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miniaturization. The core components of a cylindrical ion trap mass spectrometer, including ion optics,
mass selector assembly, detector, ion source, and housing are described. In these experiments, mass
spectral data of xylene is presented. Isolation of the precursor ion was accomplished by modulating the
DC ramp voltage, and collision-induced dissociation was accomplished by applying various tickle voltages
to the endcaps of the ion trap. Conclusions of projected performance of smaller ion traps (approximately

sed.
iniaturization
ylindrical ion trap

1 �m) will also be discus

. Introduction

In the past decade, much attention has been given to the minia-
urization and ruggedization of analytical instrumentation in the
ffort to develop field-portable devices for real-time sampling and
nalysis [1]. Mass spectrometry has been a major area of interest
n this recent trend for its potential use in a number of applications
anging from environmental monitoring [2] to chemical weapons
etection [3,4]. Miniaturization carries benefits conducive to porta-
ility such as reduced power requirements and simplification of the
acuum systems, e.g., via the use of chemical getter pumps. To date,
number of lab groups have had success in developing miniature

nstruments, including a sub-millimeter cylindrical ion trap (CIT)
apable of collision-induced dissociation and MSn experiments [5],
portable rectilinear ion trap [6], a small toroidal ion trap [7], a

oaxial ring ion trap [8] and a miniature time of flight (TOF) mass
pectrometer [9].

Two of the greatest concerns in miniaturizing mass analyzers are
aintaining resolution and minimizing ion attenuation. The issues
ith ion attenuation are apparent: as the dimensions of the instru-
ent decrease, space charge and surface charge effects increase,

hus decreasing the amount of ions that are either trapped or guided
n a given period of time. For quadrupole ion traps, the number of
ons that can be trapped (Nmax) is proportional to the depth of the

seudopotential well (Dz) [10]:

max = 3Dz

4�ez2
0

, (1)
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where e is the elementary electronic charge, z0 is the field size
parameter for the ion trap and:

Dz = eV2

4mz2
0ω2

, (2)

where e is the elementary electronic charge, V is the zero-to-peak
radio frequency (rf) voltage applied to the trap, m is the ionic mass
and ω is the angular frequency of the applied field. A variation of
these equations can be used to approximate the maximum number
of ions stored in cylindrical ions traps [11]:

Nmax = 3εoV2

4mω2zo4
(3)

where εo is the permittivity of free space. As the CIT size is reduced
the number of ion stored in that trap is reduced. A typical 1.0 cm
trap can hold approximately 106–107 ions and a 1.0 mm trap will
hold approximately 105 ions. This relationship between trap size
and ion attenuation is detrimental to the successful development of
small, single miniature ion traps. However, if the number of CITs is
increased as the trap radius is reduced, then the total number of ions
stored in all traps combined increases. Fig. 1 shows the relationship
of ions stored in all traps and number of traps versus trap radius.
Assuming that the trap spacing is equal to trap diameter, it can be
seen that in a 1.0 cm footprint, 2500 arrayed CITs (at 50 �m ro) is the
beginning of increased ion storage as compared to a single CIT. Fig. 2
is a simple representation of how smaller ion traps can be arrayed
on a 1 cm × 1 cm chip. With the arraying of multiple ion traps the

perceived problem of signal attenuation inherent in miniaturiza-
tion is avoided. Trap arraying has recently been explored by several
groups [12–16]. Another benefit of reducing CIT size is the poten-
tial to run the instrument at higher pressures while maintaining or
gaining signal intensity [17].

http://www.sciencedirect.com/science/journal/13873806
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MDP turbomolecular pump (Alcatel, Hingham, MA) backed by a
DS 302 rotary-vane pump (Varian, Palo Alto, CA), and pressure was
ig. 1. Number of ions stored and number of traps as a function of trap radius in a
IT array on a 1.0 cm2 cross section.

To avoid losses in resolution, the use of a cylindrical ion trap (CIT)
s natural when miniaturization is in focus. In devices other than the
IT, resolution typically decreases as the device size decreases. The
ime of flight (Eq. (4)) and linear quad (Eq. (5)) have resolutions both
irectly dependent on length, while the CIT and quadrupole ion trap
QIT) have resolution dependent on trapping time and resolution
an be increased with trapping time at the cost of signal strength
Eq. (6)).

