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A home-made vacuum ultraviolet (VUV) photoionization time-of-flight mass 

spectrometer has been developed and coupled to an atmospheric simulation chamber 

operated at atmospheric pressure and to a fast flow tube at low pressure (1-10 Torr). Gas 

sampling from the chamber is realized directly via a capillary effusive beam, and 

sampling from the flow tube is via a continuous molecular beam inlet. Both devices are 

connected simultaneously to the ionization chamber and can be switched in-between 

within minutes to study gas-phase radical reactions of atmospheric interest in a large 

range of reaction conditions and reaction times (from milliseconds in the flow tube to 

hours in the simulation chamber). A cage-shaped photoionization source combined with a 

commercial 10.6 eV krypton lamp has been developed to provide a high ion collection 

efficiency along the long light path in the cage. This way, a multiplexed detection with 

high sensitivity down to the sub-ppbv concentration range, e.g. a limit of detection (LOD) 

of 0.3 ppbv for benzene and 1.3 ppbv for the methyl radical, is obtained. The 

performance and suitability of the setup is illustrated by the study of the chlorine-initiated 

oxidation reaction of toluene in the atmospheric simulation chamber and in the fast flow 

tube. Stable products and reactive intermediates have been well determined and their 

reaction dynamics are discussed. 
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I. INTRODUCTION 

Mass spectrometry as a versatile and sensitive analysis tool has the power to provide 

qualitative and quantitative information and has already been successfully applied in a 

wide range of fields. In comparison to hard ionization techniques, soft ionization 

techniques such as matrix-assisted laser desorption ionization (MALDI), electrospray 

ionization (ESI), chemical ionization (CI) and photoionization can produce high 

molecular ion yields with minimal fragmentation and have had a large influence on the 

development of mass spectrometry.1, 2 Among them, single-photon ionization with 

vacuum ultraviolet (VUV) radiations has the ability to ionize compounds including both 

polar and nonpolar species without matrix effects and has the potential to be a universal 

soft ionization method. The coupling of VUV photoionization with mass spectrometry 

has attracted a great deal of attention and provided valuable data at an unprecedented 

level of detail.3-5 

VUV photoionization mass spectrometry has made considerable progresses 

benefiting from the improvement of light sources including VUV lamps, lasers and 

synchrotron radiation. Synchrotron radiation has the merit of high photon flux, wide 

energy range and easy tunability, and is considered as an ideal single-photon ionization 

source. The description of VUV photoionization endstations at synchrotron facilities and 

their diverse applications can be found in the literature.6-9 But the problem of synchrotron 

facilities is that it cannot be moved outside for field experiments and that the available 

beamtime for each user is very limited. For VUV lasers, frequency tripling of the third 

harmonic emitted from a Nd:YAG laser at 355 nm and four-wave mixing of UV pulses in 

a rare gas cell are often utilized to generate VUV photons.10-12 But lasers are difficult to 

tune in the VUV range and the setups are sensitive to the fluctuation of laser pulse 

energy.3 

The combination of VUV lamp photoionization and mass spectrometer for use in 

kinetics was first developed by Bayes et al., and further developed by Gutman and 

Fockenberg et al.13-15 But, unlike synchrotron radiation and lasers, VUV lamps usually 

have a low photon flux with a narrow spectral range. However, besides the low price, 

VUV lamps have the advantage of being robust with a small volume and of being almost 
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maintenance free, well suited for mass spectrometer with a compact design and mobile 

experiments. In particular with an appropriate design of the ionization source, the 

disadvantage of VUV lamps, e.g. the low photon flux, can be compensated and then a 

detection with a high sensitivity has been approached. The limits of detection (LODs) of 

some typical VUV-lamp photoionization time-of-flight (TOF) mass spectrometers with 

different lamps and pressures inside the ionization source are listed in Table 1, and are 

found to be even better than those using lasers or synchrotron radiations.7, 8, 16, 17 

The configuration of the ionization source is important for the detection sensitivity 

and the recent improvements were mainly benefiting from the pressure increase inside the 

ionization source. For example, after increasing the ionization source pressure up to 700 

Pa, Wang et al obtained a LOD of 15 pptv (parts per trillion by volume) for aliphatic and 

aromatic hydrocarbons.19 Employing a RF-powered VUV lamp with a photon flux ~2 × 

1014 photons s-1 and increasing the pressure inside the ionization source up to 1300 Pa, 

Shu et al. achieved LODs ~ 0.30-0.69 pptv for volatile aldehydes.21 But the ionization 

mechanism of Shu’s setup is complex: photoionization induces other ionization 

mechanisms, leading to adduct formation such as acetone and acetic acid. 

