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Method of operating an ion trap mass spectrometer.

@ A method of operating an ion trap mass spec-
trometer comprises generating a three dimensional
trapping field with DC and/or RF voltages applied to
an ion trap structure to trap ions over a predeter-
mined mass-to-charge range, scanning the DC
and/or RF voltages to sequentially eject ions over
said range and simuitanecusly applying a supple-
mentary AC voltage to generate an AC field to more
effectively eject said ions.
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METHOD OF OPERATING AN ION TRAP MASS SPECTROMETER

This invention relates to a method of operating
an ion trap mass spectrometer.

lon trap mass spectrometers or quadrupole ion
stores have been known for many years and de-
scribed by a number of authors. They are devices
in which ions are formed and contained within a
physical structure by means of hyperbolic electro-
static RF and/or DC fields. In general, RF and/or
DC voltages are applied to hyperbolic or spheric
electrode structures which define the trapping vol-
ume into which the trapping fields extend. The
structure generally comprises a ring electrode with
spaced end caps.

Mass storage is generally achieved by operat-
ing the trap electrodes with values of RF voltage V
and its frequency f. DC voltage U and device size
ro such that ions having their mass-to-charge ratios
(M Z) within a finite range are stably trapped within
the electrostatic fields. The aforementioned param-
eters are sometimes referred to as the scanning
parameters and have a fixed relationship to the
mass-to-charge ratios of the charged ions. For
irapped ions there is a distinctive characteristic
frequency for each value of mass-to-charge ratio.
In one ion detection method, the characteristic fre-
quencies can be determined by a tuned circuit
which couples to the oscillating motions of the ions
within the trap. Such a method has been difficult to
implement and yields poor resolution and limited
mass range.

In US-A-4540884 there is described a method
of operating an ion trap in the mass selective
instability mode. The mass selection is achieved
by simultaneously trapping ions within a mass
range of interest and then scanning the applied RF
and/or DC voltages or the frequency of the RF
voltage to sequentially render unstable trapped
ions of consecutive specific masses. The unstable
ions flow out through apertures in an end cap io a
high gain electron multiplier to provide signals indi-
cative of the ion mass.

In US-A-4540884 there is described an im-
provement to such method of operating an ion trap
mass spectrometer, which includes the additionai
step of applying to the trap a supplementary AC
voltage which generates a field which cooperates
with the trapping fields in the sjection of ions from
the ion trap frapping volume.

According to this invention there is provided a
method of operating an ion trap mass spectrometer
to render ions within a predetermined range of
mass-to-charge ratios trapped in a three-dimen-
sional trapping field generated by a fundamental
RF voltage sequentially unstable, comprising the
steps of varying the fundamental RF voltage to

70

15

20

25

30

35

40

45

50

eject ions of sequential mass-to-charge ratios: and
simultaneously applying a supplementary AC volt-
age at a lower frequency to generate a supplemen-
tary field whereby the ions of sequential mass-to-
charge ratios are more effectively ejected.

We have found that if the suplemental voltage
is set at a frequency lower, for example about half,
the frequency of the RF voltage, the sensitivity and
resolution of the ion trap mass spectromster can
be significantly improved when the ion trap is op-
erated in the mass-selective instability mode.

Thus, the invention provides a method of op-
erating an ion trap mass spectrometer, which per-
mits the storage of a large number of ions to
improved sensitivity while providing the good reso-
lution.

The invention will now be described by way of
example with reference to the drawings, in which:

Figure 1 is a schematic diagram of an ion
trap mass spectrometer;

Figures 2A to 2D show the scan functions for
an El and a Cl analysis;

Figure 3 shows the stability diagram of a
quadrupole ion trap;

Figures 4A and 4B show the improvement in
resolution obtained with the method of the inven-
tion in a scan of FC43; and

Figures 5A and 5B show the improvement in
resolution obtained with the method of the inven-
tion in a scan of hexachlorobenzene.

