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SUMMARY

Vacuum-ultraviolet/photofragmentation-laser-induced fluorescence (VUV/PF-LIF)
has been demonstrated to be a highly specific and sensitive method for the
quantitative measurement of atmospheric ammonia (NH3). The fluorescence detected
in this approach results from the two photon (193 nm) photofragmentation of NHj
followed by the LIF excitation of the NH(b12+) = NH(cln) (at 452 nm) and the
monitoring of fluorescence from the NH(cln) = NH(alA) transition at 325 nm. Limits
of detection for the instrument presented here are < 10 pptv and < 4 pptv for one
and five minute integration periods, respectively, under ambient sampling
conditions. The technique is free from interferences and system performance does
not significantly degrade under adverse sampling conditions (i.e. rain, fog,
clouds, haze, etc.). Spectroscopic selectiviﬁg in the NH(b12+) > NH(cln)
transition is sufficient to resolve l5NH3 and 4NH3 contributions for use in
atmospheric tracer studies. During the intercomparison the PF-LIF sensor was the
only technique that showed agreement with the referee spike test. The citric acid
annular denuder technique was the only other NH3 measurement to show agreement
with the PF-LIF sensor below 500 pptv. The tungstic oxide annular denuder system
(DARE) measured significantly higher (6 fold) NH3 levels at the lowest
concentration measured (15 pptv) and remained on average 2 to 4 fold higher up to
200 pptv. The PF-LIF sensor can be easily improved to give limits of detection of
< 2 pptv for a one minute integration time. In addition, the PF-LIF sensor can be
added to the existing Georgla Tech N3O, aircraft instrument and provide real time
simultaneous NO, NOj, NOy, and NH3 measurement in a single system.

1. INTRODUCTION

Ammonia is the dominant basic species in the troposphere and therefore
significantly impacts on the acid-base chemistry of the lower atmosphere.l'7 Gas
phase ammonia, representing the most abundant reduced form of atmospheric
nitrogen, is surprisingly stable in an oxidizing atmosphere, exhibiting a long
lifetime with respect to oxidative attack (approx. 45 days). Ammonia’s fate in the
atmosphere is primarily controlled through its equilibrium with aerosol acidic
compounds (viz. NH,NO3, (NH,4);504, etc.) and aqueous droplets (e.g. NH3(g) <«
NH3(aq) « (+NO3")caqy + NH,*e NH,NO3), with eventual gas phase removal occurring
through dry decomposition and rainout/washout events. The equilibria of gas phase
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ammonia with aerosols and droplets is still not completely understood, esEecially
at low concentrations and low temperatures under atmospheric conditions.8-

There are few measurements of ammonia in remote regions and still fewer
measurements of the vertical distribution of ammonia in the troposphere. Gas phase
ammonia studies in the boundary layer over continental regions (primarily in the
northern hemisphere) show the range of ammonia concentrations generally varying
between 1-20 parts-per-billion-by-volume (ppbv). Current estimates of the global
ammonia budget have assumed globall{ averaged concentrations for remote regions
ranging from 0.5 ppbv to 3 ppbv Measurements over the ocean, which are not
significantly impacted by direct continental air masses, suggest this latter value
is probably < 0.2 ppbv. 1,17,18

The cycling of gas phase ammonia and its effects on acid deposition, enhanced
aqueous phase S0y oxidation, aerosol formation, production of nitric oxide in the
remote atmosphere, and redistribution of nutrient nitrogen in biospheric systems
has been pointed out in numerous reviews.l;3-7 Recent theoretical studies suggest
that a ubiquitous tropospheric level of NH3 might account for a sizable fraction
of the highly reactive NOy, budget within the remote troposphere.19 The need for
further studies, especially in remote regions, is obvious. However, few methods
have currently exhibited an ability to reliably measure gas phase ammonia at
concentration levels relevant to that anticipated in the remote troposphere (i.e.
[NH3] < 200 pptv.).

