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Abstract

A theory of dipolar dc excitation and dc tomography in the rf quadrupole ion trap is presented. The equation of motion for
ions subject to a dipolar dc field is written in the form of a Mathieu equation with time independent inhomogeneity and solved
analytically. Three cases are considered explicitly: application of continuous dipolar dc fields, application of dipolar pulses for
translational excitation of ion motion, and application of dipolar pulses for selective ejection of ions. The effect of monopolar
pulses and nonlinear fields is investigated by simulations of ion motion. It is shown that translational excitation of ions by
dipolar dc pulses has a near linear response of oscillation amplitude to the voltage of the dipolar dc pulse and is nearly ma:
independent for a large mass range, provided the pulse width is chosen appropriately. Formulae are given for optimum choi
of pulse voltage and width. Dc tomography, a technique which probes ion motion by selective ejection of ions due to the
application of short dipolar dc pulses, is shown to be a feasible method for monitoring the secular oscillation of a coheren
group of ions, sensitive to even small changes in ion position. (Int J Mass Spectrom 202 (2000) 175-197) © 2000 Elsevie
Science B.V.
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1. Introduction tary fields allow for a variety of destructive [1-6] and
nondestructive [7-9] methods of mass analysis, for
Among the most important capabilities of the rf ion activation and for ion isolation, viz. selective
qguadrupole ion trap is the ability to store ions for an trapping or ejection of ions of particular mass-to-
extended period of time, to manipulate them and to charge ratios or ranges of mass-to-charge ratios [10—
mass analyze them. Of particular importance is the 12]. lon isolation can be used to obtain very high
ease and flexibility in influencing the motion of ions sensitivity and is employed in multistage ion isolation
by means of supplementary electric fields, which are and fragmentation experiments (IW)S[13-15]. Dc
superimposed on the rf trapping field. The supplemen- fields can be applied as well as ac fields whose
frequency matches one of the characteristic frequen-
cies of ions of a particular mass-to-charge ratio, or
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the voltages, and depending on which electrodes they ejected the product ions into a linear quadrupole mass
are applied at, ions can be forced to take up or to lose spectrometer for mass analysis [27]. Lubman and co-
energy, to change their oscillation frequencies or to be workers coupled the ion trap to a time-of-flight (TOF)
ejected from the ion trap. mass spectrometer, but turned off the rf trapping voltage
This article examines the effect of dc voltages before the starting pulse of the flight time measurement,
applied in dipolar fashion to the two end-cap elec- thus transforming the ion trap into the first stage of the
trodes of the quadrupole ion trap or in monopolar [16] TOF acceleration region [28]. In addition, dual ion trap
fashion to either of the end-cap electrodes, while the systems have been examined [26,29]. Here, it is
other is held at ground. The voltage can be applied advantageous to use dc pulses both for ejection from
continuously or as a short pulse. the first trap and for ion deceleration after they enter
Dipolar dc pulses have been used in a variety of the second trap. Weil et al. have shown from simula-
experiments. Cooks and co-workers have used themtions that dc pulses can be employed to increase the
for excitation of coherent ion oscillations in nonde- trapping efficiency during injection of ions from
structive image current detection experiments outside the trap [30]. Note that except in the work of
[9,17,18]. Lammert et al. have shown that dipolar dc Lubman and co-workers [28] and Zerega and co-
pulses can be used for collisional [19] and surface workers [25,26] the trapping voltage is not turned off
[20] induced dissociation. They also used them to during application of the dc signal.
excite coherent motion of ions and followed their The analytical treatment of ion motion in the rf trap
subsequent motion in the trap through position selec- under influence of the quadrupolar rf field and a dipolar
tive laser photoionization [21]. Wang et al. demon- dc field is nontrivial, and to our knowledge no rigorous
strated that continuous dipolar dc fields can be used analytical treatment of this problem has been published,
for collisional dissociation [22]. Another application despite the widespread use of dipolar dc fields in the rf
of dc pulses is an alternative method of analysis of ion ion trap for various purposes. Wuerker et al. [31],
motion in the trap, which can yield a mass spectrum Mather and Todd [32], Guan and Marshall [33], and
of the trapped ions by determining the oscillation Wang et al. [22] have examined the effect of a dipolar dc
frequencies. Weil et al. showed that, using a technique in the pseudopotential model only, and Dawson has
termed dc tomography, dc pulses can be used to probereported numerical calculations for a few selected con-
the coherent motion of ions in the trap if the pulse ditions [34,35]. In this manuscript, the inhomogeneous
voltage is chosen such that ions are either ejected orMathieu equation is solved for appropriate initial condi-

remain in the trap depending on the state of their
motion [23,24]. Zerega and co-workers employed a
similar method to determine ion positions in the trap
[25,26], however their method requires that the rf
trapping voltage be turned off before the ions are
ejected by a dc pulse. Then the time of flight to the
detector primarily depends on the position and veloc-
ity of the ions prior to ejection.

tions, and the results are applied to investigate the effects
of a continuous dipolar dc and of dipolar dc pulses
used for excitation of ions, which are initially at rest,
and to investigate a method for probing the coherent
motion of an ion cloud. Simulations with the ion trap
simulation program ITSIM 5.0 [36,37] extend the
results to include nonlinear trapping fields and mo-
nopolar dc pulses. Effects of ion—buffer-gas and

Dipolar dc pulses represent a simple method to eject ion—ion interactions are not included in the treatment.

ions from the trap to detect them or to transfer them to

other mass spectrometers. Dawson and Whetten em-

ployed mass selective ion storage to generate mass2. Simulation software

spectra using an ion trap. The detection process for each

scan step was realized by pulsing the ions out of the trap  The ion trap simulation program ITSIM 5.0 was
into an external detector [1]. Todd and co-workers used used to perform both single-ion trajectory calculations

the ion trap to conduct ion—molecule reactions and

as well as multiple-ion simulations. For single-ion
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simulations, the ion was assigned a specific initial
position and velocity, or equivalently, a specific oscilla-
tion amplitude and phase. Multiple-ion simulations em-
ployed 1000 ions, whose initial positions and velocities
were determined from distribution functions, appropriate
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ity. In that case, only the monopole term and the
guadrupole term differ from zero. If the quadrupole
ion trap has an inscribed ring electrode radiug pf
and an end-cap separation af,2and the normaliza-
tion radius is chosen as

for a cooled ion cloud at the chosen working point in the
stability diagram [38,39]. To simulate a coherently oscil-
lating ion cloud, the distribution for position and/or
velocity was shifted by a specific value, which deter-
mines the amplitude of the coherent oscillation. This
assumes that the excitation method does not significantly 1
change the width of the position and velocity distribu-

tions, and corresponds to the analytical model which will

be derived in this article. The ions’ trajectories were A= 1 2
calculated using a standard fourth-order Runge—Kutta —+ <Z°)
method. Two different methods for the calculation of the 2 fo
electric field were used: a semi-analytical multipole If the trap geometry differs from the ideal geometry,
expansion method and a field interpolation method [40] the higher order coefficients are no longer zero. In
using an array of potential values on a rectangular particular, truncating the electrodes, increasing the
mesh precalculated with the Poisson/Superfish soft- end-cap separation without appropriate correction in

(2)

(3a)

(3b)

ware [41]. Although ITSIM allows for the inclusion
of both ion—neutral collisions and space-charge ef-
fects, neither was used here.

