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Preface 

This volume is dedicated to describing methods of physical and chemical analysis of 

drugs based on mass spectrometry, as practiced in laboratories focused on control, 

research development and toxicological studies. In addition to presenting the physical 

and chemical bases of mass spectrometry, it provides examples of significant ana-

lytical applications in quality control, authenticity testing, and development of new 

drugs and pharmaceutical preparations. Examples, cited with references to relevant 

literature, are taken from data that has been published or are contained in established 

databases. 

The material in this book is based on the Drug Analysis course taught in the final 

year of the University and Pharmacy of TimiἨoara in Romania. The goal is to 

thoroughly explain the physical and chemical principles behind high-performance 

methods for analyzing substances of pharmaceutical interest, as well as their res-

pective advantages and limitations. 

Mass spectrometry has undergone unprecedented diversification in terms of io-

nization and ion separation techniques in recent decades, making it a particularly 

powerful analytical tool. 

The content and presentation style focus on understanding the essence of mass 

spectrometry techniques and providing a rigorous theoretical understanding of the 

underlying phenomena of analytical methods. Mathematical formalism is used only 

when strictly necessary; instead, a qualitative and intuitive presentation is preferred. 

To illustrate the usefulness of mass spectrometric techniques, the book provides 

several examples of concrete applications taken, adapted and appropriately commen-

ted from specialized literature. This book is addressed to academics and specialists in 

laboratories involved in developing new drugs and solving toxicological problems. 

Szabadai Zolt§n 
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1. Basic concepts and some specific physical details of mass spectrometry  

Mass spectrometry (MS) occupies an important place among physical and che-

mical analytical methods, particularly in biochemistry, protein chemistry, toxicology, 

drug discovery, and drug metabolism monitoring, because of its unique characteristics: 

high sensitivity, detection limits unmatched by most other analytical methods, speed 

of analysis, and advanced technical and application versatility. Mass spectrometry is 

essential for monitoring environmental and food contamination, as well as pharma-

ceuticals. There are several mass spectrometric techniques, each tailored to specific 

analytical problems. Between 1995 and 2000, mass spectrometry made significant ad-

vances due to the development of various ionization methods and the emergence of 

hybrid assemblies such as gas chromatograph (GC) coupled to mass spectrometer, 

liquid chromatograph (HPLC) coupled to mass spectrometer, and capillary electropho-

resis coupled to mass spectrometer. Various methods have been developed to separate 

and detect ionized species, including quadrupole analyzer, ion trap, orbitrap analyzer, 

multiple mass spectrometric analysis (MS/MS) with induced and controlled frag-

mentation of ionic species, and Fourier transform mass spectrometry. Currently, mass 

spectrometry is highly diverse in terms of both production methods and separation 

strategies for ionic species. Due to the abundance of technical and procedural details, 

this description is limited to pharmaceutically and toxicologically relevant methods, 

and to case studies and several examples. Figure 1 shows the building blocks of a mass 

spectrometer, and the processes involved in the primary stages of analysis. 

The modules in Figure 1 have the following roles.  

(1) For sample introduction, the spectrometer is equipped with a specialized part with 

the role of bringing the sample from different initial states of aggregation into a 

vapor state. Sometimes the sample introduction unit is connected to the outlet of a 

chromatography column, so the inlet unit is the interface between the chromato-

graph and the mass spectrometer and has the additional function of separating and 

sending to the mass spectrometer only a small fraction of the effluent leaving the 

chromatography column. 

(2) The ionization unit operates according to different physical principles, but its 

common function is to convert the neutral sample molecules into positive or ne-

gative ions. In most cases, the ionization of molecules is accompanied - to some 

extent, depending on the type of ionization - by their fragmentation, so that even a 

single type of molecule results in different ionized fragments with different degrees 

of ionization. This phenomenon is usually a disadvantage, but sometimes it is a 

source of additional information about the molecular structure of the sample. 

(3) The confined ions are accelerated and focused by an electric field. In some confi-

gurations the ions are brought to the same velocity by the concerted action of an 



Mass Spectrometry in Drug Analysis and Development 
================================================================================================================ 

================================================================================================================ 
π 2 - 

electric and magnetic field with appropriate mutual orientation (Wien velocity fil-

ter). 

(4) The ions enter the analyzer where the combination of electric and/or magnetic 

fields causes them to follow different trajectories depending on the ratio of their 

mass to electrical charge. In some designs, the analyzer acts as a filter, allowing 

only ions with a specific mass/charge ratio (m/z) to pass. By progressively chan-

ging the operating parameters, the analyzer selects ions with different m/z ratios. 

(5) The selected ions with the known m/z ratio are captured in the detection unit where 

their presence is converted into an electrical signal. The intensity of the electrical 

signal generated is proportional to the number of ions reaching the detector per 

unit of time, i.e. the abundance of ions with a specific m/z ratio. 

 

Fig. 1. Building blocks and key events in a mass spectrometer 

6) The first order mass spectrum (MS1) is the graphical representation of the ion abun-

dance as a function of the m/z ratio. 
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(7) For further analysis of the sample, one ionized species (precursor ion) with a spe-

cific value of the m/z ratio (precursor ion) is sometimes selected, which undergoes 

further fragmentations by collision with neutral molecules (like argon, helium, 

ammonia, etc.), resulting in several ions of lower molecular mass (product ions), 

producing the second order mass spectrum (MS/MS or MS
2
). As a result, the 

information about the molecular structure of the sample becomes richer and the 

molecule of the original sample can be identified with much greater certainty. 

(9) The fragments are trapped in the detector unit and their presence is converted into 

an electrical signal proportional to the flux of incoming ions, as shown in point (5). 

(10) The spectrum obtained (MS/MS) is derived from the fragmentation of the precur-

sor ion. In principle, a complete MS
2
 spectrum can be obtained for each precursor 

ion (selected from the MS
1
 spectrum). The procedure can be repeated by selecting 

a new precursor ion from the MS
2
 spectrum and obtaining the MS

3
 spectrum after 

subsequent fragmentation (and so on). 

(11) The analysis data is processed with specialized programs or compared with data 

contained in appropriate databases, such as: 

- NIST (National Institute of Standards and Technology),  

- CHEMDATA.NIST.GOV.(Mass Spectrometry Data Center),  

- Wiley Library,  

- MPW Drug Library,  

- FFNSC (Flavor and Fragrance Natural and Synthetic Compound Library),  

- Smart Forensic Database,  

- Smart Environmental Database,  

- Smart Metabolites Database,  

- Forensic Toxicological Database,  

- Method Package Residual Pesticides in Foods. 

The sample is converted into positive or negative ions (in "positive working mode" 

or "negative working mode" respectively) and then separated according to their m/z 

(mass to ionic charge) ratio. The mass of the ions (m) is conventionally expressed in 

atomic mass units (the 12
th
 part of the mass of the 

12
C isotope of the carbon atom). 

The electrical charge (z) of ions is expressed as the number of electrons deficient (in 

the case of positive ions) or excess (in the case of negative ions) compared to the 

corresponding neutral species. In other words, the electrical charge is expressed by the 

oxidation number of the ionic species. The separation of the ionic species in all vari-

ants of mass spectrometry is carried out according to the m/z ratio. 

The mass spectrum is the graphical representation of the abundance of ions (ex-

pressed in relative percent) as a function of the m/v ratio. Figure 2 shows the typical 

form of the mass spectra of salicylamide and of a pentacyclic triterpenoid derivative 
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(betulin). In practice, both forms of presentation are used: either in "portrait" format 

(Figure 2 (A) and (C)), or in "centroid" format (Figure 2 (B) and (D)). 

 
Fig. 2 (A) Common "portrait" view of a mass spectrum (salicylamide) 

 
Fig. 2 (B) Common presentation of a mass spectrum (salicylamide) in" 

centroid" format. 
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Each signal is identified by its position, intensity and width. The position is de-

termined by the value of the m/z ratio, while the intensity is expressed on a scale 

relative to the most intense signal. The signal width is only visible in the portrait view. 

In the portrait view, the signals correspond to either a Lorenz or a Gauss curve. The 

centroid display uses vertical segments located at the m/z values corresponding to the 

local maximum of the portrait signal. The portrait shape of the signals has a non-zero 

width due to the presence of multiple isotopes with different abundances in the che-

mical elements that make up the molecules. The mass spectra can be used to determine 

the relative molecular mass of the sample, although this process is not always straight-

forward. 

The non-zero width of the portrait signals is also due to the limited physical 

resolution of mass spectrometers. The width of the signals in the portrait display 

decreases as the resolution of the instrument increases. In a lower resolution spectro-

meter, signals with nearby m/z values merge into a single, wider signal. A high-reso-

lution mass spectrometer, however, can distinguish between these signals. The reso-

lution "res" at mass "m" is defined as the ratio of the mass value "m" to the minimum 

detectable mass difference "ȹm". 

m
res

m
=
D

      (1) 

Obviously, the higher the resolution, the more efficient the spectrometer. Since 

most chemical elements contain several isotopes of different masses (in other words, 

they are not "monoisotopic"), the spectral signal associated with a given molecule can, 

with sufficient resolution (monoisotopic resolution), distinguish ionic species with the 

same elemental composition but different isotopic compositions. At lower resolution, 

the signals associated with the different isotope distributions merge into a single signal 

from which the "average relative molecular mass" of the sample can be determined. 

