This article is made available for a limited time sponsored by ACS under the ACS Free to
Read License, which permits copying and redistribution of the article for non-commercial
scholarly purposes.

Research Article
Cite This: J. Am. Soc. Mass Spectrom. 2020, 31, 146−154

pubs.acs.org/jasms

Implementation of a Charge-Sensitive Ampliﬁer without a Feedback
Resistor for Charge Detection Mass Spectrometry Reduces Noise
and Enables Detection of Individual Ions Carrying a Single Charge
Aaron R. Todd, Andrew W. Alexander, and Martin F. Jarrold*

Downloaded via INDIANA UNIV BLOOMINGTON on July 17, 2020 at 17:37:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Chemistry Department, Indiana University, Bloomington, Indiana 47405, United States
ABSTRACT: Charge detection mass spectrometry (CDMS) depends on the
measurement of the charge induced on a cylinder by individual ions by means of a
charge-sensitive ampliﬁer. Electrical noise limits the accuracy of the charge
measurement and the smallest charge that can be detected. Thermal noise in the
feedback resistor is a major source of electrical noise. We describe the
implementation of a charge-sensitive ampliﬁer without a feedback resistor. The
design has signiﬁcantly reduced 1/f noise facilitating the detection of high m/z ions
and substantially reducing the measurement time required to achieve almost
perfect charge accuracy. With the new design we have been able to detect individual ions carrying a single charge. This is an
important milestone in the development of CDMS.

