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[57) ABSTRACT

A simple and economical method of mass analyzing a
sample by means of a quadrupole ion trap mass spec-
trometer in an MS/MS mode comprises the steps of
forming ions within a trap structure, changing the RF
and DC voltages in such a way that the ions with mass-
to-charge ratios within a desired range will be and re-
main trapped within the trap structure, dissociating
such ions into fragments by colhisions and increasing the
field intensity again so that the generated fragments will
become unstable and exit the trap volume sequentially
to be detected. A supplementary AC field may be ap-
plied additionally to provide various scan modes as well

as dissociate the ions.

19 Claims, 7 Drawing Sheets
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1

METHOD OF OPERATING I0ON TRAP DETECTOR
IN MS/MS MODE

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

This is a continuation of apphication Ser. No. 738,018
filed May 24, 1985.

The present invention relates to a method of using an
on trap in an MS/MS mode.

Ion trap mass spectrometers, or quadrupole 10n
stores, have been known for many years and descnbed
by a number of authors. They are devices in which 1ons
are formed and contained within a physical structure by
means of electrostatic fields such as RF, DC and a com-
bination thereof. In general, a quadrupole electric field
provides an ion storage region by the use of a hyper-
bolic electrode structure or a spherical electrode struc-
ture which provides an equivalent quadrupole trapping
field.

Mass storage is generally achieved by operating trap
electrodes with values of RF voltage V and its fre-
quency f, DC voltage U and device size rosuch that ions
having their mass-to-charge ratios within a finite range
are stably trapped inside the device. The aforemen-
tioned parameters are sometimes referred to as scanning
parameters and have a fixed relationship to the mass-to-
charge ratios of the trapped ions. For trapped ions,
there is a distinctive secular frequency for each value of
mass-to-charge ratio. In one method for detection of the
ions, these secular frequencies can be determined by a
frequency tuned circuit which coupled to the oscillating
motion of the ions within the trap, and then the mass-to-
charge ratio may be determined by use of an improved
analyzing technique.

In spite of the relative length of time during which
ion trap mass spectrometers and methods of using them
for mass analyzing a sample have been known they have
not gained populanty until recently because these mass
selection techniques are insufficient and difficult to
implement and yield poor mass resolution and hmited
mass range. A new method of ion trap operation (U.S.
Pat. No. 2,939,952 and U.S. patent application Ser. No.
453,351 12- 2982) has overcome most of the past limita-
tions an is gaining popularity as a product called the Ion
Trap Detector.

It is an object of this invention to provide a new
method of operating an ion trap in a mode of operation
called MS/MS.

In accordance with the above object there is pro-
vided a new method of using an ion trap in an MS/MS
mode which comprises the steps of forming and storing
ions in the ion trap, mass-selecting them by a mass ana-
lyzer, dissociating them by means of collisions with a
gas or surfaces, and analyzing fragment ions by means
of a mass or energy analyzer. 4 supplementary AC field
may be applied additionally to provide various scan modes
for mass detection as well as to dissociate the ions.

F1G. 1 is a simplified schematic of a quadrupole ion
trap along with a block diagram of associated electrical
circuits adapted to be used according to the method
embodying the present mnvention.

FIG. 2 is a stability envelope for an ion store device
of the type shown in FIG. 1.
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FIGS 3(A) and 3(B) are spectrograms obtained by a
series of experiments with a nitrobenzene sample by
using the method of the present invention.

FIG. 4 shows a program that may be used for a
notchfilter scan mode with a supplementary voltage.

FIGS. 5(A) and 5(B) are spectrograms obtained with
a xenon sample by using the method of FIG. 4.

FIG. 6(A) through F1G. 6(D) are spectrograms ob-
tained with a nitrobenzene sample by using the method
of F1G. 4.

FIG. 7 shows another program for an ion scan mode
of the present invention.

FIG. 8(A) through F1G. 8(D) are spectrograms ob-
tained with an n-heptane sample by a series of experi-
ments in which both the methods of FIGS. 4 and 7 are
used. .

