AI P I Review of
Scientific Instruments

Measurement of tropospheric R O 2 and HO 2 radicals by a laser-induced fluorescence
instrument
Hendrik Fuchs, Frank Holland, and Andreas Hofzumahaus

Citation: Review of Scientific Instruments 79, 084104 (2008); doi: 10.1063/1.2968712
View online: http://dx.doi.org/10.1063/1.2968712

View Table of Contents: http://scitation.aip.org/content/aip/journal/rsi/79/8?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

The development and deployment of a ground-based, laser-induced fluorescence instrument for the in situ
detection of iodine monoxide radicals

Rev. Sci. Instrum. 85, 044101 (2014); 10.1063/1.4869857

Note: A laser-flash photolysis and laser-induced fluorescence detection technique for measuring total HO2
reactivity in ambient air
Rev. Sci. Instrum. 84, 076106 (2013); 10.1063/1.4812634

A new photolysis laser-induced fluorescence instrument for the detection of H 2 O and HDO in the lower
stratosphere
Rev. Sci. Instrum. 79, 064101 (2008); 10.1063/1.2940221

Development of a measurement system for nitrate radical and dinitrogen pentoxide using a thermal
conversion/laser-induced fluorescence technique
Rev. Sci. Instrum. 76, 064101 (2005); 10.1063/1.1927098

A laser induced fluorescence instrument for measuring tropospheric NO 2
Rev. Sci. Instrum. 68, 4253 (1997); 10.1063/1.1148384

Nanopositioning Systems Micropositioning AFM & SPM Single molecule imaging


http://scitation.aip.org/content/aip/journal/rsi?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/292699417/x01/AIP-PT/MCL_RSIArticleDL_051315/MCL_banner.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Hendrik+Fuchs&option1=author
http://scitation.aip.org/search?value1=Frank+Holland&option1=author
http://scitation.aip.org/search?value1=Andreas+Hofzumahaus&option1=author
http://scitation.aip.org/content/aip/journal/rsi?ver=pdfcov
http://dx.doi.org/10.1063/1.2968712
http://scitation.aip.org/content/aip/journal/rsi/79/8?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/85/4/10.1063/1.4869857?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/85/4/10.1063/1.4869857?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/84/7/10.1063/1.4812634?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/84/7/10.1063/1.4812634?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/79/6/10.1063/1.2940221?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/79/6/10.1063/1.2940221?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/76/6/10.1063/1.1927098?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/76/6/10.1063/1.1927098?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/68/11/10.1063/1.1148384?ver=pdfcov

REVIEW OF SCIENTIFIC INSTRUMENTS 79, 084104 (2008)

Measurement of tropospheric RO, and HO, radicals by a laser-induced

fluorescence instrument

Hendrik Fuchs,? Frank Holland,” and Andreas Hofzumahaus®
Forschungszentrum Jiilich GmbH, Institut fiir Chemie und Dynamik der Geosphdre 2, 52425 Jiilich, Germany

(Received 7 May 2008; accepted 17 July 2008; published online 26 August 2008)

A new method (ROXLIF) for the measurement of atmospheric peroxy radicals (HO, and RO,) was
developed using a two-step chemical conversion scheme and laser-induced fluorescence (LIF) for
radical detection. Ambient air is sampled into a differentially pumped flow reactor, in which
atmospheric RO, radicals (=RO,+RO+HO,+OH) are chemically converted to HO, by a large
excess of NO and CO at reduced pressures (ROx mode). When only CO is added as a reagent, the
sum of atmospheric HO,+OH is converted to HO, (HOx mode). At the reactor outlet, part of the air
flow is transferred into a low-pressure detection chamber, where the HO, is further converted by
reaction with NO to OH, which is then detected with high sensitivity by LIF at 308 nm. The
ROXLIF technique has been implemented in an existing LIF instrument that is also capable of
measuring atmospheric OH. From the concurrent measurements of RO,, HO, and OH,
concentrations of HO, and RO, can be determined. The system is calibrated using the quantitative
photolysis of water vapor at 185 nm as a radical source. Addition of CO or hydrocarbons to the
calibration gas yields well-defined concentrations of HO, or RO,, respectively, providing an
estimated accuracy for the calibration of about 20%. The ROXLIF technique is extremely sensitive
and has detection limits (signal-to-noise ratio=2) of about 0.1 pptv of HO, or RO, at a time
resolution of 1 min. The paper describes the technique and its calibration, discusses the chemistry
in the conversion reactor and possible interferences, and gives an example of ambient air
measurements to demonstrate the performance of the new technique. © 2008 American Institute of

Physics. [DOL: 10.1063/1.2968712]

I. INTRODUCTION

Hydroperoxy (HO,) and organic peroxy (RO,) radicals
play an important role in the photochemical formation of
tropospheric ozone and are chemically closely related to hy-
droxyl (OH) radicals, which constitute the major atmo-
spheric oxidant."” HO, and RO, are mainly produced by the
reaction of OH with CO and volatile organic compounds,
respectively:

CO+OH — CO, +H, (1)
H+0,+M — HO,+ M, (2)
RH +OH — R + H,0, 3)
R+0,+M — RO, + M, 4)

here, RH denotes a hydrocarbon with R being an organic
group and M refers to any third collision partner, mainly
atmospheric N, or O,.
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The main primary source of tropospheric OH is the re-
action of water vapor with electronically excited O('D) at-
oms which are produced by solar ultraviolet photolysis of
03:

O3+ h(<340 nm) — O('D) + 0,('A,%S), (5)

O('D) + H,0 — OH + OH. (6)

The main secondary source of OH is the chemical conver-
sion of peroxy radicals by reactions with NO in the presence
of high NO concentrations:

RO, + NO — RO + NO,, (7)
RO+02—>R,O+H02, (8)

RO, is first converted to organic oxy radicals RO [reaction
(7)), which undergo a very fast reaction with atmospheric
O,, forming HO, and carbonyl compounds R'O [reaction
(8)]. HO, is then converted to OH by reaction with NO [re-
action (9)]. As a result, the reaction sequence (7)—(9) re-
cycles OH radicals which have been consumed by reactions
(1) and (3). Thus, HO, and RO, reactions contribute signifi-
cantly to the ability of OH to remove atmospheric pollutants.
Peroxy radicals are also essentially involved in the pho-
tochemical production of tropospheric ozone through pho-
tolysis of NO, which is produced by reactions (7) and (9):

© 2008 American Institute of Physics
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NO, + h1(<420 nm) — NO + O(°P), (10)

OCP)+0,+M — O3+ M. (11)

The important role of peroxy radicals in atmospheric
chemistry has motivated the development of measurement
techniques for atmospheric RO, and HO, radicals. The de-
tection methods that are currently applied do not distinguish
speciated organic peroxy radicals but usually measure their
sum. In this context it is useful to distinguish between RO,
as the sum of all organic peroxy radicals in an air sample and
RO, which is the sum of RO,+RO+HO,. Here, RO is the
total sum of oxy radicals and HO, is the sum of OH+HO,.

