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High-Resolution Absorption Studies of the A'A,—X'A; 224} Band of Formaldehyde
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Absolute peak absorption cross sections and pressure broadening coefficients have been recorded with sub-
Doppler limited instrumental resolution for selected rotational lines in the 234} vibronic band of the formaldehyde
A'A,—X'A, electronic transition. The measured absorption cross sections range between (0.18 = 0.01) and
(10.1 £ 0.08) x 107" cm? molecule™! and are considerably larger than values from the literature recorded
using apparatus where instrumental broadening was significant. However, comparisons with spectral simulations
with equivalent resolution from Smith et al. (J. Phys. Chem. A 2006, 110, 11645—11653) are in excellent
agreement. Pressure broadening was studied for the collision partners CH,O, CO,, N,, O,, Ne, Kr, Ar, and
He, and the resulting broadening coefficients were found to be reduced in comparison to equivalent values
measured in infrared regions, consistent with the reduced dipole moment of the upper state probed in this
work. Cavity-enhanced absorption spectroscopy (CEAS) measurements were undertaken using calibrated low
concentration (2.9—4.6 ppmv) samples from a permeation source and demonstrate a noise equivalent absorption

of 1.2 x 107% cm™! Hz~ 2. This implies a minimum detectable formaldehyde concentration with the current
—1/2

system in atmospheric air of 172 ppbv Hz

Introduction

The simplest aldehyde compound, formaldehyde, is an
important constituent of the oxidation chemistry of the tropo-
sphere. Produced by the oxidation of hydrocarbons such as
methane, its photochemical activity is an important source of
radical species such as HCO, H, and subsequently HO, as well
as molecular hydrogen and carbon monoxide. At ground level,
formaldehyde is a toxic industrial pollutant, and suspected
carcinogen. Concentrations in urban environments are typically
a few tens of ppbv,' ™3 while the background concentration in
unpolluted air is of the order of 100 pptv.*?

The spectroscopy and photochemistry of formaldehyde have
been reviewed in detail by Moule and Walsh,® and Clouthier
and Ramsay.” Formaldehyde is photochemically active in the
troposphere within the electronic A'A,—X'A; band system,
which is primarily formed from a progression of the CO
stretching vibration (v,), in combination with excitation of either
one or three quanta in the out of plane v, bending vibration.
Weaker bands involving the v, and vs modes in isolation, and
a combination of the v, and v modes are also featured. The
A—X system is a symmetry-forbidden transition and is thus
relatively weak for an electronic transition, with integrated band
intensities typically of order 10™'7 cm? molecule™' cm™!. This
is similar in magnitude to fundamental vibrational transitions
in the mid-infrared region,® and larger than other conveniently
located rovibrational transitions in the near-infrared region.’

Recent spectroscopic investigations of formaldehyde in the
A—X band system have focused primarily on the measurement
of absolute absorption cross sections and their temperature and/
or pressure dependence. Cantrell et al.'” measured absorption
cross sections using an interferometer-based spectrometer over
the wavelength range 300—360 nm, with temperatures ranging
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between 223 and 293 K and a resolution of 1 cm™!. They studied
the temperature dependence of integrated band intensities and
found temperature gradients at selected wavelengths to be
around 0.3% of their measured cross sections. They also noted
that nonlinear absorption occurred in regions of the spectrum
containing strongly absorbing features. Meller and Moortgat!!
then extended this range to cover 225—375 nm, again measuring
cross sections and temperature gradients with a resolution of
2.73 cm™ L

More recently, Pope et al.'> and Smith et al.'"’ measured
absorption cross sections across the range 300—340 nm at a
resolution estimated to be 0.35 cm™!. By fitting spectral
simulations to their data, they also provided optimized values
for the upper state spectroscopic parameters and calculated
transition dipole moments for each of the vibronic bands that
they probed. At longer wavelengths, Co et al.'* probed the 234
vibronic band using a high-resolution Fourier transform spec-
trometer with a resolution of 0.027 cm™!. These were the first
measurements to be performed in the UV region with an
instrumental bandwidth smaller than the thermal Doppler width
of formaldehyde, by a factor of around 2 in this case. Gratien
et al.¥!% have performed a comparison of formaldehyde inte-
grated absorption cross sections in the infrared and ultraviolet
regions by recording spectra between 300 and 360 nm with a
resolution of 16 cm™! simultaneously with spectra in the ranges
1660—1820 and 2600—3100 ¢cm ™! with 0.1 cm™! resolution.

