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Articles

Optically Timed Submillimeter Time-of-Flight Mass

Spectrometry

Patrick W. Dooley,t# V. Ravi Bhardwaj, David M. Rayner,t and Paul B. Corkum*-t#

Steacie Institute for Molecular Sciences, National Research Council of Canada, Ottawa, Ontario, K1A 0R6, Canada, and
Department of Physics & Astronomy, McMaster University, Hamilton, Ontario, L8S 4M1, Canada

We demonstrate that using intense femtosecond laser
pulses to optically time ion flight can lead to a miniature
time-of-flight mass spectrometer. After laser ionization, the
molecular ion is accelerated by a static electric field and
detected using a second, delayed laser pulse. The relative
positions of the two laser foci determine the ion flight
distance while the time separation of the laser pulses fixes
the ion flight time. We mass-resolve CS; or C¢Hg isotopes
after a flight distance of 360 ym using either double
ionization or Coulomb explosion detection.

Femtosecond pulses have been of interest in mass spectrom-
etry primarily for their proposed ability to ionize molecules with
little or no fragmentation.! However, recent research calls this
prospect into question.? For organic molecules of intermediate
size, at least, it appears that femtosecond pulses and electron
impact methods often produce similar fragmentation behavior.?
Nevertheless, femtosecond pulses offer additional benefits of
considerable importance for mass analysis, as detailed below.

Like electron beam ionization, strong-field ionization using
femtosecond laser pulses is nonresonant and universal. Unlike
electron beam methods, strong-field ionization can be highly
efficient (~100% and localized to a focal spot diameter of ~1 yum
due to the nonlinearity of the light/ matter interaction. Therefore,
such pulses are well suited for miniature time-of-flight mass
spectrometers whose mass resolution is determined by the ratio
of the ion flight distance to the length of the ionization region
along the flight direction. Miniature mass analyzers are of
particular interest for applications such as spacecraft life support,
pollution monitoring, and explosives detection.?

Intense femtosecond pulses can further ionize molecular ions.
Depending on the pulse intensity, this can be controlled to remove
one or more additional electrons and can lead to Coulomb
explosion.* 8 Such localized postionization provides an optical
method for detecting ions with high spatial resolution.

* Corresponding author: (e-mail) paul.corkum@ nre.ca; (fax) (613) 991-3437.
f National Research Council of Canada.
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The time separation between two ultrashort pulses can be
controlled with femtosecond precision. Hence, a dramatic im-
provement in the measurement of ion flight times can be achieved
using optical rather than electronic timing. This eliminates the
principal barrier to the realization of miniature time-offlight mass
spectrometers.

When used as a detection scheme, Coulomb explosion pro-
duces numerous ionic fragments that impinge upon a detector.
This results in significant amplification of ion signal over parent
ion detection. In contrast to conventional time-offlight detection
methods, this amplification increases with the size of the molecule.

We employ these properties of femtosecond pulses to time ion
flight optically. In so doing, we show that the flight length of state-
of-the-art miniature mass spectrometers can be reduced by 2
orders of magnitude.? In addition, we demonstrate the feasibility
of using Coulomb explosion to enhance the detection efficiency
of such miniature devices.

Our optical approach involves focusing two temporally sepa-
rated femtosecond pulses to positions less than 500 um apart in
the presence of a uniform, static electric field (Figure 1a). The
pump pulse is focused to produce a highly localized packet of
singly charged ions. The ions are accelerated toward the probe
laser focus by a uniform electric field. En route to the probe focus,
the ions separate spatially according to their masses. Conse-
quently, different masses pass through the probe focus at different
times. When the intense probe pulse arrives, it further ionizes
any mass-selected cations present in its focal volume. Subsequent
detection of highly charged molecular ions or fission fragments
indicates that a specific mass existed in the sample, given by m
= eE1% 2y, where e is the unit of elementary charge, E is the
external electric field strength, y is the focal spot separation along
the electric field direction, and 7 is the pump—probe delay.
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Figure 1. Optical timing of ion flight. (a) A packet of singly charged ions is produced in the pump laser focus. A uniform electric field accelerates
the cations toward the probe laser focus, a distance y away. Upon its arrival, the probe pulse further ionizes any cations (of mass m = eEr?/2y)
present within its focal volume. Subsequent detection of multiply charged molecular ions or fission fragments indicates that molecules of mass
m = eEx?/2y are present in the sample. (b) A pump pulse singly ionizes molecules moving with constant velocity within a molecular beam. The
cations are accelerated out of the beam by a uniform electric field and follow parabolic trajectories. The probe pulse is focused at a location
along a particular trajectory. As in (a), the delayed pulse probes for cations of mass m = eEr?/2y within its focal volume.

