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57 ABSTRACT

The present invention relates to an apparatus and method for
focusing, separating, and detecting gas-phase ions using the
principles of quadrupole fields, substantially at or near
atmospheric pressure. lons are entrained in a concentric flow
of gas and travel through a high-transmission element into a
RE/DC quadrupole, through a second high-transmission
element, and then impact on an ion detector, such as a
faraday plate; or through an aperture with subsequent iden-
tification by a mass spectrometer. lons with stable trajecto-
ries pass through the RF/DC quadrupole while ions with
unstable trajectories drift off-axis collide with the rods and
are lost. Embodiments of this invention are devices and
methods for focusing, separating and detecting gas-phase
ions without the need for a vacuum chamber when coupled
to atmospheric ionization sources.

27 Claims, 10 Drawing Sheets
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a. Conventional Quadrupole Assembly
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c. Applied Potentials

Positive Rods: ‘V} = Wy + V;f cos @i + Vien energy

Negative Rods: V= -'Vd;; -Vycos ot + Vien energy
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a. The Bandpass Region
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b. Scanning the Mass Range

fdc)

=
‘@
o
o
el
=
©
=
=
4
[i]
4

S
o
o

Three Discrete
Bandpass Regions

Mass
s Spectrum

I




US 6,784,424 B1

Sheet 3 of 10

Aug. 31, 2004

U.S. Patent

g+al  ¢+9l

L+3L O0+8l

1 ]

¢ Ol

(110}) aunssald

L-91

¢ol

¢aL tvoL 69l

abieyosiq OT

awibay

BuneiedO
ajodnipend

ainssald
olaydsowly

ywi abuieyssig

pajiwi abieyosiqg
uoiboy
uapp!gio4

Aiddng jamod jo

wnwixey 0} @bieydosig ON

uoibay

adig uoj

»———il
-yoibsy
Jozhjeuy ssep

awibay
Bunesado
sjodnipenpd
UONUBAUO)D

0

000¢

000V

0009

0008

(yead-o}-yead) abejoA palddy

www fastio.com

ClibPD



US 6,784,424 B1

Sheet 4 of 10

Aug. 31, 2004

U.S. Patent

7 Ol

X BOIUOD soddns Addng 1oupD
BMod P3I2JBN PUD
dwpald sjodnipon® - Soonbay !
N S5
> ISNOUYXS S Ul
SOO 144 4% e ¢l edwps

5 o 5 0¢ o]
uoibay UolodY  LoiBey)
uoibay| sjodnipony  PuIsNd04 mo.SOw
10}0818( DA/ uQj

[ro.com

www . fas

ClibPD



U.S. Patent Aug. 31, 2004 Sheet 5 of 10 US 6,784,424 B1

/6

/8

Fig o

ClibPD www fastio.com



U.S. Patent Aug. 31, 2004 Sheet 6 of 10 US 6,784,424 B1

116

Fig 6

ClibPD www fastio.com



U.S. Patent Aug. 31, 2004 Sheet 7 of 10 US 6,784,424 B1

/8

76

78

ClibPD www fastio.com



U.S. Patent Aug. 31, 2004 Sheet 8 of 10 US 6,784,424 B1

124
122

Fig 8

120

124

ClibPD www fastio.com



US 6,784,424 B1

Sheet 9 of 10

Aug. 31, 2004

U.S. Patent

dwoald

A 1SNDYUX3
S0 'A%

uoibay
o108

6 O

59||ddng Addng 18U
19MOd PaISJON PUD
AH papINBaY
1B)|OHUOD Ul
aodniponD SDO
Ul
¢l| sidwpsg

05 0 ol
uoiboy wolbed  oBoy
sjodnipon  BUIsNO0)  55n0c
DA/ uo|

Stlo.com

wavw fa

ClibPD



ClibPD

U.S. Patent

Aug. 31, 2004 Sheet 10 of 10
lon RF/DC
Sow,ce Focusing Quadiupole
Region  pg gion
10 20

| 76
| S N 32|
Somple {17 22 | B
fry
GCas {Qucdmpole
| R : | Coniroliet
B | Reguiated Hy i
L | and Metered Fower
Carder 3upply | 1 synnlies

www fastio.com

US 6,784,424 B1

Detecior
Region




ClibPD

US 6,784,424 B1

1

APPARATUS AND METHOD FOR FOCUSING
AND SELECTING IONS AND CHARGED
PARTICLES AT OR NEAR ATMOSPHERIC
PRESSURE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is entitled to the benefit of provisional
Patent Application Ser. No. 60/293,648, filed May 26, 2001.
In addition this invention uses the high transmission element
of our co-pending application, Ser. No. 09/877,167, Filed
Jun. 8, 2001.

GOVERNMENT SUPPORT

The invention described herein was made with United
States Government support under Grant Number: 1 R43
RR15984-01 from the Department of Health and Human
Services. The U.S. Government may have certain rights to
this invention.

BACKGROUND—FIELD OF INVENTION

This invention relates to an atmospheric RF/DC device,
specifically to such RF/DC devices which are used for
analyzing gas-phase ions at atmospheric pressure.

