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a b s t r a c t

A laser based vacuum ultraviolet (VUV) light source using resonance enhanced four wave difference mix-
ing in xenon gas was developed for near threshold ionization of organics in atmospheric aerosol particles.
The source delivers high intensity pulses of VUV light (in the range of 1010 to 1013 photons/pulse depending
on wavelength, 5 ns FWHM) with a continuously tunable wavelength from 122 nm (10.2 eV) to 168 nm
(7.4 eV). The setup allows for tight (<1 mm2) and precise focusing (�rad pointing angle adjustability),
attributes required for single particle detection. The generated VUV is separated from the pump wave-
lengths by a custom monochromator which ensures high spectral purity and minimizes absorptive losses.
The performance of the source was characterized using organic molecules in the gas phase and optimal
working conditions are reported. In the gas phase measurements, photoionization efficiency (PIE) curves
were collected for seven different organic species with ionization energies spanning the full wavelength
range of the VUV source. The measured appearance energies are very close to the literature values of

the ionization energies for all seven species. The effectiveness of the source for single particle studies was
demonstrated by analysis of individual caffeine aerosols vaporized by a pulsed CO2 laser in an ion trap mass
spectrometer. Mass spectra from single particles down to 300 nm in diameter were collected. Excellent
signal to noise characteristics for these small particles give a caffeine detection limit of 8 × 105 molecules
which is equivalent to a single 75 nm aerosol, or approximately 1.5% of a 300 nm particle. The appearance
energy of caffeine originating from the aerosol was also measured and found to be 7.91 ± 0.05 eV, in good
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agreement with literature

. Introduction

Single photon ionization (SPI) using vacuum ultraviolet (VUV)
ight is a very effective soft ionization method for analytical mass
pectrometry. It has been used in measurements as diverse as diag-
ostics of automobile exhaust [1,2], analysis of amino acids [3],
nd monitoring of waste incineration flue gas [4]. Unlike mul-
iphoton ionization, no intermediate molecular resonances are
equired, making SPI a universal ionization technique [5]. As long

s the photon energy is higher than the ionization energy of the
olecule of interest, ionization will occur. Many SPI sources oper-

te at a fixed photon energy, but tunable sources have many
dvantages. They allow the photon energy to be set very close
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o the ionization threshold minimizing fragmentation. In addi-
ion, a tunable source makes it possible to differentiate mixtures
y the appearance energies of the components. A tunable source
lso makes it possible to measure ionization energies (IEs). Hav-
ng both the IE and the SPI mass spectrum of the molecule is a
owerful combination for product identification in analytical appli-
ations.

Pulsed lasers are an excellent source of VUV light. Unlike syn-
hrotrons, they are laboratory based instruments, and although
onsiderably more complex than discharge lamps, they can produce
igh intensity pulses of coherent radiation. The coherent light from
laser source has several advantages. It is highly collimated and

an be steered over considerable distances by conventional optics.
n addition the bandwidth can be very narrow, the spectral purity

an be high, and the polarization can be easily controlled. There
s also no higher order VUV radiation which can be an issue with
ynchrotron undulator sources [6]. Pulsed lasers sources are also
ell suited for measuring discreet events, such as in pump-probe

xperiments or single particle mass spectrometry.
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studies, especially for single particle studies (a 1 �m aerosol has
ig. 1. Schematic of resonance enhanced four wave difference mixing in xenon gas.

Continuously tunable laser based VUV light sources capable of
canning over a wide frequency range are predominantly based on
our wave sum or difference mixing in rare gases or metal vapors.
ere three applied frequencies of light are used to produce a fourth
ased on the non-linear response of a gas phase medium [6–8].
esonance enhanced four wave mixing increases the VUV output by
aving two of the applied frequencies set to reach a two-photon res-
nance in the medium. The third applied frequency is tunable and
llows tunable VUV to be generated [6,7,9]. This is shown schemat-
cally in Fig. 1.

The majority of tunable VUV sources based on four wave mix-
ng use two dye lasers. One of the lasers has its output fixed at the
avelength of the two-photon resonance, and the other is scanned

o produce tunable output. In these systems tuning over a wide
ange of VUV energies requires frequent dye changes, which is
ime consuming and not suitable for rapid and routine analysis. For
xample, Hilber et al. used thirteen different dyes to produce VUV
ight between 127 nm and 147 nm [10]. Some variations on the two
ye laser scheme have been employed. Faris et al. used a combina-
ion of a dye laser and an ArF excimer laser, although dye changes
ere still required in order to scan over a broad frequency range

11]. Alternatively, Qi and McIlroy used two OPOs pumped by sep-
rate Nd:YAG lasers [12], a system which overcomes the necessity
f frequent dye changes.

A serious concern in analytical applications of VUV generated by
our wave mixing is spectral purity. The generated light will con-
ain the residual high intensity UV and visible or IR radiation used
or the four wave mixing process, which are typically 6–8 orders of

agnitude more intense than the generated VUV radiation. This,
articularly in the case of the UV, can lead to unwanted multipho-
on ionization. To avoid these effects, the VUV must be separated
rom the pump frequencies. Traditional grating monochromators
ypically have only about 10% efficiency in the VUV, and are easily
amaged by intense UV pulses. Monochromators based on refrac-
ive optics such as prisms or lenses have higher efficiencies and
amage thresholds. An off-axis lens monochromator has the advan-
age of focusing the light and allowing optimal discrimination. This
echnique has been used quite extensively in experiments where
55 nm light is tripled to produce VUV radiation at 118 nm [13–16]
nd was reported in a tunable monochromator by Vondrasek et al.
n 1988 [17]. However, no design to our knowledge has been pre-

ented that is capable of giving a precisely positioned VUV focus
hile scanning over a broad range of frequencies.

In this work we present a new VUV light source based on four
ave difference mixing in xenon gas which incorporates both a dye

∼
f
c
e
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aser and an OPO. The dye laser is used at a fixed frequency to access
two-photon resonance and the OPO provides the tunable wave-

ength. This has the advantage of allowing wavelength scanning
etween 122 nm and 168 nm, while requiring only one dye change.
oth the dye laser and OPO produce narrow bandwidth light which
llows for high resolution VUV scanning (bandwidth on the order
f 0.5 cm−1). In addition, a custom monochromator based on a sin-
le MgF2 lens has been incorporated into the design to separate
he generated VUV from the pump wavelengths, to ensure high
pectral purity, and to minimize absorptive losses. Furthermore,
he monochromator was specially designed to maintain a tight and
recisely positioned focus even as the VUV wavelength is changed
ver tens of nanometers. Careful computer control of the pump
ptics and the monochromator lens allows a precisely positioned
nd uniformly sized focus to be maintained in the center of the ion-
zation region while scanning. To the best of our knowledge, this is
he first demonstration of a laser based VUV source that is capable
f routinely scanning over this wide frequency range while main-
aining a tight and precise focus and maintaining a high spectral
urity.