Isotopic differentiation is illustrated in Figure 3 using the simple example of the chlo-

rine atom (Cl) and the chlorine molecule (Cl2). The spectra in Figure 3 distinguish the 

35
Cl and 

37
Cl isotopes of the chlorine atom and the three species (

35
Cl-
35
Cl, 
35
Cl-

37
Cl and 

37
Cl-
37
Cl) of the diatomic chlorine molecule. The relative intensities of the 

signals are consistent with the natural abundance of the 
35
Cl and 

37
Cl isotopes. 

After ionization, the next main event is the differentiation of the ionized fragments 

and their separation (spatial or temporal, depending on the design characteristics of 

the mass spectrometer). The differentiation and separation unit operates under the 

influence of a magnetic field, an electrostatic field or various combinations of these 

fields in the analysis unit.  

Figure 4 illustrates the deflection (change in path) of a positive (point-like) charge  
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entering a homogeneous magnetic field with induction B
È

, due to the Lorentz force F
È

L . 

The Lorentz force is perpendicular to the current direction of motion of the particle 

and is also perpendicular to the magnetic field lines. The direction of the Lorentz force 

is determined by the "right hand" rule (Figure 5). 

             

Fig. 3 Mass spectrum of the isotopes of the chlorine atom and the 

isotopologues of the chlorine molecule at high resolution  

(monoisotopic resolution) 

  

Fig. 4 The origin of the Lorenz force F
È

L and the motion of  

a positive particle in a homogeneous magnetic field 
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The Lorentz force acts on a charged particle only when it is moving in a magnetic 

field. With a suitable geometry of the magnetic field, deflections can be made to the 

desired extent, e.g. 90
o
 to the original direction (Figure 6). 

 

Fig. 6 Deflection with 90
o
 of a positively charged  

particle in a uniform magnetic field 

Equation (2) expresses the relationship between the displacement velocity vector 

(v
È

) of the particle carrying the electric charge "q", the magnetic field intensity vector 

(H
È

) and the Lorentz force vector (F
È

L). 

L L

L L

F v H ; F v H sin(v,H)

F v ; F H

= ³ = Ö Ö

^ ^
  (2) 

The module of the Lorentz force vector is proportional to the module of the velocity 

vector v
È

, the magnetic field intensity vector  H
È

, and to the sinus of the angle between 

these vectors. 

Another way to control the deflection of a beam of electrically charged particles is 

to drive them between the armatures of a capacitor subjected to a continuous voltage. 

Figure 7 shows the deflection of a positive particle by 180o from the direction of inci-

dence.  

Fig. 5 

Mutual  orientation of the velocity 

vector (v
È

), the magnetic field lines 

(H
È

) and the Lorentz force (F
È

L) for  a 

positively charged particle (" right 

hand rule" ) 
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Fig. 7 The trajectory of a particle with positive electric charge in a 

cylindrical electrostatic field 

If the electrostatic force between the armatures is balanced by the centrifugal force, 

the particle can pass through the gap between the armatures. Otherwise, it will collide 

with one of them and be stopped. If a particle has mass "m", charge "q" and moves 

with velocity "v", the condition for passing through the space between cylindrical ar-

matures with average radius "re" is expressed by relation (3). 

2

e

m v U q

r d

Ö Ö
=  (3) 

In relation (3), "U" represents the continuous electric voltage applied between the 

armatures, and "d" is the distance between them.  

The final event is the capture of the ions in a detector, which produces an electric 

current or voltage proportional to the electric charge arriving in the time unit. The 

detector captures the ions as such or detects the light signal produced when the inco-

ming ions collide with a light emitting surface. 

2. Construction and operating modules of mass spectrometers 

2.1. Sample introduction and ionization 

The sample is introduced into the spectrometer either directly (via a dedicated 

interface) or from the outlet end of a chromatography column. The sample introduction 

unit can operate at atmospheric pressure or moderate vacuum. The amount of sample 

introduced, either in vapor or liquid form, is generally of the order of micrograms. In 

some cases, molecules, free radicals and ions are removed from the solid sample by 

irradiation with laser light (Laser Desorption Ionization, LDI) or by bombardment 

with atoms or ions of high kinetic energy. Table 1 lists the ionization methods with 

their common names and abbreviations. 
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Table 1 Ionization methods, names, common acronyms, physical phenomena 

involved and typical applications 

Method, consecrated 

name and acronym 

Physical 

phenomenon 

involved 

Resulting ionic 

species 

Typical applications 

and characteristics 

Gas Discharge Electric discharge Ionized atoms 
The first ionization 

method in MS 
Thermal Ionization 

(TI) 
ionization by heating Ionized atoms 

Determination of the 

isotopic ratio 

Spark Source (SS) Electric discharge Ionized atoms 
Trace analysis  

Solid samples 
Glow discharge (GD) Electric discharge Ionized atoms Trace analysis 

Inductively Coupled 

Plasma (ICP) 

Transformation of 

the sample into 

plasma state 
Ionized atoms 

Determination of the 

isotopic ratio  

Trace analysis 

Electron Ionization 

(EI) 
Electron impact 

Volatile 

molecular ions 

Small molecules 

Coupling with gas 

chromatograph 

Creation of databases 

Chemical Ionization 

(CI) 

Reagent-induced 

ionization 

Volatile 

molecular ions 

Connection to a gas 

chromatograph via 

an interface 

Atmospheric Pressure 

Chemical Ionization 

(APCI) 

Reagent-induced 

ionization 

Non-volatile 

molecular ions 

Small molecules 

Connection to a gas 

chromatograph via 

an interface 

Photo-ionization (PI) Photolytic ionization 
Volatile 

molecular ions 

Small molecules 

Connection to a gas 

chromatograph via 

an interface 

Multiphoton Ionization 

(MPI) 
Photolytic ionization 

Atomic and 

molecular ions 

The MPI resonance 

separation method 

has advanced 

selectivity. 

Trace analysis 

Atmospheric Pressure 

Photoionization 

(APPI) 

Photolytic ionization 
Non-volatile 

molecular ions 

Connection to liquid 

chromatograph 

(HPLC) via an 

interface; 

Analysis of non-

polar substances 

Field Ionization (FI) 
Ionization with an 

intense electric field 

Volatile 

molecular ions 

Molecular 

compounds 

Field Desorption (FD) 

Desorption/ionization 

in an intense electric 

field 

Non-volatile 

molecular ions 

The first gentle 

method of ionization 

Analysis of large 

molecules 
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Table 1 Ionization methods, names, common acronyms, physical phenomena 

involved and typical applications (continued) 

Method, consecrated 

name and acronym 

Physical 

phenomenon 

involved 

Resulting ionic 

species 

Typical applications 

and characteristics 

Thermospray 

Ionization (TSI) 
Misty dispersion 

Non-volatile 

molecular ions 

Connection to a 

liquid chromatograph 

(HPLC) via an 

interface; 

Electrospray Ionization 

(ESI) 
Misty dispersion 

Non-volatile 

molecular ions 

Connection to a 

liquid chromatograph 

(HPLC) via an 

interface; 

Analysis of large 

molecules 

Desorption 

Electrospray Ionization 

(DESI) 

Misty dispersion 
Non-volatile 

molecular ions 

Direct analysis 

without prior sample 

preparation 

Direct Analysis in Real 

Time (DART) 
Electrical discharge 

Non-volatile 

molecular ions 

Direct analysis 

without prior sample 

preparation 

Secundary Ion Mass 

Spectrometry (SIMS) 

Particle-induced 

desorption/ionization 

Non-volatile 

molecular ions 

Semiconductor 

analysis. 

Surface analysis. 

Fast Atom 

Bombardment (FAB) 

Particle-induced 

desorption/ionization 

Non-volatile 

molecular ions 

Gentle method of 

ionization. 

Analysis of large 

molecules 

Laser Desorption 

Ionization (LDI) 

Photon-induced 

desorption/ionization 

Non-volatile 

atomic and 

molecular ions 

Isotope ratio 

determination.  

Trace analysis 

Matrix-Assisted Laser 

Desorption Ionization 

(MALDI)  

Desorption and 

ionization 

Non-volatile 

molecular ions 

Gentle method of 

ionization. 

Analysis of large 

molecules 

In all variants the sample molecules are converted into positive ions ("positive wor-

king mode") or negative ions ("negative working mode"). Depending on the ionization 

conditions, some fragmentation occurs in addition to ionization, resulting in ions of 

lower mass. The following discussion is limited to the ionization methods commonly 

used in the analysis of substances of pharmaceutical and/or toxicological interest. 

2.1.1. Electron Ionization ï EI 

One way to convert the neutral molecules of the sample into molecular ions or 

ionized fragments is to expose the sample to a beam of electrons of appropriate energy 

(typically tens of electron volts). Figure 8 illustrates the design elements and operation 
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of an electron impact ionization system. A heated ruthenium filament (F) emits elec-

trons that are accelerated toward the positively charged anode (A). Along the way, the 

electrons collide with neutral molecules in the sample (M), resulting in the formation 

of molecular ions (M
+
), molecular radical ions (M

+ǒ
), or ionized fragments. The ionic 

species are accelerated by the negative electrode assembly (VAC) and move toward 

the entrance hole of the spectrometer analyzer due to the repulsive action of the 

electrode (R). To increase the efficiency of electron-molecule collisions, a magnetic 

field of modest intensity is applied to the space (with the poles of the magnet labeled 

N and S), resulting in a longer path for the electrons (Figure 8). 

 

The voltage commonly used for electron acceleration is about 70 V. An electron 

energy of 70 eV corresponds to 6.8Å10į kJ/mol, which is sufficient to ionize most 
organic molecules (which typically require 8-15 eV) and to fragment them to some 

extent. The pressure inside the electron impact ionization module is around 10
-6
 Torr 

(1.3 10
-4
 Pa). Figure 9 shows the potential fragmentation modes of the hypothetical 

radical ion ABYZ
+ǒ
. The breaking of covalent bonds may result in the release of 

radical species, while fragmentation with rearrangement (indicated by the symbol 

  ) involves the elimination of a smaller neutral molecule. Figure 10 shows 

the events that take place and the resulting ionic and/or radical species that are formed 

when a hypothetical ABC molecule collides with electrons. 

