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In Fourier transform ion cyclotron resonance (ICR) spectrometry until now either positive or
negative ions (including electrons) could be trapped, due to the trapping potential applied. In
the present article, the theory of simultaneous trapping of positive and negative ions, and the
experimental realization are presented. Trajectory calculations for the ions trapped with both
charge polarities are described. The new ICR cell employs a new kind of trapping electrodes,
constructed with layers of grids. The simultaneous storage is illustrated by experimentals with

sulfur hexafluoride.

I. INTRODUCTION

The fundamental basis for ion cyclotron resonance
(ICR) mass spectrometry was established in the early
1930’s by E. O. Lawrence.! The first practical mass spec-
trometer based on the cyclotron resonance principle was
the omegatron developed in 1949 by Hipple and co-
workers,™ and one of the major developments in ICR
spectrometry4 was the introduction of pulsed spectrometry
by Mclver® utilizing a single region trapped ion cell. The
main advantage of pulsed operation is the separation in
time of ion generation, detection, and quenching. Since
Fourier transform (FT) techniques were introduced in the
mid-1970’s by Comisarow and Marshall,%” FT ICR has
been shown to be a powerful tool, of simple mechanical
design, capable of accurate mass measurements, with ul-
trahigh resolution, high upper mass limit, long-time ion
storage, and with multichannel advantage, applied to a
wide variety of uni- and bimolecular ion reaction. Princi-
ples, instrumental developments, and applications of FT
ICR spectroscopy has been reviewed. 813 However, no mat-
ter what applications of FT ICR spectroscopy were devel-
oped and what cell structures'* were used, only ions of one
‘charge sign, positive or negative, and only the reactions
with neutural molecules could be studied. As is known,
ions with both kinds of charges are usually produced dur-
ing the ionization, desorption, dissociation, and certain
ion-molecule reactions processes. Furthermore, the reac-
tions of positive ions (including multi-ionized ions) and
negative ion (including electrons), like mutual neutraliza-
tion and radiative recombination, are natural physical and
chemical phenomena, which are of great importance in the
study of physical chemistry, astrophysics, atmospheric,
and plasma physics.

Although several studies of the ion—ion reactions were
undertaken theoretically,ls'16 experimental results are rare.
In 1964, Greaves!” first measured the mutual-
neutralization rate coefficients for mass-indentified ions in
iodine vapor. In 1968, Aberth ez al.'® measured the cross
section for mutual neutralization with merging and in-
clined beam techniques. However, only ion—ion reactions
in beams without simultaneous storage and with ions of
Tow masses were studied in their experiments. In addition,
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in 1971, Schermann and Major19 investigated the simulta-
neous storage of T1™ and I™ ion in the rf ion trap. How-
ever, this kind of ion trap is incapable of trapping positive
and negative ions with larger mass difference simulta-
neously (for example, electrons and ions). Furthermore, it
is not possible to detect simultaneously ions with the same
mass number but with different charges because of low
resolution and of only one charge detection channel in
experiments with rf traps.

In this article, principle and design of an ICR cell for
simultaneous trapping of positive and negative ions will be
described.

There are two methods to trap ions of positive and
negative charges simultaneously: An additional ac electric
voltage ¥ cos wt is imposed on a pair of trapping elec-
trodes, as shown in Fig. 1(a). The method couples FT ICR
with the technique of Paul’s rf trap. If the voltage ¥ and
frequency @ are properly selected, the ions with both
charges and with a certain mass range can be stored in the
normal ICR cell. Rempel and Gross?® have applied this
method to increase trapping efficiency during a high pres-
sure event. They employed a relatively high rf amplitude of
several hundred volts. The same method?’ has been utilized
by Gorshkov, Guan, and Marshall?? to trap positive and
negative ions simultaneously. They employed low ac volt-
ages.

In this article, simultaneous trapping by an appropri-
ate static potential, distributed in the z direction as shown
in Fig. 2, is described. To realize the potential, there are
several structures of electrodes which can be considered. A
preliminar); account of this method has been presented.21
The new ICR cell is shown in Fig. 1(b) and will be de-
scribed in detail in the experimental section.

