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Phase-Modulated Stored Waveform Inverse Fourier Transform
Excitation for Trapped Ion Mass Spectrometry
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The stored waveform Inverse Fourler transform (SWIFT)
technique offers a general method for exciting and/or ejecting
lons having any range(s) of mass-to-charge ratios In either
Fourler transform ion cyclotron resonance (FT/ICR) or lon-
trap mass spectirometry. In this paper, we show that any of
several types of nonlinear phase modulation (preferably,
quadratic phase modulation) of the original frequency-domain
spectrum before inverse Fourler transformation can suc-
cessfully produce the desired low dynamic range In the
time-domain as well as optimally flat frequency-domain
transmitter power. Apodization of the lime-domaln waveform
further smoothes the final excitation power profile. Phase-
modulated SWIFT excitation is superior to currently avallable
frequency-sweep excitation tor enhanced mass resolution in
mass spectrometry/mass spectrometry experiments, en-
hanced dynamic range and mass resolution via multiple-ion
ejection of abundant ions, more uniform excitation magnitude
for Improved Isotope-ratio measurements, multiple-ion simul-
taneous monitoring, and simultaneous excite/eject combina-
tions. Theoretical and experimental results of various exci-
tation methods are compared.

Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry (I, 2) has advanced to become an extraordinarily
versatile mass spectrometric technique offering ultrahigh mass
resolution, simultaneous detection of the entire mass spectrum
and an upper mass limit that has yet to be reached (see reviews
in Ref 3-10). Currently available excitation methods in FT-
ICR are shown in Figure 1. Single-frequency excitation {top
trace of Figure 1) was the method used to produce the very
first FT-ICR spectrum (I) and is the principal excitation
method in FT-NMR. However, as shown in Figure 1, top
right, the “sinc” amplitude profile of this frequency-domain
excitation spectrum is flat (to within a few percent) only over
a small frequency range (ca. £(0.1/T) Hz, in which T is the
duration of the time-domain pulse). In general, single-pulse
excitation producing nearly flat power over the full chemical
mass range (i.e., a bandwidth of ca. 3 MHz at 3 T) would
require a very short time-domain pulse (ca. 0.1 us) of im-
practically large amplitude (>10* V, for a 1-in. plate separa-
tion) (11).

Therefore, a lower power (ca. 30 V (p-p)) frequency-sweep
excitation technique (2) with detection after excitation has
been adopted in all current FT-ICR instruments. However,
the bottom trace of Figure 1 shows that the frequency-sweep
excitation power spectrum is nonuniform in amplitude;
moreover, the broad frequency rolloff on either side of the
excitation spectrum limits the frequency selectivity; significant
excitation power extends to about (10/7T) Hz (in which T'is
the duration of the frequency sweep) on either side of the
desired band (11).

Broad-band excitation has also been achieved via pseudo-
random (I2) or random (I3) noise as a spectral source.
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However, the resulting power spectrum is even more nonu-
niform than that from a frequency sweep, with comparably
poor mass selectivity.

In order to achieve higher mass selectivity and a more
uniform excitation power spectrum, we recently introduced
a “tailored” excitation method, the stored waveform inverse
Fourier transform (SWIFT) technique (14), illustrated in
Figure 2 (top trace). In the SWIFT method, the time-domain
excitation waveform applied to the transmitter plate is gen-
erated via digital-to-analog conversion of the inverse discrete
Fourier transform of a specified discrete frequency-domain
excitation magnitude spectrum. In theory, SWIFT should
faithfully produce any desired discrete frequency-domain
excitation/ejection power spectrum whose magnitude uni-
formity and mass selectivity are limited only by the duration
of the time-domain signal (and thus by the size of the
stored-waveform data set).

