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Automatic Gain Control in Mass Spectrometry
Using a Jet Disrupter Electrode
in an Electrodynamic Ion Funnel

Jason S. Page, Bogdan Bogdanov, Andrey N. Vilkov, David C. Prior,
Michael A. Buschbach, Keqi Tang, and Richard D. Smith
Biological Sciences Division, Pacific Northwest National Laboratory, Richland, Washington, USA

We report on the use of a jet disrupter electrode in an electrodynamic ion funnel as an
electronic valve to regulate the intensity of the ion beam transmitted through the interface of
a mass spectrometer in order to perform automatic gain control (AGC). The ion flux is
determined by either directly detecting the ion current on the conductance limiting orifice of
the ion funnel or using a short mass spectrometry acquisition. Based upon the ion flux
intensity, the voltage of the jet disrupter is adjusted to alter the transmission efficiency of the
ion funnel to provide a desired ion population to the mass analyzer. Ion beam regulation by
an ion funnel is shown to provide control to within a few percent of a targeted ion intensity
or abundance. The utility of ion funnel AGC was evaluated using a protein tryptic digest
analyzed with liquid chromatography Fourier transform ion cyclotron resonance (LC-FTICR)
mass spectrometry. The ion population in the ICR cell was accurately controlled to selected
levels, which improved data quality and provided better mass measurement accuracy. (J Am
Soc Mass Spectrom 2005, 16, 244–253) © 2004 American Society for Mass Spectrometry

brought to you bata, citation and similar papers at core.ac.uk

provided by Elsevier - Publish
Mass spectrometry (MS) has become a vital tool
in biological research. This information-rich
detection method can produce sensitive, qual-

itative, and quantitative measurements, and provides
the basis for characterizing proteins, identifying novel
biomarkers, and studying protein interactions within
biological networks and pathways. Many challenges in
protein analysis stem from sample complexity, e.g., a
typical mammalian cell can have protein abundances
ranging from less than a few hundred to tens of millions
of copies [1]. A focus in MS research continues to be the
development of techniques to better handle the broad
range of relative abundances from a single sample.
Developments have included chemical methods [2– 4],
coupling MS to separation techniques [5, 6], and im-
provements in instrumentation [7–9]. An example of the
latter is automatic gain control (AGC) [8 –11], first
developed by the Finnigan Corporation (now Thermo
Electron Corporation) [9]. AGC provides automated
regulation to a dynamic ion flux transmitted from the
source of the instrument (common in liquid chromatog-
raphy {LC} coupled MS experiments), resulting in a
more constant ion population in the mass analyzer.
AGC accomplishes this regulation by monitoring the
ion production from the ion source (typically with a
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pre-scan) and providing on-the-fly adjustments of the
ion accumulation time of an ion trap.

The regulation or control of the ion population is
important to the operation of most mass spectrometers,
and particularly those based upon ion trapping where
performance is degraded by excessive space charge. For
example, a key source of mass error in Fourier trans-
form ion cyclotron resonance (FTICR) MS comes from
the effect of excessive space charge [12–14]. Linear and
3-D ion traps also experience detrimental effects from
excessive space charge. These space charge effects lead
to shifts in secular frequencies, changes in optimal
excitation amplitude, and plasma effects, which can be
addressed by controlling the number of ions injected
into the ion trap [15–19]. The importance of mass
accuracy is apparent in proteomics where, for example,
the number of proteolytic fragments needed for a
correct identification from a protein database is in-
versely related to the mass measurement accuracy
(MMA) [20].

Our initial implementation of AGC for FTICR MS
used a pre-scan where ions are accumulated for a short
fixed time and then transferred to the ICR cell [8]. A
short transient is recorded and a fast Fourier transform
(FFT) is used to determine an integrated signal intensity
(ISI) over a defined mass range that is ideally propor-
tional to the size of the ion population. This is used to
calculate an optimal accumulation time for the succeed-
ing spectrum. Similarly, Finnigan ion trap mass spec-
trometers use adjustments to the accumulation time

based upon a pre-scan that then determines the accu-
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mulation time for AGC used in an ion trap [9] and more
recently the hybrid linear ion trap-FTICR mass spec-
trometer [11].

