
A Low-Noise, Wideband Preamplifier
for a Fourier-Transform Ion Cyclotron
Resonance Mass Spectrometer

Raman Mathur,a,b Ronald W. Knepper,a and Peter B. O’Connora,b,c
a Department of Electrical and Computer Engineering, Boston University, Boston, Massachusetts, USA
b Cardiovascular Proteomics Center, Boston University, Boston, Massachusetts, USA
c Mass Spectrometry Resource, Department of Biochemistry, Boston University, Boston, Massachusetts, USA

FTMS performance parameters such as limits of detection, dynamic range, sensitivity, and
even mass accuracy and resolution can be greatly improved by enhancing its detection circuit.
An extended investigation of significant design considerations for optimal signal-to-noise ratio
in an FTMS detection circuit are presented. A low noise amplifier for an FTMS is developed
based on the discussed design rules. The amplifier has a gain of �3500 and a bandwidth of 10
kHz to 1 MHz corresponding to m/z range of 100 Da to 10 kDa (at 7 Tesla). The performance
of the amplifier was tested on a MALDI-FTMS, and has demonstrated a 25-fold reduction in
noise in a mass spectrum of C60 compared with that of a commercial amplifier. (J Am Soc
Mass Spectrom 2007, 18, 2233–2241) © 2007 American Society for Mass Spectrometry

Modern mass spectrometry plays a critical role in
the analysis of biological proteins and other
compounds of significance. In addition to struc-

tural information, a mass spectrometer can also be used to
study interactions between proteins [1–4]. However, these
studies pose considerable challenges due to the complex-
ity of the cellular proteome. Some of the most effective
mass spectrometers are time-of-flight (TOF) mass spec-
trometers, ion trap (IT) mass spectrometers, quadrupole
mass spectrometers, and Fourier-transform ion cyclotron
(FTICR or FT) mass spectrometers, and the recently intro-
duced orbitrap. Recently, the FTICR mass spectrometer
has emerged as the instrument of choice for biological
studies due to its combination of flexibility, high mass
accuracy, superior mass resolution, sensitivity, and wide
dynamic range [5–9].
Another significant performance parameter of the FT

mass spectrometer is its limit of detection. Limit of detec-
tion is defined by the minimum number of singly charged
ions that can reliably be detected in the mass analyzer of
the FTmass spectrometer, also known as the ion cyclotron
resonance (ICR) cell [10–13]. By lowering the limit of
detection, the dynamic range of the instrument is in-
creased. This allows detection of low abundance com-
pounds or fragment ion peaks, which often have biologi-
cal significance. Another important implication of
improving the detection limit of an FT mass spectrometer
is improved mass accuracy via reduced space-charge
induced frequency shifts [14]. The best that can be done is
to be able to detect a single ion with unit charge, com-

monly referred as unit charge detection limit [15]. Unit
charge detection is routinely achieved in TOFMS; how-
ever, the lowest detection limit reported in literature for an
FT mass spectrometer is 30 charges [16]. This manuscript
presents an engineering approach to improve the limit of
detection of an FT mass spectrometer.
In the ICR cell of an FTMS, ions are excited into a

coherent cyclotron orbit by the application of a resonant
or swept frequency rf voltage to the excitation elec-
trodes. These coherent, rotating packets of ions induce
image charges on the detection electrodes of the ICR cell
[10]. The induced image current is amplified using a
transimpedance amplifier. This detection amplifier is
typically divided into two stages: (1), a first “preampli-
fier” stage, which is mounted sometimes in vacuum
close to the detection plates of the ICR cell to mini-
mize the capacitance, and (2), a second stage, which is
usually placed outside the vacuum. The output of the
second stage is sent to the analog-to-digital converter
(ADC) that samples the analog signal and stores it in a
digital format. Fast Fourier transform of the digital data
yields the frequency domain spectrum of the ion signal.
Finally, the frequency spectrum is converted into a
mass spectrum using a calibration equation [17–19]. The
detection plates, the amplifier, and the ADC constitute
the detection circuitry of the FTMS. Enhancing the limit
of detection involves careful analysis and optimization
of these three components. Typically, it is the detection
amplifier, which is engineered for optimal performance
(low noise, high gain, low output impedance), given the
existing ICR cell and the ADC specifications.
The equivalent electrical model for the detection

scheme in the ICR experiments was presented by Co-
misarow [10]. In this approach, the resonantly excited