■

INTRODUCTION
In conventional mass spectrometry (MS) the mass to charge
ratio (m/z) is measured for gas-phase ions. For small
molecules, where ions can be generated by electron impact,
the charge state (z) is almost always one and so m/z and m are
synonymous. This changed with the development of electrospray (ES) as an ionization method.1 ES allows much larger
species to be placed in the gas phase and ionized. The average
charge generally increases with the size of the ion, and larger
ions show a distribution of charge states which manifests as a
series of peaks in the m/z spectrum due to ions with identical
m but diﬀerent z. Knowledge of the charge state is now
required to determine the mass. For light ions, the charge can
be deduced by resolving the isotope distribution by a highresolution m/z measurement. When this is no longer possible,
the charge state can be deduced from the spacing between the
peaks in the m/z spectrum. However, with increasing mass,
heterogeneity causes the m/z peaks to broaden and eventually
coalesce so the charge can no longer be deduced. This typically
occurs for ions in the 100−1000 kDa range, though there are a
few examples where charge-state resolution has been obtained
for ions with masses greater than 1 MDa.2−4
Interest in measuring accurate masses for species with
molecular weights much greater than 1 MDa has led to the
development of specialized single-particle techniques where
masses are directly determined for individual molecules.5 One
such approach uses nanomechanical oscillators: as single
molecules are deposited on the oscillator, changes in the
resonant frequencies are used to determine mass.6,7 However,
the mass resolution is much worse than available from MSbased single-molecule techniques.5 The MS-based techniques
fall into two categories: charge shifting and direct charge
measurement. In the charge-shifting approaches the m/z is
measured, the charge is shifted, and then the m/z is remeasured.8−16 The charge is shifted several times, and then the
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mass is determined from the m/z measurements. These
methods are not well-suited to determining mass distributions
because the measurements are relatively slow. In the direct
charge measurement approaches, the m/z and z of individual
ions are directly determined and then multiplied to give the
mass. Methods in this class include quadrupole ion traps
coupled to a charge-detecting plate17,18 and TOF (time of
ﬂight) MS with kinetic energy-dependent, cryogenic detectors.19−22 Other methods employ a measurement of the charge
induced on a conductor. This has been done with Fourier
transform ion cyclotron resonance (FTICR),23 where the
charge of a single trapped ion is determined from the
magnitude of the charge induced on the detector plates.
However, the induced charge is distributed between all the
electrodes in the cell, not just the detection ones, and so the
induced charge depends on the ion’s trajectory and can only be
measured with an accuracy of around 10%. Single ion
measurements on the orbitrap24,25 suﬀer from the same
problem.
In charge detection mass spectrometry (CDMS), the
detector is a cylinder that the ion passes through. When an
ion enters the cylinder, it induces a charge that dissipates when
it leaves. If the length to diameter ratio of the cylinder is large
enough, the induced charge is equal in magnitude to the charge
on the ion.26,27 The ﬁrst use of CDMS was in 1960 where it
was used to determine the masses of micron-sized particles.28
In 1995, Fuerstenau and Benner coupled an electrospray
source to a CDMS detector.29 In these early experiments the
CDMS detector was operated in a single pass mode where the
ion passes through the detection tube once. The ion’s m/z is
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determined from the ﬂight time through the tube and the
charge is determined from the induced charge. The
uncertainties in both the charge and m/z measurements are
relatively high for single pass CDMS, leading to a low mass
resolving power.
To overcome the limitations of single-pass CDMS, Benner
embedded the detection cylinder in an electrostatic linear ion
trap (ELIT).30 An ELIT consists of two end-caps that can be
switched between transmission and trapping mode. In
transmission mode ions pass through the trap and in trapping
mode the end caps act as ion mirrors so that trapped ions
oscillate back and forth through the detection cylinder. The
longest trapping time achieved in this early work was about 10
ms (450 oscillations). The RMS uncertainty for one charge
measurements was 50 elementary charges (e) and the charge
uncertainty improves by n−1/2, so the RMS uncertainty after
450 oscillations was reduced to 2.3 e. The limit of detection
(the smallest charge that could be measured) was 250 e
because trap closure was triggered by an ion entering the
detection cylinder.
In recent years there has been another resurgence of interest
in CDMS.31−36 Rodolphe and co-workers have used singlepass CDMS to measure the masses of several heterogeneous
samples including amyloid ﬁbrils, synthetic polymers, and
nanoparticles.37−39 While Williams and co-workers have taken
CDMS in a diﬀerent direction and obtained collisional cross
sections from the ion energy decay through background gas
collisions,40,41 our group has focused mainly on applications to
the analysis of viruses, gene therapy products, lipoproteins, and
protein complexes.42−56
The best performance that has been achieved to date with
charge detection mass spectrometry is a charge RMSD of 0.196
e.57 With a charge uncertainty less than around 0.2 e it is
beneﬁcial to quantize the charge−assign the charge to the
nearest integer charge state. If ions with intermediate charges
(i.e., charges outside the range of n − 0.2 e and n + 0.2 e) are
discarded, the error rate for charge quantization (i.e., where the
ion is assigned to the wrong charge state) is less than 1 in
15000. The uncertainty in the charge measurement scales as
t−1/2, and it was necessary to trap ions for 3000 ms to achieve a
charge uncertainty of 0.2 e. With 3 s trapping it takes a long
time to measure enough ions to generate a spectrum. The
charge uncertainty is limited mainly by electrical noise, and so
lowering the noise will reduce the measurement time needed
to achieve perfect charge accuracy. The limit of detection (the
smallest charge that can be detected) also depends on the
electrical noise and the best performance to date, i.e., the
lowest charge that has been reliably measured is 7 e
(elementary charges).58 Lowering the noise will also lower
the limit of detection.
In CDMS, the charge induced on the detection cylinder by
the ion is detected by a charge-sensitive ampliﬁer. Figure 1a
shows a schematic of a generic charge sensitive ampliﬁer
consisting of an operational ampliﬁer with a negative feedback
capacitor, Cf. It produces an output voltage inversely
proportional to the integrated current at the input:
Vo = −

1
Cf

∫0

Figure 1. (a) Circuit diagram for a generic charge sensitive ampliﬁer
consisting of an operational ampliﬁer and a feedback capacitor. (b)
Low noise charge sensitive ampliﬁer with a JFET at the input and a
feedback resistor in parallel with the feedback capacitor.