1l. GENERAL PRINCIPLE

To understand the principle of simultaneous storage,
the general ICR principles for singly charged ions are ex-
plained with emphasis of the ion storage process. The FT
ICR mass spectrometer is based on principles of ion cyclo-
tron resonance. Ions are trapped in an ICR cell by static
magnetic (B) and electric fields (E). Ion motion is gov-
erned by the general equation
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(b)

FIG. 1. (a) Simultaneous storage of positive and negative ions in an ICR
cell with a Paul’s rf technique. T: trapping plates, E: excitation plates, and
D: detection plates; (b) with additional grid electodes (G) (details see
text). '
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where v is the velocity of the ion, ¢ the ionic charge (C),
and m the ionic mass (kg). Collision of the ion with other
particles is taken into account through the term £, the
momentum transfer collision frequency, which implies that
the average effect of collision is equivalent to a viscous
damping term. If the ion experiences only elastic collisions
with the neutral species, &, is given by Eq. (2)

nm
m+M

§c= <U)Ud(vr)>: (2)
where n and M are the number density and mass of the
neutral particles, and o,(v,) and v, are the diffusion cross
section and the relative velocity of the ion-neutral pair,
respectively.??
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FIG. 2. Static electrical potential for simultaneous storage in the z direc-
tion and near zaxis. @ : positive ions, ©: negative ions, and By magnetic
field.
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In the absence of z motion (along the direction of mag-
netic field) and of ion collisions, and under the restriction
that the electric field is zero everywhere inside the cell, an
ion travels along a circular orbit in a plane perpendicular
to the magnetic field direction, at the natural cyclotron
resonance frequency

9B,

W=, (3)
where o, (rad s~ 1) is the cyclotron frequency (2m7v,, with
v, in Hz), B, the applied magnetic field strength (T).

According to the evolution of trapped ions three time
regimes can be addressed as follows: (i) storage without
excitation; (ii) ion excitation; (iii) ion detection. They are
described in Secs. II A-II C.

A. Storage without excitation

Tons are produced initially from neutral gas in the cell
by electron impact ionization, which initially localizes the
ion cloud along the electron beam. In general, the trapping
potential near the center of an ICR can be closely approx-
imated by a three-dimensional quadrupolar potential.
Therefore, the motion of a single ion in the z direction, the
trapping oscillation, is

0 2 2
Z=€XP( -—% f) \/25-*- [Ei—l_—(gf—/—)-@] sin(w7rt+¢,),

T
(4)
where
, &c
whp= w?—«z, (5)
TquT 6
Q= W)—, (6)

and z, and v? are the initial z position and velocity of the
ion, ¢, is a phase factor, and S‘%’ is a structure constant

depending on the specific dimensions of the cell.>* Nor-
mally, &, is small enough compared to ot so that o} and
w7 do not differ significantly. Because it is also true in
practice that £2<w? and wh<o?, ion motion in the x and y
directions can be closely approximated, in the complex x—y
plane, to be ’

wm .
r=x+iy=R, exp _gc[ 1 +-— t}exp[ —i(w,—w,,)t]
O
+R,p, exp(é‘cz)—— t)exp(—z’comt), (7)

[+4

where the first term is the cyclotron motion at effective
frequency

w%‘ 9By ZS%':LVT

o= W0p— WDy, =0~ —_— 3
eff c m c 2600 m Bor(-j

(8)

and the second term is the magnetron motion at frequency
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and R, and R,, are the cyclotron and magnetron radii,
respectively.?’ In conclusion, the single ion motion is the
superposition of a simple harmonic motion in the z direc-
tion at wf with a damped oscillation amplitude, a slow
drift of the ion’s guiding center about the z axis at w,, with
a magnetron radius which gradually increases when the
distance of the guiding center from the center of the cell
becomes larger, and the cyclotron motion about the guid-
ing center at w.s with a gradually decreasing cyclotron
radius.

Considering the ion loss by electric field inhomogene-
ities which results in the steady increase of magnetron ra-
dius till the ions are neutralized on the side plates, and
taking into account the ion loss due to random walk, the
ion trapping efficiency can be characterized by Eq. (10).
t,,, is the time needed to decrease the ion concentration to
one-half of its initial value

("oBo)2
P(V7+0.81) (ap,,) /*’

where P is the pressure (Torr), u,, the reduced mass (g)
for the ion/molecule collision, and « the polarizability of
the neutral gas (cm?).26 Equation (10) predicts that the
ions are trapped more efficiently as the pressure and the
trapping voltages decrease and the magnetic field increases.