Table 1. Limits of detection (LODs) of typical time-of-flight mass spectrometers with different 
photoionization light sources and pressures (Pion) inside the ionization source. 

Light sources λ (nm) Pion. (Pa) Photon flux 
(photon s-1) 

LODsa(ppbv) 
/Accumulated 
time 

Refs. 

ALS 122 ~10-2 5×1013 20/60sb 7 

NSRL 89 ~10-2 ~1013 <100/5sc 8 

Laser 118 ~10-3 2×1011 8/5s 16 

Laser 118 ~10-3 --- 3/ 17 

EBEL 126 ~10-3 1×1014 27/1s 20 

Kr lamp 117 30 ~1011 3/10s 18 

Kr lamp 117 700 ~1011 0.015/60s 19 

RF Kr lamp  124 1000 5×1014 0.003/10s 21 

Kr lamp 117 10-2 ~1011 0.3(1.3)/60sd This 
work 

a Most of LODs for benzene, b for acetone, c for CO2, d 0.3 ppbv for benzene and 1.3 ppbv for the methyl 
radical. ALS: Advanced Light Source, US; NSRL: National Synchrotron Radiation Laboratory, China; 
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EBEL: Electron beam pumped excimer lamp. 

VUV-lamp photoionization mass spectrometers have been mainly applied on the 

detection of stable species like volatile organic compounds (VOCs), and seldom on 

reactive intermediates. Also up to now we only find very few reports on the LOD of 

reactive intermediates like radicals with VUV photoionization mass spectrometry in the 

literature.7, 17 One possible reason is that the available photoionization cross sections of 

radicals are very scarce22-25 and so it is difficult to quantify them with photoionization 

mass spectrometry, especially for VUV lamps often with multiple output photon energies. 

Another reason may be that within the above mentioned high pressure environment the 

concentration of reactive radicals rapidly declines during transfer into the ionization 

source. 

In this manuscript, we present a VUV-lamp photoionization orthogonal acceleration 

reflectron time-of-flight mass spectrometer (VUVPI-TOFMS) for online analysis of 

radical reactions of atmospheric interest. A novel cage-shaped photoionization source 

combined with a commercial 10.6 eV krypton lamp has been developed. A focusing 

electric field26 is then formed to allow all the ions produced along the long light path of 

the krypton lamp to be extracted, making the achieved LODs of the VUVPI-TOFMS 

comparable to the above setups with medium pressure ionization source in Table 1. Here, 

the pressure inside the cage-shaped photoionization source is low at ~10-2 Pa, and both 

stable species and reactive intermediates can thus be transferred into the photoionization 

region to be ionized and analyzed. 

In addition, two reactors, an atmospheric simulation chamber operated at 

atmospheric pressure and a fast flow tube at low pressure (1-10 Torr), are coupled 

simultaneously to the ionization chamber of the VUVPI-TOFMS in order to initiate 

radical reactions at different pressures and to study the time-resolved evolution of the gas 

mixture over different reaction times, in the minutes to hours range in the atmospheric 

simulation chamber and in the millisecond range in the fast flow tube. As far as we 

known, this is the first setup which allows the simultaneous connection of both, an 

atmospheric simulation chamber and a fast flow tube, independently to the same mass 

spectrometer in order to investigate atmosphere radical reactions at different pressures 
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and reaction times, switching from one reactor to the other is possible within minutes. A 

multiplexed detection with a high sensitivity down to sub-ppbv concentration range has 

been obtained. As representative examples, the chlorine-initiated oxidation reaction of 

toluene has been studied in the atmospheric simulation chamber at atmospheric pressure 

and in the fast flow tube at 2 Torr, and preliminary results are also discussed. 

II. EXPERIMENTAL 

A schematic diagram of the setup is shown in Fig. 1. The atmospheric simulation 

chamber and the fast flow tube are employed as chemical reactors to initiate radical 

reactions at different pressures and follow them over different reaction times. The 

atmospheric simulation chamber is connected to the VUVPI-TOFMS via a capillary 

while the fast flow tube is connected via a continuous molecular beam. The home-made 

compact VUVPI-TOFMS is composed of three chambers, the source, the ionization and 

the TOF chambers, and mainly consists of three parts, sampling inlets, a VUV lamp-

based photoionization source and an orthogonal accelaration reflectron TOF mass 

analyzer. 

 
FIG. 1. Schematic diagram of the VUV-lamp photoionization orthogonal acceleration reflectron 
time-of-flight mass spectrometer with a capillary effusive beam and a continuous molecular beam 
connected to an atmospheric simulation chamber and a microwave discharge (MW) flow tube to 
investigate radical reactions at different pressures and reaction times. 

