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The Penning ion trap, consisting of hyperbolically curved electrodes arranged as an 
unbroken ring electrode capped by two end electrodes whose interelectrode axis lies along 
the direction of an applied static magnetic held, has long been used for single-ion trapping. 
More recently, it has been used in “parametric” mode for ion cyclotron resonance (ICR) 
detection of off-axis ions. In this article, we describe and test a Penning trap whose ring 
electrode has been cut into four equal quadrants for conventional dipolar ICR excitation (on 
one pair of opposed ring quadrants) and dipolar ICR detection (on the other pair). In direct 
comparisons to a cubic trap, the present hyperbolic trap offers somewhat improved ICR 
mass spectral peak shape, higher mass resolving power, and comparable frequency shift as 
a function of trapping voltage. Mass measurement accuracy over a wide mass range is 
improved twofold and mass discrimination is somewhat worse than for a cubic trap. The 
relative advantages of parametric, dipolar, and quadrupole modes are briefly discussed in 
comparison to screened and unscreened cubic traps. (1 Am Sot Muss Specfrom 1992, 3, 
188-197) 

I 
n Fourier transform ion cyclotron resonance 
(FT/ICR) mass spectrometry [l-16], ions are typi- 
cally trapped by static magnetic and electric fields 

produced by ion traps of various geometry (see Figure 
la-d). An ion moving in spatially uniform electric and 
magnetic helds, E and B, is subject to a “Lorentz” 
force, 

Force = mass * acceleration 
= m du/dt = 9.E t 9uxB (SI units) (1) 

in which m, 9, and u are the mass, charge, and 
velocity of the ion. In the limit that the electric held is 
zero everywhere inside the ion trap, the trajectory of 
the ion in the x-y plane perpendicular to the applied 
magnetic held direction follows a circular orbit with a 
natural “cyclotron” orbital frequency, wc (rad s-l), 

9B WC = - 
m 

in which wc = 27rv,, with vc in Hz. 
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Cubic, Tetragonal, and Cylindrical ion Traps 

Although a static magnetic held applied along the 
z-direction constrains ion motion in the x-y plane, 
ions are otherwise free to move along the magnetic 
field direction (z-axis). Therefore, an additional elec- 
trostatic “trapping” potential, produced by applying 
a small static voltage (- 1 V) to each of two “end 
cap” electrodes in any of the traps of Figure 1 is 
needed to provide a restoring z-force to prevent ions 
from escaping along the z-direction. The observed ion 
cyclotron frequency necessarily then differs from the 
unperturbed cyclotron orbital frequency, wc, since E 
in eq 1 is no longer spatially uniform. 

Most early FT/ICR mass spectrometry experiments 
were performed with a cubic ICR ion trap [17] shown 
in Figure la. The structural simplicity of the cubic trap 
(and the closely related orthorhombic [18] and tetrag- 
onal [I91 traps) has led to their widespread use in 
FT/ICR mass spectrometry. Another popular design 
(Figure lb) is the right circular cylindrical trap [20], 
first reduced to practice as an unbroken cylindrical 
ring electrode with off-axis ion injection [21], and now 
typically operated with on-axis ions in a cylinder cut 
into four equal [22] or unequal [23] quadrants. The 
excitation [24] and detection [25] properties of cubic, 
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X angular velocity, w = uxy/r, eq 4 then reduces to 

(4 
T 

V4 T T 

E 
D 

Figure 1. Static elechomagnetic ion haps for IT/ICR mass 
spectrometry. B,, denotes the (static) magnetic field. The excita- 
tion, detection, and trap electrodes are designated by E, D, and 
T, respectively. (a) Cubic; (b) cylindrical; (c) hyperbolic; (d) 
screened cubic. 

tetragonal, and cylindrical traps have recently been 
summarized. All such traps exhibit an approximately 
quadrupolar trapping potential (see below) near the 
center of the trap. Detection sensitivity for tetragonal 
and cylindrical traps of the same aspect (i.e., length to 
width) ratio is comparable [25], and both kinds of 
traps exhibit a mass-independent (but trapping volt- 
age-dependent) shift in ICR orbital frequency. The 
trapping shift may be reduced [26, 271 or effectively 
eliminated [28] by segmenting [26, 271 or screening 
(Figure Id) [28] the trapping electrodes. Finally, spa- 
tial inhomogeneity in the radiofrequency excitation 
held may be effectively eliminated by introduction of 
“shim” or “guard” wires to which appropriately 
divided rf voltages are applied [29-311. 