Address reprint requests to Professor Peter B. O’Connor, Boston University,
School of Medicine, Mass Spectrometry Resource, Department of Biochem-
istry, 670 Albany St., Boston University, Boston, MA2118, United States.
E-mail: poconnor@bu.edu

Published online September 29, 2007
© 2007 American Society for Mass Spectrometry. Published by Elsevier Inc. Received April 20, 2007
1044-0305/07/$32.00 Revised June 21, 2007
doi:10.1016/j.jasms.2007.09.013 Accepted September 17, 2007



coherent ion packet was modeled as a rotating electric
monopole. Comisarow computed the expressions for
the induced image current and voltage on the plates of
a cubic ICR cell using his rotating monopole model. In
the derivation it was assumed that the parallel detection
plates were infinitely long. This assumption is naturally
not true and error from this approximation becomes
significant when the dimensions of the cell plates are
comparable to the spacing between them. A compre-
hensive analytical solution for the induced differential
charge in an ICR cell with arbitrary geometry was
derived by Grosshans [20]. Using Green’s function,
Grosshans computed the magnitude of the Fourier
coefficients of the signal induced by an ensemble of ions
in a circular orbit. The equivalent electrical model
makes it possible to develop an analytical solution for
the design of the low noise preamplifier for ICR.
A pioneering step to enhance the limit of detection

by improving the detection amplifier was taken by
Anderson et al [16], which is further based on the work
of Jefferts and Walls [21]. Anderson presented a design
of a low noise amplifier for the FTMS using a JFET input
differential stage. Various factors that determine the
signal/noise ratio of the amplifier were analyzed.
The work presented here is a continuation of the

investigations by Anderson et al. for the design of a low
noise preamplifier for an FTMS. A detailed discussion
of the design parameters involved for the ICR detection
circuit is included. A low noise, wide bandwidth,
differential transimpedance amplifier has been de-
signed and implemented on a specially developed
circuit board, and its performance has been evaluated
on a custom FTICR mass spectrometer with a 7 Tesla
superconducting magnet [8].

Theory

ICR Signal

Comisarow calculated the image current, IsI , induced on
the plates of a cubic ICR cell (assuming infinitely long

electrodes) due to the cyclotron motion of the ions, as
given by eq 1 [10]. The theory was based on the work of
Shockley, who calculated the induced current in elec-
trodes in proximity of a moving charge [22].

IsI �r.m.s� �
Nq2rB

��2�� md
(1)

where, N is the number of ions with mass to charge
ratio m/q, rotating in an orbit with cyclotron radius r in
a magnetic field of strength B, and d is the distance
between the plates of the ICR cell.
Now, the cyclotron frequency, �c, is given by eq 2.

�c �
qB

m
(2)

Thus, using eq 2 in eq 1,

IsI �r.m.s� �� Nqr

��2�� d	�c (3)

From the signal model presented in Figure 1, the
voltage induced on the plates (i.e., at the input of the
preamplifier), VsVV is given by,

VsVV � IsI �Rb 
 Xc� (4)

where, Xc is the reactance due to the total capacitance at
the input of the preamplifier C, Rb is the input bias
resistor as defined in Figure 1.