Although our system has other potential applications, it was
esigned specifically as an ionization source for single particle
erosol mass spectrometry. Aerosol particles, which range in size
rom 2 nm to tens of microns [18], are ubiquitous in the earth’s
tmosphere, and a very significant mass fraction (20–90%) of the
ubmicron aerosol component is composed of, or contains, organic
olecules [19]. The composition of these organic aerosols has been

hown to be extremely complex and often consists of large, fragile
olecules which present a significant challenge to standard analyt-

cal techniques [20,21]. In recent years a wide variety of new instru-
entation has been developed to study these particles, with one

ery powerful technique being aerosol mass spectrometry [22–27].
For mass spectrometric analysis of organic aerosols, ioniza-

ion using traditional 70 eV electron impact leads to extensive
ragmentation and complex mass spectra. To reduce this fragmen-
ation, several groups have coupled aerosol mass spectrometers
ith soft ionization sources, some examples of which include

ow energy electron impact (PERCI) [28], chemical ionization (CI)
29,30], metal attachment [27], resonance enhanced multiphoton
onization (REMPI) [31–35], and single photon ionization.

Tripling the third harmonic of a Nd:YAG laser to produce 118 nm
ight has been used quite extensively in aerosol mass spectrometers
36–38]. It is a relatively simple system and gentle in comparison
ith many other ionization methods, although it has been shown

hat even 118 nm light is high enough in energy to cause signifi-
ant fragmentation of organics [39]. Other avenues that have been
xplored include VUV lamps [40,2,41], use of a synchrotron [42–45],
nd resonance enhanced four wave difference mixing to give VUV
ight at 142 nm (8.75 eV) [39]. Recently developed rare-gas excimer
amps have been successfully deployed as photoionization sources
or mass spectrometry [46,47] while the Advanced Light Source in
erkeley California has been used very effectively to characterize
he products of heterogeneous reactions involving small organic
erosols [42]. However, the new rare-gas excimer lamps are cw,
roadband, and not continuously tunable. The synchrotron is also
w, and access to such a facility is limited.

The first objective of this work was to develop a new, con-
inuously tunable, laboratory based VUV light source designed
pecifically for single particle aerosol mass spectrometry. Our
ource has a high photon flux, which is a prerequisite for aerosol
109 molecules, ∼500 fg of material). It is continuously tunable
rom 7.4 eV to 10.2 eV (168 nm to 122 nm) so that fragmentation
an be minimized and compounds can be separated by ionization
nergies. A custom monochromator maintains a tight and precisely
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Fig. 2. Schematic of the VUV source and aerosol mass spectrometer. To generate VUV, UV light from a dye laser and visible or IR light from an OPO is focused into a rare gas
c is Mg
c d into
5 laser
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ell. The UV and visible/IR light are separated from the generated VUV by an off-ax
enter of an ion trap mass spectrometer by a parabolic mirror. Aerosols are focuse
32 nm cw Nd:YAG lasers. When a particle reaches the center of the ion trap, a CO2

ositioned focus even as the VUV wavelength is changed over tens
f nanometers. The source is laser based, so pulses are available
n demand and mass spectra from individual aerosol particles can
e acquired. In this work the development of our continuously
unable VUV source is described in detail and some gas phase mea-
urements are reported to illustrate the sensitivity and accuracy of
he combined VUV-mass spectrometer. Scanning over a wide fre-
uency range while maintaining a tight and constant focus requires
pecial equipment and arrangements and this detailed description
hould allow others to assess the usefulness of such a VUV source
or different applications.

The second objective of this work was to demonstrate the per-
ormance of the VUV source in analyzing single aerosol particles
ragment free mass spectra for caffeine particles were acquired and
he ionization energy of the aerosol constituent was determined.
his is the first measurement of ionization energies of aerosol con-
tituents using a laser based VUV source. The sensitivity of our
ystem for caffeine aerosols was determined and the sensitivity for
ther types of organic aerosols is discussed.

. Experimental
.1. VUV generation and custom VUV monochromator

In this system vacuum ultraviolet light is generated by resonance
nhanced four wave difference mixing in xenon gas. The output of a
ulsed Nd:YAG laser (Continuum Powerlite PLUS), which produces

a
o
t
f
m

F2 lens and blocked by a ceramic beam dump. The VUV light is refocused into the
a collimated stream by an aerodynamic lens and detected by scattering from two
is fired to vaporize it, followed by single photon ionization.

00 mJ per pulse at 355 nm, is split evenly and used to pump both a
ye laser (Sirah PrecisionScan SL) and an optical parametric oscil-

ator (OPO) (Continuum Sunlite). The second harmonic of the dye
aser is tuned to deliver high intensity pulses (6–12 mJ) at either
49.56 nm or 222.62 nm, each of which corresponds to a separate
wo-photon resonance in xenon gas. The OPO is used to generate
continuously tunable output between 480 nm and 1250 nm. By

ocusing one of the two ultraviolet (UV) wavelengths, along with the
unable output of the OPO, into a xenon gas cell, vacuum ultraviolet
ight is produced by resonance enhanced four wave difference mix-
ng. The four wave mixing process is shown schematically in Fig. 1
nd its particulars have been described extensively [6,7]. Using a
ingle laser to pump both the dye laser and the OPO eliminates
iming jitter between pulses and increases the stability of the VUV
utput.

The OPO is capable of producing light between 445 nm and
750 nm, but for this application the energy was too low below
80 nm and above 1250 nm to produce satisfactory amounts of
UV. These energy boundaries, together with the MgF2 transmis-
ion cutoff at approximately 120 nm, limit our ionization source
o photon energies between 7.4 eV (168 nm) and 10.2 eV (122 nm).
owever, this energy range is well suited for gentle ionization of

wide range of organic molecules [5,48,49]. The vast majority of

rganic compounds found in aerosols have ionization energies in
his range, with some notable exceptions. Small acids such as acetic,
ormic [50], and fumaric acid [51] have IEs above 10.2 eV. Other

olecules such formaldehyde [50] and peroxyacetylnitrate (PAN)
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52] are also out of reach with the current setup. VUV sources which
se a jet of rare gas rather than a cell are not limited by the transmis-
ion cutoff of the windows and can produce light of up to 20 eV [53],
lbeit at lower intensities and with the necessity of more complex,
eflective monochromators.

Fig. 2 is a schematic of the experimental setup, showing in detail
he optical arrangement used to generate vacuum ultraviolet light
nd the custom monochromator used to separate the VUV from
he UV and visible or IR light used to produce it. Also shown is
he single particle aerosol mass spectrometer which is coupled
o the VUV source. The aerosol mass spectrometer is described
elow.

As shown in Fig. 2, the pulses from the dye laser and OPO are
ombined using a dichroic mirror and focused together into the
enon gas cell. Because the OPO wavelengths cover such a broad
ange (480–1250 nm), it is necessary to use two telescopes to main-
ain focus matching of the UV and visible/IR in the rare gas cell.
uring a VUV wavelength scan the UV telescope is kept in a fixed
osition, while the visible/IR telescope is slowly scanned to main-
ain a good overlap between the foci and thus maximize the VUV
ntensity.

At the exit of the xenon gas cell the co-linear UV, visible/IR, and
UV beams are directed off-axis onto a MgF2 lens which disperses

he different wavelengths and allows the UV and visible/IR beams
o be blocked by a ceramic plate while the VUV passes through a
mm pinhole and is directed into the ion trap mass spectrome-

er. Due to wavelength dependent changes in the refractive index
f MgF2, VUV beams of different wavelengths are deflected at dif-
erent angles by the lens. To keep the deflection angle constant as
he VUV wavelength is changed, the position of the MgF2 lens is
canned in a direction perpendicular to the propagation axis of the
UV beam as shown by arrow 1 in Fig. 2.