In recent years, the use of compact, affordable narrow
bandwidth diode lasers has become increasingly common in
molecular spectroscopy. These lasers typically operate in the
near-IR or visible regions and thus can be used to probe
vibrational overtone transitions of small molecules, with in-
strumental resolution a small fraction of the Doppler width. We
have constructed an absorption spectrometer in the ultraviolet
region, with the aim to use sum-frequency generation with
narrow-band continuous wave lasers to probe stronger electronic
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Figure 1. Schematic of the sum frequency generation setup used to
produce tunable, narrow band radiation around 325 nm by mixing
radiation from an external cavity diode laser (labeled ECDL) with that
of a diode pumped solid state laser (labeled Verdi) in a type I -BBO
crystal. In the cavity-enhanced absorption experiments a pair of high
reflectivity cavity mirrors are placed in the cell and the detection
photodiode replaced by a photomultiplier tube.

transitions. To our knowledge the only other study of formal-
dehyde with similar resolution is that of Motsch et al.,'® who
used a frequency-doubled ring dye laser to record absorption
spectra of two vibronic bands in the A—X transition, and fitted
spectral simulations to their data to provide a set of upper state
spectroscopic constants that compared well with those of Smith
et al.!?

We report measurements of the absolute absorption cross
sections and pressure broadening coefficients of several rota-
tional lines in the A—X 234} vibronic band with insignificant
contributions from instrumental broadening. Measurement of
pressure broadening parameters can provide chemically interest-
ing information on the intermolecular forces acting between the
probed species and chosen collision partners. At a more practical
level, accurate knowledge of absorption cross sections and
pressure broadening processes greatly benefits the prediction
of absorption spectra for the purpose of atmospheric monitoring.
In addition, we demonstrate the use of this high-resolution
ultraviolet source in an optical cavity enhancement methodology
to explore the potential for its use in atmospheric monitoring.

Experimental Methods

The experiments were carried out with a custom-built
spectrometer, consisting of a narrow band, tunable continuous
wave ultraviolet (UV) laser source, and an absorption cell, to
which formaldehyde vapor was added along with a buffer gas,
if desired. The UV source produced radiation around 326 nm
by sum frequency mixing of a high-power, fixed frequency laser
operating in the visible region with a tunable diode laser
operating in the near-infrared. A schematic diagram of the setup
is shown in Figure 1. The first laser is a diode pumped Nd:
YVO, laser (Coherent Verdi V5), generating 532 nm light at
power levels up to 5 W, with a specified bandwidth of 5 MHz.
The beam was passed through a zero-order half-waveplate and
polarizer (Thorlabs WPHO5M-532 and GL5-A), and directed
through a plano-convex lens (UQG, 10 cm focal length) by
dichroic mirrors (Laseroptik, HR 532 nm). A temperature
controlled 8-BBO crystal (Casix, type I, 6, = 35.8°) was placed
at the focal point and mounted on a precision rotation stage
(Thorlabs PRO1/M), which was in turn attached to an x—y—z
translation stage (Thorlabs PT3/M).
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The second laser is an external cavity diode laser (Sacher
Lasertechnik, TEC-500), tunable around 841 nm, with an output
power of ~40 mW and a quoted bandwidth of less than 1 MHz.
The diode laser was first passed through a pair of anamorphic
prisms, which reshaped the initially elliptical beam profile to
closely match that of the Nd:YVO, laser. A waveplate and
polarizer (B.Halle) were again used to set the polarization, before
the beam was overlapped with the visible beam through the
focusing lens and 3-BBO crystal. The diode laser frequency
was varied by angle tuning the grating in its external cavity
(Littrow configuration) during experiments. A wavemeter
(Coherent Wavemaster) was used to measure the wavelength
of the laser when coarse tuning to chosen regions of the
formaldehyde spectrum. During experiments, a partial reflection
of the beam was passed through an optical isolator (Isowave
[-7090-CM), and aligned into a spectrum analyzer (Melles-Griot,
10 GHz free spectral range), to allow calibration of the relative
frequency scale.

Ultraviolet radiation was produced by angle tuning the 5-BBO
crystal in the plane of its optical axis in order to achieve phase
matching. Typical output power levels were in the range 2—4
uW, depending on the intensity levels of the two input beams,
corresponding to an efficiency of 57% of the theoretical
maximum, as predicted according to Boyd and Kleinman.'” The
resulting UV radiation was then collimated by a second lens
(UQG, 10 cm focal length) and separated from the visible/near-
infrared beams using a UG11 optical filter, before being directed
through the absorption cell by a pair of dichroic mirrors
(Laseroptik, HR 280—400 nm) onto an amplified photodiode
detector (Thorlabs PDA25K-EC). The second of these mirrors
was attached to a flip mount, which allowed the beam to be
directed onto an identical detector placed before the cell for
background measurements. For cavity-enhanced absorption
spectroscopy (CEAS) experiments, the photodiode after the cell
was replaced by a photomultiplier tube (Electron Tubes 9125
QB) terminated by a 1 MQ impedance, due to the low intensity
of light transmitted through the cavity. Frequency tuning of the
UV radiation, typically over a range of around 40 GHz, was
achieved by application of a voltage ramp from a signal
generator (Thurlby Thandar Instruments TG230) to the piezo-
electric driver of the diode laser. Signals from both detectors,
along with the etalon trace from the spectrum analyzer were
acquired using a digital storage oscilloscope (Tektronix TDS380),
and transferred to a computer via a GPIB interface using custom-
written software in Labview for analysis.

