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One of the most useful recent ion cyclotron resonance (ICR) developments is the conversion of
magnetron motion to cyclotron motion by azimuthal quadrupolar excitation in the presence of
ion-neutral collisions. The technique offers a mass-selective means for “shrink-wrapping” an jon
cloud into a tight packet along the central axis of an ICR ion trap for enhanced signal to noise
- ratio, mass resolving power, and other advantages. However, the process itself is not directly
observable. In this paper, we show that the conversion may be rendered observable by
converting coherent magnetron motion (produced by off-axis ionization during a period short
compared to the magnetron frequency) to coherent cyclotron motion, followed by subsequent
dipole detection at @ (reduced cyclotron frequency) or quadrupolar detection at w, (unper-
turbed cyclotron frequency) and 2w, . Detection at w, eliminates the ICR frequency shift due
to the electrostatic trapping potential, providing for increased mass accuracy; detection at 2w
may offer increased mass resolving power. The observed signal behavior as a function of exci-
tation amplitude—duration product is predicted theoretically and confirmed experimentally for
both types of detection. Unlike the otherwise analogous 180° pulse in nuclear magnetic reso-
nance (NMR), the magnetron-to -cyclotron interconversion may be phase-coherent with respect
to both initial and final states. Finally, we show how coherent magnetron motion of two ion
packets of different magnetron phase can be converted to cyclotron motion of two ion packets

of different cyclotron phase, and we discuss the implications of that process.

1. INTRODUCTION

In the past decade, Fourier transform ion cyclotron
resonance mass spectrometry (FT/ICR/MS) has become
one of the most exciting areas in mass spectrometry, both
in fundamental developments and applications.!™? The ex-
traordinary analytical value of FT/ICR/MS results from
its versatility and unique combination of features; (a) ul-
trahigh mass resolving power and mass accuracy (for un-
equivocal determination of ion chemical formula); (b) ca-
pability to interface with a variety of soft ionization
techniques for analysis of involatile biocompounds; and
(c) ion trapping for self-chemical ionization, ion-molecule
reaction chemistry, photodissociation, and multistage MS”
in a single instrament.

Virtually every FT/ICR experiment is carried out with
a cubic, tetragonal, or cylindrical ion trap placed in a
strong static magnetic field. The two trap electrodes per-
pendicular to the magnetic field are usually biased to a
positive (negative) voltage above ground to trap positive
(negative) ions. The approximately axial quadrupolar
“trapping” potential inside the trap restricts the freedom of
ions to move axially away from the center of the trap along
the magnetic field direction. The combined magnetic field
and the electrostatic trapping potential effectively confine
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radial and axial ion motion. In the absence of a time-
varying (“excitation”) electric field, ion motion may be
analyzed into three independent cyclotron rotation, mag-
netron. rotation, and axial (“trapping”) oscillation
modes.

Ions are normally detected in FT/ICR/MS experi-
ments by dipolar excitation followed by dipolar detection
at the reduced cyclotron frequency, w_ (see Sec. II). For
example, ions generated by an electron beam injected along
the symmetry axis of the trap form an ion “packet” with an
initial diameter somewhat larger (due to Coulomb repul-
sions) than the electron beam diameter. Coherent cyclo-
tron motion of the ion packet may be excited by applying
a 1f voltage signal (whose Fourier transform spectrum con-
tains a component at the ion cyclotron frequency) differ-
entially to a pair of opposed electrodes whose surfaces are
parallel to the magnetic field direction. Following excita-
tion, the coherently orbiting ion packet induces between a
pair of opposed detection electrodes a differential image
current that may be converted to a voltage which may be
amplified, digitized, and recorded.?**> Coherence of cyclo-
tron motion (i.e., all ions moving with essentially the same
cyclotron phase) is essential to efficient ICR detection.?6

Until recently, magnetron motion in an ICR ion trap
has been largely ignored, except for its deleterious effects
with respect to radial diffusion (see below) and signal loss
due to electrical resistance in the trap electrode circuit.?’
However, one of the most important new téchniques in
ICR mass spectrometry is the use of quadrupolar excita-
tion to interconvert betwéen pure magnetron and pure cy-
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FIG. 1. Radial component of the electrostatic trapping potential in the xy
midplane (z=0) of a cubic ICR ion trap. An electron beam travels along
an off-axis line (x=x,, y=0) paralilel to the trap symmetry axis (x==0,
y=0). Immediately after their formation, ions have a finite magnetron
radius and the ions precess in a magnetron orbit (dark curve) along an
isopotential contour.