3. Equation of motion

The electric potential in an ion trap with cylindrical
symmetry can be expressed in terms of a multipole
expansion, which in spherical coordinates ¢, ¢)
takes the form

B3 |
D(p, 9, @, 1) = 2 P"(t) X A|<m<rp> P,(cos®)
n 1=0 N
(1)

The sum ovem includes all electrodes of the trap,
®M(t) is the potential on theth electrode and may
be explicitly time dependent, is a normalization
radius, Al are the corresponding dimensionless ex-
pansion coefficients, anB,(cos ) is the Legendre
polynomial [42] of orded.

The expansion coefficients for the ring electrode
can be calculated analytically for the case of an ideal

ion trap, the electrode boundaries of which are defined

by appropriate hyperbolae [43] and extend into infin-

the hyperbolic shape of the electrodes, or modifying
the hyperbolic angle of the trap, as in commercial ion
trap mass spectrometers, has been shown to introduce
higher even-order terms [4].

The expansion coefficientaF* and AF? for the
end-cap electrodes cannot, in general, be described by
a short analytical expression. However, if the end-cap
electrodes are identical and arranged symmetrically,
symmetry requires that

-

Consequently, if a voltage® is applied between the
end-caps in a dipolar fashion, i.e. if the potential on
the end-caps is given by

—AR2 | odd

E.
A AF? = —%A,R | even

(4)

(I)Elz _(I)EZZ%UD (5)

only the odd orders contribute and the terms for both
end-caps can be treated by a single term using an
expansion coefficient

{ AFt = —AF? | odd

D _
A= 0 | even

(6)

and
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a)

Fig. 1. Schematic view of the quadrupole ion trap and the direction of the electric field for positions on the axis of symmetry and in the central

P
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ov

radial plane during application of a positive voltage (5" in monopolar mode, (bY® in dipolar mode, and (cY in quadrupolar mode.

®° = UP (7)

In this work, the dipolar voltagdJ® is defined as
positive if the dipole is parallel to the axis, viz. the
dipolar electric field is antiparallel to theaxis, and as
negative if the dipole is antiparallel to thexis, viz. the
dipolar electric field is parallel to theaxis (Fig. 1).
Values for the expansion coefficients of low order
were calculated by a least squares fit of the multipole
expansion (1) to the electrostatic potential obtained
with the Poisson/Superfish software [41]. The coeffi-
cients for hyperbolic traps with ideal geometry and
z/ro = 1/\V/2 as well as for those hyperbolic traps in
which the geometry has been changedzifr, =
0.783 without corresponding change in electrode
shape (stretched geometry as used in Finnigan ITD,
ITS40 and ITMS ion traps [44]), are shown in Table
1. Calculations for some of these coefficients have
also been reported by Gabrielse [45], Beaty [46],
Wang and co-workers [4,47], and Splendore et al.
[48]. There are minor differences between the re-
ported values, which may be due to different assump-
tions concerning the truncation of the electrodes.
However, these differences are negligible in practice,
except in the case of the quadrupole coefficiaft
reported by Splendore et al., which differs by some

5% from both the value given here and that given in
the work of Wang et al.

Note that although the potential distribution (5) is
usually referred to as “dipolar,” the resulting fields
inside the ion trap contain not only a dipole term, but
higher order contributions as well. This is due to the
fact that the end-cap electrodes are not flat, parallel
surfaces but hyperboloids. However, in the central
volume of the ion trap the monopole, dipole and
guadrupole terms dominate. The monopole term does
not contribute to the electric field and thus does not
influence the ion motion. Therefore the ion motion
can be described in good approximation using only
the dipole and the quadrupole term. Larger deviations
can be expected if the ions come close to the elec-
trodes. In this work, the higher order contributions are
neglected in the analytical derivation, and computer
simulations are used to investigate their effect on ion
motion.

In most ion traps a potential consisting of a dc
component) and a rf component of amplitudéand
frequencyQ/(2m) is applied to the ring electrode. If,
in addition, a constant dipolar voltagé¢® is applied
between the end caps as given by Eg. (5), and all
higher order terms are neglected, the potential distri-

Table 1
Table of multipole expansion coefficients for traps of ideal and stretched geometry for a normalization gagiug,

Zo/to AZ AL Ag A? A3 AZ
Ideal geometry /2 -1 0 0 0.568 0.278 —0.018
Stretched geometry 0.783 —0.895 —-0.016 —0.008 0.493 0.239 —0.020
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bution inside the trap is given according to Eq. (1) in
Cartesian coordinate{y, z) by

R
d(x,y,z,t)=[U+V cos(Qt)]{A§+ % [zz
N
D
—;(x2+y2)]} L, (8)
I'n

Newton’s equation of motion for a charged particle of
massm and charge in an electrostatic field is given by
dr

m-—s=

9)
wherer = (X, y, 2) is the position vector of the
particle. From Egs. (8) and (9) one obtains for its
componentsi

du  yeA}
mwzﬁ[u + V codQt)]u + eE° (10)
N
where
+1 u=xoru=
v { -2 u=1z ’ (11)
and the dipolar electric field is given by
APUP
EP= - (12)
N
With the substitutions
_n 13
§= 2 (13a)
_ 4yeASU
a, = mrZ0? (13b)
_ 2ve ARV
v= miZ0? (13c)
f = 4eE 13
- sz ( )

the equation of motion (10) can be cast into the form
of the inhomogeneous Mathieu equation

2

Zlgl; +[a, — 29, cod2¢)Ju = f (14)
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Stable solutions are given by [49,50]

u(é) = Aceg (&) + pse (£) + u”(§)

where ceg (£) and sg; (£) are the even and odd
Mathieu functions of fractional ordes,,

(15)

ceg(§) = 2 Conucod(2n + BE]

n=—o

(16a)

$8,(8) = 2 Coyysinl(2n + B)E] (16b)

n=—o
and uf (&) is a particular solution of the inhomoge-
neous Mathieu equation and and w are arbitrary
constants, which determine amplitude and phase of
the motion. The coefficient€,,, ,, describe the rela-
tive strength of each term. BotB, and C,,, are
determined bya, andq, and can be calculated using

a continued fraction expression [49,51]. A particular
solution can be found from [50]

&
ut(é) = J V:,O[ce,gu(f)segu(i)

— seg (T)ceg (§)] dr (17)

whereW, is the time-independent [51] Wronskian of

ceBu(g) and seBu(g)

“+oc “+ oo
WOZ 2 C2n,u 2 CZn,u(sz’_Bu)

n=—oe n=—oo

(18)

In the case where ions are subject to the dipolar dc
field only during the time interval = tytot = ty +