Although AGC based upon accumulation time ad-
justments provides a level of ion population control, we
have found that it has potential drawbacks from non-
linearity in the ion population with accumulation time
due to variable trapping efficiencies and m/z discrimi-
nation. There are several sources of possible discrimi-
nation. High m/z discrimination can result from the
space charge repulsion and radial ion stratification from
the m/z dependent balance of the effective potential
force [21]. Low m/z discrimination can result from space
charge induced instabilities [22]. High space charge can
also cause ion fragmentation [23–25]. Additionally, we
have observed the ion accumulation process may be
non-linear with time (e.g., due to trapping efficiencies
that vary with the extent of ion–ion interaction), as well
as ion loss processes (e.g., due to proton transfer with
trace level species) that limit extended accumulation
events.

To circumvent these problems, we have investigated
an aspect of electrodynamic ion funnel operation for
performing AGC without having to vary the accumu-
lation time of an ion trap. We found that the jet
disrupter electrode can be used as an electronic valve to
regulate the transmission efficiency of the ion funnel to
provide the regulation needed for an AGC experiment.
Here, we report on the results from our investigation to
determine the capability of the jet disrupter in an ion
funnel to perform AGC, as well as on the subsequent
implementation and testing of the technique with an
FTICR mass spectrometer.

Experimental

Sample Preparation

A standard solution was prepared, consisting of caf-
feine, MRFA peptide, and reserpine (Sigma-Aldrich, St.
Louis, MO). A calibration solution was also used that
contained seven fluorinated compounds which produce
singly charged species over a mass range of m/z
300–2200 purchased from Agilent Technologies (prod-
uct no. G2421A, Palo Alto, CA). Two separate peptide
mixtures were also used. Peptide mix 1 contained
angiotensin, bradykinin, fibrinopeptide A, and sub-
stance P; peptide mix 2 included these peptides along
with leucine enkephalin, hydra peptide fragment 7–11,
and DSIP (all purchased from Sigma-Aldrich). Stock
solutions were prepared by dissolving the compounds
in water (Nanopure Infinity purification system, Barn-
stead, Dubuque, IA) and adding them together in an
equal molar ratio in a 50:50 by volume mixture of
methanol (Fisher Scientific, Pittsburgh, PA) and water
with 1.0% acetic acid (Sigma-Aldrich). Dilutions were
then obtained from these stock solutions. For AGC
testing on an FTICR, a tryptic digest of bovine serum

albumin (BSA, Sigma-Aldrich) was used. The protein
was denatured in urea and thiourea, and reduced with
dithiothreitol followed by a 10� dilution in 100 mM
ammonium bicarbonate. Digestion was then performed
with trypsin (Promega, Madison, WI) in a 1:50 ratio of
enzyme to protein. The digest was cleaned using a C18

SPE column from Supelco (Bellefonte, PA) and then
concentrated down to 0.1 mg/mL.

Electrospray Ionization (ESI)

Ionization of the sample was performed using ESI emit-
ters made by pulling sections of 100-�m-i.d./200-�m-o.d.
fused silica capillary (Polymicro Technologies, Phoenix,
AZ) either by hand with a butane torch or with a model
2000 capillary puller (Sutter Instrument Company, No-
vato, CA). For infusion experiments, the ESI emitter was
connected to a transfer capillary and a 25 �L syringe
(Hamilton, Las Vegas, NV) by a stainless steel union,
which also served as the connection point for the ESI
voltage. For experiments performed on the single quad-
rupole instrument, all solutions were infused at a 0.3
�L/min flow rate from a Harvard Apparatus model 22
syringe pump (Holliston, MA). Voltages from 1.4 to 1.5 kV
were applied to the ESI emitter via a Burtan high voltage
power supply (model 205B-03R, Hicksville, NY). For the
FTICR instrument, a LeCroy high voltage mainframe
(model 1454, Chestnut Ridge, NY) supplied voltages from
2.1 to 2.3 kV for ESI.

Initial AGC Evaluation Using a Quadrupole MS

An Agilent MSD1100 single quadrupole mass spec-
trometer modified with an ion funnel interface was
used to initially test and characterize the ion funnel for
AGC, and is similar to that previously described [26].
However, the current interface uses a single ESI emitter
and heated 430 �m i.d. inlet capillary with a single
channel ion funnel. An ion funnel is a special ion guide
which has been shown to improve significantly the
transmission efficiency of ions in the interface region
(1–10 torr) between the ESI source and the mass spec-
trometer [27]. The ion funnel consists of ring electrodes
with decreasing i.d. and a superimposed radio fre-
quency (RF) voltage and DC gradient [28 –30]. Recent
improvements to the ion funnel include the addition of
a jet disrupter electrode [26, 31]. A jet disrupter is a
small metal disk located about one inch from the funnel
inlet and is electrically isolated from the voltages of the
ion funnel and controlled by an independent DC power
supply. The jet disrupter disperses the gas jet exiting the
heated capillary which reduces the gas load to the
following stage and removes neutrals [31]. It has also
been used as an ion gating mechanism [26].

