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ABSTRACT

Experiments performed by the authors during the last year have demonstrated the
feasibility of a new analytical instrument called a landem quadrupole~Fourier transform
mass spectrometer (QFT-MS). lons made in the source of a quadrupoie mass spectrometer
ate extracted and focused into a beam. The ien beam is then injected axially into &
superconducting electromagnet where the ions are stored in an analyzer cell and detected by
Fourier transform mass spectrometry {FT-MS).

The goal of this project is 1o combine the highly developed chromatographic and sample
toniization features of a quadrupole mass spectrometer with the versatility and high mass
resolution that is available with Fourier transform detection. High mass resolution is possible
because differential pumping separates the ion source of the quadrupole mass spectrometer
from the analyzer ceil of the FT-MS instrument. A novel method is described for efficiently
injecting ions axially into the solenoidal magnetic field.

The QFT-MS instrument has many features in common with triple quadrupole mass
spectrometers but with QFT-MS, much higher mass resolution is possible. For example, a
tass resolution of 140000 is demonstrated for m /2 T8 ions produced by collision-induced
dissociation of bromobenzene molecular ions.

INTRODUCTION

Fourier transform mass spectrometry (FT-MS) utilizes advanced elec-
tronic techniques to achieve unmatched stability and mass resolution [1-4].
The operating principles of FT-MS are quite different from conventional
quadrupole and sector mass spectrometers. There are no slits, flight tubes,
high voltage power supplies, or electron multipliers needed. Instead, ions are
trapped in an analyzer cell by a strong magnetic field and are detecied by the
image current induced by their cyclotron motion {5.6] Two important
features of FT-MS are that weak ion currents can be integrated for several
seconds in the analyzer cell, and all ions can be detected simultancously. In
addition, a series of experiments, such as collision-induced dissociation and
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laser photodissociation, can be performed on the same set of ions whx!e they
are stored in the analyzer cell [7-10]. Mass spectrometry expenments m".O}V‘
ing pulsed lasers can be readily performed by FT-MS because all ions
formed by the laser are trapped in the analyzer cell and a complete mass
spectrum can be obtained for each laser pulse i11-13L .

In spite of the many advantageous features of F’I:—MS,‘H has not been
widely accepted for analytical applications. One difficulty is that the mass
resohition and detection sensitivity of the specirometer decre:asc: severely at
pressures exceeding about 107 Torr. Thus, a mass rgsoluuon of M/AM
500000 at a pressure of 1 x 107 Torr decreases to just M/AM 1000 at
5 % 107% Torr, This makes it difficult to interface an FT-MS instrument to
previously developed separation and ionization techniques, such as fast atom
bombardment (FAB), gas chromatography (GC) and liquid chromatography
(L., vecause all of these present a large gas load to the mass spec:.trume%er.
Another problem is that the analyzer cell does not work properly if the ion
density exceeds about 108 ions cm ™. An excessive number Of_ ions in the
analyzer ceil causes the cyclotron resonance signals 10 become distorted and
makes it difficult to detect minor components in the presence of abundant
ions at another mass [14-16}.

In 1982, we began working on a new approach to overcome these
limitations of conventional FT-MS$ instruments. It involves coupling a
quadrupole mass spectrometer and a Fourier transform mass spectromleer
so that the ion production region is separated from the jon detection region.
Ions are formed in the source region of a quadrupole mass spectrometer and
arc injected into a Fourier transform mass spectrometer where they are
trapped and detected, This idea arose from the realization that FT-MSis a
versatile and sensitive means for detecting ions, but an alternative means was
needed for producing the jons and handling the high gas loads associated
with coupling a GC or LC to the mass spectrometer.

In this paper, we descritc a * tandem quadrupole—Fourier transform mass
spectrometer” (QFT-MS) that was built during the last year and has been
operational for about six months. A novel means for guiding the ion beam
from the quadrupole mass spectrometer to the FT-MS analyzer cell is
described and recent results showing high mass resolution and injection
efficiency are presented.

EXPERIMENTAL

Figure 1 illustrates the concept of QFT-MS. lons extracted frlom an ion
source are injected into a first set of quadrupole rods (Q1) v\‘f!uch can be
operated in the rf-only or the rf/d.c. mode lo transmit ions in a seﬁgcted
region of the mass spectrum. It functions as a bandpass filter having a
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variable high mass and low mass cutoff. Unwanted ions are rejected by Q1
while the ions of interest are transmitted.