If the contribution of ionic space charge is included,
the dominant effects in the thermalization of the ion cloud
are determined by the relative densities of ions and neutral
species. If the density of neutral gas is sufficiently high,
collisions of ions with neutral species dominate the ther-
malization process and the ions approach a Maxwell-
Boltzmann velocity distribution at about the same rate as
they are cooled. Under this condition, ion/neutral reac-
tions are dominant. Alternatively, for sufficiently low neu-
tral densities, the ion—ion self-equilibration rapidly estab-
lishes a Boltzmann distribution of ion energies involving a
temperature which may be significantly different from the
background neutral temperature.”’ The ions in the high
energy tail of this distribution with energies greater than
the trapping potential energy “evaporate” along the z axis.
The corresponding energy inequality can be deduced from

Eq. (4)

” (‘”.‘,)2 a .
Za+'_wf—>§(t~0’ §c<1)9
T

L= 1.57% 1028

(10)

(1n)
1 A ST
5 m(VD +2qV7S%, 5> aVr 57, (12)

which states that an ion will be lost if its initial (kinetic
plus potential) energy of motion in the z direction exceeds
the trapping potential energy. This process cools the ion
cloud to less than 15% of the well depth (¢¥;/2) in less
than 25 s. After ion—ion self-equilibration, the ion cloud
will interact with the neutral gas, as described above, to
establish an equilibrium state. Cooling of the ions to ther-
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mal equilibrium in the instrument occurs at the ion/
neutral collision rate (~1 s at 10~° mbar). The principal
effect of ion space charge is to produce additional electrical
fields in radial and in z direction. With the assumption of
uniform density of the ion cloud, this effect can be charac-

terized by substituting SOT' ,for S’(} in Eq. (6) and SS':’ ,for
SOT2 in Egs. (8) and (9), where

’ quer%

Sty =St e py (13)
, apGrp

S‘}z,=5’(}2+m, (14)

with G; and G, are geometric factors of the ion cloud, p the
ion number density, both of which evolve with time. The
time evolution of the ion cloud is that the shape goes from
an initially extremely prolate spheroid (infinitely long rod)
oriented along the magnetic field to extremely oblate spher-
oid (infinitesimally thin disk).

B. lon excitation

Since ions initially have random cyclotron phases (i.e.,
they are distributed at random initial angles about the z
axis), the ion cyclotron motion itself (before excitation)
cannot produce a detectable signal. In order to induce a net
differential charge between two opposed detector elec-
trodes, the ions must be driven to move coherently, i.e.,
ions of the same m/q must acquire a nonrandom cyclotron
orbital phase. The coherent motion of ions is generated by
a rf electric field (orthogonal to By) usually produced by
applying an rf voltage between two ‘“‘transmitter”
electrodes. If the rf electric excitation field
[E=E,exp(—iw,1)], circularly polarized with a single
frequency for resonance excitation of ions with one m/q
ratio, is considered to be spatially uniform and the trapping
potential is ignored, the ion trajectories during resonance
can be found®®

Eqy
B 0@

‘ iEyt
r= [exp(—iw, t)_1]+T exp(—iw,t)
: 0

(15)

where complex r=x-iy. The term r,exp(—iw, 1) is re-
lated to ion initial position. It can be shown that the ion
radius increases linearly with time as the ion speeds up and
that the corresponding term is not related to initial condi-
tions. The orbital radius of excited ions is independent of
m/q. All ions “lose” the initial phases and are excited to
coherent motion. The ions of a given m/q range can be
excited to the same ICR orbital radius. The ions with dif-
ferent m/q are excited by multiple frequencies.

+ro exp(—iw. 1),

C. lon detection

In FT ICR, the signal is derived from the image cur-
rent induced by coherent ion cyclotron orbital motion after
excitation.”? A circular cyclotron orbit of an ion after ex-
citation by an electric field for a time 7T is

ICR cell 885

Downloaded 25 Jul 2007 to 128.187.0.164. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



re=(Eo/ Bow,) lexp(—iw,T) — 1]+ [ (iEoT/ By)

Xexp(—iw.T)+rgexp(—iwT)]exp(—ior)
(16)

in which 7 is the time after excitation. The superposition of
the component image currents of the two receiver plates is
amplified, digitized, and stored in the computer for discrete
Fourier transformation. This simultaneous observation of
all ion species gives the multichannel advantage. The ion
number density and the masses of the ions can be obtained
by the interpolation procedures described by Serreqi and
Comisarow.>°

Iil. THEORY
A. Theoretical analysis

In normal ICR cells, both positive and negative ions
are confined in x and y directions by the radial force

(17)

in which a strong uniform magnetic field is of main impor-
tance and the corresponding term is greater than the term
with the electric field. However, in z direction, only ions
with one charge sign can be confined by a pair of trapping
electrodes, which carry positive voltage for positive ions
and negative voltage for negative ions.