A three-dimensional ion trap mass spectrom-
eter is schematically illustrated in Figure 1. The ion
trap includes a ring electrode 11 and two spaced
end caps 12 and 13 facing each other. The ring
electrode and end caps define a trapping volume
14 having a radius ro and a vertical dimension zg.
An RF voltage generator 16 is connected to the
ring electrode 11 to supply a radio frequency volt-
age v sin t (the fundamental voltage) betwsen the
end caps and the ring electrode which provides the
quadrupole filed for trapping ions within the ion
storage volume 14. A DC voltage U from power
supply 17 may also be applied to the trap elec-
trodes.

A supplementary AC voltage generator 18 is
coupled to the end caps 12 and 13 to supply a
voltage vz sin t. Means are provided for projecting
an ionizing electron beam into the ion volume 16.
The electron source comprises a filament 21 fed
by a filament power supply, not shown, and a
cylindrical electron gate electrode 22 having a con-
trol voitage applied by gate controller 23 to turn the
electron beam on and off as desired for fonizing
sample within the trapping volume. The end cap 12
includes an axial aperture 24 through which the
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electron beam projects. The opposite end cap 13 is
perforated 26 to allow unstable ions in the fields of
the ion trap to exit and be detected by the electron
multiplier 27. Conversion dynode 28 is disposed to
receive the ejected ions and operates as described
in US-A-4423324. The output signal is amplified
and applied to processor 29 which not only serves
to process the signal and provide a mass spec-
trum, but also controls operation of the RF, DC and
supplemental voltage power supplies and the gate
controller to perform an analysis.

El and Cl scans are shown in Figure 2A-2B.
The El scan is shown by a solid line while the Cl
scan is shown by the dotted line. In the El scan,
the fundamental RF voltage and DC voltage ap-
plied to the ring electrode is selected to store only
sample ions of a mass range of interest, A. The
sample is introduced in the trapping volume and
electron gate voltage is applied to permit the elec-
tron beam to enter the volume and ionize the
sample. The RF voltage is then ramped to the
point B to select the mass range of interest and
then the voltage is increased, C, to scan. The scan
spectrum is shown in Figure 2C.

In the Cl mode, the voltages are fixed for the
period A during which the reagent is ionized with
reagent ions. The voltage is increased, B'. and the
reagent ions then react with neutral sample mol-
ecules and form sample ions. Then the voltage is
increased, C, to select the low mass for start of
the scan. The voltage is ramped, D, to provide the
scan spectrum shown in Figure D.

In operation of the ion trap in the MS/MS
mode, ions are formed in the trap volume 16 while
maintaining DC and RF voltages so as to store the
selected mass range. The trapping voltages are
then reduced in such a way that only stable ions of
interest are retained at which time a dissociation
step is carried on in which the ions of interest are
caused to collide with a gas or surface so as to
fragment. Since the ions to be fragmented may or
may not have sufficient energy to undergo frag-
mentation by collision with the gas or surface, it
may be necessary to pump energy into the ions of
interest to cause them to collide with energetic or
excited neutral species so the system will contain
enough energy to cause fragmentation of the ions
of interest. The fragmented ions are then swept
from the trap by varying the RF voltage and a scan
of the mass spectra is obtained.

Any known way of producing energetic neutral
species may be used in the preceding step. Ex-
cited neutrals of Argon of Xenon may be intro-
duced from a gun, pulsed at a proper time. A
discharge source may be used. A laser pulse may
be used to pump energy into the system either
through ions or through the neutral species.

The scanning step in which the ions become
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sequentially unstable, leave the trap volume and
are detected, is accompanied by the application of
a supplemental AC voltage to generate fields in the
axial direction. The supplemental voitage is applied
to both of the end caps or to one of the end caps
while the other end cap is grounded. The sup-
plemental AC voltage is preferably selected to have
a frequency which is approximately one-half the
frequency of the fundamental RF voltage and which
causes the trapped ions near the instability bound-
ary to oscillate in the axial direction. This osciilation
is the characteristic frequency of ion motion in the
z or axial direction and close to the point where the
ions become unstable during the mass scan. The
frequency of ion motion in the z direction is deter-
mined by the 8, Parameter and can be calculated
by muitiplying 8, by the RF drive frequency and
dividing the value by 2. Thatis, f = 8, x 1/2 far 8-
itself can be calculated using the a and q param-
sters of the stability diagram, Figure 3. Excitation
of the ions near the stability boundary where 8, is
close to 1 leads to more uniform ejection, that is,
all ions of the same mvz value are ejected during a
short time interval. This results in resolution im-
provements.