Next, the ion beam enters a second quadrupole mass filter (Q2) which is
normally operated in the rf-only mode. The purpose of Q2 is to guide the ien
beam through the intense fringing fields of the superconducting magnet. As
the ions enter the homogeneous region of the magnetic field, they are
decelerated and trapped in the FT-MS analyzer cell. Several methods have
been used to decelerate the tons. A description and comparison of these will
be presented in a separate paper when more definitive duw aave been
obtained. Once the ions are trapped in the analyzer cell, FT-MS$ detection
can be performed in the conventional manner.

In January 1983, construction of a prototype QFT-MS instument began
with the assistance of engineers from the Finnigan Corporation {17). The
instrument has been modified extensively since then. Presently, it consists of
a model 4500 ion source and vacuum manifold made by Finnigan MAT (355
River Oaks Parkway, San Jose, CA). The source is evacuated by a turbomo-
tecular pump and liquid nitrogen trap. The guiding quadrupole Q2, which
was designed specially for this project, is constructed of stainless steel rods
held in place by ceramic spacers. An elongated trapped ion analyzer cell
having dimensions 8.9 x 3.8 > 3.8 cm is used to store the ions and detect
themm by FT-MS [18]. The cryomagnet was made by Oxford Instruments
(Osney Mead, Oxford, Gt. Britain). It has a room lemperature bore diameter
of 15 cm and can be energized to a peak field strength of 7 T. The manifold
containing the analyzer cell is pumped by a closed-loop liquid helium
cryopump to a base pressure in the mid-107" Torr range. A pressure
gradient of 120 was measured between the source housing and the analyzer
cell. The electronics and computer data system developed for FT-MS

FT—-MS
10N QUAD MASS QUAD MASS AMNALYZER
SOURCE FILTER, O1% FH.TER, Q2 CELL
g iy g Y
4y - Og -
LENSES
SAMPLE iION [0}/ 10N
IONIZATION SELECTION FOCUSING BETECTION

g 1. Concept of OFT MS. lops produced hy a quadropole mass spectrometer are guided
by i second guadiupole mass filter to an FT MBS analyzer cell where they are detected.
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detection are now available as a commercial product from the lonSpec
company (1 Longstreet, lrvine, CA), ) _

The guiding quadrupole mass filter, Q2, is a key feature of this design
because, without it, few ions would be able to pass to the FT-M5S an-aiyzcr
cell. The magnetic mirror principle, which is utilized in plasma physics for
the containment of ionized gases, predicts that ions leaving the source of the
quadrupole mass spectrometer (at a magnetic field strength of about 0.02T)
will be decelerated and reflected backwards as they approach the strong
magnetic field (7 T) around the analyzer cell [19]. However, Q2 ogerated in
the rf-only mode overcomes this problem because it focuses the ion beam
and directs it precisely down the axis of the solenoidal magnet. The ions are
not significantly decclerated by the magnetic mirror effect because they do
not encounter the off-axis magnetic lines of force. We have queled and
studied the trajectories of ions in quadrupolar electric fields and inhomoge-
neous magnetic fields. The results of these calculations will be presented in a
separate publication [20].

RESULTS AND DISCUSSION

An important goal for the QFT-MS instrument is to combine the best
features of FT-MS and guadrupole mass spectrometry. Thus, the existing
sample separation and ionization methods developed for quadrupole mass
spectrometers could be utilized along with the high mass resolution available
with FT-MS. With a properly designed vacuum manifold, the same GC and
LC interfaces and FAB guns that are currently available on guadrupole mass
spectrometers could be used with the QFT-MS. As improved interfaces are
developed, they too could be readily adapted to the QFT-MS instrument
because ample space is available in the region around the ion source. This is
a cost effective approach because it eliminates the need to develop new types
of interfaces suitable for the low pressure requirements of FT-MS.

