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(57) Abstract: A Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) may include: a signal generator gen-
erating a sinusoidal, first voltage signal having a DC offset; a voltage amplitier receiving the first voltage signal from the signal
generator and generating a second voltage signal by amplifying the first voltage signal; and an ion cyclotron resonance (ICR) trap
receiving the second voltage signal and generating an ion cyclotron motion centered on the position determined by the DC offset.
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Description
Title of Invention: FOURIER TRANSFORM ION CYCLOTRON
RESONANCE MASS SPECTROMETER USING ULTRA-
WIDEBAND RF AMPLIFIER AND METHOD FOR IMPROVING
SIGNAL OF FOURIER TRANSFORM ION CYCLOTRON

RESONANCE MASS SPECTROMETER
Technical Field

[1] Embodiments relate to a novel Fourier transform ion cyclotron resonance mass spec-
trometer (FT-ICR MS) using an ultra-wideband RF amplifier and a method for
improving signal of an FT-ICR MS using the same.

Background Art

[2] A Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) is an
apparatus for elucidating the structure of a molecule by measuring the mass of
molecular ion and fragment ions. FT-ICR MS has become a basic standard in the high-
resolution wideband mass spectrometry. Typically, an FT-ICR MS consists of a
cylindrical trap electrode, an activation electrode, a measurement electrode, etc. as well
as an RF amplifier for exciting ions so as to increase the cyclotron rotation radius of
ions in an ion cyclotron resonance (ICR) trap in order to measure the mass of ions
based on the signals induced to the measurement electrode.

[3] The ions in the ICR trap exhibit cyclotron motions such as cyclotron rotation,
magnetron rotation and axial trapping oscillation. The frequency of cyclotron rotation
is different depending on the mass of ion and the magnitude of magnetic field. When
an electric field (high-voltage RF signal) applied perpendicularly to a magnetic field
has a characteristic frequency determined by the ion mass and the magnetic field, the
ion absorbs the energy and, thus, its rotation radius increases. The resonance frequency
is converted to the ion mass. The motion of the ions is due to the Lorentz force, which
is exerted to the charged ions moving in a static magnetic field. The magnetron
rotation is induced by the radial electric field gradient formed by the electrostatic
trapping voltage of the ICR trap. The translational motion of the ion due to the
magnetron motion causes ion loss. Also, the ions oscillate linearly along the axial
direction of the magnetic field with the trapping oscillation frequency.

[4] As such, the FT-ICR MS is capable of detecting the ion mass by measuring the
frequency of the cyclotron motion of the ion in the ICR trap. Therefore, the frequency
band of an RF signal generating the cyclotron motion of ion is directly related to the

detectable ion mass range. With the conventional high-frequency devices (e.g., FET),
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only limited measurement was possible because the frequency band was relatively
narrow. In addition, if the center of the cyclotron motion of the ion falls outside the
range suitable for measurement, e.g. far away from the center of the ICR trap, ion loss
may be triggered by the magnetron motion, resulting in decreased signal intensity.
Also, the increased ion loss leads to deteriorated resolution because of decreased
overall measurement time.

Disclosure of Invention

Technical Problem

According to an aspect of the invention, a Fourier transform ion cyclotron resonance
mass spectrometer (FT-ICR MS) is configured using an ultra-wideband voltage
amplifier based on an OP amp. As a result, the frequency band of the high-voltage RF
signal applied to an ion cyclotron resonance (ICR) trap is extended up to the DC range,
and, therefore, an ion with a larger mass (i.e. larger molecular weight) may be detected
as compared to when the existing RF amplifier is used. Further, since the voltage
amplifier has a wide operating frequency band up to DC, DC offset may be added to
the high-voltage signal. Accordingly, by applying a DC electric field perpendicular to a
magnetic field, the center of the ion cyclotron motion in the ICR trap may be adjusted
with the E x B motion of the ion in order to improve the signal of the FT-ICR MS.
Solution to Problem

A Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS)
according to an embodiment may include: a signal generator generating a sinusoidal,
first voltage signal having a DC offset; a voltage amplifier receiving the first voltage
signal from the signal generator and generating a second voltage signal by amplifying
the first voltage signal; and an ion cyclotron resonance (ICR) trap receiving the second
voltage signal and generating an ion cyclotron motion centered on the position de-
termined by the DC offset.

A method for improving signal of an FT-ICR MS according to an embodiment may
include: generating a sinusoidal, first voltage signal having a DC offset; generating a
second voltage signal by amplifying the first voltage signal; and generating an ion
cyclotron motion centered on the position determined by the DC offset by applying the
second voltage signal to an ICR trap.