Figure 3 shows some possible SWIFT-generated excitation
waveforms for apphcatlon to FT-ICR experiments: flat power
for wide band excitation: windowed excitation for suppression
of selected ions; nonuniform power excitation to park ions of
different m/z at different orbital radius; multiple-frequency
excitation for multiple-ion monitoring or multiple-ion ejection;
and multistep excitation power for simultaneous ejection of
ions of selected m/z values and excitation of ions of other
selected m/z value(s).

In previous papers (14, 15) we demonstrated the use of
SWIFT excitation for broad-band excitation, windowed ex-
citation, multiple-ion-monitoring, and multiple-ion ejection
for enhancement of dynamic range in FT-ICR. We also
recognized that three major practical problems can arise from
the potentially large time-domain dynamic range of a SWIFT
waveform (Figure 2, top center diagram) generated by simple
inverse Fourier transform of a specified discrete frequency-
domain magnitude spectrum (14). First, the time-domain
dynamic range may exceed the linear response range of the
transmitter analog circuitry. Second, the necessary dynamic
range may exceed the length (e.g., 20 bit) of the digital com-
puter word needed to generate and store each time-domain
voltage value. Third, becatse most of the transmitter power
must be transmitted in such a short period, a much more
powerful amplifier (ca. factor of 20 compared to broad band
frequency-sweep excitation, in which the rf amplitude is
constant during the excitation period) is needed. In this paper,
we propose a general method for reducing the time-domain
dynamic range of a SWIFT waveform, while preserving op-
timally uniform power and mass discrimination in the final
frequency-domain excitation spectrum.

EXPERIMENTAL SECTiON

SWIFT tailored excitation for FT-ICR mass spectrometry was
first carried out with a modified Nicolet FTMS-1000 instrument
in our laboratory (I4). The desired time-domain waveform is
stored in a separate 32-kiloword fast memory and clocked out via
a 12-bit digital-to-analog converter to the transmitter circuit, as
described in ref 15. Multiple excitation waveforms may be stored
in different parts of the fast memory and recalled as needed for
different stages of, e.g., an MS/MS experiment.

The SWIFT procedure begins by specifying the desired fre-
quency-domain excitation magnitude spectrum at (e.g., 8K)
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Figure 1. Prior FT-ICR excitation time-domain waveforms (left) and
their corresponding frequency-domain spectra (right) obtained via
Fourier transformation followed by magnitude-mode calculation (MAG)
of a time-domain data set padded (ZFL) with an equal number of zeros:
top, single-frequency pulse excitation (7); bottom, frequency-sweep
excitation (2, 17).
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Figure 2. Effect of three different phase-encoding schemes upon
excitation amplitude spectra. Frequency-domain spectra, specified by
their magnitude and phase at each discrete frequency (left), are inverse
Fourier transformed (IFT) to give their corresponding discrete time-
domain waveforms (middle). After reflection about the time midpoint
and one zero fill, forward Fourier transformation reveals the full
magnitude-mode spectrum (right) both “at” and “between” the originally
defined frequencies. The three schemes are as follows: (top row)
zero-phase encoding of the specified excitation, yielding a relatively
flat full spectrum (right), but at the cost of large dynamic range in the
time domain (middle); (middle row) phase-encoding in which the phase
is varied pseudorandomly (72) between +7 andd -, resulting in
greatly reduced dynamic range in the time-domain and flat magnitude
at each defined point of the full frequency-domain spectrum, but ex-
hibiting dramatic variation in the spectral magnitude between originally
specified adjacent frequencies; (bottom row) phase-chirp encoding in
which the phase varies quadratically with frequency, yielding both low
dynamic range in the time-domain waveform and optimally flat mag-
nitude in the full frequency-domain spectrum (even at frequencies
between the originally specified frequencies).

