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A Quadrupole Ion Trap/Time-of-flight Mass
Spectrometer with a Parabolic Reflectron

Vladimir M. Doroshenko and Robert J. Cotter*
Middle Atlantic Mass Spectrometry Laboratory, Department of Pharmacology and Molecular Sciences, The Johns Hopkins
University School of Medicine, 725 N. Wolfe Street, Baltimore, Maryland 21205, USA

A matrix-assisted laser desorption/ionization-quadrupole ion trap/reflectron time-of-flight (MALDI-QIT/reTOF)
mass spectrometer design and its operation in both normal and tandem mass spectrometric modes are described. A
parabolic reflectron was found to be capable of providing mass resolution of 5000 for an initial ion energy distribu-
tion ranging over a 50% energy interval of the entire reflectron energy range. The sensitivity, ion isolation and
fragmentation efficiency in the MALDI-QIT/reTOF instrument were close to those observed in the MALDI/QIT
mass spectrometer. The mass resolution was shown to depend on the extraction field potentials, the r.f. trapping
voltage amplitude and the phase of shutting down the r.f. voltage before extraction. At values of ¢, < 0.3-0.4 the
mass resolution does not depend on the ion mass, is in a range of 1000-1400 and is governed by the extraction
voltages and the ion temperature before extraction, the latter shown to be in the range 1180-1690 K. The variation
of the mass resolution for ions at values of g, > 0.4 is irregular but normally it is lower than that for ions having
lower ¢, values. Mass spectral line positions shifted when the trapping voltage before extraction was varied. The
line shifts were larger for lower mass ions and were comparable to the line widths in the case of very low masses.
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INTRODUCTION

Although significant progress has been made in the
development of quadrupole ion trap (QIT) mass
spectrometers,’ in some cases such as gas and liquid
chromatography/mass spectrometry (GC/MS and
LC/MS) or for studying ion-molecule reactions, the r.f.
voltage amplitude scanning technique? commonly used
for sequential ejection, detection and subsequent mass
analysis lowers the duty cycle of the instrument and can
severely limit the applications of the technology. One
alternative approach is the development of a QIT/time-
of-flight (TOF) mass spectrometer.?

The ejection of ions from a QIT for subsequent mass
analysis in a quadrupole mass filter or a TOF mass
spectrometer is an approach which has existed for many
years*® and was the main method of mass analyzing
and studying the properties of the ion environment
inside the QIT before the invention of the mass-selective
axial instability mode of operation.> The idea of
revisiting the QIT/TOF-MS instrumental combination
has been inspired primarily by problems associated with
interfacing an electrospray ionization (ESI) source
(which produces ions continuously) with a TOF mass
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spectrometer (which operates in a pulsed mode).” In one
sense, the coupling of continuous ionization with TOF
analyzers was solved in 1955 by Wiley and McLaren'®
using delayed, pulsed extraction, but resulted in very
low duty cycles. In a more recent method developed for
interfacing continuous electrospray ionization (ESI)
sources with TOF-MS, known as orthogonal extrac-
tion,!*~'3 ions produced by ESI are extracted in a
direction perpendicular to their initial velocity distribu-
tion. This provides some ion storage capability for
increasing the duty cycle which nevertheless remains
low. In an alternative approach, ions from an ESI
source are introduced and accumulated in an ion trap
and then injected into a TOF mass spectrometer for
mass analysis.>* In this case, the efficient ion storage
capabilities of the ion trap, coupled with the short mass
analysis times of the TOF stage, results in duty cycles
that approach 100%. Thus, such instruments have
proved useful for the detection and mass analysis of
ions from low-intensity, continuous ion sources such as
ESI'*> and atmospheric pressure ionization.'®
Quadrupole ion traps,'*~% cylindrical ion traps'’
and segmented ring traps'® have all been interfaced to a
TOF mass spectrometer. In this work we focused only
on the three-dimensional hyperbolic traps which
approach an ideal quadrupolar trapping field, since it is
only in that case that high-resolution ion isolation,
which is vital for tandem (MS/MS) experiments, can be
achieved using resonance excitation techniques includ-
ing broadband excitation.!®-2° In these traps, positive
ions may be extracted by applying either a positive
(repulsive) or negative (attractive) voltage pulse on the
end-cap electrode furthest from and nearest to the TOF
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mass analyzer, respectively. In this case the r.f. voltage is
usually removed from the ring electrode before ion
extraction and the ring electrode is normally grounded
during ion extraction. In early experiments,?! attractive
voltage pulses applied to the near end-cap electrode
were shown to yield larger ion currents, and this
approach has therefore been used in most of the recent
efforts to interface quadrupole ion traps with TOF mass
analyzers.3-14716:22.23 Tn another approach, symmetric
repulsive/attractive voltage pulses are applied to the
end-cap electrodes,?#25 resulting in considerably better
ion beam quality. This is explained by the removal of
the sextupolar component of the electric field in this
case, leaving the octopole component as the most sig-
nificant higher order multipole.*®

Given the fact that QIT/TOF configurations were
developed primarily to support continuous ionization
methods on a TOF mass analyzer, it might appear that
the QIT/TOF combination provides no particular
advantages over a QIT mass spectrometer, when the
matrix-assisted laser desorption/ionization (MALDI)
method is used as an ion source. However, the MALDI-
QIT/TOF configuration provides new possibilities for
studying processes related to MALDI and the trapping
of ions.?3:27-28 The unique features of the MALDI-QIT/
TOF instrument have permitted the observation of
amino acid sequence-specific fragmentation of peptide
ions and its dependence on the length of time that ions
are stored.’® Also, a continuous-flow MALDI-QIT/
TOF instrument directly interfaced with high-
performance liquid chromatography (HPLC) has been
demonstrated by the Lubman group.2®

Mass resolution is among the most important param-
eters describing mass spectrometer performance.
However, reports on successful interfacing of the QIT
with a TOF mass analyzer exhibit a wide discrepancy in
values for mass resolution. For example, in the case of
MALDI-generated ions the mass resolution [m/Am at
the full width at half maximum intensity (FWHM)] on
instruments using a reflectron time-of-flight (reTOF)
mass analyzer, was reported in the range of R = 200-
250 for ions of m/z 85-1350%% and R = 6200 for m/z
1347.27 The mass resolution on the same QIT/reTOF
instrument interfaced with an ESI ion source varied
from R = 1000 for m/z 4623° to R = 1700-3000 for m/z
340-1200.3! On another QIT/reTOF instrument a mass
resolution of R = 1200 was reported for benzene.>?