Quadrupolar ion Trap 

The desirability of a quadrupolar electrostatic trapping 
potential is evident from the following simple (partial) 
analysis of eq 1. If we consider motion in the z = 0 
midplane of the trap, for an ion with xy-velocity, uxY, 
with cyclotron orbit centered on the z-axis, and zero 
z-velocity, then the scalar form of eq 1 reduces to: 

2 

3 = qE( x, y) + quz,B 
r 

tdr = -9E,r + 9wrB 

or 

w2-z!48w+e!=(3 
m m (5) 

The two roots, w+ and o_, of the quadratic eq 5 
represent the ICR “orbital” and “magnetron” fre- 
quencies. Although the orbital frequency is no longer 
simply 9B/m, the orbital frequency is nevertheless 
clearly independent of radius, a key property that we 
shall discuss further below. 

The highly desirable independence of ICR orbital 
frequency on radius requires an electrostatic field 
which is proportional to radius Y. Since electric held is 
the negative gradient of electrostatic potential, it is 
clear that the electrostatic radial potential, U( X, y, z), 
must vary as r2. However, Laplace’s equation, 

vqx, y, 2) = 
a2u( x, y, 2) 

ax2 

+ a*u( x, y, z) 
aY2 

+ 

a2u(x, Ya 4 = o 

az2 (6) 

requires that the potential must vary as z2 as well. 
The resulting “quadrupolar” potential has the form 
~321, 

u( x, y, 2) = v, ro’ ; :’ ;z;z2 (7) 
0 0 

in which VT is a “trapping” potential difference, and 
r, and z0 are characteristic trap dimensions (see be- 
low). Equation 7 clearly satisfies eq 6. 

Hyperbolic Ion Trap 

The remainin g question is how to produce the 
quadrupolar potential of eq 7. The answer is simply to 
fabricate three electrodes, each of whose surfaces fol- 
lows the (hyperbolic) equipotential surfaces of eq 7 
(see Figures 1 and 2). The “ring” electrode follows 
the hyperbola of revolution [32], 

Thus, if we could produce a static electric field which 
1 

z2 = 1( r2 - r$) (84 

increases as the distance, r = Jr2 + y2, from the 
z-axis, then eq 3 would take the form, and two “end cap” electrodes follow the two hyper- 

bolas of revolution (one for positive z-values and one 
2 

wY 
- = -qE,r + 9vXyB (4 

for negative z-values, with z = 0 at the center of the 

r Wh 

in which E = -E,r is the (radially outward-directed, 
hence negative sign) electric held at radius r. Because 

r2 
zz = zz + - 

0 2 @I 
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in which r, and za are the minimum distances from 
the center of the trap to the ring and end cap elec- 
trodes. Finally, In order to operate such a trap with 
the usual dipolar excitation [17, 241 (produced by 
applying an rf voltage differentially across two op- 
posed transmitter electrodes) and dipolar detection 

r 
4 

r0 q 0.500” 
2 

[17, 251 (i.e., measurement of the difference in in- I 
e*x = 0.750 #’ 

duced charge between two opposed detector elec- 
trodes [25, 331, we cut the ring electrode into four 

1 

I 
z 

equal quadrants (see Figure 2), as first proposed and , 
demonstrated for single-mass measurements [34]. 
Other operating modes (parametric and quadrupole) t 

rMAX q 1.109 ” 
- - 2, = 0.250 ” 

will be discussed at the end of this article. 
As noted above, the electrostatic field inside a 

cubic, tetragonal, or cylindrical trap deviates increas- 
ingly from the quadrupolar form with increasing dis- 
tance away from the center of the trap. As a result, 
the ICR orbital frequency varies with r and z. In 
contrast, ICR orbital frequency in an infinitely ex- 
tended hyperbolic trap has the same value anywhere 
inside the region bounded by the three electrodes (eq 
8a and b). The cyclotron orbital and magnetron fre- 
quencies, w+ and o_ take the form, 

in which 

In this article, we report a series of experimental 
performance tests of a hyperbolic ion trap for FT/ICR 
mass spectrometry: (1) effect of trapping voltage on 
ICR orbital frequency; (2) effect of rf electric held 
excitation amplitude and duration on ICR orbital fre- 
quency, ion ejection, and magnitude-mode FT/ICR 
peak shape; (3) effect of number of formed and 
trapped ions on ICR orbital frequency and FT/ICR 
spectral peak height; and (4) accurate mass measure- 
ment capability. In each case, the hyperbolic trap 
performance is compared to that of a cubic trap of 
similar dimensions. 