Fig. 8  

Design principles of the Electron 

Impact Ionization (EI) Unit   

(reconstructed after K. Downard: 

Mass Spectrometry. A Foundation 

Course RS.C 2004) 
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Fig. 9 Characteristic events during electron beam ionization of a 

hypothetical radical ion ABYZ
+·

. (      denotes a process 

with preservation of electron number parity;       indicates a 

process with a change in electron number parity.)  

Fig. 10 Characteristic events during electron beam ionization of a 

hypothetical molecule ABC 
 

first  

generation 

second  

generation 
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Figure 11 illustrates the time course of events during electron beam ionization. 

Electrons can produce positive and negative molecular ions as well as free radicals. 

The type of analyzer determines whether positive or negative ions are used. 

2.1.2. Electrospray Ionization ï ESI 

A common method for ionizing organic compounds is to spray the sample solution 

in the form of a mist. The sample solution passes through a capillary tube whose end 

is charged with a voltage of several kilovolts. The droplets become electrically charged 

as they form and the solvent evaporates, causing them to fragment into smaller drop-

lets with increasing charge density. This results in the formation of mostly molecular 

ions and a smaller proportion of ionic fragments. Electrospray ionization has a signi-

ficant advantage over electron impact ionization because of the reduced fragmentation. 

Consequently, it provides a simpler interpretation of the mass spectra. Figure 12 shows 

the design and operation of the electrospray ionization unit. 

 

Fig. 12 The principle of electrospray ionization (ESI) (redrawn after Westman-

Brinkmalm, G. Brinkmalm: ñA Mass Spectrometerôs Building Bloksò in 

ñMass Spectrometry ï Instrumentation, Interpretation and 

Applicationsò, R. Ekman, J. Silberring, A. Westman-Brinkmalm editors, 

John Wiley & Sons Inc., Hoboken, New Jersey, 2009 Cap. 2. pg. 15-87) 

The sample solution is injected through a capillary tube into a space exposed to an 

electrical voltage of several kilovolts applied between the end of the tube and the 

nozzle. At the end of the capillary, the solution forms a liquid cone (known as a Taylor 

cone) that releases charged droplets. A jet of hot gas is introduced coaxially with the 

capillary tube to assist in evaporating the solvent from the droplets. The density of 

electric charge increases as the volume of the droplet gradually decreases. Due to the 

repulsive electrostatic force, the droplets disintegrate when they reach a critical size 

and electrical charge density, known as the "Rayleigh limit". This process results in 
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the formation of electrically charged molecules, which is the predominant process, and 

ionic fragments, which are produced at a more limited rate. The negative ions are 

repelled by the negative potential of the nozzle, while the positive ions enter the 

analyzer. Electrospray ionization is commonly used as a chromatographic detector for 

enhanced specificity and sensitivity when the mass spectrometer is coupled to a gas- 

or liquid chromatograph. 

2.1.3. Chemical Ionization ï CI  

Chemical ionization is like electron impact ionization except that in the first step, 

the electron beam ionizes a gaseous reactant other than the actual sample molecules. 

Next, a chemical process transfers the electrical charge from the reactant gas to the 

sample molecules (Figure 13). The collision of the atoms or molecules with the surface 

of the solid sample (S) releases ions from its structure which, after being accelerated 

and focused, enter the spectrometer analyzer. This type of ionization is used to analyze 

solid samples, such as pharmaceutical preparations in tablet form. 

 

Fig. 13 Basic configuration of the chemical ionization unit  

(after G. Hopfgartner: ñOverview of the Various Types of Mass 

Spectrometers that Are Used in Drug Discovery and Drug 

Developmentò, in ñMass Spectrometry and Drug developmentò,  

W.A. Korfmacher editor, chapter. 1. p. 8., John Wiley & Sons Inc., 

Publ. 2013) 

Methane is often used as a reactant gas. Initially, the radical ion CH4
+·

 is formed 

which, upon collision with another methane molecule, produces the reactive species 

CH5
+
: 
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4
CHe

4 4 5 32e
CH CH CH CH

-

-

++ + +

-
½½½­ ½½½­ +    (4) 

The CH5
+
 ion, an efficient proton donor, reacts with the sample molecule (M ) to form 

the protonated and ionized species [M+H]
+
 by proton transfer: 

5 4CH M [M H] CH+ ++ ­ + +     (5) 

To prevent direct ionization of the sample molecules by electron impact, methane is 

introduced into the ionization chamber at a concentration much higher than the sample 

concentration. The chemical ionization source therefore operates at a much higher 

pressure, 10
-3 ï 10

-4 Torr or 0.1 - 1.0 Pa, than the electronic impact ionization source. 

Other chemical processes that occur during chemical ionization besides proton 

transfer are also known for example, charge transfer to another molecule (N), 

M N M N+ ++ ­ +     (6) 

adduct formation with another molecule (N), 

M N [M N]+ ++ ­ +     (7) 

or nucleophilic substitution of a nucleophilic species (Nu
-
) on the molecule (AB): 

Nu AB NuAB B- -+ ­ +    (8) 

2.1.4. Fast Atom Bombardment Ionization ï FAB 

In FAB ionization, the sample is bombarded with a beam of atoms or ions (primary 

beam) of high energy (typically 10-30 eV), such as argon atoms or Xe
+
 or Cs

+
 ions 

(Figure 14). The sample is suspended or dissolved in a viscous, non-volatile liquid 

(liquid matrix) whose role is to dissipate the energy of the primary beam to minimize 

damage to the sample. Another reason for using a liquid matrix is that otherwise the 

incident primary beam would progressively modify the surface of the sample, chan-

ging the efficiency of the collision with the sample molecules. If the target of the pri-

mary fascicle is a liquid surface (state provided by the liquid viscous matrix), it can 

remodel its shape and ensure a better stability of the interaction with the primary 

fascicle. 

A typical practical solution is to bombard the sample with high energy argon atoms 

from an "atom gun" where the argon is at high temperature and relatively high pressure 

(10
-3
 - 10
-4
 Torr or 0.1-1 Pa). In the first stage, argon radical ions are formed: 

Ar e Ar 2e- +¶ -+ ­ +  (9) 

Ar (fast) Ar(slow) Ar(fast) Ar (slow)+¶ +¶+ ­ +  (10) 
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When the primary atoms or ions collide with the liquid surface, the electrical charge 

is transferred to the molecules of the non-volatile liquid matrix (M) and then to the 

molecules of the sample (A). 

Ar M M Ar

M MH MH M

MH A AH M

+¶ +¶

+¶ + ¶

+ +

+ ­ +

+ ­ +

+ ­ +

 (11) 

Among the ionic species there can be protonated forms that appear in the spectrum 

with m/z values one unit higher than the m/z values corresponding to the non-proto-

nated species. 

The secondary ions (M
+·and MH

+
) sent to the spectrometer analyzer come from 

the matrix and from the sample (AH
+
). Because the abundance of M

+· and MH
+
 ions 

is much higher than that of AH
+
 ions, mass spectra obtained with FAB ionization show 

an intense, characteristic background, especially at low m/z values (below 500). This 

phenomenon can make it difficult to detect ions with m/z values below 500, especially 

when the amount of sample is small. 

2.1.5. Plasma Desorption ï PD 

PD ionization was the first method suitable for the analysis of non-volatile, high 

molecular weight samples (higher hydrocarbons, proteins). The sample is placed on a 

thin nickel or aluminum foil and irradiated with a flux of neutrons produced by the 

radioactive isotope 
252
Cf (half-life 2.6 years), an efficient neutron source (1 mg 

252
Cf 

produces 1.7.108 neutrons/minute). Neutrons colliding with sample molecules pro-

Fig. 14 

The principle of fast atom/ion 

ionization (Fast Atom Bom-

bardment Ionization ï FAB) 

(after to K. Downard: Mass 

Spectrometry. A Foundation 

Course RSØC 2004) 
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duce primarily [M+H]
+
 and [M+Na]

+
 ions. Due to the special requirements associated 

with handling radioactive isotopes, the PD method is increasingly being replaced by 

the Fast Atom Bombardment (FAB) ionization method. 

2.1.6. Matrix Assisted Laser Desorption Ionization ï MALDI  

Until 1966, MALDI ionization was used for the analysis of organic and inorganic 

compounds with relatively low molecular mass. Since 1980, this ionization method 

has proven useful for the analysis of samples containing large molecules (such as 

proteins).  

Two methods of sample preparation have been tested and proposed. In the method 

developed by Tanaka, the sample is mixed with glycerol and irradiated with light from 

a laser emitting at 337 nm. Another method, developed by Karas and Hillenkamp, 

involves mixing the sample solution with a solution of a compound capable of absor-

bing UV radiation ("matrix"), followed by application of 266 nm radiation from a 

Nd:YAG laser. Both ionization methods produce predominantly mono-ionized spe-

cies. The matrix compound is used in large excess compared to the analyte. Table 2 

shows some of the matrices used in the MALDI technique. Several microliters of so-

lution are applied to a solid support where the analyte crystallizes. The crystallized 

sample is placed in the vacuum chamber of the ionization module and irradiated with 

short pulses of laser radiation to detach and ionize the sample molecules. The role of 

the matrix is to efficiently absorb the UV radiation and transfer the absorbed energy 

to the molecules of the matrix and the analyte.  