Reported here is a Vacuum-Ultra-Violet Photofragmentation Laser Induced
Fluorescence (VUV/PF-LIF) sensor that is capable of routine measurements of gas
phase ammonia in the concentration range relevant to the remote troposphere with
time resolution capabilities of one minute or less. The VUV/PF-LIF sensor is
spectroscopically selective and virtually free from inlet memory problems due to
its unique high flow rate ambient sampling design. In addition, the VUV/PF-LIF NH3
instrument has now partic1pated 1n an NH3 instrument critical intercomparison
(Boulder, CO January-March 1989) .2

2. DESCRIPTION OF VUV/PF-LIF NH3_ SENSOR

2.A. VUV/PF-LIF technigue

Like numerous other atmospherically important polyatomic trace gases that
posses unbound upper electronic states (viz. HONO, HNO3, HsS, CSp, COS, etc.),
ammonia does not fluoresce strongly enough to allow a direct laser induced
fluorescence (LIF) sensor to be developed with adequate sensitivity for
atmospheric monitoring purposes. The method of photofragmentation laser induced
fluorescence (PF-LIF) relies on photolysis of a parent molecule to yield smaller
fragments that are detected with high sensitivity and selectivity using laser
induced fluorescence. Photofragmentation in the near vacuum-ultraviolet makes
possible the potential detection of numerous atmospherically important trace gases
(viz. NH3, HpS, S0y, CSj, etc.). This is a result of the large absorption cross
section of these gases in the VUV and the usually large quantum yields for
production of simple diatomic photofragments (eg. NH, SH, SO, CS).

The spectroscopy of the NH3 VUV-PF/LIF detection scheme is summarized below
and in the energy level diagram depicted in Figure 1.
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Although prompt luminescence, following the photodissociation of NH3, has been
observed from several excited states of the NH photofragment, the utilization of
this luminescence for development of a sensitive and selective atmospheric sensor
(as suggested by Halpern et.al. 21y is severely complicated by the large background
fluorescence (also referred to as air glow) generated from concomitant gases and
aerosols by the 193 nm VUV photolysis pulse. For this reason we chose to monitor
the population formed photolytically in the metastable NHS.12+) state. Under
atmospheric pressure/composition conditions, the excited NH(b'Zt) state has been
found to exhibit a long enough life time to allow virtually all of the 193 nm
generated background noise to decay to near negligible levels. Thus, after an
appropriate delay time (1-10 us), the NH(b!Zt) state population can be
interrogated via step (2) using a probe laser (A3=452 nm) that is capable of
resolving individual ro-vibronic transitions in the NH(b 2+) = NH(c I) manifold.
The fluorescence induced by the excitation to the NH(clm) state is then monitored
at 325 nm. In this scheme, the observed fluorescence is spectrally blue shifted
from the probe laser wavelength. This combination allows the NH3 VUV-PF/LIF sensor
to spectrally eliminate background generated from the probe laser, and temporally
minimize the photolysis laser generated background to nearly insignificant levels.

2.B. Experimental hardware

Figure (2) depicts a schematic of the experimental apparatus. The 193 mm
photolysis laser was an ArF excimer laser (Quanta Ray Exc-1l) that produced a
nominal output energy of 14 mJ/pulse with an 8 ns temporal width, 1 cm x 1 cm beam
area, and a 3 mrad beam divergence. The photolysis laser beam was softly focused,
using a 1.5 m focal length lens, to approximately 0.3 cm? at the center of the
sample cell (where the energy was approximately 9 mJ/pulse). The probe laser
consisted of a Nd:YAG pumped dye laser (International Laser System-NT674 and
Quanta Ray-PDL-1 respectively). The laser dyes employed were Coumarin 450 for the
laser oscillator and Coumarin 460 for the side pumped amplifier. The dyes were
pumped by the third harmonic output of the Nd:YAG laser (A = 355nm). Different
oscillator/amplifier dyes were chosen to reduce spectrally broadband amplified
spontaneous emission from the dye laser. The probe laser beam was spatially
filtered and colinearly combined with the 193 nm photolysis laser and had an
energy of approximately 2 mJ/pulse, in a 0.8 cm? beam, at the sample cell. Pulse
energies of both laser beams were monitored by silicon photodiodes. The larger
probe laser beam, Aj, was chosen in order to minimize spatial overlap problems
between A; and Xy lasers in a field instrument.