Using the method of static electrical potential (refer to
Sec. I) and neglecting ion collisions, the equation of mo-
tion of positive and negative ions is

F,=—|q| Bowr+|q|Egr

E
=+ — =+ E

m ar +gE* 4+qv* XB,
where + symbolizes the positive and — the negative ions.
For electric field E* the quadrupolar approximation is still
used. The equation is expressed in (x,y,z) coordinates as

d*x* dy* 2G*q

w7 For Z T Vi x*=0,

- (18)

(19)

dZy:l: . dx*

a2 =% g T m
d*z* 4G*q -
e = Yz =0,
where wF=(gBy)/m*, V. is the effective voltage, and

factor G is described in Sec. II. If we combine x and y to a
complex r,

2G=
iq Vay==0,

(20)

r=x+1iy. (21
Equation (19) can be expressed as
dr= Lart 2G*q
W,:!:la)c T mE Vgr==0. (22)
We obtain the equation for the eigenvalues A%,
G:l:
(=P si0fA* = V=0, (23)
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FIG. 3. The motion of ions with different charges in xy cross section in
the cell. @: positive ions and ©: negative ions. R, and R,, are cyclotron
and magnetron radii, respectively.

From this equation, the effective motion frequencies of ions
with both charges are deduced for positive ions

of + (o)) 422G g/m™ )V

wlt 3
2Gtq
:’CO:—‘ m+ V:{_’f:
e O — V(@) —42G g/m™)VE 2G*q .
v, = 2 =~ mt eff »
' (24)
and for negative ions
o7+ (0, )2 +42G g/m™ W
ol = 3
_,2%67¢q
=, +? Vg
oy =) 426 ¢/m Vg
@, = )
2G7¢q
=== Ve (25)

where @, means the effective cyclotron frequency and w),
the effective magnetron frequency as indicated in Sec. II.
Figure 3 shows the motion of ions with different charges in
xy cross section separately: Ions with opposite charges
show the same movements which is a superposition of the
cyclotron and magnetron motions, however, the direction
of rotation is reversed. For positive ions, the effective cy-
clotron frequency is a little lower than o7, and for negative
ions a little higher than w_ if ¥ are positive.
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FIG. 4. Simulated motion of positive SF¢ ions [(b) and (d)] and negative SFg ions [(a) and (c)] in z [(a) and (b)] and r [(c) and (d)] directions.

B. Simulation

The above theoretical analysis is qualitative because
the approximations described above are introduced. The
quantitative analysis of ion motion in three-dimensional
space is difficult because of the grid electrodes. To calculate
the trajectories of the ions with the SIMION program,®!
nonrotational structure of the grid electrodes have to be
simplified to a structure with rotational symmetry. The
grids are replaced by sets of concentric rings for the cal-
culation. The computations with sample ions SFg and
SF& reveal that it is possible to store both positive and
negative ions in the new ICR cell. The results are shown in
Fig. 4. The ion movement in the r direction is as described
above.

IV. EXPERIMENT
A. The new ICR cell

The experiments are performed with a prototype Spec-
trospin FT ICR spectrometer CMS 47. It is equipped with
a superconducting magnet of 7.02 T field strength and con-
trolled by an Aspect 3000 computer.

[e] - -

\ ) : G
electr, ﬁ :“/
accel. . .

i a s L}
cathode——':gl . B ® alectr.
l . . receiv.
. : \
T / . . T

FIG. 5. The cross-sectional diagram of the new ICR cell.
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The layout of the new cell is shown in Figs. 1(b) and
5. The.cylindrical ICR cell is 42 mm long and has a diam-
eter of 42 mm. The grid electrode (G) in front of the
trapping electrods (T) is constructed from mesh with a
grid constant of 2 mm. The central hole has a diameter of
4 mm. The distance between the grid and the trapping
plate is 1.5 mm.

The base pressure is in the 10~ '° mbar range and the
working pressure of the gas samples is in the 4 X 10~° mbar
range. v

The event sequence of experiments is shown in Fig. 6.
To quench all charged particles in cell, a series of quench
pulses is produced, which consists of an internal quench
pulse on the grids (G), an external quench pulse on the
trapping electrode (T), and a quench pulse on the side
plates (E) [refer to Figs. 1(b) and 5]. In this way the
residual positive and negative ions and electrons are elim-

Internal

External

i | ;

Quench  fonization Reaction Excitation Detection

FIG. 6. The time sequence of the experiments.

