
International Journal of Mass Spectrometry 236 (2004) 91–104

Towards the hand-held mass spectrometer: design considerations,
simulation, and fabrication of micrometer-scaled cylindrical ion traps

Matthew G. Blaina,∗, Leah S. Riterb, Dolores Cruza, Daniel E. Austina,
Guangxiang Wub, Wolfgang R. Plassc, R. Graham Cooksb,1

a Sandia National Laboratories, Albuquerque, NM 87185-0603, USA
b Chemistry Department, Purdue University, West Lafayette, IN 47907, USA

c II. Physikalisches Institut, Justus-Liebig-Universit¨at Giessen, Heinrich-Buff-Ring 16, 35392 Giessen, Germany

Received 22 May 2004; accepted 2 June 2004

Dedicated to Dudley Williams in appreciation of his outstanding scientific career.

Abstract

ce fieldable
a and discov-
e incremental
s allel array of
m inherit selec-
t icro-MS
s and power
s er itself. In
t cal ion trap
(
o
©

K

1

a
u
s
t
a
s
e

c

alyz-
nance
res-

power
uced
d for
rms
thout
re-
n for
ross a
the

vari-

1
d

Breakthrough improvements in simplicity and reductions in the size of mass spectrometers are needed for high-consequen
pplications, including error-free detection of chemical/biological warfare agents, medical diagnoses, and explosives and contrab
ry. These improvements are most likely to be realized with the reconceptualization of the mass spectrometer, rather than by
teps towards miniaturization. Microfabricated arrays of mass analyzers represent such a conceptual advance. A massively par
icrometer-scaled mass analyzers on a chip has the potential to set the performance standard for hand-held sensors due to the

ivity, sensitivity, and universal applicability of mass spectrometry as an analytical method. While the effort to develop a complete m
ystem must include innovations in ultra-small-scale sample introduction, ion sources, mass analyzers, detectors, and vacuum
ubsystems, the first step towards radical miniaturization lies in the design, fabrication, and characterization of the mass analyz
his paper we discuss design considerations and results from simulations of ion trapping behavior for a micrometer scale cylindri
CIT) mass analyzer (internal radiusr0 = 1�m). We also present a description of the design and microfabrication of a 0.25 cm2 array of 106

ne-micrometer CITs, including integrated ion detectors, constructed in tungsten on a silicon substrate.
2004 Published by Elsevier B.V.
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. Introduction

Mass spectrometry is particularly appealing for in-situ
nalysis due to its inherent speed, excellent sensitivity, molec-
lar selectivity, and capability for continuous real-time mea-
urements. Historical limitations on in situ mass spectrome-
ry, including size, power requirements, cost, and complexity,
re gradually being lifted by systematic development of ever-
maller instruments. Research on miniaturization of almost
very kind of mass analyzer (quadrupole ion trap[1–9], ion
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cyclotron resonance[10,11], time of flight[12–14], magnetic
sector[15-19], and linear quadrupole[20–22] is rapidly be-
coming an active area of science. Miniaturized mass an
ers reduce vacuum system demands, since the mainte
of a constant collision frequency allows an increase in p
sure as the analyzer size is scaled down; consequently,
consumption for vacuum and backing pumps may be red
[5]. Increasingly mass spectrometers are being configure
minimal operator intervention: that is, the system perfo
the analysis, data reduction and some self-diagnosis wi
user intervention, allowing a “turn-key” system. A more
cent development in this respect is wireless transmissio
remote site sensing and data reduction and sharing ac
network[23]. Significant progress has been achieved in
deployment of miniaturized mass spectrometers in a
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Table 1
Comparison of mass analyzers and the consequence on the free variable for
mass analysis ofm/z300 withV = 10 V and the length scaler or L = 1�m

Technique Governing equation Consequence on
free variable

Magnetic deflection m/z= B2r2/2V B= 7880 T
Time of flight m/z= 2Vt2/L2 t = 0.39± 0.12 ns for

δEi = ± 0.1 eV
Linear quadrupole m/z= 7 × 106Vrf /f 2r2

0 f = 470 MHz (length of
rod is mm)

Quadrupole ion trap m/z= 8Vrf /qz

(r2
0 + 2z2

0)Ω2

f = 590 MHz

ety of field applications ranging from composition of plane-
tary atmospheres and monitoring air quality on manned space
missions[24] to chemical analysis in unmanned underwater
vehicles[25] and environmental analysis of air[1,2].

An examination of the equations governing the more
common mass filtering techniques (Table 1) reveals the
quadrupole trapping technique (such as the Paul trap) to be
the most amenable to scaling down to the one micrometer (1
× 10−6 m) and 10 V regime. That the quadrupole techniques
are most appropriate is readily apparent from the fact that the
mass ranges for the quadrupole techniques scale inversely
with the square of the characteristic length (L) of the ana-
lyzer. While the time-of-flight approach also scales inversely
with L2, the resulting flight times are so short that mass reso-
lution suffers severely. The ion trap is an appealing instrument
for miniaturization because of its high sensitivity, its ability
to operate at higher pressure (∼10−3 Torr), and most signif-
icantly its ability to perform MS/MS, viz. multiple stages of
mass analysis using a single-analyzer. The cylindrical ion trap
(CIT), with its simplified electrode design, consisting of flat
endcap electrodes and a cylindrical ring electrode, is easier
to machine than conventional hyperbolic Paul ion traps and
can therefore be miniaturized more readily[26-28]. As with
other mass analyzers, miniaturization of the ion trap brings
losses in performance, in this case an inherent loss of sen-
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re-engineering of standard spectrometer subsystem compo-
nents. To enter the hand-held domain, the size, weight, and
complexity of the mass spectrometer must be radically re-
duced, preferably by orders of magnitude. A promising route
to this goal involves the microfabrication of a 1-�m size CIT
and its use in a massively parallel array of traps. Analyti-
cal technologies that are currently in the hand-held device
category and take advantage of microfabricated components
include a fast gas chomatograph (GC) with a surface acoustic
wave (SAW) detector, based on microfabrcated preconcen-
trator and GC components (a system termed�ChemLabTM

[32]), and ion mobility spectrometers (IMS)[33]. While these
complementary micro-analytical instruments perform well,
the analytical performance of mass spectrometry, which is
capable of identification and quantitation of trace chemical
compounds in mixtures with high specificity, remains a com-
pelling objective for a hand-held system.

1.1. Techniques for microfabrication

Constructing a micrometer-scaled mass analyzer requires
the employment of microfabrication techniques. These tech-
niques include integrated circuit (IC) fabrication and micro-
electro-mechanical systems (MEMS) fabrication methods
(see for example references[37] and[38], respectively). IC
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itivity due to reduced ion trapping volume. To circumv
his problem arrays of CITs can be constructed to regai
ensitivity lost in the miniaturization process[20,29-31].