At, corresponding t& = &, to & = & + A¢, three
subsequent time intervals have to be considered,
each of which may have a different equation of
motion

d?u,

‘agi-+[au—‘2qu0012§ﬂU1::0 §<é& (19)
d?u,

di‘fz + [au - ZQU 005(25)]u2 =f

éo=E=§&+ A¢ (20)
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d?ug

di‘fZ + [au - ZQU COS(Z%)]U3 =0 g > §o + Ag
(21)

Continuity of ion position and velocity requires

Uy (&0) = Ux(&o) (22a)
Uy (&o) = Ux(&o) (22b)
and

Ux(§o + A&) = us(éo + Af) (23a)
Ux(8o + A) = Us(&o + A (23b)
where

(&) = dl;(;) e

The solution of Eq. (19) is

ui(§) = Aceg (&) + pises (§) (24)

The constants\; and u; can be chosen freely to

accommodate any initial condition. Note that for
reasons of simplicity Eqgs. (8) and (19)—(21) do not
allow for an arbitrary phase of the rf at timie= 0.

Wolfgang R. Plass/International Journal of Mass Spectrometry 202 (2000) 175-197

where
A= Ay(&p + A) (28a)
we = po(§o + Af) (28b)

For the discussion in the following sections it is
convenient to re-substitute the time variable and to
define the angular frequencies of ion motion

wnu= (N +3B)0 (29)
1 + oo + oo
Qy= 5 QW, = E CZn,u 2 CZn,uwn,u (30)
n=—o n=—o

There are different measures for the efficiency of the ap-
plied dc, and which of them is appropriate depends on
the purpose for which the dc signal is used. If it is used
to eject all ions or a part of the ion population from the
trap, the maximum excursion of the ions after excitation
is the value of interest. The same is true for the case when
the dc pulse is used to remove energy from the ions, e.g.
after ion injection in order to provide oscillations that do not
exceed the volume of the ion trap. For image current
detection experiments [9] however, usually only the secular
oscillation is of interest and the micromotion can be

Nevertheless the treatment is valid in general, since neglected, because the micromotion frequencies are filtered

the point of time of application of the dipolar dc can
be chosen arbitrarily, viz. at an arbitrary rf phase.

The solution of Eq. (20) together with the condi-
tions (22) gives

Ux(§) = A(é)ceg (&) + uo(é)ses (§)

where

(25)

“+ oo

f
A(€) = A "‘W >

0 n=—o

2n,u

2n + B,

{cod(2n + B)¢]

—cod(2n + By é&ol} (26a)

+ oo

_ f 2n,u
pa(§) = i + szw 2n + B,

— sinl(2n + By &ol} (26b)
The solution of Eq. (21) together with (23) is

us(§) = Aces (§) + uses (§)

{sin[(2n + B)é]

(27)

out by the detection electronics. Then only the amplitude of
the secular oscillation after excitation needs to be consid-
ered.Nevertheless the effect of the micromotion during
the excitation process itself should not be neglected.

In order to obtain the amplitude of the ion oscilla-
tion in the absence of a dipolar dc field, Eq. (24) or
(27) is rewritten in the form

“+oo
U(t) = \/Az + Pvz 2 C2n,u COiwn,ut + 9) (31)

n=-—ow

where ¢ is the phase of ion motion and can be
calculated from

= —arcta M)
¢ A

The amplitudel of the oscillation, viz. the maximum
excursion of the ion from the center of the ion trap, is
thus given by

(32)
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“+ oo
0 = max/u(t)| = \fm 2 ‘CZn,u‘

n=-—o

(33)

It should be noted here tha(t) does not in general
take the valudl. If 8, is rational,8,, = r/swithr and

s integers,u(t) is periodic [49], but at the extremum
of the secular oscillation the micomotion terms may
not add up with the same sign. g, is irrational,u(t)

is not periodic. For most practical purposes, however,
u(t) comes sufficiently close to its extremum after a
few secular oscillations [7]. The secular oscillation is
given by the term of zero order in Eq. (31)

useqt) = A%+ u® Co, oot + @) (34)
Consequently, its amplitude is
0= A2 + p?|Cq, (35)

For practical purposes, it is often convenient not to
calculate the coefficients and frequencies of ion motion
in Eq. (31) to high precision, but rather to use approxi-
mations. In the pseudopotential model [31,51,52], which
assumes,, << g, << 1, the motion is approximated by
the sum of the secular oscillation, which can be interpre-
ted as the motion of the ion in a time-averaged harmonic
potential, and a single term which represents the micro-
motion. In this approximation, the ion position is given by

U(t) = [A cog@t) + u sin(wyt)]

*[1 -39, cogQ)] (36)

+ oo + oo

Uz(t) = A E C2n,u Cos(wn,ut) + Wi E C2n,u Sir'|(wnu

n=-—wx n=—ox

— cod wm(t — to) — (N — MOt}
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The amplitude in the pseudopotential model is thus

i= A7+ W2 (1+1a) (37)

Note that commonly only the secular oscillation is
considered in the pseudopotential model. Only a few
authors [53,54] have included the correction for the
micromotion, and the corresponding model has been
termed the modified pseudopotential model [53]. Ne-
glecting the micromotion completely leads to less
accurate results, particularly in problems which de-
pend on the velocity rather than just the position of the
ion [53]. Only the modified pseudopotential model
will be used in this work. In Eqg. (37) the factor (&
%qu) results from inclusion of the micromotion. The
secular frequency is approximated by

1 1.2
E1au+§quﬂ

Wuerker et al. have verified this approximation ex-
perimentally and determined it to be accurate within
1% for g, = 0.4, a, = 0 [31]. One finds

w, =

(38)

<

w=(C oy + Cou+ Co)
' (C—Z,uw—Z,u + CO,qu,u + C2,u°‘)2,u)

= C_"u(l - %qg

(39)

4. Continuous dipolar dc

Equation (25) describes the motion of an ion subject
to a continuous dipolar dc signal. Re-substitution and
application of trigonometric addition theorems yields

“+ oo + o0

2 2

QW n=—o m=-—wx

C2nu Zm”{cos{(n _ m)Qt]

n,u

(40)

Thus the ion oscillation is the sum of the oscillation
without application of the dipolar dc and an additional
term. The meaning of the different summands can be

Uz(t) = )\i Coia)ut) + i SII’I((I)ut) + 1 2) 2
U

{1 —coda,t -t} [1-

illustrated by applying the pseudopotential approxi-
mation to equation (40)

30y CogQ)] (41)
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=—— Complete General Solution
— Pseudopotential Solution

Dipolar DC

Z /™

z/ mm

hva
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-8 T T
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/\\\/W/A\V
2'5 3’0 3IS 4

0

t/us

Fig. 2. Example of the effect of a continuous dipolar dc on the motion of an ion with mass-to-charge ratio 104, Fh @t278,a, = 0
(B, = 0.2) in anideal trap withr, = 10 mm,z, = 7.07 mm, and}/(2m) = 1 MHz. The amplitude of the ion oscillation before application
of the dipolar dc is 2 mm, the dc voltage-20 V. Both the complete general solution (40) and the pseudopotential approximation (41) are shown.