The only existing technique for the direct and absolute
measurement of tropospheric peroxy radicals is the matrix
isolation and electron spin resonance Spectroscopy
(MI-ESR).>* Samples of ambient air are cryogenically col-
lected and are later analyzed in the laboratory by ESR spec-
troscopy. The technique can specifically measure NO,, NOs,
HO,, and acetylperoxy radicals [CH;C(0)O,], as well as the
sum of all other organic peroxy radicals. A detection limit of
1-2 pptv is achieved for a collection time of 30 min for each
sample. However, the off-line analysis of one cryosample of
air takes usually one laboratory day.

A widely applied measurement method for atmospheric
peroxy radicals uses chemical amplification Peroxy Radical
Chemical Amplifier (PERCA).”""> The PERCA technique ac-
tually measures RO,, which is a good proxy for RO,+HO,
because atmospheric concentrations of RO and OH are much
smaller than that of RO,+HO,. In a PERCA system,
sampled ambient air is mixed with large concentrations of
NO and CO. All RO, is converted into HO, [reactions (7)
and (8)], which then undergoes a chain reaction [reactions
(1), (2), and (9)] in which HO, and OH are rapidly intercon-
verted. The repetitive cycle between HO, and OH oxidizes
NO to NO,, which can reach a concentration up to 300 times
larger than the initial concentration of RO,+HO,. The am-
plification by the chain length (CL) produces NO, concen-
trations that are sufficient to be routinely measured by a
chemiluminescence detector, which uses the chemilumines-
cent reaction of NO, with luminol. Alternatively, Sadanaga
et al." developed a system in which the NO, concentration
is measured by laser-induced fluorescence (LIF). PERCA in-
struments generally require calibration and can reach detec-
tion limits of a few pptv RO, in a few minutes. Their sensi-
tivity depends strongly on the water-vapor content of the air
sample13 "1 for reasons that will be discussed later in Sec. VL.

Two chemical-ionization mass spectrometers (CIMSs)
have been developed for measurement of atmospheric
peroxy radicals, RO, Chemical Conversion/CIMS,
(ROXMAS)">!'® and Peroxy Radical Ionization Mass Spec-
trometer (PerCIMS).'” Both techniques apply chemical con-
version and amplification like PERCAs but use SO, instead
of CO for the conversion step of OH to HO,. The product
H,SO,, which is formed catalytically from the SO, oxidation
by OH, is detected by CIMS. The high detection sensitivity
of CIMS combined with amplification CLs of ~10 results in
detection limits around 0.5 pptv peroxy radicals in 15-60 s
measurement time. Both ROXMAS and PerCIMS are ca-
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pable of distinguishing RO, and HO, by modulating the
chemical conditions for the RO, to HO, conversion. In con-
trast to PERCA instruments, they exhibit no water-vapor de-
pendence of the detection sensitivity for peroxy radicals.

LIF spectroscopy is a highly sensitive technique that is
applied for the speciated measurement of tropospheric OH
and HO, radicals."® In general, a continuous flow of am-
bient air is sampled by gas expansion into a low-pressure
detection volume, where the OH radicals in the air flow are
detected spectroscopically by LIF at 308 nm. Contrary, HO,
radicals are not directly detectable by this technique. The
radicals are first converted to OH by NO [reaction (9)],
which is mixed into the gas expansion with a high concen-
tration. Almost complete HO, conversion can be achieved so
that this method measures the sum (HO,) of ambient OH and
HO,. In order to distinguish between OH and HO, radical
concentrations, OH is measured separately, for example, in a
second fluorescence cell in which HO, radicals are not con-
verted to OH.?! Reported detection limits for this method are
in the range of (0.3-3) X 10° HO, radicals/cm? (correspond-
ing to 0.01-0.1 pptv at 1 atm) at a time resolution of typi-
cally 1 min.**

The low-pressure LIF instruments for measurement of
HO, have no sensitivity to RO,. Although RO, is converted
to RO by reaction (7) nearly as fast as HO, to OH [reaction
(9)], the partial pressure of O, is generally too small in the
low-pressure gas expansion to accomplish significant conver-
sion of RO to OH by reactions (8) and (9) within the time
required for the air flow to reach the laser beam for detection.
In the current work, we have modified an existing low-
pressure LIF instrument”' to enable also the efficient conver-
sion of RO, to OH. The modified instrument can measure
RO, HO,, and OH concentrations with a high sensitivity yet
without chemical amplification and allows the speciated de-
termination of OH, HO,, and RO, with a high time reso-
Iution. Here, we present the applied conversion technique for
peroxy radicals and describe the instrumental characteristics
and the calibration for different peroxy-radical species. An
example of ambient air measurements demonstrates the per-
formance of the new technique which is expected to provide
improved understanding of the fast radical chemistry in the
troposphere.

Il. MEASUREMENT PRINCIPLE

Measurement of atmospheric peroxy radicals involves
chemical conversion to OH in a two-stage process. In the
first step RO, is converted to HO, inside a flow reactor at a
reduced pressure. This is followed by further conversion to
OH in a low-pressure chamber where OH is detected by LIF
(Fig. 1).

A. Reactor chemistry

The ambient air that is to be analyzed is sampled at a
flow rate of 7 slpm (slpm=liters per minute at 1 atm, 20 °C)
through a 1 mm orifice into the flow reactor, which is differ-
entially pumped and kept at a constant pressure of 25 hPa
and room temperature. After the gas has passed the inlet
nozzle, NO and CO are injected as reagent gases, yielding
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FIG. 1. Schematic of the RO, measurement instrument. Sampled air is ex-
panded into a low-pressure flow reactor at 25 hPa, in which RO, radicals are
converted into HO, by addition of NO and CO. At the exit of the reactor,
part of the gas flow is transferred into a detection chamber at an even lower
pressure (3.5 hPa), where HO, is converted into OH by excess NO. The OH
is then detected by LIF at 308 nm. Details are given in the text.

mixing ratios of 0.7 ppmv NO and 0.17% CO in the sampled
flow. The added NO initiates the successive conversion of
RO, into RO, HO,, and OH via reactions (7)—(9) (Fig. 2)
followed by rapid backreaction of OH with CO, yielding
HO, [reactions (1) and (2)]. The high NO and CO concen-
trations force HO, and OH into a fast equilibrium, which is
rate controlled by reactions (9) and (1). The equilibrium is
reached within a few milliseconds with a partitioning ratio
[HO,]/[OH]=k;[CO]/ko[NO] of about 50 at the given con-

ROZT> loss

NO\ .

FIG. 2. Simplified chemical scheme of the successive conversion of organic
peroxy radicals RO, to RO, HO, and OH radicals. k; (i=1,7-9) denote the
bimolecular rate constants for the corresponding radical reactions (see text).
Each radical species can undergo additional loss reactions by gas-phase
recombination with NO or by collisions with the reactor walls. The corre-
sponding loss-rate coefficients k;; and k;, are defined by Egs. (31) and (34),
respectively. In a similar way, k;3 and k;4 can be defined for losses of HO,
[reactions (16) and (17)] and OH [reactions (18) and (19)], respectively. R’O
represents organic carbonyl compounds.
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TABLE I. Reactor chemistry: Reactions and rate constants at 25 hPa and
298 K.