The ion funnel was constructed with a jet disrupter
located on the 20th plate from the top of the 100 funnel
plate stack (providing at least a 1.0 cm distance from the
position of the mach disk attributable to the supersonic
gas expansion behind the exit of the heated capillary),

Figure 1. The jet disrupter consisted of a 6.5 mm
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diameter metal disk that was centered in the 1 inch
diameter hole of a standard funnel plate and soldered
onto two thin metal wires forming a crosshair pattern
electrically connecting it to the ion funnel plate. The jet
disrupter plate was electrically isolated from the DC
and RF voltages of the ion funnel by removing the metal
contact tabs. A separate DC power supply was then
used to independently control the voltage. In this
configuration, the ion funnel plates immediately before
and after the jet disrupter plate still maintain RF volt-
ages 180 degrees out of phase. The ion funnel used a 500

FT ICR MSIon Funnel

Odyssey Data
Station

ICR-2LS
PC

Amplifier

signal 
from ICR 

cell

jet 
disrupter 
voltage

trigger

0.1 0.3 0.1 0.1 0.13

transfer

0.4 0.3 0.1 0.1 0.48

transferquench

quench

0.75 sec

Pre-Scan

1.40 sec

Main Scan

Trigger

J.D. AGC Voltage

FFT and
calculation

time (0.3 sec)

Ion Funnel Cross-section

Jet Disrupter

Conductance 
Limit

accumulation

cool cool

excite/
detect

accumulation

cool cool

excite/detect

DAQ voltage out

FT ICR MSIon Funnel

Odyssey Data
Station

ICR-2LS
PC

Amplifier

signal 
from ICR 

cell

jet 
disrupter 
voltage

trigger

0.1 0.3 0.1 0.1 0.13

transfer

0.4 0.3 0.1 0.1 0.48

transferquench

quench

0.75 sec

Pre-Scan

0.75 sec

Pre-Scan

1.40 sec

Main Scan

1.40 sec

Main Scan

Trigger

J.D. AGC Voltage

FFT and
calculation

time (0.3 sec)

Ion Funnel Cross-section

Jet Disrupter

Conductance 
Limit

accumulation

cool cool

excite/
detect

accumulation

cool cool

excite/detect

DAQ voltage out

Figure 1. A diagram depicting implementation of ion funnel
AGC on an FTICR. The upper portion of the figure illustrates the
placement of the jet disrupter electrode in the ion funnel. The
block diagram in the center shows the electrical connections
needed to apply an AGC voltage to the jet disrupter. The lower
portion of the figure details the sequence used on the FTICR data
station and the timing of the trigger and jet disrupter voltages. The
sequence is divided into a pre-scan (white blocks) and a main scan
(gray blocks). The numbers in the blocks represent the time in
seconds for the labeled action.
kHz 100 Vp-p RF and a DC voltage gradient from 200 to
27 V. The DC voltages on the neighboring ion funnel
plates to the jet disrupter plate had 167 and 162 V
respectively. The bottom funnel plate (having the small-
est hole diameter) was also electrically isolated and its
voltage controlled by an independent DC voltage.

All ion current measurements were performed using
the last funnel plate (conductance limit) as a charge
collector. This was accomplished by floating a picoam-
meter (KeithLey, model 6485, Cleveland, OH) with an
independent DC voltage power supply, and the digital
filter was utilized with a 20 data point moving average.
During ion current readings, the potential on the con-
ductance limit was lowered to �20 V, effectively divert-
ing and impacting a large portion of the ions onto the
plate and providing a maximum signal. A passive
low-pass filter (3 dB attenuation at �45 kHz) was
installed in the circuit by adding a 240 k� resistor in the
signal cable, creating a simple RC circuit. The filter
eliminated an induced current from the ion funnel RF
during ion current readings, and allowed simultaneous
detection of ion current and acquisition of mass spectra.

Mass spectra were acquired in positive ESI mode
with a step size of m/z 0.1, threshold set to 0, and a scan
range of m/z 50–2500. For each displayed mass spec-
trum and reported ISI, a series of five spectra were
recorded and then averaged in order to help reduce the
effect of any instability of the ion flux from the electro-
spray process.

