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Abstract

Development of an airborne instrument for the determination of peroxy radicals
(PeRCEAS — Peroxy Radical Cavity Enhanced Absorption Spectroscopy) is reported.
Ambient peroxy radicals (HO, and RO,, R being an organic chain) are converted to
NO, by adding NO, and are recycled through subsequent reaction with CO and O,
thus forming a chain reaction with an amplification factor called chain length. The
concentration of NO, is measured by continuous-wave cavity ring-down spectroscopy
(CRDS) using an extended cavity diode laser at 409nm. Optical feedback from a V-
shaped cavity optimizes resonator transmission and allows for a simple detector set-
up. CRDS directly yields absorption coefficients, thus providing NO, concentrations
without additional calibration. The optimum 1o detection limit is 0.3 ppbv at an averag-
ing time of 40s and an inlet pressure of 300 mbar, corresponding to a concentration of
2 x 10° moleculescm™. The calibration of the PeRCEAS chain length at an inlet pres-
sure of 300mbar yields a value of 120 £ 7. The peroxy radical 10 detection limit for an
averaging time of 120s and a chain length of 120 is ~ 3pptv.

1 Introduction

The hydroperoxy — (HO,) and organic peroxy radicals (RO,, R being an organic chain),
hereafter referred to as peroxy radicals, are known for their importance in photochemi-
cal reaction cycles both in the stratosphere (e.g. Thrush et al., 1998) and troposphere
(e.g. Monks, 2005). They are very reactive species, and in combination with the hy-
droxyl radical (OH) play a crucial role in most atmospheric oxidation mechanisms which
lead to Og, peroxy acetyl nitrate (PAN), aldehydes and acids. To fully characterize the
photochemical status of the atmosphere, it is therefore highly desirable to include per-
oxy radical concentrations. Furthermore, for certain environments modelled and mea-
sured concentrations disagree to a significant amount, pointing towards a yet unknown
radical recycling process (Lelieveld et al., 2008; Hofzumahaus et al., 2009; Whalley
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et al., 2011). Although their ambient concentrations are generally low, peak mixing
ratios of up to 100 pptv have been observed (Hofzumahaus et al., 2009).

A direct measurement of peroxy radicals remains a challenging task due to their high
reactivity and thus short lifetime. The only existing technique for direct and speciated
measurements is the Matrix Isolation Electron Spin Resonance Spectroscopy, which
traps them in a LN,-cooled D,O matrix. The required long sampling times of ~ 30min
and the off-line analysis in the laboratory by probing their rotational transitions are im-
portant limitations of this technique (Mihelcic et al., 1985; Fuchs et al., 2009). Recent
direct HO,, detection set-ups by Djehiche et al. (2011), and Bell et al. (2012), employing
cavity ring-down spectroscopy and noise-immune cavity enhanced heterodyne detec-
tion, respectively, still lack the necessary sensitivity for ambient measurements.