discrete equally spaced frequencies. At this stage, in order to
reduce the dynamic range of the subsequent time-domain
waveform, a specified phase encoding is used to generate real and
imaginary data sets (e.g., 8K each) whose magnitude spectrum
remains unchanged from that originally specified. The resultant
complex spectrum is then subjected to a complex inverse Fourier
transform to generate a corresponding time-domain waveform.
This time-domain profile is then reflected about its time midpoint
in order to avoid sudden voltage transients at the beginning and
end of the excitation period. The time-domain signal can (if
desired) be apodized by multiplying it by a predefined weight
function designed to bring the initial and final segments of the
signal smoothly to zero. The final time-domain waveform is then
normalized so that the largest values fall within the range (£2048)

I

i

Figure 3. Representative excitation waveforms made possible by the
SWIFT technique: (top, left to right), wide-band excitation with flat
power, selective ion suppression, nonuniform excitation; (bottom, left
to right), multiple-ion monitoring, multiple-ion ejection, simultaneous
ejection/excitation.

spanned by the 12-bit digital-to-analog converter (DAC).

When two or more stored-waveform excitations are used in a
single experimental event sequence (e.g., collision induced dis-
sociation), each time-domain waveform and its corresponding
parameters (event number, excitation mode, data array size,
excitation amplifier gain, and excitation bandwidth (which
specifies the DAC clock rate)) are temporarily stored in unused
portions of core memory. The three possible excitation modes
are as follows: direct-mode windowed excitation, in which the
specified excitation spectrum extends from zero to the bandwidth;
heterodyne-mode excitation, in which the stored-waveform signal
is mixed with a radio frequency carrier signal to produce excitation
extending as far as the specified bandwidth on either side of the
carrier; and normal frequency-sweep excitation, in which the fast
memory module is bypassed and the time-domain waveform is
clocked out according to a programmed selection of data points
from a quarter-wave sinusoid stored in 4K of core memory.

Once the excitation waveforms have been generated and stored,
a simple subroutine (controlled by a three-letter command) loads
the complete excitation sequence from core memory into proper
locations in the separate 32-kiloword fast-memory module. It is
worth noting that existing software commands can be used to
setup the experimental parameters and event sequence (e.g.,
double resonance, triple resonance), up to a maximum (for the
FTMS-1000) of six events. Of course, the event duration for each
stored waveform excitation must be long enough that all of the
stored-waveform values (e.g., 22(BWI)T, in which BWI is the
excitation bandwidth and T is the duration of the excitation
period) can be clocked out during that period.

Finally, it is worth noting that a suitably phase-modulated
SWIFT waveform (see below) requires an excitation amplitude
only about twice as large (i.e., 3 dB) as that for a frequency-sweep
spanning the same bandwidth. Therefore, it is not necessary to
increase the gain of the transmitter amplifiers.

RESULTS AND DISCUSSION

Time-Domain Dynamic Range Problem. The origin of
the large dynamic range in the time-domain waveform pro-
duced by constant-phase SWIFT (upper middle waveform
Figure 2) lies in the common phase relation between all of the
specified frequency-domain excitation spectral components.
An inverse Fourier transform of a mathematically real fre-
quency-domain spectrum (i.e., a spectrum in which the phase
is zero at each frequency) yields a time-domain waveform
composed of a sum of pure cosines (i.e., each sinusoidal com-
ponent begins at a maximum at time zero). Thus, the SWIFT
time-domain dynamic range problem arises because all of the
specified frequency components begin with the same phase
at time zero, much as in the centerburst in an FT-IR inter-
ferogram or the large initial signal in an NMR free induction
decay (16).

Pseudorandom Phase Encoding. The obvious solution
is to destroy the initial time-domain phase coherence by
somehow scrambling the initial phases in the frequency-do-
main before inverse Fourier transformation. Our first idea,



by analogy to tailored (17) or stochastic (18) excitation in
FT-NMR, was to scramble the initially specified frequency-
domain phases pseudorandomly, as shown at the middle left
of Figure 2. Pseudorandom phase scrambling succeeds in
reducing the time-domain dynamic range (by a factor of about
20 for the broad band SWIFT example in the middle of Figure
2) and yields excitation power which is perfectly flat at the
initially specified evenly spaced discrete frequencies.