employed at the input (as shown in Figure 1b) and a feedback
resistor (Rf) is placed in parallel with the feedback capacitor.
The feedback resistor discharges the feedback capacitor and
establishes a well-deﬁned operating point for the ampliﬁer.
Charge-sensitive ampliﬁers are widely used in high energy
particle and radiation detectors. Since ﬁrst proposed by Gatti
and co-workers in 1956,59 there has been a continuing eﬀort to
reduce the noise and hence improve the precision and accuracy
of particle and radiation parameter measurements.60−66 The
thermal noise associated with the feedback resistor is a major
contributor to the overall noise. This leads to a noise current
given by
in =

(2)

where k is the Boltzmann constant, T is the temperature, and
Δf is the frequency bandwidth. The noise is minimized by
maximizing Rf. We have used values up to 100 GΩ. This
source of noise can be completely removed by removing the
feedback resistor. However, if the feedback resistor is removed,
another way must be provided to reset the ampliﬁer and give it
a well-deﬁned operating point. A number of schemes have
been described such as optical feedback,63 pulsed optical
feedback,64 transistor reset,65 and pulsed source reset.66 The
large number of diﬀerent approaches is a testament to the fact
that they all have disadvantages and often introduce noise from
a diﬀerent source.

■

CHARGE-SENSITIVE AMPLIFIER DESIGN
The ampliﬁer employed in this work is based on the approach
of Bertuccio and co-workers.61 A simpliﬁed schematic is shown
in Figure 2. In this circuit, removal of the feedback resistor is
made possible by allowing the JFET to be biased by its gate
leakage current, forward biasing the JFET’s gate-channel
junction. The JFET gate/source voltage drifts to about +0.2
V where the leakage current from the drain is balanced by the
slightly forward biased gate-source junction. The drain current
is above the JFET’s IDSS (drain current for zero bias) value.
The DC oﬀset of the rest of the circuit is controlled by a
second negative feedback loop between the emitter of Q2 and
the base of the ﬁrst transistor (Q1 in Figure 2) through R2, R3,
and C1. A bootstrap circuit comprised of R4, R5, and C2 helps

t

i i (t ) d t

4kT Δf
Rf

(1)

It is evident from eq 1 that the gain is inversely proportional
to Cf (i.e., Cf is minimized to maximize the gain). For low noise
ampliﬁers, a JFET (junction ﬁeld eﬀect transistor) is usually
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Initial testing indicated that the circuit held the temperature to
better than 0.1 K of the speciﬁed set point once thermal
equilibrium had been achieved.

■

CDMS INSTRUMENT AND METHODS
The charge-sensitive ampliﬁer was installed into our new
CDMS instrument, which incorporates a new electrostatic
linear ion trap (ELIT) with improved m/z resolution.68 Ions
are generated by nanoelectrospray (Advion Biosciences,
Triversa NanoMate) in positive-ion mode.
They enter the instrument through a heated metal capillary
(0.762 mm i.d., 10 cm long) and then pass through several
regions of diﬀerential pumping before reaching the ELIT. The
ﬁrst diﬀerentially pumped region contains a FUNPET (an ion
funnel-ion carpet hybrid) designed to optimize transmission
over a broad mass range.69 The second diﬀerentially pumped
region contains an RF hexapole with a DC oﬀset that sets the
ion energy. The hexapole is followed by a segmented RF
quadrupole. Ions that exit the quadrupole are focused into a
dual hemispherical deﬂection energy analyzer (HDA) which
selects a narrow band of ion kinetic energies. Ions that are
transmitted by the HDA enter the ﬁfth diﬀerentially pumped
region that houses the ELIT. The pressure in this region is
around 10−9 mbar. The acceleration region of an orthogonal
reﬂectron time of ﬂight mass spectrometer (TOFMS) is
located just before the HDA. Ions can be analyzed with the
TOFMS or the acceleration region can be turned oﬀ so that
ions travel unimpeded to the HDA for analysis by CDMS.
The ELIT consists of two end-caps that can be switched
between transmission and reﬂection mode. With both end-caps
in reﬂection mode, ions oscillate back and forth through a
metal cylinder placed between the end-caps. When ions are in
the cylinder, they induce a charge which is detected by the
charge-sensitive ampliﬁer. The cylinder is long enough that the
entire charge is measured.70,71 The voltage output from the
charge sensitive ampliﬁer is ampliﬁed, digitized, and sent to a
computer through an FPGA (ﬁeld-programmable gate array).
The time domain signals are analyzed in real time by a Fortran
program which uses a Gaussian window function and fast
Fourier transforms to determine the m/z and charge of the
trapped ions.72 Trapping events are discarded if the ions are
not trapped for the full trapping time or if a statistical analysis
showed that the m/z or charge values are not stable. Unusual
shifts or excursions in the m/z or charge can arise from mass or
charge loss73 or from multiple ions with similar m/z values
oscillating almost in phase.
Simulated signals were used to characterize the limit of
detection. The signals were generated with a function
generator (Agilent Technologies, 33220A), passed into the
vacuum chamber, and broadcast onto the detection cylinder by
way of a small antenna placed through the grounded shield of
the ELIT. This allowed the simulated signal to be picked-up
and measured by the charge sensitive ampliﬁer in the same
fashion as the signal from an oscillating ion. The output from
the charge sensitive ampliﬁer is ampliﬁed, digitized, and
transferred to the computer for data analysis in the same way
as ion signals.
Pyruvate Kinase (Lee Biosciences) was prepared at 2.5 mg/
mL in 100 mM ammonium acetate (Sigma-Aldrich, ≥99.99%)
and puriﬁed by size-exclusion chromatography (Micro BioSpin P-6 Gel Columns in Tris Buﬀer, BIO-RAD). Bradykinin
(Sigma-Aldrich) was dissolved in water to make a 1 mg/mL
solution. This solution was then diluted to 50μg/mL in a