clotron motion. Initially demonstrated for single-frequency
experiments in a Penning ion trap,”*? the technique has
been extended to broad band FT/ICR experiments in a
cubic ion trap.® In the presence of ion-neutral collisions,
ions are cooled and axialized to form a compact ion packet
at the center of the ICR ion trap, leading to the following
advantages: (a) improved ICR peak shape and detection
sensitivity (factor of 100 in some cases);*! (b) improved
mass resolving power (up to factor of 500);731 (¢) im-
proved ion remeasurement efficiency (up to 99%) for ad-
ditional increase in signal to noise ratio and/or multiple
‘experiments with a single trapped-ion packet;*? (d) ex-
tended trapping period to allow for thousands of ion-
neutral collisions to release excess ion internal electronic or
vibrational excitation energy;>® (e) improved transfer effi-
ciency to move ions through a narrow conductance limit;*!
and (f) reduced z-ejection from excitation at-2w, and @ x
+2m,; etc. -

Unfortunately, in spite of the wide-ranging impact of
the quadrupolar excitation method, the process itself is
usually invisible, because initially incoherent magnetron
motion is converted into (unobservable) incoherent cyclo-
tron motion. In this paper, we show that coherent magne-
tron motion may be generated by forming ions off-axis.
Specifically, ions are generated by electron ionization along
a line parallel to the magnetic field direction but radially
displaced from the central symmetry z-axis of the: trap.
Immediately after their formation, ions thus possess a non-
zero magnetron radius equal to the distance between the
symmetry axis of the trap and the electron beamline. Ions
then circulate at the magnetron frequency in their magne-
tron orbit (see Fig. 1). If the electron beam is short com-
pared to one magnetron rotation period, then the ion initial
spatial distribution is small and magnetron motion of the
initial ion packet is coherent. Quadrupolar excitation may
then be used to convert the magnetron coherence to a cy-
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clotron coherence which may be observed by either dipolar
or quadrupolar detection.
Coherent ion cyclotron motion may be generated by

dinolar excitation of an ion nacket initiallv at rest near the

dipolar excitation of an ion packet initially at rest near the
center of the trap.2? Alternatively, some degree of magne-
tron coherence has been observed in laser desorption ex-
periments as well.** In previous work,** we proved theo-
retically that the conversion from magnetron to cyclotron
motion is formally analogous to a population inversion
process in a two-level energy manifold [e.g., spin one-half
nuclei in nuciear magnetic resonance (NMR)]. Here, we
demoristrate experimentally that coherent magnetron mo-
tion can be completély converted to coherent cyclotron mo-
tion by azimuthal single frequency quadrupolar excitation.
The experimentally observed ion response to such a con-
version process is shown to agree well with theoretical pre-
dictions.

Finally, we also show how to generate two coherent
spatially separated ion packets with a controllable relative
magnetron phase difference. -If the magnetron motion of
each of those ion packets is converted to cyclotron motion,
the relative magnetron phase difference is conserved as a
relative cyclotron phase difference. We use the newly de-
veloped method to demonstrate experimentally the impor-
tance of cyclotron phase coherence in ICR detection. Al-
though the formalism developed here is for a cubic ICR
ion trap, extension to other trap geometry is straightfor-
ward and does not affect the qualitative conclusions of this
paper. '

“ Although the present paper deals with quadrupolar ___
excitation, excitation and detection for a given ion cyclo-
tron trap operating mode are related by the reciprocity
principle of electrostatics.>*37 Thus, some of the formal
development for the cubic trap in this paper is anticipated
in prior treatments of quadrupolar detection in a Penning
trap geometry. 354

It. THEORY

Here we present the minimal formal content needed to
describe the present experiments. Previously published re-
sults are given without derivation. For a cubic ICR ion
trap,*! the electrostatic trapping potential, Dygp, near the
center of the trap may be expressed approximately as

q>trap= Vtrap Y_EZ (x2+y2f“222) (N

in which ¥, is the dc voltage applied to each of the two
opposed trapping electrodes, a is the trap edge length, and
y=1/3 and a=2.773 73, respectively.*>*" '

We have previously derived the azimuthal quadrupolar
excitation potential for a cubic trap?>3*

3aV,,(1)
&y i) =D 2y @

in which V,,(¢) is the excitation voltage applied to the
electrodes whose surfaces are parallel to the magnetic field.
We found it convenient to represent the equations of mo-
tion for. magnetron/cyclotron interconversion process as
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in which @ is the reduced cyclotron frequency, @ _
magnetron frequency, and (#) represents a *coupling”
between magnetron and cyclotron motions (see below).

1) 0, O :
i o L

®,=qB/m is the unperturbed cyclotron frequency, and @,
=(2aq Vtrap/maz) 17245 the axial oscﬂlatlon (trapping) fre-
quency, and w_ =2a Vtr/a B.