The typical operating frequency of the laser pulses used is between 20 - 200 Hz 

(more recently up to 1000 Hz). MALDI ionization has largely replaced other ioniza-

tion methods (e.g. fast atom bombardment ionization - FAB), especially in the analysis 

of macromolecules (proteins, peptides, nucleic acids, lipids). In most cases, intact 

mono-ionized species are obtained. Figure 15 shows the principle of MALDI ioniza-

tion. The sample and analyte solution are applied to a support (Figure 15 (A)) and the 

solvent is evaporated. The matrix and analyte crystals are irradiated with ultraviolet 

light from a laser (Figure 15 (B)). The energy of the photons affects the molecules of 

the matrix and the analyte, ionizing and protonating them. An electric field accelerates 

the positive ions and directs them toward the inlet of the analyzer. 

[K. Tanaka, H. Waki, Y. Ido, S. Akita, S. Yoshida, Y. Yoshida, T. Matsuo: Protein and 

Polymer Analysis up to m/z 100,000 by Laser Ionization Time-of-Fly Mass 

Spectrometry. Rapid Commun. Mass Spectrom., 1988:2(8), 151-153]  

[M. Karas, U. Bahr, F. Hillenkamp: UV Laser Matrix Desorption Ionization Mass 

Spectrometry of Proteins in the 100,000 Dalton Range. Int. J. Mass Spectrom. 

Ion Process 1989:92(15 Sept.) 231-242]  

[M. M. Karas, F. Hillenkamp: Laser Desorption Ionization of Proteins with Molecular 

Masses Exceeding 10,000 Daltons. Anal. Chem., 1988:69(20), 2299-2301] 
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Table 2 Compounds used as matrix for MALDI ionization 

Matrix  
Chemical name 

(acronym) 
Practical use 

 

a-cyano-4-hydroxy-

cinnamic acid (4-HCCA) 

analysis of peptides and 

low molecular weight 

compounds 

 

2,5-dihydroxy-benzoic 

acid (DHB) 
protein analysis 

 

sinapic acid (SA) protein analysis 

 

4-hydroxy-picolinic acid 

(HPA) 

analysis of 

oligonucleotides 

 

9(10H)-anthrachinon-

1,8-diol (dithranol) 

polar and non-polar 

polymers 

 

Fig. 15 Principle of MALDI ionization 

Mass spectra contain, in addition to the signals of the ions of the analyte, the signals 

of the ions and ionic fragments of the matrix (spectral background attributed to the 

matrix), especially in the range of low m/z values. This inconvenience does not occur 
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when analyzing macromolecular samples whose signals appear at high m/z values. 

The spectral background generated by matrix ions can be eliminated by the more re-

cent matrix-independent desorption ionization technique. In this method, the analyte 

is deposited on a photoactive support that effectively absorbs ultraviolet radiation but 

does not desorb. 

D.S. Peterson: matrix-Free Methods for Laser Desorption/Ionization Mass 

Spectrometry. Mass Spectrom. Rev., 2007:26(1), 19-43] 

[J. Wei, J.M. Buriak, G. Siuzdak: Desorption-Ionization Mass Spectrometry on 

Porous Silicon. Nature 1999:399(20 May), 243-246] 

[E.P. Go, J.E. Prenni, J. Wei, A. Jones, S.C. Hall, H.E. Witkowska, Z. Shen, G. 

Siuzdak: Desorption/Ionization on Silicon Time-of-Flight/Time-of-Flight Mass 

Spectrometry. Anal. Chem., 2003:75(10), 2504-2506] 

[W.G. Lewis, Z. Shen, M.G. Finn, G. Siuzdak: Desorption/Ionization on Silicon 

(DIOS) Mass Spectrometry: Background and Applications.  

Int. J. Mass Spectrom., 2003:226(1), 107-116] 

MALDI ionization offers the possibility of storing and archiving the samples 

deposited on the support so that the analysis can be repeated if necessary. Another 

advantage of MALDI ionization over EI or ESI ionization is the coupling of the mass 

spectrometer to the HPLC separation of complex mixtures, in the sense that the se-

parated chromatographic fractions can be deposited on the support and the mass 

spectrometric analysis can be performed later, independently of the chromatographic 

separation. An important difference between ESI and MALDI ionization is that ESI 

ionization produces multicharged ions that can be analyzed on almost any type of mass 

analyzer, whereas MALDI ionization requires a time-of-flight (TOF) mass analyzer, 

mainly in a linear configuration, to cover the range of high molecular masses typical 

of proteins. 

Although the typical and most used configuration has the sample on the support in 

a vacuum environment, atmospheric pressure MALDI (AP-MALDI) methods have 

also been developed.  

[V.V. Laiko, M.A. Baldwin, A.L. Burlingame: Atmospheric Pressure Matrix 

Assisted Laser Desorption/Ionization Mass Spectrometry. Anal. Chem., 

2000:72(4), 652-657] 

Comparative studies of vacuum MALDI and AP-MALDI ionizations have shown 

that similar results are obtained for peptide samples, but the optimization of working 

conditions in AP-MALDI is more difficult due to the partial thermal degradation of 

peptides.  

[B.B. Schneider, C. Lock, T.R. Covey: AP and Vacuum MALDI on a QqLIT 

Instrument. J. Am. Soc. Mass Spectrom., 2005:16(2), 176-182] 
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In AP-MALDI ionization, the sample is positioned near the inlet of the mass ana-

lyzer at an appropriate angular orientation (sometimes even parallel to the axis of the 

spectrometer). After desorption and ionization, the resulting species enter the vacuum 

section of the analyzer.  

2.2. Mass spectrometer analysis unit 

2.2.1. General concepts and performance characteristics of mass analyzers 

The mass analyzer is the most representative unit of the mass spectrometer, since 

the overall performance of the instrument depends critically on the design and opera-

tion of this module. The mass analyzer has two basic functions.  

(1) The analyzer sends the ions from the previous (ionization) phase on different spa-

tial trajectories according to their mass-to-electrical charge ratio (m/z). 

The mass (m) of an ion is expressed as the ratio of the absolute mass to 1/12 of the 

absolute mass of the 
12
C carbon isotope (equal to 1.660540Å10

-27 kg; this ratio is 

also known as the Dalton unit, "Da"), and the charge (z) is the ratio of the absolute 

electric charge of the ion (expressed in coulombs) to the absolute charge of the 

electron (1.602176Å10
-19 coulombs). For example, the m/z ratio for the mono-ioni-

zed 
12
C isotope of carbon is, by definition, equal to 12. 

(2) The analyzer focuses ions with the same m/z ratio to a single point (exit slit) 

regardless of the diversity of their initial velocities. 

Figures 4 and 6 show the trajectory of a positive ion in a magnetic field. Figure 5 

shows the correlation between the orientations of the magnetic field vector (H
È

), 

the Lorentz force vector (F
È

L ) and the velocity vector (vÈ) for a positive ion and 

Figure 7 shows the trajectory of a positive ion in the electrostatic field between the 

armatures of a cylindrical capacitor. 

In practice, the differentiation of ions is achieved because of the action of a magne-

tic field, the action of an electric field, the combined action of these fields or because 

of the time taken for the ions to travel a fixed distance (time-of-flight (TOF) ana-

lyzers). Analyzers can therefore be divided into four classes according to their mode 

of operation: 

- analyzers that selectively deflect ions in a magnetic field alone or in combination 

with an electrostatic field, 

- analyzers with selective ion transmission by means of a time-varying electric field 

(quadrupolar, octupolar analyzers), 

- analyzers with selective sequential reception of the ions at the exit of the analyzer 

(Time of Flight Analyser, TOF), 
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- analyzers based on captive maintenance (ion traps) and selective release of individual 

ions according to m/z ratio (quadrupolar trap, orbitrap, Fourier transform analyzer). 

The performance of mass analyzers is qualified according to the following charac-

teristics.  

(a) Mass range covered - defined as the maximum value of the m/z ratio detected by 

the analyzer.  

(b) Resolving power, "res" - is the ability to distinguish two ions with close m/z ratios 

that produce distinct signals in the spectrum. Two close signals, with the distance 

"D(m/z)" between their maximum, are separate if the minimum between them does 

not exceed 10 % of their maximum height (Figure 16). From a quantitative point 

of view, the resolution ("res") is expressed by the equation (12), where (m/z)1 and 

(m/z)2 are the values corresponding to the maxima of signals "1" and "2", 

respectively, and (Dm/z)12 is the difference between the individual maxima. 

 

1 2

12

(m/z) (m/z)
res

2 ( m/z)

+
=

Ö D
   (12) 

Another definition of resolving power uses the signal width (Dm/z)h/2 at half the 

maximum height, h/2. Of course, these definitions of resolving power assume that the 

mass spectrum is displayed in format "portrait" (Figure 2 (A)). 

The high resolution of the mass analyzer is necessary (i) for the determination of 

the molecular mass with very high accuracy (which in turn allows the determination 

of the molecular formula of the analyzed compound), (ii) for the differentiation of 

chemical species labeled with stable isotopes, in which case it is necessary to deter-

Fig. 16 

Definition of 

mass analyzer 

resolution (res) 
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mine the percentage presence of a specific isotope (other than the dominant one) in 

the analyte, and (iii) for the exact quantification of the precursor ion in "tandem" MS
2
 

analyses. The m/z ratios of ions may be expressed with 6-7 decimal accuracy on some 

mass analyzers with appropriate resolution. 

Regarding their performance, the analyzers are characterized through several addi-

tional parameters. 

(c) Efficiency ï defined as the fraction of ions detected at the output of the analyzer in 

a single ionization cycle.  

(d) Accuracy - refers to the error in reporting the m/z ratio of an ion divided by the 

exact m/z ratio of that ion.  

(e) Dynamic range of linearity - refers to the maximum amount of analyte that produ-

ces a signal at the detector level proportional to the amount of analyte introduced.  

(f) Analysis speed - represented by the number of spectra recorded (the number of 

scans) per unit of time. A high scan rate is important when tracking and analyzing 

events that occur at high speed. 

