










D
ow

nl
oa

de
d 

B
y:

 [U
ni

ve
rs

ity
 o

f C
ol

or
ad

o 
Li

br
ar

ie
s]

 A
t: 

22
:5

0 
7 

S
ep

te
m

be
r 2

00
7 
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FIG. 5. VUV photoionization normalized size distributions from cigarette
data for total organics (black line) and the weighted average of selected m/z
values (tentative compound assignments from text in parentheses) for Group 1
(gray dotted line): 110 (dihydroxybenzenes) and 146 (myosmine), and Group 2
(dark gray dashed line): m/z 84 (nicotine fragment), 95 (hydroxypyridine), 162
(nicotine), and 178 (anthracene/phenanthrene).

PI spectra can enhance the chemical speciation capability of the
AMS.

Links between aerosol chemical composition and aerosol size
can be used to obtain even more detailed information about
organic aerosol sources and processes in the atmosphere. For
example, in previous studies chemically speciated size distri-
butions have been used in quadrupole-based AMS studies to
differentiate between fresh combustion aerosols and aged oxi-
dized organic aerosols (Alfarra et al. 2004; Jayne et al. 2000).
The ToF-AMS, with either EI or PI ionization, is also capa-
ble of providing chemically resolved particle size distributions.
Figure 5 shows the average size dependent distribution for the
total organic mass and two groups of PI fragments measured
while sampling cigarette smoke particles. Group 1 consists of
m/z 110 and 146 (likely from any of the dihydroxybenzenes and
myosmine, respectively) which peak at around 250 nm. Group 2
consists of nicotine fragments (m/z 162 and 84) and other m/z
values that are tentatively assigned to hydroxypyridine (m/z 95)
and anthracene/phenanthrene (m/z 178). The latter size distri-
bution peaks near 450 nm. The different size distributions for
the two groups of organic ions and fragments clearly indicate
that the size distribution observed for the total organic mass has
contributions from overlapping modes of different composition.

Since the ToF-AMS instrument provides a complete EI and
PI mass spectrum for every size bin, the size dependence of the
cigarette smoke particle composition can be examined in more
detail. This is demonstrated in Figure 6 which shows PI mass
spectra averaged over the size bins 20–350 nm, 350–600 nm,
and 600–1200 nm from Figure 5. The PI mass spectra clearly

show differences in the aerosol chemical composition with par-
ticle size. The smallest size mode is dominated by the m/z value
110, but the middle and largest size modes are dominated by the
nicotine fragment (m/z 84), as in the total mass spectrum (Figure
4). The relative importance of the m/z 178 (possibly PAH) also
decreases as size increases. As illustrated in Figure 4, PI frag-
ments at high m/z contain significant molecular information;
hence, they provide more useful and relevant information about
the size dependence of aerosol composition than the chemically-
speciated size distributions measured with EI alone. Thus, the
combination of PI with chemically resolved size distributions
from the ToF-AMS promises to be a powerful tool for examin-
ing size-dependent chemical variations in aerosol composition.