The simplified geometry of the CIT has facilitated c
truction of a low power-consumption miniaturized ins
ent, as recently described in the literature[1,2]. This mas

pectrometer utilizes a CIT mass analyzer (r0 = 2.5 mm,z0 =
.88 mm) one quarter the size of a conventionalr0 = 1 cm trap
hich normally operates with an rf drive frequency of 2 M
nd a maximum voltage of 1000 V (rf amplitudes herein
ays taken as zero to peak). This instrument (version
36 W, 28 cm× 70 cm× 18 cm, 16 kg, with battery pack)
uch smaller than an earlier miniature CIT mass spectr

er (version 5.0, 250 W, 40 cm× 60 cm× 50 cm, 55 kg, with
attery pack)[1,2].

These evolutionary improvements in the mass, volu
nd power requirements are being realized by increm
caling down of current CIT instruments via straightforw
abrication techniques have historically relied on the us
ubtractive etching to define features in deposited or g
hin films. Chemical mechanical polishing (CMP)[39,40]
as allowed for damascene processing in which insulati
onducting thin films are deposited in recessed features
nderlying material and then polished back to define hi
lanar structures.

Among the MEMS techniques, distinction may be dra
etween surface micromachining, bulk micromachining,
IGA (Lithographie-Galvanoformung-Abformung). Surfa
icromachining produces so-called 2.5D structures du

ontraints in the third (vertical) dimension arising from fi
tresses. Sequential deposition and etching of sacrificia
tructural thin films lead to structures in the 1–10s of
rometers size range. Bulk micromachining produces
tructures by wet and/or dry etching deeply into a subs
frequently silicon). LIGA produces high precision, high
ect ratio, fully three dimensional miniature structures in
00�m to millimeter size range by using a combination
-ray lithography (via synchrotron radiation), electrofor

ng (electrodeposition), and plastic molding. An advan
f silicon surface and bulk micromachining is the possib
f producing inexpensive, completely assembled (i.e. m

ithically integrated) devices, whereas LIGA-produced p
enerally must be assembled post-process.

.2. Microfabricated mass spectrometers

The idea of microfabricating a mass spectrometer has
ecently explored by a handful of groups, although non
he designs is in the 1-�m size domain being pursued he
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In previous work, arrays (4× 4) of 1.6 mm CITs have been
fabricated using deep reactive ion etching (DRIE), a bulk
silicon micromachining technique to produce the endplates
(with 5�m exit apertures) and ultrasonic drilling for ring-
electrode construction[6,41]. Microfabrication of a 3× 3
array of linear quadrupoles, with 3–6 mm length and elliptical
cross section, using LIGA technology is reported to be in
progress at JPL[42,43].

ExB filters have also been microfabricated. A Wein filter
array, with six 200�m wide by 1 cm long channels, was man-
ufactured in a silicon substrate using a deep reactive ion etch
(DRIE). Two wafers were etched and then bonded together to
form the channels. The walls of these channels were coated
with a metal and were able to be biased independently in or-
der to produce the E-field across each channel. The B-field
was established using two external magnets. A Faraday plate
was micromachined for ion detection, although preliminary
data presented on the detection of nitrogen and helium used a
wire detector element[44]. A silicon based Wien filter 1 cm
in length with a 1 T magnetic field, ion energy of 5 eV, and
a 22�m spacing between detector elements was assembled
in a 1.5 mm× 100�m cavity. A mass resolution of 1 amu at
80 amu was obtained[45].

These examples embody an approach in which the hybrid
integration of components defines up to 10 mass analyzers,
s ions
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these traps. Although both programs are well established in
mass spectrometry, a few specific operational aspects of each
are noted here.

For simulations of a 1-�m size ion trap, SIMION was
operated in asymmetric 3D mode with a 5-million point po-
tential array. The geometry of the potential array followed
the expected and actual as-microfabricated dimensions of
the trap design, including the non-cylindrically-symmetric
electrical connections (that also serve as mechanical sup-
port struts) leading up to each trap electrode. A user-written
program randomized ion positions and energies, calculated
time-varying fields, and determined the frequencies and re-
sults of ion-neutral collisions. Collisions of ions with neutrals
(generally helium) were followed using a fully Monte-Carlo
three-dimensional elastic collision model. In addition, the
Boolean for collisions included a velocity-dependent colli-
sion frequency function. This function is a more accurate
description than an approach based on mean-free-path be-
cause the ion velocities are comparable to neutral velocities,
but vary rapidly with the applied rf field.

The simulation program Ion Trap SIMulation (ITSIM)
uses a 2D cylindrically symmetric potential array. The Pois-
son/Superfish software[46], coupled with the program Cre-
atePot, was used to calculate the electric potentials for 1-cm,
2.5-mm and 1-�m ion trap geometries (larger traps were sim-
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ome or all of which may be microfabricated at dimens
rom 10s of micrometers to millimeters in size. In this arti
e discuss design and microfabrication issues and the p
al aspects of ion trapping for mass analysis with CITs o
ensionr0 = 1.0�m. Using simulation tools (ITSIM[34,35]
nd SIMION[36]), we have investigated in some detail

rapping properties of a 1-�m trap, including ion loss pro
esses and ion trapping efficiency as a function of trap
erature, pressure, operating voltage, and microfabrica

nduced trap non-idealities. In addition, results from the
ign and microfabrication of a model array ofr0 = 1.0�m
ITs are presented. It should be noted that ion trapping is
ne of several critical issues to be addressed for mass an
sing 1-�m traps. Aspects of mass spectrometry on thi
ension relating to sample introduction, ionization sche

hemical processes, ion ejection and mass analysis pro
nd ion detection are all critical and inter-related. These

cs are currently being addressed and will be discuss
orthcoming work.

. Experimental

.1. Simulations of ion behavior in 1-�m ion traps

Hyperbolic (ideal) and cylindrical traps of full size (r0
1 cm), quarter size (r0 = 2.5 mm), and 1-�m size (r0 =

�m) have been simulated to elucidate trapping prope
s a function of size and to provide insight for the desig
icrometer-scaled ion traps. Both ITSIM and SIMION h
een used in simulating the electric fields and ion motio
lated for purposes of comparison). The calculated ele
otential arrays were used by ITSIM as input to the field
ulations. CreatePot automatically called the different P
on programs and passed them the appropriate param
ased upon user-supplied ion trap dimensions, to create
ired potential array or to calculate multipole expansion
fficients. As does SIMION, ITSIM also takes into acco

on-neutral collisions, space-charge effects (where appr
te), and randomization of initial ion parameters.