In Eq. (3), V* and V™ are the cyclotron and magne-
tron velocity vectors, and the Cartesian coordinates (x,p)
are represented as mathematically complex (x,iy) to ren-
der the equations more compact

(5a)
Vo =p—io,.p. (5b)
The concept and use of P-vectors has previously been de-
scribed in detail by Brown and Gabrielse.?® In thc; absence
of a time-varying electric excitation field, the equation for
V* [Eq. (3a)] and V™ [Eq. (3b)] are independent and the
cyclotron and magnetron motions may be treafed as inde-
pendent “normal modes.” The (complex) position vector,

p=x-+iy, and its derivative, p, may then be éxpressed as
functions of V¥ and V-~

—v-)

Vi=p—io_p,

A ) .
p=—— a
and
L o Vt—w_ V-~ b
Pf o, 5 (6b)
in which
w;=co+ —o_. (6¢c)

A. Single-frequency azimuthal quadrupolar resonant
excitation

For the present purpose, it suffices to solve the equa-
tions of ion motion for single frequency on-resonance ex-
citation. A special transformation may be used to convert
Egs. (3) to Bloch-type magnetic resonance equations.>*
For example, complete conversion from magnetron to cy-
clotron motion is formally analogous to a 180° spin-fiip of
spin one-half nuclei. However, the individual azimuthal
(transverse magnetization) phase in the Bloch equations
has no physical significance for a spin-flip angle of zero or
180°, whereas either pure magnetron or pure cyclotron mo-
tion in ICR may be coherent with well-defined phase angle.
We therefore require a different approach to derive solu-
tions which retain that phase information. As suggested by

is the
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Bollen et al.,?® we simplify the above equation by introduc-
ing the following iransform (analogous to the “roiating
frame” in magnetic resonance)

V=A% (r)e@+, (7a)
—=A- (t)efw : (70)

Substltutmg Eqs. (7) into Egs. (3) and noting that we

“shall be interested in those solutions corresponding to

single-frequency on-resonance quadrupolar excitation,
Q(8) =Qe™<, we find

da+ iy o ' g
& 240 (82)
dA— tQ.O
+¥__
4 dt — AT =0, (8b)
3qaVy, :
o=, - (8e)

in which ¥V, is the amplitude of the excitation voltage.
now has a simple physical interpretation, 3¢ represents
the (phase) angle for interconversion between magnetron
and cyclotron modes (e.g., Qpt=0 and 7 correspond to
pure magnetron or pure cyclotron motion, if the system
starts in pure magnetron mode). If the initial cyclotron
velocity is zero, 4™ (0) =0, and initial magnetron velocity
is, A7 (0) =4y =|4g ]ei"‘—, one can prove that the above
equations have the following solutions:

Ay ; Qqt
AT = (@0 iy sin(), (ow)

4 . 0ot '
A::_To. (ezﬂot/2+e—xﬂot/2) =Ao_ cos (To) (9b)

Therefore,
Qot
VF=idy 'sin'(T"-)e’w

=|4q| sm( 3 )exp[z(w+t+¢ +7/2)], (10a)

Qo

=|Ag | cos( 3 )exp[z(a) t+¢_)] . (10b)
in which |A4g | is the amplitude of the initial magnetron
velocity; and ¢._ is the initial phase of the magnetron ve-
locity, V™. The phase, Qgt, in the sin or cos functions is the
previously defined “flip angle,”** so that complete conver-
sion (from pure magnetron to pure cyclotron motion) is
first achieved when Qyt=. Importantly, Eq. (10) shows
that in a single-frequency on-resonance excitation process,
the phase of the initial magnetron velocity is preserved (af-
ter magnetron-to-cyclotron conversion) in-the respective
cyclotron velocity [see. Eq. 10(a)].
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B. Relation between V-vectors and the magnetron
and cyclotron radius vectors

After quadrupolar on-resonance excitation is removed,
the azimuthal (radial) position vector, p, may be analyzed
into two independent cucular (magnetron and cyclotron)
motions

p=p4 eia)+t+p eia)_t (11)

in which p, and p_ are the respectlve radius vectors for -

ion cyclotron and magnetron motions. We can evaluate p ;.
and p_ at the instant at which the excitation is removed.
The relation between the A vectors [defined in Egs. (7)]
and the cyclotron or magnetron radius vectors may be
found by substituting Eq. (11) and Egs. (7) into Eq. (6a)
to give

itA+eia+t_A—elw_t) '

P eim_,,t_i_pv_eia)_l.:' _ . (12) .

@y .

By comparing the coefﬁc1ents precedlng e’“’+’ and e"”—’ we

find
' (13a)
(13b)

pr=—id*/a,
p=id"/@,.