ICR cell 887

Downloaded 25 Jul 2007 to 128.187.0.164. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



SFg
SF¥
146
100 - 127
50
0 N T .
130 150

FIG. 7. Mass spectrum with simultaneous storage shows ions SFg (mass
number m/z=146), SF# (m/2=127), SF} (m/z=108), SFy (m/z
=89), and N (m/z=28). Vy=—14V, Vg=-+05V.

inated. Ionization of a gas sample by electron impact with
electron energy of 70 eV produces ions with both charge
polarities. Exitation and detection of the ions of both
charges can be performed either simultaneously or after
ejection of one kind of ion with the standard detection
scheme. :

B. Results and discussion

The new method is applied to the ion chemistry of
sulfur hexafluoride SFg. Electron impact ionization of this
compound yields the major positive ions SF#, SFf, and
SF;". No positive molecular ion SF¢ is formed. With the
near-thermal electrons, which are formed in large amounts
in the ICR cell, the negative molecular ion, SFg, is gener-
ated, and with electrons of higher energy, also SFy is
formed. In the mass spectrum shown in Fig. 7, all the ions
are detected. This indicates the simultaneous storage. The
grid voltage can also be adjusted to operate the ICR cell in
the “normal” mode to trap only one charge of ion. A pos-
itive voltage applied to the grid electrodes and with the
trapping electrodes on zero voltage, the mass spectrum

SF}
127
100 —
50 1 SF}
1 N8 o
R SEF+ SF} 89 SF}
-4 28
4 51 70 108
0 -
30 50 70 90 110 130 150
m/z

FIG. 8. Mass spectrum of positive ions only: SFi (mass number m/z
=127), SF§ (m/z=108), SF¥ (m/z=89), SFS (m/z=70), and N
(m/z2=28). V=0V, Vg=4035V.
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SF;

100 1 146

54

50

FIG. 9. Mass spectrum of negative ion only: SFg (m/z=146). V= —14
V, Ve=0V.

shows only positive ions (refer to Fig. 8). In Fig. 9, on the

other hand, with the trapping electrodes on negative volt-

age and the grids on zero voltage, the mass spectrum shows

only negative ions. Keeping the voltage of the trapping

plates constant, a range of grid voltages exists where both

positive and negative ions are trapped. The experiments

also show that the relative abundances of SF5 and SFg

depend on the voltages of the grid and trapping plates, as

shown in Fig. 10. It is clear that there is a common voltage
region for simultaneous storage.

The ion motion in the z direction may be analyzed for
positive and negative ions separately. We assume that a
positive voltage is applied to the grid electrodes and a neg-
ative voltage to the trapping plates. For positive ions, the
potential distribution in the z direction is shown in Fig.
11(a). As described in Sec. II, the positive ions with ener-
gies higher than the maximum energy values of the trap-
ping potential between the grid electrodes will be neutral-
ized on the negative trapping plates. Alternatively, the
positive ions with lower energy will be stored in the cell

120
110
100
90
80 F
70 +
80 F
50 F
40
30 F
20 f
10 F
0

T T

Vy==15(V) 7]

abundance

—
m
19

FIG. 10. Relationship between the relative abundances of SF{ and SFg
and the grid voltage Vg for a trapping voltage of Vr=—15V.
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(b)
FIG. 11. Potential energy distribution for positive ions (a) and for neg-
ative ions (b).

and gradually move to the central region of the cell due to
the ion—neutral collisions.

For negative ions, the potential distribution in the z
direction is shown in Fig. 11(b). The negative ions with
energies higher than the absolute value of the minimum
energy for the grid voltage [in Fig. 11(b), the value at
point A] will be stored. Because of the big dimension of the
mesh, ions will not be lost quickly on the grid electrodes.
On the other hand, the negative ions with lower energy will
eventually be lost on the grid electrodes during several
oscillations around the grids. In order to store the ions of
both charges efficiently, the adjustment of the voltages on
the electrodes, the dimensions of the mesh, and the dis-
tance between grid and trapping electrodes are important
factors. These factors influence the trapping efficiency of
the positive and negative ions simultaneously. To improve
the trapping efficiency for negative ions, there is a small
hole in the center of each grid electrode. This improvement
does not change the type of the potential distribution de-
scribed above, but negative ion loss on the grid electrodes
is greatly reduced. With the described experimental setup
trapping times before excitation are not significantly lower
than the trapping times reached for particles of only one
charge polarity. However, after excitation, trapping times
of positive ions are longer than that of negative ions be-
cause negative ions are lost on the grids.

As described above, the positive voltage is applled to
the grid electrodes and the negative voltage to the trapping
plates, and the negative voltage is greater than the positive
voltage. In this way, more electrons can be trapped in the
ICR cell, which more efficiently produce the negative ions

889 Rev. Sci. Instrum., Vol. 64, No. 4, April 1993

SFg . If the negative voltage is applied to the grid elec-
trodes and the positive voltage to the trapping plates, the
results are vice versa according to charge polarity. How-
ever, the less storage of electrons results in the less produc-
tion of negative ions SFg .
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