To verify that SIMION and ITSIM were providing com
arable results, a set of simulations was executed com

ng trapping efficiency under conditions of identical ion d
nitions and trap operating parameters. For each prog
0,000 ions were created within the entire cylindrical

rap volume (r0 = 1�m, z0 = 1�m) with a uniform (inx,
, andz) position distribution. The initial kinetic energies
ons were defined to follow a Maxwell distribution with mo
robable energy of kT (T = 300 K). All other ion propertie
ere identical. For simulations with no collisions, SIMIO

ound the trapping efficiency after 2000 rf cycles to be 6.
hereas ITSIM found 8.0%. With 100 mTorr of helium,

ng the hard sphere approximation, SIMION found 5.5%
TSIM found 6.39%. For a hybrid Langevin-hard sphere
ision model, ITSIM found 5.6%. The standard deviation
ach of these trapping efficiencies is approximately 0.2
hus, while statistically different at the 99% confidence le
IMION and ITSIM give results that are in quite good agr
ent. That there are some small differences is to be expe

ince the two computational methods differ in several m
ays. For instance, SIMION includes the asymmetrica

ects of the electrode connectors, while ITSIM examines
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strictly cylindrically symmetric system. For simulations with
pressure effects, the choice of collision model also yields a
difference in trapping efficiency. For the purposes of the work
presented here, it was concluded that ITSIM and SIMION
both provide equally valid and accurate results.

2.2. Microfabrication of 1-�m cylindrical ion traps

For microfabrication of the 1-�m sized cylindrical ion
traps discussed here, a tungsten (W) damascene process
was used. Silicon dioxide (SiO2) was deposited on a sili-
con wafer using plasma enhanced chemical vapor deposi-
tion of tetraethyl orthosilicate (PECVD-TEOS). Photolithog-
raphy defined the etch mask used to pattern the SiO2 and
thereby defined and aligned vertically adjacent features (lev-
els) of the device arrays. In the photolithography process,
two-dimensional patterns in an etch mask are created on the
Si wafer by patterning a UV-light-sensitive polymeric pho-
toresist using projection lithography. Once the photoresist
pattern was defined, the SiO2 was plasma etched to define
the features and W was deposited by chemical vapor depo-
sition (CVD) in the patterned SiO2 “molds”. Finally, excess
W that overfilled the mold was removed and planarized by
chemical mechanical polishing (CMP). This series of steps
was repeated many times to form the layers that defined a
complete ion trap mass analyzer. After all layers were com-
p ion
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the axial and radial pseudo-potentials are deep with respect
to the kinetic energy of the ions.

3.1. rf frequency, rf amplitude, and pseudo-potential
well depths in 1-�m traps

As can be seen fromEqs. (1) and (2), a reduction in the
trap size requires that either the rf amplitude (V) be decreased
quadratically (for a constantΩ) or that the rf frequency (Ω)
be increased linearly (for a constantV) with the dimension of
the trap,r0. The former is desirable as it simplifies electronics
for trap operation, thus allowing a reduction in the size and
complexity of not only the mass analyzer but also the whole
instrument. However, for orders of magnitude decrease in
size, frequency must also be increased and hence micrometer-
sized ion traps will need to be operated in the GHz regime. A
practical consequence of this is that the size of a micrometer-
sized ion trap array must be smaller than the wavelength of
the rf field to avoid a voltage drop across the array.

It is clear fromEqs. (3) and (4), however, that the depth
of the pseudo-potential well is independent of the trap size,
depending only onq andV. Consequently, a reduction of the
rf amplitude leads to a reduction of the pseudo-potential well
depth. If the pseudo-potential is reduced to a point where its
depth is of the order of the initial ion kinetic energy, ions
w n if
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leted, the SiO2 mold was removed in an HF-based solut
o realize a free hanging, air gap device.

. Results and discussion

For a specific mass-to-charge ratio, the trapping chara
stics of an ideal quadrupole rf trap (of hyperbolic geom
ith end caps grounded) are characterized by the radia
xial Mathieu parameters (q)

r = 2 eV

mr2
0Ω

2
(1)

z = − 4 eV

mr2
0Ω

2
(2)

nd the radial and axial depth (D) of the pseudo-potenti
ell, based on Major and Dehmelt[47], is approximated a

r = eV 2

4mr0
2Ω2

= 1

8
Vqr (3)

z = eV 2

4mz0
2Ω2

= −1

8
Vqz (4)

is the rf amplitude,Ω the rf frequency,r0 the inner radiu
f the ring electrode andz0 the axial distance from trap cen

o endcap. Sincer2
0 = 2z2

0, the axial well depth is twice th
f the radial,Dz = 2Dr. Successful trapping requires t

he motion of ions be stable (i.e.qr, qz < 0.908) and that th
mplitude of the ion oscillation is limited to the size of

rap. At equilibrium, this is equivalent to the requirement
ill be lost from the trap by hitting the electrodes eve
heir motion is stable, and the trapping efficiency will
educed. Thus when the pseudo-potential is of orderkT,
ons begin to be lost. A plot ofV versusqz for the condition

z = 3kTi/e = 1/8Vqz with Ti =300 K (Fig. 1) shows that
or ion trapping in ar0 = 1�m trap, the rf amplitude cann
e made arbitrarily small.

An alternative description is that the spatial spread o
ons is essentially determined by the ratio of the ion kin

ig. 1. Minimum ring voltage (V) as a function ofqz for the trapping of ion
aving initial energies equal toeDz = 3kTi at 300 K. For values ofqz ≤ 0.4,

he Dehmelt approximation holds. Values forqz > 0.4 are less certain.
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energy to the pseudo-potential well depth,kTi/eD. Thus, a re-
duction in the pseudo-potential leads to an increased spatial
spread of the ions. One consequence of this for mass analysis
with macro-scale traps is that during mass-selective insta-
bility scans an increased spatial spread causes an increased
spread in ejection times, leading to a decreased mass reso-
lution of the trap. This suggests that mass analysis with a
1-�m ion trap may require a trap-detect protocol other than
mass-selective instability.

To maintain the performance of a 1-�m ion trap at a level
comparable to that of a full-sized trap, the rf frequency must
be increased as the trap dimensions are reduced. Since, apart
from collision effects, the ion motion in rf traps scales with the
rf frequency, the increase in rf frequency has the advantage
that the speed of the rf scan can be increased proportionally.
Hence, the duration of the rf scan could be maintained at
the same time as for a full-size trap, with an increased mass
resolution resulting from the effectively slower scan. Note
that as the rf frequency is increased, the pressure tolerance of
the trap increases by the same factor.