C. Azimuthal dipolar and quadruvpolar deteéfioh

To predict the ion response to quadrupolar excitation,
we need first examine the dependence of induced image

current on ion cyclotron/magnetron radius vectors in both -

dipolar and quadrupolar detection procedures. The ion po-
sition coordinates, x and y, may be expressed as the vector
sum of the ion magnetron and cyclotron radii, .

x=p, cos(w,t)+p_ cos(w_t), _(14a)
y=p. sin(@.t)+p_ sin(o_2). (14b)
The corresponding velocities may‘ be written as ‘
i=—w,py sin(ei)—w_p_sin(@_r),  (15a)
Y=w,p, cos(w ) +w_p_ cos(w_rt). T "(15b)

For an arbitrary detection electrode arrangement; the im-
age current, I, mduced by the azimuthal motion [Eq: (11)]
may be expressed as?® .

I=q'V‘Ei

in which v=xi+yj is the azimuthal velocity of the ion of
charge, g, and E; is the electric field generated by the elec-
trode at unit potential from which the current is flowing
and by the electrode at negative unit potential to which the
current is flowing and all the other electrodes are at ground
potential. To determine the dipolar detected response in a
cubic ICR trap, we begin by noting that the electric field,
Egipolar» n€ar the center of the trap (produced by.applying
=1 V to-the two opposed detector electrodes) may be
approximated as a spatlallv uniform field in the x-direction
(ie., pure real i in our complex notatlon) B

- (16)

Ed\polar—fﬁ/ a, (17
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in which B is the cubic trap geometri¢ factor, 0.73; and a is
the trap edge length.’’ By reciprocity,®>*7 the dipole-
detected image current induced by azinmiuthal ion motion,
is therefore obtained from Eq. (17) and the time-derivative

of Eq. (14a),
1(8) = (gB/a) [ p o0, sin(@ 1) +p_o_ sin(w_1)]

=I (0, )sin(w, 1)+ e_)sin(o_t). (18)

Thus, conventional dipolar detection for ions of a single
mass-to-charge ratio produces signals at the cyclotron fre-
quency, @ , and at the magnetron frequency, _, if both
cyclotron and magnetron motions are coherently excited.
The cyclotron dipole-detected current signal magnitude,
I,(w,), is proportional to the cyclotron radius and fre-
quency and the magnetron current signal, I (w_), is pro-
portional to the magnetron radius and frequency

o) =(gB/a)pioy,’

I )=(gB/a)p_o_

Of course, in the (usual) case that the detection circuit is
predominantly capacitive, the correspondmg voltage signal
will be frequency-independent. 24,2540

For azimuthal quadrupolar detect10n,4° we proceed as
before to determine first the electric field (in complex no-
tation) ‘produced by applying I V to each of a pair of

(19a)

(19b)

~ opposed electrodes at x=+a/2 and — 1 V to each of a pair

of opposed electrodes orthogonal to the first pair at-y
= +a/2, remembering that électric field is the negative
gradient of potential [Eq. (2)],

Equadrupolar“‘ _vq)O = (3a/a2) (x_ly) (20)

Again by reciprocity, the induced current signal for azi-
muthal quadrupolar detection (i.e., add the signals from
electrodes at x= +a/2 and subtract the signals fiom elec-
trodes at Pp= :l:a/2) is obtamed from Egs. (14) (16) and

Hq. (20) as

3q ‘
I—ﬂz—[p+a)+ s1n(2w+t) +2p+p sin(w, 1) .

+p o s1n(2co t)]

(21)

=T (2w+)sm(2co+t) +1, (coc)sm(a)c )
+Iq((o_)sm(co_t).

From Eq. (21), we predict that only the two peaks -at
frequencies 2w, and o, will usually be seen in a spectrum
produced by.azimuthal quadrupolar detection. (Ordi-
narily, the signal component at frequency, 2w __, is lower in
frequency than the low-frequency cutoff for the detection
circuit). By analogy to Eq (19), we have

I (2w+)—(3qa/a2)p+w+, T - (22a)
I (wc)—-(ﬁqa/az)p+p coc, - (22b)
Iq(Z&J;_)7=(3qa/¢‘12)p2_a)__‘. (iéé)
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FIG. 2. Schematic representations of a cubic ICR ion trap (5.08 cmon a
side) in which ions are formed by an electron beam displaced by 0.635 cm
from the central axis of the trap, showing electrode connections for qua-
drupolar excitation/quadrupolar detection (top) and quadrupolar
excitation/dipolar detection (bottom). Excitation and detection’ events
are isolated by a switch network which is triggered during the experimen-
tal event sequence.

1Il. EXPERIMENT

All experimenté were carried out on an Extrel FTMS-
1000 spectrometer (Extrel FTMS Millipore Corp., Madi-
son, WI) operating at 3 T. The homemade vacuum cham-

ber is pumped with a cryopump (CryoTorr-8, Helix

Technology, Waltham, MA) with a pumping speed of
2000 L/s. An ionizing electron beam passes through a 5.08
cm cubic trap parallel to the magnetic field directiOn, but
displaced laterally by 0.635 cm from the central axis of the
trap (see Fig. 2).