�Xc��
1

�c�Ct � CFET�
�

1

�cC
(5)

Hence,

Figure 1. Equivalent electrical model for ICR detection (IsI � induced image current, Ct � Cc � Ccw,
Cc � intrinsic cell capacitance, Ccw is the connecting wire capacitance, CFET � preamplifier input
capacitance, Rb � preamplifier input bias resistance, iRb � Johnson noise due to Rb, in � preamplifier
equivalent input noise current, en � preamplifier equivalent input noise voltage).
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VsVV ��Nqr�c

��2�� d	��� Rb
2

1� �c
2C2Rb

2	 (6)

If the bias resistor Rb is selected such that: Rb ���� Xc at
minimum frequency of interest, then �Rb
Xc� � Xc.
Therefore,

VsVV ��Nqr�c

��2�� d	� 1

�cC
	 (7)

Thus, the r.m.s. induced signal voltage in the ICR cell is
given by:

VsVV �
Nqr

��2�� dC
(8)

As noted by Comisarow, the intriguing aspect of eq 8 is
the absence of the frequency term, �c. This indepen-
dence of induced voltage on frequency ensures a flat
response of the detection circuit, (over the working
range in m/z) which simplifies ion quantification, pro-
vided the detection amplifier is designed with a flat
gain in this bandwidth of interest. For a 7 T FT mass
spectrometer, the relevant frequency range is generally
from 10 kHz (m/z � 10 k) to 1 MHz (m/z � 100). Hence
an Rb greater than about 1 M� will ensure a flat
response in this frequency range. This value of Rb also
determines the Johnson noise as discussed below.
From eq 8, the induced signal voltage is inversely

proportional to the total capacitance, C, at the input of
the preamplifier which includes the detection plate
capacitance (Cc � 10–20 pF), stray capacitance of the
wires connecting the preamplifier to cell plates (Ccw �
1–5 pF), and the intrinsic capacitance of the FETs used
in the circuit of the preamplifier (CFET � 5–10 pF). It is
clearly best to minimize this capacitance, which can be
done by reducing the size of the ICR cell, by mounting
the preamplifier close to the detection plates, or by
selecting a FET with minimum capacitance. However, if
the ICR cell geometry is made smaller to reduce the
capacitance, it leads to increased ion density in the ICR
cell. This causes space charge effects, such as ion
coalescence, which are detrimental to the mass accuracy
and resolving power of the FTMS [17, 23, 24]. Moreover,
the number of ions, N, which can be efficiently
trapped/excited/detected in the ICR cell, is reduced for
a smaller cell. This causes reduction in induced ICR
signal. Similarly, mounting the preamplifier in close
proximity of the detection plates to minimize the lead
wire capacitance is not always feasible. The ICR cell is
placed in the homogenous high field region of the
superconducting magnet. Most of the commercial low
noise FETs do not operate well in such high magnetic
fields, due to the Hall effect [25]. A possible solution is
to design the preamplifier such that the FETs are
mounted with their channel aligned to the magnetic
field. However most of the commercial FETs, often with

transverse package design, naturally prohibit such
alignment. Finally, the intrinsic capacitance of the input
FETs can be minimized by reducing the width of the
channel, but with a respective trade-off, as discussed
below.

Input Equivalent Noise in an FTICR Detection
Circuit

Comisarow developed the electrical model of the ICR
detection circuit shown in Figure 1. Using this model,
the total mean square input equivalent noise voltage
can be calculated.

e�ni
2 � �ı̄Rb

2 � ı̄n
2�� XcRb

Xc � Rb
	2� e�n

2 (9)

where, eni is the total equivalent noise voltage at the
input of the preamplifier. ı�Rb

is equivalent Johnson noise
current spectral density due to Rb, equal to��4�� kTf ⁄ff R⁄⁄ b

[26], and Xc is the source impedance due to total
capacitance at the input of the preamplifier, equal to
1/j�cC (where C � Ct � CFET).
The value of capacitance to ground of a 3 in. diam-

eter open cylindrical cell [27] is calculated [28] and
measured at Boston University to be �10 pF per plate.
If the sum of input capacitance of the preamplifier and
the connecting wires is �12 pF, the total capacitance at
the input of the preamplifier becomes �22 pF.
The maximum value of impedance due to this capac-

itance will occur at the lowest cyclotron frequency of
interest. For example for a 7 tesla FTMS at 10 kHz, this
impedance will be:

