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Abstract. Hydroxyl and hydroperoxy radicals are key

species for the understanding of atmospheric oxidation pro-

cesses. Their measurement is challenging due to their high

reactivity; therefore, very sensitive detection methods are

needed. Within this study, the measurement of hydroper-

oxy radicals (HO2) using chemical ionisation combined with

a high-resolution time-of-flight mass spectrometer (Aero-

dyne Research Inc.) employing bromide as the primary ion

is presented. The sensitivity reached is equal to 0.005 ×

108 HO2 cm−3 for 106 cps of bromide and 60 s of integra-

tion time, which is below typical HO2 concentrations found

in the atmosphere. The detection sensitivity of the instru-

ment is affected by the presence of water vapour. There-

fore, a water-vapour-dependent calibration factor that de-

creases approximately by a factor of 2 if the water vapour

mixing ratio increases from 0.1 % to 1.0 % needs to be ap-

plied. An instrumental background, most likely generated

by the ion source that is equivalent to a HO2 concentra-

tion of (1.5±0.2)×108 molecules cm−3, is subtracted to de-

rive atmospheric HO2 concentrations. This background can

be determined by overflowing the inlet with zero air. Sev-

eral experiments were performed in the atmospheric simu-

lation chamber SAPHIR at the Forschungszentrum Jülich to

test the instrument performance in comparison to the well-

established laser-induced fluorescence (LIF) technique for

measurements of HO2. A highly linear correlation coefficient

of R2 = 0.87 is achieved. The slope of the linear regression

of 1.07 demonstrates the good absolute agreement of both

measurements. Chemical conditions during experiments al-

lowed for testing the instrument’s behaviour in the presence

of atmospheric concentrations of H2O, NOx , and O3. No sig-

nificant interferences from these species were observed. All

of these facts demonstrate a reliable measurement of HO2 by

the chemical ionisation mass spectrometer presented.

1 Introduction

Understanding of the oxidation processes in the atmosphere

requires sensitive measurements of the radical species in-

volved. Hydroxyl radicals (OH) are the most important ox-

idative species and are highly reactive to most of the inor-

ganic and organic pollutants in the atmosphere. The primary

sources of OH radicals are mainly due to ozone photolysis

and, in polluted environments, nitrous acid (HONO) photol-

ysis can also be of importance. Organic pollutants are oxi-

dised by OH to produce organic peroxy radical species (RO2)

and hydroperoxy radicals (HO2). OH and HO2 radicals are

closely interconnected by a radical chain reaction, in which

OH is reformed by the reaction of HO2 with nitric oxide

(NO):

HO2 + NO → OH + NO2. (R1)

As the atmospheric lifetime of HO2 radicals is typically up

to a factor of 10 longer than that of OH radicals, HO2 can

be regarded as an important chemical reservoir for hydroxyl

radical (OH). Atmospheric NO concentrations are often suf-

ficiently high to maintain an efficient OH production through

the reaction of HO2 with NO, so that Reaction (R1) provides
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a large portion of the total OH production. Measurements of

both species are needed to analyse the OH radical’s budget.

The majority of the techniques currently applied to mea-

sure atmospheric concentrations of HO2 radicals use chemi-

cal conversion, which is an indirect measurement. In chemi-

cal amplifying systems, a radical reaction cycle between OH

and HO2 is established by adding two reactants. The concen-

tration of the product species is therefore amplified compared

to the small, initial HO2 concentration in the sampled air.

PEroxy RadiCal Amplification (PERCA) instruments

make use of NO and CO for the conversion of HO2 to OH and

OH to HO2, respectively. One NO2 molecule is produced in

each reaction cycle so that the initially small HO2 concentra-

tion is amplified as NO2, which is then detected by a lumi-

nol detector, fluorescence, or absorption methods. Because

RO2 is also converted to HO2 in the reaction with NO, these

instruments measure the sum of RO2 and HO2. Typically,

an amplification of roughly a factor of 100 is achieved to

produce a measurable amount of NO2 (Cantrell et al., 1984;

Hastie et al., 1991; Clemitshaw et al., 1997; Burkert et al.,

2001; Wood et al., 2017; Sadanaga et al., 2004; Mihele and

Hastie, 2000; Green et al., 2006; Andrés-Hernández et al.,

2010).

Alternatively to CO, SO2 can be used in the chemical am-

plifier system (Reiner et al., 1997; Hanke et al., 2002; Ed-

wards et al., 2003; Hornbrook et al., 2011). The high sensi-

tivity of chemical ionisation mass spectrometer (CIMS) mea-

surements using nitrate (NO−
3 ) as the primary ion allows for

the detection sulfuric acid (H2SO4) produced in the reaction

of SO2 with OH. Amplification factors of approximately 10

are sufficient in this case. Like in the PERCA instrument,

RO2 is also converted to HO2 in the reaction with NO in these

instruments. However, Hornbrook et al. (2011) developed a

method to distinguish between HO2 and RO2 by operating

the instrument in different chemical conditions (varying NO,

SO2, and O2 concentrations), thereby changing the relative

sensitivities for HO2 and RO2.