The fluorescence light was collected using a pair of £/1.4 S1UV lenses in a
point-collimated-point geometry and imaged onto a photomultiplier tube (PMT,
Hammatsu model R331). A Schott UG-11 and a 504 bandpass filter (centered at 325
nm, Barr Associates) were placed in the collimated region of the collection optics
package and used to reject background light not falling within the NH(cln)sNH(alA)
fluorescence band profile.

AMBIENT AIR

Ack
LASER

TO ELECTROMICS

Fig. 2. Schematic representation of the NH3 sensor. SHGC: second
harmonic generation crystal; SFMC - sum-frequency mixing crystal; BS -
beam splitter; BD - beam dump; TP - turning prism; CL - cylindrical

- lens; R - reflector; TD - trigger diode, used to provide the gate
timing signal; OSC - oscillator cell; AMP - amplifier cell; BE - beam
expander; G - grating; OC - output coupler; M - mirror; BC - beam
combiner; L - lens; A - aperture; PD - photodiode, used to monitor

laser pulse energy; SC - sample cell; RC - reference cell; FP - filter
pack; SAM. PMT - sample cell photomultiplier; REF. PMT - reference cell
photomultiplier; PP - additional photomultiplier port; EX - exhaust;
CGI - calibration gas inlet to flow line.

The R331 PMT was operated in a virtual-grounded cathode configuration, to
which a +450 V gating pulse could be applied. This pulse effectively gated off
the PMT during the 193 nm photolysis laser pulse. The PMT on/off contrast ratio,
using this configuration, was > 100/1. Gating of the PMT in this manner was
necessary in order to reduce PMT self-generated noise caused by the 1large
background signal that was observed during the 193 nm photolysis laser pulse.

Time synchronization of the gate generator and laser pulses was provided by
an in-house-constructed synchronization/timing system. Delay times between the
photolysis and probe laser could be varied from 2 us to 10 ms. Photolysis to
probe laser jitter was < 0.2 ps. The high speed gated photon counting electronics
have been described previously.

As the VUV/PF-LIF signal is independent of sample volume flow rate, the use



of high volume sampling flows that produce short residence times has been an
effective means of minimizing memory problems associated with NH3 adsorption on
the inlet sample manifold walls. Typical sample flow rates, used in this system,
range from 600 to 2400 slpm with sample residence times of < 1 sec. The residence
time within the optical cell was < 0.1 sec. In order to minimize aerosol

decomposition effects, pressure drops within this nonrestricted sample manifold
were kept below 5 mbar.
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Fig. 3.( a) Temporal response of 1800 pptv addition to ambient air.
(b) Low level step function additions of ammonia, representative
error bars are shown for the lo measurement precision for each
representative concentration.

Calibrztion of the instrument has been accomplished in a three tier manner.
Data normalization, using the VUV/PF-LIF signal measured frow a referencing cell
that contains a known mixture of NH3 and nitrogen, constituted the first tier.
This reference cell system is instrumentally equivalent to an iuiernal standard
and was used to correct for degradations in laser performance that can occur
between calibrations (viz. laser energy and wavelength drifts).22 The signal from
the reference system was continuously recorded by the data acquisition/computer
system and was used to normalize all data. The second tier involved calibrations
using isotopic 15NH3 as a working gas standard. The spectroscopic selectivit of
the VUV/PF-LIF approach makes possible the resolution of 1 & blzt, v"=0) =
(cln -0) individual rotational transitions from their l4NH counterparts
Contrast ratios between signals from 15NH and 1“Nl-! for the strongest Q(1l), Q(2),
and Q(3) lines, were typically 5:1, 18:1, and 30:1, respectively. Due to the lack
of a laser line narrowing etalon in the dye laser used in these experiments, the
observed contrast ratios were inadequate for the direct determination of ambient
15NH3 Isotopic 15NH3 has, however, been found to provide reliable standard



