)

Nn1Me 1 B

accurately models throughput at 224.3, 228.9, 238.2, and
244 nm. T (n) is the percent transmission of the mono-
chromator at the Raman shifted frequency (cm21), where
A 5 0.3213, B 5 61.3024, C 5 0.007251, D 5
0.00002613, N 5 0.007471, and M 5 20.5264 are �tting
constants for p-polarization. The �t constants for s-po-
larization are A 5 29.6841, B 5 12 692.3261, C 5
9.8035, D 5 20.0008987, N 5 20.004572, and M 5
212.7368. The measured 224.3 nm Raman spectra were
spectrometer-ef�ciency corrected by using the relation-
ship

I (n)oI (n) 5 (3)corr T (n)

where Icorr (n) is the corrected intensity, Io(n) is the ob-
served intensity, and T(n) is the calculated frequency-de-
pendent throughput of the monochromator.

Figure 4 illustrates the performance of the spectrom-
eter for neat acetonitrile in a quartz cell, a calcite crystal,
and a block of Te�ont. Raman bands as close as 200
cm21 from the Rayleigh line are easily observed for non-
turbid samples. The spectrum of calcite shows the strong
Raman band at 280 cm21. The spectrum of Te�ont shows
that, although highly scattering samples show signi�cant
Rayleigh scattering at low frequencies, Raman spectra
can be easily measured down to less than 400 cm21 from

the exciting line. We calibrated the spectrometer wave-
number axis using the well-known frequencies of Te�ont
and solvent bands.

Horse Heart Myoglobin Studies. Figures 5 and 6
shows 224.3 and 229 nm excited UV Raman spectra of
horse heart Mb at pH 7.1 and 2.1. The samples contain
5% by volume acetonitrile, which served as an internal
standard. Acetonitrile was used for these Mb studies be-
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FIG. 6. The 228.9 nm UV Raman spectra of horse heart myoglobin at
pH 7.1 and pH 2.1. Spectra have been normalized to the 918 cm21

CH3CN band intensity. Power 5 0.5 mW, integration time 5 60 s,
resolution 5 11 cm21. FIG. 7. The 224.3 nm UV resonance Raman spectra of 229 ppm (2.4

3 1024 M), 2.9 ppm (2.4 3 1025 M), and 1.5 ppm (1.2 3 1025 M)
dodecyldimethylamine-benzoate solutions. Laser power 5 0.5 mW, in-
tegration time 5 4 min, resolution 5 12.5 cm21. The inset at the bottom
shows the solvent-subtracted spectrum of 1.5 ppm dimethyldodecylam-
ine-benzoate solution showing the 1600 cm21 band.

cause the typical internal standards such as perchlorate
and sulfate increase the solution ionic strength, which
alters the low pH Mb structure. A careful comparison of
CD spectra and UVRS in the presence and absence of
5% by volume acetonitrile demonstrates that acetonitrile
does not alter the low pH Mb structure.

The 224.3 and 229 nm UVRS are very similar and
show Raman bands from only the tyr and trp aromatic
amino acids; horse heart Mb has two tyr and two trp.6

The observed Raman bands result from symmetric in-
plane tyr and trp ring vibrations.17–21 Trp gives rise to the
753 cm21 W18 band, the 879 cm21 W17 band, the 1006
cm21 W16 band, the 1353 cm21 W7 band, and the 1553
cm21 W3 band. Tyr gives rise to the 1172 cm21 Y9a and
the 1611 cm21 Y8a band. Only the tyr and trp electronic
transitions are in resonance at the 224 and 229 nm ex-
citation wavelengths.17–20 The 918 cm21 band derives
from the acetonitrile internal standard.14

The 229 nm pH 7.1 Mb spectra are similar to those of
Chi et al.6,21 except that the trp-band relative intensities
are increased by ; 20% compared to those of the tyr.
Recent studies in our lab22 have demonstrated selective
bleaching of the Mb trp Raman spectra if the sample �ow
rate is insuf�cient to remove photodegraded protein from
the illuminated volume.

The 229-trp band Raman cross sections decrease more
than threefold as the pH decreases from 7.1 to 2.1. This
decrease results from the acid denaturation of the protein,
which unfolds the A helix and exposes the attached trp
to water. A much smaller decrease occurs for the tyr Y8a

band, because little exposure of the tyr occurs upon the
acid denaturation.6

The pH 7.1 224.3 nm Mb spectrum appears very sim-
ilar to that at 229 nm. The major difference is that the
W18 and W16 cross sections are decreased by ; 25%,
while the W3 cross section is increased ; 25% in the
224.3 spectrum compared to the 229 nm spectrum. The
Y8a tyr cross sections are similar. The 224.3 nm pH 2.1
UVRS also shows a ; threefold decrease in the relative
intensities of the trp bands compared to that at pH 7.1.
Thus, 224.3 nm excitation can be used to monitor trp and
tyr environments in proteins and peptides.

Trace Studies of Aromatic Species. Previous
UVRS studies of polycyclic aromatic hydrocarbons dem-
onstrated low ppt detection limits for these species.3 Fig-
ure 7 shows the dependence of the UVRS on the con-
centration of 1-1 stoichiometric solutions of dodecyldi-
methylamine and benzoic acid (BA). The dodecyldime-
thylamine has no resonance transitions until deeper in the
UV and, thus, shows no resonance Raman enhanced
bands. BA has a strong absorption around 224 nm and
thus shows strong resonance enhancement. At 29 ppm
(0.24 mM) concentrations the UVRS spectra are domi-
nated by the symmetric, in-plane BA ring vibrations. The
only other band observed comes from the broad OH
bending vibration of water at ; 1650 cm21. The intensities
of the BA bands at 1002, 1180, and 1388 cm21 decrease
as the BA concentration decreases. Figure 8 shows that
the 224.3 nm UVRS intensities of BA increase over the
range of 1–300 ppm. The calibration curve is not linear



70 Volume 55, Number 1, 2001

FIG. 8. Dependence of the 1600 cm21 band intensity on BA concen-
tration.

and has a slope less than 1, presumably due to the de-
creased resonance Raman intensities due to the increased
self absorption at the higher analyte concentrations.

The 1600 cm21 BA band is still visible at a concentra-
tion of 1.5 ppm. This band is more easily observed if we
subtract the water spectrum (Fig. 7). Given the displayed
signal-to-noise ratios for the 4 min spectral accumulation
times used, we estimate that we have a detection limit of
; 100 ppb (; 1 3 1026 M) by using the ; 1600 cm21 BA
band for detection. Longer accumulation times would
give rise to lower detection limits.

CONCLUSION

The new HeAg hollow cathode laser provides an eco-
nomical and convenient excitation source for UVRS. We
have constructed an optimized, inexpensive, simple UV
Raman spectrometer for use with this laser source. This
224.3 nm HeAg laser excitation is especially useful for

studing the trp and tyr environments in proteins and pep-
tides. It is also useful for detection of aromatic molecules
in dilute solutions.
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