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Abstract

A new ion trap is constructed of a cylindrical ring electrode and hyperbolic end caps. The premise is to determine the effec
ring electrode geometry has on the operation of the ion trap. A model for the potential and electric field within the trap is
developed. The model is used to show how adjusting the geometric parameters of the cell could be used to reduce the presel
of higher order fields or optimize other desired properties. The stability diagram is mapped experimentally and using the

standard definition foq,, the .., was determined to be 0.76. A proposed modification for the definitiap,ofhich adjusts
for the shape of the cylindrical ring electrode, results i;a..0f 0.93. The trap is shown to have a linear scanning relationship,
resolved isolation and unit mass resolution. (Int J Mass Spectrom 190/191 (1999) 47-57) © 1999 Elsevier Science B.V.

Keywords:lon trap mass spectrometry; lon detection; lon trap design; Mass spectrometry instrumentation; Trapped ion cell

1. Introduction pothesis, the standard hyperbolic ring electrode was
replaced with a cylindrical ring electrode.

There have been a variety of radio-frequency ion The cell under consideration is a hybrid between
traps that do not conform to the standard hyperbolic the standard hyperbolic ion trap and the cylindrical
geometry described in the literature [1-11]. There are ion trap (CIT). Performance in the hyperbolic ion trap

several reasons to deviate from the standard geome-has been well characterized [12] and the CIT is also well

try, such as increased ion storage [1], rapid ion
extraction [2], prolonged ion storage [3], miniaturiza-
tion [4], and ease of machining [5]. We consider here
a different geometry with which to study the effect of
ring electrode geometry on the performance of ion
trap operation. The justification is that ion trajectory
in mass selected instability mode is primarily along
the z axis, and specifically we show that the ring
electrode geometry can be significantly modified with
minimal detriment to performance. To test this hy-
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understood [7—11]. This new hybrid trap is characterized
first by the development of a model to describe the
electric potential and electric field within the volume of
the cell. Second, the stability diagram is experimentally
determined and related to tlee and g, dimensionless
parameters of a theoretical hyperbolic trap. Last, the
mass scan and isolation capabilities are discussed.

2. Theoretical

Although numerical solutions to the potential dis-
tribution within an ion trap cell is common with the
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electrode (), the radial displacement) and the
axial displacementz).

A model to describe the electric potential and the
electric field is developed in a method similar to
March and co-workers [9]. The primary assumption
here is that both the cylindrical ring electrode and the
hyperbolic end cap electrodes extend toward infinity.

Using the method of separation of variables, the
general solution to the Laplace equation with no
angular dependence (3) is given in Eq. (4):

Ring Electrode

/

V2d = V2R(r) Z(2)

B <92+13+<92 ROV Z(2)
Tlorz T rar a2 Az

\ End Cap Electrodes /

Fig. 1. Pictorial representation of the hybrid ion trap geometry used @ (r, z) = R(r)Z(z) = A cogc2)lq(cr) (4)
in the experiments with the definition of the relevant parameters.

=0 (3)

wherec is a constant resulting from the separation of

variables,A is the accumulation of integration con-
software available today, the derivation of an analyt- stants, and(x) is the zero order modified Bessel
ical solution often provides insight unavailable fynction of the first kind [10].
through numerical analysis or simulation. For this In order to determine the exact solution for the
purpose a solution to the electric potential and electric \,,qdel potential within the hybrid trap, the boundary
field within the hybrid trap is derived. conditions must be considered. For the ring electrode,
the boundary condition is given in Eq. (5) where the
potential at the electrode is the applied potentigl,
V4. is the direct current component of the applied
potential, Vs is the amplitude of the oscillating
component of potential applie€l, is the frequency of
the oscillating potential antdis time.