BACKGROUND—DESCRIPTION OF PRIOR
ART

Quadrupole Mass Spectrometry (QMS)

The analytical utility of a RE/DC (radio frequency/direct
current) mass filter or analyzers, such as a quadrupole mass
filter, as a device for continuous selection and separation of
ions under conventional vacuum conditions is well estab-
lished. It also has a highly developed theoretical basis (1, 2,
3, 4, 5, 6). The desirable performance attribute of the
quadrupole mass filter is the fact that motion in the x, y, and
z directions are decoupled, (i e. motion in each direction is
independent of motion of the other directions in the Carte-
sian coordinate system) (7). In general, a time varying
potential is applied to opposite sets of parallel rods as
illustrated in FIG. 1.

The “hyperbolic” geometry in the x-y plane coupled with
the appropriate time-varying applied potential (an RF field)
creates a pseudo-potential well that will trap ions within a
“stable” mass range along the centerline of the x-y plane (the
z-axis), while ejecting ions of “unstable” mass in the x and
y directions. In a quadrupole operated a low pressures (under
vacuum, <107 torr), motion along the z-axis is generally
determined by the initial energy of the ions as they enter the
quadrupole field, and can be generally considered equivalent
to motion in a field free environment. One notable exception
to this field-free model would be the effects the fringing
fields at the entrance and exit of the quadruple. At the
entrance and exit from quadrupoles the X, y and z motions
are coupled. This results in the transfer of small amounts of
translational energy between the different dimensions. The
effects of which can generally be reduced dramatically
through electrode design (e.g. the use of RF-only pre- and
post-filters).

Ion motion within a quadrupole is well characterized, and
is described by the various solutions of the Mathieu equation
(8). Simply stated, for a given ion with a particular mass-
to-charge ratio (m/z), there exist sets of RF (alternating at the
radio frequency) and DC (direct current) voltages, which
when applied to a quadrupole yield stable trajectories. These
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sets of RF and DC voltages can be plotted to represent
regions of stability both in the x and y directions (as shown
in FIG. 2A). Since motion in the x and y directions are
de-coupled, it is convenient to plot both directions in a single
plot, focusing on the region(s) where stable trajectories are
possible simultaneously in both the x and y directions. This
region of stability is designated the “bandpass region”.

According to the analytical theory based on the Mathieu
equation, any set of voltages which do not lie within one of
these regions of stability (in both x and y directions) will
result in an unstable trajectory of ions, with exponentially
increasing acceleration from the centerline of the quadrupole
in the instable direction (x or y). These stability boundaries
tend to be very sharp, and can therefore be used to reject
certain masses while accepting other masses. Since each
mass has a unique set of stable voltages, judicious selection
of voltages can allow selection of a narrow bandpass of
masses to be transmitted through the quadrupole at the
expense of all others as illustrated in FIG. 2B. Quadrupole
mass spectrometers are typically scanned through the mass
range by increasing both RF and DC voltages while main-
taining a constant ratio (see “Scan Line” in FIG. 2B). The
slope of the scan line determines the resolution of the mass
spectrometer.

There is evidence that these stability boundaries observed
with convention quadrupole operation are independent of
the operating pressure, and therefore that mass resolution
should be possible even for a quadrupoles operated at higher
pressures, such as atmospheric pressure. The majority of
research with higher pressures has occurred in the pressure
range of 1x107> to 1x107" torr with the three-dimensional
quadrupole ion trap (9, 10). It has been clearly observed with
three-dimensional quadrupole ion traps that stability bound-
aries may actually be sharpened at these higher pressures
yielding improved resolution. But there are limits with the
operating pressures. As the pressure is increased in quadru-
pole devices the incidence of a gas discharge increases as
illustrated in recent studies of ion pipes by Bruce Thomson
and coworkers (11).

FIG. 3 illustrates that there are two pressure regimes
where time-varying fields can be established at sufficient
field strength to affect the radial displacement of unstable
ions; the first is at low pressures (<1072 torr, where existing
quadrupole mass analyzers are operated) and the second is
at atmospheric pressure (100-760 torr, the present
invention). The region marked forbidden at intermediate
pressures is limited by gas discharge at the higher voltages
(or fields) required for quadrupole mass filtering. In
addition, scattering effects from discrete collisions between
ions and the surrounding gases deleteriously affect the
motion of the ions in the intermediate pressure region as
well.

Ion Mobility Spectrometry (IMS)

In recent years ion mobility spectrometry (IMS) has
become an important analytical tool for measurement of
ionized species created in a wide variety of atmospheric
pressure ion sources; including, discharge, ®*Ni, and photo-
ionization. (12, 13) Recently, a number of researchers have
also incorporated the LC/MS type sources of electrospray
(ES) and atmospheric pressure chemical ionization (APCI)
into IMS. (14, 15, 16, 17)

One recent non-conventional implementation of IMS
(known as FAIMS, high-field asymmetric waveform ion
mobility spectrometry) utilizes an asymmetric waveform to
isolate ions between parallel plates or concentric tubes. (18,
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