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How to Maximize the Information Output from Orbitraps
• Ion physics: number of charges (space charge), injection (phase function)
• Electronics: sampling (digitization), detection period and m/z range
• Software: data processing (data reduction, noise thresholding, etc.) 

https://planetorbitrap.com/orbitrap-exploris-240
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How to Maximize the Information Output

I. Ion Physics

II.   Electronics: Ion Signal Recording

III.   Software: Data Processing
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IV.   Examples
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Initial Ion Phases in FTMS

• But: at the time when ion detection starts, 
individual signals from ions of different m/z
have different initial phases, in general.

• Phase correction sets the same value of initial 
phase (zero) for the ion signals from different
m/z. Could be realized as post-processing.

• Example: 2 signals in a transient
• Same amplitude & frequency
• Different initial phases 

• Optimum FT processing of transients in FTMS 
requires signals from ions of different m/z to 
have the same initial phases (zero angle).

http://www.kilgourlab.com/absorption-mode-for-ft-ms
https://www.youtube.com/watch?v=spUNpyF58BY

Fourier transforms in FTMS:
Kilgour, et al., Anal. Chem., 2013, 3903



6

• There exists time T0 prior to T1, when the ions
of different m/z have (nearly) the same phase

• Ions are ejected from the C-trap (a pulse event)
towards the orbitrap: ion excitation by injection

• Ions reach the orbitrap and start oscillations at
different times for different m/z (a TOF effect)

• At a time T1 when all m/z are eventually in
the orbitrap, different m/z have different phases

Ion (Initial) Phases: a Key to High Performance

Objective: acquire PHASED transients (all initial phases = 0)
DOI: 10.1016/B978-0-12-814013-0.00002-8 

DOI: 10.1021/ac4001223
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• Ion oscillations in Orbitrap for scan N take place during ion accumulation and 
fragmentation for scan N+1 (longer transients provide higher resolution/sensitivity)

Orbitrap Logic: Parallel Ion Detection/Accumulation

Built-in DAQ system: detection period (# of datapoints to acquire)
has to be preset prior to acquisition and to be equal to a power of 2



Benefits of Longer Transients: Resolution & Sensitivity

Useful signal
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Space Charge Effects: Peak Artifacts

AGC = 5e6

AGC = 2e4

• Too many charges (ions): peak artifacts (m/z, abundance errors), coalescence

• AGC (automatic gain control) helps

• AGC logic: how is it calculated?

DOI: abs/10.1002/rcm.6289; DOI: 10.1021/acs.analchem.7b03437  

Q Exactive Orbitrap of MRFA, 1+

A+2

A+1

A

Take space charge effects into account for experiment design
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How to Maximize the Information Output: Ion Physics
• Take into account space charge effects

• Consider Orbitrap logistics

• Monitor peak shape (peak coalescence, artifacts): ion injection, pressure
• Work with lower AGC values, acquire (many) technical replicates 
• Use SIM (narrow m/z) windows approaches for data acquisition

• Parallel ion detection/accumulation: maximize the duty cycle
• Optimize timing: AGC vs. ITmax vs. Resolution (ion detection period)
• How AGC is calculated/measured? Take into account AGC pre-scan

• Determine what performance is needed
• Define the required resolution & dynamic range wisely (simulate output)

1

JASMS 2020, 31, 1927-1942 
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JASMS 2020, 31, 257-266 

DOI: 10.1021/jasms.9b00032

External High-Performance DAQ System: Example
High-performance DAQ system:
• new-generation electronics
• powerful digital signal processing
• advanced capabilities & flexibility

FPGA: field programmable gate array (chip)



Phased Transients: Initial Phases All Close to Zero

To be an aFT spectrum,
this spectrum needs

phase correction

Un-phased transients (state of the art) Phased transients (data in this work)
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Phases equal to zeros: 
peaks look up. 

This spectrum is already 
an aFT spectrum

Mass spectra computed as:
FT real component (aFT)

FT magnitude (mFT)

Kilgour, et al., 
Anal. Chem., 
2013, 3903



Comparison of phase distributions (initial phase vs. m/z), an example

Phased transientsUn-phased transients

Phased Transients: Initial Phases All Close to Zero
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Phased transients can be obtained from any Orbitrap model
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How to Acquire Longer Transients on LTQ Orbitraps?

New-generation DAQ system: detection period (# of datapoints to acquire)
does NOT have to be preset prior to acquisition or be equal to a power of 2

External 
DAQ system

up to 5 s transients
were acquired

Example of implementation on LTQ FT: 
DOI: 10.1038/s41598-018-36957-1
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How to Maximize the Information Output: Electronics

• Enable artifact-free transient recording

• Enhance flexibility of experiment design

• Phased transient acquisition (enabling FT in true absorption mode)
• Artifact-free ion signal detection (such as phase function dispersion)
• Data-dependent transient amplification prior to digitization
• Provide (save) phased transients for post-processing (any file size)

• Reveal experiment logistics: visualize AGC pre-scans & full detection periods
• Enable acquisition of extra-long transients: full ion detection time
• Maximize duty cycle: ion detection during MS/MS events (ETD, UVPD, etc.)