2.1. Electric potential

The electric potential produced within the volume
of the trap is developed where a potential is applied to
the ring electrode and the end caps are grounded
(applying the potential in this manner is designated as ¢y, 7) = V, = V. + V,; cogQt) (5)
mode Il of operation [13]). The trap consists of two
hyperbolic end cap electrodes and one cylindrical ring For the hyperbolic end caps, which are at ground
electrode which are defined by Egs. (1) and (2), potential, the boundary condition is represented by

respectively, and illustrated in Fig. 1 Eq. (6), wherep is defined by Eq. (7)

2 r2 d(r, =zgp) =0 (6)
Z Zaro | )

) 0 p= \/1 + (r2/z(2) tar? 9) (7)
r=rj, (2)

Being dependent on two variables, a hyperbolic
The parameters used to define the electrodes are théoundary condition presents a difficulty; therefore, a
vertex and asymptotic angle of the end cap electrodescoordinate transformation is used which will convert
(z, and 6, respectively), the inner radius of the ring the hybrid cell into a cylindrical cell, by a method
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similar to that used by O and Schuessler [6]. Using the 2.2. Electric field

transformations of Eqgs. (8) and (9),

u=r

(8)

(9)

v=—
p

The electric field within the hybrid trap can be
found by taking the gradient of Eq. (16)

Ly
ar '

+1af1>6
r oo

8CI>

Ve = 9z °

17)

the general solution to the Laplace equation becomes T he scalar of the electric field for the hybrid trap is

®(u, v) = A cogcrp)ly(cu) (10)

Following coordinate transformation, the boundary

conditions become
d(u, 75 =0 (11)
d(rqy, v) =V, (12)

for the end cap and ring electrodes, respectively. The

end cap boundary condition results in aagf = 0,

giving

2n+1
2z,

c,= T (13)

The final boundary condition is used, in conjunction
with Fourier's theorem, to determine the integration
constantA,,, which is

(—1)"2V,

CnZol o(Cnl 1) (14)

n=

Thus the solution of the potential i v) space is
-1" ( I
c, \lI

Using Egs. (8) and (9) the potential within the hybrid
ion trap, in cylindrical coordinates is

O(Cnu)
O(Cnr 1)

) cogc,p)
(15)

o) o)
O(Cnrl) p

(16)

Vo o (=D
750 Ch (I

The isopotentials resulting from Eq. (16) are shown in
Fig. 2(a).

d(r, 2 =

ab\2  [od\2
ey (5r) + (52 )
where
oD zvo (- 1)”[ S(cz)
ar 2 lo(Cpf 1) la(Cqr) co p
2r | , <cnz> 19

) o(Cyr) sin Y ] (19)
b —2Vo & ( O(Cnr)) (an)
Iz Zgp Eo( b° lo(Cnl1) S P (20)

andl ;(x) is the first order modified Bessel function of
the first kind.

2.3. Evaluation of potential and optimization of
geometry

Using the analytical approximations in Egs. (16)
and (18), the potential and field within the hybrid trap
can be determined. The isopotentials resulting from
Eq. (16) are shown in Fig. 2(a). Egs. (16) and (18) can
also be used to optimize the trap geometry.

The quality of a potential (or electric field) can be
evaluated in terms of the extent of poles which
contribute to the potential. Any potential distribution
with cylindrical symmetry can be described by Eq.
(21)

> A2+ AP
n=0

(1, 2) = [y e
N

whereA,, are scaling factors for each pole order (e.g.
n = 0—4 corresponds to the monopole, dipole, qua-
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Fig. 2. (a) Isopotential plot of Eq. (16), with = 1.4 cm,z, = 1.0 cm, andd = 53.6°. The applied potential difference between the ring
electrode and end cap electrodes is ten units. (b) Plot showing how adjustment of the asymptopit) angl¢he aspect ratiazf/r,) allows

not only the octopolar component of the electric potential to be removed (closed circle), but that other parameters, such as the fraction:
dodecapolar component (dashed line), can be optimized. The arrow indicates the only aspect ratio which the CIT has a zero octopolar ter
which also corresponds to the limit @sapproaches 90° for the hybrid trap. (The CIT aspect ratio was calculated to be 0.888, using the
equations in [9].)
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drupole, hexapole and octopole, respectively), and trode was replaced with a 304 stainless steel cylindri-
P,(x) is the Legendre polynomial [15]. Th&, terms cal electrode (i.d= 37.85 mm, width= 12.95 mm,
can be determined through some simplifications; e.g. gap= 4 mm). The end cap electrodes were not
thez axis of the electric field with mirror symmetry is  modified (z, = 7.81 mm,0 = 54.2°). The reagent,
represented by either dimethylether (DME), carbon tetrachloride or
perfluorotributylamine (PFTBA), was used at a pres-
sure of 4.0x 10 ° Torr, uncorrected. lonization was
achieved via electron ionization (EI) for period of 5.0
ms, and no bath gas was used.