The absorption cell was constructed from stainless steel and
was 50 cm in length. Its design accommodated the installation
of optical components, such as cavity mirrors (LayerTec
GmbH), for use in the CEAS experiments. In the cavity
experiments, we found that fine adjustment of the alignment of
the cavity, together with mechanical vibrations from the vacuum
pumps, were sufficient to reduce the mode structure of the cavity
and provide a smooth baseline during experiments. Pressure
measurements were made using calibrated capacitance manom-
eters (Leybold Ceravac, 0—10 Torr and 0—1000 Torr), and the
cell evacuated using a turbomolecular pump, backed by a rotary
vane pump (Leybold Turbovac 50 and Trivac D16B).

For direct absorption measurements monomeric formaldehyde
was prepared by the cracking of paraformaldehyde, as described
by Spence and Wild.'® Formaldehyde vapor was passed through
a dry ice/acetone trap for purification and stored in a liquid
nitrogen trap. FTIR spectra of the formaldehyde samples
produced by this method were periodically recorded and showed
no evidence of impurities such as water, or potential decomposi-
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tion products, for example, acetone and acetaldehyde. Com-
parison with integrated band intensities from the literature®
suggested that the typical purity of the formaldehyde produced
by this method ranged between 92% and 96%. It is likely that
a component of the reduction from 100% measured purity is
due to loss by dimerization or wall adsorption of the relatively
high pressure (~3—5 Torr) formaldehyde samples on the time
scale of the FTIR measurements. The time scale of the lower
pressure UV absorption experiments was typically around 30
min, and we observed no measurable loss of formaldehyde over
this time period due to photolysis by the UV source or removal
from the gas phase.

The cracking apparatus was connected directly to the absorp-
tion cell by PTFE tubing and was used to fill the cell with static
samples of formaldehyde vapor. The buffer gases used, as
described in the results section, were CO, (BOC, 99.995%),
N, (BOC, 99.998%), O, (BOC 99.999%), Kr (BOC 99.999%),
Ar (BOC 99.999%), Ne (BOC 99.994%), and He (BOC
99.999%). In the cavity-enhanced absorption experiments, a
permeation tube (Kin-Tek) was used to provide calibrated, low
concentration samples of formaldehyde. The tube was main-
tained at a constant temperature of 80 °C, resulting in emission
of formaldehyde vapor at a specified rate of 649 £ 13 ng min~".
A buffer gas, such as N, was passed through a calibrated mass-
flow controller (Tylan FC 026) at a known flow rate and over
the permeation tube. This resulted in a mixture of specified
formaldehyde concentration (typically ~3 ppmv), diluted in N,,
which was flowed through the absorption cell at a chosen total
pressure (typically 100 Torr). The formaldehyde concentration
of the mixture was varied by adjustment of the buffer gas flow
rate across the permeation tube.

Results and Discussion

We have applied our spectrometer to the absorption spec-
troscopy of formaldehyde vapor in its A—X 234} vibronic band.
The bandwidth of the UV source is limited by the combined
bandwidths of the two input beams and would thus be expected
to be less than 10 MHz, or 3.3 x 107* ¢cm™!. This is appro-
ximately 2 orders of magnitude narrower than the room
temperature thermal Doppler width of formaldehyde lines in
the A—X transition and around 3 orders of magnitude narrower
than that achieved with apparatus previously used to measure
absorption cross sections of formaldehyde in this region.!07!315

We have recorded two contiguous absorption spectra, as
shown in Figures 2 and 3 spanning ~8—10 cm™! sections of
the A—X 234/ vibronic band at pressures of 450 and 700 mTorr,
respectively. Pane (a) in each case shows our measured
absorption spectra, where the intensity is plotted as the base e
absorbance according to the Beer—Lambert law, given by eq 1
where Iy(v) is the laser intensity measured on the photodiode

2~ e )

1y(v)

placed before the formaldehyde sample, I(v) is the intensity
measured after the sample, o(v) is the absorption cross section,
c is the concentration of formaldehyde, and / is the path length
containing the sample.

