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Abstract

Multicharged ions of Ar and NO were observed in multiphoton ionization (MPI) experiments while a focused laser beam
struck extractor grid of time-of-flight mass spectrometry (TOF-MS). A special photoemission electron impact ionizer was
designed. This ionizer made it possible to investigate the mechanism of photoelectron impact ionization. The experiment
showed that the multicharged ions could be produced only by the photoelectron impact, probably ionized step by step. With
this special ionizer high Rydberg states (n ; 40 2 100) of atoms and/or molecules were, for the first time, observed in the
TOF-MS. The yield ratio of Rydberg states to ions was strongly dependent of the laser power and the energy of the
photoemission electrons. Our experiment results showed that this ionizer could be an effective method for producing
multicharged ions and high Rydberg states of atoms and molecules. (Int J Mass Spectrom 181 (1998) 43–50) © 1998 Elsevier
Science B.V.
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1. Introduction

Time-of-flight mass spectrometer (TOF-MS) has
been finding an increasingly wide variety of applica-
tions. The mass resolution of TOF-MS is mainly
determined by the temporal and spatial distribution of
ions [1]. Because of this, multiphoton ionization
(MPI) [2] has been widely used in the ionization of
TOF-MS. By the use of a tunable, ultrashort pulsed
laser, resonance enhanced multiphoton ionization
(REMPI) has been applied to TOF-MS, that made the
mass spectrum with high selectivity and high mass

resolution. On the other hand, the high selectivity is
not suitable to the analysis of unknown species. The
narrow band of the laser light can only ionize those
species that absorb the photons with specific frequen-
cies. It is well known that electron impact ionization
(EI) is a versatile method to ionize all kinds of
molecules, which has been widely used in conven-
tional mass spectrometers [3]. The key problem in the
use of EI to TOF-MS is how to generate a short pulsed
electron beam with high intensity. There were a few
reports [3–5] in which a conventional electron gun
was used in TOF-MS. With these electron guns, the
sensitivity and mass resolution [4,5] of the mass
spectrometers were not comparative to that with MPI
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Laser induced photoelectron emission from metal
surfaces has been widely studied and applied to
TOF-MS since the 1980s [6–16]. The short pulsed
electron beam made it possible to improve the mass
resolution in TOF-MS with EI. Subsequently, multi-
charged ions [13–16] were observed. These reports
showed that the laser induced photoemission electron
impact ionization could be a good complement to the
MPI in TOF-MS for analysis of unknown species.

In this paper, we present our observations in our
TOF-MS experiments with laser induced photoemis-
sion electron impact ionization. A special ionizer was
designed to control the intensity and energy of the
photoemission electrons by changing laser power and
electron accelerating voltage, respectively. Interest-
ingly, high Rydberg (HR) states of atoms and mole-
cules were also observed in our experiments [17]. The
ions could be separated from neutral Rydberg species
in the spectra by an initially pre-setting small dc
electric field, which was quite similar to the process of
mass analysis threshold ionization (MATI) [18].

2. Experimental setup

The experiments were carried out with our home-
made linear TOF-MS [19]. Briefly, the TOF-MS
consisted of two chambers: a molecular beam source
chamber and an ionization flight chamber. The sample
gas, injected through a pulsed valve (General Valve
900, 0.5 mm nozzle diameter), was skimmed before
entering the ionization region. Ions produced in this
ionization region were then extracted and accelerated
into a field free region, detected by a three-stage
microchannel plate detector (MCP), and recorded by a
100 MHz digital transient recorder. With the molec-
ular beam on, pressures of source chamber and
ionization-flight chamber were maintained lower than
1023 and 1024 Pa, respectively. A detailed descrip-
tion of the experiment controlling and the data acqui-
sition system had been described elsewhere [20]. The
molecular beam, laser beam and the ion flight axis
were perpendicular to each other.