Reaction k (em’s7!)
OH+CO—CO,+H 1.5x10°13*°
OH+NO+M —HONO+M 3.8x10°83*°
OH+NO,+M —HONO,+M 9.8x 10713 ¢
OH+HO,—H,0+0, 1.1x10710*
OH+wall — products 5.4°¢
H+0,+M —HO,+M 34x10714°
HO,+NO— OH+NO, 8.1x10712¢
HO,+NO+M —HONO, +M 2.4x 10715 4¢
HO,+NO,+M —HO,NO,+ M 9.5x 1074 *
HO,+HO,(+M) — H,0,+0,(+M) 1.7X 10712 %¢
HO, +wall — products 0.5

R=CH,
CH;0,+NO — CH;0+NO, 7.7x10712°
CH;0,+NO+M — CH;ONO,+M 6x10714 "
CH;0,+NO,+M — CH;0,NO,+M 6.1x10713*
CH;0,+HO,— CH;00H+0, 52x10712°
CH;0,+CH;0, — products 3.5x10°13 ¢
CH;0,+wall — products 0.15"¢
CH;0+0,— CH,0+HO, 1.9x10715®
CH;0+NO+M — CH;ONO+M 49x10712°
CH;0+NO,+M — CH;0NO,+ M 7.5x 10712 °
CH;0+wall — product 5.4°h
R=C,H,,,, (n=2; from alkanes+OH)

RO,+NO—RO+NO, 9.0x 107121
RO,+NO+M — RONO,+M <9.0x 10713 8
RO,+NO,+M — RO,NO,+M 2.5% 10712k
RO,+HO,—ROOH+0, 8.0x 10712 2k
RO, +wall — products 0.15"¢
RO+0,—R'0+HO, ~1x 107!
RO+NO+M —RONO+M 42x 1071
RO+NO,+M — RONO,+M 24X 10711 &k
RO+ wall — products 5.4

R=CH,(OH)CH, (from ethene+OH)
RO,+NO— RO+NO, 9x10712™

R=CsHg(OH) (from isoprene+OH)

RO,+NO— RO+NO, 9x 10712 "

“NASA-JPL recommendation by Sander et al. (Ref 48). In the case of ter-
molecular reactions, pseudo-second-order rate coefficients are given.
PFirst-order rate coefficient (s7).

“Measured in this work.

dEstimate based on measured results by Butkovskaya er al. (Ref. 39).
“Assuming 1% water vapor.

"Estimate using the parametrized pressure dependence of Zhang et al. (Ref.
53).

fEstimate using the measured ratio k(RO,+wall)/k(HO,+wall)=0.3 from
Mihele and Hastie (Ref. 37).

"Assumption: k(RO+wall) =~ k(OH+wall).

fRevieW by Atkinson and Arey (Ref. 1).

Jk increases approximately linearly with carbon number from 1.3
X107 (n=2) to 9X 1071 cm? s~ (n=8).

For n=2.

'%k~9.5%x 10715 cm®s™! for primary (RCH,0) and ~8X 10715 ¢m? 5! for
secondary (RR’'CHO) radicals, recommended by Atkinson (Ref. 40).
"Review by Atkinson (Ref. 40).

"Measurement by Zhang et al. (Ref. 43).

ditions (rate constant values are given in Table I). As a result,
the reactor chemistry converts RO, effectively into HO,
which almost entirely consists of HO,, the much less reactive
member of the HO, family.

The rate of the RO, to HO, conversion is limited by
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reaction (7), yielding a pseudo-first-order decay of RO, with
a lifetime of 0.3 s at the given conditions. Thus, RO, is
almost completely converted in the reactor, in which the
sampled air flow has a mean residence time of 0.6 s. The
overall yield of HO,, however, is diminished by radical
losses. First of all, RO, and RO can undergo termolecular
recombination reactions with the added NO:

RO, +NO + M — RONO, + M, (12)

RO +NO+ M — RONO + M, (13)

or can be lost by reactive collisions with the Teflon surface of
the reactor walls:

RO, + wall — products, (14)

RO + wall — products. (15)

The pressure-dependent reactions with NO are relatively
slow at the low reactor pressure and are of similar rate or
even slower than those of the corresponding wall loss reac-
tions (Table I). Reactions (12)—(15) reduce the HO, yield
from RO, conversion only in the order of a few percent (see
Sec. IV for details).

HO, radicals undergo similar types of loss reactions as
RO,:

HO, +NO +M — HONO, + M, (16)

HO, + wall — products. (17)

Both reactions are relatively slow at the given conditions.
The wall reaction is the dominating loss process, which re-
duces the total HO, yield in the order of 20% (see Sec. VI).

OH radicals formed in the reactor by reaction (9) un-
dergo similar loss reactions as RO:

OH+NO+M — HONO + M, (18)

OH + wall — products. (19)

These two reactions compete with the reaction of OH with
CO, which is much faster owing to the large amount of
added CO. Thus, HO, radical losses via reactions (18) and
(19) become negligible.

As a result of the reactor chemistry, all RO, species (i.e.,
RO,, RO, HO,, and OH) become eventually HO, at the exit
of the flow reactor. This is also the case for atmospheric RO,
HO,, and OH radicals which are collected through the inlet
nozzle of the reactor. This measurement mode, in which NO
and CO are added as reagent gases, is therefore called the
“ROx mode.” If the NO addition is turned off and only CO is
added as reagent and if the mixing ratio of NO in the
sampled ambient air is sufficiently small (<25 ppbv), the
conversion of RO, to HO, is negligible. The reactor converts
only atmospheric RO, HO,, and OH into HO, under these
conditions. Since the ambient RO concentration is very small
and makes a negligible contribution, this measurement mode
is called the “HOx mode.”

B. HO, conversion and LIF detection

At the exit of the flow reactor, the central part of the flow
is drawn through a transfer nozzle into the detection cham-
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ber, which is kept at an even lower pressure (3.5 hPa). Ad-
ditional NO is injected into the emerging gas expansion, rais-
ing the NO mixing ratio to about 300 ppmv. The high excess
of NO shifts the equilibrium between HO, and OH to OH,
which is detected further downstream by LIF at 308 nm. The
radical detection is performed essentially in the same way as
described by Holland et al?? Briefly, a pulsed narrow-
bandwidth UV laser is used to excite the OH radicals on a
single rovibronic transition, for example, on the Q;(3) line of
the A 23*p’'=0-X> [Tv" =0 transition, and the resulting reso-
nance fluorescence is measured by gated photon counting
using a time delay to discriminate the longer-lived OH fluo-
rescence (7Thyorese = 150 ns at 3.5 hPa) from the instantaneous
laser stray light (approximately 20 ns duration). Furthermore,
the laser is tuned periodically on and off resonance to distin-
guish the OH fluorescence signal from any nonresonant
background signals. The amount of detected OH fluores-
cence integrated for typically 30 s over successive laser
pulses is taken as a measure of the radical concentration. The
conversion of the fluorescence signals into ambient radical
concentration requires a calibration as explained in Sec. I'V.

lll. EXPERIMENTAL

The instrument consists essentially of the LIF setup that
has been used previously for simultaneous measurements of
OH and HO, in field campaigns25 and in experiments at the
outdoor simulation chamber SAPHIR in Jiilich, Gelrmany.26
Some modifications have been implemented. The existing
detection chamber for HO, radicals was extended into the
RO, measurement device outlined above (Fig. 1), while an-
other detection chamber remains available for OH. Thus, si-
multaneous measurements of OH can be performed along
with alternating RO, and HO, measurements. The other ma-
jor change in the LIF instrument is the replacement of the
UV generating laser system. In the following only the major
modifications will be described, whereas a description of the
basic instrument can be found elsewhere.’**" Important
parameters of the new RO, measurement device are summa-
rized in Table II.