Figure 2. Circuit diagram for the charge sensitive ampliﬁer without a
feedback resistor. The JFET at the input is biased by its gate leakage
current, forward biasing its gate-channel junction. By exploiting this
mode of operation the feedback resistor can be removed to improve
the signal to noise ratio. The feedback capacitance Cf is provided by a
small wire that sits around 2 mm from the JFET. Its value is too small
to be measured by the equipment at our disposal. We estimate it to be
on the order of 100 fF.

Q1 provide the voltage gain of the circuit. Q1 is driven as a
common base ampliﬁer and Q2 acts as a common collector
ampliﬁer that buﬀers the output of Q1.
The feedback capacitance Cf is provided by a small wire that
sits around 2 mm from the JFET. Its value is too small to be
measured by the equipment at our disposal. We estimate it to
be on the order of 100 fF. Cf deﬁnes the closed-loop gain at the
frequencies of interest (around 2−100 kHz). The other
feedback path is active at lower frequencies. Because the gate
voltage is not well-deﬁned by a feedback resistor, the JFET’s
transconductance is dependent on fabrication variations and it
is necessary to select the JFET by hand for optimum
performance.
In previous work, we have employed a commercial chargesensitive preampliﬁer (Amptek, A250) with a 2SK152 JFET at
the input. We found that cooling the JFET to around 130 K
signiﬁcantly reduced the noise.67 When we cooled the JFET in
the new design in Figure 2 we found that the gain varied
inversely with temperaturea serious complication when an
uncertainty of better than 0.2 e is required to achieve almost
perfect charge accuracy. To overcome this problem, we
temperature regulated the JFET to a temperature a few
degrees above the unregulated equilibrium value. The
temperature regulation circuit employed a heater constructed
with 0.2 mm diameter Nichrome wire. The heater was coupled
to the analog output of a temperature controller (Red Lion,
T1651110). The analog output operates a silicon transistor
(STMicroelectronics, D44H11 NPN), which in turn tunes the
output of a power supply (HP 6216C) set at 10 V and 1.2A.
This approach allowed the resistive heater to generate less
noise than if driven directly by the temperature controller.
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The red line in Figure 3 shows the charge RMSDs
determined for the new ampliﬁer design with the input JFET
at room temperature. Even with its input JFET at room
temperature, the new ampliﬁer design signiﬁcantly outperforms the conventional design with its input JFET
cryogenically cooled. The blue line in Figure 3 shows the
results for the new ampliﬁer with its input JFET cryogenically
cooled. Cooling signiﬁcantly lowers the charge RMSD. The
charge RMSDs for the new ampliﬁer also increase with m/z,
but much less quickly than for the A250 with cooled 2SK152.
At an m/z of 10000 Da the charge RMSD for the new ampliﬁer
with cooled input JFET is 65% of the charge RMSD for the
A250 with cooled 2SK152. At an m/z of 100000 Da the ratio
decreases to 51%. The relationship between the charge RMSD
and the trapping time is