There is shown in FIG. 1 at 10 a three-dimensional
ion trap which includes a ring electrode 11 and two end
caps 12 and 13 facing each other. A radio frequency
voltage generator 14 is connected to the ring electrode
11 to supply a radio frequency voltage V sin ot (the
fundamental voltage) between the end caps and the nng
electrode which provides the quadrupole field {or trap-
ping ions within the ion storage region or volume 16
having a radius ro and a vertical dimension 2o
(zo2 =rg2/2). The field required for trapping is formed
by coupling the RF voltage between the rning electrode
11 and the two end cap electrodes 12 and 13 which are
common mode grounded through coupling transformer
32 as shown. A supplementary RF generator 35 1s cou-
pled to the end caps 22, 23 to supply a radio frequency
voltage V3 sin w)t between the end caps to resonate
trapped ions at their axial resonant frequencies. A fila-
ment 17 which is fed by a filament power supply 18 1s
disposed to provide an ionizing electron beam for ioniz-
ing the sample molecules introduced into the ion stor-
age region 16. A cylindrical gate electrode and lens 19
is powered by a filament lens controller 21. The gate
electrode provides control to gate the electron beam on
and off as desired. End cap 12 includes an aperture
through which the electron beam projects. The oppo-
site end cap 13 is perforated 23 to allow unstable ions 1n
the fields of the ion trap to exit and be detected by an
electron multiplier 24 which generates an ion signal on
line 26. An electrometer 27 converts the signal on line
26 from current to voltage. The signal is summed and
stored by the unit 28 and processed in unit 29. Control-
ler 31 is connected to the fundamenta! RF generator 14
to allow the magnitude and/or frequency of the funda-
mental RF voltage to be varied for providing mass
selection. The controller 31 is also connected to the
supplementary RF generator 35 to allow the magnitude
and/or frequency of the supplementary RF voltage to
be varied or gated. The controller on line 32 gates the
filament lens controller 21 to provide an ionizing elec-
tron beam only at time periods other than the scanning
interval. Mechanical details of ion traps have been
shown, for example, U.S. Pat. No. 2,939,952 and more
recently in U.S. patent application Ser. No. 454,351
12/29/82 assigned to the present assignee.

The symmetric fields in the ion trap 10 lead to the
well known stability diagram shown in FIG. 2. The
parameters a and q in FIG. 2 are defined as

a= —8 eU/mrmiw?

g=4 eV/mnlo?
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where e and m are respectively charge on and mass of
charged particle. For any particular ion, the values of a
and q must be within the stability envelope if it is to be
trapped within the quadrupole fields of the ion trap
device.

The type of trajectory a charged particle has in a
descnibed three-dimensional quadrupole field depends
on how the specific mass of the particle, m/e, and the
applied field parameters, U, V, ro and @ combined .to
map onto the stability diagram. 1f the scanning parame-
ters combine to map inside the stability envelope then
the given particle has a stable trajectory in the defined
field. A charged particle having a stable trajectory in a
three-dimensional quadrupole field i1s constrained to a
periodic orbit about the center of the field. Such parti-
cles can be thought of as trapped by the field. If for a
particle m/e, U, V, roand @ combine 1o map outside the
stability envelope on the stability diagram, then the
given particle has an unstable trajectory in the defined
field. Particles having unstable trajectories in a three-di-
mensional quadrupole field obtain displacements from
the center of the field which approach infinity over
ttme. Such particles can be thought of escaping the field
and are consequently considered untrappable.

For a three-dimensional quadrupole field defined by
U, V, roand w, the locus of all possible mass-to-charge
ratios maps onto the stability diagram as a single
straight line running through the origin with a slope
equal to —2 U/V, (This locus 1s also referred to as the
scan line.)} That portion of the loci of all possible mass-
to-charge ratios that maps within the stability region
defines the region of mass-to-charge ratios particles
may have if they are to be trapped in the applied field.
By properly choosing the magnmitude of U and V, the
range of specific masses to trappable particles can be
selected. If the ratio of U to V 1s chosen so that the locus
of possible specific masses maps through an apex of the
stability region (ine A of FIG. 2) then only partcles
within a very narrow range of specific masses will have
stable trajectories. However, if the ratio of Uto V is
chosen so that the locus of possible specific masses maps
through the middle of the stabihty region (line B of
F1G. 2) then particles of a broad range of specific
masses will have stable trajectories.

