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Since introduction in 1974 FT ICR continue 

to be the best in resolving power and mass 

measurement accuracy!





14.5 Tesla

9.4 Tesla

9.4 Tesla
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Moscow FT ICR 
instruments



After 47 years since introduction of FT ICR 

do we understand how it works?



Signals from same m/z ions

Good!

Bad    Why!?



Ω(t) Ω(t+Δt)

Ω(t+Δt) ≠Ω(t) Why!?



Experimental

Simulated

Strange signal forms



Lorentz force F=ze*v*B = m*v2/r

v/r = 2πω, 

ze*B = m*2πω

ω = B*ze/2πm (cyclotron frequency)

Charged particle in magnetic field



Cyclotron motion of ions

Z e B 
m=

B 



Ion motion in electric field free space



To excite cyclotron motion and detect 

the signal we need to trap ions 



ICR Cells (Penning trap)

Was used in electromagnet 

Based FT ICR instruments



Omegatron



For superconductive magnets

with cylindrical symmetry



Thermo 

LTQ FT

(until 2006)

Bruker 

Infinity cell

(until 2014)

Most used cells

IonSpec Varian



Marshall group Gross group

PNNL group

Compensated cells



Cells with trapping by pseudopotential

Bruker-NikolaevNikolaev

Bruce

Cell with segmented trapping electrodes



+1V +1V

detect

excite

excite

Fancy cells

Coca-Cola cell



Spectroswiss NADEL cell



7 inches

BIG 

7 inches FT ICR cell 



NHMFL cell From 

Alan Marshall 21 T 

talk

Bruker Solarix 

R&D

PNNL window

cell

Dynamically harmonized cells



Dynamically harmonized 
FT ICR cell for 
Thermo LTQ FT



Why so many designs?

What is the problem?



The first problem was homogeneity of excitation

Field distribution

B

B

Cubic and cylindrical

Elongated open cell



Thermo 

LTQ FT

(until 2006)

IonSpec Varian

Elongated open cells

B



Bz

29

Infinity cell
Excitation 
electrode

Trapping
electrode

Detection 
electrode

Analysis of complex mixtures with the new 
dynamically harmonized ICR cell

Excitation 
electrode

Trapping 
electrode for 
electric field
(segmented)

Excitation 
electrode

Detection 
electrode

diameter: 60 mm
length: 60 mm

 Infinity trapping segments realize 
a dipolar excitation field, as if the 
ICR cell would be “infinitely” long.

Detection
Excitation

Detection

Excitation



7 inches

BIG 

7 inches FT ICR cell 



The second problem was:

Why we could not reach resolving power of more 

than 1 million at m/z close to 1000 Da?

Is it the vacuum problem?



Cyclotron 
rotation

Ion motion in electric field free space



B

Distribution of potentials in rectangular 

or cylindrical FT ICR cells
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Motion of ions in crossed E/B fields

B

Cell potential  plot in the xy plane of a cubic FT ICR cell.

3 V potential is applied to the trapping electrodes



Motion of ions in crossed E/B fields



E

E

EE

E
E

E

E

Magnetron motion. No excitation of cyclotron  motion



Magnetron rotation

Cyclotron 

rotation

Axial oscillation

Measured frequency

Cyclotron 

rotation

Ion motion in 

electric field free

space

Ion motion in 

an electrostatic trap



Hyperbolic cell



B

Hyperbolic Penning trap



Linear dependence of electric field on 

coordinates in hyperbolic ion trap

Potential distribution

Electric field distribution







https://www.diva-

portal.org/smash/get/diva2:413035/FULLTEXT01.pdf

B





Magnetron rotation

Reduced cyclotron rotation
Axial oscillation

Measured frequency

In ideal hyperbolic trap all modes 

of ion motion are independent

Equipotential of 

the trapping field

Magnetron rotation

center

B



Distribution of potentials in rectangular 

or cylindrical FT ICR cells

Axial and magnetron frequencies
depend on axial oscillation amplitude Measured frequency

(z)



The lost of phase coherence is a result of 

Inharmonicity of a regular FT ICR cell field

Distribution of potentials in hyperbolic (left)

and rectangular or cylindrical FT ICR cells (right)

Cyclotron and magnetron frequencies are

Independent on axial oscillation amplitude

Cyclotron and magnetron frequencies

depend on axial oscillation amplitude

ν- z=0   = ν- z>>0 ν- z=0     < ν- z>>0



Comets in  conventional FT ICR cell

Small axial oscillation amplitude ions ions

Large axial oscillation amplitude ions ions



Comet in conventional

(cubic, cylindrical, “infinity”..)