49:49:2 solution of water, methanol, and acetic acid.
Angiotensin II (Sigma-Aldrich) was prepared in the same
way as bradykinin.

■

RESULTS AND DISCUSSION
Evaluation of Charge RMSD. Rudimentary information
about the uncertainty in the charge determination can be
obtained from the noise. Measurements were performed on
our prototype CDMS instrument (which has a commercial
Amptek A250 charge-sensitive ampliﬁer with a cryogenically
cooled 2SK152 JFET at the input) and our new CDMS
instrument with the new ampliﬁer installed. In the case of the
new instrument, measurements were performed with the input
JFET at room temperature and cryogenically cooled. In each
case, 1000 400 ms noise ﬁles were collected with the
instrument operating, except ions were not electrosprayed.
The resulting ﬁles were analyzed using a fast Fourier transform
(FFT). For each set of 1000 noise ﬁles, the noise in ADC bits
found from the FFT magnitude at 10 Hz intervals from 3 kHz
to 100 kHz. The frequencies were converted to m/z values
using74
m
C
= 2
z
f
(3)

qRMSD ∝

1
t trap

(4)

With the charge RMSD reduced by 65%, the trapping time
required to achieve the same charge RMSD is reduced to 0.652
or 42% of the original trapping time. With the charge RMSD
reduced to 51%, the trapping time can be reduced to 26% of its
original value. Thus, substantial trapping time reductions are
expected to result from the improved performance of the
charge-sensitive ampliﬁer.
Charge-State Resolution for Pyruvate Kinase. As
described above, with a charge RMSD of <0.2 e it is possible
to obtain almost perfect charge accuracy (where ions can be
assigned to the correct charge state with an error rate of
around 1 in 15000).57 In previous work, we have shown that a
charge RMSD of <0.2 e can be achieved for pyruvate kinase,
with the prototype CDMS instrument, with a trapping time of
3 s.57 The reduced noise of the new ampliﬁer means that it
should be possible to achieve a charge RMSD of <0.2 e in
signiﬁcantly less time, at least a factor of two smaller.
Figure 4a shows a charge spectrum measured for pyruvate
kinase (PK) using the new ampliﬁer with the input JFET
cryogenically cooled. The peaks in the spectrum correspond to
ions with diﬀerent total charges. The peaks are almost
completely baseline resolved. The charge states between 30
and 35 e are due to the PK tetramer (the native form of PK),
the group of charge states centered on around 44 e is due to
dimers of the PK tetramer, and the group with charges
between 50 and 55 is due to trimers. Figure 4b shows the mass
distribution measured by CDMS for this PK sample. The mass
distribution was obtained by multiplying the m/z and integer
charge determined for each ion and then binning the resulting
masses.
The charge RMSD for the tetramer results in Figure 4a is
0.174 e, signiﬁcantly below the 0.2 e uncertainty required for
almost perfect charge accuracy. For the octamer (dimer of
tetramers), the charge RMSD is 0.180 e. The octamer has a
larger m/z than the tetramer and the charge RMSD increases
slightly with m/z (see Figure 3) so a small increase in the
charge RMSD on going from the tetramer to the octamer is
expected.
Determining the Charge Limit of Detection with
Simulated Signals. To determine the charge limit of
detection, the limit of detection was ﬁrst evaluated using
simulated signals, before performing experiments with real
ions. A 40 kHz square wave was employed in these studies (an
oscillation frequency of 40 kHz corresponds to an m/z of 1611

where f is the ion oscillation frequency and C is a constant that
depends on the ion energy and design of the ELIT. Finally, the
noise values in ADC bits were converted to the RMS noise in
electrons (eRMS) using known calibration factors. We equate
the eRMS determined in this way to the uncertainty in the
charge measurement (the charge RMSD). The results of this
analysis are presented in Figure 3 which shows plots of the