It is obvious that the mass resolution is a complex
function of the experimental parameters which also
depends on the instrument design. Hence it was the goal
of this work to optimize the design of the QIT/reTOF
instrument and study the dependence of the mass
resolution on the parameters of the experiment. Since
the distribution of the kinetic energy of ions extracted
from the trap was shown to be very broad and we used
no additional acceleration after ion extraction to
shorten the length of the TOF section, a reflectron
capable of focusing ions distributed over a broad range
of energy was used. From among various types of broad
energy reflectron mass analyzers described in the liter-
ature,3373° a simple parabolic reflectron was chosen in
our design. The various aspects of operation of the
QIT/TOF instrument with a parabolic reflectron are
addressed in this paper, including the theory and simu-
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lation of the extraction of ions from an ion trap, the
design of a parabolic reflectron, the modification of the
geometry of the quadrupole ion trap used, the efficiency
of the reflectron for focussing ions having a wide spread
of kinetic energies, the dependences of mass spectral
linewidth on extraction voltages, trapping r.f. voltage
amplitude and phase of shutting down the r.f. voltage
before the extraction, mass shift at various r.f. trapping
voltage amplitudes and tandem mass spectrometry.

NUMERICAL SIMULATION

Extraction of ions from the ion trap

The initial condition for ions just prior to their extrac-
tion will have a strong effect on the quality of the ion
beam after the extraction and, thus, on the sensitivity
and the mass resolution of the instrument. The initial
distribution of ions before extraction is affected by the
presence of the helium buffer gas inside the trap. Nor-
mally the helium pressure is about 1 mTorr! and is used
for cooling ions after their injection into the trap from
an ion source as well as for collisional activation and
fragmentation of ions in tandem experiments. As a
result of collisions with helium molecules, the spatial
distribution of ions about the center of the trap reaches
equilibrium within a few milliseconds. In the pseudo-
potential approximation,! which neglects the micro-
motion of particles at the fundamental r.f. frequency, the
equilibrium spatial distribution of ions before extraction
is governed by the pseudopotential ®(p, z) created by
the r.f. electric field, where p and z are cylindrical co-
ordinates. For evaluation purposes we consider a pure
quadrupolar field and neglect the coulomb interaction
between ions and approximate the pseudopotential well
by a parabolic function with depths D, and D, in the
axial z and radial p directions, respectively: ®(p, z) =
D, (p/ro)* + D(z/z,)*, where r, is the radius of the ring
electrode and z, is the displacement of the end-caps
from the center. In this approximation the spatial dis-
tribution of ions is described by the function®’

2rkT\*?( 1oz, e®(p, z)
o 7]

where n(p, z) is the ion density, N is total number of
ions in the trap, e is the ion charge, k is the Boltzmann
constant and T is the ion temperature. The well depth
D, is determined by the r.f. voltage V,; (0-to-peak) and

the Mathieu parameter g,:%'3”

4. Vs eVis
8 2mryQ?

where m is the ion mass, Q = 2xf and fis the frequency
of the r.f. field. The well depth in the radial direction is
simply related to D, when there is no d.c. voltage
between the ring and end-cap electrodes: D, = D, /2.

Equations (1) and (2) were used to calculate the char-
acteristic half-width J, of the ion spatial distribution in
the p direction (Fig. 1), which we define as the distance
at which the ion density drops by e times:

6, = (kT/eD,)'*r, (3)

D

)
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Figure 1. Typical size of ion cloud in the radial direction as a function of m/z for ion temperatures of (a) 300 and (b) 1000 K at different
trapping voltages: (1) 250; (2) 500; (3) 1000; (4) 2000; (5) 4000; (6) 7500 V,_,.

The calculations in Fig. 1 were made for two ion tem-
peratures, T = 300 and 1000 K (the former is the room
temperature and the latter is within the range of tem-
peratures observed in the experiment®®-39), and different
trapping voltages, V, ;. , from 250 (curve 1) to 7500 V,_,
(curve 6). The corresponding half-widths in the z direc-
tion are given by 6, = 6,/2. The value of 4, in Fig. 1 is
shown only for g, < 0.4 at which the pseudopotential
well approximation is valid."-*” The half-width 6, deter-
mined by Eqn (1) is a good approximation for the
evaluation of the radius of the hole in the end-cap elec-
trode needed for ion extraction into the TOF stage. As
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one can see from the data in Fig. 1, there is a trade-off
between the requirements of low-mass cut-off level and
narrow ion distribution in the x—y plane for better
extraction of ions into the TOF mass analyzer. For
example, the optimal values of the r.f. voltage V,; for
extraction of ions in the mass range up to m/z 2500—
3000 in the standard ion trap lie between 1000 and 2000
Vo_,- The half-width 6, for these values of voltage does
not exceed 1.5-2 mm.

The main features of the process of ejecting ions into
the TOF analyzer can be observed using the SIMION
3D ion trajectory program*® as shown in Fig. 2 for a
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Figure 2. Divergence of ion beam at different extracting voltages.
In cases (a)—(d), ions are spatially distributed and have zero initial
velocity; in case (e), ions are located at the ion trap center and
have an isotropic velocity distribution corresponding to a tem-
perature of 1160 K.

standard ion trap geometry with 4 mm diameter holes
drilled in the end-cap electrodes and covered by a mesh.
The simulations are carried out for the actual aperture
used in our experiment which includes a 4 mm diameter
channel at the center of the microchannel plate (MCP)
assembly for passing ejected ions into the TOF stage.
The ions are injected into a field-free region and, thus,
the angular focusing of the ion beam is due entirely to
the field inside the trap. In Fig. 2(a)—(d) the ions initially
have been spatially distributed near the center of the
trap along the +0.5 mm axial and +1.8 mm radial
intervals, but do not have initial kinetic energies. Ions in
Fig. 2(e) are initially placed at the center of the trap and
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have initial kinetic energies of 0.1 ¢V (1160 K) and an
isotropic velocity distribution. The calculations are
shown for the case of m/z 3000 with time markers
drawn every 2 ps. The trajectories (but not time
markers) will be the same for ions of any mass provided
their initial energies are the same. By adjusting the volt-
ages on the end-caps one can achieve a nearly parallel
beam at the trap exit for ions initially at rest [Fig. 2(d)].

