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Abstract.We describe the design and initial performance of the first 21 tesla Fourier
transform ion cyclotron resonance (FT-ICR)mass spectrometer. The 21 teslamagnet
is the highest field superconducting magnet ever used for FT-ICR and features high
spatial homogeneity, high temporal stability, and negligible liquid helium consump-
tion. The instrument includes a commercial dual linear quadrupole trap front end that
features high sensitivity, precise control of trapped ion number, and collisional and
electron transfer dissociation. A third linear quadrupole trap offers high ion capacity
and ejection efficiency, and rf quadrupole ion injection optics deliver ions to a novel
dynamically harmonized ICR cell. Mass resolving power of 150,000 (m/Δm50%) is
achieved for bovine serumalbumin (66 kDa) for a 0.38 s detection period, and greater

than 2,000,000 resolving power is achieved for a 12 s detection period. Externally calibrated broadband mass
measurement accuracy is typically less than 150 ppb rms, with resolving power greater than 300,000 at m/z 400
for a 0.76 s detection period. Combined analysis of electron transfer and collisional dissociation spectra results in
68% sequence coverage for carbonic anhydrase. The instrument is part of the NSF High-Field FT-ICR User
Facility and is available free of charge to qualified users.
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Introduction

High field Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometry offers the highest achievable

broadband mass resolving power and mass accuracy of any
mass analyzer [1, 2]. Resolving power and spectral acquisition
rate improve linearly, and mass accuracy and dynamic range
improve quadratically with magnetic field [3]. Resolving pow-
er greater than 1 million and mass accuracy better than 1 ppm
become routine at sufficiently high magnetic field strength, and
high resolving power and mass accuracy can be combined with
on-line LC separation and MS/MS [4]. Consequently, in-
creased magnetic field has been a persistent goal in FT-ICR
instrument development. However, the expense and complex-
ity of superconducting magnets scale with a high power of the

field strength, so fewer labs are able to acquire and support the
highest field systems. We report here the design, construction,
and characterization of the first 21 tesla FT-ICR mass spec-
trometer, which is the highest field system to date. The instru-
ment is part of the National High Field FT-ICR User Facility at
the National High Magnetic Field Laboratory (NHMFL), and
is available to all qualified users.

Experimental
Reagents and Sample Preparation

Bovine serum albumin (BSA) and carbonic anhydrase (CA)
were used as received from Sigma-Aldrich (St. Louis, MO,
USA) and diluted to 1 μM in 49:49:1 methanol:water:formic
acid. Seven standard peptides (Sigma-Aldrich) were diluted
in 49:49:1 acetonitrile:water:formic acid in the following
proportion: leu-enkephalin (2 μM), beta-casomorphin
(1 μM), angiotensin II (2 μM), angiotensin III (1 μM),Correspondence to: Christopher Hendrickson; e-mail: hendrick@magnet.fsu.edu



bradykinin (1 μM), Substance P (2 μM), and melittin
(1.5 μM). All samples were infused at 500 nL/min and
ionized by microelectrospray [5]. Fluoranthene was used as
received from Sigma-Aldrich for generation of electron
transfer dissociation (ETD) reagent ions.