2. Optimizing Spectral Information Available with PI
The exact photoionization spectrum (i.e., degree of fragmen-

tation) from a particular compound depends strongly on both the
sample temperature (aerosol vaporization method) and the pho-
toionization energy used. Both of these factors can contribute
excess energy to the ions and may result in additional fragmen-
tation of the molecular ion. Previous studies have shown that the
degree of fragmentation can be reduced by using lower vaporiza-
tion temperatures or by using lower photon energies (Nash et al.
2005; Wilson et al. 2005; Mysak et al. 2005). For example, for
the compound oleic acid, researchers have obtained VUV spec-
tra with very little fragmentation (Mysak et al. 2005). In order to
study the exact fragmentation observed using our system, spectra
of oleic acid were taken under a number of varying conditions.
Figures 7a and 7b show the EI and PI spectra for oleic acid taken
with the vaporizer at 500◦C, standard operating conditions for
EI. Since oleic acid has a backbone that consists of a long chain
alkane, its EI spectrum has many secondary fragments that are
the same as in the pristane spectrum (Figure 3). The PI spectrum
of oleic acid, on the other hand, shows significant differences not
only from the oleic acid EI spectrum but also from the pristane PI
spectrum. Figure 7c shows the same photoionization spectrum
of oleic acid particles taken with the AMS vaporizer tempera-
ture at 200◦C. When compared to Figure 7b, it is clear that the
extent of fragmentation is highly dependent on the internal en-
ergy of the molecules prior to ionization. In Figure 7c, relative
to the molecular ion (m/z 282) the intensity of the fragment
ions (particularly at m/z 84, 98, and 111) has decreased with
decreased AMS vaporizer temperature, and the m/z 264 is now
the highest peak in the spectrum. The ion fragment at m/z 264
results from the loss of the water ion from the parent ion, likely
from thermal decomposition of the molecule upon vaporization
and not from a ion fragmentation process, and is thus a surrogate
for the molecular ion of oleic acid. Thus, it may be inferred that
a significant amount of fragmentation can be avoided by using
vaporizer temperatures just above the boiling point (or thermal
decomposition point) of the compounds of interest. However,
in most cases, such as in sampling atmospheric aerosol, there
will be many organic compounds present in the aerosol, and
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FIG. 6. Size-segregated mass spectra for the cigarette smoke particles shown in Figures 4 and 5. Size bins are labeled as (a) 20–350 nm, (b) 350–600 nm, and
(c) 600–1200 nm.

therefore optimizing the temperature for minimal fragmentation
for all compounds is not possible.

One complication that arises when acquiring PI spectra is
unintended electron impact ionization that results from photo-
electrons that are formed in the ionization region (Mühlberger
et al. 2005a). Photoelectrons are produced in the ionization re-
gion by photons striking the metal surfaces of the ionizer. As
they are typically formed, these photoelectrons have sufficient
energy to ionize the air, water, and oxygen molecules (ionization
energies of 12–14 eV) that are present as gas phase molecules
in the focused molecular beam but are not photoionized by 10.6
eV VUV photons. Thus, the presence of these signals is indica-
tive of photoelectron impact occurring in the ionization region.
When aerosol signals are small (<10 μg m−3) these air peaks
are sometimes the largest in the mass spectrum. When photo-
electrons are present, electron impact ionization also occurs for
vaporized aerosol molecules. For example, the presence of some
inorganic aerosol signals in the ambient mass spectrum, such as
ammonia and nitrate, is another indication of photoelectrons in
the system. Moreover, for any given compound, the presence of
photoelectrons will generally cause much more fragmentation
of the molecular ion than in pure photoionization, causing the
mass spectrum to look more like an electron impact spectrum.

The number of photoelectrons can be reduced by minimizing
the metal surface area in the system that is exposed to stray and

diverging photons from the lamp. We have attempted to do this
in our system by positioning the lamp as close as possible to the
ionization region of the AMS, thereby minimizing 1/r2 diver-
gence of photons from the lamp. The improved design brought
the lamp 5 mm closer to the ionizer and reduced the number
of photoelectrons by an estimated factor of 20–50. This design
also improved the photon delivery to the ionization region by a
factor of 2, resulting in a corresponding increase in sensitivity.
The N+

2 and O+
2 signals from photoelectrons were also reduced

by a similar factor. Figures 7c and 7d show a comparison of the
photoionization of oleic acid particles at 200◦C using the initial
and modified designs of the VUV module. Although the spec-
tra are very similar above 150 amu, the spectrum from the new
VUV interface design shows a dramatic decrease in the relative
intensity of the fragment ions below m/z 100, indicating reduced
electron impact. In particular the fragment ions at m/z 43, 55,
and 69 seem to be mostly generated by electron impact and are
much reduced (∼×20–50), which is consistent with the reduc-
tion in photoelectrons in the new design. In order to quantify
the extent to which the electron impact ionization was reduced
in the improved VUV module, the oleic acid spectra discussed
above were compared with similar experiments carried out at the
Advanced Light Source in Berkeley, CA. The synchrotron pho-
ton beam was delivered to the AMS in an analogous manner to
the VUV lamp module in standard operation. However, because
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FIG. 7. Comparison of spectra of oleic acid aerosol taken at varying conditions: (a) EI spectrum with vaporizer at 500◦C. (b) VUV module with vaporizer at
500◦C. (c) VUV module with vaporizer at 200◦C. (d) 200◦C using improved VUV module (e) 140◦C using improved VUV module. (f) 140◦C using synchrotron
radiation at 10.6 eV g) 300◦C using synchrotron radiation at 10.6 eV.