A well-known technique to indirectly measure the sum of peroxy radicals [RO;]
(:=[HO,] + D [RO,]) is the Peroxy Radical Chemical Amplification (PeRCA — complete
nomenclature in Table 1),which facilitates a chain reaction of peroxy radicals into less
reactive species (e.g. NO,), whose concentration is then measured (Cantrell and Sted-
man, 1982; Cantrell et al., 1984; Hastie et al., 1991). The chain reaction increases
the sensitivity to peroxy radicals as the number of NO, molecules to measure is mul-
tiplied by the chain length. This parameter has to be calibrated in order to determine
the peroxy radical concentration. For Chemical Mass lonization Spectroscopy (CIMS),
the radicals are converted to H,SO,, whereas for Laser-induced Fluorescence (LIF)
OH is the end product being measured. These and other techniques are described in
more detail in e.g. Heard (2006). The PeRCA variant which produces NO, is comple-
mented by e.g. Chemiluminescence Detection, Laser-Induced Fluorescence or Tun-
able Diode Laser Spectroscopy (Heard, 2006) to measure its concentration. A highly
sensitive chemical method using chemiluminescence detection is the reaction of NO,
with a luminol (3-aminophthalhydrazide: CgH,N3;0,) solution. Together with the PeRCA
technique, this method yields excellent (30) detection limits for the total sum of peroxy
radicals of 3pptv (chain length ~ 45, pressure 200mbar, averaging time 20s) and it
has been used in numerous measurement campaigns, both ground-based (Burkert
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et al., 2001a, b, 2003; Andrés Hernandez et al., 2001; Andrés-Hernandez et al., 2013)
and airborne (Andrés Hernandez et al., 2009, 2010; Kartal et al., 2010). Although well
established for airborne measurements, the luminol detector still presents some draw-
backs like its range of linearity and the dependency of the sensitivity to humidity and
pressure (Wendisch and Brenguier, 2013). In order to overcome these limitations the
PeRCEAS instrument was developed at the Institute of Environmental Physics, and
it employs a variant of laser absorption spectroscopy called Cavity Ring-Down Spec-
troscopy (CRDS) to measure the NO, concentration. A V-shaped optical resonator pro-
vides optical feedback to the employed extended cavity diode laser (ECDL), stabilizing
the laser emission wavelength and enhancing the cavity throughput.

A similar configuration using the PeRCA technique and a CRDS NO, detector (al-
beit without optical feedback) is described in Liu et al. (2009), who reported on an
instrument for field measurements at standard pressures. It is a combination of a NO,
CRDS detector (Hargrove et al., 2006) and a 5m long (Teflon) tubing system enabling
the peroxy radical chemical conversion. Its chain length is calibrated using rather high
amounts of HO, between 0.5 and 3 ppbv generated by thermal decomposition of H,O,
(the PeRCEAS chain length calibration is described in Sect. 3.2). Investigation of the
dependency of the chain length on ambient air humidity is not mentioned. The NO, de-
tector is employing a Nd-YAG pumped dye laser and a resonator incorporating mirrors
with a distance of 1m (the PeRCEAS NO, detector is described in Sect. 2.2).

The chemical conversion of peroxy radicals to NO, in a chain reaction is facilitated
by adding NO and CO to the sample air, thus enabling the reactions

HO, + NO — OH + NO, (R1)
and

The HO, radical is recycled, thus forming a chain reaction producing NO, which is
subsequently measured.
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The RO, radicals are contributing to the NO, concentration by
RO, + NO — RO + NO,, (R3)
before also taking part in the chain reaction via HO,
RO + O, — HO, + aldehydes. (R4)

Thus, both HO, and RO, convert NO to NO,, via the chain reaction involving HO,.

Additionally, also OH and RO radicals contribute to the NO, concentration via the
mechanisms described above, but can be neglected due to their comparably low abun-
dance in the atmosphere. The background concentration [NO,],nient IS €nhanced both
by species reacting with NO (e.g. ozone) or by being (thermally) decomposed in the
inlet (e.g. peroxyacetyl nitrate).

The resulting [NO,]eas CONCentration measured is thus composed of

[NOs]meas = [INOzlampient + [NOzlother + CL x [RO;L (1)
where
[RO3]:=[HO,] + > [RO,], 2

neglecting both OH and RO. The PeRCA technique usually operates alternatingly be-
tween a so called “amplification mode” (CO is added, so the chain reaction takes place)
and a “background mode” (where CO is replaced with N,, suppressing the chain re-
action). The background mode thus only measures the first two addends of (1), and
the difference in the NO, concentration between amplification and background mode
constitutes the peroxy radical mediated part. Thus

A[NO,] := [Noz]ampl - [Noz]backgr = CL x [RO;]- 3)