The third term in the sum is due to the perturbation of
the dipolar dc. It approximately has the effect of
shifting the center of oscillation by a distance given
by the time-independent factor of the third term.
Differing from the case of a dipolar rf contribution
[48], the shifted oscillation is not symmetric. Since
the rf field but not the dipolar dc field vanishes in the
center of the trap, the micromotion at the turning point
closer to the center of the trap is weaker than the
micromotion at the opposite turning point. This effect
is illustrated in Fig. 2, which shows the motion of an
ion with a mass-to-charge ratio of 100 Th (the unit
Thomson is defined as [55] 1 Th 1 ufe,, where u is
the atomic mass unit ang, the elementary charge)
held atq, = 0.278,a, = 0 under the influence of a
supplementary dipolar dc of 20 V. The plots show
the results of Eq. (40) and its approximation (41). The

small deviations between the results are mainly due to

the slightly different secular frequencies, which were
calculated from Egs. (29) and (38), respectively.
Obviously, application of the dipolar dc can signifi-

cantly increase the kinetic energy of the ion. This
observation led Wang et al. to the excitation method
termed “nonresonance excitation,” in which ions are
excited for collision induced dissociation (CID) by a

dipolar dc field [22]. Since collisions with buffer gas
atoms result in subsequent cooling of the ion popula-
tion, the direction of the dipolar field is reversed with
a frequency which roughly corresponds to the cooling
time. Thus the ion is excited repetitively.

Wang et al. also showed that the dependence of the
spatial shift on the mass-to-charge ratio can be used to
remove ions above a certain mass from the ion trap. If
the ion initially is at rest in the center of the trap, (=
w; = 0), according to Eq. (41) the maximum exeur
sion from the trap center will be

2/eEP|

(1 - %qu)ma)ﬁ

gmax
u =

2 (42)

Neglecting the correction factor due to micromotion and
assumingg, = 0, the expression can be simplified to

2|eEP| m(raQ\% .
-2 = 47 |E |
mag el \yAZV

The magnitude of the excursions is therefore approx-
imately proportional to the mass-to-charge ratio of the
ion. Thus all ions with a mass-to-charge ratio larger
than a certain value determined by the rf amplitude,
the dc voltage and the trap geometry will either be

mmax _

uz

(43)
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ejected from the trap or impinge on the trap elec- eE® 2 C
trodes. Therefore, in addition to the low-mass-cutoff A;= A; + MO > 2.4 {cod w,(ty + At)]
due to the properties of the dynamic trapping a Wn=—x Ony

“high-mass-cutoff” due to the static dipolar field can — coS @, to)} (45a)
be established and a particular mass range selected.
The shift in the center of oscillation during application eED < Canu
of a dipolar dc has also been used by Nappi et al. for Hf — 2 {sinfon(to + AD)]

mQ W n=—x Ony
single-ended image current detection [56]. It was
found that the image current signal on the detector — sin(w, to)} (45b)
electrode increased if the oscillation center was Clearly, the ion can take up energy or lose energy to
shifted toward the detector electrode. the electric field, thus increasing or decreasing its

oscillation amplitude, depending on its oscillation

5. Dipolar dc pulse amplitude and phase at the time at which the pulse is

applied and on the dipolar dc voltage. An example for
In the following sections, the effect of the appli- both cases is shown in Fig. 3. A dipolar pulse with an
cation of a dc pulse of lengtiit on the ion motion amplitude of +6.12 V and width of 5us is applied
after the pulse is investigated. Note that an ideal during the oscillation of an ion with a mass-to-charge
rectangular pulse is assumed, while in real experi- ratio of 100 Th held at, = 0.278,a, = 0 in an
ments a pulse will always have a finite rise and fall jgeal trap with Q/(27) = 1 MHz. Depending on
time and ripple. However these deviations from the \yhether the pulse is applied during the downwards
ideal pulse form can be made small compared to the motion (i.e. motion parallel to the dc field) or upwards
total pulse amplitude and width, and in that case N0 mgtjon (i.e. motion antiparallel to the dc field) of the

significantly different results will be obtained. ion, the oscillation amplitude is increased or de-
Re-substitution transforms Eq. (27) into creased. The pulse amplitude 66.12 V was calcu-
oo lated according to Egs. (45) such that in the latter case
Us(t) = A >, Cony COS@p t) all kinetic energy is removed from the ion.
n=-v= To gain a more detailed understanding of the
e dependence of the resulting oscillation amplitude on
> Conu Sin(wp b) (44) the amplitude and phase of the initial ion motion, the
n=-= phase of the rf, and the pulse amplitude, the oscillation
where amplitude can be calculated from Egs. (33) and (45)

. g 5 eE®’ | & Con _ N
Uz = z |C2n,u| )\ + M’I +4 Q z {_)\i Sm[wn,u(to + EAt)] + Wi COs[wn,u

n=—o W/ n=—w @Wny
+oo +oo

(t0+ At)]}sm( wnuAt)+4( SD) > CanuC I oo d (n — m)Q
W,

n=—c m=—x Onu®my

1/2
(to + 5 ADISING 0 Ab)sinG wm,uAt)} (46)

The amplitude after the pulse is determined by four pulse. The last two terms are due to energy exchange
terms. The first two terms represent the energy con- with the electric field. Their meaning becomes clear in
tained in the motion prior to the application of the the pseudopotential model, where Eq. (46) reduces to
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Fig. 3. Motion of an ion with a mass-to-charge ratio of 100 Tlgat 0.278,a, = 0 (8, = 0.2) in anideal trap withr, = 10 mm,z, =

7.07 mm, and)/(2m) = 1 MHz under the influence of a dipolar dc pulse applied during the downward motion (motion parallel to the dc field,;
start at 12.5us) or upward motion (motion antiparallel to the dc field; start at Ji&p The amplitude of the ion oscillation before application

of the dipolar dc is 2 mm, the dc width is/&s and the pulse voltage i56.12 V.
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where also contains the contribution of the micromotion. The
reason for this is that the contribution of summands of
higher order is much weaker in the third term of Eq. (46)
than in the ion velocity, where the frequencies appear in
the numerator and not in the denominator. Therefore, the
is the secular ion velocity dt= t, + %At. The fourth amplitude after the pulse is, to a good approximation, a
term is independent of the amplitude or phase of ion measure for the amplitude and phase of the secular
motion, while the third term describes the ion motion oscillation, if the fourth term can be made sufficiently
dependent energy exchange with the electric field. If the small. This unique property of the dc pulse excitation
ion is moving in the direction of the dipolar field, i.e. if ~ will be dealt with later.

velocity and field are parallel, this term is positive; if the

ion is moving against the field, this term is negative.