Advantageous Effects of Invention

The Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS)
using an ultra-wideband RF amplifier and the method for improving the signal of an
FT-ICR MS according to the invention allow extension of the frequency range of
signal applied to an ion cyclotron resonance (ICR) trap because of the relatively wide

operating frequency range of the ultra-wideband amplifier. Since ions with a larger
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molecular weight (larger ion mass) resonate at lower frequencies, resulting in cyclotron
resonance, higher molecular-weight ions may be detected by extending the frequency

of the RF voltage signal applied to the ICR trap to lower frequency ranges.
Further, since the extended frequency range reaches up to the DC range, a DC offset

of voltage may be added to the outputted high-voltage RF signal, and, by controlling it,
the center position of the ion cyclotron motion in the ICR trap may be adjusted. As a
result, the phenomenon of ions falling outside the detection range, resulting in
decreased measurement signal intensity or ion loss during the measurement, may be
prevented or reduced. Consequently, the sensitivity and/or resolution of the FT-ICR
MS may be improved.

In addition, since the voltage amplifier of the FT-ICR MS has a fast operation speed
in response to the control wave as compared to that of the existing FT-ICR MS and is
capable of actively correcting the ouptut voltage gain according to the inptut
frequency, a stable ouptut may be obtained.

Brief Description of Drawings

FIG. 1 is a schematic view of a Fourier transform ion cyclotron resonance mass spec-
trometer (FT-ICR MS) according to an embodiment.

FIG. 2 is a circuit diagram of a voltage amplifier of an FT-ICR MS according to an
embodiment.

FIGS. 3a to 3d show the center position of ion cyclotron motion in an FT-ICR MS
according to an embodiment depending on DC offset.

FIG. 4a shows the change of ouptut of a voltage amplifier of an existing FT-ICR MS
depending on change in inptut waveform.

FIG. 4b shows the change of ouptut of a voltage amplifier of an FT-ICR MS
according to an embodiment depending on change in inptut waveform.

FIG. 5a shows the ouptut voltage of a voltage amplifier of an existing FT-ICR MS
depending on change in inptut frequency.

FIG. 5b shows the ouptut voltage of a voltage amplifier of an FT-ICR MS according
to an embodiment depending on change in inptut frequency.

Mode for the Invention

Hereinafter, the embodiments of the invention will be described in detail with
reference to accompanying drawings.

FIG. 1 is a schematic view of a Fourier transform ion cyclotron resonance mass spec-
trometer (FT-ICR MS) according to an embodiment.

Referring to FIG. 1, an FT-ICR MS according to an embodiment may comprise a
signal generator 10, a voltage amplifier 20 and an ion cyclotron resonance (ICR) trap

30. The signal generator 10 applies power, e.g. trapping voltage, to the ICR trap 30 for
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measurement of ion mass. The signal generator 10 may generate a sinusoidal, first
voltage signal and transmit it to the voltage amplifier 20. The voltage amplifier 20 may
receive the first voltage signal from the signal generator 10, convert the first voltage
signal into a second voltage signal by amplifying it, and apply it to the ICR trap 30. As
a result, a cyclotron motion of ions may be generated in the ICR trap 30 due to the
applied voltage.

In an embodiment, the frequency of the first voltage signal and the second voltage
signal may range from that of a direct current (DC) to about 1 MHz. lons with a larger
molecular weight ion (larger ion mass) resonate at lower frequencies, resulting in
cyclotron resonance. According to this embodiment, since the frequency of the RF
voltage signal applied to the ICR trap 30 is extended greatly to lower frequency ranges,
it is possible to detect ions with a larger molecular weight.

In an embodiment, the signal generator 10 may comprise a personal computer (PC)
110, a micro controller unit (MCU) 120 and a digital-analog converter (DA) 130. The
MCU 120 may generate an ouptut voltage signal according to the waveform designed
by the PC 110, and the DA 130 may generate the first voltage signal by converting the
voltage signal into an analog signal. The waveform designed by the PC 110 may have
a predetermined DC offset. Thus, the first voltage signal outputted from the DA 130
may be a signal having a DC offset. The center position of the ion cyclotron motion in
the ICR trap 30 is determined by the DC offset, which will be described in detail later.

The afore-described configuration of the signal generator 10 is only exemplary, and,
in other embodiments, the signal generator may have a different configuration capable
of outputting a sinusoidal voltage signal.

The first voltage signal generated by the signal generator 10 may be transmitted to
the voltage amplifier 20. FIG. 2 is a circuit diagram of a voltage amplifier of an FT-
ICR MS according to an embodiment.