As the trap size is reduced with respect to full-sized traps
one neither exclusively decreases the rf amplitude quadrat-
ically (leaving the frequency constant) nor exclusively in-
creases the rf frequency (leaving the amplitude constant).
Rather, it is useful in the design process to compromise be-
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allow trapping of a significant fraction of the injected ions, ef-
ficiencies being on the order of a few percent. Upon injection
into a 1-�m trap, externally created ions may have a con-
siderable kinetic energy with respect to the pseudo-potential
well depth. Consequently, the efficiency for trapping exter-
nally injected ions with a 1-�m trap is expected to be very
small. This was confirmed using ITSIM for anr0 = 1�m
CIT operated at 1 GHz and a group ofm/z= 93 ions injected
into the trap. The ions were generated with random rf phase
angles 0–360◦ at an initial position outside the trap ofz =
1.65�m and entered the trap with kinetic energyE = 1 eV.
The simulations showed no ions being trapped inside a 1-�m
CIT with variousqz and buffer gas pressures.

3.2. Space charge, maximum storable charge, and
spectral charge limits in 1-�m traps

Space charge effects can significantly limit the perfor-
mance of an ion trap mass spectrometer, including resolution,
mass accuracy, sensitivity and dynamic range[49]. For mass
spectrometry, there are several types of space charge limits.
The two most relevant for this discussion are the ion stor-
age space charge limit,Nmax, and the spectral space charge
limit, Ns. Nmax is the maximum total ion number that can
be stored in a trap based on space charge limitations while
N be
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t
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ween performance and simplification of electronics: th
mplitude is decreased to moderate values while the
uency is raised, such that ions can still be trapped if the

n equilibrium with the buffer gas. The effectively slower s
aused by the simultaneous increase in rf frequency ten
ompensate for the loss of mass resolution resulting
he reduced pseudo-potential well depth. If the rf ampli
s reduced even further, below values for which the pse
otential is of the order of 3kT, the only way to still ensur

rapping is to operate the trap essentially without buffer
his is equivalent to the condition where the measurem
epetition frequency is larger than the mean ion-neutral
ision frequency.

The pseudo-potential well depth has been calculate
evices of each size using ITSIM, form/z = 93 ions with
z = 0.3 andΩ values that favor trapping. As an examp
or r0=1.0�m, Ω = 1 GHz, andV = 2.7 V, the potential we
epth isDz = 0.11 V. By comparison, for a quarter-size C
0 = 2.5 mm,Ω = 2 MHz, V = 67 V and the well depth
z = 2.5 V, a factor of 23 larger than the 1-�m trap. The

mplications are that a 1-�m trap will achieve only sma
ell depths and therefore hold very few ions.
An important operational consequence of such sha

seudo-potential well depths is that ionization must take p
nternally. For rf driven traps, it is known from a large lite
ure on the subject that ion injection velocity, rf phase an
z value and collisions with a buffer gas will affect the
njection efficiency for externally created ions.[48] In con-
entional sized traps, the maximum kinetic energy define
he pseudo-potential well depth is large relative to the kin
nergy of injected ions and the effects of collisional coo
s describes the maximum number of ions which can
tored while maintaining the ability to record a mass s
rum of some specified resolution and mass accuracy[49].
onsequently,Nmax represents the upper physical limit

he number of charges which may be trapped whileNs rep-
esents the critical limit for applications of mass analy
here resolution and mass accuracy is of most relevancNs

s typically orders of magnitude smaller thanNmax, although
oth depend on the operating conditions and physical
cteristics such as operating frequency and physical size

he analytical criteria set for generating a mass spectrum
From Dehmelt[50], the maximum total ion numberNmax

er trap based on space charge limitations is given as

max = 2.8 × 107Dz0 (5)

max has been calculated for ideal traps (hyperbolic w
2
0 = 2z2

0) of radius 1 cm, 2.5 mm, and 1�m, usingqz = 0.3
nd representative rf amplitudes. The relevant trap vo

s assumed to be a rotated ellipsoid filling the trap such
t = (2

√
2/3)πr3

0. Table 2compares pseudo-potential w
epths, trap volumes, space charge limits,Nmax, and esti
ated spectral storage limits,Ns, for the three trap dimen

ional regimes. The results show that for a conventional
on trap (r0 = 1 cm)Nmax is 2× 108 ions while an ideal 1-�m
rap is limited to a maximum storable ion number of∼ 200,
ix orders of magnitude smaller than a standard sized t

At the same time, the spectral limit for a conventional P
on trap (r0 = 1 cm) has been estimated as∼ 105 ions [49].
or a quarter-size trap with an r0 of 2.5 mm, the spectral lim

s estimated as 1× 103 ions based on volume scaling w
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Table 2
Maximum number of ions per trap based on space charge limitations (Nmax)

and spectral charge limitations (Ns) for qz = 0.3

r0 V0–p

(V)
Dz

(V)
Trap volume
(cm3)

Nmax

(ions/trap)
Ns

(ions/trap)

1 cm 267 10 3 ∼2 × 108 ∼105

2.5 mm 67 2.5 5× 10−2 ∼1 × 107 ∼103

1�m 2.7 0.11 3× 10−12 ∼2 × 102 �100

Dehmelt’s pseudo-potential well approximation was used to calculateNmax

and an ellipsoidal volume was assumed to calculate the ion number. Trap
geometries are assumed to be ideal (hyperbolic).

respect to the full size trap. Using theseNs/volume ratios,
the minimum volume in which two ions may be contained
without exceeding the spectral limit is approximated to be
∼ 5 × 10−5 cm3, which is seven orders of magnitude larger
than the 3× 10−12 cm3 volume of a trap withr0 = 1�m (1
× 10−4 cm). For applications to mass spectrometry, it is con-
cluded that the spectral space charge limit will be exceeded
for a 1-�m trap with more than one ion.

A spectral space charge limit of one ion per trap results in
a severe loss in signal intensity (sensitivity) for applications
in mass analysis, however this may be offset by constructing
a massive array of traps. A storage efficiency of one percent
in an array of 106 traps would store 104 ions, a single ion in
each of 104 traps. The presence of only one ion per trap may
give rise to interesting phenomena for mass spectrometry in
that there are no effects from space charge. For example, the
careful control of trap pressure combined with trapping a
single ion should allow for new experimental capabilities in
the study of ion/molecule reactions.

3.3. Trapping fields in 1-�m traps

The exact nature of the trapping fields in an ion trap
is a crucial factor since the ion behavior depends directly

F th endc lculated
p

on the potential distribution and thus the field strength.
For the ideal quadrupole ion trap, the electric field in
the axial (z) dimension increases linearly with displace-
ment from the center. However, the existence of end-
cap apertures (necessary for ion/electron injection and ion
ejection) introduces negative higher order field compo-
nents. Such non-linear fields degrade the ideal field lin-
earity and cause rf heating and de-stabilization of trapped
ions, consequently affecting trapping efficiency and storage
time.