In the typical configuration as shown in Fig 1(a), a
focused laser beam was directed onto the extractor

grid (E) where the photoelectrons were produced.
Both the photoelectrons and the ions produced in the
ionizer could be accelerated by either a dc high
voltage or pulsed high voltage (900 V with 200 ns of
rising edge and 12ms of duration) across the repeller
(R) and accelerator (A) (stainless steel meshes with
85% of optical transmission). The accelerator grid
was always connected to the ground.

In order to control the photoelectron indepen-
dently, that is to separate the ion acceleration from
acceleration of the photoelectrons and the electron
impact ionization process, a special modification has
been made in the ionizer configuration, as shown in

Fig. 1. Configurations of the TOF-MS ionizer: (a) typical ionizer,
(b) modified ionizer, and (c) voltages for MATI setup.
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Fig 1(b). A stainless steel plate (P), with negative
potential (VE), was placed on the laser path as a target
for generating photoelectrons. A copper mesh (G)
was placed 10 mm over the target plate and connected
to the ground. The laser beam was well aligned
without striking either the repeller plate or the extrac-
tor grid. The energy of the photoelectrons generated
from the target could be adjusted by changing the
potential of the target plate.

In the course of electron impact, atoms and mole-
cules can be either ionized into ions, or excited up to
neutral electronically excited states (Rydberg states),
or both occur [20]. In order to separate the ions from
the neutral states of molecules, a small offset voltage
was preset across the repeller and extractor grid of the
TOF-MS as shown in Fig 1(c). The offset voltage was
kept at 3 V/cm in our experiments. Under this
condition, the ions, produced by direct EI, started
moving towards the extractor at the moment they
were produced, while the moving of the neutral
species during the short delay time (several microsec-
onds) was almost negligible. These high Rydberg
species could be ionized by field ionization when the
delayed HV pulsed electric field came (100 V/cm
between the repeller plate and extractor grid) and
started to move to the detector, resulting in longer
arrival time than the ions. In the TOF mass spectra,
the arrival time of the neutral species was maintained
with almost no change with the time delay, while the
arrival time of the ions varied with the delay time of
the HV pulse.

3. Experimental results

3.1. With conventional ionizer

With the conventional ionizer in TOF-MS as
shown in Fig. 1(a), XeCl excimer laser (Lambda-
Physic EMG-50, 308 nm, 10 ns) was used in the
following experiments. The laser beam was slightly
focused by anf 5 400 mm lens and directed onto the
extractor grid.

3.1.1. Observations of the multicharged ions
With 10% NO mixed in Ar used as a sample gas,

a typical mass spectrum was presented in Fig. 2.
As expected, the NO11 and Ar11 ions were ob-

served. It was interesting that the ions NO21 and
multicharged Ar up to14 charged states also ap-
peared.

It is known that the ionization potential (IP) of
Ar31 to Ar41 is 59.8 eV [21] and the appearance
potential (AP) of Ar41 ion is 144.1 eV, which means
that an Ar atom should have absorbed more than 30
photons of 308 nm (4.0 eV) at the same time if it was
ionized through MPI. This was impossible with the
laser power in our experiment condition (,106

W/cm2). The other evidence was that no ion was
found, even NO11, when the laser beam passed
through the ionization region without striking either
the repeller plate or the extractor grid. This implied
that the sample gas was ionized by the laser induced
photoelectrons from the grid surface.

3.1.2. Effect of delayed HV pulsed acceleration field
To clarify the ionization mechanism further, the

constant dc voltage across the acceleration field was
switched to the delayable pulsed high voltage. The
delay time between the laser pulse and the rising edge
of the high voltage pulse could be adjusted from 0 to
a few microseconds.

The result obtained with this regime is shown in
Fig. 3. With the delay time of zero, the mass spectrum

Fig. 2. Mass spectrum of 10% NO in Ar.
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was similar to that obtained with the dc acceleration
field. The significant difference was that no ion could
be seen when the delay time was longer than 0.2ms.
This implied that the MPI or laser desorption ioniza-
tion (LDI) could be ruled out. If the ions were produced
by MPI or LDI, they should have survived in the ionizer
for several microseconds and have been detected, be-
cause not all the ions could have moved out of the space
of the ionizer (10 mm3 10 mm) with the thermal
velocity (about 0.5 mm/ms) in a few microseconds.