A. Chemical reactors 
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The configuration of the atmospheric simulation chamber has been introduced in our 

previous publications and is mainly made of a 150 L Teflon bag surrounded by several 

UV lamps emitting photons with wavelength at around 254 nm.27, 28 Clean air from a pure 

air generator (AADCO 737-series) was used as bath gas in the Teflon bag. The Teflon 

bag was operated at atmospheric pressure and presently was connected to the VUVPI-

TOFMS directly via a fused silica capillary (Part 160-1010, Agilent Technologies, US) 

with a length of 20 cm and 0.1 mm inner diameter. As shown in Fig. 1, the capillary acted 

as an atmospheric pressure inlet and its tip penetrated directly into the photoionization 

region. The pressure of the ionization chamber increased from 10-5 to 10-2 Pa with the 

capillary sampling on and then an effusive beam was formed. Stable species could be 

transferred from the Teflon bag to the photoionization source of the VUVPI-TOFMS 

through the capillary. 

The fast flow tube is similar to the previous design29, 30 and was composed of a 45 

cm long Pyrex main tube with 20/16 mm outer/inner diameter, and a 50 cm long coaxial 

movable injector with 6/4 mm outer/inner diameter. Fluorine or chlorine atoms utilized as 

radical initiators were generated from diluted F2 or Cl2 gas in helium by a 2.45 GHz 

microwave discharge generator (GMS-200W, Sairem, France). Other reactant and bath 

gases were fed into the flow tube via the injector or the side arms of the main tube. The 

gases were measured with individual calibrated mass flow controllers (MFC, D07-7B, 

Sevenstars, China). The pressure inside the flow tube was maintained at 1-10 Torr by a 

closed-loop feedback throttle valve (61532-KEGG, VAT) installed between the source 

chamber and a 10 L s-1 scroll pump (XDS35i, Edwards). At the downstream of the flow 

tube, a 1 mm diameter quartz skimmer was installed on the wall between the source and 

the ionization chambers and a continuous molecular beam was formed, where both stable 

species and reactive intermediates in the flow tube were sampled and transferred into the 

photoionization region. The distance between the tip of the injector and the skimmer can 

be adjusted and thus the reaction time can be changed. 

The atmospheric simulation chamber and the fast flow tube were operated 

independently and the sampling from one or the other reactor could be exchanged in 

minutes, just manually opening or closing the valves on their individual gas circuits 

shown in Fig. 1. The distinctive characteristics of the atmospheric simulation chamber is 
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that it can be used for studying radical reactions at atmospheric pressure by following the 

concentration of stable species over reaction times from minutes to several hours, in 

contrary to the fast flow tube where the reaction time is much shorter (several 10 msec) 

but reactive intermediates like radicals can be detected through the molecular beam 

sampling. 

B. Cage-shaped photoionization source 

The species sampling from the capillary effusive beam or the continuous molecular 

beam cross the VUV light at a right angle in the photoionization region and species 

having an ionization energy below the VUV photon energy can be ionized. A commercial 

krypton lamp (PKS106, Heraeus, Germany) with two atomic resonant lines at hν = 10.0 

and 10.6 eV was employed as the VUV light source. The krypton lamp was sealed with a 

MgF2 window and its light entered into the photoionization region directly without 

focusing. The VUV light beam of the krypton lamp has a larger size than those of lasers 

and synchrotron radiations and its photon flux is ~1×1011 photons s-1. Presently to utilize 

the photon flux as complete as possible and thus to promote the photoionization 

efficiency, the krypton lamp was installed directly inside the ionization chamber, right 

above the photoionization region within the vacuum. 

In addition, in contrary to our previous design,30 a cage-shaped photoionization 

source with a cage electrode and a plate electrode has been developed to enhance the 

detection sensitivity, as shown in Fig. 2(a). The cage electrode has an inner diameter of 

18 mm with four well-distributed holes (6 mm diameter) on the circle and one hole on the 

head to let the VUV light and gas in and out. The working pressure inside the 

photoionization region was low at about 10-2 Pa and the molecular mean free path is 

calculated to be ~100 cm, much larger than the dimensions of the photoionization region, 

allowing both stable species and reactive radicals to be transferred and to survive in the 

photoionization region. The plate electrode with a 6 mm inner diameter was located 

coaxially on the right of the cage electrode and was insulated with polyether-ether-ketone 

(PEEK) columns. 
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FIG. 2. (a) Geometry of the cage-shaped photoionization source and simulated ion trajectories 
(red solid lines) along the long light path of VUV lamp. The equi-potential curves (blue dotted 
lines) show the ion focusing effect of electric field in the cage. (b) The ion trajectories and the 
equi-potential curves of a parallel repelling ionization source. 