AGC Implementation with a FTICR-MS

Ion funnel AGC was implemented with a 7 tesla FTICR
instrument described in more detail elsewhere [32]. The
mass spectrometer contained an ESI source with a
heated (160 °C), 700 �m i.d. inlet capillary at 210 V
followed by an ion funnel with a jet disrupter electrode.
The voltages applied to the ion funnel were an RF of 70
Vp-p at 600 kHz and a DC gradient spanning 170 to 20 V
(the differences in the ion funnel voltages from the
experiments performed with the single quad mass
spectrometer are attributable to the instruments having
different ESI source configurations). A collisional octo-
pole immediately followed the ion funnel, which in turn
was followed by a set of selection quadrupoles, external
accumulation quadrupole, and an ion guiding quadru-
pole terminating at a cubic ICR cell maintained at
�10�9 torr by a custom cryo-pumping assembly. Ion
accumulation, excitation/detection, and data storage
were performed by an Odyssey data station (Finnigan
Corp., San Jose, CA).

The block diagram in Figure 1 illustrates the electri-
cal connections used to implement ion funnel AGC with
the FTICR MS. The cable, which delivers the signal from
the ICR cell to the data station, was divided with a tee
to connect it to a PC running our in-house developed
ICR software, ICR-2LS. A spare trigger output from the
data station was also connected to a National Instru-
ments Data Acquisition Card (model PCI-6111, Austin,

TX) in the PC. A voltage output from the card was used
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to deliver the AGC voltage to the jet disrupter after it
was amplified and added onto a constant voltage
output from an amplifier set for optimal ion funnel
transmission.

The sequence used for ion funnel AGC on the
Odyssey data station is diagramed in the lower portion
of Figure 1. The sequence is divided into two main
parts: the pre-scan and the main scan. The pre-scan is
used to determine the intensity of the ion flux from the
ESI source. During the pre-scan, ions are accumulated
in a quadrupole and then transferred to the ICR cell
where a short 32 kB time-domain signal or transient is
recorded and then transformed to a mass spectrum. The
ISI is obtained by performing a FFT on the data and
then integrating the intensities over a specified mass
range and above a threshold noise level. Based upon the
intensity of the resulting ISI, the software uses the AGC
calibration equation to calculate an optimal jet disrupter
voltage. The voltage is then applied to the jet disrupter
electrode during the subsequent main scan where a
high quality, 256 kB time transient at a 552 kHz sam-
pling rate is recorded by the data station. This sequence
is repeated throughout the course of the analysis. The
ICR-2LS software was synchronized to the data station
by using the output from a trigger during acquisition of
the pre-scan sequence to initiate the chain of events to
perform AGC, starting with the recording of the 32 kB
transient by ICR-2LS.

The LC-FTICR MS experiments were performed us-
ing an Agilent 1100 series capillary LC system. Samples
were analyzed by loading 800 ng of a BSA tryptic digest
onto a 150 �m i.d. x 25 cm long reverse phase packed
capillary column with 5-�m-diameter C18 separation
medium (Jupiter, Phenomenex, Schlieren, Switzerland).
The samples were separated at a constant flow rate of
2 �L/min, and a linear, 90 min gradient was utilized to
elute the peptides, using 0.2% acetic acid and 0.05%
TFA in water (Solvent A) and 90% acetonitrile with
0.1% TFA (Solvent B).

Results and Discussion

To evaluate the performance of an ion funnel for AGC,
we first characterized the ability of the jet disrupter
electrode to regulate the ion beam. The jet disrupter was
conceived as an element to disperse the gas jet exiting
the heated capillary. During characterization of the jet
disrupter, we discovered that there is an optimal DC
voltage for maximum ion funnel transmission as well as
threshold voltage settings both above and below the
optimal voltage where ion transmission is fully blocked,
making the jet disrupter an effective ion gating mecha-
nism. Here, we explore the range of voltages between
the optimal and blocking potentials of the jet disrupter
to determine the possibility of using this transition area
for precise control of the ion beam intensity.

The standard solution, peptide mix 1, and the cali-
bration solution were infused separately, electro-

sprayed, and mass spectra acquired on a single quad-
rupole instrument as the voltage of the jet disruptor was
increased incrementally from 130 to 240 V. At each
voltage step and before each mass spectrum acquisition,
the ion current was also measured on the conductance
limit electrode of the ion funnel. The results from these
experiments are shown in Figure 2. Figure 2a plots both
the ISI from the mass spectra and the ion current
measured on the conductance limit electrode for the
standard solution. The values have been normalized to
percent ion funnel transmission, with the highest value
set to 100% (maximum transmission). At lower voltages
(145 V and lower), the ions are directed toward and
impact on the jet disrupter, effectively blocking them
from exiting the ion funnel. As the voltage is increased,
ion loss to the jet disrupter is reduced and signal
intensity increases. This trend continues until an opti-
mal voltage that provides the greatest peak intensity is