Pane (b) in each figure shows a spectral simulation of the
corresponding region, calculated in PGopher using input
parameters supplied in the Supporting Information of Smith et
al."® These parameters include rotational and centrifugal distor-
tion constants for the ground and excited electronic states,’
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Figure 2. Absorption spectrum of a section of the formaldehyde A—X
234 vibronic band, acquired with 450 mTorr formaldehyde. Panel (a)
shows the measured data while (b) shows a spectral simulation of the
corresponding region, where red lines indicate line positions and relative
intensities and the black line is a prediction of the spectrum with
Doppler line widths. The asterisk highlights a single rotational line used
for pressure broadening/absorption cross-section measurements as
described in the text.

where the excited state constants have previously been refined
by Smith et al.,'”> who fitted spectral simulations to their data
acquired across the range 300—340 nm. We have not carried
out any further optimization of the molecular constants and have
only changed the resolution function to a Gaussian profile with
the expected thermal Doppler width of formaldehyde at the
ambient temperature of the laboratory. We find generally
excellent agreement between our measured absorption spectra
and the simulations, as shown in the figures. It is interesting to
note that perturbations occur between certain upper state levels
probed in the 234} band and levels in the nearby A, state, as
studied by Brand and Stevens® and Birss et al.*! They found
29 lines and around 40 upper state levels that were perturbed,
through measurements of magnetic rotation. Of the lines found
by Brand and Stevens, one appears in Figure 2 at ~30709 cm™!,
assigned in the PGopher simulation'®!? as the overlapping pair
"Ro3(11) and "Rg3(11), with the notation AKaANKCKu(D, neverthe-
less Figure 2 shows good agreement between data and simula-
tion relative to the surrounding features. On closer inspection
of Figure 3 however, it appears that some of the deviation
between our data and the simulations may be due to such
perturbations. Two of the upper rotational states found by Birss
et al. to be perturbed by the triplet state are (in the notation
Jk.k,) 20417 and 119,. Weak lines probing these states appear
in the simulation at 30634.52 c¢cm™! and 30636.83 c¢m™!,
respectively, and show relatively poor agreement with our data
compared to the surrounding features.
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Figure 3. Absorption spectrum of a section of the formaldehyde A—X
234y vibronic band, acquired with 700 mTorr formaldehyde. Panel (a)
shows the measured data while (b) shows a spectral simulation of the
corresponding region, where red lines indicate line positions and relative
intensities and the black line is a prediction of the spectrum with
Doppler line widths. Asterisks represent features used for peak
absorption cross-section measurements as described in the text.

We can also make a comparison with the data of Motsch et
al.,'> who probed the entire 234} band with an instrumental
resolution of around 1.67 x 107> ¢cm™'. In regions where our
spectra overlap with theirs, we find excellent agreement; the
relative positions and intensities of equivalent features are
essentially identical, allowing for differences resulting from the
different formaldehyde pressures used. This is expected, as in
each case the apparent resolution is limited by the Doppler width
of the spectral features. Comparison with the data of Motsch et
al. also confirms the presence of an absorption feature on the
left of Figure 2a that does not appear in the simulation. As
mentioned earlier, we have not attempted to perform any further
optimization of the spectroscopic constants by fitting to our data,
but the fact that the line appears in both sets of independently
measured data suggests that it is real and not an artifact, for
example, of an undetected mode hop of our laser source.

It is worth noting that the widths of the spectral features in
Figures 2 and 3 show good agreement with the predicted full
width half-maximum (fwhm) thermal Doppler width of 2.06
GHz, or 0.069 cm™!. For further verification, spectra of isolated
rotational lines were recorded at lower pressures (10—50 mTorr)
of formaldehyde, where the line shape should be dominated by
Doppler broadening and self-pressure broadening effects should
be minimal. Gaussian functions fitted to these profiles return
widths that agree with the predicted width within an uncertainty
of £3%, indicating that there is no significant contribution to
the line shape from lifetime broadening. This is not necessarily
surprising, as the 234} band lies below the threshold where
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Figure 4. Example data used for peak absorption cross-section
measurements. The top panel shows a selection of absorption spectra,
centered on the PQ(8) line (marked A) at 30635.31 cm™!, recorded
at pressures ranging between 30 and 1489 mTorr. Peak (B) is a feature
comprising the overlapped lines PR, (20), 'Ri32(14), and PR;,(9)
centered at 30635.58 cm™!. The bottom panel shows plots of peak
absorbance against pressure for the two absorption features as marked,
along with the best linear fits used to calculate the absorption cross
sections, as given in Table 1.

excitation to the upper (S;) state is followed by rapid intersystem
crossing to unbound levels in the T} state, resulting in dissocia-
tion to the radical products H + HCO*.?? Dissociation to H +
HCO can also occur via nonradiative transfer to high lying
unbound levels in the ground (S,) state without a potential barrier
or by crossing to lower lying levels in the T state, resulting in H,
+ CO via a potential barrier. Our results are consistent with
previous studies of formaldehyde photochemistry,??* which
demonstrate that these processes shorten the lifetimes of the S,
state rovibronic levels probed in this work to around 10 ns. This
would add approximately 15 MHz to the line width, which is
within the uncertainty limits of our frequency scale determina-
tion. We intend, in future work, to probe regions of the A—X
band system at shorter wavelengths and with greater vibronic
excitation, in order to study predissociation rates.
Absorption Cross Sections. In addition to the contiguous
absorption spectra shown in Figures 2 and 3, we have performed
absolute peak absorption cross-section measurements using
several isolated rotational lines spread across a ~120 cm™! range
in the 2344 band. This was achieved by tuning the UV source
to the selected line and measuring absorption spectra as a
function of increasing formaldehyde pressure. Figure 4 shows
an example, where the top panel displays a series of spectra
measured over a range of pressures, containing a single
rotational line (labeled A), assigned'*!° in the notation
AANg & (J) as PQ71(8) at 30635.31 cm™'. Also shown is a
blended feature (B) containing the three overlapping lines
PR50.1(20), "Ry32(14), and PR;,(9) centered at 30635.58 cm™!,
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TABLE 1: Measured Absolute Peak Absorption Cross Sections of a Selection of Formaldehyde Lines in the A—X 234} Band