C. Orthogonal acceleration reflectron TOF mass analyzer 

A home-made orthogonal acceleration reflectron TOF mass analyzer30 was employed 

to analyze ion masses and its detailed configuration of electrodes is presented in Fig. 3. 

At the downstream of the cage-shaped photoionization source, an Einzel lens with three 

cylindrical tubes was installed to focus and transmit ions. Then after passing through a 

2×6 mm2 slit connecting the ionization and the TOF chambers, the ion beam with a 

transverse kinetic energy of ~15 eV was pushed and accelerated vertically by dual pulses 

of ± 600 V applied on the first and the third electrode of the extraction region of the 

reflectron TOF mass analyzer. The voltage of the second electrode of the extraction 

region was fixed at ground, see Fig. 3(c). The dual pulses can decrease the penetration of 

the direct electric field of the acceleration region and with this reduce the background 

signal. 
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FIG. 3. (a) The detailed configuration of the VUVPI-TOFMS, mainly consisting of the cage-
shaped photoionization source, an Einzel lenses and an orthogonal acceleration reflectron TOF 
mass analyzer with ion trajectories in red. (b) The 3D layout of the setup with the VUV lamp, the 
capillary effusive beam inlet and the fast flow tube. (c) The dual pulses and ion signal process of 
the VUVPI-TOFMS. 

After being accelerated with 2400 eV kinetic energy within the acceleration region of 

the reflectron TOF mass analyzer, the ions flied into the field free drift region, entered the 

reflectron region with a double space-focusing configuration and then backed again into 

the field free drift region. Finally, the ions were detected by a pair of micro-channel 

plates (MCPs, 50 mm diameter) with a chevron configuration. The MCPs signals were 

amplified by a preamplifier and recorded by a multiscaler counter (TA2000B-1 & P7888-

2, FAST ComTec, Germany). As shown in Fig. 3(b), the VUVPI-TOFMS has a compact 

design with a length/width of 0.6/0.4 m and its typical parameters are listed in Table 2. 

Table 2. Typical parameters of the VUV-lamp photoionization orthogonal acceleration time-of-
flight mass spectrometer. 

Components Key parameters 

Ionization source 

Einzel lens 

Slit 

Cage shape with 18 mm diameter; +15 V 

0 V, -30 V, 0V 

2 × 6 mm2, 0 V 

Extraction region 12 mm length; ±600 V pulse voltage, 

35 kHz, 1 μs width 

Acceleration region  30 mm length; -2400 V 

Electric field-free drift region 320 mm length; -2400V 

Dual-stage ion reflector -195 V for mirror 1, 

+795 V for mirror 2 

MCPs detector 900 V per piece of MCP 

III. RESULTS AND DISCUSSION 
A. Focusing effect of the cage-shaped photoionization source 

In this section, we focus on the focusing effect of the cage-shaped photoionization 

source and its performance. The electric field and the ion trajectories inside the cage-

shaped photoionization source were simulated and are presented as blue dotted lines and 

red solid lines in Fig. 2(a). The voltages of the cage electrode and the plate electrode were 
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optimized and set at 15 and 0 V, respectively. This way, a focusing electric field26 was 

formed and all the ions produced along the long light path of the VUV lamp could be 

extracted and passed through the hole of the plate electrode to be analyzed and detected. 

To compare the ion focusing effect of the cage-shaped photoionization source, the 

electric field and the ion trajectories inside the traditional ionization source with two 

parallel plate electrodes8, 30 were also simulated and are shown in Fig. 2(b). In this case a 

near parallel electric field was formed between the two plate electrodes and only the 

small fraction of the ions within the large volume, located at the center of the 

photoionization region, was extracted through the second plate electrode to be detected. 

The ion collection efficiencies of the focusing electric field (Fig. 2a, the cage-shaped 

photoionization source) and the parallel electric field (Fig. 2b) are calculated and listed in 

Table 3. In the ionization chamber the ions can be produced along the long light path of 

the krypton lamp and so the photoionization region should take a shape of a cigar. In the 

calculation the length of the photoionization region is fixed at 18 mm, i.e. the inner 

diameter of the cage electrode, whereas its diameter is varied from 1 to 3 mm, as the 

exact diameter of the VUV light is not known. The calculated results show that the ion 

collection efficiency is slightly dependent on the volume of the ionization region, 

whereas the ratio of the ion collection efficiencies of the focusing electric field (Ecage) to 

the parallel electric field (Epara) is almost independent. The ion collection efficiency of the 

focusing electric field is about three times higher than that of the parallel electric field, 

corresponding to the ratio of the inner diameter of the cage electrode to the one of the 

plate electrode. 