A. Flow reactor

The flow reactor for chemical RO, conversion is a cylin-
drical aluminum tube which is internally covered by a Teflon
surface to minimize wall loss reactions. The reactor has an
internal diameter of 66 mm and a length of 830 mm. The top
flange of the reactor carries an inlet nozzle (Beam Dynamics,
nickel, opening angle of 70°, orifice of 1 mm), which trans-
mits an air flow of 7 slpm when the reactor is operated at a
pressure of 25 hPa. Half of the gas flow is drawn into the LIF
detection chamber, while the excess gas is removed by an
oil-free vacuum pump (Edwards, XDS35i). The pressure in
the reactor is stabilized by a motorized throttle valve (MKS,
type 153) mounted on the inlet of the vacuum pump. The
reagent gases are introduced as gas mixtures (Linde AG)
with concentrations of 500 ppmv NO (99.5%) in
N, (99.9990%) and 10% CO (99.997%) in N, (99.9990%)
through a glass tube (4 mm inner diameter), which ends in
the center of the reactor tube about 20 mm downstream of
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TABLE II. Experimental parameters of the ROXLIF Instrument

Rev. Sci. Instrum. 79, 084104 (2008)

Parameter Value
Flow reactor Inlet nozzle orifice 1.0 mm
Sample flow rate 7 slpm®
Reagent mixing ratio (after addition) 0.7 ppmv NO, 0.17% CO
Geometry (length X diameter) 830X 66 mm
Volume 2.81
Pressure 25 hPa
Temperature Room temperature
Flow residence time 0.62s
Fluorescence cell Transfer nozzle orifice 4.0 mm
Sample flow rate 3.5 slpm*
Reagent mixing ratio (after addition) 300 ppmv NO
Pressure 3.5 hPa
Laser power (308 nm) 25 mW (typically)
Laser repetition rate 8.55 kHz
Laser pulse length (full width at half maximum) 20 ns
Laser beam diameter 8 mm
Photon-counter gate delay 70 ns
Photon-counter gate duration 500 ns

“slpm=liter per minute at 1 atm, 20 °C.

the inlet nozzle. The added gas flows of 10 sccm NO mixture
and 120 sccm CO mixture (sccm denotes cubic centimeter
per minute at 1 atm, 20° C) are controlled by mass flow
controllers (Brooks, 5850TR).

B. LIF detection

The LIF detection chamber is equipped with a home-
made conically shaped inlet nozzle (stainless steel, opening
angle of 70°, orifice of 4 mm), which transmits 3.5 slpm of
air from the reactor. The expanding gas beam is embedded in
a purge flow of 1 slpm of clean nitrogen (99.9990%, Linde
AG). For the chemical HO, conversion, about 1 sccm of pure
NO (99.5%, Linde AG), controlled by a mass flow controller,
is injected into the gas expansion, after the NO flow has
passed a cartridge filled with ascarite (Sigma—Aldrich) for
additional purification. The pressure in the LIF detection
chamber is regulated by another control valve (MKS, type
153) that is placed in front of a dry vacuum pump (Edwards,
IPX 500).

The OH radicals from the HO, conversion are excited by
a pulsed laser beam (8 mm diameter) that crosses perpen-
dicular to the gas flow at the center of the fluorescence cham-
ber. The laser system consists of a frequency-doubled neody-
mium doped yttrium aluminum garnet laser (Photonics,
DS20, 8.5 W output power at 532 nm) which pumps a
wavelength-tunable narrow-bandwidth dye laser (Laser Ana-
lytical Systems, Intradye). Using a dye solution of 80 mg/I
rhodamine 101 in ethanol, up to 1 W output power is
achieved at 616.3 nm, which is externally frequency doubled
(second harmonic generation) to 308.15 nm by a B-Barium
Borate (BBO) crystal. The maximum UV laser power is 80
mW at a repetition rate of 8.5 kHz and a pulse width of 20
ns, but only 25 mW is normally used for detection to avoid
saturation of the OH-line transition.

IV. CALIBRATION

A radical source which was developed for calibration of
OH and HO, measurements is used for calibration of the
RO, measurement device.”?”* The method is based on the
concept of HO, generation by water-vapor photolysis in air
at 1 atm using the 185 nm radiation from a low-pressure
discharge mercury lamp.24 Equal amounts of OH and HO,
radicals are produced by this process:

H,O+hv— OH+H,

H+0,+M — HO, + M. (20)

The absolute radical concentration provided by the calibra-
tion source can be related to the amount of ozone that is
simultaneously formed by the photolysis of oxygen at 185
nm in the air flow:*"?

O, +hv—0+0,

O+0,+M — O3+ M. (21)

The radical concentrations are then determined by the
equation

o1,0[H20]

[OH],=[HO,], = 20010,]

where O3 and H,O concentrations can be measured. The
absorption cross section of water vapor at 185 nm, oy o
=(7.120.2) X 1072° c¢m?, is taken from the literature.’*>?
The lamp-specific effective cross section of oxygen is from
our laboratory measurements and has a value of 0o,
=(1.28£0.05) X 10720 ¢m?2.>%

The radical source can be operated to provide only HO,
radicals by adding CO to the synthetic air for complete con-
version of OH to HO, [reactions (1) and (2)]. This way the
source provides HO, radicals with a quantum yield of 2. In a
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similar way, specific RO, radicals can be generated by scav-
enging all OH radicals with a suitable hydrocarbon [reac-
tions (3) and (4)]. In this case the source yields equal con-
centrations of RO, and HO,, i.e., [RO,]y=[HO,],."**’ As a
constraint, it is required that the hydrocarbon is not signifi-
cantly photolyzed at 185 nm.

The calibration is performed by running a fast laminar
flow of humidified synthetic air (Linde AG, purity of
99.9995%) with a possible admixture of CO or a hydrocar-
bon through a cylindrical quartz tube. A short distance up-
stream of the tube outlet, the gas mixture is irradiated by
collimated 185 nm radiation, which is transmitted perpen-
dicular through the quartz tube. The photolytically generated
radicals are transported by the gas flow to the inlet nozzle of
the RO, conversion reactor, which sticks concentrically into
the outlet opening of the quartz tube. The amount of CO or
hydrocarbon, which is optionally added, is chosen to achieve
complete OH conversion within the transport time
(=20 ms) before the calibration gas enters the LIF instru-
ment. A typical mixing ratio of 0.15% of CHj is applied for
generation of CH;0,, while equivalent concentrations of the
same OH reactivity are used for other hydrocarbons. In each
case, the hydrocarbon concentration is sufficiently small that
it does not disturb the chemical HO, to HO, conversion that
takes place inside the RO, reactor.