The chain length CL can be determined by sampling known peroxy radical mixtures
under controlled conditions, and can then be used to determine the peroxy radical
concentrations of the sampled air.
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The NO, concentration is measured by cavity ring-down spectroscopy (CRDS),
a technique well known for its sensitivity and robustness. Already employed in 1988
for absorption measurements (O’Keefe and Deacon, 1988), it is nowadays one of the
dominant trace gas absorption measurement techniques. Reviews of this spectroscopy
method may be found in (Busch and Busch, 1999) or, more recently, in (Berden and
Engeln, 2010). Briefly, a resonator consisting of highly reflective mirrors is filled with
the sample air to be measured. Usually a laser is used for resonator excitation, and if
a certain resonator transmission intensity is reached, the laser is switched off rapidly.
The subsequent decay of this transmission yields the ring-down time 7 after which the
intensity has decayed to e~ of its initial value. The losses leading to this decay incorpo-
rate absorption and scattering both from the mirrors themselves and from the sample
air. The absorption coefficient a of an absorber of interest can be calculated directly
from two ring-down time measurements; one with the sample air inside the resonator
not containing the absorber (yielding 7,) and one with the absorber present (yielding

a=ﬂx(l-l), (4)

(P Tp

where n is the index of refraction (here: of the sample air), and ¢, is the speed of light
in vacuum.
The NO, concentration % can then be calculated using

N
a= Onoy (5)

where N is the number of molecules, V is the volume, and o,ﬁ%i”m ~ 6.5 x
107" cm® molecule ™ is the absorption cross section at a wavelength of 409 nm, a tem-
perature of 296 K and a pressure of 300 mbar (Vandaele et al., 2002; Nizkorodov et al.,
2004).

9660

AMTD
6, 9655-9688, 2013

Airborne peroxy
radical detection by
cavity enhanced NO;
spectroscopy

M. Horstjann et al.

L

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/9655/2013/amtd-6-9655-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/9655/2013/amtd-6-9655-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2 Experimental

Figure 1 shows the schematic set-up of the PeRCEAS instrument developed for oper-
ation on the research aircraft HALO (High Altitude and LOng Range Research Aircraft
— see http://www.halo.dIr.de/ for further information). The PeRCEAS instrument can
be divided in two main parts; the inlet (outer dimension 73cm x 32cm x 24 cm); total
weight 21 kg), which is installed in the aircraft fuselage to sample the outside air, and
the NO, detectors analysing the sampled (and chemically converted) air. The sampled
air proceeds either through a bypass, which is used for the inlet pressure regulation,
or to the reactors and NO, detectors to be measured. The latter is then scrubbed of
NO, and CO before being merged with the bypass flow again. The NO, detectors are
mounted in a customized HALO 19" rack (outer dimension 170cm x 65cm x 55¢cm;
mounted total weight 140kg), which also contains the HALO power supply distribution,
a 15" monitor (VISAM GmbH), a local power distribution unit (Stachl Elektronik GmbH),
the laser power supply, a DAQ (data acquisition) PXI computer (National Instruments),
two Peltier temperature controllers (type MPT 10000, Wavelength Electronics) and one
pressure and 9 mass flow controllers (Bronkhorst Mattig GmbH). The rack bottom also
contains a drawer which houses a 600 ppmv NO in N, —and a 10ppmv NO, in synthetic
air gas cylinder (for calibration purposes) and the corresponding pressure reducers.
Figure 2 shows the assembled PeRCEAS rack.

Additionally required components are a pure CO and a N, gas cylinder, a NO, and
a CO scrubber, and a vacuum pump (Scrollvac SC 30 D, Oerlikon Leybold Vakuum).
For safety reasons, the CO gas cylinder is placed in a specially designed containment.
The whole system including the inlet has a weight of 250kg.

2.1 Inlet

Figure 3 shows the inlet gas handling and Fig. 4 a photograph of the PeRCEAS inlet.
It was developed based on previous experience with a DUALER inlet (Kartal et al.,
2010; Chrobry, 2013). The inlet is made of Teflon-coated stainless steel and consists
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of a pressure controlled chamber (volume ~ 1000m3), into which the sample air is
sucked through a cone with a 1.2mm orifice at its top, and cylindrical reactors (inner
diameter 17mm, length 500 mm, volume ~ 1100m3) where the amplified conversion
of peroxy radicals to NO, takes place. They are directly connected to the CRDS NO,
detectors via 1/4" outer diameter black PFA tubing.