Figure 2. Cross-section through the xz plane (y = 0) of the 
hyperbolic ion trap used in this work. This trap produces a 
near-perfect quadmpolar electrostatic potential. Note that r,, = 
22, (see text). 

trade and its supports had to be slightly less than the 
4-in. diameter of the vacuum chamber within the 
superconducting magnet bore. The trap segments 
were held apart in the z-direction by sapphire bear- 
ings. Then 2-mm diameter holes were bored along the 
r-axis to provide for introduction of an electron beam 
from a rhenium filament mounted about 1 cm outside 
one end of the trap. FT/ICR mass spectra were gener- 
ated with an Extrel ANS (Madison, WI) FTMS-1000 
instrument operating at an applied magnetic field 
induction of 3.0 T. Gaseous samples were introduced 
through a Varian Associates (Walnut Creek, CA) No. 
951-5100 leak valve. A l-in. cubic trap was substituted 
on the same instrument for comparison. 

For determination of the shift in ICR orbital fre- 
quency of C,Hz as a function of trapping voltage, we 
excited each time domain signal by applying single- 
frequency rf excitation (23.83 V(,,)) for 60 ~LS and 
detected in heterodyne mode with a Nyquist band- 
width of 11.48 kHz. Trapping dc potential was varied 
from 0.1 to 10 V. 

V cp_pj for the cubic trap). Vacuum chamber pressure 
was 0.3 x lOma torr. The peak shape of the magni- 

For determination of the shift in ICR orbital fre- 
quency of C,Hi as a function of excitation voltage- 
duration product, we held the trapping potential at 1 
V, and excited the ions in either of two ways: (1) 
excitation rf amplitude was varied from 4.75 to 30.0 
V+,) (or from 5.98 to 26.74 VcP_P, for the cubic trap) at 
a hxed excitation period of 80 ps (or 100 ps in the 
cubic trap); or (2) excitation period was varied from 60 
to 210 ~LS (or from 60 to 240 ps for the cubic trap) at a 
fixed excitation amplitude of 16.87 y,,+) (or 11.94 

Experimental 

An ion trap with two hyperbolic end caps (za = 0.250 
in. = 6.35 x 10L3 m) and a hyperbolic ring electrode 
(ra = 0.500 in. = 1.27 x lo-’ m) split into four equal 
quadrants was fabricated from solid oxygen-free hard 
copper expressly for this study (Figure 2) [35]. The 
trap was designed to have a one-inch “waist” (i.e., 
l-in. minimum diameter of the ring electrode), be- 
cause the maximum outer diameter of the ring elec- 

tude-mode FT/ICR signal -for hyperbolic and cubic 
traps was also compared as a function of rf excitation 
amplitude at fixed excitation period. 

For determination of magnitude-mode FT/ICR rela- 
tive mass spectral peak heights of perfluorotri-n- 
butylamine (PFTBA) ions as a function of relative ICR 
orbital radius, ions were produced by electron impact 
(70-eV electron beam of 50-ms duration at an emission 
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current of 45 “A) of a gaseous sample at a pressure of 
0.3 x 10-s torr. An ICR signal was excited by an rf 
broadband frequency-sweep from 0 to 2.667 MHz at a 
sweep rate of 700 Hz/ps, and acquired by direct 
sampling at 5.247 MHz for 12.49 ms to yield 64K 
time-domain data points, to which another 64K zeros 
were added before discrete Fourier transformation. 
No apodization (windowing) was applied. 

To test for space charge effects on ICR orbital 
frequency and signal amplitude, we held the pressure 
at 0.4 x lo-’ torr and kept all experimental parame- 
ters constant except for the electron beam duration, 
which was varied from 5 to 2OCO ms at an emission 
current of 40 nA measured by a collector on the side 
of the trap remote from the electron filament. 

Finally, for the accurate-mass determinations re- 
ported in Table 1, FT/ICR magnitude-mode spectral 
peak frequencies were determined by parabolic 
three-point interpolation and f&ted to a calibration 
law of the form [36], 

added [43, 441 before discrete Fourier transformation. 
No apodization was applied. 