In this case of Fig. 2(d) the voltage values differ from
those used in experiments with attractive d.c. pulses
[Fig. 2(a)] or symmetric voltage pulses on the end-
caps?4~2¢ [Fig. 2(b)] and are in fact a combination of
the repulsive [Fig. 2(c)] and symmetric [Fig. 2(b)] cases.
For this reason the curved field inside the trap is inter-
mediate between the repulsive case, in which the poten-
tial along the axis is nearly quadratic’* and the
symmetric case, in which the potential distribution
along the trap axis is nearly linear. Because the field
inside the trap works in the same manner as in a reflec-
tron, the energy interval (which is due to the initial
spatial ion distribution in the trap) focused by this
curved field should be intermediate between that
focused by linear extraction (first-order focusing) and
quadratic extraction (which should be independent of
energy or infinite-order focusing). (Here we are talking
about the space focusing of ions along the axial direc-
tion as opposed to the angular focusing discussed in the
previous paragraph.) The extraction field converts the
initial spatial distribution of ions into a kinetic energy
distribution at a particular focal point (or plane). In the
linear case [Fig. 2(b)], this places the focal plane at a
distance of 2z, outside of the trap. For a quadratic case
[Fig. 2(c)], the focal plane lies at the inner surface of the
exit end-cap electrode. The curved field extraction
shown in Fig. 2(d) converts the spatial distribution into
an energy distribution at a plane outside the trap like
that in the linear case [Fig. 2(b)] but closer to the exit
hole in the end-cap.

Designing a parabolic reflectron

The focal plane outside the trap in Fig. 2(d) can be used
as a focal plane for a reflectron. This approach is differ-
ent from that used in previous work314-16:22-32 where
ions were additionally accelerated after extraction. The
absence of the acceleration stage after extraction of ions
from the trap allows one to avoid the negative effect of
grids and field curvature (in the case of gridless designs
for acceleration) on the sensitivity and the mass
resolution. The width of the energy distribution of ions
after the extraction is about the same as would be in the
case if they were additionally accelerated; however, the
average energy of ions is much less, making the contri-
bution of energy spread to the final energy more signifi-
cant. For example, from the size of the ion cloud before
ejection 4, = 1 mm (Fig. 1) one can estimate that in the
case of linear extraction [Fig. 2(c)] the difference in the
kinetic energy of ions in the ion packet after extraction
can reach 25% of the average energy. Such a large
energy spread cannot be focused by a linear field reflec-
tron because it provides only first-order focusing.”® A
broad energy focusing, or ideal, reflectron*—3¢ should
be used in this situation. From among designs available
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in the literature a simple parabolic reflectron3® was
chosen in this work for broad energy focusing.

The problems associated with the construction of a
parabolic (or quadratic-field) reflectron have been dis-
cussed earlier.3>*! Among them is the fact that indefi-
nite order focusing is achieved when there are no drift
spaces, while such field-free regions are necessary in any
practical design to accommodate ion lenses, detectors,
etc. The length of the field-free spaces in our experimen-
tal configuration shown in Fig. 2(d) is equal to L, = 24
mm and includes the distance from the focal plane
formed after extraction of ions from the trap to the
entrance grid of the MCP assembly and the small post-
acceleration region inside this assembly (corrected for
the inconstant ion velocity). While not ideal, the focus-
ing remains very effective if the value of L, is small in
comparison with the length of the reflectron L, and the
potential ¢ along the z axis of the reflectron is chosen
in the form?33

90 =G+t +p @

where a = L,/2, z = 0 corresponds to the entrance grid
of the MCP assembly and « and f§ are the constants
defining the parabolic field.

Another problem in designing the parabolic reflec-
tron results from the actual curvature of the electric
field in the reflectron. The electric field must satisfy the
LaPlace equation and, thus, the curvature exists both in
the axial and transverse (or radial) directions. The cur-
vature in the radial direction results in some dropping
of the potential distribution along the radius, so that the
potential at the central part of the reflectron is not
equal to that of the lenses used for defining the parabol-
ic field. This then limits the aperture which might be
used in a parabolic reflectron as well as in designing the
reflectron itself. This phenomenon was neglected in an
early design®? where the field was defined using a set of
ring-like electrodes and thoroughly addressed in a later
study.*! In the latter case, a quadratic field inside the
reflectron was defined by electrodes embedded in
boundary printed-circuit boards. The voltage values on
the electrodes corresponded to the boundary conditions
defined by the LaPlace equation for a quadrupolar field.

Although the latter approach*! is a general one, its
application to a commonly used design in which a
reflectron is composed of numerous ring-like electrodes
is ambiguous because of the small thickness of the elec-
trodes and the flatness of the end electrodes in the elec-
trode structure. For this reason we decided to use a best
fit method for adjusting the potential on the electrodes
to achieve a potential along the axis of the reflectron as
close to the parabolic function as possible. A simple cri-
terion of the minimum mean square deviation was used
to find the best value of voltage V; on the ith electrode
(i=1, ..., n, where n is the number of the electrodes)
which for the discrete presentation of the parabolic
potential (4) ¢\ can be written as

FW=3 { 17,00 —¢a°>}2 )

k=1 li=

where k=1, ..., N, where N is the number of discrete
grid points along the reflectron axis where the potential
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is monitored, ®{? is the potential generated by the ith
electrode at the grid point k when the potential on the
ith electrode is equal to unity while the potentials on all
other electrodes are equal to zero. The function (5) can
be rewritten in the form