‘ Benzene was admitted into the vacuum chamber
through a leak valve (Model 951-5100, Varian, Palo Alto,
CA). Benzene molecular ions were produced by electron

_impact ionization (13 eV electron beam for 1 ms at an
‘emission current of 550-1750 pA measured on a collector
located outside the more distant trap electrode) at a sam-
.ple pressure of ~5X 1072 Torr. Trapping potential was 4
V for all experiments. The magnetron frequency, v_=w_/
27=228 Hz. The electron beam in such an off-center trap
creates ions with a large initial magnetron radius; more-
over, the ion magnetron motion is spatially coherent be-
cause the electron beam duration is short (1 ms) compared
to one period of the magnetron motion ( ~4.4 ms).

Coherent magnetron motion is converted to coherent
cyclotron motion by single-frequency resonant -azimuthal
quadrupolar excitation at w,. The experimental configura-

Chen, Guan, and Marshall: Coherent magnetron motion

tion for producing the azimuthal quadrupolar excitation
potential in a cubic ICR trap has been described previ-
ous_ly.3° The conversion process is monitored by either az-

imuthal quadrupolar or conventional dipolar detection, as

shown in Fig. 2. For quadrupolar excitation or quadrupo-
lar detection, all four electrodes parallel to the magnetic
field are used.”? A homebuilt switching network isolates
excitation and detection events. The same switching net-
work is used to switch between quadrupolar excitation and
d1polar detection.

IV. RESULTS AND DISCUSSIQN

In a typical FT/ICR experiment, iohs are generated or
injected along the symmetry axis (z-axis) of the trap and
the initiai magneiron radius (i.e., off-axis displacement of
the center of the cyclotron orbit) of the ions may be ne-
glected. If desired, coherent ion magnetron motion may be
excited by resonant azimuthal dipolar excitation at the
magnetron frequency, w_, just as coherent ion cyclotron
motion may be excited by resonant dipolar excitation at
o . However, since the magnetron frequency is essentially
mass-independent at m/z values below the “critical”
mass,'? such magnetron excitation is generally not mass-
selective. Moreover, magnetron motion, even if coherent, is
generally not detectable, because of the magnetron fre-
quency (typically ~ 100 Hz) is usually lower than the
low-frequency limit of the detection circuit (typically a few
kHz).

At high neutral gas pressure, ions generated along the
center line of the trap collide with neutrals and gradually
lose their potential energy. An important, consequence of
that potential energy loss is magnetron orbital radius ex-
pansion, since magnetron potential energy decreases with
increasing magnetron radius.* In general, the collisionally-
expanded magnetron orbital motion is incoherent and the
distribution of ion radii is large, so that the magnetron
motion is undetectable. Nevertheless, Dunbar ef @/. have
observed ion magnetron motion based on a presumed ini-
tial ion distribution asymmetry which resolves into a cloud
of unsymmetrically distributed charge and induces an os-
cillating magnetron signal on the receiver electrodes.** Ion
magnetron motion has also been observed by Laude et al.
in laser desorption experiments.*

In this work we generate ions of nonzero magnetron
radius by directing an off-axis electron beam into a cubic
ICR ion trap. If the electron beam duration is short com-
pared to one cycle of the magnetron orbital motion, then
the resulting ion packet is magnetron-coherent. With this
approach, we are also able to produce packets of ions of
different magnetron orbital phase by use of short electron
beam pulses separated in time by a known fraction of one
magnetron orbital period.

A. Observation of interconversion between . -
magnetron and cyclotron motion

In our trap configuration, the magnetron/cyclotron
conversion process may easily be monitored by either di-
polar or quadrupolar detection as follows. Following qua-
drupolar excitation, the dependence of dipole-detected ion

J. Chem. Phys., Vol. 100, No. 3, 1 February 1994
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FIG. 3. Oscillation of experimental dipole-detected magnitude-mode
(absolute-value mode) spectra peak height (open circles) at-the cyclotron
frequency, v, , as a function of the duration of a prior quadrupolar ex-
citation event [12 ¥, at frequency, v/]. The theoretical [sm(ﬂot/2)|
behavior predicted by Eq. (23) is shown as the solid curve, whose max-
ima and zero-values correspond to pure cyclotron and pure magnetron
motion, respectively. -

cyclotron signal magnitude on prior quadrupolar excita-
tion duration, #, and voltage, ¥, [see Eq. (8¢)] is found by
) substituting Egs. (9) and (13) into Eq. (19a),