Xc,max� 530 k� (10)

Now, if the bias resistor in the ICR detection circuit is
selected such that Rb ���� Xc,max, then from eq 9,

e�ni
2 � �ı̄Rb

2 � ı̄n
2��Xc�2� e�n

2

�
4kTf

Rb
� 1

�cC
	2�� ı̄ n

2¯

�c
2C2	� e�n

2

Thus, to minimize the noise voltage contribution of the
bias resistor, the value of Rb should be maximized.
The maximum value of Rb which can be used is

defined by the intrinsic input leakage current of the FET
used in the preamplifier. The primary purpose of the Rb

in the preamplifier circuit is to set the d.c. bias at the
gate of the input FET (and the detect plates) to ground
potential. However, due to intrinsic leakage current
from the gate of the FET, a charge starts to build up on
the input capacitance of the preamplifier. This accumu-
lation of charge floats the d.c. potential at the gate of
this FET, eventually driving it to the power supply rails.
Thus making the preamplifier nonoperational. More-
over, this leakage current also causes an ohmic voltage

2235J Am Soc Mass Spectrom 2007, 18, 2233–2241 IMPROVED PREAMPLIFIER FOR FTMS



drop across Rb, which is directly connected to the
detection plates and as a result will perturb ion motion.
One volt of potential developed on the detection plates
(10 pA of leakage current with a 100 G� bias resistor)
can potentially cause a complete loss of detected ICR
signal.
In this work 10 mV was taken to be permissible on

the detection plates and have been verified experi-
mentally to be non detrimental for signal detection.
As a result, the maximum value of Rb that can be used
with a FET with 10 pA of leakage current is equal to
1 G�. A general conclusion that can be made is to
select a FET with minimum leakage current, thus
permitting maximization of the Rb and hence mini-
mization of the input equivalent noise to the intrinsic
noise of the input FET.
Increasing the value of Rb to reduce its noise contri-

bution only helps up to the point where the intrinsic
noise of the FET, en, becomes significant. For example,
the noise contribution of a 1 G� bias resistor at the
input of the preamplifier is merely 0.6 nV/rtHz at 100
kHz (T � 290 Kelvin, and C � 10 pF). This is already
below the input noise voltage of most of the commercial
low noise JFETs used for the ICR preamplifier designs.
Thus, increasing the bias resistor further does not
enhance the net ICR signal/noise ratio.

Input Device Selection

The above discussion shows that the selection of the
input FET is the most significant design choice for the
optimization of the ICR detection preamplifier. The ICR
signal is modeled as a current source in parallel with a
capacitance [10]. In such a high impedance source, the
leakage current of the input transistor can potentially
have a dominant influence on the input-referred elec-
tronic noise. Thus, it is desirable to use junction field
effect transistors (JFETs) at the input stage, which have
lower leakage currents than bipolar junction transistors
(BJTs) [21]. JFETs have leakage currents on the order of
1 pA, allowing a high input bias resistor, which helps
minimize noise as discussed above. Moreover, the low
1/f noise cut-off frequency in JFETs, typically below 1
kHz, has significant implication in low noise ICR detec-
tion where spectral frequencies of interest are usually
above 10 kHz.
Noise sources in a JFET can be attributed to the

following sources [29]:

• 1/f noise caused by generation recombination of
charge carriers in the depletion region of the FET. In
modern JFETs the 1/f noise roll-off is typically below
a kHz, hence this component of noise is neglected at
higher frequencies.

• Shot noise due to the leakage current of the gate of the
JFET. This can be calculated by the Schottky formula
IshotI 2/�f� � 2qIGSS, where q is the charge of an electron,
IGSS is the gate leakage current [30].

• Channel noise due to thermal fluctuations in the
drain to source channel. This noise can be calculated
by determining the equivalent value of the channel
resistance as shown below.