o /x107" ¢cm? molecule™

assignment® wavenumber /cm™! this work PGopher”
PQo,5(14)/PQ10,5(14) 30540.28 3.15£0.17 2.81
PQi,2(13) 30598.20 1.09 + 0.06 1.07
"R233(26) 30634.98 0.18 £ 0.01 0.16
PQ7,1(8) 30635.31 10.1 £ 0.51 8.87
PR20,1(20)/PR3,(14)/PR75(9) 30635.58 3.65 £ 0.18 3.39
"Qi2,1(13) 30644.82 5.46 £0.29 5.36
'Q4,5(8)/"Q35(8) 30715.06 229 +£0.12 232
Ri15(16)/"R12,5(16) 30716.44 2.10 £0.11 2.07

@ Using the notation “%ANg x (J). * Values predicted by PGopher,'® using the transition moment data of Smith et al."

along with a much weaker line, 'R»3 3(26) at 30634.98 cm ™!, on
the left-hand side of the spectrum. Despite its weak intensity,
this third feature still has a sufficient signal/noise ratio for use
in a cross-section measurement. As before, the intensity scale
is plotted as the base e absorbance, —In(//Iy). The bottom panel
of the figure shows a plot of the peak absorbance against
concentration of formaldehyde for the two stronger absorption
features, in units of molecules cm 3. From eq 1 the peak
absorption cross sections can be easily extracted from the slope
of these plots, by accounting for the path length of 50 cm.

The full set of measured cross sections is given in Table 1
and is markedly larger than those recorded in the literature,'%~ !¢
where instrumental broadening was significant. A more direct
comparison is to the cross sections predicted by PGopher, again
using the input parameters supplied by Smith et al.'* These
include an optimized value for the transition dipole moment of
the 234} band which, after their instrumental bandwidth was
accounted for by fitting to rotational fine structure, resulted in
the best agreement with their experimentally measured cross
sections. As before, we have simply changed the resolution
function to match the Doppler widths of the spectral features.
This results in good agreement, with the deviation between our
measured values and the simulations typically varying between
~1 and 13%, which is in many cases somewhat larger than our
uncertainty limits. While the purity of the formaldehyde samples
used across all of our individual measurements is likely to be
a source of the change in the deviation, in nearly all cases we
measure a cross section greater than that predicted, suggesting
that sample purity is not the sole cause of the discrepancy. A
small increase in the transition moment from 0.032 to 0.033 D
produces better agreement within our range of measured cross
sections; however we would be hesitant to recommend the
change as an improvement without a larger selection of data to
compare.

Pressure Broadening. To investigate the effects of buffer
gas pressure on the observed line shape, the spectrometer was
tuned to scan over the line 'Qy,1(13) at 30644.82 cm™!. Spectra
were then recorded with a fixed pressure of formaldehyde,
typically in the range 200—800 mTorr, in the presence of a range
of pressures of the chosen buffer gas, including CO,, N,, O,,
and a selection of noble gases. Self-broadening was also
investigated, by recording spectra with varying pressures of pure
formaldehyde. In this case, a smaller cell with a path length of
5 cm was used to allow a greater range of pressures to be used
while remaining in the linear absorption regime. The experi-
ments were then repeated using another rotational feature,
assigned as "Qy 5(8)/Qs5(8) at 30715.06 cm™'. Figure 5a shows
an example of the measured spectra, with the initial sample of
pure formaldehyde plotted as squares, and spectra recorded
following addition of 200 and 400 Torr of N, plotted as circles
and triangles, respectively.
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Figure 5. Example data used for the calculation of pressure broadening
coefficients. The top panel shows absorption spectra of the "Q;,(13)
line at 30644.82 cm™!, acquired with 220 mTorr formaldehyde in the
presence of: (open box) no buffer gas, (open circle) 75 Torr O,, (open
triangle) 150 Torr O, and (open diamond shape) 250 Torr O,. Solid
lines are best fit Voigt profiles with the Gaussian width fixed at 2.06
GHz and returned Lorentzian half width values of 0.01 4+ 0.01, 0.22
+ 0.01, 0.40 £ 0.01, and 0.68 £ 0.01 GHz, respectively. The bottom
panel shows plots of the extracted Lorentzian half-width against pressure
for self-broadening (solid triangle up), and the buffer gases CO, (solid
box), N, (open box), He (solid triangle down), O, (open triangle up),
Ar (solid circle), Kr (open diamond shape), and Ne (solid triangle left)
along with the best linear fits used to calculate the broadening parameter,
y. For clarity, representative error bars are shown for the CO, data
only.