OF R ∝ L

Ez
(4)

Q R ∝ 1
Ez

(
L

�r

)2
(5)

IT R ∝ Dzt (6)

t can be seen that the TOF and linear quad are both length depen-

ent and therefore somewhat more difficult to miniaturize than
he QIT while retaining resolution. A reflectron [18,19] TOF has
een proposed to lengthen the TOF in a more space-efficient man-
er [20]. The CIT is easier to fabricate than hyperbolic ion traps
21], and as surface defects and abnormalities become increasingly

ig. 2. Four visual representations of ion trap arrays on a 1.0 cm2 footprint with
.5 cm, 0.05 cm, 0.005 cm and 0.0005 cm ro.
ass Spectrometry 295 (2010) 149–152

problematic during miniaturization, ease of manufacturing must
be considered. Also, when arraying multiple CITs, simple struc-
tures such as a cylinder versus a hyperbolic surface are desired
for consistency. This geometry can be manufactured with precision
using silicone-on-insulator (SOI) deep reactive ion etching (DRIE)
[8]. A miniature CIT has the advantage of reduced power and volt-
age requirements as the trap size is decreased [22]. Currently, the
CIT is the most favorable choice for miniaturization due to its inde-
pendence from the length parameter and potential for expanding
analysis via MSn experiments. This paper will discuss the design
and implementation of such and ion trap as well as preliminary
data and plans for a self-contained deployable unit.

2. Experimental

A cross section of the instrument can be seen in Fig. 3. The
0.5 mm ro CIT (V), endcaps (IV) and focusing lenses (III) were
machined from stainless steel and housed in a cylindrical casing (I)
machined from Vespel® (DuPont, Wilmington, DE). MACOR spac-
ers (Corning Inc., Corning, NY) were used to position the electrodes
appropriately and 0.025 mm Kapton film (DuPont, Wilmington, DE)
was used to insulate the ion trap from the 0.381 mm endcaps.
Ionization was accomplished via an ES-526 yttria-coated iridium
disc cathode (II) (Kimball Physics, Wilton, NH). Ion detection was
accomplished using a custom channeltron electron multiplier with
a gain of 3.3 × 107 (VI) (De Tech Inc., Palmer, MA). The RF voltage
and amplitude modulation voltage for the mass-selective insta-
bility scan was generated using an arbitrary function generator
(Tektronix, Beaverton, OR) and amplified using and AR broad-
band amplifier (Amplifier Research, Bothell, WA). The assembly
was mounted to a 6.99 cm conflat flange and housed in four-
way cross (MDC, Hayward, CA). Vacuum was maintained by an
monitored using a MicroPiraniTM vacuum gauge (MKS, Andover,
MA). The typical base pressure for the chamber was approximately

Fig. 3. Cross sectional view of the miniature cylindrical ion trap: (I) Vespel® housing,
(II) filament, (III) focusing lenses, (IV) endcaps, (V) trapping ring, (VI) channeltron.
Dimensions listed are in inches.
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Fig. 5. Integrated ion signals for xylene at different isolation times.

ages applied to the end caps. No significant signal loss is observed
until the endcap voltages exceed 400 mV (Fig. 9). This will increase
further product ions, requiring a lower q to see. However, lowering
the q will lead to even more ion losses.
ig. 4. Mass spectra of xylene product ions (105, 106, 107 m/z) versus absolute
ntensity (uV) for isolation times at 2, 4, 6, 8, 10 ms.

0−6 Torr. Data was collected using a Tektronix 3034B oscilloscope
Tektronix, Beaverton, OR).

The 0.5 mm ro ion trap was run at a trapping frequency of
.3 MHz with an amplitude of 275 V0–p and a 20 Hz repetition rate.
uring each repetition, the ion source was opened and the trapping

requency was applied to the CIT for approximately 20 ms. After-
ards, the ion source was gated and the detector was brought to

ts operational voltage prior to and during the ejection sequence.
he trap was calibrated using 1.0% SF6 in helium (not shown), and
he common SF5

+ and SF3
+ ions. For the initial experiments, the

eadspace of a liquid xylene sample was introduced to the vac-
um chamber via a variable leak valve (MDC, Hayward, CA) until a
ressure of approximately 10−4 Torr was reached. Tests were per-
ormed to probe the isolation efficiency of the trap as a function
f time, which was accomplished by modulating the amplitude
f the RF voltage to eject ions with mass-to-charge ratios greater
nd lower than the singly charged xylene ions. Ion ejection during
etection was accomplished by increasing the amplitude of the RF
oltage in a normal mass-selective instability scan.