Figure 4A shows part of the mass spectrum for
FC 43, a calibration compound with prominent
peaks at m/z 69 and m/z 100. Other mass peaks
originate from background in a mass spectrometer.
Filament emission current for the experiment was
set at 30 microamps and the ionization time was
1.5 msec. A helium buffer gas was present at a
pressure of approximately 1 x 1072 torr. The lack
of resolution and peak broadening indicates that
the ejection of some ions at a given m/z is ex-
tended. That is, some ions are ejected too late and
are not resolved from ions of subsequent m/z val-
ue. Figure 4B shows the mass spectrum acquired
with the exitation voltage turned on during the
mass scan at a fixed frequency of 530 KHz and a
fixed amplitude of 5§ volts. It is noted that the
resolution is much improved and that the resolution
improvement is observed over the entire mass
range of the ion trap. The data shown in Figure 4B
was for the exitation voltage being applied only
during the analysis scan. Similar results were ob-
tained with the exitation voltage continuously ap-
plied. The new scanning mode has been charac-
terised across a wide range of frequencies and
amplitudes. Amplitudes were beiween 1 and 10
volts, frequency between 300 KHz and 600 KHZ. At
frequencies significantly below half the RF drive
frequency, ions are ejected at a value of the g
parameter less than 0.91, i.e., at a point where less
RF voltage is required. This results in an increase
of the mass range of the ion trap mass spectrom-
eter. At frequencies higher than the RF frequency,
similar effects are observed. This is believed to be
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because of harmonics of the ion motions are found
symmetrically around the , = 1 value.

5A shows the mass spectrum of m/z 284, a
characteristic ion, from a GC./MS run of a 10 pg
hexachlorobenzene sample in the prior mode of ion 5
trap operation.

Figure 5B is the mass spectrum of same sam-
ple using the new mode of operation.

Thus, there has been provided a method of
operating an ion trap mass spectrometer with im- 10
proved resolution and sensitivity.

Claims
15

1. A method of operating an ion trap mass
spectrometer {o render ions within a predetermined
range of mass-to-charge ratios trapped in a three-
dimensional trapping field generated by a funda-
mental RF voltage sequentially unstable, compris- 20
ing the steps of varying the fundamental RF volt-
age to eject ions of sequential mass-to-charge ra-
tios; and simultaneously applying a supplementary
AC voltage at a lower frequency to generate a
supplementary field whereby the ions of sequential 25
mass-to-charge ratios are more effectively ejected.

2. A method as claimed in Claim 1, in which
the trapping field is generated using a combinaton
of RF and DC voltages and magnetic fields.

3. A method of operating an ion trap mass 30
spectrometer with fundamental DC voltage and/or
RF voltage applied thereto to generate a trapping
field to trap ions over a predetermined mass-to-
charge ratio range, comprising the steps of scan-
ning the fundamentai RF voliage and:-or DC voitage 35
whereby ions over said predetermined mass-to-
charge ratio range are sequentially ejected from
the ion trap; and simultaneously applying a sup-
plementary AC voltage at a lower frequency to
generate a supplementary field whereby ions of 40
particular mass-to-charge ratios are more effec-
tively sjected.

4. A method as claimed in any preceding
claim, in which the supplementary AC voltage is
set at a fixed frequency and amplitude. 45

5. A method as claimed in any preceding
claim, in which the supplementary AC frequency
and/or amplitude are varied.

6. A method as claimed in any preceding
claim, in which the supplementary AC voltage has 50
a frequency within plus or minus twenty percent of
half the fundamental RF frequency.

7. A method as claimed in any preceding
claim, in which ions are created inside the trap.

8. A methed as claimed in any one of Claims 1 55
to B, in which externally created ions are injected
into the trap.
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