F)= ) AVV;=23 B +C ()
i, j=1 i=1
where
o o N o o
AD =Y O U
k=1
- N -
BY = z q)gcl)qs;co) (8)
k=1
N
C= ) ¢ ¢ &)
k=1

The minimum of function (6) and the voltages V; can
be found by solving the system of the algebraic equa-
tions 0F/0V, =0 (i =1, ..., n). However, we found that
for large n the convergence of numeric methods nor-
mally used for solving this system is very slow. For this
reason, we decreased the number of unknown variables
by looking for the voltages on the electrodes in the
polynomial form:

s
V.= Z M Zzi; ! (10)

where z;, is the coordinate of the ith electrode, y, is the
expansion coefficient, l = 1, ..., S, § < n. Substituting V;
in the function (6) for (10) and differentiating over y, one
can obtain the conditions for the minimum of the func-
tion (6):

S

Y atmy, = pm (11)

1=1

wherem =1, ..., S and

n
alm = Y gl 1met (12)
i,j=1
" -
b = Y BOzn ! (13)

i=1

In practice, the arrays of the potentials @ were
found using the SIMION 3D program*® and, thus, the
grid presentation in Eqns (5) and (7)—(9) coincided with
that in SIMION 3D. The coefficients a®™ and b™ were
calculated and then the expansion coefficients were
found by solving the system (11) using an in-house
written program.

EXPERIMENTAL

Quadrupole ion trap

Experiments were carried out using an extensively
modified Finnigan MAT (San Jose, CA, USA) ion trap
detector (ITD) shown in Fig. 3. Many of the instrument
features have been described in detail elsewhere.?0-42:43
MALDI using the third harmonic (4 = 355 nm) laser
pulse of 4-6 ns duration from a Continuum (Santa
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Figure 3. Schematic diagram of quadrupole ion trap/time-of-flight instrument with a parabolic reflectron.

Clara, CA, USA) Minilite-10 Q-switched Nd:YAG
laser was used for the production of ions in an external
source.*®> Other instrument features include increased
efficiency for trapping MALDI ions by increasing the
r.f. voltage,** a broadband excitation technique
designed for the unit resolution ion isolation in the
range up to 1600 Da using ‘stretched-in-time’ excitation
waveforms?° and pulsed introduction of heavy gas used
in MS/MS experiments for improving collision-induced
dissociation (CID) efficiency and to allow a low-mass
cut-off level for fragment ions analyzed.**> The ion trap
assembly was placed inside a two-section coffin vacuum
chamber in which the ion trap and TOF sections were
pumped differentially by two turbomolecular pumps
[Models TMP 150 (Leybold, Export, PA, USA) and
TPH 330 (Balzers, Hudson, NH, USA)]. The hole in
the exit end-cap electrode served as a conductance limit
between two vacuum sections. The pressure was about
1073 and 2 x 10~ ° Torr in the QIT and TOF sections,
respectively.

The trapping r.f. voltage amplitude was controlled
externally using 12-bit analog outputs from a National
Instruments (Austin, TX, USA) Lab PC+ multifunction
plug-in board connected to the computer. A.c. voltage
and broadband waveforms applied to the end-cap elec-
trodes for the excitation and isolation of ions inside the
trap were generated by a waveform synthesizer com-
posed of two Quatech (Akron, OH, USA) WSB-100
plug-in boards with an on-board WSB-A12M 12-bit
resolution analog module connected to the computer.
Twelve bits of each point of the WSB-100 64-kpoint,
16-bit memory were used to generate the analog broad-
band signal while the other 4 bits were used as digital
lines to control external devices. The procedure for
designing the excitation broadband waveforms was
described earlier.’® TrapWare software (designed in-
house) was used for controlling the instrument and
additional hardware.?%*3> TOFWare, a Windows-based
program available from ILYS Software (Pittsburgh, PA,
USA), was used for data processing and plotting.

Modification of ion trap electrodes

The geometry of the standard ITD electrodes was modi-
fied to facilitate the ejection of the ions into the TOF
stage. The exit end-cap electrode was replaced by one
identical with the entry end-cap. The holes in both end-

© 1998 John Wiley & Sons, Ltd.

caps were increased from 1.2 to 4 mm diameter and
covered by a nickel mesh (118 lines per inch, 89%
transparency) manufactured by Buckbee-Mears (St
Paul, MN, USA). To compensate for changes in the
electric field generated by the ion trap electrode
assembly after modification, the end-caps were stretched
by 1.9 mm (from the original, already stretched distance
of 15.6 mm'). The distance between the end-cap elec-
trodes was chosen to have near the center of an ion trap
the same ratio of the octopolar field term to that for the
quadrupolar field before and after modification. The
harmonic analysis was made numerically using the
SIMION 3D program and software written in-house.
The octopolar field term near the axial region of the ion
trap was about 1.6% of that for the quadrupolar field
(multipole components were analyzed for the axial
region at the interval of +4 mm from the center).
Keeping the value of the octopolar field is important for
ion resonant excitation methods, including a broadband
excitation technique reported earlier,?® to work prop-
erly in the modified ion trap. These methods are vital
for isolation of ions in the trap for subsequent MS/MS
experiments.

The approach of stretching further the distance
between the end-cap electrodes was verified in experi-
ments in which the trap was operated in normal mode
as a stand-alone mass spectrometer using resonant ejec-
tion of ions to obtain mass spectra’*** (in these experi-
ments the reflectron in Fig. 3 was replaced by an
electron multiplier for ion detection). The mass
resolution at m/z 1141 (protonated molecules of grami-
cidin S) was about 3500 in the ion trap mass spectro-
meter with the standard electrode geometry at the
normal distance of 15.6 mm between end-caps and the
mass scan rate 1000 Da s~ 1,** while under the same
conditions but with the end-cap electrodes having 4 mm
diameter holes covered by the mesh, the mass resolution
does not exceed a few hundred so that no isotopic struc-
ture is seen. When the distance between the modified
end-cap electrodes is increased by 1.9 mm then the mass
resolution recovers to about 2500.