()

in which ), is given by Eq. (8¢c). Therefore, the signal
current magnitude at frequency, o, is time-modulated
according to [sin(Q4¢/2)| in which ¢ is the quadrupolar
excitation duration (see Fig. 3). Figure 3 shows nice agree-
ment between experimental and theoretical [Eq.
dipole-detected signal magnitude at the reduced cyclotron
frequency, @, . For example, whenever Qyt=(2n-+1)m,
n=0,1,2,..., the magnetron motion has been completely
converted to cyclotron motion, and the observed signal in
Fig. 3 is maximal. Alternatively, whenever Qut=2nm,
n=0,1,2,..., quadrupolar excitation has driven the ions
back to pure magnetron motion, and the signal in Fig. 3 is
zero. Moreover, because the initial magnetron motion is
coherent, the cyclotron motion obtained by magnetron-to-

(23)

9B _
(@) =HE‘°+A0
P

cyclotron conversion is also coherent and therefore detect- -

able!

The magnetron/cyclotron interconversion process may
also be monitored by observing signals at either 2w or @,
in quadrupolar detection mode (see Fig. 4). The predicted
signal magnitudes may be derived from Eqs (13) and
(22),

11, (2m+>|——fco+|Ao. 2] sin? (“" )|

3ga

=-§Efw+|A0_|2['l—cos(Qot)], (24a)

23)]
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FIG. 4. FI/ICR magnitude-mode spectra (direct-mode, broad band de-
tection to give 4 K time-domain data points, no apodization or zero-fill
before FFT), obtained by quadrupolar detection following single-
frequency resonant quadrupolar excitation at frequency, v,.. Quadrupolar
excitation [23.3 V(, ] was applied for 0.8 ms (top, corresponding ap-
proximately to a 7 pulse to yield pure cyclotron motion) or 0.6 ms
(bottom, to yield approximately equal ion cyclotron and magnetron ra-
dii). Note that in this detection mode, cyclotron motion is detected at

frequency, 2v, , and the product of magnetron and cyclotron radii is

manifested by a signal at frequency, v, [see Eq. (22b) and text]. -

Qet Qt
|1, (a)c)[__gz-a)cle | lsm( 0 )cos( 20 )|

3gc

= wc| Ay |*]sin(Qgt) |. (24b)

Note the maximum magnitude of the signal at w, is about
twice that at 20w _ (v ~,). The magnitude of the signal
at frequency, 2w, is time-modulated by function,
1—cos({y¢t), whereas the magnitude of the signal at fre-
quency, @,, is time-modulated by |sin(£g?)|. (For sim-
plicity in display, we independently scaled the maximum
signal amplitudes at o, and 2 to unity in both Figs. 5

and 6.) Figure 5 demonstrates the variation in relative

signal magnitude at frequencies, 2w, , and w,, correspond-
ing to interconversion between pure cyclotron and pure
magnetron inotion, as a function of excitation amplitude—
duration product. For example, for pure cyclotron motion,
Q t=(2n+41)m, n=0, 1, 2,...,- the quadrupole-detected
signal at 20 + is maximal [Eq. (24a)], and the quadrupole-
detected signal at . is zero [Eq. (24b)], as seen in Fig. 4
(Qot =, top spectrum). For pure magnetron motion, Qgf
=2nm, n=0, 1, 2,.., the quadrupole-detected signal at
2w is zero [see Eq. (24a)] and the quadrupole-detected

. sighal at @, is also zero [see Eq. (24b)]; the (unobserved)

balance of the signal is [see Eq. (22a)] at twice the mag-
netron frequency, 2w _ , but our detection bandwidth does
not ~ extend to that frequency.
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FIG. 5. Oscillation of experimental quadrupole-detected magnitude-
mode (absolute-value mode) spectral peak height (open circles) at fre-
quency, frequency, v, (top) or 2v, (bottom), as a function of the dura-
tion of prior quadrupolar excitation event [12 V(, ,, at frequency, v].
Theoretical functions, |sin(Qq?)| (top) and smz(ﬂot/2) (bottom), based
on Egs. (24a) and (24b) are also shown as solid curves for comparison.
These results clearly demonstrate the magnetron/cyclotron interconver-
sion produced by quadrupolar excitation, e.g., note that the frequency of
the sinusoid for quadrupolar detection in the top graph in this figure is
twice the frequency of the otherwise similar sinusoid for dipole-detected
signal in Fig."3 [see Egs. (23) and (24b) and accompanying text].