Note that the detector requirements in our scheme differ from
those for standard time-of-flight configurations. Since we use the
delay between the two laser pulses to optically time ion flight,
the detector must only integrate charge. Moreover, ion mass
information can be obtained by detecting either ions or electrons.

We can scan the mass probed by varying either the accelerat-
ing electric field or the pump—probe delay and spatial separation
of the laser foci. In this work, we report results obtained by varying
only the electric field.

To keep background ion signals to a minimum, neutral
molecules must be kept out of the intense probe pulse’s focal
volume. This is most readily achieved by entraining the sample
in a molecular beam and focusing the probe pulse outside of it.
Orienting the molecular beam perpendicular to the electric field
minimizes the distribution of initial ion velocities in the accelera-
tion direction and improves mass resolution. In such a configu-
ration, ion trajectories are parabolic but the dependence of the
mass equation on y is unchanged (Figure 1b).

EXPERIMENTAL SECTION

We performed our proof-of-principle experiments using an
existing electronically timed, constant-acceleration time-of-flight
mass spectrometer equipped with a differentially pumped molec-
ular beam source.!? This configuration enabled a detailed analysis
of the ions and fragments produced by the probe laser but is not
necessary for practical applications of the technique.

Molecular Beam. The background pressure in the interaction
region was 107° mbar. The molecular beam was produced by a
100-um pinhole backed by 40 mbar of gas and collimated by a
piezoelectric slit. In the interaction region, the molecular beam
was ribbonlike with a thickness of 40 um along the laser
propagation direction and a width of 1.5 mm along the electric
field direction. Molecules within the highly collimated beam had
a measured mean velocity of 550 m/ s and a transverse transla-
tional temperature of ~1 uK.

Optical Configuration. The optical configuration is depicted
in Figure 2. A regeneratively amplified Ti:sapphire laser system

(10) Dooley, P. W.; Litvinyuk, I. V.; Lee, K. F.; Rayner, D. M.; Spanner, M.;
Villeneuve, D. M.; Corkum, P. B. Phys. Rev. A 2003, 68, 023406.
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Figure 2. Optical configuration. The output from the amplified
Ti:sapphire laser system was divided into pump and probe pulses.
The probe pulse was focused at the input of the optical delay line by
a telescope and refocused after each round trip by spherical mirrors.
Both pulses were focused in a common vertical plane before entering
the vacuum chamber. The relative separation of the external foci was
determined by inserting a removable mirror to reflect them onto a
CCD camera. Without the removable mirror in place, the intrachamber
parabolic mirror imaged the external foci into/onto the edge of the
molecular beam with a demagnification of ~41:1.

(not shown) operating at 800 nm produces 500-ud, 50-fs-duration
pulses at a repetition rate of 500 Hz. A half-wave plate/ cube
polarizer combination was used to divide the laser output into
pump and probe pulses. To obtain pump—probe delays of ~1077
s, a delay line consisting of a pair of 2-m focal length spherical
mirrors placed 4 m from two flat dielectric mirrors was con-
structed. The probe beam was focused at the input of the delay
line and followed a bowtie path (56-m total length) as the concave
mirrors repeatedly imaged the input focal spot onto the flat
mirrors. The overall pump—probe delay was 203 ns.

The pump and probe pulses were focused to ~8-um-diameter
spots by a parabolic mirror (50-mm focal length) mounted within
the vacuum chamber. The probe focus was positioned 110 um
(i.e., 550 m/ s x 203 ns) downstream along the molecular beam
direction from the pump focus and y = 360 um closer to the
detector (Figure 3). An imaging system (magnification ~41:1;
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Figure 3. Positions of the laser foci. The pump pulse was focused
into the molecular beam (gray horizontal stripe in figure). The probe
focus was positioned (110 um downstream from the pump focus and
360 um nearer to the detector) on the edge of the molecular beam to
coincide with a particular parabolic ion trajectory. lons were acceler-
ated using a large, existing time-of-flight mass spectrometer consisting
of a 24-cm-long stack of electrode rings (black boxes in figure). A
uniform ~125 V/cm ion acceleration field was produced by applying
a ~3000-V potential difference to the electrode stack. The potential
difference between the closely spaced foci was only ~5 V.

Figure 2) was used to monitor the relative positions of the two
foci during their adjustment.