A single lens dispersion system has several advantages over
ther systems. First, it minimizes absorptive losses by having a
ingle element both disperse the light and act as a vacuum break
etween the rare gas cell and the high vacuum part of the system.
econd, the focusing properties of the lens allow the residual pump
avelengths to be blocked at the focus of the VUV light where dis-

rimination is optimal. The MgF2 lens also absorbs any undesired
horter wavelengths generated by four wave sum mixing or tripling
f the pump beams.

Once the VUV has been separated from the pump wavelengths, it
s refocused and directed into the ion trap mass spectrometer using
n off-axis parabolic mirror. For studies of aerosol particles tight
ocusing is necessary. In aerosol experiments submicron particles
nter the mass spectrometer through a hole in the ring electrode
nd are vaporized by a pulsed CO2 laser when they reach the center
f the ion trap. If the resulting vapor plume is allowed to expand too
ar, its density and the density of photons in a beam large enough
o capture the whole plume are too low to result in good ionization
fficiency. On the other hand, if the detection zone becomes too
mall, irregularities in the particle beam as well as irregularities
n the desorption and ionization beams will significantly decrease
eproducibility. A good compromise is using an ionization zone of
pproximately 1 mm in diameter [36]. Assuming a sonic expansion
f the vapor plume, this means having the ionization pulse 3–8 �s
fter the desorption pulse (depending on molecular mass) in order
o ensure optimal overlap. Even under these conditions, good repro-
ucibility can only be achieved by precise control of the size and
osition of the VUV focus. The off-axis parabolic mirror allows for

ight focusing; precision positioning is achieved by mounting the
acuum chamber which houses the off-axis parabolic mirror on a
recision x–y translation stage allowing micrometer level changes
o be made in the horizontal position of the VUV beam. The mirror
tself is mounted on a rotational vacuum feedthrough which has

a
t
w
a
f
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een adapted to allow for �rad adjustments in the vertical angle of
he beam.

Because of wavelength dependent changes in the refractive
ndex of MgF2, the VUV focus size in the ion trap will vary as the VUV
avelength is changed. For aerosol experiments it is important that

he focus size remains constant as the VUV wavelength changes so
hat a constant, optimized overlap of the VUV beam with the cloud
f molecules from the recently vaporized aerosol particle is main-
ained. To achieve this, the position of the lens which focuses the
ump beams into the xenon gas cell is scanned as function of VUV
avelength. This allows a constant focal volume to be maintained

t the position where the VUV beam interacts with the aerosol
lume.

The VUV is detected after exiting the ion trap, and its inten-
ity is measured using a fast phototube (Hamamatsu, R1328U-54,
70 ps rise time). The photon flux is high enough to approach the
amage threshold of the phototube so only the light reflected at
5 degrees from a MgF2 window on the exit port is monitored.
t wavelengths longer than 150 nm even the reflected light could
aturate the phototube and a second reflector is added to further
ttenuate the light. Even with these precautions it is possible that
he phototube is somewhat saturated above 150 nm, which could
esult in lower than actual photon fluxes being measured.

The VUV source can be operated in two different modes. The first
s a fast scanning mode, where the VUV wavelength is scanned con-
inuously over tens of nanometers. The second is a fixed wavelength

ode with the VUV optimized at single photon energy.

.1.1. Fast VUV scanning mode
The challenge when scanning the VUV photon energy is in main-

aining a good overlap between the UV and visible/IR beams in the
enon gas cell while also maintaining a good alignment of the gen-
rated VUV through the ion trap. To make this possible in the fast
can mode, the MgF2 lens, the visible/IR telescope, and the lens
hich focuses light into the rare gas cell (Fig. 2) are all mounted
ith motorized actuators that can be controlled remotely by a com-
uter. This allows precise control of the VUV beam, and makes it
asy to scan over large wavelength ranges. The only limitation on
canning speed is the need to change laser dyes when switching
etween the two xenon resonances. A scan of the full range can be
ompleted in a few hours and, if the UV wavelength is not changed,
cans over half of the range can be done in as little as thirty minutes.
his quick scanning ability can be very useful for rapid compound
dentification using ionization energies, and it also allows the VUV
avelength to be easily optimized for any particular compound of

nterest. If high resolution scans are desired, the various optical
lements and the OPO can be scanned very slowly. At the slowest
ossible scanning speed (0.002 nm/s for the OPO) the scan reso-

ution becomes limited by the bandwidth of the VUV light (less
han 0.5 cm−1 [54]) rather than by the scanning capabilities of the
ystem.

Since the phase matching conditions for VUV generation are
ressure dependent [6,8], careful tuning of the xenon gas pressure

n the four wave mixing cell is required for optimum conversion effi-
iency throughout the spectrum. However, in the current setup the
as pressure is not constantly tuned when scanning quickly across
ong wavelength ranges. As a compromise between optimum VUV
onversion efficiency and ease of scanning, several xenon pressure
egimes have been determined that can be used over a range of
avelengths. These pressures are optimized for the pump energies
nd optical arrangement described here, and may not represent
he best conditions for all systems. Table 1 shows the range of VUV
avelengths that can be generated using the two xenon resonances

nd the output of the OPO. Also shown are the xenon pressures used
or rapid scans in the different wavelength ranges.
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Table 1
Wavelength and energy ranges of vacuum UV light generated using different combinations of pump laser wavelength. Also shown are the xenon gas pressures used in the
rare gas cell for VUV generation over several broad wavelength ranges.

Dye laser wavelength (nm) OPO wavelength (nm) VUV wavelength (nm) VUV energy (eV) Xe pressure in the rare gas cell (Torr)

222.56 1250–831 (Idler) 122–128.5 10.16–9.65 35
831–710 (Idler) 128.5–132 9.65–9.40 12
710–470 (Signal) 132–146 9.40–8.51 45
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49.62 1250–1010 (Idler) 139–142
1010–710 (Idler) 142–151
710–470 (Signal) 151–168

.1.2. Fixed VUV wavelength mode
In addition to operating in a scanning mode we can also carry

ut experiments in a fixed VUV wavelength mode. In this case the
isible/IR wavelength is fixed, as are the positions of the visible/IR
elescope and the lens which focuses light into the rare gas cell. The
as pressure and composition in the cell are optimized to give the
est conversion efficiency. The conditions that lead to the best con-
ersion efficiencies are discussed in more detail in Section 3.1.2. An
dvantage of this mode is the ability to increase the VUV intensity,
omething which can be useful in some instances. With the fast
unability of the OPO and the motorized actuators on all the stages,
t is very easy to jump between VUV wavelengths when operating
n this fixed VUV wavelength mode. A jump to a new wavelength
ens of nanometers away can be done in just a few minutes.

