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Reduced  power  operation  of  a mass  analyzer  with  minimum  loss  of  spectral  resolution  and  mass
range  is desirable  in portable  instruments.  Miniaturizing  quadrupole-based  ion traps  can  be especially
worthwhile  since  the  RF  amplitude  necessary  for mass  analysis  scales  with  the  square  of  the analyzer
dimensions.  The  performance  of a  miniature,  stainless  steel,  rectilinear  ion trap  (RIT) with  dimensions
of  1.66  mm  × 1.43  mm  (x0 and  y0 respectively)  is characterized  by  sampling  externally  generated  ions
and  performing  mass  analysis  without  benefit  of  differential  pumping  to  simulate  conditions  in a  minia-
ture  system.  This  system  is capable  of  detecting  analyte  ions  of  up  to  m/z  1250  at  operating  voltages
of  610  V0-p (drive  frequency  of 1.105  MHz),  and  with  spectral  resolution  on  the  order  of  2  Th  (FWHM)
across  the  entire  mass  range.  The  ability  to acquire  structural  information  through  tandem  MS is  also
demonstrated.
ortable mass spectrometry
ortable instrumentation
xternal ion generation
tmospheric pressure interface
iscontinuous atmospheric pressure

nterface (DAPI)
andem MS

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Demand for in situ detection of specific compounds at the
arts-per-billion (ppb) and parts-per-million (ppm) levels is one
f the factors driving the development of portable mass spec-
rometers [1–5]. The ability to successfully miniaturize and/or
implify the geometry of instrument components, particularly the
lectronics, vacuum system, and mass analyzer [6,7] is the key to
his development. Quadrupole ion trap mass analyzers are well
uited for use in portable instruments due to their ability to operate
t elevated pressures (10−2 to 10−3 Torr), relaxing the vacuum
ystem requirements, and the ability to use a single mass analyzer
or tandem MS  experiments. Additionally, ion traps, especially
hose with electrodes of simple geometry such as the cylindrical
on trap [8] (CIT) and the rectilinear ion trap [7] (RIT), are more

asily scaled to mini [9–11] and micro [12–15] dimensions than
ther mass analyzer types.

RITs are simplified linear ion trap mass analyzers consisting of
lanar electrodes, viz. two end caps, and pairs of Y-electrodes and

∗ Corresponding author. Tel.: +1 765 494 5263; fax: +1 765 494 9421.
E-mail address: cooks@purdue.edu (R.G. Cooks).

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.05.009
X-electrodes, respectively. At the usual size scale the optimized,
dimensions are 5 mm × 4 mm nominally (one-half the distance
between opposing X and Y-electrodes) [7].  This device has been
well characterized and utilized as the mass analyzer in portable
instruments for in-field applications [16–19].  Since the operating
voltage scales as the square of the dimensions of the trapping elec-
trodes, and power scales to the square of the RF amplitude, greatly
reduced power requirements needed for portable instruments can
be achieved by size reduction [10].

RIT mass analyzers have previously been fabricated with nearly
the same geometry as used in this work and they have given peak
widths of approximately 1.5–2 Th (FWHM) [20,21]. However, these
earlier experiments did not employ small total MS  systems, and
notably they did not suffer from the limited pumping capabilities
characteristic of handheld MS  systems. In this work a minia-
turized, steel, RIT was  characterized in a single stage manifold,
without ion optics or specialized buffer gas, and under pressure
conditions comparable to those of a portable mass spectrometer
utilizing a discontinuous atmospheric pressure interface (DAPI) to
sample externally generated ions [22–24]. The performance of a

miniaturized, steel, RIT analyzer (1.66 mm  × 1.43 mm  for X0 and Y0
respectively; 1/3rd the scale of the usual RIT dimensions) operated
at pressures expected for a portable instrument is characterized
and evaluated in this study.

dx.doi.org/10.1016/j.ijms.2011.05.009
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:cooks@purdue.edu
dx.doi.org/10.1016/j.ijms.2011.05.009
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ig. 1. Computer aided design (CAD) model of the miniature RIT trapping electro
rapping electrodes (gray) and act as insulators.