However, the third term in Eq. (46) is, to a good 6. Dipolar dc pulse excitation

approximation, proportional to the secular velocity only, An ion initially at rest (; = w; = 0) can be

i.e. the term of order zero, not to the total velocity which forced into oscillation, the amplitude of which is

5ty + LA = —A@, Sina,(ty + 2AD)]

+ iy cogoy(to + ;AD] - (48)
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determined by the voltage of the dc pulse, its width versely proportional to the secular frequency, but
and its phase relative to the rf. During normal opera- because, for a given rf voltage, the secular frequency
tion of the ion trap, ions created in the trap or injected is roughly inversely proportional to the ion mass, the
from outside are cooled to the central region of the ion amplitude of ion motion is nearly independent of ion
trap by collisions with light buffer gas atoms. Due to mass at fixed rf trapping voltage.
the thermal energy of the buffer gas atoms and space At higher g, higher orders can no longer be
charge effects, the ion cloud has a finite width which, ignored. Then the oscillation amplitude becomes de-
in commercial ion trap mass spectrometers, is of the pendent on the phase of the rf driving frequency.
order of 1 mm [57,58]. While for these iong # 0 Dawson and Lambert [35] and later Todd and Wal-
and/or u; # 0, the ion cloud can nevertheless be dren [59-62] observed this problem in experimental
excited into coherent oscillations, and the average ion Studies and showed that it may lead to mass discrim-
will behave similarly to an ion which resides at the ination effects. There are several ways to deal with the
center of the trap prior to the dc pulse, provided the dependence on the rf phase. To obtain reproducible
increase in kinetic energy due to the pulse is large results, the dc pulse can be phase locked with the rf.
compared to the ion’s initial kinetic energy. However, since according to Eq. (46) the effect of the
For working points corresponding to small values 'f phase will, in general, depend on the ion frequency,
of B,, the contributions of higher orders in Eq. (46) this method should not be used for experiments
are negligible and the rf phase dependence vanishesinvolving ions of different mass. For these experi-

In the pseudopotential well model one has ments, the results could be averaged over a number of
different rf-phases. More conveniently, the optimum

A 2 |eEP sin(% @0 A choice of the pulse width can also reduce the effect of
Ug = I o (49) the rf phase dependence. In the following section the
1-3% ou influence of the pulse width on the rf phase depen-

dence will be investigated, starting with consider-
ations for ions of one mass.
Fig. 4 shows the dependence of the oscillation
amplitude after the pulse on the pulse width for
o 2 [2m g, = 0.3, a, = 0. The amplitude is given in units
At=v w0, VB, (Q) v=123, ... relative to the linear case (51). Because of the depen-
’ (50) dence on the rf phase, a range of amplitudes is
obtained when the start ting is varied over one rf
cycle. Fig. 4 gives the maximum and the minimum

Thus, the dc pulse is without effect for a pulse width
which is an integral multiple of the inverse secular
frequency, i.e.

To avoid mass discrimination effects because of the
frequency dependence, the pulse width should be Sma”amplitude as calculated from Eq. (46). Also shown is

compared FO the pgriod of one §ecu|ar oscillation. In the result of the pseudopotential approximation (49).
practice, this condition can be fulfilled for a reasonable The dependence on the rf phase decreases with
mass range if the pulse width does not exceed two rf

periods. For short dc pulséd << 27/wq , 8, = 0,
and neglecting the correction factor for micromotion,

increasing pulse width and vanishes for a value which
is slightly larger than the rf period. It increases again
for larger pulse widths, and vanishes for a second time

EQ. (49) can be further simplified to yield for a value slightly larger than two rf periods. The

R leEP| 2 overall importance of the rf phase decreases for large

Ug =" ——At= V2 |yA'\Rl|V |EP|QAt (51) pulse widths. However, for large pulse widths, the
u 2

amplitude decreases, and the contribution of the
The resulting amplitude is proportional to the dipolar secular term in Eq. (46) vanishes when condition (50)
electric field and roughly proportional to the pulse is reached. A similar behavior can be observed for
width. For a given ion mass, the amplitude is in- largerq values. Fig. 5 shows the dependence of the
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Fig. 4. Dependence of the oscillation amplitude after a dipolar dc pulse on the pulseAwifithg, = 0.3,a, = 0. The amplitude is given
in units relative to Eg. (51). Both the maximum and the minimum amplitude during one rf cycle as calculated from Eq. (46) and the
pseudopotential approximation calculated from Eq. (49) are shown.

oscillation amplitude on the pulse widikt for g, = about 1.7 rf periods. But condition (50) is reached
0.85,a, = 0. Here, the rf phase dependence of the already for a pulse width of about 2.5 rf periods
oscillation amplitude vanishes for a pulse width of because of the larger secular frequency at this work-

—— Complete General Solution
— Pseudopotential Solution
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Fig. 5. Dependence of the oscillation amplitude after a dipolar dc pulse on the pulseAwidithg, = 0.85,a, = 0. The amplitude is given
in units relative to Eqg. (51). Both the maximum and the minimum amplitude during one rf cycle as calculated from Eq. (46) and the
pseudopotential approximation calculated from Eg. (49) are shown.
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Fig. 6. Optimum pulse widths in units of the rf period as a functiomgfor a, = 0 as calculated from Eq. (52).

ing point. This indicates that an optimum pulse width
can be found for values between 1 and 2 rf periods.
Analysis of Eq. (46) shows that it is the mutual

dependence of oscillation amplitude on the rf phase
for most practical purposes.
Fig. 7 shows the maximum and the minimum

compensation of higher order terms, which leads to a amplitude as a function o, for a, = 0 andAt =

vanishing of the rf phase dependence. In particular,

the two terms which contain the produgg ,C, , or
Co.uC_5, are of importance. They compensate each
other under the condition

Cou ,(1 ) C oy _(1 )
ou sin| 5 g At o 10 sin| 5 w_p At
; Cau '(1 At) =0 52
01 sin 5> @1y = (52)

The result of a numerical calculation for these pulse
widths as a function of|, for a, = 0 is given in Fig.

6. For smallg,, the optimum values are integral
multiples of the rf period. For largeg,, the optimum

1.1(27/Q)). The amplitude increases slightly, but
almost linearly withq,, and a significant rf depen
dence is observed only fay, > 0.6. Themaximum
and the minimum amplitudes of the secular oscillation
are also shown. Itis almost independent|gfviz. the
ion mass, and the rf phase far, < 0.6. Thus,
excitation of ions by dipolar dc pulses for a variety of
experiments is feasible, in particular for those where
broadband characteristics are required, viz. those in
which the ions must be excited to the same oscillation
amplitude independently of their mass.