Figure 3. Charge RMSD plotted against m/z. Results are shown for
the commercial A250 charge sensitive ampliﬁer with a cryogenically
cooled 2SK152 JFET at the input (black line); for the new ampliﬁer
design with the input JFET at room temperature (red line); and for
the new ampliﬁer design with the input JFET cryogenically cooled
(blue line). The m/z scale used can be converted to a frequency scale
using eq 3 in the text (along with a value for the constant C = 2.67787
× 1012). As an illustration, an ion with an m/z of 20000 has an
oscillation frequency of 11571 Hz.

charge RMSD against m/z. The black line shows the
performance of the conventional ampliﬁer design (A250 with
cooled 2SK512) on our prototype CDMS instrument. The
charge RMSD increases as the m/z increases. According to eq
3, the oscillation frequency, f, decreases as the m/z increases.
Thus, the 1/f noise increases as m/z increases, and this is the
main reason why the charge RMSDs increase with m/z in
Figure 3.
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Figure 4. CDMS results for pyruvate kinase (2.5 mg/mL in 100 mM
ammonium acetate) with 1500 ms trapping. (a) Charge spectrum
with a bin width of 0.1 e. The spectrum contains 1304 ions. (b) Mass
spectrum obtained by multiplying the m/z and integer charge
determined for each ion and binning the resulting masses. The bin
width is 500 Da.

Da). Signals with amplitudes leading to induced charges of 1 to
10 e on the detection cylinder were broadcast from the
antenna near the detection cylinder. The induced signals were
ampliﬁed, digitized, and transferred to a computer for analysis
using a slightly modiﬁed version of the Fortran code used to
analyze CDMS trapped ion data. Each time domain signal was
ﬁrst analyzed by full event fast Fourier transform. In order to
qualify as a detected event, the peak in the FFT due to the
simulated signal must rise above a threshold which is calculated
for each ﬁle. The threshold is given by the baseline noise level
in the FFT plus six times the standard deviation of the noise in
the 40−100 kHz range in the FFT. We deﬁne the detection
eﬃciency as the fraction of data ﬁles where a signal was
detected from the full event FFT. Figure 5a shows a plot of the
detection eﬃciencies against applied charge for signal lengths
of 100, 1500, and 3000 ms. For a 100 ms signal length, the
detection eﬃciency drops to around 50% for an applied charge
of 4 e and to around 1% for an applied charge of 2 e. If the
signal length is increased the signal to noise ratio in the FFT
increases and the detection eﬃciency increases. With a signal
length of 1500 ms, the detection eﬃciency for an applied
charge of 2 e increases to over 70%. A signal with an applied
charge of 1 e is now detectable, albeit with relatively low
detection eﬃciency of just under 35%. With a signal length of
3000 ms the detection eﬃciency for an applied charge of 1 e
increases to just over 70%.
Once the presence of at least one ion signal has been
established, the next step in the analysis of CDMS data is to
determine whether the ions are trapped for the full trapping
time.72 For the simulated data we know that the signal extends
through the whole time period. However, we want to ensure
that the program works for real signals, where the ions may not
stay trapped. Light ions are much more diﬃcult to trap for
extended times than heavy ions. A small section at the

Figure 5. Investigation of the charge limit of detection with simulated
signals. (a) Plot of the detection eﬃciency against the applied charge
for signal lengths of 100 ms (black points), 1500 ms (red points), and
3000 ms (blue points). (b) Plot of the measured charge against the
applied charge for a 100 ms signal length. The points are the
measured values. The error bars show the charge RMSD. The solid
line shows the expected one to one relationship between the
measured and applied charge. (c) Plots of the measured charge
against applied charge for signal lengths of 1500 ms (red points) and
3000 ms (blue points). The charge RMSDs are comparable to or
smaller than the data points, and hence, they are not evident.