. Materials and methods

Machining of the electrodes (304 stainless steel) was exe-
uted using computer numerical control (CNC) followed by hand
olishing of the inner electrode surfaces to a mirror finish. Preci-
ion cut Macor ceramic established the inter-electrode distances
nd formed the insulating spacers between adjacent electrodes
Fig. 1). Analyzer assembly was completed by hand. Upon final
ssembly the average gap spacing (distance between adjacent X
nd Y-electrodes) was 0.590 mm,  and the trapping dimensions (dis-
ance between opposing X and Y-electrode pairs) were 1.66 mm
nd 1.43 mm respectively. These measurements were made using
n optical microscope (SmartScope MVP  300, Optical Gauging Prod-
cts, Inc.) and are accurate to ±1 �m.  The length of the ion trap
z-dimension) and the dimensions of the ion ejection slits in the
-electrodes were measured to be 40 mm  and 0.33 mm × 25 mm,
espectively, as measured with a micrometer (Mitutoyo, CD-6 BS).
s in all linear ion traps, the z-dimension of this device is critical

o the ion trapping volume but does not impact the generation of
 quadrupolar field in the x–y plane. A confining force is however,
stablished in the z-dimension by applying a DC potential to the
nd cap electrodes.

Mass calibration and experimental determination of the upper
imit of the m/z range was determined using polyethylene glycol

PEG) in methanol/water (1:1 by vol.) at concentrations ranging
rom 10 �M to 100 �M.  The PEG mix  was prepared from seven
ligomers with average molecular weights ranging from approx-
mately 100 to 600 (Sigma–Aldrich, Inc.) all used without further

RF  Voltage

DAPI 
Open/Close

Front End Cap  
Voltage

AC Voltage 

Multipli er Bias

ig. 2. Scan function used to operate the miniaturized RIT. During experiments in whic
WIFT  and CID were set to zero.
nd ceramic spacers. The ceramic spacers (white) ensure proper alignment of the

purification or modification. PEG was selected for its ability to pro-
duce singly charged, sodiated adducts in the presence of sodium
salts. Ions generated by nano-ESI were pulsed into the vacuum
manifold using a discontinuous atmospheric pressure interface
(DAPI) [22–24].  This ion introduction interface is comprised of a
controllable, short duration valve (ASCO Scientific, Florham Park,
NJ) with a conductive rubber capillary as the seating material
(Simolex Rubber Corp., Plymouth, MI). When the DAPI valve is open,
gas phase neutrals and the ions generated in the ambient envi-
ronment are passed to the low pressure (base pressure ∼10−4 to
10−6 Torr) vacuum manifold that contains the mass analyzer. Once
the DAPI valve is closed, the introduced ions are trapped while
neutral gas phase molecules are pumped away. This decreases the
operating pressure of the ion trap, and allows the electron mul-
tiplier (Photonics, Magnum 5903) to be turned on. In the scan
function implemented for these experiments (Fig. 2), the DAPI valve
was opened to the atmosphere for 50 ms  and then closed for the
duration of the pump down and mass scan period, which was
approximately 2000 ms.  The stainless steel ion introduction cap-
illary was aligned co-axially with the aperture in the ion trap front
end cap and positioned such that there was  a 1 mm gap between
the two components. This allowed gating of the ions into the trap
using the front end cap voltage and it avoided perturbation of the
quadrupolar field by inserting the capillary directly between the X

and Y electrodes.

A laboratory built system that utilized LCQ Duo (Thermo Fisher
Scientific, San Jose, CA) electronics and LCQ Duo Tune 1.0 soft-
ware/Ion Trap Control Language interface was  used for electronic

SWIFT
IsolationCID

h no ion isolation or activation was conducted amplitudes and time segments for
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Fig. 3. Nano-electrospray ionization of PEG oligomers 2 Th (FWHM) at concentra-
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ions of 10–100 �M in 1 × 10−3 M NaOH. RF voltage amplitude scan from 68 V0-p to
10  V0-p, using resonance ejection at 358 kHz with the AC amplitude ramped from
40  mVp-p to 1.1 Vp-p throughout the analytical scan.