.2. Gas phase measurements

To introduce the gas phase analytes into the ion trap, a glass
ubbler containing a small amount of liquid analyte was coupled
o the trap manifold via a 100 �m critical orifice placed off-axis
o the ion trap to ensure thermalizing of the compound prior to
nalysis. Several pump/thaw cycles were undertaken to degas the
amples and the analyte was then cooled to a temperature that gave
vapor pressure of 50–1000 mTorr above the sample (measured by
capacitance manometer (MKS 622)). The critical orifice between

he bubbler and ion trap guaranteed a stable flow into the trap.
ypical analyte pressures in the ion trap were between 9 �Torr and
5 �Torr as measured by a cold cathode gauge (MKS 423). The abso-

ute pressure reading of the cold cathode gauge was calibrated using
itrogen gas and a high accuracy absolute capacitance manometer
MKS 120). The cold cathode gauge itself was typically switched off
uring measurements to avoid ion production from this source.

The ion trap mass spectrometer used for these experiments has
een previously described [55,56] and only a brief overview will be
iven here. The ion trap electrodes were built in house and mounted
n a custom vacuum manifold which allows access through the cen-
er of the ring electrode and along two diagonal paths between the
ing and endcap electrodes (Fig. 2). An RF quadrupole power sup-
ly (Extranuclear Laboratories, Model 011-1) modified to operate
etween 0.6 MHz and 3.0 MHz was tuned to 967 kHz for ion trap-
ing. Once trapped, the ions were collisionally cooled for 10 ms in
1 mTorr of helium gas. The ion trap was operated in mass selective

nstability mode and ejected ions were detected with an electron
ultiplier (ETP AF138). The detector signal was amplified with a

haping current amplifier (Keithley 427) and recorded on a com-
uter using a 16 bit ADC card (NI PCI-MIO-16XE-10) controlled
y custom software written in the National Instruments Labview
rogramming environment. This card was also used to generate

he RF ramp for ion ejection. Mass calibration of the ion trap was
one using 70 eV electron impact of small amounts of perfluo-
otributylamine. Mass scans were performed at a scanning speed
f 4000 Da/s, with a mass resolution under these conditions of
500 m/�m at 264 m/z.

s

m
v
s

8.94–8.75 45
8.75–8.19 12
8.19–7.40 25

.3. Aerosol measurements

A TSI constant output atomizer (TSI Inc., Model 3076) was
sed to generate aerosol particles from a pure caffeine solution
∼1 × 10−3 g/ml in Millipore water (18 M�)). The particles were
ize selected with a TSI DMA (TSI Inc., Model 3081) and passed
hrough a 85Kr charge neutralizer (TSI Inc., Model 3054) that also
cted as drying tube, as well as a 24′′ nafion diffusion dryer (MD-
10, Permapure Inc.), to avoid additional drying and size changes
rior to analysis.

The single particle aerosol mass spectrometer is shown
chematically in Fig. 2. It consists of three distinct regions; an
erosol inlet where the particles are focused into a collimated
tream by an aerodynamic lens, a particle sizing module where
ndividual aerosols are detected by light scattering, and the anal-
sis module consisting of the ion trap mass spectrometer and the
wo lasers for vaporization and ionization. The details of the aerosol
nlet and light scattering module will be described in more detail in
uture publications [57] and only a brief overview will be given here.

In this system particles are drawn into the instrument through
n aerodynamic lens which consists of a series of apertures mod-
led after Liu et al. [58,59]. The aerodynamic lens focuses the
articles into a tight stream which then passes through a skimmer
nd enters the sizing region. In the sizing region, the scattered light
rom two 532 nm CW Nd:YAG lasers (Excelsior 532, 100 mW single

ode, Spectra Physics) is detected and then used to determine the
article velocities. A particle’s aerodynamic diameter can be deter-
ined from its velocity using a calibration curve generated with

olystyrene latex beads of known sizes. The particle velocities are
ecorded by an FPGA board (PCI-7831R, National Instruments) and
sed to generate the laser triggers in real time. The FPGA board also
ecords information such as the laser power and scattering signal
ize for the analyzed particle. With the current setup, sizing effi-
iencies of well over 90% are achievable for particle sizes of 400 nm
nd above with a minimum detectable size of ∼225 nm [57]. After
xiting the sizing region, the particles enter the ion trap mass spec-
rometer through a 2 mm hole in the ring electrode where they are
aporized, ionized, and mass analyzed.

In these experiments infrared light from a pulsed TEA-CO2 laser
MTL-3G, Edinburgh Instruments) was used to vaporize the par-
icles. After a fixed delay of 3 �s the aerosols were ionized with
acuum UV light and mass analyzed. A delay of 3 �s was chosen
ecause it allowed the cloud of vapor to expand and fill the ioniza-
ion volume giving the maximum ion signal. The energy of the IR
nd VUV pulses was measured after they exited the ion trap. For
he CO2 laser, a power meter with a thermal detector (Ophir Model
A-SH) was used to measure the average IR power. For the VUV, a
ast phototube (Hamamatsu, R1328U-54) was used to measure the

ingle-shot energy.

For aerosol measurements the ion trap was operated in the same
anner as described above for the gas phase measurements. After

aporization and ionization, the ions from an aerosol particle were
tored in the trap for 10 ms to allow for collisional cooling with the
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Fig. 3. Number of photons per pulse generated across the full range of the VUV
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elium bath gas. After cooling, the RF voltage on the ion trap was
amped and the ions were ejected at a mass scan speed of 4000 Da/s.

.4. Triggering the laser system; pulses on demand

The Nd:YAG laser which pumps both the dye laser and the OPO
perates at 10 Hz, but the timing of each pulse can be shifted by
p to 60 ms while still maintaining an average firing rate of 10 Hz.
his means that the VUV pulses can be generated on demand to
oincide with other aspects of an experiment, such as the arrival of
n aerosol particle in the ion trap. The pulsed nature of the source
akes it well suited for coupling to an ion trap mass spectrome-

er, which can obtain discreet mass spectra after every ionization
vent. In particular a pulsed source is very valuable for single par-
icle aerosol experiments. The cloud of molecules from a vaporized
article is only in the ionization region for approximately 10 �s,
nd with a pulsed source the entire photon flux is delivered during
his time, ensuring the maximum photoionization efficiency. With
continuous source the particle is only exposed to a fraction of the

otal photon flux. For example, with a synchrotron source which
elivers ∼1016 photons per second [42] a single particle which is

n the ionization region for 10 �s will only see 1011 photons. It
hould be kept in mind, however, that a continuous source can have
ther advantages. For instance, a synchrotron source has been used
ery effectively to study a continuous steam of very small particles
hich cannot be detected individually [42,43].

.5. Chemicals

Benzaldehyde (≥99%), ethylbenzene (99.8%), �-pinene (≥99%),
nd tripropyl amine (99+%) were purchased from Aldrich. Benzene
99.97%) was purchased from OmniSolve, toluene (99.9%) was pur-
hased from Fisher, and chlorobenzene (99+%) was purchased from
cros. Caffeine (≥98.5%) was purchased from Sigma–Aldrich. All
hemicals were used without additional purification. Gases were
urchased from Praxair. Gases used were xenon (99.999%), argon
99.999%), krypton (99.999%), and helium (99.999%).