addition calibrations at concentrations near that of ambient 14NH3, even under
conditions where the ambient ammonia concentration was highly variable. The third
calibration tier involved direct calibration of the system by the method of
standard addition using a primary 14NH3 certified gas standard. The standard
addition calibration system consisted of a three-stage continuous flow serial
(dynamic) dilution system, which has been previocusly described.22 This system
diluted 100 ppmv NH3 certified standards (Scott Specialty gases) and provided a
continuous flow of nominally 100 ppbv to 1 ppmv NH3 to a solenoid valve mounted
at the inlet of the ambient sampling manifold. Standard addition calibration,
using either 5NH3 or 1“NH3 covering the range of 100 pptv to 10 ppbv was
accommodated by varying the gas flow rate admitted to the sampling manifold from
the pre-equilibrated calibration flow loop. Typical calibration and sensor
transient response for standard additions in the 100 pptv to 1.8 ppbv range are
shown in Figure 3.

2.C. Operational/Performance Characteristics

The VUV/PF-LIF technique is inherently linear over more than five orders of
magnitude change in NH3 concentration. Optical pre/post filtering non-linear
effects have been shown, as expected, not to occur for concentrations below ppmv
levels.

For NH3 concentrations significantly above the LOD, the measurement precision
of the instrument is dominated by the photon statistical fluctuatlons in the
observed signal count rate (eg. (observed NH3 signal counts)™). For a mnominal
instrument sensitivity of 1.5 photons/pptv/min, the measurement uncertainties at
the 95% confidence limit (2¢) for NH3; concentrations of 30, 100, and 200 pptv,
and integration times of 1 minute, would be * 30%, * 16 %, and * 12 %,
respectively. The uncertainty associated with normalizing laser performance via
the observed reference cell signal would add < * 6% (20) uncertainty (for a
factor of two change 1n instrument sensitivity). The uncertainty associated with
the water vapor NH(b Z+) deactivation correction would be < * 18% (20) (under
‘worst case conditions of 10 Torr change in [H70]). For more typical changes in
water vapor of * 2 Torr, the uncertainty, from this effect, would be < * 6%
(20).

The absolute calibration accuracy has been estimated to be =< * 18%, (at the
95% confidence limit) based upon intercomparison of numerous certified NHj3
standards and the combined uncertainties in the calibration and sample mass flow
measurements. Figure 4 (a and b) shows the refree vs. Ga Tech(GIT) spike recovery
response over the range of 110 to 14,000 pptv. During ambient sampling perieds in
which relative humidities varied from 10%-90%, no statistically significant loss
in observed VUV/PF-LIF signal strength was found using NH3 as a tracer gas. The
effects of inlet long term memory on the measurement of low ambient NH3
concentrations (i.e. < 500 pptv) were examined through sample flow rate changes
(300 to 2400 slpm), sample inlet line cleaning and heating tests, and 15NH3
tracer tests. Only the sample line heating test exhibited & statistically
significant variation in the observed NH3 signal, which is believed to be due to
the decomposition of NHj-containing aerosols.



500 16
450 1 14 4
400
350 - s '
e 0
8300 RCRLE
— S : -
£ 250 - g 5 8-
5200+ £ 6.
5 150 £~
100 - 4
50 1 2 4
0 al T T T T T T T T o r T T T T
0 SD 100 150 200 250 300 350 400 450 500 0 2 4 6 8 10 12 14
spike INH3] (pptv) spike INH3! (pptv)
{Thousands)
| = GIT NI3 + GIT+1sigma — GIT -} sigma — Spike NH3
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14,000 pptv.

A summary of the low concentration results for the intercomparison is given
in Figure 5. As can be seen, the molybdendum and tungsitic oxide denuder (MOADS
and DARE) give significantly different results from the PF-LIF sensor below 500
PPtv. It has been suggested that this may be due to the use of some teflon
sampling system and, in the case of MOADS, heating of the inlet.20 We do not,
however, believe that all of the variance may be attributed to these reasons. One
must certainly question the reliability of these oxide denuder system in view of
the unexplainable "poisoning" of the refrees high temperature convertor and its
failure to reliably convert NHy to NO via the same basic process as used in the
DARE system. The lack of performance of any of these convertor techniques during
the spike test may also suggest that these techniques can not tolerate rapidly
changing conditions (e.g. large changes in relative humidity).
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Fig. 5. Concentration measured by: FP/COL (acid impregnated filter
pack with colorimetric analysis of NH,*), CAD/IC (Citric Acid Denuder
with ion chromatography NH,* analysis), MOADS (molybdenum oxide
annular denuder system), and DARE (tungstic oxide denuder system)
versus that measured by the PF-LIF sensor.
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3. FIEID MEASUREMENTS