• Channel thermal noise, capacitively-coupled to gate
(input) by CgdC . This noise is represented as a shunt
resistance �Rn � 1 ⁄ ��2rds

2 gss mCgdC Cds�� in parallel with the
CgsC at the input of the FET. The contribution of the
thermal noise current due to Rn is typically less than
10 fA/rtHz at frequencies below 1 MHz, becoming
significant only at higher frequencies and is neglected
for most practical applications [29, 32].

Thus, in the ICR frequency range of operation, the
primary contribution to the noise of the JFET comes
from the thermal noise in the channel. Hence, to obtain
optimum noise performance it is proper to consider
channel thermal noise of the device, as discussed below.
The ICR signal arises by integrating the image

current over the total input capacitance consisting of
cell plates, connecting wires, and the JFETs input
capacitance. Hence, reducing this capacitance in-
creases the ICR signal, which is evident from eq 8.
Again, as the geometry of the ICR cell plates is fixed,
it is of interest to minimize the connecting wire
capacitance and the JFET input capacitance for max-
imizing the ICR signal. The wire capacitance is min-
imized by placing the preamplifier in vacuum, near
the ICR cell. However, the electronic noise of a JFET,
which primarily consists of the Johnson noise in the
intrinsic channel resistance, increases as the JFET
intrinsic capacitance decreases or, in other words, as
the device is made smaller. As a result, the scaling
down of the device to reduce the capacitance makes it
noisier. Selection of a JFET with an input capacitance
for optimal ICR signal/noise ratio can be done on the
basis of the following analysis.
The JFET equivalent channel noise resistance be-

tween drain and source terminal in the saturation
region is 3/(2gm), where gm is the transconductance of
the JFET [33]. As a result, the equivalent input noise
voltage in a JFET (referred to the gate) can be expressed
as:

v�n
2 � 4kT�2 ⁄ �3gm��f (11)

Hence, using eq 8, the signal/noise ratio (signal power/
noise power) of the ICR signal at the input of the
preamplifier can be calculated by (ignoring the JFET
noise current contribution as discussed above),

signal ⁄ noise �
VsVV2VV

v�n
2 �� Nqr

��2�� d�Ct � CFET�	
2� 3gm

8kTf
	 (12)
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Eq 12 can be rearranged as:

signal ⁄ noise

�� 3N2NN q2r2

16d2kTf
	�� gm

CFET
	�� 1

CFET�1� Ct ⁄CFET�2	 (13)

The transconductance, gm, and the input capacitance of
the JFET, CFET, both scale linearly with the width of theTT

FET channel for a given device fabrication process [33].
This ratio of gm to CFET is generally used as a figure of
merit to compare various device processes used for the
fabrication of a JFET. Therefore, the set of terms in the
first two parenthesis are constant for a given ICR signal
and a given device process. To find optimal device
geometry, taking the derivative of the last term with
respect to CFET and equating to zero, gives:

Ct � CFET (14)

Therefore, in ICR signal detection, the optimal signal/
noise ratio is obtained when the total capacitance due to
the cell plates and connecting wires is minimized and
matches the total input intrinsic capacitance of the JFET.
Hence, in the preamplifier design, a JFET with a capac-
itance slightly smaller (�2 pF to account for the con-
necting wire capacitance) than that of the capacitance of
the cell plates is selected and with a device process for
maximum gm/Cmm FET ratio.

Methods

Circuit Design

The ICR detection amplifier is divided into 2 stages: an in
vacuum preamplifier and a second stage amplifier, which
is at atmospheric pressure. The preamplifier is used pri-
marily to convert the high impedance of the ICR signal to
a low impedance, with a corresponding current gain and
very low noise. Further, the voltage amplification, which
requires more power, is done outside the vacuum. This is
done because the extremely low pressures in the FTMS
(order of 10�10 mbar) hinders efficient cooling of the
devices, which ultimately can cause power derating or
device failure. Thus, most of the signal amplification is
done in the second stage. However, the equivalent input
noise of the ICR detection circuit is primarily defined by
the in-vacuum preamplifier.
The ICR signal is inherently a differential signal and,

thus, the current amplifier is a differential design. The
differential configuration enables the extraction and am-
plification of the difference between two small input
signals and cancels the common mode signal that both
inputs share (which, for example, can come from 60 Hz
interference, etc). A close symmetry (matching) of the
components in the two legs of the differential amplifier is
required for a high common mode rejection ratio, and
because commercial JFETs show wide variation in char-
acteristics, several of these were tested to find a pair with
closely matched DC characteristic curves.