However, since excitation and detection are temporally
separated in FT-ICR (even with SWIFT), the excitation
magnitude must be examined at all frequencies within the
bandwidth, not just at the initially specified discrete fre-
quencies. The excitation magnitude at frequencies evenly
spaced between the initially specified frequencies is revealed
by the magnitude-mode Fourier transform of a time-domain
waveform to which an equal number of zeroes has been added
(19, 20), as shown at the middle right of Figure 2. Although
pseudorandomly phase-scrambled SWIFT excitation yields
a power spectrum with constant magnitude at the initially
specified frequencies, the magnitude is extremely nonuniform
at intervening frequencies. Such nonuniform excitation power
severely limits the utility of pseudorandomly phase-scrambled
SWIFT excitation for broad-band FT-ICR detection, but the
method is still suitable for multiple-ion ejection experiments
in which the precise amount of power applied at a given m/z
value is not critical as long as it exceeds the level required for
ion ejection at that frequency.

Although tailored (stochastic) FT-NMR is based upon
pseudorandom phase-modulated waveforms, excitation and
detection are essentially simultaneous in that experiment.
Thus, the spectral magnitude-fluctuation problem is never
manifested because the response is detected at the same
frequencies as the specified excitation, so that the intermediate
frequencies are never sampled.

We have observed frequency-domain magnitude fluctua-
tions (middle right of Figure 2) for a wide variety of phase-
encoding schemes based on random or pseudorandom (e.g.,
maximal-length shift register) sequences, e.g., phase variation
between 7 and —r, between O and 7, between all values be-
tween 0 and 7, and s0 on. The key feature appears to be the
presence of discontinuities in the spectrum of phase vs. fre-
quency. Therefore, one is next led to investigate phase
modulation in which the phase varies continuously with
frequency.

Linear Phase Variation and the Shift Theorem. The
simplest nonconstant continuous phase function is a linear
variation of phase with frequency. However, consideration
of the shift theorem of Fourier analysis (21) quickly shows
that prior linear phase encoding in the frequency domain will
simply shift the time-domain waveform by an amount pro-
portional to the rate of change of phase with frequency.
Comparison of the top row of Figure 2 (phase is constant with
frequency) and the top row of Figure 4 (phase varies linearly
with frequency) confirms that linear phase encoding simply
shifts the time-domain waveform without affecting the
time-domain dynamic range.

Quadratic Phase Modulation. In principle, any nonlinear
continuous phase modulation (i.e., nonconstant rate of change
of phase with frequency) in the initially specified frequen-
cy-domain spectrum should succeed in reducing the corre-
sponding time-domain dynamic range. Phase may be varied
across the entire excitation bandwidth or (as in Figures 2 and
4) only across the segments of nonzero excitation magnitude.
Although only quadratic phase modulation is discussed in this
paper, cubic or higher-order polynomials can also be used.

Quadratic phase modulation is performed in the frequen-
cy-domain before inverse Fourier transformation. Real (cosine
component) and imaginary (sine component) spectra (e.g.,
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Figure 4. Excitation spectra (right) produced by frequency-domain
phase modulation of a specified rectangular excitation spectrum. The
frequency Iindex, I, spans the frequency range within which the ex-
citation magnitude is nonzero. The spectra are as follows: (top) linearly
varied phase vs. frequency (upper left) and its first derivative with
respect to frequency (lower left), time-domain waveform obtained by
inverse Fourier transformation (middle), and the Fourier transform
magnitude-mode spectrum (right) of the midpoint-reflected, zero-filled
time-domain waveform; (bottom) as above, but for quadratic varlation
of phase with frequency (7).
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Figure 5. SWIFT with phase modulation. Quadratic phase encoding
(middle left, along with its first derivative spectrum at lower left) of a
specified rectangular excitation magnitude spectrum gives the real and
imaginary spectra shown at upper left. Inverse Fourier transformation
gives the time-domain waveform shown at the center of the figure, with
excitation power spread over about half of the excitation period
(middle). Forward Fourier transformation followed by magnitude-mode
calculation of the midpoint-reflected (REFLECT), zero-filled (ZFL)
time-domain waveform yields the full spectrum at upper right. Addition
of an apodization step (see next figure) gives the somewhat smoother
spectrum at lower right.