3.a. Stone Mtn. GA Sampling

During the Fall 1987 and winter/spring 1988, VUV/PF-LIF field measurements of
ammonia were conducted at Georgla Tech’s Stone Mountain fleld sampling facility.
This facility 1s located atop Stone Mountain, which is approximately 17 miles
east of downtown Atlanta. The sampling facility occupies the sixth floor of a 7 m
X 7m X 30 m (high) tower that has an elevation of 520 m MSL, 250 m above the
surrounding terrain, and 20 m above the surface of the mountain top.

Unique aspects of the Stone Mountain field site include: 1) its height above
the surrounding terrain makes it reasonably insensitive to the effects of
localized sources, even though it is located on the edge of suburban Atlanta; 2)
the height of the mountain allows for frequent encounters with clouds when
frontal systems pass through north-central Georgia (this situation provided an
opportunity to further assess the importance of aerosol scavenging in controlling
NH3 levels in a clear air mixed-cloud environment); and (3) the elevation of the
sampling site is such that at night the top of the nocturnal boundary 1layer
typically sets up at a height that is below the top of the mountain where under
these conditions the levels of trace gases encountered are often more typical of
rural ‘lower free tropospheric air than they are of suburban or urban Atlanta air.
Overall, the Stone Mountain field site has been found to be a very interesting
one from a scientific point of view, offering a wide variety of atmospheric
sampling conditions.

Significant diurnal variations in ambient ammonia concentration were also
observed at the Stone Mtn. sampling site as shown in Figure 4. It 1is believed
that this diurnal variation is due to a capping-off of the nocturnal boundary
layer at an elevation below that of the sampling site as evidenced by boundary
layer heights estimated from the inversion layer height viewed over nearby
Atlanta. The approximate four fold elevation in NH3 concentrations shown in Fig.
4b closely followed visual observations of the break-up in the nocturnal boundary
layer through the early morning hours.

Figures 4a and 4b are intended to show the differences in NHy levels between
nighttime and daytime for the winter season at Stone Mountain. They are also
intended to illustrate the potential relationship between the localized measured
concentration of NH3 atop Stone Mtn. and observations of related parameters (such
as nocturnal boundary layer). However, this data should not necessarily be
considered as the norm for this season, as only four diurnal measurements were
performed during the winter and spring of 1988. Certainly more data collection is
necessary before definitive conclusions can be drawn.
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Fig. 6 Plots of the concentration of NH3 versus time for the

- measurements of [NH3] at the Stone Mountain field site. Each horizontal
bar on the graphs indicates the average NH3 level recorded within the
period included and vertical bars represent minimum/maximum values over
the period averaged. (a) shows results of measurements made from sunset
March 22, 1988 to noon March 23, 1988. Weather was clear but with
increasing cloudiness occurring on the morning of March 23. The average
temperature was 10.5°C, relative humidity 56%. (b) shows results of
measurements made from ~4 hours before sunrise to noon March 17, 1988.
Weather was clear, the average temperature was -1.5°C, relative
humidity 42%. '

3.b. Boulder. CO. Sampling
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Fig. 7 NH3 concentration versus time beginning at 10:00 local time on
March 20, 1989 at Green Mtn. Mesa. Ambient air temperature was -7°C
from 20:00 - 27:00 MST. Elevated NH3 at 37:00 was associated with
elevated levels of NOy;, CO and §0j3.



The sampling site near Boulder Colorado was located atop the Green Mtn. Mesa
within the confines of the NOAA/Department of Commerce compound. An ambient air
measurement ammonia study was conducted during March 1989 as part of the NH;
instrument intercomparison program. Like the Stone Mtn. site the mesa was often
elevated above the nocturnal boundary layer capping nearby Boulder.