Results and Discussion 

Effect of Trapping Voltage on ZCR Orbital Frequency 

Although ICR frequency .is invariant with ion position 
in a perfect quadrupolar potential, eq 9a shows that 
ICR orbital frequency nevertheless varies with trap- 
ping voltage. For trapped-ion masses much less than 
the “critical” mass of eq 8c (m,, = 26,000 u at 3.0 T 
for 1-V trapping potential), the square root in eq 9a 
may be expanded in a Taylor series to hrst order to 
yield, 

2VT 
co+” WC - 

B,,( T; + 22:) (11) 

m/q = A/v,+ B/v: (10) 

For m/q in u/e and Y+ in kHz, eq 10 gave best-fit 
values, A = 46755.87 and B = -2055.105 (hyper- 
bolic); A = 46741.78 and B = -16399.17 (cubic). Al- 
though higher-order calibration laws [37, 381 and more 
elaborate peak-fitting algorithms [39-421 are available, 
eq 10 stices for the present purpose of comparing 
hyperbolic and cubic traps. 

In other words, to tist order, the ICR orbital fre- 
quency in a quadrupolar electrostatic trapping poten- 
tial varies linearly with applied trapping voltage, VT. 
The derivative of eq 11 with respect to trapping volt- 
age gives the (downward) “trapping shift” of ICR 
orbital frequency with increasing trapping voltage: 

aa+ 2 

av,=- B,( ri + 22:) 
(rad s-‘/V) (12a) 

or 

Ions were produced by electron ionization (50-V 
electron beam for 20 ms at an emission current of 55 
nA). The ions were excited by a frequency-sweep 
from dc to 715 kHz at an rf amplitude of 21.24 Vcpp,, 
and detected in heterodyne mode at a reference fre- 
quency of 705.96 kHz for 45.27 ms to yield 64K time- 
domain data points, to which another 64K zeros were 

ah 1 
_=- 
avT ?rBo( ~0’ + 22;) WV) P2b) 

Equation 12 predicts a frequency shift, h~,,/ilV, = 
438.6 Hz/V, for our hyperbolic ion trap, in excellent 
agreement with our observed experimental result of 
441 Hz/V obtained from a plot (see Figure 3a) of ICR 

Table 1. Fourier transform ICR mass calibration for perfhorotri-n-butylamine 

ICR frequency True mass Measured mass 

Hyperbolic ion trap 

IOIl (kHz1 hl (Ll) 
CF: 676.77342 68.99466 68.99463 

C,F,+ 356.03583 130.99147 130.99173 

C,F,+ 212.60808 218.98508 218.98540 

CSFKIN + 176.21067 263.98656 263.98639 

CaF,eN + 112.03666 413.97698 413.97613 

CsFzoN + 92.23658 501.97059 501.96920 

Cubic ion trap 

CF3f 877.40793 68.99466 68.99472 

C,F,+ 356.63343 130.99147 130.99106 

C,Fs+ 213.18789 219.98508 218.98454 

C,F,,N + 176.78525 263.98658 268.98708 

C,F,,N + 112.60527 413.97698 413.97935 

C9F2oN + 92.80398 501.97059 501.97274 

Error 

IQPnJ) 
-0.5 

1.9 

1.4 

-0.9 

-2.1 

-2.9 

0.8 

-3.1 

-2.5 

1.8 

3.3 

4.3 
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Figure 3. Experimental ICR orbital frequency shift (of C,Hi at 
3 T) versus trapping voltage (a) or trapping electric held (b) in 
hyperbolic (0.5~in. separation between end cap electrodes) and 
cubic (l-in. trap plate separation) ion traps. The unshifted ICR 
orbital frequency, 599.06 kHz, is obtained by extrapolating a to 
zero trapping potential. 

orbital frequency of C,Hz versus trapping voltage at 
3.0 T. A similar result was observed for a l-in. cubic 
ion trap (Figure 3a), whose observed frequency shift 
of 231 Hz/V agrees closely with the theoretical value 
122, W] of 223 V/Hz. Because the separation between 
the trapping electrodes of our hyperbolic trap is ex- 
actly half that of our cubic trap, the results are more 
readily compared by plotting ICR orbital frequency 
shift versus trapping electric held rather than trapping 
electrostatic potential difference (see Figure 3b). The 
close agreement between the two curves in Figure 3b 
testifies to the accuracy of the quadrupolar approxi- 
mation to the electrostatic field in both traps at rela- 
tively small ICR orbital radius. 