(g) Ability to record MS/MS-type spectra (second order, "tandem"). These analyzers 

are composed of at least three subunits: the first subunit selects a representative 

(precursor ion) from the primary ion mixture; this enters the second subunit where 

it undergoes fragmentation according to different mechanisms depending on the 

local physical conditions; the last subunit of the analyzer separates the ionized 

fragments, producing the second order, MS/MS spectrum. For each precursor ion 

generated in the first subunit, a complete MS/MS spectrum results. This technique 

increases the certainty of chemical identification (confirmation or denial of chemi-

cal identity) of an analyte. 

2.2.2. Magnetic analyzer and magnetic-electrostatic assembly 

The first mass analyzer was designed based on the deflection of the ion path in a 

magnetic field due to the Lorentz force. The initial path of the ions is perpendicular to 

the lines of magnetic field, and the Lorentz force is perpendicular to the instantaneous 

direction of motion and to the magnetic field lines. (Figures 4, 5, 6). 

An ion with absolute mass "mi" and electric charge "qi" is accelerated by a poten-

tial difference "V" as it leaves the ionizing unit. As a result, the ion reaches the velocity 

"vi". These quantities satisfy the relation (13), which expresses the fact that the kinetic 

energy of the ion is equal to the mechanical work done by the accelerating electric 

field. 

2
i i

i
m v

q V
2

Ö
Ö =  (13) 
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The condition for an ion of absolute mass "mi" and absolute electric charge "qi" to 

follow a circular path of radius "rm" in the presence of a magnetic field of induction 

"B" is that the modulus of the Lorentz force is equal to the modulus of the centrifugal 

force acting on the ion (14): 

2
i i

i i
m

m v
B q v

r

Ö
Ö Ö =  (14) 

The radius "rm" of the circular trajectories, imposed on the ion by the design details 

of the analyzer, is expressed by equation (15). 

i i
m

i

m v
r

q B
= Ö  (15) 

Ions with different "mi/qi" ratios follow different circular trajectories with radii "rm" 

(Figure 17). Equation (15) shows that the radius "rm" of the circular trajectory depends 

not only on the ratio "mi/qi" of the ion, but also on its velocity "vi". 

 

Fig. 17 Deflection and focusing of an ion beam  

using a homogeneous magnetic field 

The discrimination power of the magnetic analyzer strictly according to the "mi/qi" 

ratio criterion (implicitly the resolution power) depends on the condition that all the 

ions entering the analyzer have the same velocity (in other words, "vi" does not depend 

on "i"). However, this condition is difficult to satisfy, first because the ions may have 

different initial thermal velocities (even before they are accelerated), and second be-

cause it is difficult to define the point at which the acceleration of the ions begins. The 

uncertainty in the "vi" velocities works against the resolution of a purely magnetic 

analyzer. This problem can be solved by combining the magnetic analyzer with an 

electrostatic analyzer (acting as a velocity filter). The electrostatic analyzer consists of 
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two cylindrical electrodes (the armatures of a cylindrical capacitor) between which an 

electrostatic field "E" is applied. (Figure 18). 

 

The condition for the ion "i" of absolute mass "mi" and absolute electric charge 

"qi" to move along the circular orbit of radius "re" (the condition that ensure passage 

through the space between the cylindrical armatures) is the equality between the mo-

dules of the electrostatic and centrifugal forces at each point of the circular orbit. 

2
i i

i
e

m v
q E

r

Ö
Ö =  (16) 

Removing the product "
2

i im v " from (13) and (16) gives: 

e
2 V

r
E

Ö
=  (17) 

According to relation (17), the condition that all ions "i" with different values of the 

"mi/qi" ratio follow a circular trajectory with a given radius "re" depends only on the 

ratio between the acceleration potential "V" and the intensity of the electric field "E" 

between the armatures. The device thus acts as a velocity filter: it allows ions with a 

given velocity to pass, whatever the " mi/qi" ratio. 

Analyzers consisting of an electrostatic unit and a magnetic analyzer (dual electro-

magnetic analyzer) provide better resolution because the velocity filter removes the 

uncertainty associated with the initial velocities of the ions. 

The influence of the variety of the initial velocities can be eliminated (or at least 

reduced) by associating an electrostatic analyzer with a magnetic analyzer (resulting 

in a double electro-magnetic analyzer). In this case, the passage of an ion through the 

system requires the satisfaction of both relations (13) and (14). By squaring relation 

(14) and then dividing by relation (16), the variable "vi" is eliminated: 

2 2
i m

i e

m B r

q E r

Ö
=

Ö
      (18) 

Fig. 18 

Electrostatic velocity filter 

(shown for positive ion) 
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According to relation (18), the condition to obtain the "transparency" of the ana-

lyzer (with the radii of curvature "re" and "rm" constructively imposed) for different 

values of the "m/q" ratio (in other words, to scan the values of "m/q") is that the 

magnetic induction "B" and the intensity of the electric field "E" vary simultaneously, 

keeping the ratio "B
2
/E" constant. Hybrid analyzers, consisting of an electrostatic and 

a magnetic unit, offer a higher resolution than pure magnetic analyzers. 

 

Fig. 19 Design scheme of the mass analyzer with Nier-Johnson geometry (A) 

and Mattauch-Herzog geometry (B) (paths shown for a positive ion) 

Figure 19 (A) shows the design elements and operating principles of an analyzer 

with dual electric and magnetic focus (Nier-Johnson geometry), a configuration com-

mon for many mass spectrometers. The electrostatic analyzer is placed in front of the 
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magnetic analyzer. The angle covered by the electrostatic analyzer is 90
o 
 and the ang-

le covered by the magnetic sector is 60
o
. 

In the Mattauch-Herzog geometry analyzer (Figure 19 (B)), the magnetic and elec-

tric fields deflect the ions in opposite directions (on a global sigmoidal trajectory) and 

the ions are focused on a common plane. The Mattauch-Herzog configuration is ad-

vantageous when using a multichannel detector. Due to the simultaneous detection of 

ions with different values of the "m/q" ratio, this configuration provides increased 

sensitivity compared to the Nier-Johnson configuration. 

To overcome the problem of different initial ion velocities, some spectrometers use 

a linear velocity filter (Wien filter) before the magnetic analyzer (Figure 20). The ions 

coming from the ionization unit, with different "mi/qi" values and with different initial 

velocities "vi", pass through a region with a magnetic field and a crossed electrostatic 

field. Figure 20 illustrates the effect of the magnetic force Fm and the electrostatic 

force Fe in the case of a positive ion. The forces Fm and Fe have opposite directions. 

The condition for the non-deviated passage of an ion through the selector is that it has 

the right velocity vo for which the two forces are equal in module. 

e m o o
E

F F ; q E B q v ; v
B

= Ö = Ö Ö = (19) 

The condition of non-deviated passage of ions through the velocity filter depends only 

on the "B" and "E" values, characteristics of the velocity filter, and not on the "m/q" 

ratio of the ions. In other words, the filter allows ions with different "m/q" values to 

pass, but only ions with the velocity "vo" given by equation (19). 

 

Dual focus mass spectrometers (electrostatic and magnetic) are high performance 

instruments. With a magnetic induction of 2 T and an acceleration potential of 10 kV, 

Fig. 20 

Working principle of a linear 

velocity (Wien) filter. The figure 

corresponds to a positive ion. 
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a resolution of 100,000 can be achieved, covering the mass range up to 15,000 Da. 

The accuracy of molecular mass determination can exceed 1 ppm (parts per million). 

The sensitivity increases with the acceleration potential. 

Another important advantage of the double focus analyzer is the possibility of frag-

mentation any ion selected by the first module in the space between the electrostatic 

and magnetic modules (field-free space) by controlled collision with neutral atoms 

(for example helium or argon). On the other hand, their excessive cost limits their use 

in laboratories with modest financial resources. Another drawback is the difficulty of 

coupling them to a chromatographic system (gas or liquid) in which the mass spectro-

meter acts as a detector. 

2.2.3. Quadrupole analyzer 

The quadrupole analyzer is often used when high resolution is not essential. The 

analyzer consists of four electrodes in the form of parallel bars with a hyperbolic cross-

section (ideal profile, Figure 21 (A) and (C)) or with a circular cross-section in less 

demanding systems. 

 

Fig. 21  

Components of a 

quadrupole analyzer 
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Fig. 22 The evolution over time of the direct voltage and the alternating 

potential applied to the electrodes. The ratio between the direct voltage 

and the amplitude of the alternating potentials is maintained at a 

constant value (adaptation and reconstruction from R.E. March and 

J.F.J. Todd: Quadrupole Ion Trap Mass Spectrometry. John Wiley & 

Sons, Inc., Hoboken, New Jersey, 2005 [ISBN: 978-0-471-48888-0])  
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The ions arriving from the ionization unit penetrate in the axial direction (z-axis 

direction in Figure 21 (A)) and, if the time-varying electrical potential of the electrodes 

is suitable, the ions cross the electrode assembly and leave the analyzer along the z-

axis direction. The separation of the ions (spectrum scanning) according to the m/q 

ratio criterion is performed by applying a combination of direct voltage (DC) and 

alternating voltage (RF Radio Frequency) to the electrodes (Figure 21 (B)). Selecting 

the characteristics of the DC and AC voltages, it is ensured that only an ion with the 

suitable "m/q" ratio passes through the analyzer, while the other ions collide and dis-

charge on the surfaces of the electrodes. By progressively varying the value of the DC 

voltage and the amplitude of the AC voltage, while keeping their ratio constant, the 

analyzer becomes "transparent" to ions with different "m/q" values. During the scan, 

the DC voltage, U, and the amplitude of the RF voltage, Vo,are progressively varied 

while keeping their ratio constant and the frequency of the AC voltage is kept constant 

as well.  