Figure 5, upper left) are calculated from the frequency-domain
magnitude and phase, ¢, at each frequency-domain data point
(e.g., Figure 5, lower left)

real = magnitude-cos ¢ (1a)
imaginary = magnitude-sin ¢ (1b)

Since frequencies are sampled at equally spaced intervals, we
may represent ¢; vs. I as

¢r = ¢ + Al + (B/2)P 2

in which the frequency index, I, spans a frequency range
within which the excitation magnitude is nonzero, and the
initial phase, ¢, is chosen as zero at I = 0. For quadratic phase
encoding, the phase rate of change is linear with frequency

d¢;/0I = A + BI @)

The quadratic phase encoding is conveniently characterized
by its parameters, A and B. For example, A = 0.57 and B
= —7 /N, in which N, is the number of nonzero data points
in the synthesized frequency range in Figure 5.

Effect of Phase Modulation Rate upon Time-Domain
Dynamic Range. Figure 4 (bottom row) illustrates one type
of quadratic phase modulation. In the frequency domain, the
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Figure 8. Effect of apodization of a SWIFT time-domain waveform.
The apodization welight function (middie right) is a quarter-wave sinusoid
at the first and last quarter of the time-domain period and is constant
in between.
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phase increases quadratically from 0 to 507 rad and then
decreases quadratically back to 0, at a constant rate of change
of phase with frequency. In accord with the Nyquist criterion
(16) the maximum absolute rate of phase change cannot ex-
ceed  per frequency-domain data point. For quadratic phase
modulation at rates approaching the Nyquist limit (Figure
4, bottom left), the excitation power is evenly distributed over
the entire time-domain excitation period (Figure 4, bottom
middle), yielding a time-domain dynamic range which is about
the same as for frequency-sweep excitation and somewhat
lower than for pseudorandom phase scrambling (compare to
middle row of Figure 2). Unfortunately, the excitation
magnitude full spectrum (Figure 4, bottom right) exhibits
substantial nonuniformity, although not as severe as for
pseudorandom phase-encoding (middle right of Figure 2).

Generally, we find that the objectionable nonuniformity
(bottom right of Figure 4) can be removed if the rate of phase
change is kept at half the Nyquist limit or below. For example,
excitation magnitude full spectra based on quadratic phase
modulation with a phase rate of change which varies from
+0.57 to ~0.57 per data point (Figure 5, top right) or from
0 to +0.57 per data point (Figure 2, bottom right) are es-
sentially as flat as for constant-phase modulation (Figure 2,
top right) but exhibit greatly reduced time-domain dynamic
range compared to the constant-phase spectrum. There is
evidently a trade-off between low dynamic range in the time
domain and optimal magnitude uniformity in the frequency
domain. As a rule of thumb, quadratic phase modulation with
maximal phase rate of change at half the Nyquist limit appears
to yield optimally flat frequency-domain excitation power at
the expense of doubling the minimum possible time-domain
dynamic range.

Apodization of the Excitation Waveform. Apodization
(literally, removal of “feet”, in reference to the auxiliary small
peaks of a sinc line shape) of a time-domain signal is a
well-known method for smoothing the frequency spectrum
of a response (16). Here we discuss its use for smoothing the
spectrum of an excitation. First, however, it is convenient
to reflect the SWIFT-generated time-domain signal about its
time midpoint, as shown in Figure 6. This procedure is
equivalent to a time shift and, therefore, affects the phase but
not the magnitude of the corresponding frequency-domain
spectrum. The advantage of this procedure is that excitation
power need not be turned on suddenly to a large value (as in
Figure 6, upper left; Figure 2, bottom center; Figure 5, middle),
thereby reducing problems from switching transients in the
transmitter electronics.