iming and control. The vacuum consisted of a TSQ7000 manifold
ith single stage pumping. A BocEdwards E2M30 (30 m3/h) rotary

ane pump at the front and a Pfeifer 260 turbo molecular pump
210 L/s) backed by a second BocEdwards E2M40 (40 m3/h) was
ecessary to accommodate the large vacuum manifold. The per-

ormance was specifically de-tuned to achieve pressures in the ion
rap similar to those given by miniature systems. After the DAPI
alve was closed, ending the 50 ms  ion sampling pulse, the front
nd cap was held at 1.8 V for 150 ms  to allow the ions in the sam-
le volume to transfer completely out of the 200 mm introduction
apillary and into the ion trap. Next, the front end cap was  raised to
5 V, and the rear end cap continued to be held at 25 V. Ions were
llowed to cool for 500 ms  while the manifold pressure dropped
rom its peak pressure of ∼75 mTorr to ∼15 mTorr, at which point
he RF (drive frequency 1.105 MHz) amplitude was scanned from
8 V0-p to 610 V0-p at a rate of 833.3 Th/s, thus completing the ana-

ytical mass scan (Fig. 2). The scan rate in this work is slower than
hat used in typical operation of full size RITs (10,000 Th/s) and
as done to maximize mass spectral resolution. Resonance ejec-

ion was implemented by applying a dipolar supplementary RF to
he x-electrodes at a frequency of 358 kHz (qz = 0.77) and its ampli-
ude was ramped linearly from 340 mVp-p to 1.1 Vp-p throughout
he analytical scan.

. Results and discussion

.1. MS  performance

The trapping voltage (depth of the effective potential well) for
he miniature RIT was optimized by increasing the RF amplitude
everal volts at a time until the m/z distribution of the PEG sample
as detected. A trapping voltage of 68 V0-p (low mass cutoff ∼m/z

40) was determined experimentally to be the minimum voltage
ecessary to detect ions of up to m/z  1250. These ions covered the
ntire mass range and were separated by intervals of 44 Th (Fig. 3).
he peak RF voltage necessary for completing an analytical scan

ver this mass range was 610 V0-p and spectral resolution was on
he order of 2 Th FWHM at m/z 305, which increased with m/z.

By way of comparison the Mini 11, a portable mass spectrom-
ter that uses a full size RIT, is limited by the available RF voltage
ass Spectrometry 305 (2011) 69– 73 71

(2250 V0-p) to a maximum m/z of 700 when operated at ∼1 MHz
[25]. Under the operating conditions described in Section 2, the
miniaturized RIT is capable of detecting m/z  of 900 at 448 V0-p. The
two systems give comparable mass resolution. The miniaturized
RIT mass analyzer, when tested on a laboratory scale instrument,
exhibits the necessary performance characteristics in terms of res-
olution, mass range, and operating voltage. It therefore should
be recognized that the operational parameters for an ion trap do
not depend on whether it is installed in a laboratory scale or
a miniaturized instrument making the prospect of using such a
mass analyzer in a portable instrument highly attractive. To fur-
ther support the feasibility of using a 1/3rd size RIT in a portable
instrument the method of ion introduction in the present study
is similar to that expected for a portable instrument also utilizing
a DAPI source. It is anticipated that operational pressure for the
laboratory scale and the portable instrument will be sufficiently
similar to avoid a significant decrease in performance of the mass
analyzer.

The DAPI source provides a method for sampling charged
analytes at atmospheric pressure while satisfying the vacuum
requirements of the mass spectrometer. We  note, however, the
somewhat inefficient use of the sample since the duty cycle (open
time vs. overall cycle period) of the DAPI is just a few percent.
Another drawback is that the mass analyzer is operated at pressures
that are an order of magnitude or more above the optimal working
pressure of 10−3 Torr. This together with mechanical imperfec-
tions contributes to peak broadening. The results obtained here are
consistent with the performance anticipated for a device of this
geometry, scale, and operation inside the pressure range achieved
using a DAPI source.

3.2. Mass selective ion ejection

Frequencies which correlate with effective ion ejection were
measured by applying supplementary, low amplitude AC to the
X-electrodes during the ion trapping phase of the scan function.
Ions of a selected m/z were resonantly excited and ejected from the
ion trap by controlling the frequency, amplitude, and time of the
applied AC. Typical time and amplitude values ranged from 50 to
100 ms  and 100 to 200 mVp-p.