Figure 2. (a) The effect of the jet disrupter voltage on the
integrated signal intensity and ion current from the infused
standard solution. The ion current was detected in between the
mass spectra acquisitions by measuring the intensity of ions
hitting the conductance limiting orifice of the ion funnel. Voltages
below 145 V and above 210 V block ions from transmitting
through the ion funnel, while voltages around 175 V provide
optimal transmission. (b) The normalized intensities from the
peptide mix 1 solution illustrate the minimal mass bias with ion
beam regulation by the jet disrupter electrode. (c) The normalized
intensities from the calibration solution showing the effect of jet

disrupter regulation over a larger mass range.



248 PAGE ET AL. J Am Soc Mass Spectrom 2005, 16, 244–253
reached. As the voltage continues to increase past the
optimal, ions are directed further away from the jet
disrupter and some are lost to the ion funnel electrodes,
which results in decreased peak intensities. As the
voltage is further increased, it eventually becomes large
enough to lose most of the ions on the funnel surface
(210 V and higher). This gradual transition between a
blocked and transmitted ion beam stems from both
spatial and kinetic energy distributions of the ions. For
example, the first ions eliminated on the funnel surface
are located on the outer edge of the beam and/or have
a lower axial momentum. Another point illustrated by
Figure 2a is that the intensity of the ion current detected
on the conductance limit electrode of the ion funnel
relates well to the number of ions in the mass analyzer.
Therefore, detecting the ion current can replace the
pre-scan as a method to determine the ion flux in an
AGC experiment. By eliminating the pre-scan, the duty
cycle of AGC experiments would be increased because
of the time required to detect and analyze the pre-scan
data.

In order to observe the effect of ion funnel AGC on
the individual compounds in a solution, the peak inten-
sities were plotted against the jet disrupter voltage for
the analysis of peptide mix 1 (Figure 2b) and the
calibration solution (Figure 2c). The peak intensities
have been normalized to better compare the effect from
the jet disrupter voltage. In Figure 2b, all five peaks
follow the same trend, and the normalized peak inten-
sities are similar, indicating that there is minimal mass
bias in the regulation. Furthermore, the constant per-
centage of ion intensity throughout the regulation im-
plies that the jet disrupter voltage can equally regulate
the ion population. In other words, if the ion beam
intensity needed to be reduced by 50%, in order to
maintain an optimal ion population in the mass ana-
lyzer, then applying �200 V to the jet disrupter would
lower the ion population for all peaks by about one-

Table 1. Ion current and integrated signal intensities from
various sample concentrations at the optimal jet disrupter
voltage

Sample conc.
(pmol/�L)

Jet disrupter
voltage (V)

Ion current
(pA)

Integrated signal
intensity

10 178 480 4.54E � 07
15 178 560 5.47E � 07
20 178 680 6.47E � 07
25 178 770 7.36E � 07

Table 2. Resulting jet disrupter voltages and integrated signal i
ion current of the 10 pmol/�L sample

Sample conc.
(pmol/�L)

Jet disrupter
voltage (V)

Ion curren
(pA)

10 178 480
15 185 480
20 190 480

25 193 480
half. Figure 2c contains similar data to Figure 2b and is
included with this figure to provide more details about
mass biasing by using analytes spanning a larger m/z
range. Even though some biasing is observed, it is
minimal and mainly associated with the larger mass
calibrant. We have found that the present jet disrupter
and ion funnel configuration displays considerably less
mass bias than the configuration previously shown [25],
and reducing the effective potential of the funnel to a
point that does not compromise sensitivity can reduce
the level of mass bias even further.

The ability of ion funnel AGC to provide a targeted
ion population or ion beam intensity in the mass
analyzer was initially evaluated using the single quad-
rupole instrument. To mimic fluctuations in analyte
concentrations (typical in separations coupled to MS
experiments), the standard solution was prepared at
various concentrations and infused separately into the
mass spectrometer. During the course of the experi-
ment, ion current readings were acquired from a pi-
coammeter, and the voltage adjusted manually, replac-
ing the role of the electronics and software in normal
AGC. The first step was to obtain a target ion current
and ISI from a 10 pmol/�L sample. The resulting ion
flux from this sample represented the optimal, or target,
ion population for the experiment. Next, the more
concentrated samples were infused, and the voltage of
the jet disrupter was increased for each of the samples,
while monitoring the ion current, until the target ion
current was reached. This process effectively simulated
a single step in an AGC experiment for each of the more
concentrated samples. Mass spectra were then recorded
before and after jet disrupter adjustments and com-
pared along with the ISIs.