beginning of the time domain data is apodised by a Gaussian
window function prior to performing an FFT. Initially a small
window is used and if a signal is not detected, the width is
increased up to a maximum value. To facilitate the detection of
low charge ions, we increased the maximum window width that
can be employed in the windowed FFTs. If a signal is not
detected with the largest window width permitted, the ﬁle is
not processed further. When a signal is detected the window is
stepped through the time domain signal and the charge and
oscillation frequency at each step are averaged. If the signal
does not persist to the end of the ﬁle, the data for that ion is
stored but not included in the output ﬁle of ions that were
trapped for the full trapping period.
Figure 5b shows a plot of the average measured charge
versus the applied charge for a signal length of 100 ms. The
150
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line shows the expected one to one dependence of the
measured and applied charges and the error bars show the
charge RMSD. For applied charges less than 5 e the measured
charge diverges from the line and stays almost constant as the
applied charge decreases further. This happens because the
detection eﬃciency is low and the signal is only detected in
cases where the signal is boosted by the noise.
Extending the signal length increases the signal to noise ratio
in the FFT, making the low charge signals easier to detect.
Results are shown in Figure 5c for signal lengths of 1500 ms
(red points) and 3000 ms (blue points). The charge RMSDs
are now comparable to, or smaller than, the data points, and
hence, the error bars are not evident in the plot. With the
longer signal lengths, the one to one relationship between the
average measured charges and the applied charges extends to
much lower applied charges than with a signal length of 100
ms. For a signal length of 1500 ms, the average measured
charges for applied charges greater than 2 e all lie on the line.
Extending the signal length from 1500 to 3000 ms marginally
decreases the measured charge for an applied charge of 2 e (so
it now also lies on the line in Figure 2c) and signiﬁcantly
decreases the measured charge for an applied charge of 1 e.
With a signal length of 1500 ms the +1 and +2 charge states
cannot be deﬁnitively distinguished. However, they can be
distinguished with a signal length of 3000 ms, though the
measured charge for an applied charge of 1 e does not fall
completely on the line, indicating that there is still some
discrimination for a charge of 1 e.
Detection of Singly Charged Ions with Bradykinin.
Figure 6a shows the m/z spectrum recorded for bradykinin
with the orthogonal time of ﬂight (TOF) mass spectrometer.
The large peak at around 1060 Da is assigned to M+H+ ions of
bradykinin (expected m/z 1061 Da) and the main peak at
around 530 Da is assigned to M + 2H+ ions (expected m/z 531
Da). Figure 6b shows the CDMS m/z spectrum recorded for
the same bradykinin sample immediately after the TOF m/z
spectrum in Figure 6a. The CDMS m/z spectrum, recorded
with a trapping time of 3000 ms, shows the same two peaks as
the TOF m/z spectrum in Figure 6a, though the peaks are in
slightly diﬀerent positions because the CDMS m/z scale was
not precisely calibrated for this study. Figure 6c shows the
CDMS mass distribution obtained by multiplying the m/z and
integer charge of each ion and then generating a histogram of
the resulting masses. The mass distribution is dominated by
ions with masses around 1060 Da that contains contributions
from singly charged M + H+ and doubly charged M + 2H+
ions. The peaks in Figure 6b,c are relatively broad. We
attribute this, at least partly, to the elevated uncertainty in the
m/z values caused by collision induced frequency shifts during
the relatively long trapping time. Much better m/z resolution
can be obtained for heavier ions.
Detection of Singly Charged Ions with Angiotensin II.
Figure 7a shows the CDMS m/z spectrum measured for
angiotensin II with a trapping time of 3000 ms. The main peak
at an m/z of around 1000 Da is attributed to the M + H+ ion of
angiotensin II. In addition, there are four peaks at lower m/z
values. To help assign these peaks we have overlaid a charge
versus m/z scatter plot (blue points) where each point in the
scatter plot represents the charge and m/z values of a single
ion. There is a fairly sharp threshold at around 1.1 e in the
scatter plot. This threshold occurs because singly charged ions
are close to the limit of detection and so their detection
probabilities are enhanced by noise. This is also responsible for