The detection sensitivities C; of the measurement system
for the different radical species (i=RO,, HO,, and OH) can
be determined from a combination of measurements using
gas from the calibration source (1) with added CO, (2) with
added RH, and (3) without any reactant:

81 =2Cyo,[HO, ]y, (23)
8y = Cuo,[HO, ] + Cro[RO1 ] (24)
83 = Cro,[HO, ]y + Cou OH]j. (25)

The sensitivity C; for each species is given by the fluores-
cence photon count rate (counts/s) per number density
(cm™) of the respective radical in the sampled air and per
milliwatt of UV laser power. S; (j=1-3) denotes the mea-
sured corresponding fluorescence signals. The sensitivities
can then be determined as

Cop = —SL (26)
1927 2[HO,],

Sy

=—=_C 27

R0, = ¢ RO, 1, HO, (27)
S3

Cop=——"—-C 28

OH 2[0H]0 HO2 ( )

V. DETECTION SENSITIVITY MODEL

In order to get an understanding of the RO, detection
sensitivity, a model of the flow-reactor chemistry is useful.
Chemical reactions that may play a role in the reactor are
listed in Table I. A closer inspection shows that the reactor
chemistry can be described by a relatively simple kinetic

Rev. Sci. Instrum. 79, 084104 (2008)

model for the present instrumental conditions (Table II). One
reason for the simplification is the large excess of reagent
gases (CO, NO), which controls the radical chemistry (see
Sec. II). Another reason is the low pressure in the reactor,
which slows down unwanted radical reactions so that they
become mostly negligible. This is the case for (1) radical
losses that occur by pressure-dependent recombination reac-
tions of RO, species with added NO, (2) radical-radical re-
actions, and (3) radical reactions with reactive species (e.g.,
NO,) from ambient air.

As was explained in Sec. II, atmospheric HO, and RO
radicals are converted immediately, i.e., in a few millisec-
onds, into HO, in the flow reactor, where HO, radicals are
partially lost by wall reaction, while they are transported to
the reactor exit. On the time scale of the transportation time
(0.6 s) the expected time-dependent decay can be approxi-
mated by

[HO,],(r) = ([HO,Jy + [ROJp)e ™ 17, (29)

where [HO,], and [RO], are the concentrations of atmo-
spheric HO, and RO, respectively, entering the reactor and ¢
is the reaction time. Index a denotes that the HO, comes
from HO, and RO conversion.

Atmospheric RO, radicals that come into the flow reac-
tor are chemically converted by the large excess of added
NO or are destroyed at the reactor wall. Here, the time-
dependent decay of RO, can be described as

[RO,](1) = [RO, Jge~*rNOThkwi)t (30)

where [RO,]; is the initial RO, concentration and & ; is the
first-order rate coefficient for the loss processes that remove
RO, without producing new radicals:

kpy=kio[NOI[M]+kyy. (31)

The conversion of RO, to HO, via reactions (7) and (8) is
rate limited by reaction (7) and occurs with an overall yield
of R0, XROs giving the net reaction

R02 +NO — aROZaROHOZ' (32)
@Ro, and apq can be calculated from the branching ratios for

reactions (7) and (8) in competition with the corresponding
radical loss reactions, respectively (see Fig. 2):

o = —FNOL o KalO
O™ k5 [NOJ + & KO k[ O] + Ky

with
kpo=ki3[NOJ[M] + k5. (34)

This implies that the HO, kinetics is mainly controlled by
two processes: (1) the production via net reaction (32) and
(2) the destruction by wall reaction (17). Accordingly, the
time dependence of the HO, concentration assumes the func-
tional form of a simple consecutive mechanism:

aROZaROk7[NO]
k17 - (k7[NO] + kLl)
X (e~ UaNOky )1 _ kit (35)

[HO,],,(1) = [RO,]y

Here, index b denotes that the HO, comes from RO, conver-
sion. In atmospheric measurements of RO,, the HO, concen-
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FIG. 3. Relative detection sensitivities for HO, and CH;0, as a function of
the gas residence time in the flow reactor. The symbols show the experimen-
tal dependence which was obtained by varying the length of the reactor at
otherwise constant conditions. Error bars are 1o standard deviations of the
measurements. The solid and dashed lines represent chemical model simu-
lations. The thick lines use a full model; the thin lines apply the analytical
expressions of Egs. (29) and (35) (see text).

tration at the exit of the flow reactor is then given by

[HO,](z,) =[HO,],(z,) + [HO,],(z,), (36)

where ¢, is the gas residence time in the reactor.

In the LIF detection chamber the detection sensitivity of
HO, is independent of the admixture of CO and NO intro-
duced in the flow reactor. The concentrations of these re-
agents are so small that they influence neither the HO, to OH
conversion in the chamber nor the fluorescence quenching of
the excited OH radicals. Thus, Eq. (36) provides a relative
measure of the expected detection sensitivity for atmospheric
peroxy radicals as a function of the chemical reactor condi-
tions. In the following, we will use the ratios [HO,],/[HO,],
from Eq. (29) and [HO,],/[RO,], from Eq. (35) as a model
to study the influence of the reactor conditions on the relative
detection sensitivities for atmospheric HO, and RO,, respec-
tively.

VI. INSTRUMENTAL CHARACTERIZATION
A. Reaction-time dependence

Relative detection sensitivities for HO, and CH;0, were
measured as a function of the gas residence time in the flow
reactor, operating the LIF instrument in the RO, measure-
ment mode (Fig. 3). The measurements were obtained by
varying the length of the RO, reactor at otherwise constant
conditions (see Table II), using the calibration device as a
radical source. The sensitivity for HO, was found to decrease
continuously with reaction time, whereas the sensitivity for
CH;O0, first increases and then levels off after 0.6 s. The
experimentally observed behavior is well reproduced by
model simulations, using either the full chemical mechanism
from Table I or the simple analytical approach represented by
Egs. (29) and (35). The full model predicts slightly lower
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FIG. 4. Relative detection sensitivities for HO, and CH;0, as a function of
the NO mixing ratio in the flow reactor. The symbols show the experimental
dependence. Error bars are 1o standard deviations of the measurements. The
solid and dashed lines represent simulations with the full chemical model
(see text).

sensitivities than the analytical model. The difference can be
explained by HO, losses caused by OH wall reaction, which
is neglected in the analytical approach.

According to the analytical model, 74% of the initial
HO, radicals are transmitted through the reactor for the nor-
mally chosen residence time of 0.6 s, while 26% is lost by
wall reaction. 87% of the initial CH;0, radicals are con-
sumed in the reactor, but only 63% of the organic radicals
yield HO, at the exit of the flow reactor. The difference is
mainly caused by wall reactions of CH;0, (1-ago,=5%),
CH;0 (1-ago=3%), and HO, (16%). Gas-phase losses by
termolecular reactions with NO [reactions (16), (12), and
(13)] are negligible (<1%).