Referring to FIG. 2, the voltage amplifier may comprise an OP amp 200, a variable
resistor (VR) and first to third resistors (R;, R,, R3). An inverting input terminal (-IN)
of the OP amp 200 is an inptut terminal of the voltage amplifier and may be elec-
trically connected, for example, to the first resistor (R;) and the variable resistor (VR),
and a non-inverting input terminal (+IN) of the OP amp 200 may be grounded. And, an
output terminal (OUT) of the OP amp 200 is the output terminal of the voltage
amplifier and may be electrically connected, for example, to the third resistor (Rj).
Further, power supply terminals (+Vs, -Vs) of the OP amp 200 may be electrically
connected to the corresponding power sources (+Vss, -Vss) to receive power for
operating the OP amp 200.

The first resistor (R;) may be electrically connected between the inptut terminal of

the voltage amplifier and the variable resistor (VR). And, the variable resistor (VR)
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may be electrically connected to the inverting input terminal (-IN) of the OP amp 200.
Meanwhile, the second resistor (R,) may be electrically connected between the
inverting input terminal (-IN) of the OP amp 200 and the output terminal (OUT). In the
voltage amplifier configured as described above, the amplification factor of voltage is
determined depending on the ratio of the sum of the resistance of the first resistor (R;)
and the variable resistor (VR) to the resistance of the second resistor (R,). Accordingly,
a desired ouptut voltage of the voltage amplifier may be attained by adjusting the re-
sistance of the variable resistor (VR).

In an embodiment, the magnitude of the first voltage signal inputted to the voltage
amplifier may be from O to about 20 Vpp (peak-to-peak voltage). And, the magnitude
of the second voltage signal amplified by the voltage amplifier may be between 120
and 900 Vpp. However, the above-described magnitude of the voltage is only
exemplary, and the magnitude of the first voltage signal and/or the second voltage
signal is not limited thereto. The amplified voltage may be outputted from the voltage
amplifier through the third resistor (Rs).

The voltage amplifier may further comprise first to fourth diodes (D, D,, D5, D)
electrically connected between the inverting input terminal (-IN) of the OP amp 200
and the ground. The first diode (D,) and the second diode (D,) may be arranged in the
same direction. That is to say, a cathode of the first diode (D) may be electrically
connected to an anode of the second diode (D»). Likewise, the third diode (D;) and the
fourth diode (D,) may be arranged in the same direction. The arrangement direction of
the first and second diodes (D;, D,) may be different from that of the third and fourth
diodes (Ds, D,). The first to fourth diodes (D;, D,, Ds, D,) arranged as such may
prevent an overvoltage inptut to the OP amp 200.

Referring again to FIG. 1, the components of the signal generator 10 and the voltage
amplifier 20 are depicted as separate blocks. However, they are distinguished only
functionally and may not necessarily be separated physically. In an embodiment, one
or more component of the signal generator 10 and/or the voltage amplifier 20 may be
integrated as a single device. For instance, the MCU 120 and the DA 130 of the signal
generator 10 and the voltage amplifier 20 may be integrated as a single device, and the
integrated device may be electrically connected to the PC 110. However, this is only an
example, and those skilled in the art will readily understand that other modifications in
design not described in the specification are also possible.

As described above, the first voltage signal having the DC offset may be amplified
by the voltage amplifier 20, and the amplified signal may be outputted from the
voltage amplifier 20 as the second voltage signal and applied to the ICR trap 30. The
ICR trap 30 may generate the cyclotron motion of ion using the second voltage signal

applied to the voltage amplifier 20 as trapping voltage. The center position of the ion
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cyclotron motion generated in the ICR trap 30 may be adjusted by the DC offset of the
second voltage signal.

FIGS. 3a to 3d schematically show the center position of the ion cyclotron motion in
the FT-ICR MS according to an embodiment depending on the DC offset. FIGS. 3a to
3d show the path of ion cyclotron motion in the ICR trap when the DC offset of the
voltage amplifier is about 0 V, about -10 V, about -30 V and about -50 V, respectively.
As seen from the figures, the position of ions in the ICR trap moves rightward as the
magnitude of the DC offset decreases. By appropriately adjusting the magnitude of the
DC offset, the position of the ions in the ICR trap may be adjusted to one suitable for
mass measurement (e.g., near the center of the ICR trap).

Accordingly, when the FT-ICR MS according to the embodiment is used, the
phenomenon of the center position of the cyclotron motion of ions falling outside the
appropriate detection range, e.g., away from the center of the ICR trap, which results in
decreased measurement signal intensity or ion loss during the measurement, may be
prevented or reduced, while ensuring a wide detection range. Consequently, the sen-
sitivity and/or resolution of the FT-ICR MS may be improved.

FIGS. 4 and 5 are graphs to showing additional advantages provided by the voltage
amplifier of the FT-ICR MS according to an embodiment of the invention.