Figure 6. CDMS detection of singly charged Bradykinin ions. (a) m/z
spectrum recorded with the orthogonal time of ﬂight (TOF) mass
spectrometer situated just before the HDA in the new CDMS
instrument. The spectrum shows the singly charged monomer coming
in at an m/z of around 1060 Da and the doubly charged monomer at
an m/z of around 530 Da. (b) Shows the CDMS m/z distribution
recorded immediately after the TOF m/z spectrum in (a). The same
two peaks are evident. The m/z values are slightly diﬀerent because
the CDMS m/z spectrum is not precisely calibrated. The bin size is 7
Da. (c) CDMS mass distribution obtained by multiplying the m/z and
integer charge determined for each ion. There is a single peak close to
1060 Da. The bin size is 7 Da.

the average measured charge being slightly above the line in
Figure 5c for an applied charge of 1 e. For the ions in the m/z
peak at around 1000 Da there is a cluster of points with
charges slightly larger than 1 e, but no points close to 2 e, or
higher. This indicates that this peak is due exclusively to singly
charged angiotensin II ions and that there are no doubly
charged dimer ions present for this sample. The lower m/z
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code used to analyze the data also contributed to lowering the
limit of detection.

■

CONCLUSIONS
The charge-sensitive ampliﬁer without a feedback resistor,
implemented in this work, has substantially improved performance over the conventional design built around a commercial
A250. The new ampliﬁer with the input JFET at room
temperature signiﬁcantly outperforms the A250 with a
cryogenically cooled 2SK152 at its input. The new design
reduces the amount of time required to achieve a charge
accuracy of 0.2 e (the threshold for near perfect charge
accuracy) by more than a factor of two for ions with m/z
values around 10000 Da. The improvement is expected to be
larger for higher m/z ions because the charge RMSD increases
less rapidly with m/z for the new ampliﬁer than with the
commercial A250. In addition to reducing the acquisition time
for almost perfect charge accuracy, the new charge sensitive
ampliﬁer has allowed us to reduce the limit of detection all the
way down to a single charge. We would be remiss if we did not
note that there are some disadvantages associated with the new
ampliﬁer, including that the gain is temperature sensitive so
when cryogenically cooled the input JFET must be carefully
temperature regulated.
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Figure 7. CDMS detection of singly charged angiotensin II ions. (a)
CDMS m/z distribution obtained using 15 Da bins. A charge versus
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peaks at around 750 and 600 Da are also predominantly singly
charged. They are probably fragment ions. The peak around
m/z 500 Da is mainly singly charged ions, however there are a
few doubly charged ions. Since the m/z of this peak is very
close to half the m/z of the peak at around 1000 Da it seems
likely that the doubly charged ions are doubly charged
angiotensin II (M + 2H+). The ions that make up the lowest
m/z peak in the spectrum (at around 330 Da) are all doubly
charged.
Figure 7b shows the mass distribution obtained by
multiplying the measured m/z values by the integer charge
of each ion. A charge versus mass scatter plot is overlaid (blue
points). Note that in the mass distribution the doubly charged
ions with m/z values around 330 Da have moved up to 660 Da
and the few doubly charged ions at m/z values around 500 Da
are now included in the mass peak at around 1000 Da.
These results, and the results for bradykinin described
above, demonstrate conclusively that we are now able to detect
singly charged ions by CDMS. In previous work, the charge
limit of detection (the smallest charge that could be reliably
measured) was 7 e.58 Not all of the improvement in the limit of
detection realized here is due to the new charge sensitive
ampliﬁer. With the new cylindrical trap employed in this work
we were able to extend the trapping time for light ions to 3000
ms. With the conical trap used in our prototype CDMS
instrument,74 such long trapping times would have been
diﬃcult to obtain for light ions. Improvements in the Fortran
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