
Dynamically harmonized FT ICR cell
Evgeny (Eugene) Nikolaev

Skolkovo Institute of Science and Technology



First FT ICR cells

Cubic Cylindrical



The most used ICR Cells

Thermo LTQ FT
(until 2006)

Bruker Infinity cell
(until 2014)



Why it was difficult to reach resolving power of 
more than 1 million on m/z close to 1000 Da?

Was it the vacuum problem?
Ion-ion iteresction?



T+3He+

М/DМ =107

Phase corrected spectrum

The first demonstration of 3He+/T+ resolution and accurate 
mass difference measurements 1984 year

Nikolaev E.N., Neronov Y.I., Gorshkov M.V., Talroze V.L., Tarbeev N.G. 

Letters to JETP (in Russian), 1084 (1984) 534-536, 



Frequency drift
He/T doublet 1983
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Cyclotron 
rotation

Ion motion in electric field free space

For circular motion with velocity v  in magnetic field B



https://www.diva-portal.org/smash/get/diva2:413035/FULLTEXT01.pdf
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Hyperbolic Penning trap





For circular motion with velocity v  in magnetic field B





Magnetron rotation

Reduced cyclotron rotation
Axial oscillation

Measured frequency

All modes of ion motion are independent

Equipotential of 
the trapping field

Magnetron rotation
center

B



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



Nikolaev EN. 9th Asilomar 
Conference on Mass 
Spectrometry, Trapped Ions: 
Principle, Instrumentation and 
Applications, Sep 27–Oct 1, 1992



How do we know  now that ion clouds have a 
comet like structure in conventional FT ICR cells?



We can use SIMION



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



Calculate ion-ion and ion-induced 
charge interactions directly If we could 
find the charges, induced on electrodes 
by ions inside the trap, we could use 
particle-particle interaction model to 
calculate forces acting on those ions.+q2

-q1 induced

-q2 induced

+q1

Solving Poisson Equation

Solving the equation in the region 
between the electrodes, using known 
boundary conditions (j) and charge 
density (r) in the trap.

φside electrodes

jinnerφtrapping electrodes

r



Grid size : 128×128×128
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z

x
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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

xm
xm-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
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The main problem:

How to calculate forces from the image charge?!

The Particle-Particle Method
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Capacity matrix method for image charge calculation

Almost 
equipotential

For arbitrary form surface we can find 
chargers located on the surface which 
makes it almost equipotential
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Can we believe simulation results?!



Comparison PIC with particle-particle
104 charges 1T 32x32x32 mesh

Particle-particle
No image charge

PIC



Yes, we can believe!!



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 comets?



Flattering potential- Harmonization-making field      
making field free region             distribution hyperbolic

Two main approaches



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
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Trapping electrodes





Wire cell trapping electrode 
(1 mm distance between adjacent wires)











Hyperbolic cell



Used space



?



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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Cell potential harmonization (G.Gabrielse 1989) 
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….....



PNNL cell



Marshall groupGross group



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

V = Vtrapping

V = 0

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

Vtrapping



Parabolic shape gaps
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V = Vtrapping V = 0

Dynamically harmonized 
FT ICR cell



How long it should be?

1. Homogeneous excitation

2. Simplicity of the trapping electrodes



Cell design

Parabolic shape gaps
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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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Evolution of ion cloud m/z = 500 Да, Z=1 in 7 Т
0.5 s detection time.

Regular cubic cell       Dynamically harmonized  cell



Investigation prototype: 
Gold plated copper, macor insulator. 
Electronic interface resistors and capacitors free wired.

Lab prototype: 
Like the investigation prototype. Printed circuit ceramic 
board as interface board instead of free wired elements.

Printed circuit for capacitors and resistors



Directions of further improvements

Making cell robust and not sensitive to magnetic 
field inhomogeneity



Inhomogeneity of 
magnetic field?

Frequency shift should not be 
more than 10-2 Hz for 100 kHz 
cyclotron frequency
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Is dynamically harmonized cell harmonized statically?



+

+

φ

φ

φ

φ

0

0

0

0

Φ= φ/4

Magnetron motion problem. Averaging of the electric 
field potential by cyclotron motion. Combined harmonics.

Φ= φ/4 ± ∆ axial field is not 
Absolutely quadratic anymore

Signal amplitude 
modulation





The field in the central part of the cell
Looks very much harmonic ! 
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The field in the 
R-Z plane is also 
statically 
harmonized 
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Even for 16 segments the error of 
static harmonization is about units of 
millivolts inside the cylinder with 2/3 
of cell radius!



Detection at multiple frequencies



Soviet Union patent
Priority 05.07.1985
Nikolaev, Gorshkov, Mordehai, Talroze
Multi-electrode detection FT ICR cell



4 electrode FT ICR cell
Dipolar detection 

Double resolution 
or double speed

4 electrode FT ICR cell
Quadrupolar detection 

ωsignal = 2*ωcyclotronωsignal = ωcyclotron

2N electrode FT ICR cell
Multipolar detection 

N times higher resolution 
or speed

ωsignal = N*ωcyclotron



Detection on multiplied frequencies 
and on harmonics

R=ω/ Δω

Δω~ 1/T
T is signal duration

If ω’ = n * ω,    R’ = n * R







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



Dynamically harmonized 
FT ICR cell for 
Thermo LTQ FT



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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186701.068134
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Enolase_tetra_II_hires_pos_000008.d: +MS2(isCID), Deconvoluted
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The highest mass protein complex isotopicaly resolved

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

Solarix R&D



BSA 66420   Da 28 s

Yeast Enolase dimer 93340   Da 50 s

IgG 147800 Da 32 s

ADH tetramer 147530 Da 36 s

Yeast Enolase 186660 Da 38 s
tetramer         

Vacuum limit of resolution is reached!



Peptide spectra fine structure
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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

National High Magnetic Field Laboratory NHMFL 
(Tallahassee Florida) 



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

Bruker 
SolariX
solariX 2xR
scimaX



1384 1385 1386
m/z

Bovine Serum Albumin
66,433 Da
Single 12 s Transient
S/N Ratio > 500:1

= 2,000,000Dm50%

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

= 150,000Dm50%

m

[M+48H]48+

0.38 second
Detection Period

From Alan Marshall 10th NA FTMS 21 T talk



Jared Shaw ; Tzu-yung Lin ; Aleksey V Tolmachev ;Errol 
W Robinson ; David W Koppenaal ; Ljiljana Pasa-Tolic

“Window” PNNL cell

VV



Spectroswiss NADEL cell

+1V +1V

detect

excite

excite

Fancy cells. Not harmonized. With proper tuning 
more than 1 million resolution is possible as well

Coca Cola cell



M.Alemann, H.P.Kellerhals, K.-P.Wanczek Sidebands in the ICR 
spectrum and their application for exact mass determination, 
Chemical Physics Letters, Volume 84, Issue 3, 15 December 
1981, Pages 547-551

https://www.sciencedirect.com/science/article/abs/pii/0009261481804058
https://www.sciencedirect.com/science/journal/00092614
https://www.sciencedirect.com/science/journal/00092614/84/3


ν+motion 
trajectory 

ν- guiding center
motion trajectory 

Shifted ν+motion 
center 

Shifted both ν+ and ν-
motion centers 



M.Alemann, H.P.Kellerhals, K.-P.Wanczek Sidebands in the ICR 
spectrum and their application for exact mass determination, 
Chemical Physics Letters, Volume 84, Issue 3, 15 December 
1981, Pages 547-551

https://www.sciencedirect.com/science/article/abs/pii/0009261481804058
https://www.sciencedirect.com/science/journal/00092614
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