Figure 22 shows the evolution over time of the DC voltage U and the AC potential 

values Vx(t) and Vy(t) applied to the electrodes. The analyzer acts as a tunable filter 

for varied "m/q" values without the need for a magnetic field. The condition of passage 

for an ion imposes stability (limited oscillation) both along the x-axis and along the y-

axis. The electric potential "V(x,y,t)" in an interior point of coordinates "x" and "y" at 

time "t" is expressed by relation (20). 

[ ]
2 2

o 2
o

x y
V(x,y, t) U(t) V (t) cos(2 f t)

r

-
= - Ö ÖpÖ Ö Ö (20) 

In equation (20), "U(t)" is the value of the DC voltage, "Vo(t)" is the amplitude of the 

high-frequency voltage, both in time "t", "f" is the frequency of the AC voltage, and 

"ro" is half the distance between the opposite electrodes (Fig. 21 (C)). 

Figure 23 shows the equipotential lines due to the DC component at a given instant 

in the space defined by the electrodes. 

 

Fig. 23 

Equipotential lines in the space between 

the hyperbolic profile electrodes of the 

quadrupole analyzer 
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The oscillatory motion of an ion in the "x" and "y" directions is described by the 

differential equation (21) (Matheu equation). 

[ ]
2

u u2

d u
a 2 q cos(2 ) u 0

d
+ - Ö Ö Öx Ö =

x
 (21) 

where "u" is the transverse displacement of the ion (in "x" and "y" directions) from 

the center of the electrode assembly and the variable "x" is the product "p.f.t " where 

ñf|ò is the frequency of AC voltage. The solution of the Mathieu equation includes two 

dimensionless parameters "au" and "qu" defined by relations (22). 
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 (22) 

 

Fig. 24 Stability zones of ion movement in the quadrupole analyzer resulting 

from the Mathieu equation (a) and the first stability zone involved in 

real operations (b). (taken from R.E. March ĸi J.F.J. Todd: Quadrupole 

Ion Trap Mass Spectrometry. John Wiley & Sons, Inc., Hoboken, New 

Jersey, 2005 [ISBN: 978-0-471-48888-0]) 
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The graphical representation of the values of the "au" parameter as a function of 

the values of the "qu" parameter delimits some regions of stable oscillation in the 

directions of the "x" and "y" axes (Figure 24). From the stability domains of Figure 

24(a), the domain near the origin of the graphs is used (Figures 24(b), 25 and 26).  

Scanning consists in simultaneously increasing the voltage U and the amplitude 

Vo, an operation which corresponds to simultaneously increasing the variables "au" 

and "qu" in relation (22), while keeping their ratio constant. In the graph in Figure 25, 

scanning means moving the figurative point on a straight line whose points correspond 

to different values of the m/z ratio. Only the ion with an m/z value whose point is 

within the stability region (in Figure 25 the ion with m2/z2) can pass through the ana-

lyzer. 

The ions with figurative points outside the stability zone cannot pass through the 

quadrupole analyzer. The mass resolution is inversely proportional to the width of the 

stability domain intersected by the scan line. Therefore, the slope of the scan line is 

chosen to intersect the stability domain as close as possible to its peak. 

 

Fig. 25 The stability zone used in practice for scanning the mass spectrum 

Stability regions are sometimes presented in U and Vo coordinates (Figure 26). In 

this case, for a pair of "au" and "qu" values, U and Vo values may correspond to the 

m/z ratio of the ion in question. In other words, different stability regions correspond 

to different m/z ratios in the U vs. Vo plot. Only ions for which the figurative point on 
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the scan line is in its own stability region can pass through the quadrupole analyzer 

(Figure 26). 

 

Fig. 26 Display of stability domains in "U" and "Vo" coordinates, where each 

m/z ratio corresponds to a distinct stability domain (contrasted to the 

display in "au" and "qu" coordinates as in Figure 25). (redrawn 

according to K.Blaum, C. Geppert, P. M¿ller, W. Nºrtershªuser, E.W. 

Otten, A. Schmitt, N. Trautmann, K. Wendt, B.A. Bushaw: Properties and 

Performance of a Quadrupole Mass Filter Used for Resonance 

Ionization Mass Spectrometry. Int. J. Mass Spectrom., 1998:181(1-3), 

67-87) 

The motion of an ion passing through the quadrupole analyzer is composed of two 

transverse oscillations along the x and y axes (Figure 27). If the stability condition is 

satisfied, the amplitude of the transverse oscillation will remain between limited va-

lues, smaller than the distance between the electrodes. 

Mass spectrometers equipped with a quadrupole analyzer are compact, but their 

resolution does not match that of instruments with a combined electrostatic/magnetic 

analyzer. The typical upper limit of accessible mass, around 4000 Da, can be extended 

somewhat by increasing the amplitude of the radiofrequency voltage (Vo), reducing 

its frequency ("f"), and reducing the diameter of the rods that make up the electrodes. 

For example, by reducing the frequency to 262 kHz, the upper mass limit can be ex-

tended to 45,000 Da, but at the categorical disadvantage of resolution. 

Quadrupole analyzers are particularly well suited for the analysis of low-mole-

cular-weight compounds. With the advent of ESI ionization, a method that produces 
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significant amounts of ions with multiple electrical charges, it became possible to use 

the quadrupole for much higher molecular mass compounds.  

.  

Fig. 27 The stable oscillations of an ion along the "x" (A) and "y" (B) axes as it 

passes through the quadrupole analyzer. Oscillation along the "y" axis 

of an ion passing through the quadrupole analyzer for a hyperbolic (B) 

and circular (C) profile of the electrodes. (redrawn after K.Blaum, C. 

Geppert, P. Müller, W. Nörtershäuser, E.W. Otten, A. Schmitt, N. 

Trautmann, K. Wendt, B.A. Bushaw: Properties and Performance of a 

Quadrupole Mass Filter Used for Resonance Ionization Mass 

Spectrometry. Int. J. Mass Spectrom., 1998:181(1-3), 67-87) 
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The resolution, "res", around the ion with the "m/q" ratio is given by the equation 

(23). 

2 2

acc

m f L
res

q V
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=
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 (23) 

where "L" is the length of the electrode bars, "Vacc" is the acceleration voltage (which 

determines the kinetic energy "q.Vacc" of the ions entering the analyzer), "m" and "q" 

are the mass and the electric charge of the ion respectively, and ("f") is the frequency 

of the RF voltage. 

According to relation (23), the resolution can be improved by increasing the freq-

uency ("f"), decreasing the acceleration voltage "Vacc" and increasing the length of 

the electrode "L". Due to the inherent design imperfections of the electrodes, the prac-

tical limit for mass discrimination of quadrupolar analyzers is 1 Da. Much better reso-

lution (sometimes up to 15,000) can be obtained using electrodes with a strictly hyper-

bolic profile (the ideal case). 

To simplify the design, some quadrupolar analyzers use a circular profile of the 

electrodes rather than a hyperbolic one. Figures 27 (B) and (C) compare the transverse 

oscillation of an ion (in the direction of the y-axis) in the case of the hyperbolic (ideal) 

and circular profiles. The macro-oscillation frequency is lower in the case of electrodes 

with a circular profile than in the case of electrodes with a hyperbolic profile, which 

means a slightly lower resolution in the first case according to relation (23). 

Because the quadrupole analyzer does not require a sophisticated vacuum or mag-

netic component, it is ideal for coupling to a gas chromatograph (GC/MS tandem), 

liquid chromatograph (HPLC/MS tandem), or capillary electrophoresis instrument 

(CE/MS tandem). 

In some special applications, the analyzer is supplied only with AC voltage without 

the DC component ("U" = 0, "RF only" mode). In this case, for all operating condi-

tions, the "au" parameter in the Mathieu equation is zero (relation (22)), the scan line 

coincides with the "qu" axis (Figure 25), and the quadrupole behaves as a broadband 

mass filter. All ions for which "qu" < 0.908 pass through the analyzer. If the quadrupole 

is bounded at the ends by additional electrodes, the ions can be held inside the quad-

rupole analyzer without colliding with the electrodes (ion trap). The AC-only quadru-

pole is used to provide an intermediate region in which multiple ions can undergo 

chemical reactions (e.g., fragmentation by collision with neutral atoms of a gas), or as 

a guide only to deflect the ions in more powerful instruments. 
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2.2.4. Analyzer with a series of quadrupoles ("triple quad analyzer") 

Quadrupole analyzers connected in series are used to record the fragmentation pro-

ducts of primary ions. Figure 28 shows an assembly of three quadrupole analyzers, 

Q1, q2 and Q3, connected in this manner. 

 

Fig. 28 Quadrupole analyzers connected in series ("triple quad" assembly) 

Ions from the ionization unit enter the quadrupole analyzer Q1, which can scan all 

ions or transmit only a specific ion (the primary ion) with a selected m/z ratio. The 

selected ion enters the quadrupole q2, which is powered only by the radio frequency 

voltage "V", without the DC voltage "U", and is therefore open to ions with a wide 

range of "m/z" values. This quadrupole is in a separate chamber where a gas can be 

introduced whose molecules collide with the primary ion, causing them to split into 

smaller ions (fragmentation). The Q3 quadrupole separates the ions produced by frag-

mentation. For each primary ion selected by quadrupole Q1, the action of quadrupole 

Q3 produces a complete fragment spectrum. Quadrupole q2 has a different role from 

the other two (it is the chamber for the fragmentation reaction, or it has only the role 

of ion guide). For this reason, the notation q2 is used instead of Q2 to emphasize this 

functional difference. 

