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FTICR-­MS  YouTube  Video

David  Muddiman’s  FTICR-­MS  Youtube  Video:
https://www.youtube.com/watch?v=7EHngA4S3Ws
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Bruker  Daltonics

Varian,  Inc

ThermoFTICR  MS  
Instruments  in  2005



Next-­Generation  FTMS Low Maintenance, 
Refrigerated Magnet

Source
MALDI  +  ESI

Ion  Transfer  Optics
ICR  cell

IRMPD,  ECD,  EID,  EDD
2DMS

Quadruple  isolation,  
accumulation,  CID,  ETD



Bruker’s  scimaX  FTICR  mass  
spectrometer  with  a  conductively  
cooled  magnet.    

Released  June  2018
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Figure  6.  In-­cell  MALDI  FTMS.    
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Ion  Motion  in  a  Magnetic  Field

Three  cartesian  equations  of  motion

One  force  equation

One  equation  of  motion



Z-­ Axial  Motion
Standard  damped  
oscillator  equation

if  ξ=0  (good  assumption)  
this  is  a  standard  
parabolic  oscillator  
solution:

a  =  cell  plate  spacing,  α =  geometry  constant  (0.273  for  cubic  cell)  



Cyclotron  Motion

if  ξ=0  (somewhat  good  assumption)  this  equation  can  be  solved  by  
the  quadratic  equation:



Calibration  Equations

Francl,  T.  J.;;  et  al,  Int.  J.  Mass  Spec.  1983,  54,  189-­199.
Ledford,  E.  B.,  Jr.;;  Rempel,  D.  L.;;  Gross,  M.  L.,  Anal.  Chem.  1984,  56,  2744-­2748.

Zhang,  L.  K.;;  Rempel,  D.;;  Pramanik,  B.  N.;;  Gross,  M.  L.  Accurate  mass  measurements  by  
Fourier  transform  mass  spectrometry  Mass  Spectrom.  Rev. 2005,  24,  286-­309.



Magnetron  motion



High  Vacuum High  Pressure



What  assumptions  have  we  made?

• Magnetic  field  is  homogeneous
• Electric  field  is  homogeneous
– no  space  charge
– cell  plates  are  clean
– ions  oscillate  independently
– electric  circuits  have  no  resistance

• No  background  gas
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ICR  Cell

Caravatti,  P.;;  Allemann,  M.,  RF  Shim  by  Trap  Segmentation.  Org.  Mass  Spectrom.  1991,  26,  514-­518.



Figure  5.  The  principle  of  FT-­ICR-­MS.    
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FTMS  Ion  Detection  Method

• Image  Current  Detection
Most  mass  spectrometers  
detect  ions  through  
collisions  with  a  dynode  
electron  multiplier.    FTMS  
uses  a  resonance  method  
(like  NMR  spectroscopy)  to  
detect  the  coherent  
cyclotron  resonance  image  
current  signals generated  
by  the  ions.



Shaw,  J.  B.;;  Gorshkov,  M.  V.;;  Wu,  Q.;;  Pasa-­Tolic,  L.,  high  
Speed  Intact  Protein  Characterization  Using  4x  
Frequency  Multiplication,  Ion  Trap  Harmonization,  and  21  
Tesla  FTICR-­MS.  Anal  Chem  2018.
DOI:  10.1021/acs.analchem.7b04606
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Resolving  Power  in  FTMS
Effect  of  Transient  Length  

There  is  a  simple  equation  that  relates  the  resolving  power  to  
the  cyclotron  frequency  and  the  observation  time  of  the  signal.

Fourier  Limit

f  =  frequency  (Hz)
t  =  observation  time

For  example,  if  an  ion  with  cyclotron  frequency  500,000  Hz  
is  detected  for  1.0s,  the  resolving  power  is  
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Resolving  Power  in  FTMS

Many  other  factors  influence  resolving  power:
1.    Pressure  in  the  analyzer  cell:

Collisions  with  background  gas  destroy  the  coherent  
cyclotron  motion  of  the  ions.

2.    Magnetic  field  inhomogeneity:
The  ion  packet  is  dephased  when  the  magnetic  field  is
not  uniform.

3.    Space-­Charge  Effects:
Ion-­Ion  interactions  can  change  the  ion  trajectories  and
lead  to  many  strange  effects,  like  peak  coalescence.



Resolving  Power  in  FTMS

4. Excitation  RF  Voltage  
To  achieve  optimal  resolving  power,  it  is  sometimes  necessary  to  
adjust  the  amplitude  of  the  excitation  RF  voltage.  

5. Data  processing  
Zero  filling  provides  more  data  points  across  a  peak  and  

improves  its  definition.
Windowing removes  the  Gibbs  oscillations  and  broadens

the  peak.
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What  is  “space  charge”

31

For  two  charges:

For  many  charges:

http://en.wikipedia.org/wiki/Coulomb’s_law



First:  Global  frequency  shifts

32

T.  J.  Francl,  M.  G.  Sherman,  R.  L.  Hunter,  M.  H.  Locke,  W.  D.  Bowers,  R.  T.  McIver,  Int.  J.  Mass  Spec.  1983,  54.  189-­199.
M.  L.  Easterling,  T.  H.  Mize,  I.  J.  Amster,  Anal.  Chem.  1999,  71.  624-­632.