A convenient apodization function (see Figure 6) consists
of a quarter-wave sinusoid matched to one-fourth of the
time-domain period, followed by unit weighting for the next
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Figure 7. Experimental magnitude-mode excitation full spectra, ob-
tained via Fourier transformation of a once zero-filled time-domain
receive-during-transmit signal of 8.203 ms duration. In each case, the
specified excitation range was from 511718.75 Hz to 459 899.90 Hz
(90 amu to 100 amu at 3.0 T). The spectra are as follows: (a)
time-domain frequency sweep; (b) SWIFT with pseudorandom phase
modulation of an originally specified rectangular magnitude spectrum;
(c) as in (b), but with phase that is constant over the excitation
bandwidth; (d) as in (b), but with quadratic phase modulation; (e) as in
{d), but with apodization (Figure 8) of the stored time-domain waveform.
Note the improved uniformity in excitation magnitude In (d) and (e)
compared to (a).

half of the period, followed by a quarter-wave sinusoid for the
final one-fourth of the period. This weight function is designed
to force the time-domain signal smoothly to zero at the be-
ginning and end of the time-domain period, while retaining
the middle portion (in which most of the power is concen-
trated). After one zero fill, a magnitude-mode Fourier
transform of the apodized time-domain signal gives a much
flatter frequency-domain full spectrum (bottom left of Figure
6 or bottom right of Figure 5) than for the unapodized
time-domain waveform (upper right of Figure 5 or lower right
of Figure 2), without significant distortion.

Magnitude Uniformity for Various Experimentally
Detected Excitation Spectra. Experimentally detected (via
receive-during-transmit, with one zero fill to reveal the full
spectrum) excitation magnitude spectra for several time-do-
main excitation waveforms are collected in Figure 7. It is
worth noting that these profiles reflect the actual excitation
power reaching the cell plates, including any nonlinearities
from analog or digital manipulations along the way. Any of
the SWIFT excitations based on continuous variation of phase
across the spectrum clearly offers much-improved magnitude
uniformity (“flat power”) across the spectral excitation range,
compared to frequency-sweep excitation. Constant-phase
SWIFT is the least uniform in magnitude, because the
aforementioned large time-domain dynamic range accentuates
analog and digital nonlinearities. Quadratic phase encoding
reduces the time-domain dynamic range and thus gives an
experimental result that more closely approaches the specified
input excitation spectrum. Time-domain apodization further
smoothes the edges of the excitation magnitude spectrum.

Mass Selectivity. Figure 7 also shows that SWIFT ex-
citation produces power with sharper cut-offs at the edges of
the specified excitation frequency range, compared to fre-
quency sweep excitation. Mass selectivity is even more im-
proved when multiple excitation bands are needed. For ex-
ample, Figure 8 shows what happens for simultaneous mul-
tiple-ion excitation (as for multiple-ion monitoring) of ions
of 10 different m/z values. Frequency-sweep (or single-fre-
quency excitation, not shown) would require 10 successive
excitation events. (Since receive-during-transmit detection
in our instrument requires a single excitation period, we
generated a time-domain frequency-sweep waveform with 10
stepwise frequency ranges and then stored that waveform in
our fast-memory module for subsequent recall in a single
excitation period.) For the same total excitation period (8.203
ms), SWIFT offers much more selective excitation at the 10
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Figure 8. Experimental magnitude-mode excitation spectra for mul-
tiple-ion ejection or excitation, obtained via Fourier transformation ot
a once zero-filled time-domain receive-during-transmit signal: (top)
frequency-sweep excitation; (bottom) SWIFT excitation with frequen-
cy-domain phase modulation and time-domain apodization. Although
both spectra required time-domain waveforms of the same duration,
SWIFT clearly offers the more selective excitation.