Among the higher order fields, of most interest are the oc-
topole field (A4) and dodecapole field (A6) since the weights
of other higher order fields are normally very small. The de-
liberate introduction of a positive higher order field (in most
cases octopole field) to some extent compensates for the un-
avoidable negative higher order field (in most cases dode-
capole field) and reduces the time over which ion ejection
occurs. For the commercial quadrupole ion trap, positive oc-
topole fields are introduced intentionally by either stretching
out the endcaps in the axial (z) direction or by modifying
the hyperbolic angle of the endcaps. The geometry for our
1-�m CIT has an inner ring electrode radiusr0 = 1.0�m and
the two endcaps each have a central hole with radius of ap-
proximately 0.4�m (Fig. 2A). Potential distributions inside
the micrometer-size CIT calculated using Poisson/Superfish
s is
g ents,
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ig. 2. (A) Cross-sectional schematic of CIT of dimensionr0 = 1�m, wi
otential distributions inside 1-micron CIT.
ap holes and spacing between endcaps and ring electrode. (B) Ca

oftware are shown inFig. 2B. The high-order fields for th
eometry, represented by multipole expansion coeffici
ere also calculated. For ther0 = 1.0�m CIT, the values fo

he field coefficients areA2 = 0.628,A4 = 0.050 andA6 =
0.101. The normalization radius used was 1�m. The posi

ive non-linear octopole field (A4) partially compensates f
he negative dodecapole field (A6), and therefore should allo
apid ejection of ions from the trap and maximum mass s
ral resolution. By comparison, for a quarter-size CIT (r0 =
.5 mm) the field coefficients areA2 = 0.634,A4 = 0.061, and
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Table 3
Comparison of multipole expansion coefficients for quadrupolar (A2), oc-
topolar (A4), and dodecapolar (A6) field components for traps of different
sizes

r0 A2 quadrupole A4 octopole A6 dodecapole

1 cm 0.894 0.015 0.006
2.5 mm 0.634 0.061 −0.134
1�m 0.628 0.050 −0.101

Trap geometry is hyperbolic for the 1 cm trap, and cylindrical for the 2.5 mm
and 1�m traps.

A6 = −0.134, while for the commercial QIT (r0 = 10.0 mm)
A2 = 0.894,A4 = 0.015, andA6 = 0.006. These results are
summarized inTable 3.

The resulting total axial electric field (on axis) is plotted as
a function of the normalized axial (z) position (z/z0) in Fig. 3.
Ideally, this plot would show a linear field region throughout
the entire trap untilz/z0 = 1, at which point the field should
drop abruptly to zero (a vertical line at this value). AsFig. 3
shows, both the 1-�m size and the 2.5 mm size traps have a
large region where the field is linear, however both deviate
from linearity at aboutz/z0 = ± 0.6. The commercial ion trap
has a steep but non-instantaneous drop from the field region
to the field free region with the non-linear field region be-
ginning atz/z0 = ± 0.95. The non-linear regions close to the
edges of the field region can cause ejection delays as ions
oscillate in the lower field region, due to their becoming se-
quentially stable and instable asz/z0 position changes[35,51].
This causes shifts in mass peak positions and loss of mass res
olution. The commercial QIT trap has been stretched to in-
troduce positive higher-order fields to correct for the ejection
delay.
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3.4. Trajectories, spatial dispersion, and ion loss in
1-�m traps

Ion trajectories inr0 = 1.0�m CITs were simulated and
as in standard sized ion traps, the trajectories of trapped ions
in a micrometer scale trap follow a typical Lissajous curve,
as illustrated inFig. 4. Note that this is the trajectory for a
single ion, rather than a cloud of many ions, and the trajectory
radius is large with respect to the trap dimension.

The spatial dispersion of trapped ions may be expressed
by one of two methods: (1) the average dispersion of the total
ion cloud consisting of many ions, or (2) the average value of
the volume occupied by a single ion. The appropriate method
depends on the timescale of interest. It has been observed via
simulation that if a cloud of many ions is created randomly
over a few rf cycles in a single 1-�m CIT (i.e. a non-ideal
trap), ion losses are rapid. The ions will down-select to a sin-
gle trapped ion within a few microseconds (withΩ ≈ 1 GHz)
due to space charge induced anharmonicities and subsequent
rf heating and destabilization of ions that are off-center. For
an ideal hyperbolic 1-�m trap, down-selection to one ion also
is observed, however the timescale for this process is a factor
of 5–10 times longer than for the CIT. For standard sized (1-
cm) traps, ion loss processes and down-selection to a single
trapped ion occurs on the order of milliseconds.
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ig. 3. Calculated total axial electric field on-axis as a function of the n
nd 1�m CITs.
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ed axial (z) position (z/z0) for 1-cm QIT commercial hyperbolic trap and 2.5 m

The ion loss process in anr0 = 1.0�m CIT is shown in
ig. 5. The plot shows ion number versus time for a cl
f 500 ions (m/z = 93, 8 V, Ω = 1.2 GHz,Ti = 300 K, no
ollisions with neutrals) undergoing space charge repu
nd started randomly over 1 rf cycle. Within 150 rf cyc
9% of the ions are lost and only one ion remains after 1.�s.

t is proposed that, for a 1-�m CIT, the average value of t
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Fig. 4. Ion trajectory simulation result for a single trapped ion in anr0 = 1.0�m CIT withm/z= 93, 8 V, 1.2 GHz. Trajectories follow typical Lissajous curves
and encompass a large volume of the trap. Views about thexyandzyplanes.

volume occupied by a single ion is a more accurate definition
of ion dispersion volume than the volume of an ion cloud
changing rapidly in ion number because of the short down-
selection times. For ther0 = 1�m CIT operated under the
above conditions, the shape of the volume occupied by an
ion is that of a cylinder and is about 7% of the trap volume.

For a micrometer-sized CIT, the increased volume occu-
pied by a trapped ion with respect to the volume of the trap
due to the lower rf voltage results in ions experiencing greater
field nonlinearities and therefore destabilizing more rapidly.