All of these goals have not been realized with the prototype instrument,
but the feasibility of injecting ions into the analyzer cell and detecting them
at bigh mass resolution has been proven. The next six figures illustrate the
fevel of performance achieved thus far with the prototype instrument,

Figure 2 is a plot of the ion current that reaches the FT-MS analyzer cell
as the potential on a collector plate is varied. Both Q1 and Q2 were operated
in the rf-only mode. The lower trace shows a maximum ion current of 280
pA when the FT-MS analyzer cell is withdrawn from the magnet by 2 m,
while the upper trace shows that a much larger ion current, 1020 pA. i
recorded, when the spectrometer is returned Lo its normal position where t.hc
FT--MS analyzer cell is in a field strength of 4.1 T. These results are oppo:j,nc
from what was expected. Apparently, Q2 is very effective in focusing the ion
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beam so that it is not decelerated significantly by the magnetic mirror ef.fect.
In addition, the increases in ion current observed when thc‘ vacgum mamff)id
is broushi close to the magnet seems 10 be caused by cgihmauon of the ion
and electron heams in the ion source by the fringe fle;ds_of the magnet,
Another important feature of Fig. 2 is lh‘c sharp drop 1n 100 cu.rrelr;)l z:‘to i
retarding voltage of about —4 V. This indicates that the energy distribu lh
of the jon beam is not broadened appreciably by the rf fields and the
neiic mirror effect. .
malf-‘;latss spectra showing the molecular ion ‘mgion of pyrene ar’e‘s.‘hov;n 11;*:
Figs. 3 and 4. Figure 3 is an expanded portion of a single acqulsltm; ro "
m/z 185 to m/z 215 for ions injected from _the source of the gua ruggB
mass spectrometer into the analyzer cell. Notice th?t the peak al m /z z .
iho cabon-13 component of the pyrenc molccu}a{‘mn, has a relative 321(1):;—
12w very close to the theoretical value of 17.8%. Even the pea?c atm/z : ]
the molecular ion with two carbon-13 atoms, is very close to s theoretica
relative abundance of 3.0%. . - -
Figure 4 shows excellent signal-to-noise and mass resolution from a sing
20 kHz narrow-band scan for the pyrene moleculas 1on at m /z 202, Abou,‘ '1‘
pg of pyrene placed on the direct insertion probe of t'hc quadrupole mass
spectrometer gave a very stable ion signal for ssveral minutes.
Figure 5 shows QFT-MS signals for coronepe. Very strong signals were
obtained, even with one FT detection cycle, when the probe in the quadru-
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pole was at 140°C. Notice that the relative abundance of the carbon-13 peak
height at m/z 301 is very close to its theoretical value of 26.6%. The
clongated analyzer cell used in these studies scems to give better isotope
ratios than a cubic cell used previously [18], But with both cell designs, it is
important to limit the number of ions in the analyzer cell to less than about
10°-107. In our experience, ion space charge effects are the primary cause of
incorrect isotope ratios,

Earlier, it was stated that the quadrupole rods could be used to select
which ions are transmitted to the FT—-MS analyzer cell. This is demonstrated
in Fig. 6. The upper trace shows the intensity of the QFT--MS signal for m/z
202 from pyrene at various.mass settings for the quadrupole rf unit. The
lower trace shows similar data for m/z 300 from coronene. In these
experiments, Q1 and Q2 were connected together and were operated in the
f-only mode. Both plots in Fig. 6 show that the quadrupole rods function as
a bandpass filter for the ions. The transmission efficiency for m/z 300
maximizes at a mass setling of about 300, but decreases at lower and higher
settings. Similar behavior is seen for m/z 202, but the maximum in the
transmission curve is shifted to a mass setting of about 200,

Adding a differential d.c. voltage to the quadrupole rods narrows the
bandpass and decreases the transmission efficiency, just as is expected for
conventional quadrupole mass filters, When these experiments were first
coniemplated, it was feared that the intense magnetic field needed for
FT-MS would interfere with the operation of the guadrupole mass filters,
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Fig. 5. QFT~MS signals for the molecular ion region of coroncae.
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Fortunately, this turns out not to be the case. The operating pgfame.ters fm;
the quadrupole ion source are typical and it seems that fhe fnn'ge fl_elds o
the cryomagnet have little effect on the ions. Thus, a desn‘ab}f: situation has
been realized in that the operating parameters for the tandc'm-mstrumcnt are
very similar to those of the separale instruments. The guiding quadr‘upoie
not only passes ions efficiently {rom Q1 to the FT-MS ana.!yzer, but 1t als.o
separates the two analyzers sufficiently for them to be adjusted and opti-
mized independently. o