the diameter of the synchrotron photon beam is much smaller
than the entrance aperture into the AMS ionizer, the possibility
of photoelectron production and electron impact contamination
using this source was nearly zero. Figures 7e and 7f show the
oleic acid spectrum using the improved VUV module and the
synchrotron radiation at 10.6 eV both taken at an AMS vaporizer
temperature of 140◦C. Indeed a visual comparison of these two

spectra shows a striking similarity, suggesting that most of the
electron impact has been removed in the improved VUV mod-
ule. Figure 7g shows the oleic acid PI spectrum taken using the
synchrotron radiation at 10.6 eV at an AMS vaporizer temper-
ature 300◦C. Note that the fragmentation at 300◦C (7g) using
the pure photoionization from the SR is notably different from
the fragmentation at 200◦C using the old VUV module (7c),
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FIG. 8. Correlation plot comparing mass spectra taken using VUV lamp module (Figure 7e) and the synchrotron radiation (Figure 7f), both at 140◦C.

providing evidence that much of the fragmentation in 7c is due
to electron impact ionization and not excess thermal energy. In
particular, the fragments at m/z 84 and 98 are increased from
the excess thermal energy, but not those at m/z 43, 55, and 69.
Finally, Figure 8 shows a scatter plot of the mass spectra from
Figures 7e and 7f, indicating good agreement between the two
spectra. The fragment ions that notably fall off the line, m/z
43, 55, and 69, are likely mostly due to the small amount of
photoelectron impact ionization that still remains in our system.
However, as shown in the normalized log plot, these fragments
are less than 0.01% of the total signal, suggesting that the photo-
electrons in our system have been reduced to a nearly negligible
level.

Figure 9 shows the results of synchrotron experiments that
mapped the PI spectra of oleic acid as a function of VUV energy
and AMS vaporizer temperature. The ratio of the molecular ion
and base peak sum (m/z 282 + m/z 264) to the total ion signal
(designated M+/Total Ion) is maximized for all temperatures
near the ionization energy of 8.7 eV (Mysak et al. 2005). At
this point and the lowest temperatures, more than 75% of the
signal is in the parent ion signal. As expected, increased AMS
vaporizer temperature causes an increase in fragmentation at
all energies above the ionization energy. However, the value of
M+/Total Ion reaches a maximum for all profiles around 100◦C.
Below this temperature there is very little excess thermal energy,
however near this temperature the total signal does begin to
decrease and vaporization of the oleic acid aerosol is presumably
no longer a “flash vaporization” process. Thus, for soft ionization
in the AMS it is important to find an optimum temperature where
all of particles are vaporized, but thermal fragmentation is still
minimized.

3. Sensitivity and Limits of Detection
The ionization efficiency in the AMS with the EI or PI process

can be expressed as:

I E = σ · F · τ · E [1]

where σ is the appropriate ionization cross-section of the
molecule of interest, F is the ionizing photon or electron flux,
τ is the residence time available for ionization, and E is the ion
transmission and detection efficiency of the mass spectrometer.

FIG. 9. Temperature and VUV photon energy dependence for photoionization
of oleic acid using synchrotron radiation.
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Thus, for a given mass spectrometer where τ and E do not vary,
the relative IE for electron impact compared with photoioniza-
tion can be expressed as:

IEEI/IEPI =(σEI/σPI) · (FEI/FPI). [2]