F 500
i s)
u cycle.
W after
1

Initial kinetic energies of ions are no longer negligible with
respect to the pseudo-potential well depths for 1-�m traps.
Fig. 6shows frequency plots of initial kinetic energy for lost
and surviving ions in a total of 620 instances of ion trap-
ping for 102 ions (m/z = 93, 8 V,Ω = 1.2 GHz,Ti = 300 K)
undergoing no collisions with neutrals for trapping time of
104 rf cyles (8.3�s). The average starting kinetic energy of
the 660 surviving ions (40 instances had two ions remain-
ing after 8.3�s) wasK̄Es = 0.030 eV. The average starting
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ig. 5. Simulation results of ion number versus time for a cloud of
ons (m/z = 93, 8 V,Ω = 1.2 GHz,Ti = 300 K, no collisions with neutral
ndergoing space charge repulsion and started randomly over one rf
ithin 150 rf cycles, 99% of the ions are lost and only one ion remains

.8�s.
ig. 6. Simulation results frequency plots of initial kinetic energy for
nd surviving ions in a total of 620 instances of ion trapping for 102 ions (m/z
93, 8 V,Ω = 1.2 GHz,Ti = 300 K) undergoing no collisions with neutr

or trapping time of 104 rf cyles (8.3�s). The average starting kinetic ene
f the 660 surviving ions (40 instances had two ions remaining after 8�s)
asK̄Es = 0.030 eV. The average starting kinetic energy of the 61,440

ons wasK̄El = 0.039 eV.
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kinetic energy of the 61,440 lost ions was̄KEl = 0.039 eV.
These results show that ions having favorable starting prop-
erties (in terms of position, velocity, and rf phase value) are
more likely to survive than ions having unfavorable starting
conditions. For example, an ion starting close to the trap cen-
ter with energy less thankT is, on average, more likely to be
trapped than one starting well off-center with energy greater
thankT. A more complete picture would be obtained by also
comparing the positions and the velocity vectors of the lost
and surviving ions, however it is the convolution of all three
input factors – position, velocity, and phase – with the space
charge environment and field anharmonicities that induce the
rf heating and subsequent loss of an ion. It is clear that the
larger ratio of the ion kinetic energy to the pseudo-potential
well depth,kTi/eD, for a 1-�m trap with respect to a full size
(1-cm) trap is a defining factor for trapping behavior.

These results suggest that the following important factors
influence ion loss inr0 = 1�m ion traps:

(a) Initial position and velocity of each ion relative to the RF
phase: depending on the initial conditions the ions have
oscillation amplitudes of different magnitude and may or
may not be trapped. Here, the trapping efficiency depends
onqz and is observed to be up to 50% at very lowqz and
near 0 at highqz because of the RF ripple on the ion
oscillation. This effect is independent of pseudopotential
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periods, up to 100 ms, are needed to maximize the detected
ion signal as He pressures are reduced below 1 mTorr[48].
The relevant timescales for defining trapping efficiencies of
macroscopic (1-cm) traps, therefore, are on the order of 1
to 10 ms, witht = 0 being the end of the ionization process.
For r0 = 1.0�m traps it has been demonstrated (Section 3.4)
that ion loss processes cause down-selection of the original
ions to a single remaining ion very quickly, typically within
a few microseconds for the case of a CIT and within a few
tens of microseconds for an ideal (hyperbolic) trap. A certain
fraction of these surviving ions can then remain trapped for
times on the order of milliseconds in vacuum, however they
also are eventually lost.

For simulation results presented here the following con-
ditions were imposed:

(1) Trapping of single ions was followed (i.e. no space charge
effects).

(2) Ions were created assuming ionization of a neutral with
random location, direction, and phase angle inside the
trap and initial kinetic energies equal to that of the neutral
gas temperature over the entire ionization volume, viz.
the cylinder defined by the endcap apertures.

(3) The cut-off time upon which ions were designated as
being trapped was 2000 rf cycles after ion creation (1.8�s
for a 1.2 GHz drive frequency).

rting
i od”
i ns,
a good
o are
p ions
t

as a
f ures
w ts for
m for
m 4,
0
A sing

F n
o the
d

well depth for cool ions, but ions are additionally l
if the well depth is of the order of the kinetic energy
lower. The time for ejection is about one secular cyc

b) Collisions: collisions with a light buffer gas increase t
trapping efficiency if the pseudopotential well depth
much larger than the kinetic energy of the ions in e
librium with the buffer gas, but lead to almost comp
ion loss if the well depth is of the same order as kin
energy.

c) Space charge: ions are lost if the space charge poten
from the presence of multiple ions is larger than the p
dopotential. In addition, if the ion-ion collision frequen
is of the order of the ion-neutral collision frequency
higher, RF heating dominates and ions are lost over

d) Ion trap geometry: the shape of the pseudopotential w
and its depth in the axial and radial directions is de
mined by the geometry of the trap electrodes and
fluence the ion trajectory and consequently the trap
time.

.5. Trapping efficiency

The efficiency of trapping ions in a 1-�m trap was studie
ia simulation. Trapping efficiency is defined as the frac
f ions remaining in a trap,ε = nt /n0, wheren0 is the numbe
f ions in the trap at some timet = 0 andnt is the number o

ons remaining after timet. For a typical condition of helium
t 1 mTorr in a standard sized (1-cm) trap, ionization oc
ver a time period of 1–10 ms and the ion cloud cools to
enter of the trap within a few milliseconds. Longer coo
Note that these conditions are not such that the sta
ons are the product of down-selection to a single “go
on left in the trap, since “bad” starting locations, directio
nd phase angles are sampled with equal probability to
nes. Hence the values for trapping efficiency that follow
robably lower than what would be expected for starting

hat are all “good”.
With these starting conditions, trapping efficiencies

unction of rf amplitudes, trap temperatures, and press
ere determined based on 250–1000 ion trapping even
/z= 93 ions. The correlation between trapping efficiency
/z = 93 and voltage at constantqz values of 0.076, 0.15
.365 and 0.6 was studied and results are presented inFig. 7.
s expected, trapping efficiency increases with increa

ig. 7. Simulation results for percent ions trapped (m/z= 93) as a functio
f voltage forqz values of 0.076, 0.154, 0.365, and 0.6. Lines through
ata serve to guide the eye.
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Fig. 8. Simulation results for percent ions (m/z= 93) trapped as a function of
qz at 1.5, 7, 12, 16, and 20 V for a 1-�m CIT ion trap. Ions were considered
trapped if they remained in the device for 2000 cycles. A maximum trapping
efficiency is achieved at an approximateqz value of 0.4.

voltage, however, there exists a saturation point forqz val-
ues greater than 0.3. Although the pseudo potential well is
increasing, the same percentage of ions remain trapped. That
is, above a certain rf voltage the trapping efficiency remains
nearly constant. Moreover, lowerqz values show greater ef-
ficiencies at higher voltages. Aqz value of 0.365 provides
a trapping efficiency of nearly 40% at about 8 V. Increasing
the voltage in this case would result in increased power con-
sumption but would not improve trapping efficiency.