The chamber pressure is stabilized using a pressure sensor (type DMP 331, BD
Sensors GmbH)/pressure regulator (Bronkhorst Mattig GmbH) combo. A reactor flow
of 1sLpm (standard Litres per minute) is achieved for inlet pressures from 200 to
900 mbar. A retention time of > 1s is necessary for the complete peroxy radical con-
version, which for the PeRCEAS reactors is exceeded for pressures > 100mbar. An
inlet pressure of 300 mbar decreases the relative humidity of the sample air to ~ 10%,
minimizing the deterioration of the chain length at high ambient relative humidity levels
(Reichert et al., 20083).

In the amplification mode a mixture of 0.09sLpm pure CO and 0.01 sLpm 600 ppmv
NO in N, is added at the reactor top (addition point 1, Fig. 4), whereas 0.09sLpm N, is
added at the reactor bottom (addition point 2). In the background mode, the CO and N,
addition is exchanged (N, and NO addition at reactor top, CO at reactor bottom). The
CO mixing ratio of 9 %vol ensures a high chain length but is still well below the 12 %vol
mixing ratio that poses the danger of creating explosive mixtures. The rerouting of the
added gases between the addition points is facilitated by Teflon three-way magnetic
valves (type QE 622, Staiger GmbH). The NO gas is scrubbed by FeSO,, removing
non-negligible traces of NO,, before being added to the gas stream of the reactor top.

The measurement flow and its composition thus always remains the same (81 %vol
sample air, 9%vol CO, ~ 10%vol N,, and 6 ppmv NO). Of course, the composition of
the sample air changes, at the least due to the additional amount of NO, stemming
from the peroxy radical conversion.

To ensure a thorough mixing of the sample air with the added gases, the latter are
distributed by eight circularly arranged @ 1.5mm orifices into the reactor. The cylindri-
cal reactors end at the top in a truncated cone (4 mm top diameter, 14.2mm height)
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protruding into the pressure chamber. The shape and dimensions of these reactor
inlets have been selected to prevent diffusion of the added gases into the pressure
chamber while minimising the radical wall losses.

The inlet was thoroughly characterized regarding its operating conditions utilizing
a luminol chemiluminescence NO, detector (Chrobry, 2013). For one reactor the chain
length is 100 + 13 at an inlet pressure of 300 mbar for a Teflon-coated cone orifice of
1.2mm, and decreases to ~ 84 + 8 for an orifice of 1.0mm. It drops to 55+ 8 if an
uncoated cone is used, emphasizing the importance of the choice of material to avoid
radical wall losses. For the other reactor these values are 79+9, 65+ 6 and 44 +6,
respectively, so the chain lengths of both detectors agree within their experimental
errors.

The size of the inlet sampling orifice determines the operating pressures and flows
of the instrument. For measurements at low ambient pressure (i.e. high altitude), the
biggest orifice of 1.5mm which minimizes the pressure difference between the inlet
chamber and the ambient air (~ 40 mbar) should be chosen.

2.2 NO, detector

The NO, detectors in their current stage stem from research on optical feedback cavity-
enhanced absorption spectroscopy (OF-CEAS), as reported in Morville et al. (2005),
and Couirtillot et al. (2006). Briefly, a V-shaped resonator consisting of three highly
reflective mirrors is excited via a wavelength-scanning continuous-wave laser. Opti-
cal feedback from the resonator forces the laser to stabilize itself onto the resonator
resonance, yielding broad transmission lines. Resonator optical losses can be calcu-
lated from these transmissions if their maxima are calibrated with a ring-down time
measurement. OF-CEAS thus outputs absorption spectra with a wavelength resolution
governed by the resonator’s free spectral range. For an optimum configuration the dis-
tance between laser and resonator must be stabilized (usually by a mirror mounted on
a piezo stack) using the symmetry of the transmission lines as an error signal.
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The effect of optical feedback was characterized (Horstjann et al., 2012), and cavity
transmissions with and without it during a laser scan can be seen in Fig. 5. The laser
linewidth decreases about three orders of magnitude, and is temporarily locked to the
resonator, yielding high resonator transmission (up to 1% of the input power) which
can be captured by a common Si photodiode detector.