In general, for organic molecules the cross-sections for pho-
toionization are 20–70 times smaller than the cross-sections for
electron impact ionization (Cool et al. 2003; Berkowitz 2002;
Jimenez et al. 2003). During EI ionization, the AMS ionizer
usually operates at an emission current of 2.5 mA, which corre-
sponds roughly to an output of 1.5 × 1016 electrons sec−1. Since
the evaporative plume produced by flash heating of a particle is
confined by the ionizer geometry and is much smaller than the
volume of light from the lamp (or electrons from the filament
in the case of EI), the ionizing volume for both processes is
assumed to be the same, and the value of FEI /FPI is approxi-
mately equal to the ratio of electron output to photon output for
the two processes (units of photons sec−1 or electrons sec−1).
As discussed in the Experimental section, the VUV lamp yields
an output of 2 × 1013 photons sec−1 at the ionizer, such that
the value of FEI /FPI is 500. Thus taken together, according to
equation 2, the IEEI/IEPI is estimated to be 1 × 104.

For the both the quadrupole and the ToF-AMS instruments
IEEI is routinely measured as a metric of the instrument sensitiv-
ity and stability (Jimenez et al. 2003). The calibration procedure
involves the use of size-selected particles of known concentra-
tion. The IE is defined as the ratio of the average measured
number of ions per particle to the known number of molecules
per particle. The IEPI has been measured by an analogous pro-
cedure for oleic acid. As summarized in Table 1, a typical mea-
sured value for IEEI (for 70 eV electron impact) in a ToF-AMS
for oleic acid is 1 × 10−6 and the measured IEPI of oleic acid is
2 × 10−10. The ratio of these measured values, 5000, is within
a factor of 2 of the estimated value from Equation (2).

The detection limit in EI mode for organic species in a 1-
minute average spectrum is approximately 20 ng m−3(DeCarlo
et al. 2006). Because the thresholding feature of the Acqiris data
acquisition card can be used to discriminate against electronic
noise, the instrument noise can be reduced to simply the dark
counts of the MCP. For a new set of MCPs this value can be as
low as 1 count per minute, although values of 2–5 counts per sec-
ond are more typical. For the experiments here, the RMS noise
calculated for the difference signal with no particles (filter mea-
surement) is typically around 0.002 bits per extraction, which
corresponds to 3 μg m−3 for a 1-minute average. Thus, the 3σ

limit of detection for oleic acid is calculated to be about 12 μg
m−3 for a 1-minute average, based on the measured ionization ef-
ficiency for this molecule shown in Table 1. This detection limit
is ∼1000 times, rather than 10,000 worse than for EI due to the
ability to further discriminate against noise in the VUV mode
by increasing the MCP gain. During EI operation the MCP gain
is limited by avoidance of saturation of the large signals, which
is not a concern for VUV operation. For some ions (e.g., m/z

TABLE 1
Comparison of EI and PI sensitivity parameters

EI Photoionization
ionization (PI) EI/PI

Flux, part cm−2 1 × 1016 /area 2 × 1013/area 5 × 102

sec−1

σ,cm2 molec−1 6 × 10−16 3 × 10−17 20
Measured IE 1 × 10−6 2 × 10−10 5 × 103

Predicted IEEI/IEPI 1 × 104

43), there is a significant gas-phase background that increases
the limit of detection for aerosol signals. Furthermore, at very
high particle mass concentrations, ions scattered in the grids of
the TOF flight region will arrive at m/z’s other than their nom-
inal values, resulting in baseline noise that also will affect the
limits of detection. Limits of detection for many other organic
molecules will generally be in the 10–12 μg range, depending
on the specific photoionization cross section of the molecule. It
should be noted that the limits of detection reported here are for
a single component aerosol. Thus, the limit of detection must
be exceeded for each compound in an aerosol mixture to detect
a signal for that compound. This is in contrast to EI, where ex-
cessive fragmentation causes ions from different compounds to
add, especially in the smaller m/z’s, aiding in the detection of
total organics.

It is clear from Table 1 that the sensitivity of PI relative to
EI can be improved by increasing the photon flux of the VUV
lamp. The photon output of the lamp used in these studies is
likely within a factor of 10 of its theoretical maximum for an
unfocused beam. We believe that the plasma is near saturation
for two reasons: first, when the input RF power is increased, the
photon flux does not increase. Moreover, other commercially
available lamps of the same geometry have similar outputs. For
example, Resonance, Ltd, in Ontario, Canada, produces lamps
with an output of 3 × 1015 photons steradian−1 sec−1 for a 12
mm diameter lamp. The effective area of this lamp is 16 times
larger than the 3 mm lamp used for the measurements shown in
this manuscript, and therefore actually has a very similar output
per area or flux as the lamp used here. Therefore, this lamp would
not increase the sensitivity of method in the AMS without some
way to concentrate the beam.