According to the present invention, the ion trap of
the type described above is operated as follows: ions are
formed within the trap volume 16 by gating a burst of
electrons from the filament 17 into the trap. The DC
and RF voltages are applied to the three-dimensional
electrode structure such that ions of a desired mass or
mass range will be stable while all others will be unsta-
ble and expelled from the trap structure. This step may
be carned out by using only the RF potential so that the
trapped i1ons will lie on a honzontal line through the
origin in the stability diagram of FIG. 2 (a=0). The
electron beam 1s then shut off and the trapping voltages
are reduced until U becomes O in such a way that the
loci of all stably trapped ions will stay inside the stabil-
ity region in the stability diagram throughout this pro-
cess. The value of g must be reduced sufficiently low so
that not only the ions of interest but any fragment ions
which are formed therefrom in a subsequent dissocia-
tion process to be descnbed below will also remain
trapped (because a lower mass-to-charge ratio means a
large q value).

In the dissociation step, the ions of interest are caused
to collide with a gas so as to become dissociated into
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fragments which will remain within the trap, or within
the stability region of FIG. 2. Since the 1ons to be frag-
mented may or may not have sufficient energy to un-
dergo fragmentation by colhding with a gas, it may be
necessary to pump energy into the ions of interest or to
cause them to collide with energetic or excited neutral
species so that the system will contain enough energy to
cause fragmentation of the 1ons of interest. The frag-
ment 10ns are then swept from the trap by the RF volt-
age along the horizontal line a=01n FIG. 2 50 as to be
detected.

Any of the known ways of producing energetic neu-
tral species may be used in the preceding step. Excited
neutrals of argon or xenon may be introduced from a
gun, pulsed at a proper ime. A discharge source may be
used alternatively. A laser pulse may be used to pump
energy into the system, either through the ions or
through the neutral species.

In what follows, there will be shown results of experi-
ment for determining in the case of nitrobenzene ions
(with molecular weight M =123 and degree of 10niza-
tion Z=1) what fragment 1ons (daughter ions), what
fragment 1ons of fragment ions (granddaughter ions),
etc. will anse when dissoctation of the parent ions is
induced by collisions with a background gas such as
argon and the resultant ions out of the ion trap are
scanned to determine their mass spectrum.

F1G. 3(A) 1s an electron ionization mass spectrogram
of nitrobenzene. Line M/Z =124 arises from an ion-
molecule reaction which adds a proton to M/Z=123,

Operating in the mode with U=0 and with 1 X104
torr of Ar, the RF voltage was adjusted first such that
only ions with M/Z greater than 120 would be stored in
the ion trap at the end of sample ionization. The RF
voltage was then Jowered such that the cut-off value
would be M/Z =20 so that ions with M/Z above this
value would be trapped or stable in the ion trap. Parent
ions with M/Z =123 which remained trapped in the ion
trap after 10nization collided with a background gas of
argon and dissociated. Next the RF was scanned up and
the mass spectrogram shown in FIG. 3(B) was obtained,
representing the ions produced from the parent with
M/Z=123.

A variety of new scan modes becomes possible with
the superposition of an AC field such as an RF field.
For any 1on stored 1n the ion trap, the displacement in
any space coordinate must be a composite of periodic
function of time. If a supplementary RF potential is
applied that matches any of the component frequencies
of the motion for a particular ion species, that ion will
begin to oscillate along the coordinate with increased
amplitude. The ion may be ejected from the trap, strike
an electrode, or in the presence of significant pressure of
sample or inert damping gas may assume a stable trajec-
tory within the trap of mean displacement greater than
before the application of the supplementary RF poten-
tial. If the supplementary RF potential is apphied for a
limited time, the ion may assume a stable orbit, even
under conditions of low pressure.