By choosing the collision energy in the q2 quadrupole, it is possible to control the 

type and degree of fragmentation and, implicitly, the final mass spectrum. This proce-

dure is called MS/MS (sometimes referred to as MS
2
). The "triple quad" assembly is 

often used as a detector for chromatographs or capillary electrophoresis instruments 

with particularly high specificity, allowing very reliable identification of efficiently 

separated chemical species. Table 3 and Figure 29 show the standard operating modes 

of the triple quad analyzer. 

 



Mass Spectrometry in Drug Analysis and Development 
================================================================================================================ 

================================================================================================================ 
π 39 - 

Table 3 Operating modes of quadrupoles in the "triple quad" analyzer 

Procedure Desired goal Quadrupoles regime 

Product Ion 

Scanning 

Information on the 

chemical structure of the 

ions formed in the 

ionization phase 

In Q1 a precursor ion is selected 

In Q3 the full MS spectrum of the 

ion fragments is generated. 

Precursor Ion 

Scanning 

Detection of compounds 

that produce common 

ion fragments 

In Q1, all ions are scanned. 

Q3 selects a particular ion 

fragment 

Neutral Loss 

Scanning 

Detection of compounds 

that lose a neutral 

molecular species by 

cleavage 

Both quadrupoles (Q1 and Q3) 

are in scanning mode but are 

permanently set to a specific 

difference in m/z values. 

Single Ion 

Reaction 

Monitoring of a selected 

reaction 

Q1 is set for an established 

precursor ion. 

Q3 is set for an established 

ionized fragment 

(A) Scanning of produced ions (fragments) 

The Q1 quadrupole is in selection mode. From the ion stream coming from the 

ionization unit, the Q1 quadrupole selects the ion of interest (precursor ion, (m/z)p). 

The selected ion is fragmented by Chemical Impact Dissociation (CID) in the q2 quad-

rupole and the Q3 quadrupole (in scanning mode) separates the ionized fragments and 

generates their spectrum. 

(B) Precursor ion scanning 

The Q1 quadrupole, set in scanning mode, separates the ions from the ionization 

and sends them in sequence to the q2 quadrupole. Here, upon impact with a reactive 

gas (nitrogen, helium, etc.), the ions dissociate into ionic fragments that are sent to the 

Q3 quadrupole. The Q3 quadrupole selects a particular ionic fragment, specific to each 

sequentially released ion, from the Q1 quadrupole and sends it to the detector. 

(C) Neutral Loss Scanning 

Quadrupoles Q1 and Q3 are in scanning mode so that during scanning there is a 

fixed difference between the m/z ratios to which the quadrupoles are transparent.  
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(D) Single Ion Reaction 

Both quadrupoles, Q1 and Q3, are in select mode. This mode of operation provides 

greater confidence in the identification of a compound and minimizes the possibility 

of misinterpretation of results. 

 

Fig. 29 Illustration of the standard operating modes  

of the "triple quad" analyzer 

The q2 quadrupole, where fragmentation takes place, works only with the RF vol-

tage applied to the electrodes, so it acts only as a guide for the ions. This quadrupole 

is not necessarily linear; in some mass spectrometer designs, this quadrupole is bent 

at 90
o
 or even 180

o
 from the ion entrance direction (Figure 30). 
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In addition to reducing size, the curved shape of the q2 quadrupole offers the ad-

vantage of longer ion paths in the fragmentation space and the exclusion of neutral 

molecular fragments and photons from the ion flux, thus reducing background noise. 

2.2.5. Time of Flight ï TOF analyzer 

The Time of Flight (TOF) analyzer separates ions according to the time ("time of 

flight") between their departure from the ionization unit and their arrival at the detec-

tor. The principle of operation is shown in Figure 31.  

Fig. 31 Design principle of the Time of Flight (TOF) analyzer (redrawn with 

changes after R. Ekman, J. Silberring, A.M. Westman-Brinkmalm, A. Kraj: 

Mass Spectrometry ï Instrumentation, Interpretation and Applications. 

Joh Wiley & Sons, Inc., 2009 [ISBN: 978-0-741-71395-1]) 

Fig. 30 

Bent configuration of the 

q2 quadrupole, part of a 

"triple quad" assembly 
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The operating condition of the TOF analyzer is a well-defined ion start signal 

against which the time is measured for ions of different masses and charges to arrive 

sequentially at the detector after a fixed distance. The TOF analyzer is suitable for 

pulsed ion sources, such as MALDI, where the laser pulse is the start signal. 

The sample holder is at a positive or negative potential (depending on the preferred 

mode of operation with positive or negative ions) between 5 - 30 kV. The ions released 

by the laser pulse are accelerated towards the grounded electrode (at zero potential). 

After leaving the acceleration zone, all intact ions with the same electrical charge have 

the same kinetic energy but different mass-dependent velocities. The ions then enter a 

region with no electric field and finally reach the detector. The time from the start 

signal (ionization-initiating laser pulse) to the arrival of the ions at the detector is the 

time of flight "tTOF", expressed by equation (24). 
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where "L" is the length of the zone without electric field (Figure 31), "vi" is the ve-

locity of the ion "i" due to the accelerating voltage "Uacc", "(m/z)i" refers to the 

mass/ionization state ratio of the ion "i", and "e" is the elementary electric charge. 

The faster or lighter an ion is, the shorter the time interval during which the ion 

travels through space without an electric field. The correlation between the time of 

flight and the "m/z" ratio of an ion is achieved by calibration with ions of known mass. 

The resolution of the TOF analyzer is limited by the diversity of the initial ion 

velocities. This diversity is minimized by special procedures such as the use of electro-

static reflectors or delayed extraction of the ions ("time-lag" procedure). 

The TOF analyzer can operate in two ways: either by capturing the ions at the 

detector without deflecting them from their original path (linear detection mode), or 

by modifying the path because of applying a deflection potential and sending the ions 

to a different detector (reflection detection mode). In the case of detection by electro-

static reflection, the path of the ions is not straight to the detector (linear detection 

mode), but they are reflected by applying an electric potential higher than the accele-

ration potential, after which they reach another detector (Figure 31). The axis of the 

reflection electrodes is tilted about 1
o
 from the main axis and the resulting path devia-

tes about 178
o
 from the original direction. 

The effect of ion deflection by reflection is to increase the distance traveled, but 

the more important effect is to compensate for the difference in initial ion velocities. 

The ions with a higher initial velocity penetrate deeper into the space of the reflecting 

electrodes and travel a longer effective path compared to the ions with a lower initial 
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velocity which, by penetrating less deeply into the reflector, travel a shorter effective 

path (Figure 31). By optimizing the ratio between the accelerating voltage and the 

voltage of the reflecting electrodes, ions with the same "m/z" ratio but different initial 

velocities arrive at the detector almost simultaneously. This ratio, once optimized, is 

suitable for the entire mass range covered by the analyzer. 

 

Fig. 32 The principle of "time-lag" extraction (redrawn with modifications after 

R. Ekman, J. Silberring, A.M. Westman-Brinkmalm, A. Kraj: Mass 

Spectrometry ï Instrumentation, Interpretation and Applications. Joh 

Wiley & Sons, Inc., 2009 [ISBN: 978-0-741-71395-1]) 

The time-lag (delayed extraction) method is based on the linear path of the ions 

(like the linear detection mode in the reflection configuration) (Figure 32). The laser 

pulse directed at the sample (1) induces desorption of the ions. Initially, the desorbed 

ions (even those with the same "m/z" ratio) have different initial velocities. In the 

moment of laser irradiation, the sample support is at the same electrical potential 

(Vacc) as the first grating (2) and the ions are not subjected to an effective acceleration 

voltage in this region, furthermore the ions cross the space (1) - (2) at their initial 

velocities "vo". 

A few hundred nanoseconds (delay time, "t") after the impact of the laser pulse, 

the potential of the sample support (1) is suddenly increased, accompanied by the 

instantaneous generation of an accelerating force in space (1) - (2) acting towards the 

grid (2). The initially slower ions (labeled ñ¹ò in Figure 33) are surprised closer to the 

electrode (1) and are accelerated over a greater distance than the initially faster ions 

(labeled ñò̧ in Figure 33), so that the former increase their velocity more than the 

latter. As a result, the speeds of the ions approach a common value. When the ions 

enter the space without electric field (between grids (3) and (4)), their velocities gra-

dually approach a common value (mark (4)). If the acceleration voltage "Uacc" and 

the delay time "t" are set to optimal values, ions with different "m/z" ratios and initial 
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velocities "vo" arrive (almost) simultaneously at the grid (5) and implicitly at the detec-

tor. Thus, an "m/z" value corresponds to a well-defined time of flight "tTOF" without 

being affected by the diversity of initial velocities. 

Regarding the initial velocity problem and the extent to which it affects resolution, 

TOF with reflection detection is superior to TOF with linear detection or even to time-

lag extraction. Figure 33 compares (in portrait format) the resolutions of three TOF 

modes for the 18-39 fragment of the peptide hormone ACTH. 

18 19 20 21 22 23 24 25 26 27 28 29

30 31 32 33 34 35 36 37 38 39

2H N Arg Pro Val Lys Val Tyr Pro Asn Gly Ala Glu Asp

Glu Ser Ala Glu Ala Phe Pro Leu Glu Phe COOH

- - - - - - - - - - - - -

- - - - - - - - - - -

 

 

Fig. 33 Comparative resolution performance of three TOF operating modes  

(after K. Downard: Mass Spectrometry ï A Foundation Cours  

(RSØC, 2004 [ISBN: 0-85404-609-7]) 

In some design configurations, time-of-flight analysis is performed in the direction 

perpendicular to the initial ion incidence (Figure 34). Ions selected by quadrupole Q1 

and subjected to chemical reaction/fragmentation in quadrupole q2, are deflected and 

accelerated by a combination of electrodes in the direction perpendicular to incidence. 