FT ICR cells



2 4 6 8 10 12 14 16 18 20 22 24 26 28 s

ωt1 ωt2

ωt1  ≠ ωt2

Because ion-ion interaction inside 

comets is changing in time



How do we know about comets?



Nikolaev EN. 9th 

Asilomar Conference on 

Mass Spectrometry, 

Trapped Ions: Principle, 

Instrumentation and 

Applications, Sep 27–

Oct 1, 1992



Two different approaches to simulation of ion 
cloud dynamics in FT ICR cell

1.Calculation of ion-ion and ion image charges 
interaction directly

2.Solving  Poisson equation



(One processor per ion)



We were trying to explain:
Why  ICR frequency is changing during detection?

2 4 6 8 10 12 14 16 18 20 22 24 26 28 s

ωt1 ωt2



The Particle-Mesh Method
Dale Mitchell and Richard Smith
1996

Snapshots in xy perspective (left) and zy perspective (right) at a late time during 
the detection period. (a) 50,000, (b)150,000, and (c) 350,000 ions. 



Solving Poisson equation using 

supercomputer

Eugene N. Nikolaev; Ron M.A. Heeren; Alexander M. Popov; 

Alexander V Pozdneev; 

Konstantin S Chingin; 

Realistic modeling of ion cloud motion in Fourier transform 

ion cyclotron resonance cell by use of a particle-in-cell 

approach

Rapid Commun. Mass Spectrom. 2007; 21,1-20



Grid size : 
128×128×128

y

z

x

B

Particle-In-Cell Algorithm (first used to describe ion behavior 
in FT ICR cell by Dale Mitchell and Richard Smith)

ICR cubic 
trap

x-y cross-
section



Solution for the electric field

yk

y

x

U(xi,yj,zk)  i, j, k=1-
p

xmxm-

1

yk-

1

ΔU = -
ρ(xi,yj,zk)/ε0

E(xi,yj,zk) i, j, k=1-
p

Poisson
Solver



Integration the equation of motion

E(ri)
Boris integrator

for every ion 
(i)

new vi , ri

Next time 
step

vi , ri



E(ri)
Boris integrator

for every ion 
(i)

new vi , ri

Next time 
step

vi , ri

Integration the equation of motion



Cloud of one m/z ions in a cylindrical geometry 
FT ICR cell



t = 3.24 ms

N=5000 N=50000N=20000

cloud initial radius 0.15 cm
cloud initial length 0.10 cm

Texc= 0.07 ms , Tdetect= 30 
ms

Evolution of ion clouds with different amount 

of ions in the cell



Comet in conventional

(cubic, cylindrical, “infinity”..)

FT ICR cells



Ion clouds in harmonized cells have elliptical cigar like forms

Projection on the plane almost 
Parallel to the magnetic field

Projection on the plane 
orthogonal to the magnetic field



How to get rid of these comets?



Used space

The simple solution: use hyperbolic cell



Flattering potential       Harmonization   - making the field 

quadratic along z and r coordinates

Other approaches



?



An instrument with a hyperbolic trap, however, suffers at least from inefficient 

use of the magnet bore and a relatively inaccessible trap interior. 

The quadrupolar potential well can also be approximated in a cylindrical or 

cubic trap by using simple electrode shapes and by optimizing the aspect 

ratio or by segmenting the electrodes

(Gerald Gabrielse)
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Tolmachev, A. V.; Robinson, E. W.; Wu, S.; Kang, H.; Lourette, N. M.; 

Pasa-Tolic, L.; Smith, R. D. Trapped-Ion Cell with Improved DC 

Potential Harmonicity for FT-ICR MS

Brustkern A.M., Rempel D.L., Gross M.L. An Electrically 

Compensated Trap Designed to Eighth Order for FT-ICR Mass 

Spectrometry. J Am Soc Mass Spectrom 2008, 19, 1281–1285

Marshall’s group,

Bruker….....