F1G. 4 illustrates a program that may be used for a
notch-filter mode. Reference being made to this figure,
ions of the mass range of interest are produced and
stored in period A, and then the fundamental RF volt-
age applied to the ring electrode i1s increased to eject all
ions of M/Z less than a given value. The fundamental
RF voltage is then maintained at a fixed level which
will trap all ions of M/Z greater than another given
value (penod D). A supplementary RF voltage of ap-
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propnate frequency and magnitude is then applied be-
tween the end caps and all ions of a particular M/Z
value are ejected from the trap. The supplementary
voltage is then turned off and the fundamental RF volt-
age 15 scanned to obtain a mass spectrum of the 1ons that
are still in the trap (period E).

F1G. 5(A) shows a spectrum of xenon in which the
fundamental RF voltage 1s scanned as in FI1G. 4 but in
which a supplementary voltage 1s not used. F1G. 5(B)
shows a spectrum obtained under similar conditions but
a supplementary voltage of appropriate frequency and
magnitude is used to eject ions of M/Z =131 duning
period D. FIG. §(B) shows that these ions are largely
removed from the trap. There are many ways of actu-
ally using the notch-filter mode. For example, the sup-
plementary RF voltage might be turned on during the
tonization period and turned off at all other times. An
ion which i1s present in a large amount would be ejected
to facilitate the study of ions which are present in lesser
amounts.

Other useful scan modes are possible by using the
supplementary field during periods in which the funda-
mental RF voltage or its associated DC component is
scanned rather than maintained at a constant level. For
example, if 2 supplementary voltage of sufficient ampli-
tude and fixed frequency is turned on during period E
{instead of during period D), ions will be successively
cjected from the trap as the fundamental RF voltage
successively produces a resonant frequency in each ion
species which matches the frequency of the supplemen-
tary voltage. In this way, a mass spectrum over a speci-
fied range of M/Z values can be obtained with a re-
duced maximum magnitude of the fundamental RF
voltage or a larger maximum M/Z value may be at-
tained for a given maximum magnitude of the funda-
mental RF voltage. Since the maximum attainable value
of the fundamental RF voltage limits the mass range in
the ordinary scan mode, the supplementary RF voltage
extends the mass range of the instrument.

Useful scan modes are also possible in which the
frequency of the supplementary voltage is scanned. For
example, the frequency of the supplementary voltage
may be scanned while the fundamental RF voltage 1s
fixed. This would correspond to FIG. 4 with period E
absent and the frequency of the supplementary RF
voltage being scanned during perniod D. A mass spec-
trum is obtained as ions are successively brought into
resonance. Increased mass resolution is possible in this
mode of operation. Also, an extended mass range is
attainable because the fundamental RF voltage is fixed.

The presence of a supplementary RF voltage may
induce fragmentation of ions at or near resonance. FIG.
6(A) shows a spectrum of nitrobenzene (with 1 x10-3
torr He) acquired with the scan program of FIG. 4 but
without a supplementary RF voltage. All ions of M/Z
less than 118 are ejected before and durning period B 50
that the small peak at M/Z =93 must have been formed
after period B and before the ejection of ions of
M/Z =93 duning penod E FIG. 6(B) shows a spectrum
obtained under the same conditions except that a sup-
plementary RF voltage at the resonant frequency of
M/Z =123 was applied during interval D. The spec-
trum shows abundant fragment 1ons at M/Z =93 and 65.
Similarly, FIG. 6C) was acquired as was FIG. 6(A),
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under the same conditions as F1G. 6(C), except that a
supplementary RF voltage at the resonant frequency of
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M/Z =93 was applied during interval D. This spectrum
shows an abundant fragment at M/Z =65.