Midway between pure magnetron and pure cyclotron mo-
tion, Qt=nw/2, n=1, 3, 5,..., the quadrupole-detected sig-
nal at 2@, is half the magmtude of the quadrupole-
detected signal at w,..When €, t~3/4, the signal
amplitudes at o, and 2w, are equal to each other [see Fig:
4, bottom; we can solve for Q¢ by equating 1 —cos(Qt)
=2[sin(Qq?) |]. Finally, note that the signal at o, is inde-
pendent of trapping voltage (to the extent that the trapping
potential is purely axially quadrupolar), for potentially im-
-proved mass accuracy. ' o '
Spectra of the type shown in Fig. 4 were used to
generate the data plotted in Figs. 5 and 6, in which
quadrupole-detected magnitude-mode FT/ICR mass spec-
tral peak height is plotted against the excitation
amplitude-duration product. In Fig. 5; excitation duration
is varied at constant excitation amplitude; whereas in Fig.
6, excitation amplitude is varied at constant excitation du-
ration. As predicted by Egs. (24), Figs. 5 and 6 show
essentially the same behavior (e.g., successive minima in
peak height at @, correspond to alternating maxima and
minima in. peak height at 2w ). The decrease in signal
with increasing quadrupolar excitation duration in Figs. 3
and 5 presumably arises from dephasing of the ion packet
during quadrupolar excitation and/or spatial nonunifor-
mity of the quadrupolar excitation electric field. Collision-

38-40

Chen, Guan, and Marshall: Coherent magnetron motion

| sin(@ot) |

sin?(Q, t/2)

FT/ICR Magnitude-Mode
Peak Relative Height

Excitation Amplitude (V,_,)

FIG. 6. Oscillation of experimental quadrupole-detected magnitude-
mode (absolute-value mode) spectral peak height (open circles) at fre-
quency, frequency, v, (open circles), or 2v, (solid circles), as a function
of peak-to-peak quadrupolar excitation peak-to-peak voltage (at fixed ex-
citation duration of 0.9 ms). Theoretical functions, |sin(Q)#)| and
sin?(Qqt/2), based on Bqs. {24a) and (24b) [in which ¢ is fixed and Vien
is varied] are also shown as solid curves for comparison. Behavior and
interpretation are similar to that in Fig. 5 (see text).

induced signal decay is probably not as significant at the
pressure of 5.0 10~8 Torr for these experiments. There is

almost no signal decay with increasing quadrupolar exci-

tation amplitude in Fig. 6 because all of those data were
obtained at the same (short) excitation duration.

B. Control of cyclofron phase coherence in a two ion
packet experiment

An illuminating dividend of the present approach is
that it becomes possible to observe directly the phase-
coherence of ion cyclotron motion, if experiments are car-
ried out with two off-center time-separated electron beam
pulses. A first ion packet is formed by irradiation with an
off-axis electron beam for a period short ( ~250 us) com-
pared to one cycle of ion magnetron motion ( ~4.4 ms) at
4 V trapping voltage applied to each trapping electrode).
The first packet then proceeds along its magnetron orbit. A
second ion packet is then produced by off-axis ~250 us
electron beam irradiation. Each of the two ion packets
contains the same number of ions and the same magnetron
radius, but the two packets differ in magnetron phase by
A¢_ radians, according to the time separation, #;, between
the two electron beam events,

Ap_=¢; —¢_=0_t,

in which ¢; and ¢, are the magnetron phases of the first

and the second ion packets, respectively. In the absence of
excitation, the two ion packets continue to precess around
the same magnetron orbit and maintain the constant phase
difference, A¢_ . Azimuthal quadrupolar resonant excita-
tion converts the magnetron motion of each ion packet to
cyclotron motion. We may choose the quadrupolar excita-
tion amplitude and duration such that the conversion is
complete (Qyt=1), as shown in Figs. 3—6. Moreover, the
magnetron-to-cyclotron conversion process is not only in-

(25)
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FIG. 7. Dipolar detection at frequency, @, (top) and quadrupolar de-
tection at frequency, 2w, (bottom), followmg quadrupolar complete
magnetron-to-cyclotron conversion of two ion packets whose initial mag-
netron phases are determined by the delay between the two short electron
beam pulses that created the two packets. Ion packets with initial mag-
netron phase difference of # radians (leading to final cyclotron phase
difference of 7 radians) glve zero, dipole- and maximal quadrupole-

signals. Experiment data (electron beam, 500-1750 1A, —20'eV energy, .
and 250 us duration), are shown as open circles, in excellent agreement _

with theoretical solid curves based on Eqgs. (26) and (27) (see text). .

dependent of the initial magnetron phase [Eq: (10a)], but
the final postconversion cyclotron orbital phase is deter-
mined by the initial preconversion magnetron phase. Thus,
the postconversion cyclotron phase difference between - the
two ion packets is the same as the preconversion magnetron
Phase difference. Because we can control the preconversion

magneétron phase difference between the two ion packets -

simply by:changing the time-delay,. #;, between the two
electron beam events, we therefore now have a method for
producing two ion packets rotating at the cyclotrén fre-
quency with the same cyclotron radius (equal to the pre-
conversion magnetron radius) and controllable cyclotron
phase difference. : -

For example, it is mterestmg to generate twg ion ‘pack-
ets differing by 180° in cyclotron phase. Because the -ion
packets have the same-cyclotron radius and contain the
same number of ions, there will be no net differential image
charge between two opposed detection electrodes and thus
no dipole-detectable signal, even at large ion cyclotron or-
bital radius (see Fig. 7, upper left diagram).