Table 1 shows the normal ion currents and ISIs from
four different concentrations of sample (the jet dis-
rupter is set to an optimal transmission voltage of 178
V). Not surprisingly, both ion current and ISI increase
as sample concentrations are increased, which indicates
a continual increase of the ion population in the mass
analyzer. Table 2 shows the resulting jet disrupter
voltages and ISIs after the ion flux was regulated by the
jet disrupter to match the target, or “optimal”, ion flux
represented by the 10 pmol/�L solution. For example,
the analysis of the 10 pmol/�L sample produced a
target ion current of 480 pA. The 15 pmol/�L sample
was then analyzed, which gave an ion current of 560
pA. The voltage of the jet disrupter was then manually

ities after jet disrupter regulation of the ion flux to match the

Integrated signal
intensity

ISI variation from
10 pmol/�L sample (%)

4.54E � 07 –
4.57E � 07 0.7
4.47E � 07 �1.5
ntens

t

4.60E � 07 1.3
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increased while monitoring the ion current until the 480
pA target was reached, and a mass spectrum was
obtained. This adjustment provided an ion flux similar
to the lower concentration sample as indicated by the
ISI (only a 0.7% difference between the two concentra-
tions after regulation). The last column in Table 2,
where the regulated ISI is compared to the target ISI,
indicates that performing an AGC experiment with a jet
disrupter in this fashion can provide accurate regula-
tion of the ion beam to within a few percent of a
targeted ion population.

After confirming the jet disrupter’s ability to regulate
the ion flux, ion funnel AGC was implemented on an
LC-FTICR instrument with external ion accumulation.
Central to this approach for AGC is the use of a
calibration equation that relates the ion funnel transmis-
sion efficiency to the voltage added to the optimal
voltage of the jet disrupter electrode. By using the data
acquired on the single quadrupole instrument, an ex-
ponential equation was found that provided a good fit
to the experimental data (Figure 3). The robustness of
the equation was then tested by acquiring new data sets
both on the single quadrupole and FTICR instruments
and by fitting the raw data with the equation. In all
instances, the equation was still able to follow the data
trends by only making adjustments to the “C” value in
the equation. Note that minimal to no adjustment of the
value was needed when data sets from the same instru-
ment were compared (indicating the stability of the ion
funnel), and a larger adjustment to the value was only
needed when data were compared between instru-
ments simply due to the different voltages on the ion
funnels and variations in the gas dynamics of the two
different ESI sources.

The data processing was modified to incorporate
the ion funnel AGC code and the calibration equa-
tion. Before using the calibration equation to solve for
the AGC jet disrupter voltage, the program uses the
following equation to determine the optimal ion
funnel transmission efficiency based upon the pre-
scan ISI and the users parameters inputted before the

0

20

40

60

80

100

0 5 10 15 20 25 30 35 40 45 50 55

jet disrupter voltage offset (V)

p
er

ce
n

t 
tr

an
sm

is
si

o
n

 (
%

)

raw data
fitted curve

)605.4( 2

% VoltageCeEfficiency ×+=

0

20

40

60

80

100

0 5 10 15 20 25 30 35 40 45 50 55

jet disrupter voltage offset (V)

p
er

ce
n

t 
tr

an
sm

is
si

o
n

 (
%

)

raw data
fitted curve

)605.4( 2

% VoltageCeEfficiency ×+=

Figure 3. The curve-fit data of percent transmission of the ion
funnel versus the offset voltage from the optimal voltage (maxi-
mum transmission) of the jet disrupter electrode.
run
%efficiency �� ISItarget

ISIpre-scan
� * 100 (1)

where ISItarget is the ion population the user wants to
maintain in the mass analyzer, and ISIpre-scan is the
current unadjusted ion population from the ESI source.
A pre-scan was used to provide the ion beam intensity
measurement, instead of using a direct ion current
measurement, due to a large, fluctuating chemical back-
ground current from the solvent gradient in the LC
separation that inhibited the software from obtaining an
accurate intensity measurement. For eq 1, the calculated
percent efficiency is also constrained to within user
defined limits. The software then uses the following
form of the calibration equation to determine how
much voltage needs to be added to the jet disrupter
electrode

Voltage ���In�%Efficiency� � 4.605�
C

(2)

where the value “C” is determined from a jet disrupter

Figure 4. Comparisons of the transients and resulting mass
spectra without and with ion funnel AGC on the infused peptide
mix 2 solution. The upper portion of the figure shows the detected
signal from both the pre-scan and the main scan with no AGC, and

the lower portion is after ion funnel AGC was enabled.
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calibration experiment (similar to Figure 3) and input-
ted prior to the run.