As mentioned earlier, the line shape in the absence of pressure
broadening is described by a Gaussian function, due to Doppler
broadening. Pressure broadening adds a Lorentzian component,
resulting in an overall line shape described by a Voigt function.
To characterize the pressure broadening process, a Voigt
function was fitted to the line shape recorded at each pressure
for each buffer gas. The Gaussian width of the fit was fixed at
the known Doppler width and the Lorentzian width allowed to
vary to achieve the best fit. The linear variation of the returned
Lorentzian width of the "Q;,,(13) line with pressure is plotted
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TABLE 2: Measured Pressure Broadening Parameters

y /IMHz Torr™!
broadening species 'Q45(8)/"Q3.5(8) "Qi2.1(13)
CH,O 20.0 + 0.49 28.8 +£0.33
CO, 5.04 £0.18 5.25+0.13
N, 3.63 £ 0.12 3.56 £ 0.10
0, 2.69 + 0.06 2.79 £ 0.04
Kr 2.38 £ 0.02 2.35+0.02
Ar 241 4+0.10 2.36 £0.18
Ne 1.78 £ 0.02 1.77 £ 0.02
He 2.34 +£0.01 271 £0.24

in Figure 5b for the range of buffer gases and gives the
broadening parameter y as the slope in each case, quoted as
the half width at half-maximum (hwhm) in units of MHz Torr™.
The resulting broadening parameters for each gas are listed in
Table 2.

To our knowledge there are no pressure broadening studies
of equivalent formaldehyde transitions in the literature with
which we can make a direct, quantitative comparison to our
data. There are however a few examples where we can make
qualitative comparisons. Co et al.'* determined a coefficient for
air broadening of 5.3 MHz Torr™! by fitting Voigt profiles to
selected lines in the 2)4) band, recorded in the presence of
varying pressures of dry air. A weighted sum of our coefficients
according to the atmospheric mixing ratio shows only fair
agreement with this value, at 3.46 MHz Torr™". It is worth noting
however that Co et al. did not state whether their value was
fwhm or hwhm, so the agreement may be better than that
described above, depending on their definition of the parameter
y. The most comprehensive pressure broadening studies that
we are aware of have been carried out with multiple collision
partners in the near-infrared region on selected rotational lines
in the 2v5 vibrational overtone band,? on two rotational lines
in combination bands around 6700 cm ',* and in the far-
infrared?’ on a single rotational line of the v, fundamental band.
Our experiments obviously probe a very different upper state
to the previous work, so we would not necessarily expect to
measure very similar values in comparison to these earlier
studies. Our values are typically lower than those measured in
the infrared regions and beyond by up to ~20%. This is
consistent with the fact that the dipole moment of the 'A, state?
is markedly reduced to 1.56 D, compared with 2.33 D in the
ground electronic state.”” A component of our measurements
therefore probes the weaker interaction between electronically
excited formaldehyde and the broadening gas, resulting in the
observed reduction in broadening efficiency.

The expected trend that the broadening parameter scales with
the strength of the intermolecular interaction between formal-
dehyde and the collision partner is clearly seen in our data. Self-
broadening is considerably more efficient than broadening by
any of the buffer gases due to the strong dipole—dipole
interaction between formaldehyde molecules and the possibility
of resonant collisional energy transfer. Broadening by the three
molecular buffer gases is governed by a dipole—quadrupole
interaction and scales in the order CO, > N, > O,, with the
strength of their quadrupole moments.*® With the noble gases,
the broadening interaction is mediated by weaker Van der Waals
forces and should scale across the range with the magnitude of
their polarizability. This can be quantified by using the
Parmenter—Seaver model,?! which relates the efficiency of a
collisional process to the depth of the intermolecular potential
well between the colliding species Q and M, egum. The quantity
gom 18 unknown for our range of formaldehyde—noble gas
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interactions but is often approximated®' to the geometric average
of the well depths between pairs of each colliding species, given
by eq 2

Eom = \/ £Q0EMM )

The intermolecular well depth between pairs of formaldehyde
molecules is a common factor among the range of experiments,
so eq 2 can be further reduced to include only the well depth
between pairs of noble gas atoms, eyy. The Parmenter—Seaver
relationship is then given by eq 3

Evm 172
ln0=lnC+ﬂT (3)

where C is a collection of empirical constants, k is Boltzmann’s
constant, and ¢ is in our case the pressure broadening coefficient
expressed as a collision cross section. This is done by conversion
of the broadening parameter to units of Hz Pa™!, followed by
multiplication by the factor 27kT/v,, where v, is the mean
relative velocity of the formaldehyde-broadening partner pair.
Variations in the collision rate due to the relative masses of the
collision partners are thus accounted for. If eq 2 holds, then the
parameter 3 depends upon the intermolecular well depth
between formaldehyde monomers, as shown in eq 4 below.