Laser-induced fluorescence (LIF) is a sensitive technique

for OH radical measurements and it is used for the indirect

detection of HO2 by its conversion into OH after reaction

with NO. The concurrent conversion of some specific RO2

radicals can contribute to the HO2 signal (Fuchs et al., 2011;

Whalley et al., 2013; Lew et al., 2018). This can be min-

imised by reducing the NO concentration added to the sam-

pled air for the conversion of HO2 to OH, but at the cost of

a reduced sensitivity. A comparison of three LIF instruments

in 2010 before the RO2 interference was discovered showed

significant differences in measured HO2 concentration in ex-

periments in the SAPHIR chamber (Fuchs et al., 2010). This

could have been partly due to interferences from RO2, but

measurements also differed depending on the water-vapour

concentration.

Several drawbacks are connected with existing HO2 de-

tection methods. The PERCA systems exhibit a strong water

vapour dependence on the amplification factor. In addition,

chemical conversion of HO2 through the reaction with NO

used in all instruments can lead to the concurrent conversion

of RO2.

Previous work by Veres et al. (2015) showed that HO2 rad-

icals can be detected with a CIMS instrument using iodide as

the primary ion. Sanchez et al. (2016) demonstrated for the

first time that this approach can also be used with Br−. HO2

radicals are directly measured by a mass spectrometer as an

ion cluster formed with bromide ions. Sanchez et al. (2016)

demonstrated that the most promising ionisation technique is

the detection of the bromide cluster with HO2. In their work

they showed that a sufficient sensitivity for atmospheric mea-

surements can be achieved and no significant interference

from NOx , HCHO, SO2, or O3 is present.

Following the concept of Sanchez et al. (2016), a bromide

chemical ionisation mass spectrometer with improved sen-

sitivity was developed in this work. An optimised ionisation

flow tube was custom-built and mounted on top of a commer-

cial, high-resolution time-of-flight mass spectrometer (TOF-

MS, Aerodyne Res.). In addition to laboratory characterisa-

tion experiments that mostly confirmed results reported in

Sanchez et al. (2016), the performance of the instrument was

quantitatively assessed in a comparison of HO2 concentra-

tions with measurements from an established HO2 instru-

ment using laser-induced fluorescence. Experiments in the

atmospheric simulation chamber SAPHIR were performed

at atmospheric gas mixtures and radical concentrations.

2 Methods

2.1 Chemical ionisation mass spectrometry technique

The instrument used for the detection of the Br− · HO2 clus-

ter consists of a custom-built ion flow tube (Fig. 1) that is

mounted upstream of a TOF-MS. Losses in inlets can play a

significant role in the detection of reactive HO2 radicals. As

radical species are easily lost through contact on walls, the

inlet of the instrument is designed to sample air directly into

the ion flow tube without additional inlet lines. The TOF-MS

is equipped with an atmospheric pressure ionisation (APi)

transfer stage providing the ion transfer from the ion flow

tube to the detector. The TOF mass analyser (Tofwerk AG,

Switzerland) has a mass resolution better than 2000.

Ambient air containing HO2 (flow rate 3.4 slm; slm means

litres at standard conditions, T = 0 ◦C and p = 1013 hPa) is

sampled through a 0.7 mm skimmer nozzle and is mixed with

the bromide ions in the ion flow tube shown in Fig. 1. The

ion flow tube has an inner diameter of 22 mm and a length

of 130 mm. The distance between the ion source and the

nozzle downstream is 100 mm. The ion flow tube is kept

at a constant pressure of 120 hPa using a butterfly control

valve upstream of a scroll pump. Assuming that 5.4 slm of

gas is passing through the ion flow tube, the mean residence

time is 240 ms assuming plug–flow conditions. Longer ver-
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Figure 1. Schematic drawing of the ion flow tube, where HO2 clus-

ters with Br− are formed. The ion flow tube is mounted upstream

of an Aerodyne time-of-flight mass spectrometer.

sions of the ion flow tube of up to twice its size were tested,

but a reduced sensitivity for HO2 was found. Downstream

of the ion flow tube, the sampled air enters a commercially

available transfer stage (CI-API transfer stage, Aerodyne Re-

search Inc.) through a nozzle with a 0.5 mm diameter. The

transfer stage consists of two quadrupoles and direct current

transfer optics that guide the ions to the TOF analyser. Lab-

oratory experiments were performed at 25 to 30 ◦C.

Bromide ions easily clusters with polar species, e.g. acids

(Caldwell et al., 1989). This enables their detection in the gas

phase, including HO2, which is a relatively strong acid (the

binding energy is 353 kcalmol−1 Harrison, 1992). In order to

produce Br− ions, a gas flow of 2 slm nitrogen is mixed with

10 sccm of a 0.4 % mixture of CF3Br in nitrogen (Air Liquide

Deutschland GmbH, N2 99.9999 % purity). The resulting gas

mixture of approximately 20 ppmv CF3Br in nitrogen is sup-

plied to the 370 MBq 210Po ion source (Type P-2021-5000,

NDR Static Control LLC, USA) to generate bromide ions,

resulting in an ion count rate of 1 × 105 cps.