B. HO, wall reactions

The rate coefficients for the wall reactions of OH and
HO,, which are used in the model calculations, were mea-
sured similarly as in the case of Fig. 3 but without addition
of reagent gases (NO, CO) in the reactor. The HO, loss rate
was determined while the calibration device was operated as
a pure HO, source. For measurement of the OH loss rate, the
calibration device provided OH with equal amounts of HO,,
but the NO addition in the LIF detection chamber was
switched off to avoid detection of HO,. The rate coefficient
for OH (5.4 s~!') was found to be ten times faster than that
for HO, (0.5 s7!'). The difference cannot be explained by
different transport rates of the two radical species to the wall
because the diffusion coefficients [OH: 0.22 atm cm? 57!
HO,: 0.14 atm cm? s™! (Ref. 33)] are too similar. It can be
rather explained by a different wall-reaction probability,
which was measured to be ten times larger for OH compared
to that for HO, for reaction on a Teflon surface.™*

C. NO dependence

The relative NO dependence of the detection sensitivi-
ties was tested for otherwise normal operating conditions of
the instrument. Figure 4 shows the experimental dependence
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together with the prediction of the full model simulation. A
weak NO dependence is found for HO, in both measurement
and model. A decrease in the HO, detection sensitivity by
about 8% is inferred from the model when the NO mixing
ratio is increased from zero to 0.7 ppmv. This can be ex-
plained by an increase in the OH/HO, ratio from zero to
about 0.02, respectively, resulting in a small but increasing
loss of HO, through OH wall reaction. Note that the same
effect causes the difference between the two model curves of
Cho, in Fig. 3.

In the case of CH;0,, the sensitivity increases with the
NO mixing ratio, as is expected, and reaches a broad maxi-
mum above 0.6 ppmv NO. Figure 4 demonstrates that the
detection of HO, and CH;0, has little sensitivity to varia-
tions in NO at the standard condition of 0.7 ppmv NO.

D. Water-vapor dependence

Water vapor can potentially interfere with the radical
detection in various ways. First, it is well known that laser-
induced OH fluorescence is efficiently quenched by H20,35
thus influencing the sensitivity of OH detection. Under par-
ticular circumstances, i.e., in a very cold adiabatic gas ex-
pansion, additional loss of OH fluorescence signal has been
observed at high humidity. The effect, in the order of a factor
2, was attributed to undetected OH which was probably
taken up by clustering water molecules.”**® Furthermore, it
has been reported that chemical amplifiers for measurement
of RO, show a strong change in detection sensitivity (up to a
factor of 2-3) caused by water-vapor enhanced radical
losses. 1437

The water-vapor influence on the ROxLIF instrument
was investigated using the calibration source to provide per-
oxy radicals in synthetic air at different mixing ratios of
H,O. The detection sensitivities for HO, and CH5;0, were
found to decrease by 10% over the range of 0%—1% of water
vapor, with the same functional dependence for both radical
species (Fig. 5). This observation can be well described by a
model that accounts for OH fluorescence quenching by H,O
in the LIF detection. The model (represented by the solid
lines in Fig. 5) makes use of a theoretical description of
laser-induced OH fluorescence detection”” and applies rate
coefficients for quenching of OH(A *3*,v=0) compiled by
Heard and Henderson.”® The good agreement of experiment
and model rules out the significance of other effects. This
conclusion can be supported by further arguments. First, the
LIF detection in the present instrument occurs in a warm gas
expansion at room temperature, for which signal loss by
radical uptake in water clusters has not been observed.”

Furthermore, the strong water-vapor dependence ob-
served for PERCAs is not expected for ROxLIF, although
both techniques use similar chemistry for the conversion of
RO,. Part of the water-vapor dependence of PERCA instru-
ments has been attributed to enhanced radical losses on wall
surfaces.” It was observed that the wall reactivity of HO, in
air in a Teflon tube at atmospheric pressure increased by a
factor of 2 for an increase in relative humidity from zero to
50%, while the wall loss of RO, was constant. In our instru-
ment, the water-vapor concentration and the likelihood of
water layer on the wall surface are strongly diminished be-
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FIG. 5. Relative detection sensitivities for HO, and CH30, as a function of
the H,O mixing ratio in the sampled air. The symbols represent experimen-
tal data. The solid lines display the theoretical dependence expected from
the OH fluorescence quenching by gaseous water. Error bars are 1o standard
deviations of the measurements.

cause the total pressure is reduced by a factor of 40. Thus, an
enhancement in HO, wall losses by water vapor is unlikely
to play a role, in agreement with the findings shown in
Fig. 5.

Another part of the water-vapor dependence of PERCA
instruments has been attributed to a small radical loss
(=1%) in the interconversion of HO,, which is greatly am-
plified through repetitive HO, cycling.”’37 A suggested gas-
phase mechanism, which agrees quantitatively with the re-
cent kinetic study by Butkovskaya et al.,” is the reaction of
HO,-H,0 adducts with NO, leading to HNO; as a nonradi-
cal product rather than OH+NO,. This possible reaction
channel is slowed down in our instrument by more than an
order of magnitude because of the reduced reactor pressure,
which decreases the number densities of H,O and accord-
ingly of the HO,-H,O adducts. Furthermore, the ROxLIF
technique requires no amplification because of the high de-
tection sensitivity of LIF. The effective CL can be estimated
from the amount of NO, that is expected from the HO,
+NO reaction in the flow reactor,

CL=
[RO, ]y

’r
=k9[NO]f [HO,],(1)dt, (37)
0
yielding a value of CL~1. The low pressure in the reactor
leads to reduced number densities of added reactants so that
the chemical conversion of peroxy radicals is slow compared
to their conversion at atmospheric pressure. Thus, the CL is
short and any kind of radical loss in the HO, cycling is not
amplified.

E. Detection sensitivities

The RO, instrument was absolutely calibrated for differ-
ent radical species. The sensitivity C; for each species is
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TABLE III. Measured relative sensitivity of the ROXLIF instrument for
different RO,.

Hydrocarbon Peroxy radicals® Relative sensitivity”,®
Methane CH;0, 1.00=0.05
Ethane CH,CH,0, 0.91+0.03
Propane C,H;CH,0,, (CH;),CHO, 0.96+0.04
Isobutane (CH,);CO,, (CH,),CHCH,O0, 0.59=0.04
Ethene CH,(OH)CH,0, 0.98+0.05
Isoprene CsHg(OH)O, ¢ 1.21%0.06

*From hydrocarbon reaction with OH.
"Normalized to the value measured for CH;0,.
“Error bars are 1o standard deviations.

dSix isomers, see, e.g., Ref. 40.

given by the fluorescence photon count rate (counts/s) per
number density (cm™) of the respective radical in the
sampled air and per milliwatt of UV laser power. A value of
1.2X 1077 counts s™' cm® mW~! was determined for HO,,
with an estimated uncertainty of +20% (20) resulting from
the applied calibration method.” The detection sensitivities
for CH30, and OH were found to differ from those of HO,,
with CCH302: CH025 Coug=1.2:1.0:0.72, while the model cal-
culates almost the same values for the three radical types.
The smaller detection sensitivity for HO, and OH, relative to
that for CH;0,, is probably caused by losses in the inlet
region of the reactor, before the reagent gases are added and
completely mixed, and reflects the general higher reactivity
of these radicals.

In order to apply the instrument for atmospheric mea-
surements, it is also important to understand how the instru-
ment responds to different RO, species. Various organic per-
oxy radicals were generated by reaction of OH with methane,
ethane, propane, isobutane, ethene, and isoprene. The mea-
sured sensitivities for the resulting peroxy radicals were nor-
malized to the CH;0, sensitivity and are listed in Table III.
The values for the peroxy radicals from the OH reaction with
methane, ethane, propane, and ethene are similar within
10%. The result for the hydroxyalkyl peroxy radicals from
isoprene+OH is slightly larger (+20%), whereas the result
for the peroxy radicals from isobutane+OH is substantially
lower (=40%).