2
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DOI: 10.1007/s13361-014-0888-x 

DOI: 10.1021/acs.analchem.6b03636 
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Fourier Transforms in FTMS: mFT and aFT

JASMS 2020, 31, 1927-1942 

Orbitrap data simulation

• aFT provides (twice) higher resolution than mFT (a function of apodization window)
• aFT mass spectra (full profile) have both positive and negative data points



.RAW Mass Spectra: Enhanced FT (eFT)

Lange, Makarov, et al. IJMS 369 (2014) 16–22

aFT

mFT

• eFT is an efficient & fast algorithm to plot
mass spectra matching the (moderate) quality
of transient data

• aFT (especially with half window) requires
exceptional performance of data acquisition
electronics (transient quality)

• eFT mass spectra have only positive data
points (a limitation for sensitivity & dynamic
range upon spectral averaging)
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LTQ Orbitrap Data Hierarchy

RaFT

RmFT

mFT - magnitude FT
(LTQ Orbitrap XL, Velos)

RaFT RmFT>

aFT - absorption FT
with external DAQ system

or via post-processing
(AutoPhaser, etc.)

External DAQ unlocks superior performance of original LTQ Orbitraps

Built-in 
DAQ

External 
DAQ
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Modern Orbitrap Data Hierarchy

External DAQ unlocks superior performance of modern Orbitraps

Q Exactive
Exploris

Lumos
Fusion
Eclipse

Orbitraps with
External DAQ

External 
DAQ

Built-in 
DAQ
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How to Maximize the Information Output: Software
• Toward full data processing

• Advanced data processing approaches

• Transient processing (e.g., data-dependent transient averaging)
• Mass spectra representation in absorption mode FT (pos & neg values!)
• Full profile aFT/eFT mass spectra processing (e.g., spectral averaging)
• Single ion transient-level analysis: charge state determination (STORI)
• Super-resolution processing of transients (least-squares fitting, FDM, ΦSDM)

• Noise thresholding, peak picking, recalibration, etc.
• SIM stitching approaches (including noise thresholding for each SIM window)
• Data averaging across multiple technical replicates (MS, LC/GC MS, mobility)
• Rational selection of FT processing parameters (apodization window, etc.)
• Compare experimental and simulated (via transients!) Orbitrap data

3
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aFT performance @ Q Exactive HF
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Experimental (Blue) vs. Simulated (Black) Mass Spectra of Insulin 5+

DOI: 10.1021/jasms.0c00190
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aFT performance @ Q Exactive HF

IFS: Experimental (Blue) vs. Simulated (Black) Mass Spectra of MRFA, A+2
DOI: 10.1021/jasms.0c00190



Dynamic Range = 625 : 1 SM(d16:1/18:0)
[C39H79N2O6P + K]⁺

PC(32:0)
[C40H80NO8P + K]⁺

13C241K 
12C

MALDI Orbitrap XL
15_brain_100k
Scan #7354

R = 480k

8.5 mDa

6 * σ
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Benefits of Longer Transients and aFT on LTQ OT XL

ASMS 2020
ThOH pm 02:50
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Maximizing the Dynamic Range: Transient Averaging

238UO2

Tacq = 0.5s

234UO2 235UO2

238U16O1
17O1

• Uranium isotopes can be detected in a single broadband mass spectrum
• QE Focus experimental data (in blue) is compared with simulated data (in black)

ASMS 2020, MP181

Dynamic Range 
20 000 : 1 
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Data Averaging Across Technical Replicates: GC Orbitrap

Enhanced sensitivity and quantitation accuracy for low-abundance compounds
JASMS 2020, 31, 257-266 
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1. Transients from SIM windows (a single technical replicate)
2. Transients from several technical replicates (SIM windows)
3. SIM windows data averaging within a single replicate

(horizontal) and across replicates (vertical averaging)
4. Stitching of data from SIM windows

Tackling the Space Charge & Sensitivity: SIM windows

Towards petroleomics-grade 
analysis of complex mixtures



Ex.: single ion counting on a Q Exactive HF for a mixture of model proteins (external DAQ acquisition) 

Mass , Da

STORI > m/z > Da,
filtered, grouped

STORI > m/z > Da
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Single Ion Counting: Resolving Protein Complexity

DOI: 10.1021/acs.analchem.9b01669; DOI: 10.1038/s41592-020-0764-5 

• Detection of single ions reduces space charge artifacts, but hides peak’s charge state
• Charge state of a single ion peak can be deduced from its transient, e.g., via STORI

STORI: Selective Temporal Overview of Resonant Ions, DOI: 10.1021/jasms.8b06253 
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Summary

• Modern data acquisition electronics (new-generation, high-
performance) allows to maximize information content
encoded into time-domain signals (transients)

31 2

• Powerful data processing software (multi-processing,
computationally efficient) allows to efficiently extract full
information from transients and process any size data sets

• Novel transient-centered methods are gaining importance in
challenging applications: single ion detection (I2MS), super-
resolution and ultra-high resolution mass spectrometry
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Thank you!