This property is hardly changed if more realistic
fields instead of the pure quadrupolar trapping field
with a dipolar dc superposition are considered. Fig. 8

values increase because of the asymmetry in the shows the oscillation amplitude after the dc pulse as a

coefficientsC,,, ,. However, the dependence qgpis
weak, and significantly different values are required
only for working points close to the stability boundary
atq, = 0.908. Apulse width of 1-1.1 times the rf
period should therefore sufficiently minimize the

function of pulse voltage for dipolar pulses in a trap
without high order fields and for dipolar and monopo-
lar pulses in a trap with high order fields. Simulations
were obtained using the ion trap simulation program
ITSIM for an ion with a mass-to-charge ratio of 100
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Fig. 7. Maximum and minimum oscillation amplitudes as a function,pfor a, = 0 calculated for a pulse width dft = 1.1(2#/Q). The
amplitude is given in units relative to Eq. (51). The total amplitudes including micromotion as well as the amplitudes of the secular oscillation
only are shown. The results of the pseudopotential solution are also given.
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Fig. 8. Dependence of oscillation amplitude as a function of pulse voltage for an ion with a mass-to-charge ratio of I0T0R,a, =

0 in a stretched trap withy = 10 mm,z, = 7.83 mm, and)/(27) = 1 MHz. The maximum and the minimum amplitude for dipolar and
positive monopolar pulses with a width of 1.4 as obtained by simulations are shown and compared with the results of Eq. (46), which
includes only a quadrupolar rf field and a dipolar dc field.
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Thatg, = 0.3,a, = 0, which oscillates along the tipole expansion for the monopolar pulse according to
axis under the influence of a 1.Q¢ dipolar dc pulse EqQ. (4). During the pulse the ion movement is modified
with variable amplitude in a stretched ion trap with by the additional quadrupolar dc voltage, which signifi-
ro = 10 mm andz, = 7.83 mm.Both the multipole cantly changes the ion’s frequency. The larger the pulse
expansion method using the coefficients given in voltage is, the larger the quadrupolar dc, and the larger
Table 1 and the field interpolation method were used, the deviation from the dipolar case. It may be possible to
but differences in the results of the two methods were optimize the pulse width for monopolar pulses, but the
negligible. The results are shown in Fig. 8 and compared optimum value will in general depend on the pulse voltage.
with the analytical solution as calculated from Eq. (46). The results of simulations close to the stability
Due to the optimized pulse width, the oscillation ampli- boundary are given in Fig. 9. Here the ion was placed
tude after the pulse is nearly phase independent andatg, = 0.85,a, = 0 and the pulse width was chosen
increases linearly with pulse voltage. The influence of as 1.67us. The results show that close to the stability
the higher order field contributions is small. This finding boundary, the optimization of the width of the dipolar
is consistent with the work of Gaboriaud et al. [63], who pulse according to Eqg. (51) is less effective in the
calculated an efficiency factor for the strength of a presence of nonlinear fields, but that, unless the ion has
dipolar voltage during resonance excitation, which takes to be brought close to the end-cap electrode, the rf phase
into account the higher odd-order terms of the electric dependence is still relatively weak. Monopolar pulses,
potential. They showed that the efficiency factor varies however, show a strong rf phase dependence under these
only slightly with average ion energy, viz. distance from extreme conditions, and the oscillation amplitude in-
the trap center. The reason for the weak dependence orcreases nonlinearly with monopolar pulse voltage.
the higher odd-order fields of the dipolar pulse, here in ~ Holes in the end-cap electrodes, which allow injec-
particular the hexapole, is that these only contribute tion of electrons or ions into, and ejection of ions from
significantly at larger distances from the trap center. If real ion trap devices, also cause nonlinear fields. These
the pulse width is smaller than a quarter of the secular field faults have not been included in the simulations for
oscillation period, the dipolar pulse is turned off before Figs. 8 and 9, because their influence is limited to ions
the ion reaches regions with significant higher order which come very close to the end-cap holes, and thus
fields. The higher even-order terms of the rf field due to can be ignored unless the ejection of ions is investi-
the stretched geometry hardly affect the ion motion, gated. The next section will address this problem.
because, as has been shown earlier, dc pulse excitationis Qualitatively the results obtained here should be
a broadband method and hence not influenced by smallcomparable with experiments, in which the ion ejec-
changes in ion frequencies. This is an important advan- tion efficiency was studied for varying dc pulse
tage over single-frequency resonance excitation, whereapplication times and hence different rf phases. Com-
higher order fields shift the ion frequency out of parisons can be made by assuming that there is a
resonance with the excitation frequency for increasing monotonic relationship between oscillation amplitude
oscillation amplitude, therefore the excitation fre- after the dc pulse and the number of ions ejected by
guency has to be tuned for a given excitation voltage. the pulse, viz. that the larger the oscillation amplitude
Also shown in Fig. 8 are the results of simulations for in the direction of the applied pulse for a given pulse
monopolar excitation in a stretched trap, where a posi- voltage, the more ions are ejected. Weil et al. used dc
tive pulse was applied to one end-cap electrode only, pulses, the width of which was short compared to the
leaving the other grounded. The polarity of the pulse rf period [24]. They demonstrated that if a cooled ion
cor-responds to the “pulse-out” mode in the experiments population is subject to dc pulse excitation, the
of Todd and Waldren [59]. Here, the dependence of os- number of ions ejected from the trap varies almost
cillation amplitude on pulse voltage is nonlinear, and the sinusodially with the pulse application time and that the
dependence on rf phase is much stronger. This result canfrequency of the variation is equal to the rf drive
be explained by the quadrupole contribution in the mul- frequency, as expected from Eq. (46). It has also been
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Fig. 9. Dependence of oscillation amplitude as a function of pulse voltage for an ion with a mass-to-charge ratio of f)0-Ti085,a, =

0 in a stretched trap withy = 10 mm,z, = 7.83 mm, and)/(27) = 1 MHz. The maximum and the minimum amplitude for dipolar and
positive monopolar pulses with a width of 1.6 as obtained by simulations are shown and compared with the results of Eq. (46), which
includes only a quadrupolar rf field and a dipolar dc field.

shown experimentally that, as derived above, the rf  Overall, dc pulses are a feasible method for excit-
phase dependence can be greatly reduced, if the dc pulséng ion motion, unless ions close to the stability
width is chosen somewhat larger than the rf period [64]. boundary are of concern. There, however, the trap-
The experimental studies by Todd and co-workers ping efficiency is poor, so that in practice this is not a
[32,59-62] are more difficult to compare with the serious limitation. Dipolar pulses should be preferred
results of the theory presented here, since they did notover monopolar pulses. dc pulse excitation has the
employ the use of a light buffer gas to cool the ion cloud advantage that the duration of the excitation process is
to the central volume of the ion trap. Nevertheless the very short and thus it will not be influenced by
results of Todd et al. also show a rf phase dependence. Itcollisions of ions with buffer gas atoms in the ion trap.
increases witla, [62], which is consistent with Eq. (46), However, if ions are undergoing coherent oscillations,
because at highey, the coefficientsC,,, become larger  the effect of the dc pulse depends on the secular
compared t&C,. Todd et al. also noted a variation in the frequency and the application time of the pulse. There-
rf phase dependence with pulse width [60]. Qualitatively fore, care should be taken if ions are to be re-excited
this also can be explained by Eq. (46), since, to be after a first dc pulse before the ion motion has been
precise, the rf phase effect depends not on the time sufficiently dampened to the center of the trap.