29  ppm  shift

With  this  linear  correction  term,  +/-­
5  ppm  mass  accuracy  was  
routinely  achieved  

Often  this  linear  correction  is  
insufficient  due  to  the  inability  to  
account  for  low  intensity  ‘chemical  
noise’  ions



Second:  Local  frequency  shifts

C.  Masselon,  A.  V.  Tolmachev,  G.  A.  Anderson,  R.  Harkewicz,  R.  D.  Smith,  J.  Am.  Soc.  Mass  Spectrom.  
2002,  13.  99-­106.

See  also  recent  results  by  RD  Smith  group  
and  DC  Muddiman  groups  on  multiple  linear  
regression  and  neural  network  approaches  
toward  solving  this  problem.



Third/fourth:  Peak  Coalescence

Y.  Naito,  M.  Inoue,  Int.  J.  Mass  Spectrom.  Ion  
Processes  1996,  157.  85-­96.



Third/fourth:  Peak  shape  
distortion

S.  Guan,  M.  C.  Wahl,  A.  G.  Marshall,  Anal.  Chem.  1993,  65.  3647-­3653.

As  the  space  charge  causes  
expansion  of  the  ion  cloud,  the  net  
space  charge  term  decreases  in  
magnitude,  so  the  frequency  
increases,  causing  a  frequency  shift.

The  shift  is  not  usually  as  smooth  and  
predictable  as  shown  here.

Most  of  the  frequency  shift  occurs  at  
the  beginning  of  the  transient.

Apodization  “smooths  out”  this  
frequency  shift,  so  that  you  can’t  tell  
if/when  it  is  occurring.



Third/fourth:  Peak  shape  
distortion  – extreme  case

Ideal

Low  space  charge

High  space  charge

SLCC  or  “nipple”

SLCC  eliminates  signal  
coherence  in,  typically,  10’s  of  
milliseconds.

SLCC  or  “nipple”  occurs  at  the  
point  where  magnetron  
expansion  (from  space  charge)  
causes  the  magnetron  radius  to  
equal  the  cyclotron  radius.    

At  this  point,  the  ion  packets  
experience  high  velocity  
“coulombic”  collisions  at  the  
center  of  the  cell  – causing  
scattering  and  rapid  dephasing  
of  the  ion  cloud.

K.  Aizikov,  R.  Mathur,  P.  B.  O'Connor,  The  Spontaneous  Loss  of  Coherence  Catastrophe  in  Fourier  
Transform  Ion  Cyclotron  Resonance  Mass  Spectrometry.  J.  Am.  Soc.  Mass  Spectrom.  2009,  20.  247-­256.



Fifth:  Resolution  decrease
If  frequencies  are  shifting  (due  to  
space  charge),  the  ion  packet  is  
dephasing  – shortening  the  
transient.

Shorter  transients  result  in  lower  
resolution.

I.  J.  Amster,  Fourier  Transform  Mass  Spectrometry.  J.  Mass  
Spectrom.  1996,  31.  1325-­1337.



Achieving  High  Mass  Resolution

•Acquire  long  transients  (RP  =  fT/2)

•Use  low  trapping  potentials  (less  than  1  V)

•Carefully  control  space  charge

•Maintain  ultrahigh  vacuum  (P  =  10-­9 torr  or  lower)

•Tune  excitation  amplitude

•Ion  gymnastics  (e.g.  QE)  may  be  necessary
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Original  Ion  Excitation/De-­excitation  Experiment

Coherently excited ions  in  ICR  cell:

• Excitation  voltage  in  phase  with ion  
motion:  ions  excited to  higher  radius

• Excitation  voltage  in  phase  opposition  
with ion  motion:  ions  de-­excited to  center  
of  ICR  cell.

A.G.  Marshall,  T.C.  Lin  Wang,  T.  Lebatuan Ricca,  Chem.  Phys.  Letts. 105  (1984)  233-­236.
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2D FTICR-MS

• All  ions  in  a  
complex  sample  
fragmented  and  
visualised  on  one  
spectrum

• NO isolation
• YES fragmentation

M.  A.  van  Agthoven,  M.-­A.  Delsuc,  G.  Bodenhausen  and  C.  Rolando,  
Analytical  and  Bioanalytical  Chemistry,  2013,  405,  51-­61.



Raw  2D-­FTICR-­MS  of  Yeast  Tryptic  Digest  (8th July,  2015)

Raw  IRMPD  2DMS  spectrum,  no  
denoising.

512k  (horiz.)  x  4k  (vert.)
~23  GBytes

Total  acquisition  time,  40  minutes
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