Positioning of the foci relative to the molecular beam was
achieved by translating the parabolic mirror. The pump focus was
placed within the molecular beam while the probe focus was
positioned on its edge. Given the universality of femtosecond laser
ionization, probing is best performed in a region devoid of
background gas. We achieved a gas density ratio of ~20:1 between
the pump and probe foci.

External TOF-MS Configuration. Ions generated in the pump
focal volume were accelerated by a uniform electric field (~125
V/ e¢m) produced throughout our existing constant-acceleration
time-of-flight mass spectrometer (mass resolution m/ Am ~ 3000;
Figure 3). The spectrometer consists of a stack of ring electrodes
(24 cm long) mounted within the vacuum chamber with apertures
to accommodate the focusing mirror as well as the laser and
molecular beams. This arrangement effectively represents a nested
configuration in which the miniature optical spectrometer resides
within the standard one.

Ion Detection. Ions were detected at the end of the electrode
stack using a microchannel plate pair in combination with a conical
anode. The ion signal was amplified, discriminated, and time-
binned using a multichannel scaler with 500-ps temporal resolu-
tion. Note that the miniature spectrometer’s mass resolution
depends on the ion flight time between foci rather than the ion
arrival time at the detector (Figure 1). Since the detector need
only distinguish between singly charged parent ions and multiply
charged ones (or fragments thereof), the probe focus—detector
separation is largely irrelevant. In our proof-of-principle experi-
ments, the 20cm probe focus—detector separation imposed by
our lengthy existing spectrometer was used for convenience
(Figure 3). In an engineered miniature device, however, this
separation could be easily submillimeter.

RESULTS
We now demonstrate our ability to perform mass analysis after

an ion flight distance of only 360 um using two different
approaches. In each instance, a 30-uJ (~1 x 10" W/ cm?) pump
pulse produced singly charged molecular ions. In the first
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Figure 4. Spectrum of arrival times of CS2?" ions at the detector
consisting of three triplets of peaks. Each peak within a triplet
corresponds to a different isotope. The outer triplets (shaded regions)
result from double ionization by either the pump pulse (leftmost triplet)
or probe pulse (rightmost triplet), reflect natural isotopic abundances,
and are separated by the pump—probe delay. The central triplet stems
from consecutive one-electron removals in each of the pump and
probe foci. Relative peak heights within the central triplet depend on
focal spot separation and acceleration field.

approach, a 50-ud (~1.7 x 10 W/ cm?) probe pulse was used to
ionize the molecular cations and the production of doubly charged
molecular ions was monitored. In the second approach, a more
energetic 60-ud (~2 x 10 W/cm?) probe pulse was used to
Coulomb explode the molecular cations. In each case, the
positions of the foci and the pump—probe delay were held constant
and the molecular mass was scanned by varying the acceleration
voltage. We used CS; and C¢Hg for these demonstrations.

Doubly Ionized Molecular Ion Detection. The universality
of femtosecond ionization is both an asset and a liability. The pump
pulse energy (30 uJ) was chosen to efficiently generate cations
without excessive dication production. There are three possible
sources of dications, and these are readily identified using our
conventional mass spectrometer: (1) direct double ionization by
the pump pulse, (2) direct double ionization by the probe pulse
of molecules near the edge of the molecular beam, and (3)
consecutive ionization by the pump and probe pulses. These three
processes are manifested in the spectrum of CS,*" ion arrival times
at the detector (Figure 4). Three triplets of peaks are in evidence,
one for each production mechanism. The triplet corresponding
to CSy*™ produced by the pump pulse alone arrives first and
illustrates the ~3.7-us ion flight time between the pump focus and
the detector. Similarly, the triplet corresponding to CS;*™ produced
by the probe pulse alone arrives last. Its ~3.9-us detector arrival
time is the sum of the 203-ns pump—probe delay and the ~3.7-us
ion flight time between probe focus and the detector. Of interest
is the central triplet, which results from consecutive ionization
steps in each of the foci. Although the CSy*" ions of the central
triplet are produced in the probe focus following the 203-ns pump—
probe delay, they have a significant initial velocity oriented toward
the detector. This stems from the precursor CS," ions’ acceleration
between the pump and probe foci. As a result, the consecutively
ionized CSy?" ions arrive at the detector midway between their
“pump only” and “probe only” counterparts.