After reflection, by a process like that shown in Figure 31, ions with a defined m/z 

ratio reach the detector simultaneously, even though they left the quadrupole q2 with 

different initial velocities. Thus, the travel time of the space defined by the orthogonal 

accelerator and the reflection electrode ("reflectron") is characteristic for a given ion.  
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Fig. 34 Details on the design and operation of the orthogonal TOF analyzer  

(redrawn with modifications after E. de Hoffmann ĸi V. Strobant:  

Mass Spectrometry ï Principles and Applications. 

John Wiley & Sons Ltd., 2007 [ISBN: 978-0-470-03310-4]) 

2.2.6. Ion trap analyzers 

Unlike the analyzers described in previous chapters, which act on the sample ions 

either by producing deviations in the trajectories depending on the "m/z" ratio or by 

recording the time taken to travel a fixed distance, ion traps capture the ions arriving 

from the ionization unit and release the individual ions one at a time.  

2.2.6.1. Quadrupole linear ion trap 

The quadrupole can be used as a linear ion trap if an appropriate combination of 

continuous voltage and radio frequency is applied to the electrodes to satisfy the condi-

tion of transverse oscillation stability for ions with "m/z" values between predefined 

limits. To prevent ions from escaping in the axial direction, additional electrodes (front 
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and end section) are located at the ends of the quadrupole (Figure 35), which are loaded 

with an appropriate electrical potential and can return the ions towards the center. This 

ensemble is known in literature as a linear ion trap ("LIT"). 

 

Fig. 35 Construction details of axial ejection quadrupole ion trap 

Figure 36 shows the operating mode of the linear quadruple ion trap for the case 

of positive ions. In the ion uptake phase, the front section is at a potential that allows 

the ions to enter the space between the electrodes (Figure 36 (a)). The transverse oscil-

lation is stable for the incoming ions so that they don't hit the surface of the electrodes. 

The higher positive potential of the terminal electrode prevents the ions from escaping 

in the axial direction. Once trapped, the potential of the front section is increased 

(Figure 36 (b)). By modifying the potential of the terminal section (at -10 V in Figure 

36 (c)), the possibility of sequential ejection of ions in the axial direction is achieved. 

 

Fig 36 Operation of a quadruple ion trap with axial ejection 

(for positive ions) 

In other configurations, the quadrupolar ion trap releases the ions perpendicular to 

the incident direction through a slit in one of the electrodes (Figure 37). 
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Fig. 37 Design details of a radial ejection quadruple trap 

2.2.6.2. Ion trap with three electrodes 

Another type of ion trap consists of three electrodes, each with a hyperboloid pro-

file (Figure 38). At the ring electrode a, an alternative voltage of radio frequency V(t) 

with amplitude Vo and frequency "f" (pulse w) is superimposed on a continuous vol-

tage U. Electrodes b and c are grounded (zero potential). 

 

Fig 38 Sectional view of a three-electrode ion trap (adapted and redesigned after 

Chhabil Dass: Fundamentals of Contemporary Mass Spectrometry. John 

Wiley & Sons, Inc., Hoboken, New Jersey, 2007 [ISBN: 978-0-471-68229-

5] and after E. de Hoffmann & V. Stroobant: Mass Spectrometry. 

Principles and Applications. John Wiley & Sons, Ltd., 2007 Wesr Sussex 

[ISBN: 978-0-470-03310-4]) 
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The ions enter the space between the electrodes through a channel in the center of 

electrode b. Inside the electrode assembly, the ions perform complicated oscillating 

motions in three directions (the path is a three-dimensional Lissajous curve, Figure 

39) without colliding with the electrode wall. 

 

Fig. 39 Typical ion trajectory inside the ion trap (adapted and redesigned after 

Chhabil Dass: Fundamentals of Contemporary Mass Spectrometry. 

John Wiley & Sons, Inc., Hoboken, New Jersey, 2007 [ISBN: 978-0-471-

68229-5] and after R.E. March ĸi J.F.J. Todd: Quadrupole Ion Trap Mass 

Spectrometry. John Wiley & Sons, Inc., Hoboken, New Jersey, 2005 

[ISBN: 978-0-471-48888-0]) 

By changing the voltage of the input and output electrodes (electrodes b and c in 

Figure 38), ions enter the trap, are retained for a period (in the order of picoseconds), 

or are selectively released towards the detector, depending on the "m/z" ratio. The 

residence time of an ion in the trap depends on the "m/z" ratio, the inner radius of the 

ring electrode (ro), the distance between the electrodes b and c (2Åzo), the frequency 

of the AC voltage "f" applied between the electrodes b and c, the DC voltage U and 

the amplitude Vo of the radiofrequency voltage. From the differential equation of mo-

tion of an ion of mass "m" and electric charge "zÅe", two quantities, "az" and "qz", can 
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be defined which delimit the stability zones analogous to the quantities, "au" and "qu", 

mentioned in equation (22) of the quadrupole analyzer: 

z r 2 2 2 2
o o

o
z r 2 2 2 2

o o
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 (25) 

Using the "az" and "qz" values as coordinates, the stability diagram is built and the 

areas corresponding to the retention of ions inside the trap can be determined (like in 

diagrams of Figures 24 and 25). The movement of ions for which the figurative points 

of the "az" and "qz" values are within the stability zones is restricted to the inside of 

the trap. In modern spectrometers, an inert gas is introduced inside the trap, often 

helium at a pressure of 10
-3
 Torr, to reduce the kinetic energy of the ions by collision. 

The important feature of the ion trap is its ability to store the ions until a suitable 

concentration is reached and only then to release them towards the detector. 

In other conventional analyzers (quadrupolar or electric/magnetic), a continuous 

flow of ions is obtained whose concentration depends on the efficiency of the ioniza-

tion unit. Instead, in the case of the ion trap, the ability to store ions provides a greatly 

increased detection sensitivity. 

The three-electrode ion trap was invented by W. Paul and H.S. Steinwedel in 1960 

and perfected for mass spectrometry by G.C. Stafford in 1984, hence the name "Paul's 

trap". 

2.2.6.3. Electrostatic trap (ñOrbitrapò) 

The name "Orbitrap" refers to an electrostatic ion trap that generates the actual 

mass spectrum by a Fourier transform of the captured electrical signal. The basic con-

cept was developed and published by Makarov in 1999 [U.S. Pat. 5886346], in 2000 

[Anal. Chem., 2000:72(6), 1156-1162] and in 2004 [U.S. Pat. 2004108540]. 

Figure 40 shows the longitudinal section of the "Orbitrap" analyzer and the location 

of its electrodes. Figure 41 (A) shows a transversal section of the electrode assembly 

that makes up the parts of the "Orbitrap" trap. The outer part consists of two identical 

parts separated by a narrow electrically insulating space (longitudinal section, Figure 

41 (B)). The spindle-shaped central electrode has a maximum diameter of 8 mm. The 

ions are injected into the space between the electrodes tangentially to the central elec-

trode (Figure 41 (A)). The central electrode is at a positive or negative potential (de-

pending on the mode of operation) of several kilovolts, while the outer electrodes are 

at zero potential (connected to ground). 
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Fig. 40 Longitudinal section through "Orbitrap" analyzer (redesigned after: 

M. Scigelova, M. Hornshaw, A. Giannakopulos, A. Makarov:  

Fourier Transform Mass Spectrometry. Mol. Cell. Proteomics 

2011:10(7), M111.009431) 

The ions are injected into the orbitrap with a kinetic energy of a few kiloelectron-

volts and are forced to follow circular trajectories around the central electrode. At the 

same time, they are made to oscillate along the longitudinal axis (z-axis in Figure 41 

(B)) by the action of the electric field between the electrodes. The oscillation frequency 

"f" of an ion of mass "m" and electric charge "zÅe" in the direction of the z-axis is 

given by equation (26): 

1 z e U(r,z)
f

2 m z

Ö µ
= Ö Ö
Öp µ

 (26) 

where the factor  
U(r,z)

z

µ

µ
  is the voltage gradient U(r,z) (depending on the coordi-

nates r and z) along the z-direction. It can be seen from relation (26) that the oscillation 

frequency of the ion depends on the "m/z" ratio but not on the kinetic energy of the 

ion entering the trap, a fact that gives the "Orbitrap" a much higher resolution than 

other analyzers. 

Figure 42 shows graphically the dependence of the axial oscillation frequency 

associated with a potential of -2500 V of the inner electrode as a function of the "m/z" 

ratio of the captive ion in the "Orbitrap". The alternating voltage generated by the 

oscillation of the ions in the direction of the z-axis, as perceived by the two halves of 

the outer electrode (Figure 41 (B)), is subjected to a Fourier transform, resulting in 

the mass spectrum of the ions inside the "Orbitrap". 
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Fig. 41 Construction details and operation of the "Orbitrap" analyzer 

(A) transversal section and ion injection 

(B) longitudinal section and image current detection 

(C) mass-selective detection 

Another mode of operation is the sequential ejection of ions from the interior of 

the "Orbitrap" by superimposing a radio frequency (RF, Figure 41 (C)) voltage on the 

continuous potential (-V) of the central electrode. The sequentially ejected ions are 

directed towards the detector, which generates the final electrical signal. 

Figure 42 shows the variation of the axial oscillation frequency of a positive ion as 

a function of the "m/z" ratio at -2500 V potential of the central electrode. This analyzer 

is of particular interest to MS analysis of biological samples because of its high re-

solution and high mass limit. The mass range covered by the "Orbitrap" is 50 kDa to 

100 kDa. Samples of biological origin with 100 kDa, and a charge of "z = 1" is detec-

table on the "Orbitrap" analyzer. This is due to the high sensitivity of "Orbitrap" having 

one of the highest resolutions compared to other mass analyzers. 