Considering the low energy and high velocity of
the photoelectrons, the results in Fig. 3 are under-
standable. The photoelectrons were unable to ionize
the gas atoms until they gained enough energy in the
HV electric field. Because the mass of electron is very
small, its velocity is very fast even at low energy level
(about 600 mm/ms with 1 eV kinetic energy). When
the HV acceleration field built up a bit later, the
photoemitted electrons could move out of the ionizer
without ionizing any species in the ionization region.
Consequently no ions could be detected. This is
important evidence for the ionization mechanism of
the photoemission electron impact.

3.2. With the new design of the ionizer
(the modified ionizer)

With the modified ionizer, the energy of the
photoemission electrons could be independently con-
trolled. A primary investigation of the effect of the

impact energy of the photoelectrons on the ionization
process had been carried out.

The second harmonic output 532 nm of Nd:YAG
laser (Spectra-Physics GCR 170) with pulse duration
of 8 ns was used in these experiments. The laser beam
was slightly focused by af 5 820 mm lens and
directed onto the stainless steel target as shown in Fig.
1(b). The laser beam was carefully aligned that
neither the repeller nor the extractor was struck on.
The diameter of the circular light spot on the target
plate was about 3 mm. The photoelectrons emitted
from the target were then accelerated in the electric
field between the copper mesh and the target plate.
The energy of the photoelectrons was roughly deter-
mined by the voltage on the target plate (VE). The
ions, produced by electron impact, were extracted,
then accelerated by the delayed high voltage pulse.

3.2.1. Formation of multicharged ions
The TOF mass spectrum of argon gas obtained

with the modified regime is shown in Fig. 4, where
VE was kept at2200 V, and the delay time of the HV
pulse was 1ms. Comparing to Fig. 3, the difference is
obvious. The argon ions as well as multicharged ions
could be observed even at the delay time of HV pulse
as long as 1ms; while the ions almost disappeared
only after about 0.2ms. As mentioned above, the
thermal velocity of the ions at room temperature is
about 0.5 mm/ms without electric field. The conse-
quence was that the ions produced by the electron

Fig. 4. TOF mass spectrum of Ar by modified ionizer.

Fig. 3. TOF mass spectra of Ar vs delay time.

46 L. Wang et al./International Journal of Mass Spectrometry 181 (1998) 43–50



impact could not drift out of the ionizer space and
could be detected after a few microseconds delay. The
reason for this was that in the modified ionizer, the
photoelectron energy and ionization of the Ar atoms
were not dependent on the HV of the ionizer.

3.2.2. Branching ratio of Ar21/Ar11 varied with VE
Fig. 5 shows the variation of the branching ratio of

Ar21/Ar11 with VE. The delay time was 1ms. The
branching ratio of Ar21/Ar11 increased with VE in
the low VE region, approaching a constant value
when VE was higher than 100 V. As a comparison,
the results from [5] are also shown in Fig. 5 and were
obtained by using a conventional hot filament electron
gun. It is obvious that the branching ratio of Ar21/
Ar11 in our experiments was much greater than those
obtained [5]. A possible reason for this may be the
difference in the intensities of the electron beams
between the two electron guns.

3.2.3. Fragmentation of polyatomic molecule SF6

MPI of SF6 has been studied for decades. In the
present experiment, SF6 was taken as an example of
polyatomic molecules to be investigated on the frag-
mentation and ionization by the photoemission elec-
tron impact. As shown in Fig. 6, there were various
fragment ions produced by the EI. Double charged
ions of fragments SF2n (n 5 1,2) were found in the
spectrum, which has never been reported in the
literature with conventional mass spectrometers. This
is currently being studied.

3.3. Generation of high Rydberg states

With the modified ionizer, plus an ion shifting
electric field, the neutral species could be separated
from the charged species in the ionizer. The Rydberg
states of atoms and/or molecules, for the first time,
were observed in the TOF-MS, and investigated as
well.