Table 3. Calculated ion collection efficiencies of the focusing electric field (Ecage) and the parallel 

electric field (Epara) in Fig. 2. 

Ionization region (mm) Ecage Epara Ecage/Epara 

∅1×18 0.84 0.32 2.7 

∅2×18 0.79 0.29 2.7 

∅3×18 0.73 0.26 2.8 
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In addition, to experimentally demonstrate the focusing effect of the cage-shaped 

photoionization source, we have also performed VUV lamp photoionization experiments 

with the above two kinds of photoionization sources, the cage-shaped photoionization 

source and the parallel photoionization source, by using the capillary effusive beam inlet 

and the VUVPI-TOFMS. The photoionization mass spectra of a gas mixture of benzene, 

toluene and p-xylene were measured with the two photoionization sources respectively, 

whereas the other experimental conditions were the same, and are presented in Fig. 4. In 

the mass spectra, the intense peaks at m/z = 78, 92 and 106 are assigned as the ions of 

benzene, toluene and p-xylene, and the accompanied m/z = 79, 93 and 107 peaks can be 

assigned as their individual 13C isotopic species. The ionization energies of benzene, 

toluene and p-xylene locate at 9.244, 8.828 and 8.445 eV, respectively, close to the 

photon energies of the krypton lamp.31 Benzene, toluene and p-xylene had been softly 

ionized with the VUV photons and no fragment ions were observed in the mass spectra. 

From the width of the ion peak of benzene, the mass resolution of the VUVPI-TOFMS is 

measured to be M/M ~ 1500 (FWHM, the full width at half maximum). In addition, the 

ion intensities of benzene, toluene and p-xylene in the mass spectrum obtained with the 

cage-shaped photoionization source have been increased for 2.6, 2.3 and 2.1 times, 

respectively, compared to those with the parallel photoionization source, agreeing well 

with the above simulated results. 

 
FIG. 4. VUV lamp photoionization mass spectra of benzene, toluene and p-xylene, measured with the 
cage-shaped photoionization source (in black) and the parallel photoionization source (in red) of Fig. 2. 

B. LODs of stable species 
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A gas mixture of benzene, toluene and p-xylene with calibrated concentrations of 10 

ppmv (Nanjing Special Gases Co. Ltd., China) was used to characterize the detection 

sensitivity of the VUVPI-TOFMS. The calibrated gas was dynamically diluted with 

helium through mass flow controllers and their photoionization mass spectra were 

measured by sampling through the capillary effusive beam. As shown in Fig. 5(a), the ion 

intensities of benzene (m/z = 78), toluene (m/z = 92) and p-xylene (m/z = 106) integrated 

from their individual peak areas in the mass spectra decreased linearly with their diluted 

concentrations. As an example, a typical mass spectrum of the species with diluted 

concentrations of 22 ppbv, accumulated for 60 s, is presented in Fig. 5(b) and displays a 

near zero baseline. The ion peaks of benzene, toluene and p-xylene with their individual 
13C isotopic species at m/z = 79, 93 and 107 are observed in the mass spectrum. 

 
FIG. 5. (a) The ion intensities of benzene (m/z = 78), toluene (m/z = 92), and p-xylene (m/z = 106) 
in photoionization mass spectra change linearly with their concentrations. (b) Photoionization 
mass spectrum of the mixture at a concentration of 22 ppbv acquired via the capillary effusive 
beam sampling. 

The LOD of the VUVPI-TOFMS can be calculated with a signal-to-noise ratio of 3 

from the photoionization mass spectrum via the equation E1,32, 33 
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LOD = 3σc / (S – B)                        (E1) 

where σ is the amplitude variance of the signal between peaks, c is the species 

concentration, S is the peak height and B is the mean value of the noise. In the mass 

spectrum of Fig. 5(b), σ takes the value of 0.18 between the peaks of m/z = 80 and 90, 

and B is calculated to be 0.03. The ion peaks of benzene, toluene and p-xylene have the 

counts of 51, 35 and 24. Then the LODs of the VUVPI-TOFMS with the capillary 

sampling are calculated at 0.3, 0.4 and 0.5 ppbv for benzene, toluene and p-xylene, 

respectively, with an accumulation time of 60 s. As listed in Table 1, the LOD of this 

VUVPI-TOFMS is lower than those of the setups using synchrotron radiations, lasers and 

some lamps as photoionization light source. In addition, although the pressure inside the 

cage-shaped photoionization source is low at only 10-2 Pa, this VUVPI-TOFMS benefits 

from the ion focusing electric field which makes its LOD comparable to the setups with 

medium pressure ionization sources.18 

C. LOD of radicals 

In comparison to stable species, radicals must be produced from reactions online and 

normally their concentrations are not known in advance. In photoionization mass spectra, 

the ion signal I is proportional to the specie’s concentration N and its photoionization 

cross section σ, following the equation E2, 

I = C σ N mβ(P,T)      (E2) 

where C is the instrument factor, m is the ion mass and β is the mass discrimination 

factor.23 But because the VUV lamp has multiple output photon energies and thus the 

photoionization cross sections are not known, it is difficult to quantify the absolute 

concentrations of radicals by using the VUV lamp photoionization with the equation E2. 