The isotopic pattern of bromide (approx. 179Br : 181Br)

provides additional information if a signal detected at a cer-

tain mass contains a cluster with bromide, because simi-

lar signals need to be contained at two masses (m/z and

m/z + 2). Therefore, HO2 · Br− is detected on masses 112

and 114 with similar intensities. Both signals can be used for

the data evaluation in order to improve the signal-to-noise

ratio.

The data are analysed using the following procedure. A

total of 30 mass spectra measured with a time resolution

of 2 s are summed up to improve the signal-to-noise ratio

(cf. Sect. 3.3). A mass spectrum, including the mass peaks

used, is shown in the Supplement. The HO2 · Br− ion clus-

ter ion count rate (m/z 112) is normalised to the count rate

of the primary ion (m/z 79). The isotopic signal at a mass-

to-charge ratio of 114 / 81 is treated in the same way. The

signal at both isotopic masses of the HO2 · Br− ion cluster

are compared to check for possible interference from ions

not containing a bromide molecule. In the following step,

a water-vapour-dependent sensitivity is applied to convert

the signal to a HO2 concentration. Details about the water-

vapour-dependent sensitivity are presented in Sect. 3.2. Fi-

nally, a constant background is subtracted from the data. No

difference in the isotopic signals was observed, showing that

no other molecule (not containing bromide) is interfering. In

this study, only data from one of the two isotopes (m/z 112

and 79) are discussed for simplicity.

2.2 HO2 detection by laser-induced fluorescence

The LIF instrument uses two detection channels to simulta-

neously detect OH and HO2. The LIF instrument has been

described in detail by Holland et al. (2003), Fuchs et al.

(2011), and Tan et al. (2017).

For the HO2 measurement, a gas stream of ambient air is

expanded into the fluorescence cell at 4 hPa. NO is added

to the sampled air for the conversion of HO2 to OH (Reac-

tion R1). The NO concentration is adjusted to provide a HO2

conversion efficiency of approximately 10 %, in order to min-

imise concurrent RO2 conversion (Fuchs et al., 2011). The

OH radicals are excited by a laser pulse at 308 nm, provided

by a dye laser system. Ozone can be photolysed at 308 nm,

which can lead to a small interference from ozone that is

subtracted from the measured signal. For the experiments

discussed here, 50 ppbv O3 gave a signal that is equivalent

to a HO2 concentration of 3 × 106 cm−3. The sensitivity of

the HO2 LIF detection is water vapour dependent due to the

quenching of the OH fluorescence by water. The change in

the sensitivity is calculated from quenching constants. Both

corrections are taken into account in the data presented here.

The accuracy of the LIF HO2 measurement is ±10 % due

to the uncertainty of the calibration. The typical precision of

measurements gives an limit of detection of 1×107 mol cm−3

(2σ ) for an 80 s measurement (Tan et al., 2017).

2.3 SAPHIR

SAPHIR is an atmospheric simulation chamber at

Forschungszentrum Jülich. The chamber has been de-

scribed in detail by Rohrer et al. (2005). It consists of a

double-wall FEP film of cylindrical shape (length of 18 m,

diameter of 5 m, volume of 270 m3). It is equipped with a

shutter system that can be opened to expose the chamber

air to natural sunlight. Synthetic air used in the experi-

ments is produced from liquid nitrogen and oxygen of the

highest purity (Linde, purity < 99.9999 %). A combination

of sensitive measurement instruments allows for studying

chemical systems under well-defined atmospheric conditions
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and trace-gas concentrations. SAPHIR has proven to be a

valuable tool for inter-comparisons of different measurement

techniques (Fuchs et al., 2010, 2012; Dorn et al., 2013; Apel

et al., 2008), as it is ensured that all instruments sample the

same air composition.

For this study, measurements were performed during a se-

ries of experiments in the SAPHIR chamber in May and

June 2017. The focus of the experiments was to study the

chemistry of two classes of oxidation products of isoprene:

isoprene hydroxyhydroperoxides (ISOPOOH) and isoprene

epoxydiols (IEPOX). In addition, reference experiments

without addition of volatile organic compounds (VOCs), as

well as experiments with isoprene, were performed. These

experiments were used to compare the performance of the

CIMS and the LIF instrument at atmospheric HO2 concen-

trations, testing various conditions, e.g. presence of ozone,

NOx species, and different water-vapour concentrations.

The CIMS was mounted underneath the chamber floor,

4 m away from the LIF instrument. The ion flow tube set-

up shown in Fig. 1 was directly connected to the chamber, so

that the sampling nozzle was sticking into the chamber.

Data from the following instruments are used for the data

evaluation and interpretation: the humidity was measured us-

ing a Picarro cavity ring-down instrument (G2401 analyser),

NO and NO2 were monitored by an Eco Physics chemilumi-

nescence instrument (TR780), and ozone was detected by a

UV photometer (41M, Ansyco).

Measurements in the chamber were performed at daytime

temperatures of roughly 20 to 30 ◦C. Additionally, the instru-

ment itself was temperature stabilised to (25 ± 5) ◦C to pre-

vent temperature effects.