Parabolic reflectron

The detector assembly mounted near the exit end-cap
electrode had a 4 mm hole for passing ions ejected from
the trap to the reflectron (Fig. 3). A Chevron micro-
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channel plate assembly (Galileo, Sturbridge, MA, USA)
having a 25 mm diameter working area with a centered
6.4 mm diameter hole was used for ion detection. Before
detection ions were post-accelerated up to 2.5-3 keV in
a distance of about 2 mm between the detector
assembly entrance grid (118 lines per inch, 89%
transparency) and the MCP. The signal from the detec-
tor was recorded by a LeCroy (Chestnut Ridge, NY,
USA) Model 9400A digital oscilloscope. It is important
to note that ions pass through grids only twice during
their flight time and that discontinuities in the electric
field at the first grid in the exit end-cap electrode are
minimal, so that the effect of the grids on ion scattering
and mass resolution is minimized.

The parabolic field inside the reflectron was built
using 124 ring-like 50.8 mm diameter electrodes having
an inner diameter of 33—-38 mm diameter. The ring elec-
trodes were equally spaced to form a coaxial reflectron
of total length of 447 mm. The reflecting d.c. potential
V. was applied to the end flat electrode while the volt-
ages on other electrodes were established using a
resistive divider.

QIT/reTOF interface

The divergence of the ion beam according to the data
presented in Fig. 2 can be controlled by varying the
extraction voltages on the end-cap electrodes with the
best voltage configuration shown in Fig. 2(d). Thus, a
QIT/reTOF interface was built without the focusing ion
lenses normally used to control ion beam divergence.
This also saved the space for closer connection of the
QIT and TOF parts of the instrument because the para-
bolic reflectron does not permit a long field-free region
and resulted in a simple compact design shown in Fig. 3
where the coaxial parabolic reflectron is directly
attached to the ion trap via a thin isolating spacer.

During the trapping period, the trapping voltage V.
from the ITD r.f. generator was applied to the ring elec-
trode and broadband excitation voltage V.. from the
WSB-100 waveform generator could be applied to the
end-cap electrodes for ion isolation or activation. Before
extraction of ions from the trap, the trapping r.f. voltage
on the ring electrode was shut down to zero (ground)
for a period less than 100 ns using a laboratory-built
high voltage switch (Sw; in Fig. 3). Then, after a vari-
able time delay, extraction pulses with pulse rise times
<25 ns and about 20 ps duration were applied to the
end-cap electrodes using a modified Directed Energy
(Fort Collins, CO, USA) Model GRX-1.5K-E pulsers
working as high-voltage switches (Sw, and Sw, in Fig.
3). Thus, during extraction of ions the ring electrode
was grounded and the d.c. voltages V; and V, (up to
+1500 V) were applied to the end-caps. The timing for
the ion extraction can be precisely synchronized with
the r.f. 1.1 MHz and line 60 Hz voltage cycles.*® The
extraction signal also triggered the oscilloscope for
recording a mass spectrum.

Operational procedures

The entire operation of the MALDI-QIT/reTOF instru-
ment was controlled using TrapWare software. A

© 1998 John Wiley & Sons, Ltd.

typical operational procedure included the following:
formation of ions using the laser pulse; injection and
trapping of ions in the trap using an increasing r.f.
voltage;** a period of cooling via collisions with helium
molecules (50 ms) at an r.f. voltage of about 1875 V,_,;
ramping of the r.f. voltage to the pre-ejection level; ejec-
tion of ions into the reTOF stage; and recording the
signal with 10 ns resolution using the digital oscillo-
scope. The mass spectra from about 100 single laser
shots were summed using the oscilloscope averaging
option to obtain the final mass spectrum which was
then transferred via an instrumental GPIB interface to
the IBM computer for further processing and plotting.
In tandem experiments additional stages were inserted
after trapping and cooling ions that included the follow-
ing: isolation of the precursor ions using a broadband
excitation technique for ejection of unwanted ions;2°
injection of xenon gas at a pressure of about 1 mTorr
for a time of about 100 ms using a pulsed gas valve;*?
CID of the isolated ions using a sustained off-resonance
irradiation (SORI) method*”*® for excitation of ions in
the bath of the xenon molecules (25-50 ms);** and
pumping out the xenon gas from the QIT vacuum
section for about 100 ms. The frequency of SORI sinus-
oidal excitation was about 5% lower than the resonant
frequency of ions and its amplitude was about 2.2 V,,_,,.
a-Cyano-4-hydroxycinnamic acid (Aldrich, Mil-
waukee, WI, USA) was used as the MALDI peptide
matrix. It was prepared as a saturated solution in 1:1
ethanol-water, deposited on the stainless-steel probe in
an amount of 10-20 pl and dried in a flow of air at
room temperature. Aqueous solutions of about 10 pmol
substance P or gramicidin S (Sigma, St Louis, MO,
USA) in the amount of 3—4 pl were deposited on the
matrix and dried in the vacuum. Each sample was used
to produce thousands of single laser shot spectra by
moving the sample probe within an area of ~20 mm?.

RESULTS AND DISCUSSION

Efficiency of the reflectron for focusing ions having a
wide spread of energies

The SIMION 3D program was used to evaluate the
focusing properties of the reflectron. The instrument
electrode structure was approximated with 0.2 mm
accuracy. The electric potential field during extraction
of ions is shown in Fig. 4 (in this simulation no acceler-
ation voltage was applied to the MCP). The potential
distribution inside the reflectron was calculated using
the best fifth-power polynomial fitting method
described in the Numerical Simulation section. The
extraction voltage configuration in Fig. 4 is similar to
that shown in Fig. 2(d) and the reflecting potential V, is
about 1.33 times larger than the potential at the center
of the trap during extraction. Thus, after the extraction,
ions located initially at the center of the trap penetrate
the reflectron to the extent of ~75% of its total length.
The capability of the reflectron to focus ions having a
broad range of initial energies is illustrated by data in
Fig. 5, where relative variations in the ion time-of-flight
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Figure 4. Typical distribution of the potential extracting and reflecting fields in the QIT/reTOF instrument.