Figure 1 shows that the QFT-MS instrument 1s cqnceptuaﬂy sqmiar toa
triple quadrupole mass spectrometer [21,22). The main difference is 1hat,_m
QFT-MS, mass analysis and ion detection are performed by a Fourier
transform analyzer cell instead of a third quadrupole and an electron
multiplier. Collision-induced dissociation of ions, a ppwarfu} means for
obtaining structural information, is readily performed with a triple qyadru—
pole mass spectrometer and similar experiments can also be done with the

mez 202

TRANSMISSION
EFFICIENCY
15.]
53
3

¥ L ¥
I 100 200 300 400 500 600
QUAD MASS SETTING

-
o
—

100 msz 300

TRANSKISSION
EFFIGIENGY
g
1

e 1 T T
£ 100 200 100 400 500 600
QUAD MASS SETTING

Fig. 6. Transmission efficiency for ions injected by the quadrupole mass SpeCtrometer into the

FT-MS analyzer cell. Both Q1 and Q2 were operated
m /z 202; (b) injection of m /2 300.

in the rf-only mode. (a) Injection of

A ——— g —n

-

o T+, g — >

15

QFT-MS instrument. Figure 7 is a mass spectrum of m/z 77 daughter ions
formed by collision-induced dissociation of bromobenzene molecular ions.
Nitrogen collision gas was pulsed into the manifold for 100 ms using an
automobile fuel injector valve. The mass resolution shown in Fig. 7 is
140 000, over a thousand times better than can be achieved in daughter ion
mass spectra recorded with triple quadrupole or sector MS /MS instruments
{21-23].

In 1974, Smith and Futrell buill a tandem mass spectrometer by coupling
a Dempster mass analyzer with an ion cyclotron resonance (ICR) ceil [24].
Subsequently, a similar instrument was constructed by Kemper and Bowers
[25,26]. Both of these had high pressure ion sources and the tons were mass
analyzed by magnetic deflection prior to being injected into the ICR
analyzer cell. Fourter transform detection has not been performed with these
instruments but, in principle, it is possible. Comparing the QFT-MS and
tandem Dempster—ICR instruments, it appears that the QFT-MS concept
will be more useful for analytical applications because it uses a high-field
cryomagnet instead of a conventional eleciromagnet with pole caps. This not
only provides higher mass resolution and ion trapping efficiency, but also
allows greater access around the ion source of the «Jrupole for coupling
various inlerfaces.

BROMOBENZENE
100~y T7.G39 {CeHy  FRAGMENT)
. IONS IMJECTED By
QUACKRUPOLE WS,

i 1 SCAN AT 40T ~M_ 140 000

AM iy

T T
TLG3 7105

77.02 1708

Fig. 7. Demonstration of M5/MS§ capabilities of the QFT-MS instrument, Daughter jons
m /z 71 were produced by collision-induced dissociation of bromobenzene molecular ions by
a pulse of N collision gas,



76

An important use of the quadrupole rods in QFT-MS 15 to ciomrolgii}:f
number of ions which are delivered to the F"{"——MS analyzer cell. In pair
lar, ions such as the abundant glycerol peaks in FAB and lhf: solvent ¢ ;ste;
ions in LC would greatly overload the snalyze: cclli ai.ld causes spant::ai Ctoa:}g}e
distortion of the FT signals. By pre—selecting Yvhy:h ions are pfas;l;ed to e
analyzer cell, space charge effects can be mzrf;mlzed ffnd thfe. L: es‘{ s
ranpe of the image current detector can be used for the lons ol ;r ]:JT_MS‘
rzntial pumping in QFT-MS provides a.low pressure I t el o
analyzer cell so that weak ion currents can be integrated for several secon
until a sufficient number of ions are accumula!ed fgr .perfomungnsuliuctt:;e
elucidation experiments utilizing laser photodissociation and collision-in-
duced dissociation.

CONCLUSIONS

Preliminary results with QFT-MS are encouraging. The feasnt:;i:tydqi'
injecting and detecting ions at high resolution hgs been df:monstrate an ux
is clear that the quadrupole is capable of passing large ion currents Lo the
FT-1..5 analyzer cell.

All our ex]);erimcnls with the prototype instrument have bct':n conducted
with a needle valve for adding liquid samples and a dsrf:c't msertion probe for
solids. The prototype instrument does not have a sufficient pumping capah&
ity to handle a FAB gun or LC inlet, but appropriate modifications to the
manifold will be made during the coming months so that these experiments
can be attempted.
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