As we suggested before, the radical concentration can be determined by measuring 

their time resolved concentration during the self-reaction in the fast flow tube, and a LOD 

of ~3 ppbv has been reported for the methyl radical (CH3).30 Very recently, to 

demonstrate the availability of the self-reaction method to measure the radical 

concentrations, we carried out synchrotron experiments at Hefei Light Source with the 

fast flow tube and the VUV photoionization mass spectrometer. Ethyl radicals (C2H5) 

were produced through the reaction of fluorine atoms with ethane. The concentrations of 



14 

ethyl radicals were measured at several fixed synchrotron photon energies with two 

different methods, the self-reaction method with the available self-reaction rate constant 

of C2H5 and the photoionization cross section method with the calibrated concentrations 

of NO gas, together with the available photoionization cross sections of C2H5 and NO. 

The concentrations of C2H5 measured with the two different methods agree well and their 

relative errors are within 10-15%. This work will be the subject of a forthcoming paper. 

Presently the methyl radical self-reaction has been chosen again to measure the LOD 

of the new VUVPI-TOFMS with the cage-shaped photoionization source. The methyl 

radicals were produced in the fast flow tube through the H-abstraction reaction from 

methane by fluorine atoms, which were formed in the microwave discharge of F2 diluted 

in helium. A typical VUV lamp photoionization mass spectrum was measured at a 

pressure of 2 Torr inside the fast flow tube and is presented in Fig. 6(a). The peak at m/z 

= 15 is assigned as CH3 with its adiabatic ionization energy at 9.80 eV.31, 34 Without other 

reactant gases, CH3 mainly decreased through self-reaction in the flow tube which has 

already been investigated in detail before.35, 36 The self-reaction of CH3 mainly produces 

the product C2H6 with its ionization energy located at 11.52 eV, above the photon 

energies of the VUV lamp, and so the molecule was not observed in the mass spectrum.31 

CH3 + CH3  products     (E3) 
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FIG. 6. (a) Photoionization mass spectrum of CH3. (b) The inverse intensity of CH3 in 
photoionization mass spectra changes linearly with reaction time in the self-reaction with 
different initial concentrations. (c) The LODs of CH3 determined from photoionization mass 
spectra (open symbols) and its average value marked with a purple dashed line. 

Briefly, the self-reaction of CH3 is a second-order reaction and its inverse 

concentration (1/[CH3]) changes linearly with reaction time, t, following the equation E4, 
1

[CH3]
= 1

[CH3]0
+ 2k𝑡                               (E4) 

where [CH3]0 is the initial concentration of CH3 and k is the rate constant at 5.52×10-11 

cm3molecule-1s-1.35, 36 As shown in Fig. 6(b), the inverse intensities of CH3 in the 

photoionization mass spectra with different initial concentrations of CH3 change linearly 

with reaction time and agree well with the kinetics of a second-order reaction, also 

demonstrating that methyl radicals majorly performed self-reaction in the flow tube. 

As shown in the equation E2, the ion signals of CH3 in the photoionization mass 

spectra are proportional to their concentrations, ICH3 ∝ f[CH3], and the scaling factor, f, 
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can be calibrated with the known rate constant35, 36 and the slopes of the lines in Fig. 6(b) 

through the equation E4’. 
1

𝑓[CH3]
= 1

𝑓[CH3]0
+ 2k

𝑓
𝑡                 (E4’) 

The slopes of the lines (2k/f) in Fig. 6(b) are fitted and take an average value of 0.007 

counts-1s-1, and then the scaling factor is determined to be f = 1.6×10-8 counts 

cm3molecule-1 with the self-reaction rate constant k at 5.52×10-11 cm3molecule-1s-1.35, 36. 