Ot/tror (Where tror is the ion total time-of-flight in the
reflectron) are shown as a function of the ion initial
relative kinetic energy ¢/e,,,, at the entrance of the reflec-
tron (g,,, is the maximum entrance kinetic energy at
which ions are still reflected in the reflectron). The data
are the results of simulations in which all potential fields
were maintained at the same value while the initial
kinetic energy of ions located at the reflectron focal
plane was varied. From the data in Fig. 5 one can con-
clude that theoretical mass resolution of the reflectron
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Figure 5. Relative variations of time-of-flight of ions in the para-
bolic reflectron as a function of initial relative kinetic energy (&,
is the maximum kinetic energy at which ions are still reflected by
the reflectron).

© 1998 John Wiley & Sons, Ltd.

(R = tyop/20t) can reach 5000 for ions having an initial
kinetic energy distribution lying within 50% of the
maximum reflectron energy e,,,.A surge in time-of-
flight deviations is observed for energies below 0.44¢,,,,, .
This energy corresponds to a 66% depth of the pen-
etration of ions into the reflectron. This depth is close to
the point of the transition in the ring electrode hole
diameter from 38 to 33 mm (see Fig. 4). A surge for
energies higher than 0.93¢,,, can be explained by the
influence of the flat end electrode.*!

Dependence of mass spectral linewidth on extraction
voltage

The mass spectral lines of fragment and matrix ions in
the range from m/z 116 to 813 in MALDI mass spectra
of gramicidin S shown in Fig. 6(a) [Fig. 6(b) and 6(c)
will be discussed later] were used to study the depen-
dence of the mass resolution of the instrument on differ-
ent experimental parameters. The total time-of-flight
tror for sodium cationized ions of gramicidin S at the
extraction voltages shown in Fig. 2(d) is about 160 ps.
The dependence of linewidth 6t (according to FWHM
criteria) on m/z at different extraction potentials is
shown in Fig. 7. Every point in Fig. 7 (and subsequently
Figs 8-11) represents the average of the linewidth values
from three different mass spectra obtained at the same
conditions with the estimated error not exceeding 8%.
The extraction voltages used in these experiments were
similar to the configuration shown in Fig. 2(d) and are
specified in Table 1 where the strength of the electric
field at the center of the trap E, and the reflecting
potential V, are also shown. Other variable parameters
were fixed in these experiments and among them are:
the trapping voltage before extraction V;; = 1875 V,_;
the r.f. phase at which the rf voltage was shut down
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5 Da): (a) after injection and storing for 50 ms; (b) after isolation

of sodium cationized ions using a broadband excitation technique; (c) after fragmentation of the isolated ions via collisions with xenon

molecules using a SORI excitation method.

0.; =40° (0., = 0° corresponds to zero increasing r.f.
voltage); and the time delay between shutting down the
r.f. voltage and the application of the extraction volt-
ages on the end-caps t; = 200 ns. No dependence of the
linewidth on the extraction delay time t; was observed
in this work when the value of t; was varied from 0 to 2
us (the data are not shown). Additionally, the absolute
and relative intensity of mass spectral lines was about
the same when the value of £, was between 0 and 500 ns.
At larger delay times the absolute intensities began to
drop and that drop was much faster for lighter ions.
Such behavior is in agreement with estimations for the
time of leaving the trap by ions after shutting down the
trapping voltage.

One can observe relatively smooth behavior of the
linewidth on the ion mass in the range of higher masses
(>300 Da) and beat-like behavior at lower masses
which is more pronounced at lower extraction voltages.
The linewidth behavior observed cannot be attributed
to the time resolution limit (10 ns) used for digitizing in
the experiments because any errors due to the process
of digitizing would be more likely to be observed in
Case 5 than in Case 1 in Fig. 7 where the beat-like
structure is most pronounced. There is a good corre-
lation between the region of the transition from the
beat-like behavior to the smooth dependence and the
limits of validity of the pseudopotential approximation
for describing the motion of ions in a trap g, < 0.4 (the

Table 1. Extraction and

ments
Repulsive Attractive
extraction extraction
voltage, voltage,
Case No. V, (V) V, (V)
1 288.9 —-133.3
2 433.3 —200
3 650 —300
4 866.7 —400
5 1000 —461.5

reflectron parameters used in experi-

Electric field
strength at the Reflectron

trap centre, voltage,

Ey (Vem™") V., (V)
175.2 96.3
262.7 144.4
394.1 216.7
5255 288.9
606.3 333.3

© 1998 John Wiley & Sons, Ltd.

JOURNAL OF MASS SPECTROMETRY, VOL. 33, 305-318 (1998)



314 V. M. DOROSHENKO AND R. J. COTTER

9,

9.10x10°" 3.45x10°" 2.13x10°" 1.54x107"

120 —

100 —

40—

20~

100 300 500 700 900
m, Da

Figure 7. Dependence of mass spectral linewidth on ion mass at
different extraction potentials (the curve numbers correspond to
Case numbers in Table 1).

q, axis is shown at the top of Fig. 7). Thus, one can
suggest that the beat-like behavior is due to the large
amplitude of ion motion at the fundamental r.f. fre-
quency at g, > 0.4 and the linewidth in this case strong-
ly depends on the phase at which the r.f. voltage is shut
down. Experiments to study the dependence of line-
widths on the phase of shutting down the r.f. voltage are
described below.

One can also suggest that the mechanism for line
broadening at g, < 0.4 is different from that at g, > 0.4.
It is a good approximation that due to the presence of
buffer gas the ion velocity and space distribution at
q, <04 is the equilibrium one and is described by
pseudopotential well parameters and temperature T.3”
If extracted ions initially have some velocity v, in the z
direction then the line broadening is determined by the
so-called ”turn-around’ time,*'° which in our case is
equal to

2mv, \/r_n
ot = “E = 2.355./kT 3 (14)

where E is the strength of the electric field during
extraction and the factor 2.355 is due to the FWHM
definition of the linewidth. The mass resolution in the
case when the linewidth is determined by Eqn (14) does
not depend on the ion mass because the total ion flight
time is also proportional to the square root of the mass.
The data presented in Fig. 7 for g, < 0.35 are shown in
Fig. 8 as a plot in 6t — m'/?/E coordinates using the
data in Table 1 for the electric field strength in the
center of the trap. One can observe that the dependence

© 1998 John Wiley & Sons, Ltd.