2.4 Calibration source

For calibrating the HO2-CIMS instrument’s sensitivity, the

same radical source is used as for the calibration of the LIF

instrument that is in operation at Forschungszentrum Jülich

(Fuchs et al., 2011). This is possible because the designs of

the inlet nozzle and flow rates of both instruments are simi-

lar. The LIF instrument is sampled at 1.0 slm and the CIMS

instrument samples at 3.4 slm. Both flows are much smaller

than the total flow through the calibration source. The cali-

bration source provides a laminar gas stream of humidified

synthetic air at a flow rate of 20 slm. The gas supply de-

vice for the calibration source allows for systematic variation

of the water-vapour concentration. During calibrations, the

water-vapour concentration is altered from 0.1 % to 1.6 %,

in order to determine the humidity dependence of the instru-

ment’s sensitivity. Water vapour is photolysed at 185 nm at

atmospheric pressure using a pen-ray lamp, leading to the

production of equal concentrations of OH and HO2 radicals

(Fuchs et al., 2011). The radical concentration that is pro-

vided by the calibration source is calculated from the UV

intensity that is monitored by a phototube detector, the flow

rate, and water-vapour concentration. The phototube signal is

Figure 2. Count rate of HO2 ·Br− ion cluster (m/z 112) normalised

to the primary ion Br− (m/z 79) during sampling from the HO2 cal-

ibration source. The HO2 concentration provided by the source was

varied by attenuating the radiation of the 185 nm radiation used to

photolyse water. The water vapour mixing ratio was kept constant.

The error bars are smaller than the symbols in the figure.

calibrated against ozone that is concurrently produced from

oxygen photolysis by the 185 nm radiation. An absorption

cell in between the UV lamp and the photolysis region can

be filled with a N2O/N2 mixture to vary the UV intensity, as

N2O is a strong absorber at this wavelength. If excess CO is

added to the synthetic air provided to the calibration source,

OH is converted to HO2, so that the HO2 concentration is

doubled compared to the operation without CO. Typically,

the calibration is performed at HO2 concentrations between

5 × 108 and 1 × 1010 molecules cm−3.

3 Characterisation of the HO2-CIMS

3.1 Linearity of measurements

In general, the conversion of ion count rates measured by a

CIMS instrument to concentrations of the detected molecule

requires regular calibrations of the sensitivity. For calibrat-

ing the HO2 sensitivity, a radical source was utilised as de-

scribed in Sect. 2.4. Figure 2 shows the measured, normalised

ion count rates measured by the CIMS, when the calibration

source was operated at a constant water vapour mixing ratio

of 1.0 %. The HO2 concentration was altered by changing the

UV radiation intensity through variation of the N2O concen-

tration in the absorption cell of the calibration source. A lin-

ear behaviour for the normalised count rate measured by the

CIMS instrument is observed in the tested range of 3.0×108

to 1.3×109 HO2 molecules cm−3. The slope of the linear re-

gression gives the calibration factor of 6.8 × 10−12 cm3. The

intercept of 5.1×10−4 of the linear fit indicates a HO2 back-

ground signal that was not corrected in Fig. 2.
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3.2 Instrument sensitivity

The possible dependence of the HO2 detection sensitivity on

the concentration of the gaseous water vapour mixing ratio

was studied using two different radical sources. The water-

dependent calibration factor is defined by Eq. (1), where c

represents the instrument sensitivity that depends on the wa-

ter concentration.

m/z(112)

m/z(79)
= c(H2O) × [HO2] (1)

One of the radical sources is described in Sect. 2.4. Keep-

ing the UV flux of the photolysis lamp constant, different

HO2 concentrations were produced by varying the water-

vapour mixing ratio between 0.1 % and 1.2 %. As the HO2

concentration provided by the calibration can be accurately

calculated for different water mixing ratios, the influence of

water on the HO2 detection sensitivity could be investigated.

Measurements under dry conditions were not possible, be-

cause the calibration source needs water to generate HO2.

For low water-vapour concentrations, ozonolysis of 2,3-

dimethyl-2-butene was used as a radical source. For that pur-

pose, the alkene was added in a concentration of 30 ppbv to a

mix of synthetic air and 200 ppbv ozone. The radical source

(with photolysis lamp switched off) was used as a flow tube

to overflow the inlet of the instrument with this gas mixture.

A total of 0.2 % CO was added to scavenge OH radicals pro-

duced from the ozonolysis reaction by a fast conversion of

OH to HO2. The water mixing ratio was altered during the

ozonolysis experiment from 0.0 % to 0.6 %. Assuming that

the HO2 concentration from the ozonolysis is constant, the

relative change in the signal gives the relative change of the

instrument sensitivity. Absolute sensitivities were derived by

scaling the HO2 signals from the ozonolysis experiment to

the concentration derived by the water-dependent calibration

from the radical source by multiplication with a constant fac-

tor.

Figure 3 shows the sensitivity determined for each wa-

ter vapour mixing ratio, showing a decreasing sensitivity

with increasing water vapour mixing ratio for atmospheric

relevant water mixing ratios higher than 0.1 %. The water-

dependent decrease in sensitivity is nearly linear for this

range of water vapour mixing ratios. For water vapour mix-

ing ratios of less than 0.1 %, the sensitivity drops quickly by

a factor of 7 under dry conditions compared to the maximum

sensitivity at a 0.1 % water vapour mixing ratio.