Effect uf Radiofrequency Electric Field Excitation 
Amplitude-Duration Product on ICR Orbital 
Frequency 

As noted above, one of the most desirable features of 
the quadrupolar held of an infinitely extended hyper- 
bolic trap is that the ICR orbital frequency is indepen- 
dent of ICR orbital radius. However, because the 
actual hyperbolic trap electrodes are not infinite in 
extent, an actual hyperbolic trap does not generate a 

purely quadrupolar potential, and the observed ICR 
orbital frequency therefore still varies somewhat with 
ICR orbital radius [35]. For single-frequency excitation 
of ions initially at rest on the z-axis, the postexcitation 
ICR orbital radius should be approximately propor- 
tional to the product of rf electric field excitation 
amplitude, Vtppr and the excitation period, Texcite [24]. 
Thus, we may test for the quadrupolar exactness of 
the hyperbolic trap potential by measuring the shift (if 
any) in ICR orbital frequency as a function of the 
product of Vcpp, and Tex,-ites 

The experimental results of Figure 4 indicate that 
the variation of ICR orbital frequency with ICR orbital 
radius is - 15 times smaller for the hyperbolic trap 
than for the cubic trap, over a wide range of ICR 
orbital radii. The residual frequency variation with 
radius in the hyperbolic trap may be due to: (1) the 
tinite extent (and/or imperfect shape) of the trap elec- 
trodes, distorting the potential from a purely 
quadrupolar profile; (2) space charge effects; (3) inho- 
mogeneity in magnetic field induction, and other non- 
linearities discussed below. The measured ICR orbital 
frequency does drop off at very small ICR orbital 
radius for both hyperbolic and cubic traps; however, 
those measurements are least accurate because the 
measured signal current [25, 331 on the detector plates 
is small, and because space charge effects [45] are 
expected to be most significant at small radii at which 
the Lorentz magnetic force is relatively weak. 

Effect of Radiofrequency Electric Field Excitation 
Amplitude on FT /ICR Magnitude-Mode Spectral 
Peak Shape and Radial Ejection 

Figure 5 shows the FT/ICR magnitude-mode spectral 
peak shape as a function of relative ICR orbital radius 
(varied by changing the rf electric field excitation 

a 599.0 b 599.0 

598.9 598.9 

H = 598.0 
E 
: 
$ 598.7 
LF 

P 
8 598.8 
P 
5 
$ 598.7 

598.6 
hyperbolic 

Y 

598.6 

598.5 - 598.5 i 
a 1000 2000 3000 4000 0 1000 2000 3000 4wo 

W-P) x TexciteW- x rs) V(P-P) x T,,ci~Wls X ~$1 

Figure 4. Experimental ICR orbital frequency in hyperbolic and 
cubic ion traps as a function of the product of single-frequency 
resonant rf electric field excitation amplitude and duration. (a) 
Radiofrequency electric field excitation period varied at constant 
rf amplitude; (b) rf electric held excitation amplitude varied at 
constant excitation period. In either plot, the abscissa value is a 
measure of the relative ICR orbital radius. 



J Am Sot Mass Spectrom 1992,3,188-197 HYPERBOLIC ION TR4I’ FOR ~/ICRMS 193 

a 50 1 

mass(u) 

b 

77.98 78.00 78.02 78.04' 
mass(u) 

a 

Figure 5. ET/ICR magnitude-mode spectra as ,a function of 
relative ICR orbital radius (varied by changing the rf electric 
field excitation amplitude at constant excitation period). (a) 
Hyperbolic ion trap; (b) l-in. cubic ion trap. In each case, the 
spectra are labeled according to the excitation rf voltage attenua- 
tion, A (in dB), which is related to rf peak-tepeak excitation 
voltage on our instrument according to the equation, V,,,, = 30 
x 10-A’m. 

amplitude at constant excitation period). Note that the 
hyperbolic trap yields somewhat more uniform mass 
spectral peak shape than does the cubic trap, over a 
wide range of ICR orbital radius. The auxiliary peaks 
evident for both haps are due to a complex interplay 
of z-axis and cyclotron motion and have been ana- 
lyzed [46, 471. 

Figure 6a shows the measured onset of radial ejec- 
tion as a function of relative ICR orbital radius, which 
is in turn proportional to the product of single- 
frequency resonant rf excitation voltage and duration. 
For the hyperbolic trap, longer and/or higher-ampli- 
tude excitation voltage is needed than for the cubic 
trap, because the excitation electrodes are (minimally) 
1 in. apart (as in the cubic trap), but the trapping 
electrodes are separated by only l/2 in. and therefore 
the effective excitation rf electric field is reduced. 
However, if we rescale the axes for the hyperbolic 
trap data to overlay the data for the cubic trap (see 
Figure 6b), we find that the detected signal versus 
ICR orbital radius behavior is quite similar for both 
traps. We conclude that hyperbolic and cubic traps 
exhibit similar radial ejection behavior, for the same rf 
electric field amplitude in both traps. 