The similarity of the experimental values for the peroxy
radicals from the three n-alkanes (C,—Cj3) is consistent with
the known chemistry.40 Using the analytical model [Eq.
(35)], the predicted values of the detection sensitivities are
equal within 5%. The reason is that the rate coefficient k is
essentially the same for the different RO, species, and
radical-specific losses of RO, and RO by formation of or-
ganic nitrates and nitrites, respectively, play little role at the
reduced instrumental pressure.

The relatively low RO, detection sensitivity for isobu-
tane indicates a reduced HO, yield from the chemical RO,
conversion. The likely reason is a more complex chain of
conversion reactions. In the reaction of OH with isobutane,
the H-atom abstraction occurs predominantly (70%) at the
tertiary C—H site, yielding (CH;);CO, as peroxy radical.***!
The rate constant k; for reaction with NO is similar as that
for smaller alkyl peroxy radicals.** The resulting tert-butoxy
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radical, however, has no H atom in the « position that could
be abstracted by O, and form HO,. Rather, the alkoxy radical
decomposes rapidly:40

(CH3)3CO +M — CH3 + (CH3)2CO +M. (38)

The CH; fragment reacts with O, and produces a new peroxy
radical, CH;0,, which has to undergo another reaction with
NO to finally produce HO,. Because of the additional reac-
tion steps, the conversion of fert-butyl peroxy radicals to
HO, is less complete within the available reaction time than
that for for light n-alkyl peroxy radicals. A model calculation
predicts a 34% smaller yield than that for an initially the
same amount of CH;0,, which can explain much of the ex-
perimentally observed difference (Table IIT). More generally,
alkoxy radicals of large alkanes (>C,) have the tendency to
decompose (or isomerize) in competition to the reaction with
02.40 Thus, large alkyl peroxy radicals may generally have a
reduced detection sensitivity compared to CH30,.

The reaction of ethene with OH yields B-hydroxyethyl
peroxy radicals, CH,(OH)CH,0,. The corresponding alkoxy
radicals react mostly (78%) with O, and form directly HO,,
whereas a smaller part (22%) first decomposes to the
a-hydroxy radical CH,(OH), which is rapidly converted to
HO, by the reaction with oxygen:m’42

CH,(OH)CH,O + M — CH,(OH) + HCHO + M,  (39)

CH,(OH) + 0, — HCHO + HO,. (40)

As for the small alkyl peroxy radicals (C;—C5;), the RO, to
HO, conversion is rate limited by reaction (7), which has
again the same rate coefficient (Table I). Thus, the detection
sensitivity for the peroxy radicals of ethene is expected to be
the same as that for CH;0,, which agrees with the observa-
tions (Table III). The same kind of behavior is expected for
B-hydroxyalkyl peroxy radicals from larger acyclic alkenes
(C,—Cs). Here, the corresponding B-hydroxyalkoxy radicals
decompose predominantly and yield a-hydroxyalkyl radi-
cala,ORC(OH)R ', which produce HO, in a fast reaction with
0,.

The 2-methyl-1,3-butadiene (isoprene) forms six RO,
isomers in the reaction with OH. The rate coefficient of the
RO, reaction with NO is the same as that for CH302.43 The
main pathways of the formed alkoxy radicals are decompo-
sition or isomerization reactions, which are all followed by
rapid production of one HO, radical for each alkoxy
radical.** Thus, isoprene hydroxylalkyl peroxy radicals are
expected to have a similar detection sensitivity as methyl
peroxy radicals. The measured value, however, is higher
(21%), more than can be explained by the experimental er-
rors. A possible reason would be a larger RO, production in
the calibration source than is calculated. In principle, addi-
tional organic radicals can be formed by the 185 nm photoly-
sis of isoprene, which is known to photodissociate at wave-
lengths below 255 nm.* However, the absorption cross
section, which is of the order of 1077 c¢m?,***® and the gas-
phase concentration of isoprene are two to three orders of
magnitude too small in order to compete with the radical
production by water-vapor photolysis. If the radical source is
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not responsible, the enhanced sensitivity may be an indicator
that the RO, to HO, conversion is more efficient than pre-
dicted by the known chemical mechanism.

F. Interferences

Some perturbation of the flow-reactor chemistry can be
expected if the sampled ambient air is highly polluted. The
influence of ambient NO, for example, which adds to the
concentration of the injected NO reagent, can be estimated
from Fig. 4 and has only a small influence on the detection
sensitivity of RO, and HO,, of about +0.04% and —0.01%
per ppbv NO, respectively. In the HOx mode, when the ad-
dition of NO reagent is turned off, the influence of ambient
NO on the HO, detection is also small. However, the con-
version of sampled RO, by ambient NO can make a signifi-
cant contribution, presenting an interference for the HO,
measurement in the HOx mode with a relative efficiency of
Ccnyo,: Co,=2 X 1073 per ppbv of ambient NO. The inter-
ference would thus exceed 5% for equal amounts of atmo-
spheric RO, and HO, if the NO level becomes higher than
25 ppbv NO.

Atmospheric pollutants such as NO,, CO, and hydrocar-
bons have very little impact on the measured peroxy-radical
signals because the radical chemistry in the reactor is pre-
dominantly controlled by the reagent gases (CO, NO). A
potential source of interference, however, is the thermal de-
composition of atmospheric peroxy nitrates, which release
peroxy radicals when the sampled air is expanded into the
low-pressure flow reactor. Prominent species are HO,NO,
(pernitric acid, PNA) and CH;0,NO, (methyl peroxy nitrate,
MePN), which are formed in an equilibrium that is estab-

lished within seconds under typical boundary-layer
conditions:*’
RO, +NO, + M = RO,NO, + M. (41)

The atmospheric ratios [RO,NO,]/[RO,] can be estimated
from K.[NO,] using the published equilibrium constants
K4(298 K)=1.6X 107" cm? for PNA and 2.7 X 107'> cm?
for MePN.** The resulting atmospheric peroxy nitrates are
estimated to produce an interference, which is modeled to be
1.7% and 6% of the measured HO, and CH;0, concentra-
tions, respectively, assuming an ambient concentration of 10
ppbv of NO,. Another important air pollutant that can de-
compose in the reactor is peroxy acetyl nitrate (PAN). The
unimolecular decay of PAN, however, is slow [k=2.6
X107 s7! at 25 hPa and 298 K (Ref. 48)], producing an
interference equivalent of only 0.1 pptv RO, per ppbv of
PAN.

Small interferences, which come from laser-generated
OH in the LIF detection chamber, have been experimentally
found. Ambient ozone as well as the NO added in the LIF
chamber produce small OH signals with a quadratic laser-
power dependence. The laser-power dependence suggests
that one photon is required for photolytical OH generation
and a second photon for detection of the generated OH. The
NO interference is probably caused by HONO photolysis,
which is possibly formed heterogeneously in the detection
system. The size of this interference is equivalent to a
peroxy-radical concentration of approximately 0.3 pptv and
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is routinely subtracted for correction of the measured radical
signals. The other interference can be explained by laser pho-
tolysis of O; [reactions (5) and (6)].* The interference is
equivalent to about 0.1 pptv RO, per 100 ppbv O3 in the
presence of 0.7% water vapor and 25 mW laser power for the
present instrument.