Two effects contribute to the water dependence: the ini-

tial increase of sensitivity (below 0.1 % H2O) comes from the

stabilising effect of H2O. Br− adds H2O, forming a loosely

bound complex of H2O · Br−; then, the H2O · Br− complex

reacts with HO2 according to the forward Reaction (R2). The

steady decrease of sensitivity by a factor of 2 when the H2O

Figure 3. Measured HO2 sensitivity as a function of the water mix-

ing ratio in two experiments. For the calibration, HO2 was produced

by the radical source while varying the water-vapour concentration

which causes a change in the HO2 radical concentration. During

the ozonolysis experiment, HO2 was produced from the ozonolysis

of 2,3-dimethyl-2-butene, which is independent of the water vapour

mixing ratio. The red line shows a third-order polynomial fit applied

to the calibration data for the range of water vapour mixing ratios

higher than 0.1 %.

mixing ratio is further increased to 1.2 % comes from the

back reaction of Reaction (R2).

HO2 + Br− · H2O ⇋ Br− · HO2 + H2O (R2)

The water vapour dependence of the sensitivity can be

parameterised by a third-order polynomial (Eq. 2) for wa-

ter vapour mixing ratios higher than 0.1 %. This is typically

sufficient for atmospheric conditions. At lower water vapour

mixing ratios the parameterisation in Eq. (3) provides a good

approximation. Such low water vapour mixing ratios were

present in the chamber experiments after flushing the cham-

ber before an experiment started.

S = a × H2O3
+ b × H2O2

+ c × H2O + d : H2O ≥ 0.1% (2)

S = c × H2O−0.4
+ b × H2O + a : H2O < 0.1% (3)

S is the signal normalised by the primary ion, a, b, c,

d are the fit parameters, and H2O is the absolute water

vapour mixing ratio. During the series of chamber experi-

ments presented in Sect. 3.5, calibrations were done in be-

tween the experiments. In the middle of the series of experi-

ments (6 June), settings of the instrument were tuned, chang-

ing the sensitivity of the instrument. In total six calibrations

were performed.

To gain sensitivity, the wall contact was reduced by di-

rectly sampling via a nozzle into the ion flow tube in the in-

strument used here. The ion flow tube was further optimised

for length and pressure to improve the sensitivity for HO2.

Basically, the ion flow tube used during this study (130 mm

length) was compared to a similar ion flow tube with a length

www.atmos-meas-tech.net/12/891/2019/ Atmos. Meas. Tech., 12, 891–902, 2019
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of 200 mm. However, this resulted in 50 % less sensitivity at

120 hPa, which has been identified as the optimal pressure

in terms of sensitivity. Finally, the flows were optimised to

gain the maximum amount of sensitivity. Further sensitivity

can be gained by combining both isotopic signals for the data

analysis, as already mentioned by Sanchez et al. (2016).

For the chamber experiments, the chamber air was humid-

ified at the beginning of each experiment. At that time, no

HO2 is expected to be present in the chamber. Therefore,

the signal caused by the constant HO2 background changes

with the water vapour dependence of the instrument sensi-

tivity (see next section) and could be used to determine the

relative change of the sensitivity of water vapour for an in-

dividual experiment during this measurement campaign. All

HO2 data from the chamber experiments shown in Sect. 3.5

were evaluated by applying this procedure.

As shown in Fig. 3, the instrument response to the change

of the water-vapour concentration is similar to both methods

of radical production. In addition, the instrument’s sensitivity

under dry conditions could be tested in the ozonolysis case

showing that the instrument sensitivity drops by nearly an or-

der of magnitude in the absence of water vapour. Because of

the fast drop of the instrument’s sensitivity for water vapour

mixing ratios below 0.1 %, it is beneficial to add water vapour

to the ion flow tube under very dry conditions of sampled air

to maintain a high instrument sensitivity.

Sanchez et al. (2016) used a similar approach to calibrate

their instrument via photolysis of water, but they used water

mixing ratios in the pptv range to keep HO2 concentrations in

an atmospheric range. They used purified air for the calibra-

tion source. This study uses synthetic air (purity 99.9999 %).

Sanchez et al. (2016) found a constant sensitivity for wa-

ter vapour mixing ratios between 0.2 % and 0.8 %, whereas

a 30 % decrease is observed here. Only for one sensi-

tivity measurement at a 0.06 % water mixing ratio is an

increased sensitivity of approximately 50 % reported by

Sanchez et al. (2016). The reason for this different behaviour

is not clear, but one may speculate that the design of the

ion flow tube and inlet nozzle might impact the collision

probability of ion clusters. The relative change of the in-

strument’s sensitivity as conditions become drier is not re-

ported in Sanchez et al. (2016), so it is not clear if the sen-

sitivity drops for dry conditions in their instruments as ob-

served here.