Magnet

The 21 tesla magnet (Bruker Daltonics, Billerica, MA, USA)
room temperature bore diameter is 123 mm, the distance to
field center is 1047 mm, and the overall length is 2272 mm.
A set of eight cryoshims was used to achieve magnet spatial
inhomogeneity less than 5 ppm over a 60 mm diameter by
100 mm long cylinder, which closely matches the working
volume of the ICR cell. After shimming the magnet with
only the NMR probe inside the magnet bore, the magnet
axial inhomogeneity was rechecked with the ICR vacuum
chambers and turbopumps in place. The measured difference
was less than 1 ppm across the axial length of the ICR cell,
so no effort was made to re-shim. No ferroshims were used
but could be incorporated in the future, which would reduce
the bore diameter to ~104 mm. The measured magnet drift
rate was ~4 ppb/h two months after energization and has
settled to less than 2 ppb/h after eight months of operation.
The magnet cryostat is divided into two thermally separate
regions. The lower section contains the complete set of
magnet coils and ~1500 L of liquid helium. The upper
section stores ~500 L of liquid helium at 4.2 K. A lambda
refrigerator uses vaporization and gas expansion of liquid
helium from the upper cryostat to cool liquid helium (and
the magnet coils) in the lower cryostat to ~2.17 K, which
allows magnet operation at 21 tesla. The magnet features a
closed cryogenic system with no liquid nitrogen and negli-
gible loss of liquid helium. Instead, the magnet is cooled by
a pair of two-stage cryocoolers. The first stages are used to
cool shields within the cryostat to ~50 K and the second
stages cool surfaces in the upper cryostat to ~4 K to liquefy
the helium gas generated by the lambda refrigerator and any
boil-off from the upper bath. The cryocoolers and lambda
refrigerator vacuum pump operate on an annual maintenance
interval, at which time liquid helium can be added if
necessary.

FT-ICR Mass Spectrometer

A schematic of the instrument is shown in Figure 1. The mass
spectrometer combines a modified Velos Pro [6–8]
(ThermoFisher Scientific, San Jose, CA, USA) with an
NHMFL-designed external linear quadrupole ion trap, quadru-
pole ion transfer optics, and novel dynamically harmonized
ICR ion trap (DHC) [9, 10]. The Velos Pro front end offers
high sensitivity, efficient ion isolation, precise control of ion
number, and both collisional dissociation and front-end
electron transfer dissociation (FETD; we use the simpler
term BETD^ here).

The instrument was laser-aligned with the magnet bore by
use of a set of transparent laser detectors (On-Trak Photonics,

Irvine, CA, USA) that were centered within the magnet bore
and the two main vacuum chambers (before the ion optics or
ICR cell were mounted). Digital readout of the offset between
the detectors and the laser beam allowed initial centering of the
beam in the magnet bore, followed by centering of a 10-way
stainless steel block (Kurt J. Lesker, Clairton, PA, USA), and
then alignment of a titanium vacuum chamber (Sharon Vacu-
um, Brockton, MA, USA) onto the block. The residual offset
between the beam and the centers of the block and vacuum
chamber was less than 25 μm. The vacuum chambers were
mounted on extruded aluminum carts (Kanya, Rüti, Switzer-
land) that translate along steel rails (Thomson, Radford, VA,
USA). The rails were aligned with the axis of the magnet such
that the maximum offset between the laser beam and the
detectors was 1.2 mm as the carts (with mounted chambers)
were translated from their final position near the magnet to a
distance ~4 m away (along the entire length of the rails).
Precise alignment of the mass spectrometer with the magnet
is critical for efficient ion injection, and is more critical at
higher magnetic field strength because of stronger magnetic
mirror force [11].

A set of four differentially turbopumped vacuum chambers
reduces pressure from ~10-6 Torr (measured in the pumping
stage outside the quadrupole accumulator; pressure inside the
accumulator is estimated at ~2 mTorr) to less than 10–10 Torr at
the ICR cell (measured with a residual gas analyzer (Extorr,
New Kensington, PA, USA) prior to vacuum chamber inser-
tion into the magnet). The three turbopumps closest to the
magnet are magnetically shielded (EXT556HF; Edwards Vac-
uum, Tewksbury, MA, USA). A force of ~200 Newtons be-
tween the magnet and the vacuum cart (which is mostly due to
the martensitic pump shields) was measured with a digital scale
as the system was rolled into the magnet, under control of a