Sequential experiments are possible in which daugh-
ter ions are produced with the supplementary RF field
and granddaughter ions are then produced from those
daughter ions by adjusting the conditions such as volt-
age or frequency of the fundamental RF field or the
supplementary RF field so that the daughter 1ons are
brought into resonance. F1G. 7 shows a particular way
in which daughter ions may be produced. The fre-
quency of the supplementary RF voltage remains con-
stant but the fundamental RF voltage 1s adjusted during
period DA to bring a particular parent ion into reso-
nance so that granddaughter 1ons are produced. Durning
period DB, the fundamental RF voltage 1s adjusted to
bring a particular daughter ion into resonance so that
granddaughter ions will be produced. FI1G. 8(A) shows
a spectrum of n-heptane during the acquisition of which
the scan program of FIG. 7 was used, except that no
supplementary RF voltage was used. Since all ions of
M/Z less than 95 were ejected before and during penod
B, the small peaks at M/Z =70 and 71 must be due to
wons that were formed after penod B. FIG. 8(B) was
obtained by using the scan program shown in FIG. 4
with a supplementary frequency at the resonant fre-
quency of M/Z=100. Abundant daughter ions at
M/Z=70 and 71 are seen, and less intense peaks at
M/Z =55, 56 and 57 are evident. FIG. 8(C) was ac-
quired with the scan program used for F1G. 8(A), ex-
cept that a supplementary RF voltage was used. The
fundamental RF voltage dunng periods DA and DB,
and the frequency of the supplementary RF voltage
were chosen 5o that M/Z = 100 was in resonance during
period DA so that daughter ions were produced. A
particular daughter was M/Z =70 that was produced
during period DA was brought into resonance during
period DB so that granddaughter 1ons were produced.
These granddaughter 10ons are evident 1n FIG. 8(C) as
the increased intensities of the peaks at M/Z =155, 56
and 57. FIG. B(D) is similar to FIG. 8(A) except that
M/Z =100 was in resonance during DA, and M/Z2=7]
was in resonance during DB.

Many other schemes may be used to obtain sequential
daughter scans. For example, the frequency of the sup-
plemental RF field may be changed instead of changing
the fundamental RF voltage. Also, the trap may be
cleared of undesired ions after daughter ions have been
produced but before granddaughter 1ons are produced.
Of course, further fragmentation may be induced by
sequentially changing the fundamental RF voltage or
the frequency of the supplementary RF voltage to bring
the products of successive fragmentations into reso-
nance.

The present invention has been disclosed above in
terms of only a limited number of examples but various
modifications which may be made thereon are still con-
sidered within the purview of the present invention. For
example, the applied RF voltage need not be sinusoidal
but is required only to be periodic. A different stability
diagram will result but 1ts general charactenistics are
similar, including a scan line. In other words, the RF
voltage could comprise square waves, triangular waves,
etc. The quadrupole ion trap would nevertheless oper-
ate in substantially the same manner. The 10n trap sides
were described above as hyperbolic but the ion traps
can be formed with cylindrical or circular trap sides.
Any electrode structure that produces an approximate
three-dimensional quadrupole field could be used. The
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scope of the invention is limited only by the following
claims.
What 15 claimed is:
1. A method of mass analyzing a sample compnising
the steps of
defining a trap volume with a three-dimensional
quadrupole field adapted to trap 10ns within a pre-
determined range of mass-to-charge ratio,
forming or injecting 1ons within said trap volume
such that those within said predetermined mass-to-
charge range are trapped within said trap volume,
changing said quadrupole field to ehiminate 10ons hav-
ing a mass-to-charge ratio other than that of the
tons of desired charge-to-mass ratio to be analyzed,
readjusting said quadrupole field to capture daughter
ions of said ions of desired charge-to-mass ratio
dissociating or reacting said trapped desired 1ons such
that those of said ions and said daughters within a
desired range of mass-to-charge ratioc remain
trapped within said trap volume, and

then charging the quadrupole field to cause ions of

consecutive mass to escape said trap volume for
detection.