3.3 Precision and uncertainty of the HO2 measurement

To determine the instrument’s limit of detection, the Allan

deviation was calculated from 2 h of measurements, when

no HO2 was present. The signals of both masses at which

HO2 is detected (112 and 114) were taken into account for

this analysis. The background signal was equivalent to 1 ×

108 molecules cm−3 and the count rate of the primary Br ion

was 1 × 105 counts s−1. The sensitivity during the measure-

ment was 8×10−12 cm3, giving a count rate of 80 counts s−1

Figure 4. Allan deviation plot derived from sampling a constant

HO2 concentration of 1 × 108 HO2 molecules cm−3 over 5 h. The

Allan deviation demonstrates the precision of measurements de-

pending on the integration time. The red line indicates the behaviour

of the Allan deviation if the noise is only limited by Gaussian noise.

(= 4800 counts min−1) for the background signal. Poisson

statistics predict a noise that correlates to the square root of

the counts, which fits well with the results of the Allan di-

vision plot shown in Fig. 4. This correlates to a signal with

an expected noise of 70 counts that gives a 1σ limit of de-

tection of 0.015 × 108 molecules cm−3 for 60 s integration

time. This is slightly better than the 1σ level of detection

of 0.06 × 108 molecules cm−3 reported for the instrument in

Sanchez et al. (2016).

Uncertainties are caused by the calibration, which makes

the major contribution of the measurement uncertainty with

±10 % (1σ ) (Holland et al., 2003). The stability of the back-

ground signal in the measurements taken here was ±12 %,

giving an upper limit to the additional uncertainty from the

stability of the subtracted background signal. Similar uncer-

tainties are obtained by Sanchez et al. (2016).

3.4 Instrumental background

The instrumental background was characterised in experi-

ments where the inlet was overflowed with humidified syn-

thetic air. This was done either using the radical source as a

flow tube when the UV lamp was off or during experiments

in SAPHIR when only humidified synthetic air was present

in the chamber. As shown in Fig. 5, the background signal

changes in a similar way with water vapour for both exper-

imental conditions. The shape of the water vapour depen-

dence is consistent with the assumption that a constant HO2

concentration ((1.5±0.2)×108 molecules cm−3) is internally

produced in the instrument, which is detected according to

the water vapour dependence of the instrument sensitivity

discussed above. Nevertheless, Fig. 5 shows that the back-

ground was up to 20 % lower in the laboratory measurement

and the measured background shows a better linearity com-

pared to the chamber measurements. Both backgrounds were

calibrated using a water-dependent calibration.
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Figure 5. The background HO2 measurement in the SAPHIR cham-

ber derived during the humidification of the clean chamber and

the background measured during the laboratory calibration supplied

with humidified synthetic air.

The background can be subtracted from the mea-

sured HO2 concentration after applying the water-

vapour-dependent calibration factor. The value of the

background needs to be regularly determined. As re-

ported by other CIMS instruments that detect radicals

(Berresheim et al., 2000; Sanchez et al., 2016), the radicals

can be produced by the ion source. Therefore, this is the

likely reason for the observed background signal. For

chamber experiments reported here, the background signal

was measured in the clean dark chamber at the start of each

experiment. No trend of the background signal over a period

of 2 months was observed. The day-to-day variability of the

background (in total 16 experiments) was within a range of

±12 % during 2 months of measurements at the chamber.

Sanchez et al. (2016) also described a constant HO2

source which causes a background. A HO2 titration experi-

ment (Sanchez et al., 2016) confirmed that HO2 is internally

produced, which has been discussed for other radical mea-

surements using a CIMS approach (Berresheim et al., 2000).

Sanchez et al. (2016) determined an instrument background

of at least 4 pptv HO2, which compares well with the back-

ground of 6 pptv HO2 that has been found during the experi-

ments in the SAPHIR chamber.

Potential interference from ozone

Ozone is known to be an interference in some HO2 LIF in-

struments due to the photolysis of O3 by the 308 nm exci-

tation laser (Holland et al., 2003). In order to test whether

ozone can also cause an interference in the CIMS detection

of HO2, laboratory experiments were performed. Ozone was

added to humidified synthetic air (water vapour mixing ra-

tios 0.3 % and 2.6 %). For both conditions no increase of

the CIMS background signal could be observed for ozone

mixing ratios of up to 400 ppbv. Details of the experiment

are shown in the Supplement. Results are consistent with

the laboratory characterisation experiments performed by

Sanchez et al. (2016) for their Br− CIMS instrument.

During experiments in the SAPHIR chamber, instrument

background effects can only be determined for periods of the

experiments without the presence of reactants, when no HO2

was present. A time series for a typical experiment is shown

in Fig. 6. Typically, ozone was added in a concentration of

100 to 200 ppbv. Although no artefacts were found in the lab-

oratory characterisation, an increase in the background upon

ozone addition was observed in 2 of the 12 experiments in

SAPHIR. For these two experiments, the chamber was first

humidified and ozone was added afterwards. The increased

background appears as an increased intercept of 2.3 × 108

and 1.0 × 108 HO2 molecules cm−3 in the linear regression

between LIF and CIMS HO2 data for the experiments of

21 and 26 June (Fig. 7), respectively. The data from the LIF

instrument were corrected for a maximum ozone interference

of 0.05 × 108 and 0.15 × 108 HO2 molecules cm−3 on these

days, respectively. This correction is much smaller than the

HO2 concentration observed by the CIMS instrument, so it

can be discounted that the differences are due to systematic

errors in the data of the LIF instrument.