&
B=rre @

Figure 6 shows an example Parmenter—Seaver plot using
broadening parameters recorded on the "Q;,(13) rotational line.
The figure shows a good correlation between broadening
efficiency and ey for the noble gases, which adhere to a linear
trend as predicted by eq 3. The slope suggests a value for the
well depth between pairs of formaldehyde molecules of 5.33
+ 0.26 kJ mol~!. This analysis assumes that the approximation
given in eq 2 is correct; however on closer inspection this does
not appear to be true in this case. Ab initio calculations of the
formaldehyde dimer3? predict two isomers, with the average well
depth (D) to be 11.2 kJ mol™!. Using this value in eq 2 along
with the corresponding D, value for the Ar dimer® of 1.2 kJ
mol~!, a formaldehyde—Ar well depth of 3.6 kJ mol™! is
predicted, which is considerably larger than that suggested by
theoretical studies, 2.0 kJ mol~'.3* This comparison would in
principle be more relevant using D, energies, but we are not
aware of any experimental or theoretical D, values for the
formaldehyde—argon complex. Substitution of Dy energies®*33
for the formaldehyde and argon dimers into eq 2 results in an
implied formaldehyde—argon well depth of 2.4 kJ mol !, which
exceeds the known D, value by some 0.4 kJ mol™! and is thus
unlikely to be accurate. The breakdown of the approximation
is likely due to the difference in the binding intermolecular
forces between the formaldehyde dimer and the formaldehyde—argon
complex and suggests caution against the use of the absolute
value of the slope of eq 3 in a quantitative determination of the
binding energy for this system. It is however interesting to note
that the value we record from the slope is lower than that
inferred by the same method from measurements in the near-
infrared region,? which is 9.40 £ 0.14 kJ mol~!. As described
earlier, we should expect such a parameter to be reduced in our
measurement, due to the smaller upper state dipole moment.
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Figure 6. Plot of the Parmenter—Seaver correlation between inter-
molecular well-depth of the buffer gases (®) He, Ne, Ar, and Kr with
observed broadening parameter, expressed as a cross section. The linear
fit suggests a value for the well depth between formaldehyde monomers,
as described in the text, of 5.33 + 0.26 kJ mol~!. Also shown for
comparison, but not included in the fit are the molecular collision
partners (O) CO,, Ny, and O,.

Cavity-Enhanced Absorption Spectroscopy. To enhance the
sensitivity of the spectrometer, a pair of high reflectivity mirrors
was installed inside the absorption cell, to form an optical cavity
in order to utilize the cavity enhanced absorption methodology.
The absorbance in this case is described by the following
eq 5%

L) = 1) o(v)cl
I(v) ~1—R

(&)

where y(v) and I(v) are the measured intensity in the absence
and presence of formaldehyde, respectively, o(v) is the absorp-
tion cross section, and ¢ is the concentration. The physical
separation of the cavity mirrors is given by /, which was equal
to 45.7 cm in the experiments, while R is the geometric mean
of the mirror reflectivities, in this case stated by the manufacturer
to be 0.999. We would therefore expect a path length enhance-
ment factor of approximately 3 orders of magnitude, compared
to direct absorption. This increased sensitivity required the use
of a permeation tube formaldehyde source, as described in the
Experimental Section, to provide a mixture containing a
specified concentration of formaldehyde which was low enough
to allow measurements to be recorded accurately.

Figure 7 shows an example spectrum, recorded with the
optical cavity in place, featuring the same region as illustrated
for direct absorption in Figure 4, containing the PQ;(8) line.
Cavity-enhanced absorption is an absolute technique, if the
reflectivity of the cavity mirrors is known accurately. A
measurement of the reflectivity, typically achieved by ring
down® or phase shift’’ techniques, would therefore allow an
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Figure 7. Example data from the cavity-enhanced absorption experi-
ment, showing a spectrum containing (a) the PQ;(8) line and (b) a
blended feature consisting of PR, 1(20), PRy3,(14), and PR7,(9), recorded
in the presence of a mixture of 2.9 ppmv formaldehyde in 154.5 Torr
N,, corresponding to a CH,O number density of 1.5 x 10'* molecules
cm™>. The solid line is a Voigt fit to the spectral feature of interest, for
illustrative purposes. The associated Oy, is 1.2 x 107¢ cm™! Hz ™72,
which indicates a minimum detectable concentration at atmospheric
pressure of 172 ppbv Hz 2.

absolute concentration measurement to be made using the
relevant cross sections from Table 1 and compared to that
predicted by the permeation source calibration. However, such
a measurement is challenging where low light intensities are
coupled into the cavity, as in this case, and a detector with
sufficient time response and sensitivity was not available to us.