As with all ion traps, potential well depth and thus trap-
ping efficiency is dependent onqz. Therefore, under a given
set of trapping parameters (Vrf andΩ) trapping efficiency is
mass-dependent and there is a low mass cut-off (qz ≈ 0.908)
and an effective high mass cutoff as a maximum trapping
efficiency occurs aroundqz = 0.4.Fig. 8 shows this effect:
trapping efficiency as a function ofqz for thermal ions with
m/z= 93 in a trap with various rf amplitudes, 1.5, 7, 12, 16,
and 20 V. Note that in this plot frequency varies with the volt-
age to maintain a particularqz value for the mass of interest
(m/z= 93).

Given the physical and electrical properties of a micro-
fabricated ion trap, some resistive heating of the electrodes
and hence of the buffer gas and ions may occur. Due to the
shallow pseudo-potential well of a 1-�m trap operating at
modest voltages, ion behavior and trapping efficiency may
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Fig. 9. Simulation results for percent ions (m/z = 93, qz constant at 0.4)
trapped as a function of temperature for ions trapped in a 1-�m CIT ion
trap at 8, 16 and 24 V. Ions were considered trapped if they remained in the
device for 2000 cycles. Error bars represent the standard deviation of the
percentage of ions trapped. A linear decline is seen in trapping efficiency as
temperature increases. Rates of change decrease as voltage increases. Lines
through the data serve to guide the eye.

operated at 8 V, but the effect is reduced as the voltage in-
creases. In fact, when the trap is operated at 24 V, pressures
up to 10 Torr have no noticeable effect on trapping efficiency.
Note that although ions may be trapped at relatively high pres-
sures, these simulations do not address ionization processes,
mass analysis and ion ejection protocols, or ion detection, all
of which will be greatly influenced in possibly deleterious
ways.

3.6. Description and results for microfabrication of
1-�m cylindrical ion traps

Microfabrication ofr0 = 1.0�m andr0 = 1.5�m cylindri-
cal ion traps was accomplished using silicon micromachining
techniques and tungsten metallization processes as described
above. The traps were arranged in massively parallel arrays
of up to 106 traps such that each electrode of a given ion trap
was electrically connected to the corresponding electrode in
all traps.Fig. 11 shows a schematic representation of the
cross section of a single ion trap, including anchor and sup-
port structures and vias in addition to the trap electrodes and
a Faraday collector. Three-dimensional views using a Solid-
Works [52] 3D model of a single microfabricated trap and
an array of 4 microfabricated traps based on the photomask
layout and the predicted layer thicknesses are shown in
F
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epend strongly on trap temperature.Fig. 9shows the resul
f SIMION simulations of ion trapping efficiency form/z93

ons at various temperatures ranging from 200 to 500 K.
f voltages of 8, 16, and 24 V were studied, and the rf
uency was varied so thatqz was held constant at 0.4. T
elium buffer gas was kept at a constant number dens
22 atoms per cubic micrometer, corresponding to a pre
f 1 Torr at 300 K. As expected, trapping efficiency is gre
t lower temperatures and higher rf voltages.

The effect of buffer gas pressure was also examined
IMION. Fig. 10shows the trapping efficiency as a funct
f helium pressure at various temperatures and rf volt
again the rf frequency was varied so thatqz was held con
tant at 0.4). Increasing pressure from 1 mTorr to severa
as a large detrimental effect on trapping when the tra
ig. 12.
Fig. 13shows scanning electron microphotographs o

rray of r0 = 1.0�m andr0 = 1.5�m tungsten traps fabr
ated to completion. Trap dimensions as fabricated wer0
0.95�m, z0 = 1.25�m, gap of 0.5�m between ring an

ndcap electrodes, and radius of endap aperture = 0.�m.
ote that the tungsten elements defining the ring elec
nd end-caps are free standing and are electrically iso

rom each other with free-space gaps. An individual
onsists of four trap elements (two endcap electrodes
ing electrode, and a Faraday detector/collector plate) f
ated in seven metal layers. The three non-trap-elemen



M.G. Blain et al. / International Journal of Mass Spectrometry 236 (2004) 91–104 101

Fig. 10. Simulation results for percent ions (m/z= 93) trapped in a 1-�m CIT ion trap as a function of He pressure at 8, 16 and 24 V for various temperatures,
200 K (A), 300 K (B), 400 K (C), and 500 K (D). Ions were considered trapped if the remained in the device for 2000 cycles. Error bars represent the standard
deviation of the percentage of ions trapped. Trapping efficiency decreases as pressure increases, however higher voltages (24 V) retain trapping efficiency at
pressures of a torr and higher. Error bars show standard deviations using Poisson statistics.

ers serve as mechanical connectors for the anchors down
to the substrate surface (Si3N4 dielectric). Common an-
chor points serve as electrodes for adjacent trap, allowing
for the entire array of traps to be configured and operated
in parallel. Four electrical contact pads at the periphery of
the array provide for electrical input/output to the four trap
elements.

For this prototype array, it was found that the area of the
W anchors was insufficient to compensate for the stress gen-
erated in the top endcap (top-most layer) and as a result, the
top end cap de-laminated and rolled off when the SiO2 mold
was completely removed down to the insulating substrate. In

F show ectrod
F

Fig. 13, the SiO2 is only 80–90% removed and the remaining
10–20% is enough to keep the top end cap in place for imag-
ing purposes, however the resulting loss of an electrically
conductive collector surface precluded ion trapping experi-
ments with these initial devices. A redesign of the trap layout
currently being fabricated incorporates a 10× increase in an-
chor area to correct this problem. Initial characterization of
electrical properties for these prototyper0 = 1�m trap arrays
revealed capacitance values of∼600 pF for a 0.25 cm2 array
of 106 traps. This result is quite important for rf matching of
the trap array and implies that the real density of 1�m traps
and the absolute size of the trap array may be limited.
ig. 11. Schematic cross-section of a single microfabricated ion trap
araday collector.
ing anchor and support structures and vias in addition to the trap eles and
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Fig. 12. SolidWorksTM 3D model representations of a single microfabri-
cated trap (A) and an array of four microfabricated traps (B) based on the
photomask layout and the predicted layer thicknesses for a micrometer-
scaled ion trap.

3.7. Effects of micromaching errors on ion trapping

In discussing trapping efficiency, pseudo-potential well
depth, potential distributions, axial electric field, and non-
linear contribution to the axial electric field, it was assumed
that the microfabrication process did not impose any imper-
fections upon the device. Results from the first microfabri-
cated 1-�m CITs (Section 3.6) indicated two non-idealities
that may affect trap performance: non-vertical (tapered and
therefore non-parallel) ring electrode walls and layer mis-

F
a

alignment (therefore misalignment of the endcaps with re-
spect to the ring electrode). The effects of these errors were
investigated via simulation.