The peaks of each triplet correspond to the isotopes of CS;
(8CS;,, T"CS,, CSy). The relative peak heights within the “pump
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Figure 5. (a) Integrated 76CS,2* (filled circles), 77CS2?* (hollow circles), and 78CS22* (triangles) signals for the central triplet of Figure 4 as a
function of potential difference between foci. For clarity, the magnitudes of the 77CS22" and 78CS,2* signals have been increased by factors of
10 and 5, respectively. Gaussians fit to each data set have centers consistent with the mass equation m = eEr?2y and heights reflecting
relative isotopic abundances. (b) Results for 78CgHe2* (filled circles) and 7°CgHg2" (hollow circles; plotted with a 5x magnitude enhancement)
are consistent with both the mass equation and expected isotopic abundances.

only” and “probe only” triplets reflect the natural isotopic
abundances of CS;,. The central triplet is produced jointly by the
pump and probe pulses and is therefore the signal of interest.
However, the relative peak heights within this “pump—probe”
triplet are different. This is because the accelerating voltage was
chosen to place "*CS," at the center of the second focus upon the
arrival of the probe pulse. Hence, the 77CSy*" and "8CS,?>" peaks
are suppressed.

By varying the acceleration voltage, we sampled different
isotopes within the probe focus. The pump—probe signal from
the isotopes of CSy?" is shown in Figure 5a as a function of
acceleration voltage. The relative heights of the isotope peaks
approximate the natural abundances of CS,. The voltage at which
each isotope signal maximizes is unique and is consistent with
the predictions of the mass equation m = eEt?% 2y. This was also
the case for the isotopes of C¢Hg?" (Figure 5b). We have therefore
demonstrated the principle of optically timed mass spectrometry
after an ion flight distance of just 360 um with a mass resolution
m/ Am =~ 40.

The achievable mass resolution is determined by the diameters
of the foci relative to the ion flight distance. Since our pump and
probe beams impinged upon the parabolic mirror at an angle,
comatic aberration produced focal spot diameters ~2 times larger
than the diffraction limit for our focusing conditions. Using
diffraction-limited f/ 1 foci would yield a mass resolution m/ Am
~ 320. Alternatively, the ion flight distance could be reduced to y
~ 45 ym without loss of mass resolution. In either case, the
required pulse energies would be reduced by a factor of ~64. An
additional improvement in mass resolution should result if the
acceleration field structure was modified to achieve space focusing.

Coulomb Explosion Detection. We now demonstrate a
second approach to mass analysis in which a more intense probe
pulse removes many electrons from the molecular cation, initiating
fragmentation. This is in contrast to the previous scheme in which
a single electron was removed in the probe focus.

For CS;, Figure 6a depicts the net spectrum of detector arrival
times for doubly charged parent and fragment ions. It was
obtained by subtracting “pump pulse only” and “probe pulse only”
spectra from that produced by the pump and probe pulses

together. Consequently, the net spectrum reflects only those ions
produced via single ionization in the pump focus and subsequent
multiple ionization in the probe focus. Numerous fragments (C™,
C2t, St, §%F, §**, CS*) were observed. Coulomb explosion of the
highly charged parent ions imparts large kinetic energies (on the
order of tens of eV) to the fragments. As a result, fragment peaks
in Figure 6a are considerably broader than that corresponding to
unexploded CSy?*.

The net monatomic fragment signal (indicated by the shaded
region in Figure 6a) as a function of ion acceleration voltage is
shown in Figure 6b. For comparison, the voltage dependence of
6CSy?" (recorded concurrently) is also shown. Note that Figure
6b is the Coulomb explosion analogue of Figure 5. Both the net
fragment and CS,?" signals maximize at the same voltage (Figure
6b) and yield the correct mass for the "*CS, parent molecule. The
net fragment data contain more scatter than their unexploded
counterparts due to the spectral subtraction procedure used to
isolate the net fragment signal.

Finally, the magnitude of the net fragment peak was ~6 times
that of the maximum 7CS,?" signal. This was due in part to the
ion signal amplification (i.e., the production of multiple fragments
per molecule) inherent to Coulomb explosion detection. For larger
polyatomic molecules, the amplification should increase substan-
tially.

DISCUSSION AND CONCLUSIONS

Using our optical approach, it should be possible to construct
a relatively simple miniature mass spectrometer. Miniaturization
greatly relaxes requirements for power sources, vacuum, and
detection electronics. In our demonstration, the potential differ-
ence between the pump and probe foci was only ~5 V. For a pair
of closely spaced (~1 mm) electrodes, a household battery can
provide an equivalent acceleration field.