Ion funnel AGC with LC-FTICR instrumentation was
first tested by infusing and electrospraying peptide mix
2. Figure 4 shows the pre-scan and main scan ICR
transients and the mass spectra from the main scans for
the peptide solution without and with ion funnel AGC.
In the upper portion of the figure, where there is no
AGC, a high ion population was present in the ICR cell
as indicated by the large transient signal. The AGC
software was then enabled, which automatically added
the proper voltage to the jet disrupter electrode (based
upon the pre-scan ISI), which in turn reduced the ion
funnel transmission and provided a more appropriate
ion population in the cell. A comparison of the main
scan mass spectra shows that the peak intensities were
lowered while maintaining an accurate peak profile.

A series of LC-MS runs were performed on a tryptic
digest of BSA without and with ion funnel AGC. In the
first experiment, performed without AGC (Figure 5a),
the displayed total ion chromatogram (TIC) shows
several LC peaks at a variety of intensities and therefore
at a variety of ion populations in the ICR cell. In the next
three consecutive runs (Figures 5b–5d), ion funnel AGC
was implemented at different levels of regulation. In
other words, the user chooses TIC levels for which all
LC peaks above a threshold would be adjusted by AGC.
As observed in all three runs, peaks above the AGC
level of regulation were adjusted and subsequently
lowered, while peaks that fell below the AGC level
were not affected. This regulation resulted in a reduced
spread of LC peak intensities and, as a result, a reduced
variation of ion population in the ICR cell. The main
scan accumulation time for the runs with AGC was kept
the same as the main scan accumulation time in the run
without AGC in order to only investigate the effect of
ion population regulation. However, it is an obvious

Figure 5. TICs from four consecutive LC-FTICR analyses of a
BSA tryptic digest. The first analysis was performed without AGC
(a), and the next three with ion funnel AGC at different levels of
ion population regulation: 6.0e7 target TIC intensity (b), 4.5e7
target TIC intensity (c), and 3.0e7 target TIC intensity (d).
progression that using AGC to prohibit excessive space
charge will allow an increase in the fixed accumulation
time to increase the peak intensities of lower abundance
species.

Space charge effects in the ICR cell, which are
directly related to the degree of ion population, reduce
the accuracy of the mass measurement. Therefore, by
reducing the spread in ion population, the variation in
mass error can be reduced. The effect of reducing the
spread in ion population during an LC-FTICR analysis
by ion funnel AGC is illustrated in Figure 6, which
shows the errors in mass measurement (the difference,
expressed in ppm, between the detected mass and the
theoretical mass) of peptides attributed to the BSA
tryptic digestion from Figure 5. The effect of space
charge from the high concentration of the peptides on
MMA is evident in the absence of AGC by a large
spread in MMA with a large tailing to positive ppm
(Figure 6a). As expected, the more intense the peak in
the mass spectrum, the greater the variation in mea-
surements. In the next three consecutive LC-MS runs,
where ion funnel AGC was implemented at different
levels of regulation, the MMA spread decreased with
respect to the LC peak intensity spread in the TICs
(Figures 6b– 6d). As the level of AGC decreased, the
variation in the ion populations in the ICR cell also
decreased, which reduced the MMA spread and im-
proved data precision.

Another advantage of controlling the ion population
is the ability to eliminate other detrimental effects of
large ion populations. For excessive ion populations,
harmonics and sidebands in the FTICR mass spectrum
can arise due to degradation of the signal resulting from
interactions with the electric fields and limitations in
the electronics of the ICR cell. In the analysis of the BSA
digest, the use of ion funnel AGC improved the quality