So the absolute concentration of CH3 at each reaction time with different initial 

concentrations are determined. For example, the concentration of CH3 in Fig. 6(a) is 

calculated to be 1.6×1012 molecule cm-3 from the ratio of its intensity in the mass 

spectrum and the scaling factor. Then based on the equation E1, the LODs of CH3 are 

calculated from the photoionization mass spectra with different conditions and shown in 

Fig. 6(c). The LOD of CH3 takes an average value of 1.3 ± 0.2 ppbv, which is 2.3 times 

lower than our previous result of 3 ppbv,30 benefiting of the ion focusing electric field 

and in good agreement with the improvement presented in the Section III. A. 

D. Initial applications of VUVPI-TOFMS: The chlorine-initiated oxidation of 

toluene 

As representative examples, the chlorine initiated oxidation of toluene has been 

investigated in the atmospheric simulation chamber at atmospheric pressure and in the 

fast flow tube at 2 Torr. 

In the simulation chamber, Cl-atoms were generated through the UV photolysis of 

~5 ppmv (parts per million by volume) trichloroacetyl chloride (CCl3CClO).37 Clean air 

was added as bath gas and the initial concentration of toluene was 1.5 ppmv. 

The photoionization mass spectra with the UV lamps off and on were measured and 

are presented in Fig. 7(a) and (b), respectively. An intense mass peak at m/z = 92 is 

observed and assigned as toluene (C7H8). The peak at m/z = 93 takes an intensity of ~0.1 

of the m/z = 92 peak and is ascribed to the 13C-toluene isotope. The ionization energy of 

CCl3CClO is at 11.3 eV, above the photon energies of the VUV lamp, and the species 

was thus not observed in the mass spectra.31 After turning on the UV lamps, Cl-atoms 

were produced and the oxidation reaction of toluene was initiated. The build-up of 
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several other peaks besides toluene is then observed in the mass spectrum, as shown in 

Fig. 7(b). These peaks are assigned to the oxidation products glyoxal (C2H2O2, m/z = 58), 

methyl glyoxal (C3H4O2, m/z = 72), benzene (C6H6, m/z = 78) and benzaldehyde (C7H6O, 

m/z = 106).38, 39 Benzyl alcohol (C7H8O, m/z = 108) is at the most a very minor product, 

in contrast to the findings of Nozière et al.40 However, due to the capillary sampling, the 

reactive intermediates involved in the oxidation process were not transferred into the 

VUVPI-TOFMS and have thus not been detected. 

 
FIG. 7. Photoionization mass spectra of the chlorine-initiated oxidation of toluene with the UV 
lamps (a) off and (b) on since at ~4 min in the atmospheric simulation chamber. (c) The ion 
intensity of the products changes with time, where the left axis shows the scale of toluene (m/z = 
92) and the right axis presents the scales of the reaction products (color lines). 

Fig. 7(c) presents the change of the ion intensities of toluene and of the oxidation 

products as a function of the reaction time in the atmospheric simulation chamber, with a 

time resolution of 1 min. We can see that after turning on the UV lamps (at ~4 min), the 

ion intensity of toluene (in black, left y-axis) decreased and the ion intensity of the 

products increased within several minutes. For benzaldehyde (in cyan, m/z = 106, right y-

axis), the signal increased to the maximum at ~11 minutes and then decreased. This can 

be explained by the fact that (i) the production of benzaldehyde is exclusively due to the 

Cl + toluene reaction and thus, as toluene decreases, its production decreases as well; and 

(ii) the secondary reaction of Cl + benzaldehyde is faster (k = 8.9×10-11 cm3molecule-1s-

1)41 than the Cl + toluene reaction (k = 5.8×10-11 cm3molecule-1s-1)42, and thus with 

increasing benzaldehyde and decreasing toluene concentrations the Cl-atoms react 

increasingly with benzaldehyde rather than with toluene. As the photoionization cross 

section of benzaldehyde is almost the same as that of toluene at hν = 10.6 eV,43 the 
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benzaldehyde concentration at ~11 minutes was calculated to be about 50 ppbv based on 

the calibrated concentration of toluene in the photoionization mass spectra. 

For the products glyoxal (m/z = 58), methyl glyoxal (m/z = 72) and benzene (m/z = 

78), their intensities increased with the reaction time and approached a steady-state after 

~15 minutes, meaning that the production rate of these species is roughly as fast as their 

consumption. This is a very brief analysis and the inherent mechanism in the atmospheric 

simulation chamber needs to be simulated to get a more detailed answer,44, 45 which is out 

of the scope of this manuscript. 

The chlorine-initiated oxidation of toluene was also studied in the fast flow tube at 2 

Torr. Chlorine atoms were generated by the microwave discharge of 1% Cl2 diluted in 

helium and fed into the fast flow tube via the injector. Toluene was added by bubbling 

helium through a reservoir with liquid toluene, and oxygen gas was added through a 

calibrated mass flow meter, both were introduced into the main tube through side arms. 