In a perfect quadrupole ion trap, only the monopo-  |nstrument control was performed with software
lar and quadrupolar termsAg andA,, respectively)  associated with the ITMS system. Data acquisition
would be nonzero; however, in practice all real as performed using a LeCroy 9400 dual channel
electrode arrangements have some higher order termsgigital oscilloscope (LeCroy, Chestnut Ridge, NY)
In order to reduce the presence of higher order terms, and was transferred to a PC via GPIB, using
the aspect ratiorg/z,) is optimized to produce th&, LabVIEW (National Instruments, Austin, TX) soft-
terms near zeron( > 2), as is done with the \ware. Pressure measurements were made using a
hyperbolic [16] and cylindrical ion traps [7]. Bayard—Alpert, hot cathode ionization gauge (MKS

Using Eq. (20), thé\, terms for the hybrid trap are  |nstruments, Boulder, CO). The PFTBA and GCl
determined, and as expected an aspect ratio is foundware degassed through two freeze—pump-thaw cy-
where the octopolar termA() is zero. However,  cles. The DME was not purified. Samples were
unlike the CIT which has only one aspect ratio with introduced into the vacuum manifold using a Gran-
A4 = 0, the hybrid trap has the advantage of varying ville—Phillips (Granville-Phillips Co., Boulder, CO)
the asymptotic angle) [17]. This allows for an aspect  precision leak valve. Each mass spectrum consists of
ratio whereA, = O for each angle. The benefit of this  ten scans averaged on the oscilloscope. Following
added degree of freedom is that the trap can be transfer to PC, each mass spectrum was smoothed
optimized for other variables. Some examples include with a ten-point adjacent average [18]. This data
the optimization of the dodecapolar term, pseudopo- manipulation was performed in order to reduce the
tential well depth, or ion capacity without an octopo- nojse associated with circumventing the data process-
lar term. ing features on the ITMS circuit board.

Fig. 2(b) shows the relationship between the aspect  Stored-waveform inverse Fourier transform
ratio and asymptopic angle whefg = 0. Fig. 2(b)  (SWIFT) [19,20] waveforms were produced using
also shows how a particular combination of aspect | apVIEW software developed in-house. These 32k
ratio and asymptopic angle may be chosen to optimize gata point waveforms used a sampling rate of 5 MHz
the dodecapolar term. For example, if one chose an and were transferred to a Tektronix (Tektronix, Wil-
asymptopic angle of 50°, an aspect ratio of 0.956 sonville, OR) model AWG 2005 arbitrary waveform
would prOdUCG a potential distribution with no oc- generator via GPIB interface and triggered by the
topolar (A,) component, as well as a fractional |TMS software.
dodecapolar f¢/Az) contribution of —0.025. The dc potential generated by the ITMS was

determined by direct measurement with a digital

voltmeter for each dc offset used. The rf potential
3. Experimental generated was measured simultaneously with each

part of the experimental scan from the 12-bit DAC

For these experiments a modified ITMS (Finnigan, output of the ITMS, using the second channel of the
San Jose, CA) mass spectrometer was used for thedigital oscilloscope. A five-point calibration curve
determination of the stability diagram. The ring elec- was produced between the 12-bit DAC output to the rf

9D

a2l = 2 (1@ A (22)
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output test point of the ITMS, which is assumed to
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gram [Fig. 4(a)] was developed using the following

have a 1:100 ratio in amplitude when compared to the equations [23] to calculata, andq,, respectively,

actual potential at the ring electrode.