. Results and discussion

.1. VUV source characterization

.1.1. Brightness in fast scanning mode
Fig. 3 shows the number of VUV photons detected as a func-

ion of wavelength over the entire 122–168 nm range. Between
010 and 1013 photons are generated per 5 ns pulse. The values in
able 2 were calculated using the absolute photocathode sensitivity
t 253.7 nm and a generic calibration curve from 320 nm to 115 nm
hich were provided by the manufacturer of the VUV phototube. A

0% error is estimated to arise from graphical interpolation of this
alibration curve. In addition, since the phototube was only cali-
rated at 253.7 nm, there is some uncertainty in the transmission
f the phototube’s MgF2 window at shorter wavelengths. For wave-
engths below 130 nm, where MgF2 begins to absorb significantly,
t is estimated that the transmission may be up to 50% lower than
xpected. Between 130 nm and 140 nm it is estimated that the MgF2
ransmission could be up to 30% lower than expected. This would
ead to an underestimation of the real photon flux in both cases.

To prevent saturation of the phototube, only the light reflected
t 45 degrees off of a MgF2 window on the exit port is monitored.

he amount of light reflected was measured to be 4 ± 1% at both
48.5 nm and 131 nm leading to a 25% uncertainty in the calculated
umber of photons. However, due to the increasing absorbance of
gF2, the reflection may be greater at short wavelengths [60] and

or wavelengths below 130 nm it could be up to five times higher. At

a
o
g
o
a

ource. The grey traces are UV background. The dark grey trace is UV light at
22.56 nm and the light grey is light at 249.62 nm. The change in the background
t 140 nm reflects the higher UV power available when using 249.62 nm. Estimated
ncertainties are listed in Table 2.

avelengths longer than 150 nm the VUV is intense enough that a
econd MgF2 reflector has to be used which introduces a further 25%
ncertainty at long wavelengths. The uncertainties for the numbers
eported in Fig. 3 are summarized in Table 2.

The rapid decline in VUV intensity at wavelengths below 128 nm
eflects the increasing absorbance of the MgF2 monochromator lens
t short wavelengths as well as the reduced energy of the OPO as
t is tuned into the IR. It has also been shown that the efficiency of
our wave difference mixing decreases as the generated wavelength
ecreases [10]. Two sharp dropouts which occur at 129.56 nm and
46.96 nm are due to the presence of strong resonance lines in
enon gas. The refractive index of xenon changes rapidly in the
icinity of these resonance lines [61] and the phase matching condi-
ions required for generation of VUV by four wave mixing cannot be

aintained. Fig. 3 was made with the VUV system in fast scanning
ode, and the xenon pressures used were relatively high (Table 1).

he width of the energy dropouts around the resonances can be
inimized by decreasing the xenon pressure in the rare gas cell, but

his comes at the price of reduced energy at wavelengths further
way from the resonance lines. The pressures listed in Table 1 are
ompromises which minimize the width of the dropouts without
acrificing too much power over the whole scanning range.

.1.2. Brightness when optimizing for a single wavelength
In many experiments it is advantageous to fix the VUV at a par-

icular wavelength while other parameters are investigated. For this
ode of operation some measures can be taken to increase the VUV

utput, especially in the vicinity of strong resonance lines. At any
avelength the xenon pressure can be optimized to give the best
UV output. Near resonance lines, low xenon pressures generally
ive the best conversion efficiency and allow VUV to be generated
ithin 0.5 nm of the resonance. In addition, on the high energy

ide of the resonances it is possible to achieve increased VUV con-
ersion efficiency by adding a second, positively dispersive gas to
he four wave mixing cell. This is possible because xenon shows

nomalous dispersion over a short energy range just to the blue
f the resonance lines [61]. The addition of a positively dispersive
as allows the xenon pressure to be increased without destruction
f the phase matching conditions required to propagate the gener-
ted VUV [5,62]. However, since the refractive index changes very
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Table 2
Average photons per pulse available for different VUV ranges. Also included are the estimated upper and lower limits for the photon flux based on the uncertainties discussed
in Section 3.1.1.

Dye laser wavelength (nm) Wavelength range (nm) Energy range (eV) Average photons Upper limit Lower limit

222.56 122–130 10.16–9.56 1 × 1010 3 × 1010 1.4 × 109

8.87
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single photon ionization. No ions are detected if the light from the
OPO is blocked and only the UV background is allowed into the ion
trap. This is true even for aromatic compounds which have strong
REMPI cross-sections in the UV. Also, for all of the species analyzed,
130–140 9.56–

49.62 140–150 8.94–
150–168 8.28–

apidly with wavelength in these regions, a particular gas mix will
nly give enhanced conversion efficiency over a very narrow range
f wavelengths, generally much less than one nanometer [5].

To measure the effectiveness of gas mixing near xenon reso-
ances a series of experiments were done in which the VUV was
et to a fixed wavelength and gas mixtures with fixed partial pres-
ures of xenon and argon were slowly leaked into the four wave
ixing cell. Typically the maximum VUV output for a given wave-

ength occurred at a total gas pressure more than twice the optimal
ressure seen for pure xenon gas. In Fig. 4 the compositions of the
as mixtures giving optimal VUV output are shown. Four wave mix-
ng efficiencies were enhanced over pure xenon by up to a factor of
hree.

In addition to the xenon resonances, the tuning range of the
UV source includes a resonance in krypton gas at 123.58 nm. By

aking advantage of the anomalous dispersion of krypton gas at the
igh energy side of this resonance, mixtures of krypton and xenon
an enhance the conversion efficiency at wavelengths shorter than
23.58 nm. The compositions of the krypton and xenon mixtures
hat give optimal conversion efficiencies are also shown in Fig. 4.
or these mixtures gains were more modest, with VUV outputs
ncreased by approximately 30% compared to pure xenon.

.1.3. Spectral purity
The single MgF2 lens used to disperse the VUV, UV, and visi-

le or IR wavelengths involved in the four wave mixing process
ives good separation of the VUV and pump beams with a mini-

um of optical elements. This allows the UV and visible or IR light

o be blocked by a ceramic beam dump while the VUV light passes
hrough a pinhole and is directed into the mass spectrometer. Fig. 5
hows calculated edge to edge separations between the UV and

ig. 4. Composition [in vol%] of the gas mixtures used for four wave mixing through-
ut the full energy range of the VUV source. On the high energy side of the xenon
esonances (at 147.0, 129.6 and 125.0 nm) mixtures of xenon and argon are used. On
he high energy side of the krypton resonance (at 123.6 nm) a mixture of krypton
nd xenon is used. Shaded regions mark areas where gas mixing can be used to
nhance the VUV production.
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2 × 1011 4 × 1011 1.1 × 1011

4 × 1012 6 × 1012 2.3 × 1012

1 × 1013 1.8 × 1013 4 × 1012

UV beams, based on the 2� beam waist of the input UV laser beam
calculations done with OSLO 6.4.4, Lambda Research Corp). Sep-
ration is always larger than the blocker pinhole radius (1.5 mm),
nsuring proper discrimination at all wavelengths. Also shown in
ig. 5 is a digital photograph of the ceramic blocker fully inserted
nto the path of the three laser beams (visible, UV, and VUV). By
sing the two-photon xenon resonance at 249.62 nm and 355 nm

ight for the mixing, VUV light at 193 nm was generated. Light at
93 nm not only gives decent fluorescence intensity on the blocker,
ut also represents the lower limit of achievable separation.