G. Limit of detection

The precision of the measured ROXLIF signals is limited
by the shot noise of the photon counting. In the on-resonance
mode there is a contribution from (1) the OH fluorescence
of converted peroxy radicals, (2) the PMT dark signal
(<0.1 counts s™"), (3) a laser-excited nonresonant back-
ground signal S}, (typically 20 counts s7!), and (4) the laser-
generated NO interference Syo (~25 counts s!) at an UV
laser power of 25 mW. The off-resonance signal is equal to
the nonresonant background signal plus the PMT dark signal
only. Solar stray light contributions™ play no role as the inlet
nozzle of the fluorescence detection chamber is shielded by
the flow reactor against incident solar radiation.

The radical signals are then determined by subtracting
the off-resonance signal and the NO interference signal from
the on-resonance signal. The limit of detection (LOD) of the
resulting signal is*

1 1

LOD = SNR \/( Aton[Slb + Snol + Atoffslb> . (42)
Here, At,, and Aty are the integration times for photon
counting in the on- and off-resonance modes, respectively,
and SNR is the signal-to-noise ratio. For the ROXLIF instru-
ment, the signal LOD is equal to 3.2 counts s™' at 30 s of
integration time (on and off resonances, each) and a SNR
=2, equivalent to about 0.05 pptv of RO, or HO,.

The concentration for RO, can be determined by sub-
tracting the concentration of HO, from RO,. Likewise, HO,
can be determined by subtracting the measured concentration
of OH from HO,. The resulting LODs for RO, and HO, are
in the order of 0.1 pptv.

VIl. AMBIENT AIR MEASUREMENT

First ambient air measurements were performed by the
ROXLIF instrument in summer 2005 at the research center in
Juelich, Germany. The site is surrounded by a forest and is
situated in an area dominated by agriculture and strip min-
ing. The LIF instrument was placed on a platform with its
sampling inlet at 3.5 m above ground. The instrument was
operated using the ROXLIF channel for alternating measure-
ment of RO, and HO,, and a second channel was employed
for concurrent measurement of OH. Concentrations of RO,
and HO, were determined from the measured quantities, as-
suming that RO, is detected with the sensitivity of CH;0,.

Figure 6 shows an example of diurnal profiles of peroxy
radicals that were recorded on a mostly sunny day. The
variations in RO, and HO, are highly correlated and the
mixing ratios are of similar magnitude. The photochemically
formed radicals reach the highest values when the solar ac-
tinic flux, represented by the photolysis frequency j(NO,) in
Fig. 6, is at its daily maximum and the concentration of NO,
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FIG. 6. In situ measurement of atmospheric mixing ratios of peroxy radicals
(open symbols) with 1o precision error bars and of NO (solid line, lower
panel). The photolysis frequency j(NO,) is shown as a solid line in the
upper panel. The measurements were obtained on 14 July 2005 in Juelich.

the main reactant of peroxy radicals, has become small. The
lowest values of RO, and HO, are observed in the morning,
when NO shows a high morning peak. Only after the decline
of the high NO level the peroxy radicals start to increase and
reach maximum values of about 20 pptv shortly after mid-
day. Relatively high concentrations persist in the afternoon
and even after sunset, indicating the possible existence of a
nighttime radical source. These diurnal patterns are similar to
what have been reported for peroxy radicals in other rural
and urban environments.”’”

The error bars in Fig. 6 represent 1o precisions of the
data points and are relatively small in most cases. The tem-
poral variability in the peroxy radicals often exceeds the size
of the error bars, indicating natural fluctuations of the RO,
and HO, concentrations on a short time scale. Some error
bars are notably large, for example, for RO, at 12 coordi-
nated universal time (UTC). The reason is that RO, is deter-
mined as the difference in RO, and HO,, which were mea-
sured in an alternating mode. Thus, whenever HO,
undergoes a relative large change between two adjacent mea-
surements, the difference between RO, and HO, concentra-
tions has a relatively large uncertainty, which increases the
error bar. This situation could be improved by setting up a
three-channel instrument, which records simultaneously OH
and HO,, as described, for example, in Ref. 25 and concur-
rently measures RO, by a separate ROXLIF channel.

Viil. SUMMARY

The low-pressure LIF technique has been extended to
enable the highly sensitive measurement of RO, besides the
well established measurement of OH and HO,. The new
method employs a two-stage chemical conversion scheme at
a reduced pressure. In the first step organic peroxy radicals
are transformed to HO, in a differentially pumped flow re-
actor. This is followed by chemical conversion of HO, to OH
in a downstream low-pressure chamber, in which the result-

Rev. Sci. Instrum. 79, 084104 (2008)

ing OH is detected by LIF at 308 nm. This concept has the
advantage that the conditions for the radical conversion and
detection can be independently optimized.

In the flow reactor a large excess of reagent gases (CO,
NO) is applied to convert RO, into HO,. The added NO is
responsible for the conversion of RO, to HO,, while a large
amount of CO shifts almost all HO, to HO,, thus avoiding
major radical losses by OH reactions, for example, with the
reactor wall. The reduced pressure in the reactor slows down
unwanted gas-phase reactions and minimizes the effect of
radical losses such as recombination reactions of RO, species
with NO and interferences by ambient pollutants. The con-
ditions in the LIF detection chamber are chosen to maximize
the yield of laser-induced OH fluorescence per HO, collected
from the flow reactor. This includes the further increase in
NO for complete HO, to OH conversion and further lower-
ing in the total pressure to reduce the collisional quenching
of the excited OH fluorescence.

The quantitative method of water-vapor photolysis at
185 nm, which is widely used by various research groups for
calibration of OH and HO, instruments, has been adopted to
calibrate the sensitivity of the instrument. RO, radicals are
generated by quantitative conversion of OH with a suitable
hydrocarbon added to the calibration gas.

The new ROXLIF technique was characterized with re-
spect to its detection sensitivity, the possible influence of
instrumental parameters, and possible interferences by ambi-
ent trace gases. The ROXLIF instrument has a very high
detection sensitivity, which results in low detection limits of
about 0.1 pptv of RO, and HO, at a measurement time of 1
min per data point. The instrument has the ability to measure
RO, radical species from simple alkanes, from monoalkenes,
and from the most important biogenic hydrocarbon, isoprene,
with almost the same sensitivity. The detection sensitivity
was found to be higher than that expected for radicals from
isoprene and might be smaller for large alkyl peroxy radicals
but both need to be investigated by further experiments.

Interferences by ambient gases are generally small but
require some consideration in polluted air with high NO,
levels above 20 ppbv. Atmospheric water vapor has a general
influence, reducing the detection signals for peroxy radicals
by about 10% over a range of mixing ratios of 0%—1% H,0.
This effect can be quantitatively explained by a fluorescence-
quenching model of laser-excited OH and measurements can
be easily corrected in the data evaluation.

First ambient air measurements were performed in sum-
mer 2005 showing reasonable diurnal profiles of peroxy radi-
cals. ROxLIF was also successfully compared with the well
established MI-ESR technique. The results of this compari-
son will be reported elsewhere. Based on its ability and
performance, the new measurement technique for RO, and
HO, is expected to provide improved understanding of
the fast radical chemistry in the troposphere in future field
campaigns.
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