t, of the rising edge of the pulse, but on the center time

t = t, + ;At. However, it should be noted that they

used monopolar pulses instead of dipolar pulses, and that7 pc tomography

Eq. (46) therefore does not hold strictly for their exper-

iments. The mass [60] and pulse voltage [62] effects on  In Sec. 6, the ions have been assumed to be at the
the rf phase dependence observed in their studies couldcenter of the ion trap prior to application of the dc
be due to the quadrupolar contribution of the dc pulse, as pulse. Now this assumption will be removed, and it
explained previously. will be shown that the number of ions remaining in the
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Fig. 10. Oscillation amplitude of an ion with a mass-to-charge ratio of 100 T at 0.3, a, = 0 under the influence of 60 V dipolar
dc pulse with a width of 1.04s in an ideal trap witl, = 10 mm,z, = 7.07 mm and/(2w) = 1 MHz as a function of the pulse application
time t,. The ion’s position and secular velocity gtare also shown.

trap after the pulse correlates with ion motion, if the where
pulse voltage is chosen such that a part of the ion
population is ejected from the ion trap. It will be 2 4eer
assumed that the pulse width is chosen according to Eq. ©
(52), such that the contribution of higher order terms in

> leE° sin(% o Ab)|

(1-3qy)

(55)

~2
mao;,

the ion oscillation amplitude is small. This assumption
will be validated by computer simulations.

Equation (47) describes the oscillation amplitude
of an ion after application of a dipolar dc pulse in the

pseudopotential approximation. Assuming that the
pulse voltage is large enough for the ion to increase its

oscillation amplitude significantly, i.e. if

|eE® sin(5 @, A)]
Ay <4

mag,, (53)

Eq. (47) can be approximated by

. 2 eP useqt, + At
Us(ty) = A—ﬂ@%M+i&—J
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U Seqt, + At
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u

~ K -
= W3et — 17Tty + ;A

u

(54)

+(1+3q,) eE’sinGa,At) =0
K= . L (56)

-(1+3q) eE’sinGaAt) <0
Thus, for a fixed dc pulse voltage and pulse width, but
varying timest, at which the pulse is applied, the
resulting oscillation amplitude is given by the sum of
a constant par@i™©tand a part which is proportional
to the secular velocity at, + %At. Fig. 10 illustrates
this behavior for an ion with a mass-to-charge ratio of
100 Th atg, = 0.3,a, = 0 under the influence of a
—60 V dipolar dc pulse with a width of 1.0ds in an
ideal trap withQ)/(27) = 1 MHz. The ion oscillation
amplitude prior to the pulse is 1 mm. Note that Fig. 10
represents the result of a large number of experiments,
during each of which the amplitude for a specific
pulse application timé, is measured, and the result-
ing amplitudes are plotted as a function tgf It is
evident from Fig. 10 that if the pulse width is chosen
appropriately, the amplitude after dc pulse is deter-
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Fig. 11. Oscillation amplitude of an ion with a mass-to-charge ratio of 100 §h at 0.85,a, = 0 under the influence of @37.4 V dipolar
dc pulse with a width of 1.64s in an ideal trap with, = 10 mm,z, = 7.07 mm, and)/(2) = 1 MHz as a function of the pulse application
time t,. The ion’s position and secular velocity tare also shown.

mined predominantly by the secular oscillation, rather motion of ions in the trap and to measure their secular
than by the sum of secular oscillation and micromo- frequencies [23,24].

tion. Fig. 11 emphasizes this point by showing the Quantitative treatment of the process requires knowl-
equivalent result forg, = 0.85, a, = 0, a pulse edge of the phase space distribution function of the ions
voltage of —37.4 V and width of 1.67us. The pulse  before and after application of the pulse. If an ion cloud
voltage has been reduced from the previous exampleis forced into coherent motion, e.g. by resonance exci-
to compensate for the larger pulse width. Although at tation, its phase space distribution function is determined
this working point the ion motion without dipolar dc  both by the width of the ion cloud prior to excitation of
is no longer dominated by the secular oscillation but coherent motion and the oscillation of the center of the
shows the strong influence of the micromotion, the ion cloud. For the secular oscillation of the ion cloud
amplitude still follows primarily the secular velocity. center and an ion cloud with Gaussian distribution of
It can also be seen from Fig. 11 that the oscillation in standard deviation,, the phase space distribution func-
the amplitude is shifted in phase by half the pulse width tion can be written as

compared to the oscillation of the secular velocity.

The correlation of the oscillation amplitude after the g(gses gsec t) = _1 5
dc pulse with the secular oscillation before the pulse can 2TH,0,
be used to probe the coherent motion of ions in the trap [0S — eoM(D)]?
experimentally. If the pulse voltage is chosen such that expl — %
O-U

most ions are ejected if the oscillation amplitude after the

pulse is large and only few ions are ejected if the [{3e°— Gom(t)]?
oscillation amplitude is small, the number of ejected ions — 2(500)2>
and the number of ions remaining trapped after the pulse s
follow the secular motion. This technique, termed dc where positiori$°" and velocitytis®" of the coherent
tomography, was first used by Weil et al. to probe the secular oscillation of the ion cloud center is given by

(57)
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usen(t) = AN cod i t) + wCoMsin(@t) (58a) because the result of the dipolar dc pulse depends
_ mainly on the velocity contribution of the secular
Ut = —@ A" sin(@yt) + @ u " cog @ t) oscillation only.

(58b) Integration of Eq. (57) over space and transforma-

A" and u°°" determine amplitude and phase of the tion of velocity to amplitudeﬁ3 after application of a
oscillation. It should be noted here that Eq. (57) has dipolar dc pulse at timg, according to Eq. (54) yields
been chosen not to include the effects of micromotion, the distribution function for oscillation amplitude

2
2 ~ K - 1
1 (us _ ugffset_ ET U‘:I:_Oh(to + EAt)>

gl t) =————exp — - (59)
0 2w+ gy, 2[(1 + ta)o,l?