specified m/z values. The primary reason is that the SWIFT
waveform is turned on and off just once, whereas the fre-
quency-sweep (or single-frequency) signal must be turned on
and off for each excited m/z range. Thus, any one component
of the frequency-sweep is “on” for only one-tenth of the total
excitation period (0.8203 ms in this case), and its magnitude
spectrum is thereby 10 times broader at the edges. The ex-
perimentally detected magnitude mode power spectra in
Figure 8 were obtained under the same experimental condi-
tions as for Figure 7. At sufficiently low pressure in the cell,
phase-modulated SWIFT is mass selective to within a fre-
quency difference corresponding to one to three data points
in the originally specified excitation spectrum. Thus, the
ultimate mass selectivity for phase-modulated SWIFT exci-
tation is limited only by the size of the stored-waveform data
set and the pressure in the cell (so that ions remain trapped
for as long as is required to excite them with the desired
selectivity).

Experimental FT-ICR Response: SWIFT vs. Fre-
quency-Sweep Excitation. We have previously demon-
strated that FT-ICR performed with a cubic trapped-ion cell
(22) is a highly linear system, in the sense that the amplitude
of the response (i.e., peak intensity) is linearly proportional
to the amplitude of the excitation (23). If the system is indeed
linear, then the excitation magnitude spectrum applied to the
ICR cell plates should be mirrored in the FT-ICR response
measured from the signal induced on the cell plates from the
coherent motion of the excited ions. Figure 9 shows the
excitation magnitude spectra for frequency-sweep (top) and
SWIFT (bottom) waveforms, measured at the ICR cell plates
via receive-during-transmit detection (solid lines). The FT-
ICR heterodyne-mode response was then determined by re-
cording the relative ICR peak height for 2C,%C1,*"CIH,* at
m/z 133 in an electron-ionized sample of 1,1,1,2-tetrachloro-
ethane, as the carrier frequency for the excitation was shifted
by 40-Hz increments across the spectral range of interest. In
order to compensate for scan-to-scan fluctuations in (e.g.) ion
number, the m/z 133 peak height was ratioed to that for
12C,%ClH,* at m/2z 131 in the same spectrum. The excitation
magnitude spectrum therefore contained a narrow excitation
band of interest (2075 Hz, specified by 34 data points) near
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Figure 9. Experimental FT-ICR magnitude spectra for frequency-
sweep (top) and SWIFT (bottom) excitation: (solid line) spectrum of
the excitation itself, obtained via Fourier transformation of the time-
domain receive-during-transmit signal; (circles) spectrum of the FT-ICR
heterodyne response, as determined from ICR peak height at m/z 133
(12C,%C1,YCIH, ) relative to m/z 131 (°C,ClH,*), as the rf carrier
frequency is varied while the heterodyne bandwidth is kept constant
(see text).

m/z 133 and another wider band near m/z 131 so that the
m/z 131 ions would be excited equally at all carrier offsets.
Both frequency-sweep and SWIFT experiments were per-
formed under the same conditions: 16.700 ms excitation
period, 500 kHz bandwidth, and 16K time-domain data set,
with signal-averaging (150 scans per spectrum) to enhance
signal-to-noise ratio and average out scan-to-scan fluctuations.
The spectra from the cell plates and the ICR response are not
identical, because of analog and digital non-linearities and
because the power reaching the reference ions at m/z 131 is
not perfectly flat (and thus affects the peak height ratio be-
tween m/z 133 and m/z 131 as the carrier moves across the
spectral range). Nevertheless, the response and excitation
spectra are highly similar, and it is clear that phase-modulated
SWIFT excitation provides flatter, more selective power across
the specified m/z range, compared to frequency-sweep ex-
citation.