3.1. Determination of3, = 0 andB, = 0

The experimental timing diagram (scan function)
in determining the3, and B, boundaries is illustrated

16U, ’

% (mie) (13 + 22)02? (23)
8Vrf

(24)

27 (mie)(r? + 22902

in Fig. 3(a). During the trapping event of the experi-

ment, the trapping rf was set and dc potential was Where, Uqc is the dc potential applied to the ring
applied to the ring electrode. After a delay of 5.0 ms, electrode V,; is the rf potential amplitude applied to
the rf potential was linearly ramped and the ejected the ring electroder, is the inner radius of the ring
ions were detected. A plot of ion abundance versus dc lectrode (18.92 mmk, is the vertex of the hyper-
potential was generated and is illustrated in Fig. 3(b). Polic end caps (7.81 mm), anfd is the angular
As thep line was approached, a sharp reduction injon frequency of the rf potential (6. 10°rad s *) and
abundance was observed. This sharp portion of the (TV€) is the mass-to-charge ratio of the ion.

curve was linearly extrapolated to determine the The experimentally determined stability diagrams
intercept. Thisx intercept was defined as the dc for both fragments of DME have the same general
potential for instability for the specific storage rf Shape, yet appear condensed when compared to the
potential. TheB, = 0 ejection line was determined theoretical diagram for a hyperbolic trap. The reason
with a positive dc offset and the, = 0 ejection line for the reduced diagrams is related to the equations
was determined with a negative dc offset. This pro- used to defin@, andq,. If one considers the effect a

cedure was repeated for several rf storage potentials.Cylinder has on the potential at a fixed point when
compared to a hyperboloid, the cylinder will produce

a larger potential. In order for the potential to be the
same at this fixed point, the hyperbola would need to
The B, = 1 line was determined simultaneously be closer to the point. Since Egs. (23) and (24) are for
with the other lines. The points were determined by a hyperbolic ring electrode, there should be a scaling
the dc and rf potentials at which the ion was detected factor (k < 1) introduced into these equations which
via instability mode detection [21]. accounts for this effect. When the scaling factor is
introduced to correct the radial parameter, the stability
diagram approximates the theoretical hyperbolic sta-
bility diagram quite well. This is demonstrated in Fig.

- The isobeta lines, used to compare with the exper- 4(b) in which Egs. (25) and (26) are used to calculate
imental data, were calculated from ti2=0 and 5 ahqq  respectively, and with a value kf= 0.74.
B = 1 curves, described elsewhere [22]. Each poly-

nomial was truncated at the eighth order of the
polynomial.

3.2. Determination of3, = 1

3.3. Calculation of isobeta lines

_ —16Ug
%" (mie) (ki3 + 229)0°

(25)

- 8V,
4= (mie)(krZ + 2202

4. Results and discussion (26)

4.1. Stability diagram The scaling factor ok = 0.74 isinaccurate in two

primary respects: the determination of the rf ampli-
Using the procedures outlined to determine the tude used an approximation to relate true amplitude at