100 — -
80 A
é’ 60 VAN
- |
I AO A m (Da)
40 % A 813.5
I m 5714
i O 4573
7 ® 311.2
0 1 i L J | 1 i 1
0.0 0.5 1.0 1.5

m'IE, Da" “mm/V

Figure 8. Dependence of mass spectral linewidth of ions shown
atq, < 0.35 in Fig. 7 on the parameter m'/2/E.

of 6t on m'/?/E is the same for all masses and close to
linear as is predicted by Eqn (14). The temperature of
ions in the trap can be calculated from the data in Fig.
8: T =1180 + 160 K (solid line in Fig. 8) that correl-
ates with that measured by a “chemical thermometer”
method.?8-3?

Dependence of mass spectral linewidth on the trapping
r.f. voltage

Given the correlation revealed in Fig. 7 between the
behavior of the mass linewidth and the value of the
Mathieu parameter g,, the dependence of the linewidth
ot on the ion mass for different trapping voltages V;; is
presented in Fig. 9 against g,. In these experiments the
extraction voltage parameters corresponded to Case 2
in Table 1, the r.f. voltage was shut down at the phase
0. = 40° and the extraction time delay ¢, = 400 ns.

The dependence of 6t on g, in Fig. 9 is monotonic at
low values of g, (<0.3-0.4) and highly irregular at
higher g, and is consistent with our previous observ-
ations in Fig. 7. It is also clear that the dependence of 6¢
on g, at higher g, values is not well described by the
data in Fig. 9. This is probably due to the nature of
processes occurring at higher g, values that require
additional study.

Similarly to those in Fig. 7, the data at low values of
q, can be processed in terms of the 6t — m'/2/E depen-
dence which is shown in Fig. 10. One can see that the
ion temperature in not constant in these experiments
and there is some correlation between the rise of the
temperature from about 1250 to 1690 K (dashed lines in
Fig. 10) and the increase of the trapping voltage V. .
The average ion temperature determined from all data
presented in Fig. 10 is 1440 + 180 K (solid line in Fig.
10).
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Figure 9. Dependence of mass spectral linewidth on the g, value rl
of ions at different trapping voltages before ion extraction. Figure 11. Dependence of mass spectral linewidth on the phase

6, ; of shutting down the r.f. trapping voltage before ion extraction
at different g, values.

Dependence of mass spectral linewidth on the extraction

rf. phase vary the phase of shutting down the r.f. voltage between

0 and 180° and, thus, the data for positive phases only
are presented in Fig. 11. In these experiments the
extraction voltage parameters corresponded to Case 3
in Table 1, the r.f. voltage V, . before the extraction was
1875 V,_, and the extraction time delay t, = 400 ns.
The dependences in Fig. 11 are shown for ions at differ-

The dependence of the linewidth 6t on the extraction r.f.
phase 0, is shown in Fig. 11. The high-voltage switch
(Sw; in Fig. 3) used in the instrument allowed one to

s ent g, values that correspond to ions of different mass
100 - éf ,/ (for example, m/z 311.2 corresponds to g, = 0.225). As
A e one would expect from the above data in Figs 6-10, no
| 7 or a small dependence on the extraction phase is
S observed at low values of g, (0.158-0.281) and the line-
80— & width changed by 50 ns for g, = 0.845.

J A In the simplest model presented by Eqn (14) in which
- J/ /é the velocity v, in the axial direction is determined by
y ripple micromotion (microoscillations) of ions at the fre-
© 60 e quency of the r.f. field, the minimum linewidth corre-
gﬁ VB O Ve sponds to the velocity of microoscillations equal to
> - ) (Vop) zero, ie. to 6, ; = 90°, that has some but not full corre-
9 ® 2625 lation with the data presented in Fig. 11. The velocity of
40 / <& 2250 ripple microoscillations of ions at the drive r.f fre-
Wi A 2063 quency alone cannot account for irregular variations in
i Yy 01875 the linewidth at higher g, shown in Fig. 9 because these
7 O 1688 microoscillations are coherent for all ions inside the

- J 77 1500 . .
20 7 trap. Hence other possible reasons should be taken into
J >+< ﬁ;g account to explain this behavior. One such explanation
V4 * 750 may be related to a strong coupling of ion motion at
0/ . Lo L | the drive r.f. and secular frequencies at high g, values so
0.0 0.5 1.0 15 that they cannot be considered separately.! The
1/2 12 resulting motion of ions can result in a strong asym-
m /E, Da mm/V metric spatial and velocity distribution of ions inside
Figure 10. Dependence of mass spectral linewidth of ions shown the trap before extraction that can depend on ion mass.
atqg, < 0.35 in Fig. 9 on the parameter m"/2/E. The combination of different temporal components of
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ion kinetic energy which depends primarily on the r.f.
trapping voltage amplitude and the effect of coupling r.f.
and secular motions on ion velocity and spatial dis-
tributions may be responsible for complex behavior of
the line width in Figs 7 and 9 at higher g, values.

Mass shift at different trapping r.f. voltages

The results for systematic apparent mass shifts observed
for different ions when the r.f. voltage is varied are
shown in Fig. 12. In these experiments the same cali-
bration curve was used for ion mass determination
while the trapping voltage before extraction was
changed. The extraction voltages corresponded to Case
3 in Table 1, the r.f. voltage was shut down at the phase
0. = 40° and the extraction time delay t, = 400ns. The
maximum variation in the apparent mass position of
low-mass ions (m/z 172.05 and 197.1) corresponds to
50-55 ns and is close to that observed for the linewidth
of these ions (see Figs 7 and 9). The maximum change in
mass position for high-mass ions in Fig. 12 (m/z 571.45
and 813.5) corresponds to 28-33 ns, which is normally
much less than the linewidths for these ions.