3.3.1. Formation of high Rydberg states
The Rydberg state of argon atoms formed by

photoemission electron impact was the first observed
in our TOF-MS experiment. With the laser power at
5.5 mJ/pulse and VE at216.6 V, and changing the
delay time, two groups of peaks were observed in the
TOF mass spectrum as shown in Fig. 7. The separa-
tion between the two groups increased with increasing
the delay time. The peaks shifted by the 3 V electric
field with time delay were the signals of the argon

Fig. 5. Branching ratio of Ar21/Ar11 vs VE.
Fig. 6. Mass spectrum of SF6.

Fig. 7. TOF mass spectra of Ar ions and HR states.
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ions, and the peaks remained constant at constant
arrival time must be electronically excited neutral
species ionized by the HV electric field. These elec-
tronically excited neutral species were assigned as
Rydberg states.

According to the formula [22,23],

n < 134/E1/4 and d l/n
3 < 3n2E

wheren is the main quantum number,E is the field
intensity anddl is the quantum defect, respectively.
The observable high Rydberg states should be in the
range ofn from 40–100, with the quantum defectd l

estimated from20.5 to 0.5, under our experimental
conditions.

The signal intensity of Ar ions was almost un-
changed in the short time of delay, whereas the
relative intensity of the Rydberg states decreased with
the time delay. This decay showed further that the
neutral species were in electronically high excited
states. Although we could not individually isolate
these Rydberg states in our current experiment, what
we could get from the decay picture in Fig. 7 was the
average lifetime of these Rydberg states. It was
approximately several microseconds, consistent with
the results of Freund et al. [24].

3.3.2. Branching ratio of Rydberg states to Ar1

The interesting observation was that the yield ratio
of high Rydberg states to Ar1 ions was strongly
dependent on VE as shown in Fig. 8. It was obvious

that the ionization potential of Ar is about 15.8 eV
(I.P.). When VE was lower than the ionization poten-
tial of Ar, only Rydberg states could be seen. The
lower the VE, the higher the yield of Rydberg states.
With VE increasing, the yield of ions went up while
the Rydberg states were reduced. We were also
surprised that some doubly excited high Rydberg
states of Ar were also observed (not shown in this
article).

3.3.3. High Rydberg states of C2H2 and
its fragments

The ionization and fragmentation of many poly-
atomic molecules were studied with the modified ion-
izer. Fig. 9 shows one of the examples, the TOF mass
spectra of C2H2. The laser power was about 3 mJ/pulse
and VE was kept at223 V. The ions and Rydberg states
of the fragments and their parent molecules are clearly
separated in the spectra. The Rydberg states of both
parent molecules and their fragments obtained in the
same mass spectrum provided a direct experimental
evidence for the “core ion model,” suggested by
Freund [22]. In this model, a high Rydberg state of
molecules might dissociate into two fragments, one in
a high Rydberg state and the other in a ground state.
To the best of our knowledge, this was the first
observation of the high Rydberg states of molecules
and their fragments in the same mass spectrum.

Fig. 9. TOF mass spectra of fragment ions and HR states of C2H2.

Fig. 8. Intensities of ions and HR varied with VE.
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4. Discussion on the ionization mechanism

The FWHM of the Ar11 peak in Fig. 2 was about
50–60 ns. Considering the fact that the mass resolu-
tion within these experiments was the same as that in
the MPI experiments, and the broadening effect dur-
ing the flight, the EI ionization process should occur
in a similar short time scale as the MPI process. This
means that the pulse width of the electron emission
was in the same order of magnitude as the laser pulse.
Because of the short width of the electron pulse, the
instant intensity of the electron beam induced by
pulsed laser is high.

In our experiments, the modified ionizer made it
possible to separate the ionization process from the
electron generation process. Because the photoelec-
tron acceleration could be independently controlled,
and the ion acceleration field was in a delayed pulse
HV field, it was possible to distinguish the species
ionized by MPI or EI. Under our experiment condi-
tions, the ions were produced by laser induced pho-
toemission electron impact ionization, the MPI mech-
anism could be ruled out completely.