B, =0, B,=0 andB, = 1 lines, a stability dia- the cell to a test point on the rf generator circuit board
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Fig. 3. Determination of th@, = 0 andB, = 0 isobeta lines for the hybrid trap. (a) Timing diagram for experiment used to determine the
stability diagram. (b) Plot of ion abundance as the dc potential is decreased, at a constant storage trapping rf potentig),oft&#0ing
decay in ion signal as thg, = 0 stability boundary is approached.
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and the adjusted experimental stability diagram [Fig. order potentials on the quadrupolar potential can
4(b)] does not correspond to the boundaries of the result in ion ejection when an ion resides on certain
theoretical stability diagram. However, the fact that iso-8 lines, such ag, = 2/3 for hexapole ang, =
the experimental boundaries have a similar shape and1/2 for octopole. Such is@-lines which result in ion
nearly the same values as the theoretical boundaries,ejection are commonly called black canyons, and
suggests that one could use a proportionality factor of have been experimentally observed [25,26]. Black
0.74 with equations previously developed [12] for the canyons generally reduce the retention of daughter
theoretical hyperbolic ion trap to estimate a number of ions in MS/MS and M8experiments and the efficient
desired variables such as secular ion frequency or trapping of externally generated ions.
pseudopotential well depth. Higher order potentials are present in the hybrid
Although not evaluated in this study it is important trap, and one would predict that not only do black
to point out that evaluating the interior of the stability canyons exist for this geometry, but that their effect
diagram can be as important as the determination of should be greater than for a hyperbolic geometry.
the stability boundaries. Since no real ion trap can However, through the choice of appropriate geometric
produce a perfect quadrupolar potential, some higher parameters, such as aspect ratio and asymptopic
order potentials will be present. The existence of these angle, and experimental parameters, such as trapping
higher order potentials gives rise to a variety of potential, one could reduce the effects of these non-
nonlinear effects [24]. The superposition of higher linear resonances.
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4.2. Mass scan 100 g)
A sample of PFTBA was used to determine the % I
linearity of the mass scale relative to the rf potential.
Fig. 5 shows the resulting PFTBA spectrum and the
linear relationship between the rf potential applied to
the ring electrode and the mass-to-charge ejected as
predicted by both Egs. (24) and (26). Using Eq. (24)
the averag@eje.; = 0.76. With ak value of 0.74, the T R P S S TP
averagelejec is 0.93 using Eq. (26). 1o 15 120 125 130 135
As the PFTBA spectrum indicates, the mass range
is only 350 Da. This is a result of the large ring
electrode radiusrg = 18.92 mm)chosen [27] for 80 |
this experiment and is not a result of the geometry. I

[=)
S
1

Abundance
S
(=]
1

353
(=] S
T T

100 b)

4.3. Resolution and isolation

Abundance
S
=]
1

20

Two important practical features for a quadrupole

: . L SN
ion trap are the ability to resolve peaks of clos& 0 R
and the ability to isolate one for further ion manipu- 110 115 120 125 130 135
lation. A sample of carbon tetrachloride, which pro- Mass-to-Charge (Da/e)

duces three significant ion peaks with nomingg of

. Fig. 6. (a) Resolution of the chlorine-35/chlorine-37 isotopes of the
117, 11_9 a_nd 121 Da_/ IS used_ to demonstrate _these CCl; ion with axial modulation at 440 kHz and 5.9,y The 117,
properties in the hybrid trap. Fig. 6(a) shows, with the 119, and 121 nominatvz ions have a resolution (FWHM) of 343,
addition of a 440 kHz dipolar signal across the end 408, and 418, respectively. (b) SWIFT isolation of the = 119
cap electrodes. that not only are the chlorine isotope ion, under the same conditions as in (a) except with the addition of

] a broadband SWIFT waveform of 180 to 300 kHz with a single

peaks baseline resolved, but that the average resolu-,qich at 225+ 5 kHz, 5 Voo
tion is 390 (FWHM). Using the SWIFT isolation
technique the isolation capabilities of the hybrid trap _ . _
are demonstrated in Fig. 6(b). Both the 117 and 121 Mated that of the hyperbolic model. This proportion-
peaks are absent and the retention of the 119 ions is@lity factor could be applied to estimate important

83%, in abundance when compared to the Fig. 6(a). Parameters, such as secular ion frequency or pseudo-
potential well depth. A linear mass scale relative to

applied rf potential was demonstrated. With the addi-

5. Conclusion tion of a supplementary dipolar signal across the end

cap electrodes, the useful technique of SWIFT isola-

The hybrid ion trap is capable of performing some tion was shown with greater than 80% efficiency and

of the same tasks as the standard hyperbolic ion trap.unit mass resolution was demonstrated. Our conclu-
A model has been developed to describe the electric sion is that modification of the ring electrode geom-
potential and field within the ion trap cell. The upper etry affects thea, and g, parameters describing the
portion of the stability diagram was experimentally ion stability boundary, yet has no apparent effect on

determined and shown to have the same general shapéhe basic properties of the ion trap of linear mass scan,
as that for the hyperbolic geometry. When a propor- effective isolation and unit mass resolution. Currently

tionality factor,k, was added to the equations defining the hybrid ion trap is being studied as a candidate for
the a, and g, values, the stability diagram approxi- in situ image current detection [28,29]. Future work
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includes the optimization of the cell geometry for
increased ion capacity.
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