The circuit diagram of the BUSM (Boston University
School of Medicine) in-vacuum preamplifier is shown in
Figure 2. The cascode configuration was used to reduce
the Miller effect, hence enhancing the bandwidth of the
preamplifier [31]. In a simple differential amplifier with-
out a cascode, the capacitance at the gate of the input
transistor becomes CgsC � (1�A)CgdC , where A is the voltage
gain from gate to drain. This apparent amplification of the
CgdC is due to the negative feedback from drain to gate of
the input FET. This effect was first defined by John M.
Miller, hence commonly referred as theMiller effect and is
responsible in limiting the bandwidth of such an amplifier
configuration [31]. In a cascode configuration the voltage
gain from gate to drain is almost 1 at the input FET. Here
the voltage at the source is in phase with the drain, thus
eliminating negative feedback and minimizing the Miller
effect. Hence, the apparent increase in CgdC is avoided. The
amplification is achieved by the cascode device, which is
in a common-gate configuration.
The gate of the cascode device is tied to the source of

the input device, to minimize the input gate leakage
current. The source to drain voltage of Q1 and Q2 now
becomes the gate to source voltage of the Q3 and Q4. This
requires for the drain to source voltage of the input
devices (Q1, Q2) to be much less in magnitude than the
pinch off voltage of the cascode devices (Q3, Q4). This
configuration limits the drain to source voltage of Q1, Q2
to small values, which keeps the leakage current negligi-
ble in the JFETs, independent of the drift in the supply
voltage.
Emitter followers, Q5 and Q6, are used for impedance

transformation of the ICR signal (from high to low). Low
impedance on the long lines running from preamplifier to
the electrical feed-through makes the amplifier less sus-
ceptible to interference pick up and noise coupling. Once
the impedance level of the signal is low, a generic low
noise operational amplifier (opamp) can be used for
further amplification. A low noise instrumentation ampli-
fier configuration is used for this purpose, using standard
opamps as shown in Figure 3. Finally, the output of the
amplifier is fed to an ADC for digitization.

Results

On Bench Circuit Testing

JFETs from NXP Inc. (Eindhoven, The Netherlands),
BF862, were used as input transistors. Matched JFETs
U431 from Vishay Intertechnology, Inc. (Malvern, PA)
were used as the cascode devices. BF862 has an input
capacitance of 10 pF and input noise voltage of 0.8
nV/rtHz, and represents the optimal trade off between
noise and input capacitance. Low leakage JFETs and the
above configuration allowed the use of high value input
bias resistors, 1 G�, to elevate the signal/noise ratio.
BF862s were biased at VDS � 1.5 volts and IDS � 8 mA
giving a gm of approximately 35 mS. The 750 � Rd

provided a voltage gain of approximately 25 in the first
stage. The emitter follower reduced the signal impedance
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to approximately 50 ohms, primarily due to the balancing
potentiometer at the emitter of Q5 and Q6. The constant
current sources, Q7–Q9, kept the base-emitter voltage of
Q5 and Q6 equal. This ensures that the current gain
(CMRR/differential gain) is identical for each signal line.
The voltage gain versus frequency characteristic plot

of the BUSM amplifier is shown in Figure 4. The �3dB
high frequency roll-off of the transimpedance amplifier
is at 2.81 MHz, which corresponds to approximately 30

Da on a 7 tesla FTMS. The midband voltage gain of the
amplifier is �3500.
The electrical noise performance of the BUSM transim-

pedance amplifier was compared with that of a com
mercial amplifier (Figure 5). The commercial amplifier
consists of a unity gain source follower, using OPA637, as
a preamplifier followed by a high gain instrumentation
amplifier. The midband gain of the commercial amplifier
is 1000. The BUSM transimpedance amplifier was pow-

Figure 2. Schematic of the BUSM low noise wideband transimpedance preamplifier.