2. The method of claim 1 wherein said guadrupole
field is generated by an 10n trap having a nng electrode
and spaced end electrodes, said quadrupole field being
defined by U=amplitude of a direct current voltage
between said end electrodes and said ning electrode,
V =magnitude of an RF voltage apphed between said
ring electrodes, and @w=2% X frequency of said RF volt-
age.

3. The method of claim 2 wherein said step of con-
trolling said quadrupole field is effected by changing
one or more of U, V and w.

4. The method of claim 3 wherein U 1s changed to 0.

S. The method of claim 1 wherein said step of form-
ing 10ns 1s effected by gating a burst of electrons mnto
said trap volume.

6. The method of claim 2 wherein said step of form-
ing ions 1s effected with U=0.

7. The method of claim 1 further comprising the step
of pumping energy into said trapped ions.

8. The method of claim 1 further comprising the step
of causing said trapped 10ns to collide with energetic
background particles.

9. The method of claim 1 wherein said step of con-
trolling said quadrupole field and dissociating said
trapped ions includes the step of superposing a supple-
mentary AC field.

10. The method of claam 9 wherein said supplemen-
tary field is turned on while the intensity of said quadru-
pole field is fixed.

11. The method of claim 9 wherein said quadrupole
field and supplementary field are controlled such that
dunng a first perniod one of said trapped ions is in reso-
nance and that during a subsequent second period one
of fragments of said one 10n 1s 1n resonance.

12. A method of scanning ions within a predeter-
mined range of mass-to-charge ratio trapped within a
trap volume with a three-dimensional quadrupole trap-
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ping field, comprising the steps of applying a supple-
mentary AC field superposing and trapping field to
provide a combined trapping field and changing the com-
bined trapping field to successively eject out of said trap
volume those of said ions with particular mass-to-
charge ratios, and detecting said ions[. and thereafter
changing the intensity of said trapping field].

13. The method of claim 12 wherein the frequency of
said supplementary field is [turned on] scanned while
the intensity of said trapping field is fixed.

14. The method of claim 12 wherein said supplemen-
tary field is turned on while the intensity of said trap-
ping field is [varied] scanned.

15. A method of mass analyzing a sample comprising the
steps of

defining a trap volume with a three-dimensional quad-

rupole field adapted to trap ions within a predeter-
mined range of mass-to-charge ratio,

forming or injecting ions within said trap volume such

that those within said predetermined mass-to-charge
range are trapped within said trap volume,

applying a supplementary AC field superposing said

three-dimensional quadrupole field to form combined
fields, and

scanning said combined fields to cause ions 10 consecu-

tive mass-to-charge ratio to escape said trap volume
Jor detection.
16. The method of claim 15 wherein the frequency of

said supplementary field is scanned while the intensity of .
said trapping field is fixed.
17. The method of claim 15 wherein said supplementary

field is turned on while the intensity of said trapping field

is scanned.
18. The method of claim 17 wherein the frequency of
said supplementary field is constant
19. A method of mass analyzing a sample comprising the
steps of
defining a trap volume with a three-dimensional quad-
rupole field adapted to trap ions within a predeter-
mined range of mass-to-charge ratio, wherein said
quadrupole field is generated by an ion trap having a
ring electrode and spaced end electrodes, said quadru-
pole field being defined by U=amplitude of a direct
current voltage between said end electrodes and said
ring electrode, V=magnitude of an RF voltage ap-
plied to said electrodes, and w=2m X {frequency of
said RF voltage,
forming or injecting ions within said trap volume sucn
that those within said predetermined mass-to-charge
range are trapped within said trap volume,
applying a supplementary AC field superposing said
three-dimensional guadrupole field to form combined
fields, wherein said supplementary field is defined by
V2 =magnitude of an RF voltage applied between
said end cap electrodes, and wy=2m X {requency of
said AC field, and |
controlling the combined fields by changing one or more
of U, V, w and w3 to cause said ions of consecutive

mass to escape said trap volume for detection.
» ¢ 5 =» ®
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