The formation mechanism of multicharged ions is
still not clear so far. We did find the multicharged ions
of Ar and NO in the mass spectra under the EV lower
than their appearance potentials. One possible explana-
tion is that the ionization was proceeded step by step,
that is, a multielectron impact ionization. The instant
high intensity of the photoelectrons emission seems to
support this consideration, but it was unlikely because
the electron beam was not focused in our experiments.
The other possible explanation is that the electron
energy distribution was very broad because of the space
charge effect. A large number of electrons might have
higher energy than the nominal value of VE. The
electrons with energy in excess of the appearance
potential of the multicharged ions would be respon-
sible for the formation of the multicharged ions.

There were a few articles [7–11] that reported on
the photoemission generation when laser beams
struck metal surfaces. When the photon energy was
lower than the work function of the metal surface,
multiphoton processes [10,11] were involved. The dura-
tion of the photoemission electron pulse was strongly

dependent on the width and the energy of laser pulse.
The intensity of the photoelectron beam could be three
orders of magnitude higher than that of current conven-
tional filament emission [11]. The major difficulty in the
generation of a good electron beam is that the space
charge effect cannot be easily eliminated. It could
broaden the pulse duration as well as the energy
distribution of the electron beam; in particular, if we
want to achieve an electron beam with low energy. As
we have seen above, the low energy electrons are
important for the formation of Rydberg states.

The observation of the high Rydberg states was
one of the most interesting discoveries in our exper-
iments. The dependence of the yield ratio of the
Rydberg states to ions upon the VE provided the
possibility that we could selectively generate Rydberg
states with this technique. It should, however, be
noted that VE was not equal to the electron energy.
Because of the effect of space charge, and the possible
photoemission electrons from the copper mesh over
the laser target plate, the energy distribution of the
photoelectrons may be very broad. The effect of the
low energy electrons on the impact process could be
very different from that of high energy electrons. It is
important to narrow the energy distribution of the
photoelectrons for the future investigation.

There is a big argument on the formation mecha-
nism of the high Rydberg states in the electron impact
process. As shown in Fig. 7, the low VE was in favor of
forming Rydberg states, whereas the low electron energy
was not able to excite the atom up to such a high
Rydberg state. How was the kinetic energy of the
electrons transferred into the electronically excited states
of the atoms or molecules? Just one step of electron
impact? Or did it go through many steps, such as
collision of atoms with electrons one after another, or
ionized first, then recombined with an electron, form-
ing a high Rydberg state, and so on. This article
reports the results of our primary studies. Because the
energy distribution was unknown, we could not tell
much more about the formation mechanism atpresent.
Because of much interest in this topic, study of the
formation mechanism and dynamic characteristics of
the Rydberg states is being continued in our lab.
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5. Summary

In summary, a new design of a laser induced
electron beam source and its application to TOF mass
spectrometers were presented in this article. With this
modification, a series of experiments has been carried
out and the main results are summarized as follows: (1)
Laser induced photoemission electron impact ionization
could be applied to conventional TOF-MS as a useful
complement for analysis of unknown species without
any selective limitation. (2) Application of the new
designed ionizer, combined with delayed high voltage
pulse, has made it possible to distinguish the photoelec-
tron impact ionization from MPI in TOF-MS. (3) The
multicharged ions of Ar, NO and some other polyatomic
species were produced in our TOF-MS. The formation
mechanism of these ions was probed to be photoelectron
impact ionization. (4) The formation of high Rydberg
states of atoms, molecules, and their fragments was
observed. The yield branching ratio of Rydberg states to
ions was dependent of the electron impact energy.
Lower impact energy was in favor of formation of
Rydberg states. Doubly excited high Rydberg states
of some gas atoms were also observed. Further
study of the formation mechanism of the high
Rydberg states and the multicharged ions by this
new technique is underway.
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