Figure 3. Schematic of the BUSM instrumentation amplifier.
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ered either by switching power supplies (Agilent Technol-
ogies, Santa Clara, CA) with unshielded cables in the
room or by 9 V batteries. The commercial amplifier was
powered by linear power supplies (Varian Inc., Lakefor-
est, CA).
The equivalent input rms noise voltage was measured

by shorting the inputs of the preamplifiers to ground. A
Tektronix spectrum analyzer (Tektronix 2712, Richardson,
TX) was used to obtain the short circuit output noise
spectrum from 10 kHz to 1 MHz. To compare the two
amplifiers, the output noise spectrum was divided by the
corresponding voltage gain spectrumto obtain the input

equivalent rms noise voltage density, as shown in Figure
5. The BUSM transimpedance amplifier has shown ap-
proximately 40 times lower rms noise voltage using the
batteries (at 100 kHz), compared with the commercial
amplifier. Also, the 1/f noise corner frequency is more
than 10 times lower in the case of the BUSM transimped-
ance amplifier.

Instrument Testing

A custom MALDI-FTMS was used to evaluate the low
noise ICR amplifier [8]. The instrument has an open
cylindrical ICR cell geometry with 3 in. o.d. The pream-
plifiers were mounted close to the detection plates mini-
mizing the connecting wire parasitic capacitance. Magnet
wire from McMaster-Carr (Princeton, NJ), which is
enamel coated copper, is used for all in-vacuum electrical
connections. The outputs from the in-vacuum preampli-
fier are connected to the instrumentation amplifier via a
con-flat BNC electrical feed-through (MDCVacuumProd-
ucts, Hayward, CA). It is always recommended to remove
any noise component outside the desired bandwidth
using a filter. Thus, a low pass, 11th-order Butterworth
filter from TTE Inc. (Los Angeles, CA) is used before the
digitizer to remove any unwanted noise above 1 MHz.
Several sets of mass spectra were obtained to compare the
signal/noise ratio of the current amplifier with the com-
mercial one.
C60 was used as a standard for the studies on a custom

MALDI-FTMS [8]. A 1 �M� solution of C60 in toluene was
spotted onto a stainless steel plate and allowed to dry.
Spectra were generated using a single shot of a 355 nm

Figure 4. Gain bandwidth plot of the low noise wideband BUSM
transimpedance amplifier.

Figure 5. Equivalent input r.m.s. noise voltage density of the two amplifier designs.
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Nd:YAG laser from Continuum Inc. (Santa Clara, CA.) at
50 �J/pulse. The ions were transferred to the ICR cell�
using a pair of hexapoles driven by high voltage RF
oscillators [34, 35] andwere trapped using gated trapping.
After 50 ms of thermal stabilization, the ions were reso-
nantly excited into coherent cyclotron orbits by the appli-
cation of a broadband RF sweep. The RF sweep voltage of
200 VpVV �p was applied for 8 ms and swept from 150 Da to
3000 Da. The excitation was followed by image current
detection using the amplifier under test; 512 K samples
were taken from the amplified ICR signal at a rate of 2
MHz (total transient length of 0.262 s). The digitized data
was zero filled to 1024 K points and fast Fourier trans-
formed without apodization. The resulting magnitude
mode frequency spectra were converted to a mass spectra
and are shown in Figure 6. The detected signal, using the
BUSM low noise differential amplifier, Figure 6b,66 demon-
strated approximately a 25-fold reduction in noise com-
pared to the commercial one, Figure 6a. In this compari-
son, the commercial in-vacuum amplifier was powered
with linear power supplies, but the BUSM transimped-
ance preamplifier was powered with unshielded switch-
ing power supplies. Subsequent tests showed an addi-
tional�4-fold reduction in noisewhen the power supplies
were swapped to a shielded battery powered supply
(Figure 5). The plots in Figure 5 represent the short circuit