FIG. 4a shows the change of an ouptut voltage 420 (V) of a voltage amplifier of a
conventional FT-ICR MS with time (sec) depending on change of a control signal 410.
The control signal corresponds to the first voltage signal inputted from the signal
generator to the voltage amplifier. As seen in the figure, there is a time delay ( t)
between the time when a pulse-type control signal 410 is changed into a low-level
signal and the time when the ouptut 420 of the voltage amplifier actually decreases.
That is to say, the voltage amplifier of the existing FT-ICR MS has a relatively low
operation speed in response to the control wave.

FIG. 4b shows the change of an ouptut voltage 440 (V) of a voltage amplifier of an
FT-ICR MS according to an embodiment with time (sec) depending on change of a
control signal 430. As seen in the figure, as the control signal 410 is changed from a
high-level state to a low-level state, the ouptut 440 of the voltage amplifier decreases
substantially simultaneously. That is to say, the FT-ICR MS according to the em-
bodiment has a relatively fast operation speed in response to the control wave.

FIG. 5a shows an ouptut voltage 510 of a voltage amplifier of a conventional FT-ICR
MS depending on change in inptut frequency. The inptut frequency corresponds to the
frequency of the first voltage signal inputted from the signal generator to the voltage
amplifier. In the example shown in FIG. 5a, the voltage of the first voltage signal is
about 0.1 V. With the voltage amplifier of the conventioanl FT-ICR MS, it is im-

possible to obtain a stable output when the inptut frequency is below about 10 kHz. In
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addition, as the inptut frequency changes, the ouptut voltage 510 changes greatly,
resulting in change of ouptut power from about 5 W to about 13 W. As a result, the
ouptut voltage is unstable. That is to say, when the ouptut power is about 8 W, the
voltage decreases by about 20% with respect to the maximum, and when the ouptut

power is about 5 W, the voltage decreases by about 38% with respect to the maximum.
FIG. 5b shows an ouptut voltage of a voltage amplifier of an FT-ICR MS according

to an embodiment depending on change in inptut frequency. The three graphs 520,
530, 540 in FIG. 5b are the ouptut voltage of the voltage amplifier when the voltage of
the first voltage signal inputted to the voltage amplifier is about 400 V, about 300 V
and about 200 V, respectively. As seen from the figure, the ouptut voltage of each
graph 520, 530, 540 is maintained constant in most of the inptut frequency ranges. It
can be seen that a stable ouptut voltage is attained even near the DC range with the
inptut frequency being about 1000 kHz.

Those skilled in the art will appreciate that the conceptions and specific embodiments
disclosed in the foregoing description may be readily utilized as a basis for modifying
or designing other embodiments for carrying out the same purposes of the present
disclosure. Those skilled in the art will also appreciate that such equivalent em-
bodiments do not depart from the spirit and scope of the disclosure as set forth in the
appended claims.

Industrial Applicability

Embodiments relate to a novel Fourier transform ion cyclotron resonance mass spec-
trometer (FT-ICR MS) using an ultra-wideband RF amplifier and a method for
improving signal of an FT-ICR MS using the same.
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Claims

A Fourier transform ion cyclotron resonance mass spectrometer
comprising:

a signal generator generating a sinusoidal, first voltage signal having a
DC offset;

a voltage amplifier receiving the first voltage signal from the signal
generator and generating a second voltage signal by amplifying the first
voltage signal; and

an ion cyclotron resonance (ICR) trap receiving the second voltage
signal and generating an ion cyclotron motion centered on the position
determined by the DC offset.

The Fourier transform ion cyclotron resonance mass spectrometer
according to claim 1, wherein the DC offset is determined such that the
center position of the ion cyclotron motion in the ICR trap is in
proximity to the center of the ICR trap.

The Fourier transform ion cyclotron resonance mass spectrometer
according to claim 1, wherein the voltage amplifier comprises:

an OP amp;

a variable resistor electrically connected to an inverting input terminal
of the OP amp;

a first resistor electrically connected between the variable resistor and
the signal generator; and

a second resistor electrically connected between the inverting input
terminal of the OP amp and an output terminal of the OP amp.

A method for improving the signal of a Fourier transform ion cyclotron
resonance mass spectrometer, the method comprising:

generating a sinusoidal, first voltage signal having a DC offset;
generating a second voltage signal by amplifying the first voltage
signal; and

generating an ion cyclotron motion centered on the position determined
by the DC offset by applying the second voltage signal to an ion
cyclotron resonance trap.

The method for improving the signal of a Fourier transform ion
cyclotron resonance mass spectrometer according to claim 4, wherein
the generating the first voltage signal comprises determining the DC
offset such that the center position of the ion cyclotron motion in the

ICR trap is in proximity to the center of the ICR trap.
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