An approximate determination of the ejection frequency for
an ion of a particular m/z ratio can be made by monitoring the
frequency at which the ion disappears from the mass spectrum
(Figs. 4 and 5). Repeating this experiment for the most abun-
dant ions in the sample, allows a plot of the ejection frequency
versus m/z to be constructed. The results (Fig. 5) demonstrate that
the ejection frequencies for a given m/z are in close agreement
with the calculated secular frequency and follow the theoret-
ical trend attributable to the inverse relationship between qz

and m/z.

3.3. Tandem MS performance

The protonated cocaine molecule, m/z 304, fragments to give
m/z 182 by elimination of benzoic acid [26,27]. Also observable,
although in lower abundance, is a competing fragmentation path-
way in which benzaldehyde is lost from the protonated molecule,
forming an ion of m/z 198. Conditions under which both frag-
mentation pathways are observed can be particularly useful for
chemical profiling experiments used to identify pure compounds
and/or compound metabolites using known fragmentations [28].
Cocaine was  isolated through the application of a stored wave-

form inverse Fourier transform (SWIFT)[29] function for 450 ms,
followed by activation at qz = 0.36 (∼147 kHz) for 30 ms at ampli-
tudes of approximately 200 mVp-p. DAPI, as previously described,
allows introduction of both analyte ions and neutral molecules into
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Fig. 6. Cocaine after (A) 200 mVp-p activation, (B) 220 mVp-p activation, (C)
230  mVp-p activation, and (D) 250 mVp-p activation. All activation experiments were
initiated at a pressure of 20 mTorr and at 10 �g/ml concentration.
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ig. 4. Selective ejection of m/z 305 (n = 6) by application of dipolar supplementary
C  excitation voltage applied to the X-electrodes; freq 142 kHz, 130 mVp-p, 50 ms.

he vacuum manifold and consequently the mass analyzer. The
anifold pressure for CID was optimized at 20 mTorr, where the

eutral molecules introduced during the DAPI pulse serve as the
uffer gas during these experiments.

To optimize MS/MS  performance the AC amplitude was varied
rom 200 to 250 mVp-p by increments of approximately 10 mVp-p

Fig. 6). The maximum fragmentation efficiency was  found to be
.1% (Fig. 7). The mechanisms by which ions are activated in CID
nd by which they are resonantly ejected from the ion trap are simi-
ar. Excitation energy is supplied using a supplementary AC applied
n resonance with the ion secular frequency. Considering that the
seudopotential well depth is proportional to the magnitude of the
pplied RF, the well for a miniaturized RIT is shallower than its
ull-size counterpart by approximately a factor of nine (due to the

hree-fold reduction in physical size). Under these conditions res-
nance ejection increasingly competes with activation and results
n poor fragmentation efficiency. In this experiment over 90% of the
recursor ions are lost prior to dissociation.
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ig. 5. Ion frequency map: solid line indicates the calculated secular ion frequen-
ies. Points indicate frequencies determined experimentally through selective ion
esonant ejection.
Fig. 7. (Left axis) Precursor m/z 304, �, and product ion 182, �, intensity vs. AC
amplitude; (right axis) fragmentation efficiency, � (fragment ion intensity/total
intensity).

4. Conclusions

The mass range, spectral quality, tandem MS capabilities, and
operating voltages of a miniaturized RIT make it an attractive mass
analyzer for use in portable mass spectrometers. It also serves as
a method for evaluation of ion traps in other areas of research
namely, even more miniaturized devices, traps made of electrodes
fabricated using new technologies/materials, traps with novel elec-
trode geometries, and ion trap arrays [9,21,30–32]. In addition, at
this scale (and smaller) the RF amplitude necessary to complete
mass analysis over a range of approximately 100–500 Th, suitable
for the detection of most standard organic compounds, is within the
range of commercially available operational amplifiers. A “direct
drive” approach to RF control would offer the benefit of ion trap
operation without the use of specially designed inductance coils,
thus simplifying the design and construction of field portable mass
spectrometers.
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