Although the wavelength separation of the monochromator is
ery good, some scattered UV light does enter the ion trap. The
cattered UV light can be measured directly by the same phototube
hat is used for the VUV (the sensitivity of the tube in the UV is in
act significantly higher than in the VUV). In Fig. 3 the UV entering
he trap is shown as a grey trace. In all cases, measured UV pow-
rs were at least eight orders of magnitude lower than the input
ower, proving the effectiveness of the monochromator. For the
V measurements, the error from interpolation of the phototube
alibration curve is negligible, so the total uncertainty of 25% for
he UV values in Fig. 3 stems exclusively from uncertainty in the
eflectance of the MgF2 window.

The presence of the UV background has no discernable effect on
ig. 5. Calculated monochromator performance as measured by the separation of
he VUV and UV laser beam edges at the ceramic blocker. The photograph in the
nset shows the actual fluorescence of the blocker from dispersed 355 nm, 249 nm,
nd 193 nm light. Even in this worst case scenario, where the dispersion from the
gF2 lens is weakest, good separation of the beams is achieved and experiment and
odel agree fairly well.
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Fig. 6. Pressure broadening of the 249.62 nm two-photon resonance in xenon gas.
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or this experiment the tunable wavelength was set at 533 nm (giving a VUV wave-
ength of 163 nm). Xenon gas pressures were 2, 7, 10, 17, and 38 Torr. At higher gas
ressures phase matching cannot be achieved at the center of the resonance, and
onsiderable pressure broadening is seen.

he onset of ionization observed by scanning the VUV energy was
ery close to the literature value for the ionization threshold, sug-
esting that the ionized molecules are not absorbing UV photons
n addition to VUV photons.

.1.4. Stability
The stability of the VUV source over time is highly dependent

n keeping the dye laser tuned to the exact two-photon resonance
eing used. Fortunately broadening of the resonance can virtually
liminate the effects of small drifts in the UV wavelength. Fig. 6
hows the effect of increasing the xenon pressure in the rare gas cell.
t pressures between 7 Torr and 38 Torr the resonance becomes
onsiderably broadened. At 17 Torr a small dip appears at the peak
f the profile. This occurs because phase matching can no longer
e maintained at the center of the resonance [63]. At pressures
reater than 50 Torr VUV conversion efficiency begins to decline.
owever, moderate gas pressures do not reduce the amount of VUV
roduced, and the broadening of the resonance at these pressures
elps to increase the stability of the system over time. As a result
f this broadening the grating in the dye laser can be left for days
efore it needs to be re-optimized.

In addition to pressure broadening, the high intensity of the UV

ulses gives rise to power broadening of the two-photon resonance,
hich also helps to stabilize the system.

In theory the VUV intensity should also be quite sensitive to
mall drifts in the power of the UV and visible/IR pulses. However,
t was observed that increasing the output of either the dye laser

o
a
s
d
o

able 3
eutral molecule masses, literature IE values, and experimental IE values for the seven ga

he mass spectra in Fig. 9 were collected.

olecule Molecular
mass (Da)

Literature IE (eV) Experimental IE
of the threshold

enzene 78.11 9.24378 ± 0.00007 [50] 9.22 ± 0.05
oluene 92.14 8.828 ± 0.001 [50] 8.80 ± 0.02
hlorobenzene 112.56 9.07 ± 0.02 [50] 9.04 ± 0.02
thylbenzene 106.17 8.77 ± 0.01 [50] 8.74 ± 0.02
enzaldehyde 106.12 9.50 ± 0.08 [50] 9.50 ± 0.02
-Pinene 136.23 8.07 [81] 8.13 ± 0.10
ripropyl amine 143.27 7.23 [83] 7.44 ± 0.10
ss Spectrometry 279 (2009) 134–146 141

r the OPO beyond a certain point had a negligible effect on the
UV production. Although this effectively limits the amount of VUV

hat can be generated by the system, it does help to give relatively
onstant VUV intensities over the entire wavelength range since
mall changes in the intensity of the OPO output as it is scanned do
ot have an overwhelming impact on the VUV intensity. This also
elps explain why the shot-to-shot variability of the VUV power
∼10%) is considerably less than the sum of the power variations of
he input lasers (∼8% per laser).

.2. Ionization of gas phase organics

Seven different organic species were analyzed in the gas phase in
rder to test the effectiveness of the VUV system as a soft ionization
ource for mass spectrometry. The linearity of the technique was
ssessed, and both photoionization efficiency curves and SPI mass
pectra were collected for all seven organics (Table 3).

Shot-to-shot variability in the ion signal was approximately 66%,
rising mainly from fluctuations in the ion trapping efficiency. It is
ikely that these fluctuations arose from the fact that no effort was

ade to optimize the phase angle of the RF potential for efficient
rapping at the time that the ions were generated. It has been shown
hat the phase angle of the RF potential to which injected ions are
rst exposed can have a large impact on the efficiency with which
hey are trapped [64,65]. Since the phase angle of the RF potential
as essentially random with respect to the firing of the lasers, some

hots would have generated ions at more opportune phase angles
han others, leading to large variations in the trapping efficiency.
n future experiments an attempt will be made to synchronize the
hase angle of the RF potential with the VUV pulses. However, not
ll of the variability in the ion signal was due to fluctuations in the
rapping efficiency. Variability in the VUV intensity (approximately
0% shot-to-shot) and small fluctuations in the response of the ion
etector also contributed.

The linearity of the instrument’s response was tested with
espect to both the VUV intensity and the amount of analyte
resent. A linear response to changing VUV intensity makes it pos-
ible to normalize the ion signal to the VUV photon flux. A linear
esponse to the amount of analyte present means that quantita-
ive studies may be possible. To test the VUV intensity dependence,
ripropyl amine was ionized at 8.17 eV (152 nm). At 8.17 eV the pho-
on flux of the VUV source is high, giving a good dynamic range
ver which to test the response of the system. To test the linearity
f the system with respect to the amount of analyte present, ben-
ene gas was ionized at 10.02 eV (124 nm). In both cases a linear
esponse was seen (Fig. 7). The larger errors for the benzene num-
er density in Fig. 7(b) reflect the uncertainty in the reproducibility

f the cold cathode gauge (5% is reported by the manufacturer)
nd the uncertainty in its calibration. The plot of ion signal ver-
us benzene number density can be used to calculate a gas phase
etection limit for benzene ionized at 10.02 eV. If a detection limit
f three times the standard deviation of the noise is used, the sin-

s phase organic molecules studied. Also included are the photon energies at which

determined by linear extrapolation
region of the PIE curve (eV)

Photon energy to obtain the mass
spectrum in Fig. 9 (eV)

10.12
8.84
9.18
8.82
9.54
8.18
7.5
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Fig. 7. Total ion signal with respect to (a) VUV intensity and (b) analyte pressure.
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3.3. Single particle measurements
UV intensity dependence was measured using tripropyl amine and a photon energy
f 8.17 eV (152 nm). Analyte pressure dependence was measured using benzene and
photon energy of 10.02 eV (124 nm).

le shot gas detection limit for benzene at this photon energy is
.2 × 109 ± 3 × 109 molecules cm−3.