E 
p 40. 

% p” 30. 

g 20 

d 10 

a 0 
0 1 2 3 4 

Relative ICR Orbital Radius 

3o 1 
z 
.F 

; 20 

8 P 

i 10 

d 

b 0 
0 1 2 3 4 

Relative ICR Orbital Radius 
Figure 6. Radial ejection behavior in hyperbolic and cubic ion 
traps, illustrated by plots of experimental FT/ICR magnitude- 
mode spectral relative peak height for C,H: ions versus rela- 
tive ICR orbital radius (expressed as relative rf electric held 
excitation amplitude-duration product). (a) Unscaled data. (b) 
Same data with both axes resealed to account for differeni rf 
electric held produced by application of the same differential rf 
voltage to the hyperbolic and cubic trap excitation electrodes 
and different signal strength in the two traps (see text). 

It is perhaps at first surprising that the detected 
ICR signal from the hyperbolic trap does not drop off 
more suddenly following the onset of radial ejection 
(Figure 6a and b). The explanation likely lies in effects 
leading to loss of spatial and/or phase coherence in 
the ion packet during the excitation process. The 
preexcitation maximum radius of the ion packet is 
determined by the electron beam radius (- 1 mm), 
which is - 10% of the minimum radius (- 12 mm) of 
the trap. Thus, any further spreading out of the ion 
packet will inhomogeneously broaden [47, 481 the 
FT/lCR mass spectral peak and reduce its height. 
Such effects could result from dephasing (at futed ICR 
orbital radius) and/or increase in packet size, arising 
from a combination of space charge and/or nonlinear 
rf excitation electric field, distribution in initial z- 
velocity, magnetic field gradients, and nonquadrupo- 
lar static electric field (due to hnite electrode dimen- 
sions and/or deviation of electrode shapes from per- 
fectly smooth hyperboloids of revolution). For exam- 
ple, z-variation in the rf excitation electric field ampli- 
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tude [49] leads to differential excitation and z-ejection 
(rather than radial ejection), whose effect varies with 
the preexcitation z-oscillation amplitude of an ion; 
thus, ions with different initial z-velocity will be z- 
ejected at different excitation levels, thereby broaden- 
ing the radial ejection versus radius threshold. More- 
over, because the detection process is nonlinear as 
well [25, 501, an increasing proportion of the detected 
signal appears at third (and higher-order) harmonics 
as ICR orbital radius increases, thereby producing a 
nonlinear variation of signal magnitude at the funda- 
mental ICR orbital frequency with excitation rf ampli- 
tude-duration product, and thus broadening the ra- 
dial ejection versus radius onset. Finally, the detected 
signal magnitude and frequency depend on ion preex- 
citation z-position, further complicating the analysis. 

Variation of FT/ICR Magnitude-Mode Relative 
Peak Height with ICR Orbital Radius 

For a spatially uniform rf electric field excitation with 
uniform power at all frequencies, ions of all mass-to- 
charge ratios are excited to the same ICR orbital ra- 
dius [51-531. However, it is well known that z-inho- 
mogeneity in the rf electric nerd excitation amplitude 
can lead to mass-dependent z-excitation (and even 
z-ejection) in ICR ion traps, because rf excitation ap- 
plied across the transmitter electrodes has a sign&- 
cant rf electric field component in the &r-direction. 
Generally, the extent of z-ejection varies directly with 
ion preexcitation z-oscillation amplitude, and in- 
versely with mass-to-charge ratio and applied trap- 
ping potential 122, 46, 541. Thus, the FT/ICR mass 
spectral peak areas of low-mass ions typically de- 
crease relative to those of high-mass ions, as ions are 
excited to larger ICR orbital radii. Also, z-ejection can 
be virtually eliminated by “shimming” the rf field to 
near-uniformity by addition of “guard” wires to a 
cubic trap [29-311. 

Relative to the unshimmed cubic trap, the hyper- 
bolic trap produces an even more anisotropic rf elec- 
tric field, which is strongest in the z = 0 midplane. 
Therefore, z-ejection might be expected to pose a 
major problem. In Figure 7, we test for z-ejection by 
examining the dependence of FT/ICR magnitude- 
mode mass spectral relative peak height (scaled to 100 
for CF,f at 69 u/e) on relative ICR orbital radius. 
Figure 7b shows that low-mass ions are preferentially 
lost (presumably by z-ejection) as ICR orbital radius 
increases. Comparison of Figure 7a and b shows that 
z-excitation and z-ejection are more severe in the 
hyperbolic trap than in the cubic trap. 