Harmonization of cell’s electric potential 

(G.Gabrielse 1989) 



PNNL cell



Marshall groupGross group



Flattering potential       Harmonization

Two main approaches



B

Maximum

kinetic energy

of axial motion

d

d

+ +

B

- -

RF

Trapping electrodes



FT ICR cell with mesh trapping electrodes 

creating pseudopotential



Wire cell trapping electrode 

(1 mm distance between adjacent wires)











Chad R. Weisbrod, Nathan K. Kaiser, Gunnar E. Skulason, and 

James E. Bruce*

Trapping Ring Electrode Cell: A FTICR Mass Spectrometer Cell 

for Improved Signal-to-Noise and Resolving Power Anal. Chem. 

2008, 80, 6545–6553

Cell with trapping electrodes segmented to rings





The lost of phase coherence is a result of 
Unharmonicity of a regular FT ICR cell field

Distribution of potentials in hyperbolic (left)
and rectangular or cylindrical FT ICR cells (right)

Quadratic Non quadratic

Axial and magnetron frequencies are
Independent on axial oscillation amplitude

Axial and magnetron frequencies
depend on axial oscillation amplitude



?



Averaging over cyclotron motion
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z
<>(z) -potential 
averaged over cyclotron 
orbit

V = Vtrapping

V = 0

<> ≈ 3/4*Vtrapping<> ≈ 1/2*Vtrapping<> ≈ 1/4*Vtrapping

Vtrapping



Parabolic shape gaps
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V = Vtrapping V = 0

Dynamically harmonized 

FT ICR cell



Evolution of ion cloud m/z = 500 Да, Z=1 in 7 Т

0.5 s detection time.

Regular cubic cell                    Hyperbolic cell





Dynamically Harmonized CellInfinity Cell

Harmonic, parabolic potential at all 

cyclotron orbits.
Near parabolic potential up to a cyclotron 

orbit of 50% of the cell radius.

Comparison of averaged axial potential 
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Isotopic cluster of Cyt C (charge state Z=23)

7T, 21T ; 0.3 sec 
detection; >100 

steps per 
minimal 
cyclotron 
period; 

0.0004 sec, 50V 
p-p excitation 

“chirp" 
excitation ; 5V 

trapping 
potential

Theoretical isotopic distribution
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7T Cyt C 100000 charges

Cylindrical, cubic Hyperbolic, dynamically harmonized



Reserpine. Lab Prototype , Solarix, 300s transient, 
RP 39,000,000 in magnitude mode
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7T R&D, BSA, 51+, RP 1,700,000 28 s transient
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Solarix R&D



3213.718

3213.783

3213.826

3213.935

3213.9793214.044

3214.109

3214.175

3214.240

3214.262

3214.392

3214.414

3214.567 3214.696

3214.783

3214.805

3217.090

3217.220

3217.437

3217.611

3217.654

3217.742

3217.784

3217.938
3218.460

3213.6 3213.8 3214 3214.2 3214.4 3214.6 3214.8 m/z

1.0

2.0

3.0

x10
7

4.0

IgG1 (MW =147800 Da), 46+, RP 500 000



186701.068134
Mr (E)

186725.854402
Mr (X)

Enolase_tetra_II_hires_pos_000008.d: +MS2(isCID), Deconvoluted
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The highest mass protein complex isotopicaly resolved (2012)

12T R&D, Enolase Tetramer, MW=186713 Da, 
m/z=5835, (6мG/ml) , 32+, deconvoluted

Solarix R&D



Peptide spectra fine structure
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13C cluster
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How to evaluate the cell quality?

E.Nikolaev, A.Lioznov 

Evaluation of major historical ICR cell 

designs using electric field simulations

Mass Spec Rev. 2020;1–22













Relative time of synchronized motion of ions in different FT ICR cells



NHMFL cellBruker’s cell

Dynamically harmonized cells are providing the 

highest resolving power



In 2015 we had Milestone events in FT ICR 

mass spectrometry

Launching two 21 tesla FT ICR mass 

Spectrometers

In National High Magnetic Field Laboratory 

NHMFL (Tallahassee Florida) 

and in Pacific North West National Laboratory 

PNNL (Richland, Washington) 





From Alan Marshall 10th NA FTMS 21 T talk Solarix R&D



1384 1385 1386
m/z

Bovine Serum Albumin

66,433 Da

Single 12 s Transient

S/N Ratio > 500:1

= 2,000,000
m50%

m

[M+48H]48+

From Alan Marshall 10th NA FTMS 21 T talk



7T R&D, BSA, 51+, RP 1,700,000 28 s transient
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1384 1385 1386
m/z

Bovine Serum Albumin

66,433 Da

= 150,000
m50%

m

[M+48H]48+

0.38 second

Detection Period

From Alan Marshall 10th NA FTMS 21 T talk



Highly developed surface

with large «vacuum memory»

 Long pumping time;

 Not highest avalible final

vacuum; 

 Potential leakage

in feedthroughs.