The numbem(t,) of ions remaining in the trap after
the pulse applied at = t, is therefore given by

2
N . (ﬁs _ ﬁgffset_ @L l'—J;:oh(to + %At))
mwz'mxf expl — u d, (60)
a1+ aga ), 211+ 1q o

whereu, is the distance from the trap center to the the dependence of ion abundance on oscillation am-
end-cap electrode in thedirection and\,, .. the total plitude is nonlinear. For larger amplitudes, the differ-
number of ions in the trap before application of the ences in the changes in ion abundance get smaller,
pulse. h‘ﬁg“‘S‘Et = U, the variation in the ion numberis  and amplitudes larger than 2 mm result in an almost
symmetrical and, on average, half of the ions are rectangular signal, because either all ions are trapped
ejected from the trap. According to Eq. (54), this can or all ions are ejected. Hence, the range of positions
be achieved by choosing that can be investigated is of the order of the width of

the ion cloud. To monitor ion oscillations with larger

amplitudes, the range of positions should be chosen
(61) close to the turning points of the coherent oscillation
of the ion cloud and the pulse voltage should be
adjusted accordingly. To make the dc tomography
technigue most sensitive for ion motion at a position
u, the corresponding pulse voltage should be chosen
approximately as

1
1-2%  maZ g

u
2 ¢ sinG @ At) A?°

uP = —

Fig. 12 illustrates this case for ions with a mass-to-
charge ratio of 100 Th held g, = 0.3,a, = Oinan
ideal trap withry = 10 mm, z, = 7.07 mm, and
Q/(27) = 1 MHz and a pulse voltage 6f71.8 V for
different amplitudes of the coherent oscillation. The 1- %qu
ions were initially distributed along theaxis accord- uP= -
ing to a Gaussian distribution with a standard devia-
tion o, = 0.4 mm. The example shows that dc 1
tomography can detect very small changes in the Lo = (1 +30q)u] (62)
secular oscillation, in particular for oscillation ampli-  Note that Eq. (62) was obtained for condition (53) and
tudes which correspond to a relative ion abundance of that adjustments to the pulse voltage are necessary if
about 0.5. There, differences in oscillation amplitude the amplitude of the coherent oscillation before the
of less than 0.1 mm should be detectable. However, pulse is very large.

mo? 'n

2 ¢ sinG @,At) A?
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Fig. 12. Relative abundance of remaining ions after application of a dipolar pulse with a voltagd &V and width of 1.04s as a function

of the application time, of the pulse and for various amplitudes,;, of the coherent motion of the ion cloud. The phase of the coherent motion
is the same as in Fig. 10. The ions with a mass-to-charge ratio of 100 Th are hgle=ab.3,a, = 0 in an ideal trap withrg = 10 mm,

z, = 7.07 mm, and)/(27) = 1 MHz and were initially distributed along theaxis according to a Gaussian distribution with a standard

deviationo, = 0.4 mm.

Fig. 13 shows the relative abundance of the remain-
ing ions for the same conditions as in Fig. 12, however
a pulse voltage 0f-95.1 V is used to “zoom” into the
region ofz = —2 mm. Consequently, the turning points
of the coherent oscillation of the ion cloud can be
examined if the oscillation amplitudes are close to 2 mm.
According to Eq. (60), the center of the ion cloud can be
found atz = —2 mm at timeg,, for which the relative
abundance after the pulse is 0.5.

The effect of nonlinear fields is shown in Fig. 14.
Simulations for 1000 ions with a mass-to-charge ratio
of 100 Th held ag, = 0.3,a, = 0 in a stretched trap
with ro = 10 mm, 7z, = 7.83 mm, andQ/(27) = 1
MHz were obtained as a function of the pulse applica-
tion time for a pulse of 91.5 V and 1.04s. The
analytical approximation (60) and the result of simula-
tions, which include only the quadrupole and dipole
terms with the coefficients given in Table 1 are shown.
Simulations which include higher order fields were also
obtained, but differ only slightly from the case of linear
fields and are not shown. A larger deviation arises from

effect of the end-cap holes is that they lead to field
penetration into the holes and thus weaken the electric
field close to the end caps. The electric field increases
linearly with distance from the center of the trap, but
closer to the end-cap holes it levels off, decreases and
goes to zero inside the end-cap holes. The transition
from linear field to almost zero field is very sharp and
has the overall effect that ions are ejected at a distance
ue™ from the trap center, which is smaller than the closest
distanceu, from the trap center to the end caps. For the
trap geometry used in the simulation with end-cap holes
of 1.2 mm diameter, the ejection point is approximately
W™ = 7.2 mm. This value can be used in Eq. (61) to
calculate the pulse voltage for the case of electrodes with
end-cap holes. The results of the corresponding simula-
tion which uses a pulse voltage 684 V, are also given

in Fig. 14. Unlike the simulations shown previously, the
ions were not confined to motion on thexis, but were
also given different initial radial positions according to a
standard deviatiow, = 0.4 mm. These more realistic
conditions result in no significant deviation in behavior

the effects of holes in the end-cap electrodes. The main from the idealized conditions.
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Fig. 13. Relative abundance of remaining ions after application of a dipolar pulse with an amplitu®&.df V and width of 1.04s as a
function of the application timé, of the pulse and for various amplitudgs,,, of the coherent motion of the ion cloud. The phase of the
coherent motion is the same as in Fig. 10. The ions with a mass-to-charge ratio of 100 Th arggheld@B, a, = 0 in an ideal trap with

ro = 10 mm,z, = 7.07 mm, and)/(2m) = 1 MHz and were initially distributed along theaxis according to a Gaussian distribution with
a standard deviatiomr, = 0.4 mm.

These results show that dc tomography is a feasible ions in the rf quadrupole ion trap. They allow for a
technique for probing the secular motion of ions in the rapid increase or decrease of ion kinetic energy. It has
ion trap. Almost sinusodial signals can be obtained, even been shown that dipolar dc pulse excitation is a
in the presence of nonlinear fields. Weil et al. have broadband method over a large mass range, and that
shown that the ions’ secular frequency can be measuredthe pulse width can be chosen to avoid an rf phase
using dc tomography [24]. They have also suggested dependence. Dc tomography is a technique which
high resolution activation and high resolution mass employs selective ejection of ions depending on the
analysis as possible applications. Further, factors which secular motion of a coherent ion cloud and thus can be
influence the motion of ions can also be elucidated using used to probe the motion of ions in the ion trap.
dc tomography. For example, it is possible to measure Although removal of ion kinetic energy by use of dc
relative collision cross sections of ions using this tech- pulses has not been investigated in detail, the theory
nique [64]. To achieve this, ions are excited into coher- presented here could also be applied to problems such
ent oscillations in the presence of a buffer gas. In elastic as the use of dc pulses to improve the trapping
collisions the ions lose kinetic energy and decrease their efficiency of ion injection.
oscillation amplitudes. The change in amplitude can be
measured by dc tomography and connected with the

collision cross section. Acknowledgements
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Fig. 14. Relative abundance of remaining ions after application of ads@ipolar pulse as a function of the application titgef the pulse.

The amplitude of the coherent motion of the clougkjs,, = 0.8 mm and the phase is the same as in Fig. 10. The ions with a mass-to-charge
ratio of 100 Th are held a, = 0.3,a, = 0 in a stretched trap with, = 10 mm,z, = 7.07 mm, and}/(27) = 1 MHz and were initially
distributed along thez axis according to a Gaussian distribution with a standard deviatior= 0.4 mm. Shown are the analytical
approximation and a simulation using 1000 ions and the quadrupole field with the superposition of the dipole field-€886.fo\adc pulse.

Also shown is a simulation with the real field including its nonlinear contributions due to the stretched geometry and end-cap holes. To correc
for the effect of the end-cap holes, the pulse voltage for this simulation8dsV, and the ions were also spread in radial direction according

to a Gaussian distribution witlr, = 0.4 mm.
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