While a high-vacuum environment was required in our long
spectrometer to prevent ion collisions with background gas, only
rough vacuum is required for the submillimeter flight distances
of a miniature device. Therefore, an actual device could be made
highly portable if a rudimentary pump is used to provide
evacuation. A further requirement for such a device is that the

Analytical Chemistry, Vol. 76, No. 2, January 15, 2004 265



251 r T T T r T T r 3.0 Errr———————— — — . r
2+
»b () Cs, ] 25F (B) - NetFragments 3
! N - Cs” °
L 20} h
15 - o
¢ | ¢ e NP
3 Cs = F ]
o 10F 3+ 2+ + ] []
5 S8 S 1o} ]
g st || ]S
sosf ]
0 : Ay
A oof :
_5 1 1 1 1 1 1 1 'l _0.5 1 1 ° 1 L 1 1 1

0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 4.5
Arrival Time at Detector (us)

4.80 4.85 4.90 4.95 5.00 5.05

Potential Difference Between Foci (V)

5.10

Figure 6. (a) Net spectrum of arrival times at the detector for the dication and charged fragments of CS,. The spectrum was obtained by
subtracting the individual arrival time spectra for the pump and probe pulses used alone from that produced using the two pulses concurrently.
The integration window for fragment signal measurement is also shown (hatched region). (b) Integrated CS, fragment (hollow circles) and
CS22* (filled circles) signals as a function of potential difference between foci are shown. The peak voltages of the two signals effectively
coincide, thereby demonstrating the validity of Coulomb explosion detection. The net fragment counts are many times greater than the unenhanced
CS,2* signal, due in part to the amplification inherent to Coulomb explosion detection.

initial velocity of molecules in the pump focus toward the detector
be minimal. This constraint was satisfied in our demonstration
using a molecular beam but could be met in a miniature device
by placing the pump focus on the axis of an effusive molecular
jet or by combining the miniature spectrometer with a microlaser
desorption source.

Pulse intensity is the critical parameter in strong-field ioniza-
tion. To implement our optical approach, respective pump and
probe intensities of ~1 x 10* and 2 x 10 W/ cm? are required.’
Commercially available 10-fs oscillators operate at a peak intra-
cavity power of ~5 x 108 W and often incorporate intracavity foci.
Therefore, it should be possible to attain an intracavity intensity
of ~5 x 10 W/ c¢m? and perform mass spectrometry at 108 Hz
using relatively simple lasers. The high repetition rates of such
lasers would compensate for the loss of the multiplex advantage
intrinsic to electronically timed time-of-flight mass spectrometers.

The use of two synchronized lasers would eliminate the need
for a long optical delay line and make the optical configuration
quite simple and compact (Figure 2). The pump and probe pulses
could be delivered via optical fibers and focused by microlenses
mounted on the fiber tips. With diffraction-limited f/ 1 focusing,
1-ud pulses from fiber-based laser systems would be more than
adequate to implement Coulomb explosion detection. Currently,
such lasers are commercially available as compact turnkey
systems with footprints of just ~200 cm2 Thus, there are
numerous options for the lasers required to perform optically
timed mass spectrometry.

During the Coulomb explosion process, numerous ionic
fragments are produced per molecule. Since highly charged
fragments can be produced,® the number of free electrons can be
even larger. For large polyatomic molecules, these inherent

(11) de Hoffmann, E. J Mass Spectrom. 1996, 31, 129—137.
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amplifications of detectable particles could be large® and make
concurrent detection of electrons and fragments feasible using a
pair of simple electrodes and a current amplifier. Consequently,
Coulomb explosion detection represents one of the most important
potential applications of femtosecond mass spectrometry.

In addition to enabling the performance of compact mass
spectrometry, our optical approach provides the basis for a
submillimeter-scale mass selector with potential applications in
ion physics. This is demonstrated in Figure 4, where an appropri-
ate choice of experimental parameters enhanced the central
triplet’s 8CS,?" signal relative to the 77CS,?* and 78CS,%" peaks.
Experiments on ion ensembles devoid of neutrals are typically
performed using a tandem mass spectrometer that incorporates
separate stages for ion production, selection, and postinteraction
analysis.!! By using our two foci for ion production and selection,
we have demonstrated all three of these functions within a single
time-offlight spectrometer and reduced the commonly used
tandem spectrometric configuration to a more compact, nested
one.

Our nested spectrometric configuration has many scientific
applications. The most important may be in lifetime measurements
of transient ion species. In conventional measurements, ion
lifetimes are determined from the structure of their mass peaks
and the resolution is on the order of the flight time. Since our
approach enables the performance of mass analysis over submil-
limeter distances with nanosecond flight times, the accuracy of
transient lifetime measurements could be enhanced using our
configuration.
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