In addition, air flow originating from the western gquadrant was
particularily free from local NH3 sources with conditions often typical of down
slope alr flow assnciated with the front range of the Rockies.
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Fig.. 8 NHy concentrations vs. time beginning at midnight local time
on March 14, 1989 at Green Mtn. Mesa.
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Fig. 9 NHj concentrations vs. time beginning at midnight local time
on March 26, 1989 at Green Mtn. Mesa.
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Figures 7-9 show several multi-day cycles of NH3 which typified the variety
conditions found at the Mesa site in March 1989. During the March 20-21 period
(fig. 6) NH3 levels reached some of the lowest values encountered in the
program (~ 10 pptv) during a period of calm winds and ambient air temperatures
near -5°C. The NH3 measurements taken during March 14-16 are similar in
magnitude to those of the March 20-21 period with "background"” NH3 levels
ranging from 15-150 pptv. In contrast, the data obtained on March 26 exhibited
background NH3 levels of ~ 700 pptv. The large diurnal NH3 signature on March
26 is typical of the daytime NH3 levels observed at the Mesa on days in which
the Denver/Boulder boundary layer lifted to expose the site to the "Denver
Brown-Cloud"” in which NH3 levels above 10 ppbv were associated with elevated
levels of NO; and SO (tens of ppbv) and CO (1-3 ppmv). The elevated NH3 level
occuring at 11:00 (MST) on March 20th, however, was not associated with any
apparent elevation in these latter pollution markers and is more typical of the
elevated levels of NH3 experienced in boundary layer air at Stone Mtn. while
those occuring at 37:00 are more typical of the perturbed conditions shown on
March 26. i

4.CONCLUSIONS

A VUV/PF-LIF sensor has been developed and tested that is capable of making
routine measurements of gas phase atmospheric ammonia in the few parts-per-
trillion-by-volume range (i.e. 10 pptv = 2.5 x 108 molec/cm3 at 1 atm
pressure). Current limits of detection, LOD, (for a S/N = 2/1) are < 10 pptv
for a one minute signal integration period, and < &4 pptv for a five minute
signal integration period under moderate aerosol loadings and high ambient
water vapor conditions. For clean air sampling, more typical of the remote
troposphere, the instrument LOD is expected to improve slightly to < 5 pptv and
< 2 pptv for one and five minute integrations times, respectively. While they
have not proved necessary to date, modest instrument improvements should easily
result in limits of detection of < 2 pptv and < 1 pptv for one and five minute
integration periods under clean remote free tropospheric sampling conditioens.

The spectral selectivity of the technique allows for calibration and tracer
studies using either 15NH3 or 14NH3 as the specifically monitored trace gas.
This aspect should provide unique opportunities over other currently available
techniques in the study of NHj phase equilibria with atmospheric aerosols and
droplets.

As yet mno interferences, either gas phase or aerosol phase, have been
identified as beilng significant under atmospheric sampling conditiomns. In
addition, the instrument performance is not degraded under adverse sampling
conditions (i.e. rain, fog, clouds, haze, etc.).

The VUV/PF-LIF instrument can be configured for operation on an aircraft
platform, as has been demonstrated with similar LIF systems developed by our
group that have now logged over 500 hours of total airborne measurement time
for the measurement of the molecules OH25, N022, and N0224. There are no
inherent limitations in the instrument's ability to measure real time vertical
concentration profiles of NH3 in the ten pptv range or higher for vertical
descent rates up to 250 m/min, resulting in 250 m vertical spatial resolution.

March background levels of NH3 obtained at two sites elevated above the
nocturnal houndary layer exhibit concentrations thought to be typical of remote
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environments with concentrations ranging from 10-200 pptv. These sites are
prone to a direct teleconnection with surface sources under daytime boundary
layer conditions in which NH3 levels exceeding 1 ppbv can be experienced. This
data suggest that a pronounced altitude gradient in NH3 concentration should be
expected above the atmospheric boundary layer even over continental areas.
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