Longitudinal Excitation. Although the above discussion
and experiments have been limited to transverse (with respect
to the applied magnetic field direction) excitation, the same
SWIFT techniques could be used to eject ions in the longi-
tudinal direction in either ICR or ion-trap (24) mass spec-
trometers. Of course, mass selectivity will be inherently poorer
for longitudinal than for transverse excitation, because the
“trapping” frequencies (25) are orders of magnitude smaller
than ICR frequencies at typical magnetic field strengths (3-8
T). Nevertheless, phase-modulated SWIFT excitation should
prove especially useful for multiple-ion ejection in ion-trap
mass spectrometry, because SWIFT excitation can be designed
with zero-power “windows”, whereas ion ejection via ramping
of the dc voltage in an ion-trap can eject ions only up to an
upper m/z limit (26).

SUMMARY

In this paper, we have tried to show that stored waveform
excitation works best when the time-domain dynamic range
is kept small. However, SWIFT excitation designed to cover
a wide frequency bandwidth can yield a time-domain wave-
form of large dynamic range. For an initially specified fre-
quency-domain excitation magnitude spectrum, any of several
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nonlinear continuous phase-modulations can reduce the
time-domain dynamic range to a limit that approaches that
for a frequency-sweep excitation. The best schemes are based
upon continuous (rather than, e.g., pseudorandom) phase
variation, and we find it convenient to use quadratic phase
encoding in which the maximum rate of change of phase with
frequency is kept to about half of the Nyquist limit of 7
radians per frequency-domain data point, so that the time-
domain power is concentrated over about half of the time-
domain waveform obtained via inverse Fourier transformation
of the phase-encoded excitation magnitude spectrum. Apo-
dization of the SWIFT time-domain waveform further
smoothes the final frequency-domain excitation magnitude
spectrum. Finally, SWIFT excitation includes all prior ex-
citation waveforms as subsets and offers n-fold improvement
(compared to multiple frequency-sweep excitation) in mass
selectivity for excitation or ejection of ions of n distinct m/z
ranges.
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In Vivo Mass Spectrometric Determination of Organic
Compounds in Blood with a Membrane Probe

Jennifer S. Brodbelt and R. Graham Cooks*

Department of Chemistry, Purdue University, West Lafayette, Indiana 47907

James C. Tou,* George J. Kallos, and Mark D, Dryzga
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An improved intravenous membrane probe, using hollow fiber
sllicon tubing, Is used for In vivo mass spectrometric blood
analysis. Detection limits in blood (in vitro) are 1 ppm or less
for dichloromethane, methoxyfiurane, and styrene. Response
times are several minutes. Inhalation of dichloromethane or
methoxyflurane by a rat Is detected by monitoring the com-
pound In the blood. The concentration of dichloromethane
was monitored In vivo and found to fall exponentially (k =
~0.15 min™").

The analysis of biological fluids for exogenous organic
compounds, including drugs and their metabolites, is of in-
terest to chemists and toxicologists (I—4). Currently accepted
techniques for the study of organics in blood are gas and liquid
chromatography, utilized in conjunction with sensitive de-
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tection systems such as flame ionization, mass spectrometry,
or electrochemical detection (5-7). Although these techniques
display good detection limits, they often require extensive
sample preparation and do not allow direct in vivo mea-
surements. Furthermore, for studies involving exposure of
animals to potentially toxic compounds, blood samples must
be withdrawn on a periodic basis with deleterious effects on
the animals.

Recently, there has been a surge in applications of mem-
branes as separators in a wide variety of analytical deter-
minations (8-20). Several investigators have used membrane
separation in conjunction with mass spectrometry, typically
to allow the selective sampling and characterization of rela-
tively volatile compounds from ageous solutions containing
complex mixtures (10-20). Although membranes are some-
times employed as sheets, the use of hollow fibers is an at-
tractive alternative. These can be fashioned into probes which
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