The ability to obtain photoionization efficiency curves and to
bserve the appearance energy of ions is a distinct advantage of
tunable VUV system. This information can facilitate the iden-

ification of unknown species and can provide a useful tool for
etermining the composition of a mixture. A group working at
he Advanced Light Source at Berkeley National Labs has used PIE
urves obtained with the tunable VUV light from a synchrotron
ource to identify components of atmospheric aerosols [42] and to
etermine their ionization energies [42,43]. Another group working
t the same facility has done considerable work using tunable VUV
o study combustion chemistry. They have been able to measure
hotoionization cross-sections, determine ionization energies, and,
y comparison of observed ionization energies with calculated val-
es, identify many of the species involved in combustion chemistry
66–74].

In this study photoionization efficiency curves were obtained for
even gas phase organic molecules with ionization energies span-
ing the full range of the VUV source (Fig. 8). To obtain the PIE
urves, the VUV wavelength was scanned at a constant speed while
he amount of analyte in the ion trap was held steady. A full mass
pectrum was obtained for every laser shot, and the scan speed was

et so that a mass spectrum was recorded every 0.001–0.002 nm.
iterature values for the ionization thresholds of the seven analyzed
ompounds are listed in Table 3 along with the observed ioniza-
ion thresholds obtained by extrapolating the linear portion of the

a
w

ss Spectrometry 279 (2009) 134–146

hreshold region of the PIE curves to the baseline. Despite this rather
asic approach for determining the ionization threshold from the
IE curves, in almost all cases the observed onset of ionization is
ithin 60 meV of the reported literature value. However, in most

ases there is also a low energy tail that does not fall into the lin-
ar portion of the threshold, but indicates an onset of ionization at
nergies below the literature value for the IE. The low energy tails
n Fig. 8 have a width on the order of 2kT (52 meV) at room tem-
erature, and may be attributed to excitation of soft vibrational
odes into the ionization continuum or to autoionizing states just

elow the ionization threshold. These PIE curves provide a useful
est of the VUV source, and the observed onsets of ionization are
lose enough to the literature values that the appearance of ions at a
articular energy can be used to help identify the parent molecule.

Fig. 9 shows the mass spectra obtained by setting the pho-
on energy close to the ionization threshold of each of the seven

olecules studied (photon energies used to obtain these spectra
re listed in Table 3). As expected, most of the mass spectra show a
arent and small isotope peak, as is the case for benzene in panel (a).
hlorobenzene in panel (c) shows two sets of peaks in the expected
atio for a compound containing both 35Cl and 37Cl. Toluene, how-
ver (panel (b)), shows a small peak one mass unit below the parent
on mass. Since the photon energy used for toluene ionization was

ell below the appearance energy of either tropylium or benzylium
ons [75], it seems unlikely that direct photodissociation would be
ausing the [M − H]+ ion to appear. Instead, we believe that colli-
ional processes in the ion trap are responsible. This theory was
ested by increasing the RF storage voltage, thereby increasing the
inetic energy of the stored ions during the cooling phase which
n turn increases the collisional energy and hence the likelihood
f fragmentation. For toluene, this increase in the storage voltage
ed to a factor of four increase in the ratio of the [M − H]+ ion to
he parent ion. The same effect can be observed for benzaldehyde
panel (e)) and tripropylamine (panel (g)). These cases show that
ollisional process in the ion trap can at times offset some of the
enefits gained by near threshold ionization.

A tunable VUV source has a significant advantage over single
hoton ionization sources operated at a fixed energy, typically
0.5 eV, since the ability to tune the ionization energy can min-
mize and, in some cases, completely eliminate fragmentation of
he parent ion [39]. In these experiments tripropyl amine showed
o fragmentation near the ionization threshold, but began to show
significant amount of fragmentation when the photon energy was

ncreased by as little as 0.5 eV. By the time it was raised by 1.5 eV
o reach an energy of 10 eV, the parent ion made up less than 35%
f the total ion signal. This is shown in panels (g) and (g′) of Fig. 9.

The ability to obtain fragment free, or nearly fragment free, mass
pectra has several advantages. For mixtures of compounds it leads
o much simpler spectra than those obtained with conventional
onization techniques such as electron impact. In addition, com-
ounds that have very similar fragmentation patterns might be
ore readily distinguished if only the parent peak is present. On

he other hand, electron impact has an advantage in that often the
ragmentation pattern gives additional chemical information that
s not available from a mass spectrum containing only the parent
eak. However, by using a soft ionization source coupled to an ion
rap mass spectrometer it is possible to selectively trap a parent
on of interest and perform MS/MS, thereby regaining the chemical
nformation sacrificed by soft ionization.
As a first test of the applicability of the VUV source to organic
erosol mass spectrometry, experiments with caffeine particles
ere undertaken. Fig. 10 shows a series of mass spectra from
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ig. 8. Photoionization efficiency curves showing the onset of ionization for (a) be
nd (g) tripropyl amine. Linear fits were used to extrapolate the experimental onset o

50 nm particles vaporized at CO2 laser energies of 5, 10, 15,
nd 20 mJ and ionized 3 �s later by 142 nm (8.75 eV) VUV radia-
ion. The CO2 laser is tunable across 60 rotational lines between
23 cm−1 and 1087 cm−1 (10.8–9.2 �m) and for these experiments

t was tuned to 978 cm−1 (10.22 �m), which corresponds to a small

R absorption band in caffeine [76]. The mass spectra show that
he parent ion remains dominant over the full extent of our CO2
nergy range; however, fragments begin to appear at energies
bove 10 mJ/pulse. The main fragment is at m/z 109 with lower
bundance fragments at m/z 193, 165, 137, 82, and a very small

a
a
p
m
i

ig. 9. Single photon ionization mass spectra of (a) benzene, (b) toluene, (c) chlorobenz
ith with 7.5 eV, and (g′) tripropyl amine ionized with 10 eV. The photon energies at whic
, (b) toluene, (c) chlorobenzene, (d) ethylbenzene, (e) benzaldehyde, (f) �-pinene,
zation from the linear portion of the curve. Onsets of ionization are listed in Table 3.

eak at m/z 94. These peaks are well known from literature caf-
eine mass spectra obtained using 70 eV electron impact [77]. The
ppearance of fragments with increased heating of the aerosol dur-
ng vaporization is not surprising and is in agreement with results
eported for the vaporization of particles using both pulsed IR lasers

nd impaction on a heated probe [39,40,78,79]. The dynamics of
erosol heating by the CO2 laser pulse will be the focus of a future
ublication. However, Fig. 10 does shows that high quality aerosol
ass spectra can be obtained with our new VUV system. In addition,

f the vaporization laser energy is kept reasonably low, fragment

ene, (d) ethylbenzene, (e) benzaldehyde, (f) �-pinene, (g) tripropyl amine ionized
h spectra (a) through (g) were collected are listed in Table 3.
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Fig. 10. Caffeine aerosol mass spectra as a function of the CO2 laser energy used
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o vaporize the particles. The particles used for these experiments were 650 nm in
iameter and the vaporization energies were (a) 5 mJ/p, (b) 10 mJ/p, (c) 15 mJ/p, and
d) 20 mJ/p.

ree mass spectra can be obtained. Fig. 11 shows mass spectra
rom 300 nm caffeine particles which were vaporized with 15 mJ
f 978 cm−1 infrared light and ionized by 142 nm (8.75 eV) VUV
ight after a delay of 3 �s. The top frame is an average of 200 laser
hots and the bottom frame is a single particle. Both the averaged
nd single particle spectra have very good signal to noise ratios. If
detection limit of three times the standard deviation of the noise

s used, we can calculate a minimum detectable particle diameter
f 75 nm for caffeine from the averaged spectrum. Analyzing par-
icles this small is not possible at present since we cannot detect
cattered light from caffeine particles below ∼225 nm in the aerosol
iming and sizing region, however this detection limit should allow
or detection of low concentration components in larger aerosol
articles. With caffeine, for example, we should be able to detect

own to 8 × 105 molecules which is approximately 1.5% of a 300 nm
article.