As an alternative approach, we compared the measured
absorbance of a particular absorption feature, such as that shown
in Figure 7, with the corresponding concentration predicted by
the permeation source calibration and our known absorption
cross section. Substitution of these parameters into eq 5, along
with the physical cavity length then allows calculation of the
mirror reflectivity, assuming that the permeation source calibra-
tion is correct. We repeated this process using sample mixtures
with concentrations ranging between 2.9 and 4.6 ppmv. Our
reflectivity values ranged between 0.996 and 0.997 over a period
of several weeks, the exact value depending on precise alignment
of the system. In all cases, the appropriate measured value for
the experimental conditions was applied during analysis of the
data.

For further verification, we acquired spectra of the "R,33(26)
line using samples of formaldehyde prepared by the cracking
of paraformaldehyde, as used in the direct absorption measure-
ments. This line is sufficiently weak to allow moderate pressures
(50—200 mTorr) of formaldehyde to be probed accurately by
cavity-enhanced absorption and is located within ~0.3 cm™! of
the PQ7,1(8) line, meaning that variation in the reflectivity with
wavelength between the two features will not be significant.
We can then compare the measured absorbance with our
measured absorption cross section for this line, given in Table
1, to allow a determination of the mirror reflectivity and thus
check for consistency with the expected concentrations provided
by the permeation source. By this method we calculate a
reflectivity of 0.997, which is in excellent agreement with the
reflectivity calculated from measurements with the permeation
source.
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There is a clear increase in the noise level for the CEAS data,
as expected due to the much lower signal levels, and the presence
of unwanted residual mode noise as a direct consequence of the
cavity. The level of noise in the data shown in Figure 7 of the
PQ7,1(8) line, recorded by averaging 1024 scans acquired over
approximately 40 s, corresponds to an acquisition time reduced
noise equivalent absorption, Gy, of 1.2 x 107 cm™" Hz 2, which
is lower than sensitivities commonly achieved®**3° using this
technique but reasonable given the low laser intensity coupled into
the cavity. The noise level used in this calculation was obtained
from the standard deviation of a linear fit to the ~5 GHz range of
baseline to the left of feature (a) in the figure. This corresponds to
approximately twice the fwhm of the pressure broadened spectral
feature of interest. Allan variance analysis* suggests that further
signal averaging beyond ~45 s in our case does not significantly
improve the sensitivity.

From a combination of our measured N, and O, pressure
broadening coefficients we predict that the peak absorption cross
section of the PQ;(8) line would be reduced to 3.3 x 107! cm?
molecule™! in air at atmospheric pressure. Noise equivalent
absorption would therefore correspond to a number density
detection limit of 3.9 x 10'2 molecules cm™ Hz "2 or, expressed
as an atmospheric pressure value, 160 ppbv Hz 2. We estimate
that Rayleigh scattering would reduce the sensitivity by around a
further 8%, based on an extrapolation of measured scattering cross
sections,*' leading to a value of 172 ppbv Hz 2. This value is
somewhat higher than the World Health Organization recom-
mended exposure limit of 80 ppbv** and typical ground level
concentrations of up to 20 ppbv in polluted urban environments.
The sensitivity could in principle be improved by selecting a
stronger absorption feature. Although the line we selected is among
the strongest in the 234 vibronic band, blended absorption features
are present in other regions of the band which could offer
improvements of around 20%. Further enhancements in sensitivity
could be made by improving the power output of the system, for
example, by performing the frequency up-conversion in a resonant
optical cavity or by potentially using frequency doubling in
periodically poled or waveguide materials. This would allow the
use of higher reflectivity cavity mirrors in the absorption cell, thus
providing greater path length enhancement, as well as the possibility
of applying the more sensitive cavity ring down spectroscopy
(CRDS) technique.

Conclusions

We have constructed a narrow bandwidth UV absorption
spectrometer by sum-frequency mixing of a near-infrared diode
laser with a visible diode pumped solid-state laser in 5-BBO.
The instrument has been used to measure absolute absorption
cross sections and pressure broadening coefficients of selected
rotational lines in the A—X 234} vibronic band of formaldehyde
around 326 nm. Our measured absorption cross sections were
found to be considerably larger than those found in the literature,
where instrumental broadening was comparable to, or larger
than, the Doppler width, but in good agreement with those
predicted by best fit spectral simulations of Smith et al.!’
Pressure broadening coefficients have been determined for two
rotational lines with a range of buffer gases, and show a weaker
broadening propensity compared to measurements carried out
in the infrared regions. This is expected due to the reduced
dipole moment of the upper state probed in this work. The
sensitivity of the instrument was enhanced by the incorporation
of an optical cavity and the potential for atmospheric monitoring
explored. A detection limit of 172 ppbv Hz "2 in atmospheric
air is achievable with the current setup.
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