21 T Magnet

NHMFL
ICR Cell

Quadrupole Ion Transfer Optics

UHV
Isolation

NHMFL
External

Trap

Velos Pro

21 Tesla Hybrid FT-ICR Mass Spectrometer

4 Pumping Stages
(<10-10 Torr at ICR Cell)

1.9 m

Figure 1. Schematic of the 21 tesla FT-ICR mass spectrome-
ter. Approximately half of the magnet cross-section is shown.
Differentially pumped vacuum chambers are shown in red,
yellow, and blue (the blue chamber contains two differentially
pumped regions, the second of which includes the ICR cell).
The scale at bottom shows the approximate distance from the
external quadrupole trap to the ICR cell
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floor-mounted winch and straps that hold the vacuum cart. A
pneumatic gate valve (VAT, Woburn, MA, USA) isolates the
three final pumping stages from the rest of the instrument so that
UHV pressure is maintained at the ICR cell while the front of the
machine is vented for cleaning. A second gate valve (VAT)
isolates the first turbopump (Turbo HiPace 700; Pfeiffer Vacu-
um, Nashua, NH, USA) so that it remains at speed while the
front end is vented, which saves ~30 min each vacuum cycle.

A set of two quadrupoles (6.35 mm rod diameter and
5.53 mm device i.d. for each quadrupole, with 62 mm and
86 mm axial length, operated at 2.7 MHz and 300 Vp-p) facili-
tates transfer of ions from the Velos Pro ion trap to the external
quadrupole trap [12] (same rod diameter and radial spacing, with
127 mm axial length), which features a set of four interdigitated,
angled wires that impose an axial electric field for efficient ion
ejection [13]. Auxiliary rf voltage applied to the external quad-
rupole trap rods (in addition to the ion radial confinement
voltage) facilitates m/z-independent ion arrival time at the ICR
cell [14]. Consequently, ions fromm/z 200 to 2000 are routinely
observed in a single mass spectrum, in spite of long ion flight
path (~1.9 m) from the external quadrupole to the ICR cell.
External quadrupole trap rf voltage and frequency are typically
1.5 MHz at 250 Vp-p, but are broadly adjustable to allow
application-specific parameters. Conductance-limiting apertures
of 2.5 mm diameter are placed between the 62 and 86 mm
quadrupoles, and are used as endcaps for the quadrupole trap.
The external quadrupole trap allows more ions to be delivered to
the ICR cell by use of multiple fills from the Velos trap (where
charge capacity is limited by smaller device size and the need to
perform ion isolation [6]). Helium or nitrogen gas is leaked into
the quadrupole trap for collisional ion trapping and dissociation.
Collisionally-activated dissociation (CAD) is implemented by
acceleration of mass-selected ions as they travel from the Velos
trap into the external quadrupole trap and collide with nitrogen
(or other heavier) gas [15], which provides fragmentation similar
to triple quadrupole instruments (which is particularly effective
for high sequence coverage of proteins) and activation energy
for separation of ETD reduced-charge precursor ions [16]. Mul-
tiple fills of the external quadrupole trap were used to build a
larger ion population for delivery to the ICR cell.

Ions are guided through the magnetic field gradient by a set
of five quadrupoles that span four stages of pumping. All quad-
rupoles have the same rod and device diameter as the external
quadrupole trap, with lengths of 86, 320, 213, 683, and 430mm,
chosen as appropriate for our implementation of differential
pumping. Conductance-limiting apertures of 2.5 mm diameter
were placed after each quadrupole, except that no aperture was
used between the last two quadrupoles. Each injection quadru-
pole is driven by a tank circuit (Ardara Technologies, Ardara,
PA, USA) specifically tuned for the capacitive load of the
quadrupole. Frequencies vary from 2.7 to 3.9 MHz and voltage
from 0 to 400 Vp-p. The last (lowest pressure) pumping stage
contains the last two quadrupole segments. The first is 683 mm
long and ends at a magnetic field strength of 7 T. The second
(430 mm) is typically held at a DC offset equal to the first
quadrupole, but no rf is applied in order to avoid ion loss caused

by transient cyclotron resonance [17]. No signal loss is observed
for ions above the m/z threshold for ejection (compared with 0–
400 Vp-p applied at 2.9 MHz), in agreement with simulations at
21 T and experiments at 9.4 T.