The NO, detection limit for the detector using the OF-CEAS technique was deter-
mined to be ~ 4 ppbv for 1s averages and a resonator pressure of 290mbar. For the
detection of NO,, in an aircraft environment, the OF-CEAS detection scheme proved to
be too susceptible to both temperature variation and vibration, therefore the more ro-
bust technique of cavity ring-down spectroscopy (CRDS) was implemented, albeit still
with optical feedback and thus high resonator transmission.

The set-up of the detector is schematised in Fig. 6, and Fig. 7 shows a photo of
the 19" case containing the ECD Laser (type DL-100L, wavelength 409nm, 13mW
output power, 20 GHz modehop free tuning range, Toptica Photonics AG), the Si pho-
todiode detector (type HCA-S, bandwidth 2MHz, gain 5 x 10° VA~ , Femto Messtechnik
GmbH), a DAQ connection board, a power supply distribution board, a piezo stabiliz-
ing circuit (Floralis, France) and a fast TTL switch-off signal generator (Stachl Elek-
tronik GmbH), cables, and gas flow components. The optical detector consists of an
aluminium cuboid with a recess. All optical components are fixed onto this cuboid,
i.e. a 1/2 plate/polarization beam splitter combo (to adjust the optical feedback level),
a prism on a manual linear stage (coarse adjustment of the laser-resonator distance),
a mirror mounted onto a piezo stack (type P885.10, Pl Ceramic GmbH) for fine ad-
justment of the laser-resonator distance, and the photodiode detector. The cuboid is
mechanically isolated from the 19" chassis by steel springs, and temperature isolated
through 2mm thick aluminium sheets covered with Armaflex AF isolation material (Ar-
macell Enterprise GmbH). Its temperature is also actively stabilized by a Peltier element
(type CP-031, Te Technology Inc.). The sample air flow enters in the cuboid center and
exits on both ends through NPT-threaded connections, and its temperature, pressure
and relative humidity are measured. No aerosol or other gas filtering is used, and no
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adverse effects from mirror exposition to ambient air was experienced. At an inlet pres-
sure of 300mbar, the residence time of the sample air inside the resonator is ~ 5s.

The V-resonator is formed by a recess in the cuboid (volume ~ 3000m3), sealed on
top by a glued-in lid and on its sides by the glued-in highly reflective mirrors (diameter
1/2", roc 100cm, AT Films). The lid itself contains small plates sealed with o-rings,
which can be opened to clean the mirrors. The mirror-to-mirror distance is 40cm, and
the measured vacuum peak ring-down times of ~ 26yus yield an average mirror re-
flectivity of 99.995% and a maximum light path of ~ 8km. For a resonator pressure
of 285mbar, the ring-down time is ~20pus and the light path thus ~ 6km. The ring-
down times garnered in the amplification and background modes directly yield the ab-
sorption coefficient of the NO, that was formed by the peroxy radical chemical con-
version. Changing background concentrations of substances contributing to the NO,
background are thus automatically accounted for if the change is slow compared to the
duration of one background and one amplification mode measurement (~ 120s).