Figure 6. Histograms showing MMA for the four consecutive BSA
digest analyses shown in Figure 5. The first analysis was performed
without AGC (a), and the next three with ion funnel AGC at different
levels of ion population regulation: 6.0e7 target TIC intensity (b),
4.5e7 target TIC intensity (c), and 3.0e7 target TIC intensity (d). MMA
is reported for all identified peptide peaks from the BSA tryptic
digest, and is the difference between the detected mass and the

theoretical mass of the peptide reported in ppm.
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of the data by eliminating or reducing such detrimental
effects. Figure 7 shows the signals and mass spectra
from the pre-scan and main scan of one sequence where
a BSA tryptic peptide was detected during LC-MS
analysis. The effect of AGC can be evaluated by com-
paring the pre-scan (unadjusted ion population; AGC
not used) with the main scan (regulated ion population;
AGC used). Based on the intensity of the transients, the
pre-scan exhibited a much larger ion population in the
ICR cell during detection. A detailed view of one of
the smaller peaks from the mass spectrum illustrates the
effect of the large ion population. The presence of the
side bands can lead to artifacts in spectrum assign-
ments. With AGC, the ion population was controlled,
and these detrimental effects were reduced or elimi-
nated.

Although ion funnel AGC provided control of the
ion population in the ICR cell and improved data
quality, the true overall intensities of the regulated
peaks were obviously lowered using AGC, and the raw
data no longer reflects the actual variations in the ion
production during the LC separation. This information
can be reclaimed by retaining the value of AGC regu-
lation for each scan in the LC-MS analysis and multi-
plying this value by the peak intensities in the mass
spectrum. For example, we know from the character-
ization of the jet disrupter that by applying a calculated
voltage that reduces the ion population by 50%, all the
peaks in the resulting mass spectrum are reduced by
about half. Therefore, if we then multiply the peaks
intensities by two, we should reclaim a good approxi-
mation of the original “unadjusted” intensities. This is
illustrated for one of the BSA digest LC-FTICR analyses
without and with AGC in Figure 8a and b. The LC
peaks that resulted from higher concentrated peptides

Figure 7. An example from a BSA digest run on an FTICR that
shows how the use of ion funnel AGC eliminated unwanted
sideband peaks by providing a more appropriate ion population
in the ICR cell.
have been reduced in Figure 8b, providing a more
uniform ion population, but with the loss of quantita-
tive information. Figure 8c shows results from the same
run, but with the intensities multiplied by the amount
of AGC regulation on each individual scan. This ap-
proach is typically effective but some error can be
introduced because of the time lag between the ion
accumulations in the pre-scan and the main scan. A
rapidly changing ion flux (which is common at the
beginning of the elution of a concentrated species) can
produce an error in the ion population value between
the pre-scan and main scan that follows, in this work,
0.7 s later. The greater the changing ion flux, the larger
the error.

Even though the 0.7 s time lag resulted in only one
considerable error for the several peptides that were
regulated, it is an issue that can be further addressed.
For example, the software can be changed to incorpo-
rate a slope analysis algorithm where the increased ion

Figure 8. Reclaiming quantitative information after ion funnel
AGC by multiplying the intensities from each scan by the factor of
AGC regulation. (a) The TIC from a BSA digest without AGC. (b)
The TIC from a subsequent run of the same sample from (a) with
ion funnel AGC. (c) The reconstructed TIC from the run in (b) after
multiplying individual intensities by the factor of AGC regulation

to reclaim quantitative information.
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population for the main scan can be predicted based on
the increase from the previous pre-scan. Alternatively
and more attractively, the time lag can be shortened.
We are working to eliminate the pre-scan altogether
and replaced it with a fast direct current measurement
immediately before the main scan ion accumulation;
similar to the direct current measurements done with
the single quadrupole instrument. These steps should
dramatically reduce the time lag and improve the
tracking of the ion flux during the main scan accumu-
lation.

Conclusions

We have demonstrated the feasibility of using the jet
disrupter electrode of an ion funnel to perform AGC.
The ion funnel allows effective regulation of the ion
population by adjusting the ion transmission efficiency
rather than the accumulation time of an ion trap, and
thus avoiding potentially large bias effects and un-
wanted fragmentation. Additionally, since the regula-
tion occurs in the source, all down stream ion optics
(multipoles and the mass analyzer) are presented with a
more uniform ion current. The regulation was shown to
be accurate with minimal m/z bias, and implementation
on an FTICR instrument provided a more optimal ion
population in the ICR cell during protein digest analy-
ses. The regulated ion population during the runs
improved MMA and eliminated effects from excessive
ion populations. Quantitative information was re-
claimed by multiplying the intensities by the factor of
AGC on the individual scans to produce TICs similar to
those without AGC but with better data quality. Further
improvements are being directed toward reducing the
time lag between the ion flux measurement and the
main scan ion accumulation. Overall, AGC performed
by the jet disrupter electrode of an electrodynamic ion
funnel provides a unique and alternative method for
regulating the ion beam through the mass spectrometer
to improve MMA and the data quality.
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