The DHC is similar in concept to the design of Boldin and
Nikolaev [9] but with several modifications. First, the side elec-
trodes are segmented into 12 biconcave and 12 biconvex elec-
trodes (instead of eight), which allows convenient application of
excitation and detection onto 120° cell segments for improved
excitation electric field, detection sensitivity, and minimization of
third harmonic signals [18]. Excitation and detection on the same
120° segments is accomplished with a novel electronic circuit
[19]. Second, the trap endcaps are segmented similarly to the
BInfinity^ cell [20] (but with only four segments) and rf excitation
voltage is capacitively coupled onto the endcap segments, which
minimizes axial excitation attributable to excitation electric field
inhomogeneity [21]. Finally, extensive SIMION modeling was
used to optimize the gaps between biconcave and biconvex
electrodes at ~1 mm, which we find to be the best compromise
between trapping electric field quality and detection capacitance.
All segments of the DHC are gold plated to minimize the impact
of patch potentials [22]. A detailed description of cell optimiza-
tion and advantages will be reported separately.

The ETD hardware is adapted from the Thermo Fusion [23]
and follows from the work of Earley et al. [24] Fluoranthene
reagent ions are generated by Townsend discharge in an excess
of nitrogen gas, in an ionization volume located between the s-
lens and the first quadrupole ion guide in the Velos Pro (termed
Bfront-ETD^ or BFETD^ by the inventors). The analyte and
reagent targets are 200,000 charges with a reaction period of
10 ms for dissociation of the 34+ charge state of carbonic
anhydrase in the Velos Pro linear trap. Multiple fills (e.g., 20)
of the external quadrupole trap were used to build a larger ion
population for delivery to the ICR cell. Future work will focus
on minimizing the reaction period and a complete description
of the hardware and method will be reported separately.

Data Acquisition and Analysis

Trap potentials are 4 V during detection. Ions are excited by
linear frequency sweep, typically from 1.85MHz to 107 kHz at
87 Hz/μs but adjustable depending on desired m/z range and
ion radius. Detection period ranged from 0.38 to 12 s with
sampling rate of 2.73 million samples/s (for BSA and peptide
mix) or 5.47 million samples/s (for carbonic anhydrase MS/
MS). All data are stored as .raw files and can be processed with
Xcalibur (ThermoFisher Scientific, San Jose, CA, USA).
Time-domain data can optionally be stored as .dat files and
processed with Predator analysis software [25], which is re-
quired for absorption mode analysis. All time-domain data are
Hanning apodized (except for BSA, for which no apodization
was done), zero-filled once, and fast Fourier transformed, either
in absorption-mode [26] or magnitude-mode as noted. Fre-
quency-to-m/z conversion was performed with a two-term cal-
ibration equation [27] (for which the terms depend on the total
charge delivered to the external quadrupole accumulator).
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Tandem mass spectra are deconvolved by THRASH [28], and
ProSight Lite v1.1 is used for fragment ion identification [29].