 
FIG. 8. Photoionization mass spectra of the chlorine-initiated oxidation of toluene (a) without and 
(b) with adding oxygen gas in fast flow tube. (c) Plot of the logarithmic ion intensity of the 
benzyl radical versus reaction time, with the initial oxygen concentration of [O2] = 8.7 × 1013 cm-3. 

Photoionization mass spectra were obtained without and with adding oxygen in the 

fast flow tube and are presented in Fig. 8(a) and (b). Similar to the above chamber 

experiments, the most intense ion peak in the photoionization mass spectra is at m/z = 92 

and is attributed to toluene, together with its 13C-toluene isotope at m/z = 93. But in this 

setup with the molecular beam sampling, the reaction intermediate benzyl radical (C7H7), 

obtained from the H-abstraction reaction of toluene with chlorine atom, was also detected 

and can be clearly identified at m/z = 91 in the photoionization mass spectra. In addition,  
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two other peaks at m/z = 126 and 128 can be observed in the mass spectra too and are 

assigned as C7H7
35Cl and C7H7

37Cl, the products of the secondary reaction of the benzyl 

radical with chlorine atoms, or with remaining Cl2.46, 47 The ratio of the C7H7
35Cl and 

C7H7
37Cl peaks is about 3:1, agreeing well with the natural abundances of 35Cl and 37Cl 

isotopes. 

After addition of excess oxygen relative to benzyl radicals and chlorine atoms into 

the flow tube, the peak at m/z = 106 appeared in the photoionization mass spectrum of 

Fig. 8(b) and is assigned as benzaldehyde (C7H6O) from the oxidation reaction of the 

benzyl radical, and at the same time the ion intensities of the secondary reaction products 

C7H7
35Cl and C7H7

37Cl decreased. Fig. 8(c) presents the ion intensity of the benzyl 

radical versus reaction time, obtained through changing the distance between the tip of 

the injector and the detection region. A good linearity can be found for the decrease of 

the logarithmic ion intensity of the benzyl radical as a function of the reaction time, in 

agreement with a pseudo-first-order reaction kinetics. The obtained pseudo-first order 

rate constant is 142 s-1, which would result in a rate constant of kC7H7+O2 = 1.6×10-12 

cm3molecule-1s-1, in accordance with the result of Nelson and McDonald (1.5×10-12 

cm3molecule-1s-1),47 but higher than the literature data of Bartels et al (4.98×10-13 

cm3molecule-1s-1)42. In our case, neglecting the loss of benzyl radicals through self-

reaction, wall and reaction with remaining Cl2 will lead to somewhat overestimation of 

the rate constant and can explain the difference. 

IV. CONCLUSIONS 

A VUV photoionization orthogonal acceleration reflectron time-of-flight mass 

spectrometer (VUVPI-TOFMS) based on a commercial 10.6 eV krypton lamp has been 

developed to study gas-phase radical reactions. An atmospheric simulation chamber 

operated at atmospheric pressure and a fast flow tube operated at low pressure (1-10 Torr) 

are employed as chemical reactors to initiate radical reactions of atmospheric interest at 

different pressures and allowing studying the time-resolved evolution of the gas mixture 

over different reaction times, in the minutes to hours range in the atmospheric simulation 

chamber and in the milliseconds range in the fast flow tube. The atmospheric simulation 

chamber and the flow tube are connected to the VUVPI-TOFMS for online product 
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analysis via a capillary effusive beam and a continuous molecular beam, respectively, 

which can be operated independently and switched conveniently in-between within 

minutes. 

Several strategies like installing the krypton lamp just above the photoionization 

region within vacuum and utilizing dual pulses to reduce background signals have been 

employed in the VUVPI-TOFMS to enhance its detection sensitivity. In particular, a 

cage-shaped photoionization source has been designed leading to an ion focusing electric 

field to allow all the ions formed along the long light path of the krypton lamp to be 

extracted and collected. Thus the novel configuration of the photoionization source could 

compensate the low photon flux of the krypton lamp and provide a high detection 

efficiency. Some preliminary experiments have been performed including the self-

reaction of methyl radicals and the chlorine-initiated oxidation of toluene in the fast flow 

tube or the atmospheric simulation chamber. The present experimental results have 

demonstrated that both stable species and reactive intermediates can be detected with a 

high sensitivity: the achieved LODs are down to the sub-ppbv concentration range, e.g. 

0.3 ppbv for benzene and 1.3 ppbv for the methyl radical, without any pretreatments, 

providing a great potential to reveal the complex chemical mechanism of atmospherically 

relevant radical reactions in detail. 
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