With a vertical (90◦) ring electrode wall angle, the poten-
tial well depth was calculated to be 0.11 V forr0 = 1.0�m,
whereas for 86◦ walls the potential well depth was found to
be only 0.10 V at the top (entrance end) of the ion trap. A
non-vertical ring electrode causes an asymmetry in the po-
tential distribution along thez-axis of the ion trap. Since the
ring electrode radius is smaller at the top (entrance) end of the
ion trap for non-vertical walls, the potential well is deeper at
this end of the trap, and therefore ions will be stored prefer-
entially toward this end. In a symmetrical ion trap (perfectly
vertical ring electrode walls), 50% of ions are ejected from
each endcap, and those exiting from the top endcap are not
detected since there is not generally a detector at this end
of the trap. In the asymmetrical trap (non-vertical ring elec-
trode wall), 62% of trapped ions were observed to exit the
top endcap during the ejection process verses 38% exiting the
bottom endcap, resulting in a loss of sensitivity of approxi-
mately 12% with respect to a symmetrical trap. The higher
order field contributions also change due to the non-vertical
ring electrode walls, however the effect is slight. The values
for the field coefficients areA2 = 0.6172,A4 = 0.0375 and
A6 = −0.0883, instead ofA2 = 0.6283,A4 = 0.0507 andA6 =
−

ig. 13. Scanning electron micrographs of microfabricated ion trap arrays. A
ir gaps between trap elements. (A) and (B)r0 = 1·5�m; (C) and (D)r0 = 1.0�m.
0.1013 for a 1-�m CIT with constant inner radius of 1.0�m.
ll layers have been defined in tungsten and the structure has been released giving
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In the asymmetric case, the positive non-linear octopole field
(A4) does not compensate as well for the negative dodecapole
field (A6), and therefore the resolution of the mass spectrum
may also be affected.

The misalignment of end caps with respect to the trap
ring electrode for the microfabricated CIT is dictated by the
alignment tolerance of the photolithography tool that defines
the patterns. For the exposure tool used in this work (a GCA
XLS stepper), the alignment tolerance is 0.15�m (3σ) layer
to layer, and is such that the maximum ring electrode to
end cap (top or bottom) misalignment would be 0.30�m.
For ther0 = 1.0�m trap this is a 30% maximum expected
misalignment, while for ther0 = 1.5�m trap this is a 20%
misalignment. The results from the first microfabrication,
Fig. 13, indicate that the actual end cap to ring electrode
misalignment is on the order of 0.05�m or less (<5% for
r0 = 1.0�m, and <3% forr0 = 1.5�m). Simulations show a
worst-case decrease in trapping efficiency from 25.4% with
no misalignment to 24.3% when both end caps are mis-
aligned in opposite directions by 0.05�m. When both end
caps are misaligned by 0.05�m in either the same or or-
thogonal directions, the loss in efficiency is less than in the
opposite-direction case. For a simultaneous misalignment of
end caps by 0.10�m, a worst-case decrease in trapping ef-
ficiency from 25.4% (no misalignment) to 19.1% was ob-
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cial ion trap, however a very significant miniaturization of the
mass spectrometer as a whole would be enabled. In addition
to miniaturization of the mass analyzer itself, power reduc-
tion using microfabricated CIT arrays may be envisioned by
virtue of the ability to monolithically integrate the rf drive
and signal detection electronics in the silicon substrate. By
way of example, a conventional benchtop ion trap mass spec-
trometer (weighing, for example, 225 kg) can achieve a mass
range of 2000 amu and uses a maximum rf voltage of 7500 V
at ∼1 MHz. Such a device consumes some 2400 W power,
with about 40% being required for the rf electrical system
and the balance for the vacuum system. The 1-�m CIT ar-
ray will require high frequency rf (up to a few GHz) with
dramatically reduced voltage requirements (10s of volts).
These power and frequency ranges are accessible with ex-
isting solid-state electronics and approach the class of cell
phone electronics. Implementation of existing miniaturized
commercial off-the-shelf electronic components could allow
a hand-held mass spectrometer to become feasible in the near
future.

Dramatic miniaturization is necessary for the mass spec-
trometer to become a hand-held sensor and therefore of use
to non-technical personnel who take measurements in field
applications such as homeland security, medical diagnostics
and environmental studies. Several of the common mass ana-
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erved when both end caps are misaligned in the sam
ection, the effect being less for orthogonal and oppo
irection misalignments. These results imply that expe
nd actual process-induced misalignment of the end
as a relatively minor effect on trapping efficiency for
m CITs. Preliminary simulations of the effects of m
lignment on ion ejection efficiencies also indicate a m
ffect.

. Conclusions

Our results show that the number of trapped charg
1-�m CIT operating at modest voltages will be small

act for trapping times from microseconds to millisecon
uring which mass analysis can occur, it is expected tha
m trap will contain at most one ion. Consequently, prac
ass spectrometry with 1-�m traps will require a massiv
rray of traps operating in parallel in order to obtain us

on signal. Microfabrication, however, provides the mean
efining not only a 1-�m CIT but for also defining an arra
f 1-�m traps. In fact, 106 traps have been arrayed in para

n a 0.25 cm2 area in the work presented here, and 107 1-�m
raps could be microfabricated in a 2.5 cm2 area. If only 1%
f 107 traps could be populated with an ion of interest, s
n array would have a spectral charge densityNs equivalen

o that of a 1-cm QIT, thereby regaining the signal see
onventional sized traps.

Note that a massively parallel array of 1-�m traps in a few
quare centimeters of Si substrate on its own would pro
nly a modest scaling in size compared to a single com
yzers have been reduced in size but only the ion trap has
educed to a size where the possibility of a hand-held de
ay be on the horizon. A micrometer-scale CIT-based m

pectrometer on a chip could set the performance sta
or hand held sensors, due to the inherit advantages of
pectrometry as an analytical method.

Cylindrical ion traps having a dimension ofr0 = 1.0�m
nd operating at voltages of a few tens of volts is an appe
oncept on which to base a truly hand-held mass spectr
er. Microfabrication approaches employing standard ME
nd IC fabrication techniques provide the means for ph
ally defining ion traps in this size-domain, while simulat
rovides a tool for the understanding of the fundamenta
ues in ion trapping and mass analysis with 1-�m traps. The
esults presented here are first steps in realizing a worki
m ion trap mass spectrometer. Much remains to be do
nderstanding issues with respect to ionization, mass an
rotocols, and ion ejection and detection. Thorough sim

ion will guide optimization and fabrication of microme
cale ion traps as well as the experimental approach.
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