Results and Discussion
Ultrahigh Resolution

At 21 tesla, ions of m/z 200–2000 oscillate at 1.6 MHz–
160 kHz, enabling high mass resolving power at high spectral
acquisition rate. For example, with absorption-mode process-
ing [26] the isotopic distribution of the 48+ charge state of
bovine serum albumin (BSA, 66 kDa) is resolved by use of a
0.38 s detection period (Figure 2), which facilitates top-down
proteomic analysis of up to 100 kDa proteins by online LC/MS.
Further, Figure 2 exhibits excellent signal-to-noise ratio for a
single spectral acquisition (>150:1 for the highest magnitude
isotopic peak), which facilitates rapid on-line chromatographic
analysis. Longer detection period generates higher resolving
power, with resolving power >1 million routinely achievable
for BSA and other large proteins. Shown in Figure 3 is an
ultrahigh resolution spectrum (12 s detection period) for the
isolated 48+ charge state of BSA with greater than 2 million
resolving power for the highest magnitude peaks (and slightly
lower for other isotopes). To the best of our knowledge, this
result represents the highest resolving power ever reported for
BSA, and promises high performance analysis of even larger
proteins [30, 31]. We processed Figure 3 in magnitude mode
and without apodization for direct comparison with prior work
[10]. Note that the data shown in Figure 3 is the result of a
single acquisition, whereas the prior record was the result of
100 averaged scans. High signal magnitude is evident at the
end of the detection period, so that future improvement in the
memory depth of the digitizer or implementation of heterodyne

detection should extend the resolving power even further.
However, signal for higher charge states (e.g., <m/z 1300)
damps at much higher rate (resolving power limited to
~500,000), presumably because of nonlinear increase in colli-
sion rate caused by higher ion collision cross-section and
velocity [32]. Resolving power for higher charge states is,
therefore, pressure-limited and lower base pressure is required
for higher resolving power of higher charge states.

1384 1385 1386
m/z

Bovine Serum Albumin
66,433 Da

= 150,000m50%

m

[M+48H]48+

0.38 second
Detection Period

Figure 2. Single-scan electrospray FT-ICR mass spectrum of
the isolated 48+ charge state of bovine serumalbumin following
a 0.38 s detection period. Mass resolving power is approxi-
mately 150,000, and the signal-to-noise ratio of the most abun-
dant peak is greater than 150:1. The ion accumulation period
was 250 ms and the ion target was 5,000,000
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Figure 3. Single-scan electrospray FT-ICR mass spectrum of
the isolated 48+ charge state of bovine serumalbumin following
a 12 s detection period. Mass resolving power is approximately
2,000,000, and the signal-to-noise ratio of the most abundant
peak is greater than 500:1. The ion accumulation period was
250 ms and the ion target was 5,000,000
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Figure 4. Measured mass error distribution for eleven mono-
isotopic peaks of seven peptides (multiple charge states are
observed for angiotensin II, melittin, and Substance P). Data
were collected continuously (3691 spectra) over the course of
~1 h, for which 40,187 total peaks were measured. Mass errors
were grouped into 5 ppb bins and plotted as the total number of
mass measurements per bin. No signal averaging was used to
calculate the error for each measured peak, the ion target was
500,000 for each spectrum, and the ion accumulation period
varied from 1.5 to 3 ms
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Measured Mass Accuracy

High magnetic field limits the magnitude of ion cyclotron
frequency shifts that occur due to ion–ion and ion–image
charge forces, and the trapping electric field. Consequently,
mass errors due to variation in trapped ion number scale in-
versely with the square of magnetic field strength [3, 4]. Fig-
ure 4 shows typical broadband external calibration mass accu-
racy for direct infusion of a seven peptide mixture (measured
m/z varies from 466 to 1347) at 0.76 s detection period,
resulting in 300,000 resolving power (magnitude-mode) at
m/z 400. Variation in measured masses is limited to 140 ppb
rms over thousands of measurements (taken over the course of
~1 h). Residual error increases withm/z, as expected because of
lower mass resolving power but could also be caused by ion
cyclotron radius distribution [33] and/or m/z-dependent ion
cloud focusing in the quadrupole ion optics. For example,
exclusion of the Substance P peak at m/z 1347 and the angio-
tensin II peak at m/z 1046 reduces the overall rms error to
85 ppb. Alternatively, extension of the detection period to
1.5 s (i.e., 600,000 resolving power at m/z 400) improves the
measured mass accuracy to 86 ppb rms, and single ion moni-
toring reduces the error to <50 ppb (data not shown). Future
work will focus on isolation and quantitation of m/z-dependent
systematic mass errors.