Other researchers have used different lamp designs to im-
prove photon fluxes, without the use of a laser. Notably,
Mühlberger and coworkers have developed the Electron-Beam-
Pumped Excimer VUV lamp, whereby a Kr or Ar source is
irradiated with electrons from an electron gun to create rare gas
excimers (Mühlberger 2005a, 2005b). These excimers decay to
produce VUV light that can be a source for single photon ion-
ization. Reported photon intensities are presently about 1.5 ×
1013 photons s−1, but are expected to increase by a factor of
ten in the near future (Mühlberger et al. 2005a). If indeed such
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lamps eventually create more photons than the rare gas lamps
of a similar size, they would allow for a sensitivity increase for
VUV ionization within the AMS.

Another approach is to use the photons from the VUV lamp
not for direct ionization but for the ejection of photoelectrons
from a photoemissive surface that is coupled into the AMS.
In this method, known as PERCI (Photoelectron Resonance
Capture Ionization Mass Spectrometry), the photoelectrons are
finely tuned to a low energy (<0.1 eV), by the addition of an extra
electrode near the photoemissive surface (LaFranchi et al. 2004).
These low energy photoelectrons attach to analyte molecules re-
sulting in little or no fragmentation (LaFranchi et al. 2004). This
technique could be a feasible alternative to photoionization in
the AMS.

CONCLUSION
This manuscript presents the first results obtained from a

field-deployable VUV lamp module that can be interfaced to
the Aerodyne Aerosol Mass Spectrometer to provide PI spec-
tra of aerosol chemical species in real time. The results pre-
sented here indicate that photoionization using rare gas lamps
is a promising ionization technique for improving the molecu-
lar information provided by AMS mass spectra. Although the
high temperature of the AMS vaporizer induces some thermal
fragmentation, the PI spectra are less complex than EI spectra
due to decreased fragmentation. The PI spectra obtained from
the VUV lamp are similar to those obtained with VUV radiation
from a synchrotron source. Comparisons of EI and PI spectra
of pure organic aerosols show that the presence of parent peaks
and characteristic fragments at masses greater than m/z 100 in
the PI spectra provide clearer signatures for chemical identifica-
tion. Even in more complex organic mixtures such as cigarette
smoke particles, the PI spectra provide more information about
the molecular composition of the aerosol than EI spectra. Speci-
ated size distributions measured with the PI detection technique
offer an additional means of increasing the chemical informa-
tion that can be obtained by the AMS for complex mixtures of
aerosol particles.

The reported PI detection limits of 10–12 μg m−3 in a 1-
minute sample are sufficient for laboratory work, source sam-
pling, and detection of atmospheric aerosol in polluted urban
atmospheres at fixed sites. The PI spectra presented here, how-
ever, are limited by photon fluxes in comparison to electron
fluxes in electron impact ionization, and span only 3–4 or-
ders of magnitude in signal in comparison to the 7 orders of
magnitude spanned by the current AMS in standard electron
impact mode. With several ongoing advances in excimer rare
gas lamp technology there is a significant potential of improv-
ing the sensitivity of the photoionization technique by a factor
of 50–100, which would be similar to the existing quadrupole
AMS instruments.

A key feature of the VUV lamp module design is its ability to
alternate between PI and EI detection on the timescale of min-

utes. This feature allows for the combination of the advantages
of both detection techniques. While PI offers spectral simplicity,
alternation of PI with the EI allows for increased sensitivity to
organic aerosol mass and maintains the AMS sensitivity to inor-
ganic species like SO4 and NO3 which are not effectively ionized
by 10.6 eV PI. The ability to alternate PI detection with EI is also
important because electron impact ionization efficiency has an
empirical dependence on chemical composition and molecular
weight that can be readily used to quantify speciated mass.
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