 Closed volume of the 

cell



«Standard» (closed) DHC

Hyperbolic surface

of the trapping electrode



How to “open” dynamically harmonized cell?



It is easy to «Open» a simple Cylindrical Cell

Substituting flat trapping electrodes by cylinders



If we substitute in DHC the hyperbolic shape 

trapping electrodes by cylinders...

Hyperbolic surface

of the trapping electrode



We will not obtain hyperbolic field inside the cell!



The 2D-unrolled electrode configuration for a closed DHC

Hyperbolic surface

of the trapping electrode



The 2D-unrolled electrode configuration for an ideal open DHC



The 2D-unrolled electrode configuration for an ideal open DHC



Reducing number of electrodes

 The set of electrodes shown above creates the

needed field, but it is hard to build it.

 We have shown that the electrodes located far

from the trap center has low effect on the field

inside the working volume of the cell. Thus, we

can merge all these electrodes into one.



The 2D-unrolled electrode configuration of realizable open DHC

Closed DHL
Zig-zag cell



The ideal and simulated distribution of the electric 

potential inside the open DHC

Z-component of electric field at different distance (r) from the cell axis



The deviations from the ideal field

The electric field distribution inside the Open

Dynamically Harmonized «Zig-Zag» Cell is not

absolutely ideal. But the field deviation is bellow

numerical errors of simulations.

. 



Tired of cells…

Is it possible to get rid of the cell as a separate

element of FT ICR mass spectrometer?





Trap walls are the walls of the vacuum chamber:

Different geometries could be implemented

Open cylindrical cell



Open compensated cylindrical cell



Advantages of vacuum system wall imbedded cell

No feedthroughs (can apply voltages from outside)

No wires inside

Extremely low surface (only surfaces of the electrodes)

Easy to  align to magnetic field

Low diameter of room temperature bore magnet could be 

used



Is it possible to incorporate an open DHC into the

vacuum tube wall?



New Open DHC



The open dynamically harmonized cell 

could be made from a single cylinder



 Fabrication of ICR trap-

vacuum chamber consists 

of the following steps

 1) A titanium adapter for a 

CF63 flange is welded to a 

62 mm diameter BT1-0 

titanium tube 

 2) In certain places on the 

tube by means of contact 

welding, pieces of 2mm 

ВТ1-00св titanium wire are 

welded 

 3) The pipe is cut into 

individual electrodes

 4) Temporary fasteners are 

installed to hold the 

electrodes

 5) A graphite insert is 

placed inside the pipe, and 

then the cut points are filled 

with a special ceramic 

powder. Then the billet is 

annealed in the furnace.
The cell opened from one side

Spherical surface



The voltage to the cell electrodes could be applied from outside



Amplifier could be installed directly on ICR trap using Flexible PCBs

atmosphere



Open “atmospheric pressure” DHC

The titanium and the ceramics have the similar coefficient of

thermal expansion, which allows annealing a vacuum system



Detection at multiple frequencies



4 electrode FT ICR 

cell dipolar detection 

Double resolution 

or double speed

4 electrode FT ICR cell

quadrupolar detection 

ωsignal = 2*ωcyclotron
ωsignal = ωcyclotron

N times higher resolution 

or speed

ωsignal = N*ωcyclotron

2N electrode FT ICR cell

multipolar detection 

Detection with more than two electrodes



Detection on multiplied frequencies 

and on harmonics

R=ω/ Δω

Δω~ 1/T

T is signal duration

If ω’ = n * ω,    R’ = n * R



Soviet Union patent

Priority 05.07.1985

Nikolaev, Gorshkov, Mordehai, 

Talroze

Multi-electrode detection FT 

ICR cell





ωsignal = 4*ωcyclotron



200 400 600 800 1000 1200 1400 1600 1800 2000

m/z

Spectral Acquisition at 3Ω (14.5 T)

3Ω 2Ω Ω

Alan Marshall 13th European FT MS Workshop (Freising) 

26 April, 2018



Alan Marshall 13th European FT MS Workshop (Freising) 26 April, 2018



Thank you!



Acknowledgement to

HORIZON 2020 FT ICR 

network programm