% 75 
c 
$ 50 
‘L 
I 
c 

25 

a 0 
1.5 

r 250 1 

b d- 

Cubic 
000 - z q 69u 

2.0 2.5 3.0 3.5 4.0 

Relative ICR Orbital Radius 

i.5 2.0 2.5 3.0 3.5 4.0 

Relative ICR Orbital Radius 
Figure 7. The z-ejection behavior in hyperbolic and cubic traps, 
illustrated as in Figure 6, except that the relative fl/ICR magni- 
tude-mode spectral peak height for CF: ions at m/t = 69 u/e 
is scaled to 100 for all relative ICR orbital radii. (a) One-inch 
cubic trap; (b) hyperbolic trap. In each case, the abscissa reprc- 
sents the product of rf peak-to-peak excitation voltage and 
excitation period, scaled as in Figure 6. 

perbolic trap, the detected signal magnitude initially 
increases directly with number of formed ions, but 
eventually levels off to a near-constant value. Similar 
behavior has been reported for ions in a cubic trap 
i55]. Evidently, the number of ions which can be 
retained in any trap reaches a maximum, and any 
additionally formed ions leak out and are not de- 
tected. Hogan and Laude [56] have observed such 
effects with gated trapping experiments. 

Figure 8 shows that the experimentally measured 
ICR orbital frequency of C,Hi in both hyperbolic and 
cubic traps initially decreases and then levels off as 
the number of formed ions increases. The initial de- 
crease in ICR orbital frequency is evidently due to 
increasing space charge with increasing number of 
trapped ions. The leveling effect is associated with the 
maximum ion-retaining capacity of the trap, as noted 
above. 

Effect of Number of Formed and Trapped ions on 
ICR Signal Magnitude and Frequency Mass Resolving Power 

Other parameters equal, the number of ions formed We would expect that a hyperbolic trap should pro- 
by electron ionization should be directly proportional duce a narrower FT/ICR spectral peak than a cubic 
to the electron beam duration. However, for the hy- trap, since ions at different locations in the trap should 
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mass range (60 u/es m/z 5 600 u/e), for six rela- 
tively abundant ions from electron-ionized PFTBA. It 
appears that mass accuracy is about twice as high for 
the hyperbolic trap as for the cubic trap. 

5 598.7 1 Hyperbolic Trap Relative Dimensions 

f ;;$&; 3 r ,,*..I; ” 
It is perhaps worth noting that the most common 
hyperbolic trap is one for which r, = v’?z, [32]. 
However, a pure quadrupole potential can be gener- 
ated by hyperbolic traps of any rs /~a ratio [571. The . 

0 500 1000 1500 2000 unique property of the r,, = fiz, design is simply 

Beam Duration (ms) 
that the hyperbolic end cap and ring electrodes ap- 

Figure 8. Variation of exp&imental ICR orbital frequency as a 
preach their common asymptote symmetrically in that 

function of number of formed ions (as measured by the duration 
case [57]. In the present work, we employed a hyper- 

of an electron beam of fuced emission current). 
bolic trap with r, = 22,. 

have the same ICR orbital frequency in the near-per- 
fect quadrupolar electrostatic trapping potential of the 
hyperbolic trap. In support of that prediction, Figure 
9 shows an ultrahigh-resolution (m/Am = 28.5 mil- 
lion, for Am measured as full width at half-maximum 
peak height) FI’/ICR magnitude-mode mass spectrum 
of HaO+ (neutral pressure of - 1.1 x 1O-9 torr, with 
single-frequency on-resonance excitation (30VePj at 
2.607 MHz for 95 ps), and detected in heterodyne 
mode at a bandwidth of 1.422 kHz). That performance 
was significantly higher than the best we were able to 
achieve with a cubic trap under comparable condi- 
tiOnS. 