MS/MS

Efficient dissociation methods and high magnetic field
facilitate rapid acquisition of high resolution tandem
mass spectra of large proteins. For example, electron
transfer and collisional dissociation combine (in separate
experiments) to produce hundreds of fragment ions of
carbonic anhydrase, resulting in 68% overall sequence
coverage (i.e., we observe at least one cleavage product
from 142 of the 258 peptide bonds in carbonic

anhydrase), as illustrated in Figure 5. As shown in Fig-
ures 6 and 7, overlapping isotopic multiplets are easily
resolved (mass resolving power is greater than
150,000 at m/z 800), even at high (0.76 s detection
period) spectral acquisition rate. Analysis of the electron
transfer dissociation spectrum results in 421 detected
isotopic multiplets (4553 individual peaks), for which

Carbonic Anhydrase: ETD and CAD Combined
176/258 = 68% sequence coverage

c

z

b

y

Ac

Figure 5. Total sequence coverage for carbonic anhydrase,
based on the combined results from electron transfer dissoci-
ation of the 34+ charge state and collisional dissociation of the
36+ charge state
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Figure 6. Electron transfer dissociation FT-ICR mass spec-
trum (100 acquisition average) of the 34+ charge state of car-
bonic anhydrase. Mass resolving power is greater than
150,000 at m/z 800 for a 0.76 s detection period. Identification
of 223 isotopic multiplets results in 58% sequence coverage.
The ion and reagent target values were 4,000,000 (20 external
quadrupole trap fills at 200,000 charges/fill, 0.5 s total accumu-
lation period)
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Figure 7. Collisional dissociation FT-ICR mass spectrum (100
acquisition average) of the 36+ charge state of carbonic
anhydrase. Mass resolving power is greater than 150,000 at
m/z 800 for a 0.76 s detection period. Identification of 66 isoto-
pic multiplets results in 21% sequence coverage. The ion target
value was 600,000 (three external quadrupole trap fills at
200,000 charges/fill, 0.09 s total accumulation period)
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53% are assigned to c or z ions and 58% sequence
coverage is observed (Figure 6). Analysis of the colli-
sional dissociation spectrum results in 313 detected mul-
tiplets (3753 individual peaks), for which 21% are
assigned as b or y ions and 21% sequence coverage is
observed (Figure 7). Future work will focus on increas-
ing the speed and efficiency of fragmentation and iden-
tification of additional fragments (e.g., internal fragments
and/or neutral losses other than water). A barium fluoride
window on the ICR cell flange enables future implemen-
tation of photodissociation induced by UV (193 [34] or
266 nm), vis (532 nm), or IR (10.6 micron) photons.

Conclusion
The first 21 tesla FT-ICR mass spectrometer is installed
at the National High Magnetic Field Laboratory in Tal-
lahassee, Florida. The instrument features a unique com-
bination of resolving power, speed, mass accuracy, and
dynamic range (e.g., 300,000 resolving power at m/z
400 and 1 Hz spectral acquisition rate, with <150 ppb
rms mass accuracy and 1000:1 dynamic range). Unit
mass resolving power is achieved at 2 Hz spectral
acquisition rate for proteins as large as bovine serum
albumin (66 kDa), and 2,000,000 resolving power is
demonstrated for a 12 s detection period. Collisional
and electron transfer dissociation offer efficient protein
structural characterization, and UV photodissociation
[34] is planned. We expect the first applications of the
instrument to focus on top-down proteomics [35], map-
ping contact surfaces in large protein complexes by
hydrogen–deuterium exchange [36], and petroleomics
[37]. The instrument is part of the NSF High Field
FT-ICR Mass Spectrometry User Facility, so research
directions will ultimately be chosen by user interest.
M o r e i n f o r m a t i o n c a n b e f o u n d a t
https://nationalmaglab.org/user-facilities/icr.
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