The detector exhaust flows are purified by an activated charcoal scrubber remov-
ing the NO, traces and a Pt/Al pellets scrubber converting CO to CO, at tempera-
tures T > 195°C before being merged with the inlet bypass flow (Fig. 1).The laser is
scanned over 10 GHz at a wavelength of 409nm, and if a certain resonator transmis-
sion threshold is reached, a fast (< 1ps) TTL signal is generated and fed to a FET
circuit in parallel to the laser diode which then draws the current, effectively switching
off the laser. The ring-down signal is then sampled with (1 MSampIe)s'1 by a PXI-DAQ
card (type PXI-6132, National Instruments), saved and analyzed with a PXI-computer
(PXI-8105) by a custom LabVIEW program performing non-linear least-squares fits
(Levenberg-Marquardt algorithm). The software provides 1s-averaged ring-down val-
ues for online monitoring. Pressure-, flow-, temperature- and humidity sensor data is
sampled at (1 Sample)s'1 (PXI-6129) and shown also by the LabVIEW program.
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3 Results and discussion

Accurate calculation of peroxy radical mixing ratios demands the knowledge of both
the chain length (CL) and the NO, mixing ratio. The latter is straightforward as the
CRDS technique yields absorption coefficients that translate into concentrations if the
absorption cross section oy, is known. Mixing ratios can then be calculated with the
temperature and pressure of the sample air. The detector sensitivity was determined
by a ring-down time background measurement of synthetic air. The chain length of the
PeRCEAS instrument was experimentally determined for an inlet pressure of 300 mbar
by generating a set of known HO, mixing ratios. The chain length is then determined by
CL = AXno,/XHo,- The peroxy radical detection limit is calculated by dividing the NO,
detection limit by the chain length.

3.1 NO5 detection limit

To assess the detection limit of the NO, optical detector synthetic air was provided to
the inlet cone, and a flow of 1 sLpm was drawn by the detector. The inlet chamber pres-
sure was kept constant at 300 mbar. The measurement lasted 35min, and Fig. 8 shows
1 s averages of the ring-down times recorded. The 10 standard deviation is 0.08 us, cor-
responding to a detection limit of the absorption coefficient of 6.7 x 10 %cm™’ (\/E)'1
or a mixing ratio of 1.5ppbv(vVHz)™" at an inlet pressure of p = 300mbar and a tem-
perature T =296K. Figure 9 shows the corresponding Allan variance (Allan, 1966),
indicating an optimum averaging time of ~ 40s with a minimum detectable mixing ratio
of 0.3 ppbv. Longer averaging times are influenced by slow temperature drifts affecting
both the laser and the resonator characteristics. For peroxy radical measurements the
duration of a background and amplification mode is set to 60s to allow for the gas flow
to settle (see Fig. 12). The NO, detector sensitivity was tested for different concentra-
tions of H,O, CO and NO, and no significant variation was observed.
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3.2 Chain length calibration

The chain length of the PeRCEAS instrument was calibrated using a HO, source intro-
duced by Schultz et al. (1995); the employed model resembling the one characterized
by Stébener (1999), and described in detail by Reichert et al. (2003). Briefly, synthetic
air is enriched with a known amount of water, flown through a guartz glass tube and
provided to the PeRCEAS inlet. Shortly before being sucked in, the air is illuminated
by a Hg/Ne gas UV lamp (type Pen-Ray, LOT-QuantumDesign GmbH), thus water is
photolysed and HO, is produced. A photomultiplier tube (PMT, type 1259 with a MgF,
window, Hamamatsu Photonics) measures a portion of the transmitted intensity after-
wards. For the configuration employed, the HO, concentration can be calculated using

o_184.9nm [H O]
H,0 2
[HO,] = x x [Og], (6)
184.9nm
o5, [O,]
184.9nm -20 2 -1 , .
where 0,0 =(7.14£0.2) x 107“"cm”molecule™ " is the absorption cross section

of H,O at 184.9nm (Cantrell et al., 1997; Hofzumahaus et al., 1997) and 02)24'9”"’ =

(1.6+0.08) x 1072°cm® molecule ™ is the absorption cross section of O, (Hofzumahaus
et al., 1997). [H,O] is calculated from measurements of a dew point sensor (type DMP
248, Vaisala GmbH). [O,] is given by the specifications of the used synthetic air gas
cylinder (type Alphagaz, Air Liquide Deutschland GmbH).