Mass Measurement Accuracy 

Given the more homogeneous peak shape from the 
hyperbolic trap, one might hope for higher mass mea- 
surement accuracy than with a cubic trap. Tabie 1 
gives “best-effort” results under comparable condi- 
tions for mass calibration [36] accuracy over a wide 

Three ICR excitation and detection modes have been 
applied in various combinations to hyperbolic traps. 
In parametric excitation (or detection), an rf voltage is 
applied (or detected) between the end caps and ring 
electrode-in this mode, ions must initially be uni- 
formly displaced away from the z-axis. In dipolar 
excitation (or detection), as in this work, an rf voltage 
is applied (or detected) between two opposed seg- 
ments of a ring electrode which has been sliced into 
four (or more) sectors. In quadrupolar excitation (or 
detection), an rf voltage of one sign is applied (or 
detected) between two opposed ring quadrants, while 
an identical rf voltage of opposite sign is applied (or 
detected) between two other opposed ring quadrants 
orthogonal to the hrst pair. 

H20+ 

m/Am q 28,500,WO 3 ti 

In the first application of parametric excitation and 
detection to a hyperbolic trap [58], it was found that 
more ions could be trapped and detected than with 
dipolar excitation/detection in a cubic trap, presum- 
ably because ions in the parametric case Lay be dis- 
tributed around the entire circumference of a given 
isopotential surface, rather than (as in dipolar opera- 
tion) having to be spatially localized in a one-dimen- 
sional coherent ion packet. Rempel et al. [58] formed 
ions off-axis initially by use of an off-axis electron 
beam. Alternatively; Schweikhard et al. [59] showed 
that ions may be formed on-axis, and then moved 
off-axis by magnetron excitation, followed by para- 
metric excitation and dipolar detection. 

Other Configurations and Operating Modes for the 
Hyperbolic Trap 

Yet another approach is the use of a ring electrode 
cut into four (or eight) sections, in which quadrupolar 
excitation [60] and quadrupolar detection are em- 
ployed [61-631. For e,ample-, Schweikhard et al. [61] 
added the signals from two opposed ring quadrants 
to produce a-detected signal with the same character 
(but half the magnitude) as the full quadrupolar sig- 
nal. Schweikhard et al. [62] subsequently showed that 
the quadrupolar operation could yield a detected sig- 

18.609iI 18.lil95 18.&W 18:OlOS 
m/z (In u/e) 

Figure 9. Ultrahigh-resolution R/ICR mass spectrum of H,O+ 
obtained with the hyperbolic trap. 
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nal at frequency, (w++ w_) = wc. In other words, it is 
possible to detect a signal whose ICR frequency is 
unshifted by the electrostatic trapping held. The the- 
ory of the quadrupolar experiment has recently been 
developed in more detail 1631. 
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Freiser, 8. S. In Techniques fcv the Study a. Ion Molecule 
Reactions. 1, M. Farm, W. H. Jr. Saunders, Eds.; Wiley: New 
York, 1988; Vol. 20; pp 61-118. 

Freiser, 8. S. Chemtracts-Anal. Phys. Chem. 1989, I, 65-109. 
Gord, J. R.; Freiser, B. S. Anal. Chim. Acta 1989, 225, 

11-24. 

Upper Mass Limit 8. 

The upper mass limit, mctit (see eq 8c) for singly 
charged ions in FT/ICR mass spectrometry is deter- 
mined by the dimensions of the ion trap and the 
trapping potential. In this respect, the hyperbolic trap 
offers no theoretical improvement over a cubic trap, 
and is theoretically inferior to a screened trap [28]. 
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In summary, comparison of hyperbolic and cubic ion 
traps offers a direct probe of the effect of non- 
quadrupolar electrostatic trapping field on FT/ICR 
mass spectrometry performance. From the various 
prior and present experimental and theoretical results 
discussed above, it appears that the hyperbolic trap 
offers several advantages over cubic or cylindrical 
traps: improved mass resolving power and more sym- 
metrical FT/ICR mass spectral peak shape for high- 
resolution experiments, improved mass accuracy for 
wide-range mass spectra, and (depending on choice 
of excitation and detection mode) higher dynamic 
range and/or elimination of frequency shifts due to 
trapping potential. However, z-ejection (and hence 
the variation of relative FT/ICR mass spectral peak 
heights of ions of different mass-to-charge ratio as a 
function of ICR orbital radius) is more pronounced in 
the hyperbolic than in the cubic trap. Moreover, the 
trapping field limits the maximum theoretical mass- 
to-charge ratio in all but the screened trap [28]. Fur- 
ther systematic and direct experimental comparisons 
between various trap configurations and operating 
modes should provide additional insight into spectral 
distortions resulting from inhomogeneity and/or non- 
linearity in the trapping, excitation, and detection 
processes in FI’/ICR mass spectrometry. 
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