For dipolar detection of two cyclotron-orbiting ion
packets of cyclotron phase, ¢; and ¢, , the frequency-
domain signal magnitude at frequency, @, is just the sum
of the signals from the two individual packets

2265
o) | =@ F a0 ﬂ
~~~~~ . qB l‘l .
= a’w#‘o |ef”v1._+ef’2_;|_‘.: o
2qﬁ P o A,'¢2_'—'¢1_‘7t:,
. —ZE);G)_‘_ 0 [ol0 ] ———2——"' ‘
2B oot
=;;pw+Ao lcos( > )‘ (26)

The dlpole 51gna1 magmtude ‘oscillates s1nuso1dally as a
function of #;, and reaches its maximum whenever o_#
=2nm, n=0, 1, 2,..., correspondlng to spatial overlap of
the two ion packets The d1pole-detected s1gna1 magmtude
goes to zero whenever w_t;={(2n+ 1), n= 0 1,2,..., cor-
respondmg to cyclotron phase difference of T radlans for
two ion packets on opposite sides of ‘the cyclotron orblt
Our experimental results (Fig. 7, upper right) agree quite
closely with the magnitude-mode relative peak height de-
pendence on #; predicted by Eq. (26).

*Similarly, a quadrupole-detected signal for two ion
packets of equal cyclotron radius and ion number but dif-
ferent cyclotron phase (Fig. 7 lower left) w111 be observed
at frequency, 2w 4+, with magnitude’

1,200 = In(20.) +1p(20.) |

3gqa
=|zaes U >2|1e”¢1 |

a:s‘

6qa

B |_2—CO+(A0 )2 |cos(a) t;)l | (27)

Note that the quadrupole-detected s1gna.1 of Eq. (27) (F1g
7, lower left) oscillates twice as fast as a function of #; as
the dipole-detected signal of Eq. (26).(Fig. 7, upper left).
Whenever the two ion packets differ by 7 radians in cyclo-
tron phase, the dipole-detected cyclotron signal is zero [Eq.

. (26)], whereas the qugdrupole-deteeted"s'i'gnal"’is a miaxi-

mumi.

V. CONCLUSIONS

First; by forming (off-axis) ions with a nonzero initial
magnetron radius, we are able to’ render magnetron-to-
cyclotron interconversion produced by azimuthal quadru-
polar excitation) observable by use of azimuthal dipolar
detection at frequency, w_ , or azimuthal quadrupolar de-
tection at frequencies, w, and 2w . It is therefore now
possible to monitor the magnetron—to cyclotron conversion
process as a function of .various experimental parameters
(e.g., trapping potential, number of ions, ion initial dis-
placement from the z-axis, excitation amplitude) to char-
acterize the important new tool of quadrupolar excitation
for “shrink-wrapping” an ion ensemble into a compact ion
packet localized near the center of an ICR ion trap. Alter-
natively, the conservation of ion radius in the magnetron-
to-cyclotron conversion offers a particularly direct new
way to measure the number of ions in an ICR ion trap as
follows. Suppose that ions are generated at a (known)
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magnetron radius by off-axis ionization (as in this paper)
or injection. A subsequent quadrupolar “u’-pulse will
yield a packet of ions with a cyclotron radius exactly equal
to the original (known) magnetron radius. The number of
ions may then be obtained from the measured dipole-
detected differential current between two opposed detec-
tion electrodes,””> with the advantage that the cyclotron
radius need not be determined separately from measure-
ment of the ratio of signals at third-harmonic and funda-
mental cyclotron frequency.3”#5:46

Second, by exploiting the conservatlon of phase in pro-
ceeding from magnetron to cyclotron motion, we are able

to use a pulse—delay-pulse off-axis electron beam ioniza-

tion event followed by resonant azimuthal quadrupolar ex-
citation to produce two ion packets of equal cyclotron or-
bital radius and ion number but different cyclotron orbital
phase. This experiment offers a direct method for study of
dephasing mechamsms which reduce ion cyclotron orbital
coherence.

Finally, the mass resolving power in azimuthal qua-
drupolar detection experiments demonstrated here can po-
tentially increase by a factor of 2 over conventlonal dipole-
detection, because one can observe 31gna1s at frequency,
2w , rather than at o T much as in harmomc detectlon
experiments. ¥~
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