In the correlation plot (Fig. 8), which includes all exper-

iments, this additional background was subtracted. The in-

creased background due to the ozone addition will be inves-

tigated in further chamber experiments. Because no direct

connection between the occurrence of this interference and

chemical conditions in the experiments is observed, it might

be related to instrumental effects that could vary with time,

such as the cleanness of the ion flow tube walls. This indi-

cates that regular checks of the background signal are needed

to take an appropriate background correction into account.

3.5 Comparison of CIMS and LIF HO2 measurements

The HO2 production was initiated with the injection of ozone

and the opening of the chamber roof providing UV light

to the chamber, as shown in the time series in Fig. 6. An

addition of CO further boosted the HO2 production, which

dropped upon the closing of the roof. After the injection of

water, the CIMS shows a stable signal with a small offset.

During the experiment, the LIF and CIMS data reveal a good

correlation. This experiment was performed without the ad-

dition of a VOC, as well as two other experiments marked

with “None” in Fig. 7. Nevertheless, HO2 is produced in

these experiments, because OH and NO are produced from

the photolysis of HONO released from the Teflon chamber

walls in the sunlit chamber (Rohrer et al., 2005). The reac-

tion of small concentrations of OH reactants formed under

these conditions in the chamber leads to the formation of

HO2 (Rohrer et al., 2005).

Figure 7 displays the correlation between HO2 measure-

ments by the CIMS and the LIF instrument for all of the

day-long photo-oxidation experiments in the SAPHIR cham-

ber performed in this study. The results of a linear regression
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Figure 6. Time series plot for the HO2 concentrations measured by

the CIMS and the LIF instrument during the photo-oxidation exper-

iment on 19 June 2017 in the SAPHIR chamber. The grey shaded

area indicates that the chamber roof was closed. The vertical lines

show the injection time of additional reactants in cases involving

water the injection took longer, indicated by a broader line.

analysis are given in Fig. 7, which takes errors in both HO2

measurements into account (Press et al., 1992). The chemi-

cal composition was varied between experiments by chang-

ing, for example, the NO mixing ratio. The different chem-

ical conditions during the experiments allow for checking

for potential interferences. High NO concentrations of up to

3 ppbv were reached by injecting NO to the chamber air on

31 May and 2 June, and up to 80 ppbv NO2 was added on

23 June. The NO2 interference test was performed by inject-

ing NO2 in the dark, dry chamber. No further photochemistry

experiments were done on that particular day. No system-

atic change in the relation between HO2 related to the pres-

ence of NO or NO2 from the two instruments is observed in

these cases (Fig. 7), which is in agreement with the results of

Sanchez et al. (2016). In general, no interference from VOCs

(Isoprene, ISOPOOH and reaction products) is observed, ex-

cept for experiments with IEPOX injections. IEPOX was de-

tected on m/z 197 as a Br−·IEPOX ion cluster, but the instru-

ment was not calibrated for IEPOX. Nevertheless, this mass

trace can be used to correct the HO2 measurement for the in-

terference from IEPOX; the correction is shown in the Sup-

plement. The correlation plots shown in Fig. 7 are corrected

for the IEPOX interference. The HO2 signal observed during

the injection of IEPOX can be attributed to the interference

from IEPOX, because IEPOX was injected in the dark cham-

ber so that no HO2 is expected to be present. This gives the

relationship between the signal observed at the IEPOX mass

(m/z 197) and the interference signal from IEPOX at the

HO2 mass (m/z 112). During the photo-oxidation of IEPOX,

when HO2 is also present, the interference signal can be sub-

tracted from the signal at the HO2 mass by scaling the initial

interference signal by the relative change on m/z 197. The

correction improves the correlation of the CIMS and the LIF,

but the absolute agreement is still not as good (slope of the

regression 0.93; coefficient of determination 0.79) compared

to the other experiments. The corrections are on the order

of or smaller than the HO2 measurements, and works best

for the experiment with the lowest IEPOX concentration. A

plausible reason for the IEPOX interference found seems to

be a fragmentation of the cluster ion in the transfer stage of

the instrument. The fragmentation could be initiated by ac-

celeration of the ions in the electrostatic field causing col-

lisions with other molecules. It is worth noting that IEPOX

concentrations were at least 10 times higher than typically

found in the atmosphere. Kaiser et al. (2016) found IEPOX

concentrations of 1 ppbv during a campaign in a forest in the

south-eastern US where isoprene, the precursor of IEPOX,

was the dominant organic species. Therefore, no significant

interference for atmospheric measurements by the CIMS in-

strument is expected from IEPOX.

During experiments with ISOPOOH, HO2 measurements

by the LIF instrument showed higher values than HO2 mea-

sured by the CIMS instrument (slope of the linear regression

of 0.88; coefficient of correlation R2 = 0.68). Further experi-

ments will be needed to investigate if ISOPOOH could cause

an interference in the LIF instrument. Like in the case of

IEPOX, ISOPOOH concentrations were much higher (sev-

eral ppbv) than typically found in the atmosphere (less than

1 ppbv Kaiser et al., 2016), so no significant impact for at-

mospheric conditions is expected.