To generate a range of different HO, concentrations, pure N,O gas is used as an
optical filter (Cantrell et al., 1997) and absorbs part of the UV light prior to the quartz
glass tube where the photolysis takes place. Since a measurement of small ozone
concentrations is highly inaccurate, the measured PMT signal / is instead used as an
[O3] proxy (Kartal, 2009):

[Os] _ /
[03%] Iax

(7)
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The maximum ozone concentration ([O5%*]) generated by the radical source was
measured in the PeRCEAS NO, detector while adding 0.01sLpm of 600 ppmv NO in
N, to the reactor to convert the ozone to NO,. The UV light was modulated by means of
a mechanical shutter every seven minutes for a five minute background measurement.
Figure 10 shows a measurement at an inlet pressure of 300 mbar which lasted 45 min.
The ring-down time differences yield x(O5%*) = (4.0+0.6) ppbv, which together with the

PMT measurement /,ay = 3.54V results in x(O]®)/ay ~ (1.13£0.17) ppbv V™" This

ratio compares reasonably well to a value of 0.96 ppva‘1 determined with a luminol
chemiluminescence detector.

For the radical source used in this experiment the mixing ratios are x(O3*) ~ 4 ppbv,
x(H,0) ~ 2000 ppmv, and x(O,) ~ 20 %vol, thus x(HOZ®) ~ 200 pptv.

The uncertainty of the HO, concentration amounts to +16 %, and consists of the
uncertainties for the absorption cross sections of H,O (3 %) and O, (5 %), for the H,O
concentration (2.5 %, from the dew point sensor variation), and for the O3 concentration
(15%). The O, concentration uncertainty is negligible.

Multiple HO, calibrations have been carried out for both PeRCEAS reactors. For
this, the radical source stepwise produced HO, mixing ratios of (10—-200) pptv for ten
minutes each, while the PeRCEAS reactors alternate between background and am-
plification mode every two minutes. An example of such a measurement at an inlet
pressure of 300mbar can be seen in Fig. 11, and Fig. 12 shows a transition process in
detail. The switching of the magnet valves induces a pressure pulse, and it takes about
16 for the gas flow to stabilize itself afterwards. A part of this settling time is caused
by the residence time of the sample air inside the reactor (3s), the tube connecting the
inlet and NO,, detector (< 1s) and the detector itself (55).

The resulting chain length determination is shown in Fig. 13. The NO, errors were
calculated from averaging the background respectively amplification ring-down times
for a constant HO, mixing ratio. The chain lengths for the two reactors present
in PeRCEAS are CL; =120+7 and CL, =104 +12. The values agree within their
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experimental error, but different chain lengths can also be attributed to small differ-
ences in the fabrication of the reactors.

These values are significantly higher than those determined with the luminol NO,
detectors (Chrobry, 2013) of 100+ 13 and 79 £ 9. This can be partly explained by dif-
ferent NO mixing ratios used (6 ppmv for PeRCEAS, 3ppmv for the luminol detector).
In order to find out other possible reasons for the difference a systematical sensitivity
study was conducted, during which a series of measurements was taken with different
synthetic air flows through radical source. It was found that for the inlet cone 1.2mm
diameter orifice and the flow quantity used in Chrobry (2013), outside air is sucked in
even if the orifice is immersed in the quartz glass tube providing the air flow.

For an inlet pressure of 200mbar PeRCEAS chain lengths of 74 £ 12 were deter-
mined, indicating higher radical inlet losses prior to the chemical conversion and ampli-
fication, which are most probably due to more turbulent flow conditions and increased
radical-wall loss reactions.

4 Summary and conclusion

The development and characterisation of a peroxy radical chemical amplification instru-
ment with a CRDS NO, detector for airborne measurements is reported. The ANO,
detection by CRDS allows for the direct calculation of the RO, mixing ratios without re-
quiring a NO, calibration, and its sensitivity is free from interference of variations in the
humidity and pressure levels. An optimum averaging time of 40 s yields a (10) minimum
detectable NO, mixing ratio of 0.3 ppbv (resonator pressure 285 mbar).