After isolation, collision-induced dissociation was accomplished
y applying a tickle voltage to the endcaps to increase collision
nergy and fragmentation by increasing the depth of the potential
ell in the trap. In the first experiment, the voltage on the end-

aps was held at 1 V and the time for CID was varied between 2
nd 10 ms. In the second experiment, the isolation time was held
onstant, 10 ms, while the endcap voltage was varied between 0
nd 1 V, in 100 mV increments, in order to examine the effect of
ID voltage on ion signal. Data was collected, isolating the 106 m/z
recursor ion and monitoring the range of 88–93 m/z for the 91 m/z
roduct ion.

. Results and discussion

The mass spectra of the isolated xylene ions can be seen in Fig. 4.
he molecular ion peak at 106 m/z is most prominent, followed by
he [M+H]+ and [M−H]− ion peaks at 107 and 105 m/z respectively.
s the isolation time increases, the total ion signal from the trap
ecreases as more xylene ions are lost during the trapping event
as seen in Fig. 5).

The CID spectra of xylene as a function of collision time can be
een in Fig. 6. Here, the loss of a methyl group from the ring is

pparent from the prominent peak at 91 m/z. Collision time plays a
ignificant role in the retention of ions in the trap. This is evidenced
y the large reductions in the integrated signal between 3–4 ms
nd 4–5 ms (Fig. 7). After 6 ms, the signal is reduced to less than a
enth of its original intensity. The temperature of the product ions
Fig. 6. Mass spectra of xylene product ions (91 and 92 m/z) versus absolute intensity
(uV) for CID times at 2–10 ms at 1 V.

becomes significant so that the narrow well of the 0.5 mm ro ion
trap and linear dampening cannot hold an appreciable amount of
ions in the trap.

Fig. 8 shows the CID spectra of xylene with different tickle volt-
Fig. 7. Integrated signals from the mass spectra of xylene with incrementally longer
CID times.
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Fig. 8. Mass spectra of xylene product ions (91 and 92 m/z) versus absolute intensity
(uV) at 0–1 V CID energy at 10 ms CID time.
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[22] E. Sokol, K.E. Edwards, K. Qian, R.G. Cooks, Analyst 133 (2008) 1064–1071.
ig. 9. Integrated signals from the mass spectra of xylene at different CID voltages.

The parameters that affect ion retention during CID have distinct
indows in the fragmentation time and voltage in which the signal

s maximized and produces spectra. While these experiments use
tickle voltage on the endcaps, other lab groups have worked with

esonance ejection, where a resonant AC voltage is applied to one
f the endcaps to achieve CID [23]. Such an AC voltage can yield
ignificant increases in mass resolution, but greatly complicates the
lectronics needed to miniaturize.

As previously mentioned, fabricating a large array of micro-
caled cylindrical ion traps has the potential to significantly
ncrease signal strength, showing the most promise for the devel-
pment of a ruggedized, field-deployable instrument. Alignment
s the biggest hurdle to overcome in the fabrications of CIT arrays.
t is possible that multichannel detector and algorithm could be
sed to alleviate this problem. Next to alignment, the quality of
he trap walls is also of concern; imperfections can cause aberra-

ions in the field lines, which can be detrimental to the operation
f the traps. SOI DRIE has become a method of choice for fabri-
ating micrometer-scale devices while minimizing surface defects
24,25]. This process, and others like it, will be key in future instru-

ental development.

[

[
[

ass Spectrometry 295 (2010) 149–152

4. Conclusion

In this work, selective ion isolation and collision-induced dis-
sociation were demonstrated using a 0.5 mm ro ion trap that can
be mounted and operated in a small package. CID parameters were
explored and their effects on ion attenuation monitored in order
to determine the optimum conditions under which to operate the
mass spec. The scale of this instrument lends itself to portability,
and with the ability to perform tandem mass spectrometry, it opens
up a wide range of options for field use, even with reduced per-
formance compared to its bench-top counterpart. With continued
work to integrate small electronics, solid-state vacuum compo-
nents (chemical getter pumps) and wireless capabilities, this device
has the potential to fulfill the need for a rugged, field-deployable
mass spectrometer. Such a device can be customized for use in envi-
ronmental and water quality monitoring, first response and defense
applications.
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