Fig. 12 is a photoionization efficiency curve for pure caffeine
erosols 550 nm in diameter. The solid line was obtained by con-

ig. 11. Mass spectra from 300 nm caffeine particles vaporized by 15 mJ of CO2 laser
nergy (978 cm−1) and ionized with 142 nm VUV after 3 �s. The top panel is an
verage of 200 shots while the bottom is a single particle.
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ig. 12. Photoionization efficiency curve for caffeine. The extrapolated appearance
nergy for caffeine is 7.91 ± 0.05 eV.

inuously scanning the VUV wavelength and recording both the ion
ignal and the VUV power for each laser shot. Scan speeds were on
he order of 0.005 nm/s (0.0003 eV/s at 140 nm) and spectra were
ecorded 3–4 times per second to give a resolution of ∼0.002 nm
0.0001 eV). Fluctuations in the VUV intensity were compensated
or by normalizing the ion signal to the recorded VUV intensity for
ach laser shot. An extrapolation of the linear portion of the PIE
urve gives an appearance energy for caffeine of 7.91 ± 0.05 eV. The
E of caffeine has been reported as both 7.95 eV [80] and 8.50 eV
81]. This is the first measurement of ionization energies of aerosol
onstituents using a laser based VUV source.

.4. Sensitivity to other aerosol types

Our ability to detect various other organic aerosol constituents
ill be a function of several factors. The degree of vaporization from

he CO2 laser will affect the number of molecules that are avail-
ble in the gas phase for ionization. This has not been explored
n this work, but the effects of varying the vaporization parame-
ers will be discussed in future publications. There are also several
actors which will affect the ionization efficiency of the molecules
nce they are in the gas phase. Obviously the ionization energy
ust be in the range that is accessible with our VUV source

7.4–10.2 eV). For aerosol particles, which are generally composed
f larger non-volatile or semi-volatile molecules, most relevant
rganics with be accessible. Adam et al. have plotted homologue
eries of several organic compound classes as a function of ion-
zation energy [82]. In general, the ionization energy decreases
s the molecular mass increases. Alkanes with greater than five
arbons have ionization energies below 10.2 eV, aldehydes with
reater than three carbons have IEs below 10 eV, and alkenes with
reater than two carbons have IEs below 9.8 eV [82], all of which
re within the accessible range of our VUV source. Alkynes and
lcohols with greater than four carbons tend to have ionization
nergies below 10.2 eV [82], but the trend toward lower IEs at higher
asses is much weaker for these molecules, which means that

horter VUV wavelengths, where our photon flux is weaker, must

e used even for larger molecules. Several larger carboxylic acids,
uch as oleic, linolenic, and linoleic acid, have IEs in the accessible
ange (8.52–8.69 eV) [43]. Hexanoic (≤10.12 eV) and butanoic acid
10.17 eV) are within reach [50], but small acids such as acetic acid
10.65 eV) and formic acid (11.33 eV) are not accessible. Ketones
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nd aromats of most sizes should be accessible (IE’s below 10 eV)
82].

Another factor which will affect the ionization efficiency of the
as phase aerosol constituents is the photoionization cross-section.
lthough SPI is an almost universal ionization method, the pho-

oionization cross-sections for different molecule classes can differ
y close to a factor of ten at a given wavelength [82]. For example,
he photoionization cross-section of benzene at 118 nm (10.49 eV)
s measured as 22 Mb while the cross-section of decane is 3.7 Mb
82]. In addition, the photoionization cross-section increases as the
onizing energy is increased for the first few electron volts beyond
he ionization threshold. As a result, a lower detection limit for a
articular molecule is possible if a photon energy well above its IE is
sed for ionization, but this may come at the expense of increased
ragmentation.

Arguably the most important factor in determining our detec-
ion limit for a particular molecule is the photon flux available at
he energy to be used for ionization. For our source, a change in
he photon flux of over three orders of magnitude between 122 nm
nd 168 nm will have a significant impact on the detection limit for
olecules with high IEs.
As a worst case scenario, we can consider a hypothetical

olecule which we would ionize at 123 nm (10.10 eV) where the
hoton flux is ∼8 × 109 photons/pulse, roughly 300 times less than
or our caffeine measurements at 142 nm. We will assume that the

olecular mass and density are similar to caffeine, so that a simi-
ar number of molecules make up an aerosol particle of any given
ize. If the photoionization cross-section is the same as that of caf-
eine, our detection limit would be a pure 500 nm particle, or a 10%
omponent of a 1 �m particle. Our instrument has been initially
eveloped for laboratory studies of heterogeneous chemistry, and
detection limit of 10% of a 1 �m particle is still adequate for many
xperiments. If we assume a worst case scenario where the pho-
oionization cross-section is an order of magnitude lower, we would
ave a detection limit of a pure 1 �m particle. In this case we would
e limited to a VUV wavelength of 130 nm to 168 nm (9.56–7.40 eV)
here our photon flux is higher. Future experiments will explore

he applicability of the VUV source to a variety of compound
lasses.

. Conclusions

A continuously tunable VUV source based on resonance
nhanced four wave difference mixing in xenon gas has been
onstructed and characterized. The source produces narrow band-
idth, high intensity pulses of light between 122 nm (10.2 eV)

nd 168 nm (7.4 eV), and could readily be applied to a wide vari-
ty of mass spectrometry based experiments. Very high spectral
urity is achieved with a custom monochromator based around
single MgF2 lens. Currently, the VUV source is coupled to an

on trap mass spectrometer which has also been fitted with an
erosol interface to conduct single particle mass spectrometry
xperiments. Aerosol experiments were carried out using caffeine
articles. Under appropriate vaporization conditions fragment free
ass spectra were collected for single aerosol particles as small

s 300 nm in diameter. Excellent signal to noise characteristics
or these small particles give a caffeine detection limit of 8 × 105

olecules which is equivalent to a single 75 nm aerosol, or approx-
mately 1.5% of a 300 nm particle. A good photon flux across the
ull wavelength range of the VUV source should allow the instru-
ent to be used to study the heterogeneous chemistry of many
ypes of organic aerosols of atmospheric relevance. The continu-
us tunability of the VUV source also allows the components of
erosol particles to be identified by the appearance energies of their
ons.
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