Low masses in Fig. 12 are associated with high values
of g, in Figs 7 and 9 and one can therefore assume that
similar mechanisms are responsible for both the
complex behavior of the linewidth at high g, and the
apparent mass shift phenomenon which is most pro-
nounced for low-mass ions. However, the dependence of
the apparent mass shift on the r.f. voltage is not as
irregular as that for the linewidth. As one can see in Fig.
1, the effect of the r.f. voltage variations on the size of
the ion cloud in the trap is most pronounced for the
lightest ions. It is possible that the ion space distribu-
tion behavior alone can explain the apparent mass shift
phenomena in Fig. 12 while both the ion spatial and
velocity distributions should be taken into account for
explanation of the complex behavior of the linewidth at
high g, values. The effects of ion spatial and velocity
distributions on QIT/TOF performance have already
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§ 0 00007 —
<Sl ’ L | m,Da No——o
-0.0003 | 0 813.50
L |a 571.45
L+ 311.20
20.0009 | 2 197.10
| |m172.05
| | 1 | .
'0'001%00 1000 1500 2000

Vr.f. > VOp

Figure 12. Variations of the relative apparent mass shift for dif-
ferent ions as a function of trapping voltage before extraction.
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been discussed in the literature.®:23-324° In the absence
of buffer gas, the fluctuations of the ion kinetic energy
which are due to motion of the ion cloud along the trap
axis resulted in a strong dependence of ion time-of-
flight, intensity and mass resolution on the extraction
phase.3**° Similar behavior for the intensity and mass
resolution was observed in a study with collisional
relaxation before ion extraction,?® but these experi-
ments were carried out without shutting down the r.f.
voltage before extraction. In our experiments, no
changes in linewidths were observed when the pressure
of the buffer helium gas was increased or decreased
fourfold.

Tandem mass spectrometry

One example of CID mass spectra is shown in Fig. 6,
where the spectra after trapping MALDI ions of grami-
cidin S using an increasing r.f. voltage** [Fig. 6(a)], iso-
lating sodium cationized ions using a broadband
excitation technique®® [Fig. 6(b)] and fragmenting using
injection of xenon molecules for increasing CID
efficiency*? [Fig. 6(c)] are presented. Another example
is shown in Fig. 13 for protonated molecules of sub-
stance P. The spectra were obtained for the extraction
voltages corresponding to Case 5 in Table 1, an r.f
voltage of 1875 V,_, and shut down at the phase 0, ; =
40° and the extraction time delay t; = 400 ns.

The successful isolation of the precursor ions is an
important step in CID experiments and as one can see
in Figs 6(b) and 13(b) this is possible after significant
modification of the geometry of ion trap electrodes. As
shown in the insets in Figs 6 and 13, the mass
resolution is equal to ~1100 in both cases. The mass
resolution remains about the same for all masses higher
than ~ 300 Da, which is in agreement with Eqn (14) and
is normally unpredictable (but lower) for lower masses
where g, > 0.4. According to Eqn (14), the resolution
can be improved by increasing the extraction field but
the improvement will be moderate because the mass
resolution is proportional to the square root of the
extraction field strength (in our case the time-of-flight is
inversely proportional to the square root of the extrac-
tion potential). A mass resolution higher than 1400 was
observed when the extraction voltages were increased to
Vi =1500 V and V, = —692 V (data not shown). The
values observed for the mass resolution correspond to
the ion temperatures inside the trap in the range
T =1180-1690 K measured in this and other
work.?83% Similar values for the mass resolution in
QIT/reTOF instrument were obtained in some other
experiments®®3? but much lower*® or much higher
23:31 values have also been reported in the literature.
There is no basis for reconciling the extremely large dif-
ference between the values for the mass resolution
obtained in this work and that reported by the Lubman
group??® (R = 6200).

Two more papers on the topic of this work have
been published since this paper was submitted for pub-
lication. A simulation of the ion extraction process was
performed in the first.5° Although the trapping r.f.
voltage was not varied in the simulation (it is not even
specified), the data for the linewidths obtained in the

50,51
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Figure 13. MALDI-QIT/reTOF mass spectra of substance P (M, =1347.7 Da): (a) after injection and storing for 50 ms; (b) after isolation
of protonated molecules using a broadband excitation technique; (c) after fragmentation of the isolated ions via collisions with xenon

molecules using a SORI excitation method.

case of symmetric bipolar extraction for two masses,
m/z 200 and 500, are comparable to that reported in
this work. The maximum mass resolution of 2000
achieved in the second study®! for m/z 69-133 is close
to that observed in this work. Also, the effect of the
trapping r.f. field on the mass resolution was more pro-
nounced for ions with the highest g, values (lowest
mass).

CONCLUSIONS

A MALDI-QIT/reTOF mass spectrometer was
designed and tested in both normal and tandem
(MS/MS) modes. The parabolic reflectron used in the
instrument was capable of providing a theoretical mass
resolution of 5000 for ions with a broad initial energy
distribution spreading out over a 50% energy interval
of the entire energy range of the reflectron. Modification
of a standard commercial ion trap electrode geometry
that included increasing the aperture for the extracted
ions and stretching further the distance between the
end-cap electrodes resulted in a good performance for a
broadband excitation ion isolation method that is
required for operation in the tandem mode. The sensi-
tivity, ion isolation and CID efficiency in the MALDI-
QIT/reTOF instrument were close to those observed in
the MALDI/QIT mass spectrometer.*?

© 1998 John Wiley & Sons, Ltd.

The mass resolution of the MALDI-QIT/reTOF
mass spectrometer was shown to depend on many
parameters, including the extraction field potentials, the
r.f. trapping voltage amplitude and the phase of shut-
ting down the r.f. voltage before extraction. At low
values of g, (<0.3-0.4) the mass resolution behavior
can be described in terms of the ion temperature, which
was shown to be in the range 1180-1690 K. The mass
resolution for all low-q, ions is about the same and lies
in the range 1000-1400 depending on the extraction
voltages. The dependence of the mass resolution on the
experimental parameters for ions at higher values of g,
(>0.4) is irregular but normally the mass resolution is
lower than that for lower g, ions. This irregular behav-
ior is explained by the complex dependence of ion
spatial and velocity distributions in the ion trap at high
q, values. A shift in mass spectral line positions was
observed when the trapping voltage before extraction
was varied. This shift is larger for low-mass (or high-q,)
ions and is comparable for these ions to the linewidths.
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