All concurrent measurements of the two instruments for

HO2 by CIMS and LIF in the photo-oxidation experiments

are summarised in the correlation plot shown in Fig. 8. In

general, the correlation fit shows that there is an excellent

agreement of both instruments giving a slope of linear regres-

sion of 1.14 and the linear correlation coefficient R2 is 0.87.

Experiments investigating the photo-oxidation of IEPOX and

ISOPOOH are colour-coded and are excluded from the corre-

lation fit. However, using all data for the correlation fit leads

to a similar result (slope of linear regression of 0.86; coeffi-

cient of correlation R2 = 0.89).

Correlation of individual experiments (Fig. 7, e.g. 21 and

26 June) gives partly significant offsets in the regression anal-

ysis of up to 2.3×108 cm−3 HO2. One possible reason could

be the procedure of how the water vapour dependence of the

instrument sensitivity was derived. This was done by using

the measured signal at the HO2 · Br− mass during the hu-

midification process of the clean chamber air, when no HO2

was present. However, the chamber air might not be perfectly

mixed during the humidification, because water vapour from

boiling water is introduced at one location in the chamber

together with a high flow of synthetic air. Because the wa-

ter measurement in the chamber used for the determination

of the CIMS background signal and the CIMS inlet are at

different locations in the chamber, the water measurement is

potentially not accurate for the water vapour sampled by the

CIMS for these conditions, meaning that small systematic er-

rors in the background determination cannot be excluded. In
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Figure 7. Correlation between HO2 measurements taken by the CIMS and LIF instruments for individual chamber experiments. Labels in

the plots indicate the specific VOC injected into the chamber. For the regression line shown in blue a least-squares fit was performed.

Figure 8. Correlation plot for the HO2 concentrations measured

by the CIMS and the LIF instrument of all photo-oxidation experi-

ments in the SAPHIR chamber. A linear fit is applied to the subset

of data excluding experiments with IEPOX and ISOPOOH.

the future, the water vapour dependence of the background

will be determined independently from the chamber experi-

ment, so that it can be expected that such effects will not be

relevant.

4 Conclusion and outlook

Chemical ionisation was applied to measure atmospheric

HO2 concentrations using bromide ions as a reagent. Lab-

oratory characterisation experiments and measurements in

the atmospheric simulation chamber SAPHIR in Jülich were

used to check the instrument’s applicability for atmospheric

measurements.

The performance of the CIMS instrument is comparable

with measurements from a laser-induced fluorescence instru-

ment. A water vapour dependence of the instrument sensi-

tivity needs to be taken into account in the evaluation of

data because the sensitivity of the instrument changes by

roughly a factor of 2 for atmospheric water-vapour concen-

trations between 0.2 % and 1.4 %. A water-vapour-dependent

background signal is also observed. The change of the back-

ground signal with increasing water vapour, however, is ex-

plained by the water vapour dependence of the sensitivity.

Therefore, the assumption is that the background consists of

constant HO2 production in the instrument. This background

was stable within ±12 % during 2 months of measurements

and no further trend was identified. The background signal

and the instrument detection sensitivity needs to be quanti-

fied on a daily basis.

No significant interference from trace gases NO, NO2, O3,

CO, isoprene, and ISOPOOH were found for atmospheric

conditions. Only non-atmospheric high IEPOX concentra-
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tions of several ppbv artificial signals were found that scaled

with the IEPOX concentration. The HO2 measurements cor-

relate well with the LIF measurements. A slope of the linear

regression of 1.07 was determined and a linear correlation

coefficient (R2) of 0.87 was found.

HO2 was directly sampled through a nozzle into a custom-

built ion flow tube which was optimised for sensitivity. The

sensitivity reached is equal to 0.005 × 108 HO2 cm−3 for

106 cps of bromide and 60 s of integration time, which is ap-

proximately 3 times higher than the sensitivity for a similar

instrument by Sanchez et al. (2016). Therefore, the instru-

ment is suitable for measuring typical HO2 concentrations

in the atmosphere. Furthermore, the Allan deviation shows

that the instrument follows Gaussian noise allowing an inte-

gration time of up to 500 s.

Chemical conditions in the chamber experiments were

close to atmospheric conditions regarding the most impor-

tant constituents of the atmosphere such as NOx , ozone and

water vapour showing the applicability of the instrument un-

der these conditions. First, future deployment in field exper-

iments will be done with concurrent HO2 measurements by

the LIF instrument, so that so far unrecognised potential in-

terference can be identified.

For the future application of the instrument in field and

chamber experiments, various modifications of the instru-

ment will be tested to improve the sensitivity and minimise

the background signal: a sheath flow of pure nitrogen in the

ion flow tube could help to prevent wall contact of radicals

in the ion flow tube. Further, the sheath flow could be hu-

midified to prevent sensitivity loss for measurements per-

formed in dry conditions. Additionally, an automated cal-

ibration will be installed to perform daily calibration and

background measurements. An important benefit of the in-

strument is that the bromide ion chemistry can also detect

organic compounds, specifically oxygenated organic com-

pounds and acids. Therefore, the technique provides a valu-

able tool for future field and simulation experiments.
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