input noise, while this C60 comparison is for an open,
capacitive input impedance, so the plots are not directly
comparable. Although Figure 6 shows an apparent �30-
fold improvement in signal/noise ratio, due to shot-to-
shot instability in laser desorption/ionization, this may be
a less useful comparison. It should be noticed that the
family of peaks which appear besides the C60 isotopes in
Figure 6b are due to several reasons; namely, the charac-
teristic Lorentzian line shape of the isotopic peaks, Gibbs
oscillations, and the mixing of axial/magnetron motion
frequencies (sidebands) to the cyclotron frequency. Fur-
thermore, RF interference noise can cause (and did in this
case) a transient to “clip,” which generates further mixing
artifacts. The symmetry of these peaks on either side of the
isotopic peaks indicate that these are not random thermal
noise peaks characterizing the base line noise of the BUSM
amplifier. Figure 6c shows the complete broadband m/z
range of the mass spectrometer in Figure 6b obtained with
the BUSM amplifier.

Conclusion

The Fourier transform mass spectrometry has shown
unmatched performance in biological and chemical stud-
ies due to its high mass accuracy, resolving power, and
dynamic range. These FTMS capabilities can be signifi-

Figure 6. MS of C60 obtained using two amplifiers with identical instrument settings on a
MALDIFTMS. Input referred baseline noise is shown in the inset. MS acquired with BUSM
transimpedance amplifier powered by switching power supplies in (b) has �25-fold reduction in
noise compared with that of commercial amplifier in (a); (c) shows the complete broadband m/z range
of the MS in (b) using the BUSM amplifier.
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cantly improved by enhancing the signal/noise ratio of its
detection circuit which includes the ICR cell, detection
preamplifier, amplifier, and the digitizer. For an existing
ICR cell and digitizer, optimization of the detection pre-
amplifier becomes a non-trivial design problem. In this
article we have discussed an analytical approach involved
in the development of such a low noise FTMS detection
amplifier.
Following the electrical model of ICR detection by

Comisarow, expressions for the signal/noise ratio in ICR
detection are presented and show that cell plate and the
connecting wire capacitance should be minimized. Fur-
thermore, it is shown that the FETs for the preamplifier
should be selected with minimum input leakage current.
This allows higher values of the input bias resistor, thus
enhancing the signal/noise ratio of the ICR detection
circuit. Moreover, the FET input capacitance should be
matched to the sum of capacitance (to ground) from the
detection plates and the connecting wires for optimal
signal/noise ratio. It is also recommended to mount the
preamplifier in vacuum in close proximity to the detection
plates to reduce the effect of parasitic capacitance from the
connecting wires.
An improved transimpedance detection amplifier has

been designed for an FT mass spectrometer. The electrical
parameters of the current design were characterized on
the bench and showed a mid-band voltage gain of 3500
with a 3 dB bandwidth of 2.81 MHz. The input rms noise
performance of the transimpedance amplifier was com-
pared to that of a current commercial amplifier using a
spectrum analyzer. The transimpedance amplifier showed
a 40-fold lower input rms noise voltage using battery
powered supply voltages.
Evaluation and comparison of the amplifiers on a

MALDI-FT mass spectrometer was conducted using C60.
Even using switching power supplies, a mass spectrum of
C60 obtained using the new transimpedance amplifier
exhibited a �25 times lower noise compared to the one
from the existing commercial amplifier and 30-fold higher
signal/noise ratio.
Currently, experiments to determine the limit of detec-

tion of the FT mass spectrometer, using the low noise
transimpedance amplifier, are being conducted. An ES-
IFTMS and an ion number estimating algorithm devel-
oped in-house will be used for this purpose [9, 13].
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