For an inlet pressure of 300 mbar, the chain lengths of the reactors are CL; = 1207
and CL, = 104 £ 12, and the (10) detection limit of RO} (:= [HO,]+ Y [RO,]) is ~ 3pptv
for an averaging time of 120s (duration of one background and one amplification mode
measurement). For an inlet pressure of 200 mbar chain lengths of 74 £ 12 and a (10)
detection limit of ~ 4 pptv (averaging time of 120s) was determined.
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The PeRCA-CRDS instrument reported by Liu et al. (2009) differs both in scope
(airborne measurements for PeRCEAS vs. field measurements) and general layout
(pressure stabilized inlet of PeRCEAS vs. Teflon tubing inlet, compact 19" NO, detector
with a diode laser for PeRCEAS vs. more voluminous Nd-YAG pumped dye laser set-
up). Its chain length is reported to be 150 + 50 for standard pressure. Both instruments
show peroxy radical (10) detection limits of ~ 3pptv, albeit at different averaging times
(120s for PeRCEAS instead of 60s), and at different inlet pressures (300 mbar for
PeRCEAS instead of ~ 1000 mbar).

As shown the PeRCEAS airborne instrument provides a means to measure peroxy
radicals with suitable sensitivity and accuracy for the concentrations expected in the up-
per layers of the troposphere. It is currently certified for aircraft operation, and will take
part in the OMO mission onboard the HALO aircraft, whose start is currently scheduled
for end-2014.
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Table 1. Abbreviations used in this paper.
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abbreviation

meaning

CL
CRDS

ECDL

HALO
OF-CEAS
OMO

PeRCA
PeRCEAS

PMT

PFA

PAN

PTFE

pptv, ppbv, ppmv
roc

sLpm

Chain Length

Cavity Ring-Down Spectroscopy

Extended Cavity Diode Laser

High Altitude and LOng range research aircraft

Optical Feedback Cavity Enhanced Absorption Spectroscopy
Oxidation Mechanisms, Observations in the extra-tropical free troposphere
Peroxy Radical Chemical Amplification

Peroxy Radical CavityEnhanced Absorption Spectroscopy
PhotoMultiplier Tube

PerFluorAlkoxy

PeroxyAcetyl Nitrate

PolyTetraFluorEthylene

parts per trillion/billion/million of volume

radius of curvature

standard (p,; = 1013 mbar, T = 273.15K) Litres per minute
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Fig. 3. Schematic diagram of the PeRCEAS inlet with one reactor shown in amplification mode
(the other reactor is whitened out). MFC — mass flow controller, PR — pressure regulator.
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Fig. 5. Resonator transmission vs. relative laser frequency (at a wavelength of 408.9 nm) during
a piezo scan of the laser grating (Horstjann et al., 2012). (Top) Freely running extended cavity
diode laser. (Bottom) With optical feedback from the high-finesse V-resonator. The signal slope
is due to higher laser power at the end of the wavelength scan.
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Fig. 6. Schematic diagram of a PeRCEAS NO,, detector. PBS — polarizing beamsplitter, PMS —
prism with micrometer screw, MP — mirror with piezo, MFC — mass flow controller. The sensors
shown measure the temperature (T), pressure (p) and relative humidity (RH) of the sample

gas.
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Fig. 7. Top view of the PeRCEAS NO, detector. The detector fits inside a 4 height units 19"
case whose front (here: left side) can be opened. All electrical and gas connections are on its
back side (here: right side).
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Fig. 8. Ring-down measurement of a constant background signal provided by a synthetic air
flow of 1sLpm through the resonator.
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Fig. 10. Measurement of the maximum ozone concentration generated by the radical source.
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Fig. 13. Chain length determination corresponding to the calibration measurement shown in
Fig. 11. Shown are the NO, — vs. HO, mixing ratios. The slope of the linear fit is the chain

length.
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