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 Principles of Mass Spectrometry 

Mass spectrometry is a sophisticated instrumental technique that produces, separates, and 

detects ions in the gas phase. The basic components of a mass spectrometer are shown in 

Figure. Samples are introduced into an ionization source through some type of inlet system. 

Depending on the phase and nature of the sample and the analytes, different  ionization sources 

will be more or less optimal for producing ions. 

Analyte molecules are typically neutral and must be ionized. This can be accomplished in many 

ways. Analytes can be subjected to high-energy sources, such as electron bombardment, a laser, 

or an electrical discharge. Lower energy, or “softer,” ionization sources also exist, such as those 

encountered in atmospheric pressure ionization. We describe common ionization sources in the 

sections below. Ions are either created or rapidly transferred into a high-vacuum (low-pressure; 

10-4 – 10-7 Torr) environment and can be separated based on their mass-to-charge (m/z) ratio 

through the application of electric and magnetic fields, in a variety of configurations. Different 

mass analyzers have different advantages, disadvantages, costs, and applications. Once the ions 

are separated, they are made to impinge on a detector, which converts the ion into an electrical 

signal that can be read by a data system. A variety of detectors exist, but some, such as the 

electron multiplier, are more common than others. 

 

Figure: 1 

One of the biggest places where MS instrumentation has developed and matured in the past 

two decades is in the software platforms that collect and process data. Depending on the 

application, different software packages are available that specialize in qualitative and 

quantitative analysis, including sophisticated operations to support elemental formula 

determination, comparative analysis, bioinformatics, and many others. Specific software forms 

and functions are often manufacturer dependent, and are not discussed in detail. That said, once 



you understand how a mass spectrometer works, the largest obstacle to being productive with 

one is often learning how to use the software effectively. 

 

 Ionization Sources 

The starting point for a mass spectrometric analysis is the formation of gaseous analyte ions, 

and the scope and the utility of a mass spectrometric method is dictated by the ionization 

process. The appearance of mass spectra for a given molecular species strongly depends on the 

method used for ion formation. Note that these methods fall into three major categories: gas-

phase sources, desorption sources, and ambient desorption sources. With a gas-phase source, 

which includes the first three sources in the table, the sample is first vaporized and then ionized. 

With a desorption source, however, the solid- or liquid-state sample is converted directly into 

gaseous ions. An advantage of desorption sources is that they 

Ambient sources allow desorption ionization with minimal sample pre treatment and without 

the enclosures of typical ionization sources. Currently, commercial mass spectrometers are 

equipped with accessories that permit interchangeable use of several ionization sources. Gas-

phase sources are generally restricted to the ionization of thermally stable compounds that have 

boiling points less than about 500°C. In most cases, this requirement limits gaseous sources to 

compounds with molecular masses less than roughly 103 Da. Desorption and ambient sources, 

which do not require volatilization of analyte molecules, are applicable to analytes having 

molecular masses as large as 105 Da. Ion sources are also classified as being hard sources or 

soft sources. Hard ionization sources impart enough energy to analyte molecules to leave them 

in a highly excited energy state. Relaxation then involves rupture of bonds, producing fragment 

ions that have mass-to-charge ratios less than that of the molecular ion. Soft ionization sources 

cause little fragmentation. Thus, the mass spectrum from a soft ionization source often consists 

of the molecular ion peak and only a few, if any, other peaks. Both hard- and soft-source spectra 

are useful for analysis. 

 

The many peaks in a hard-source spectrum provide useful information about the kinds of 

functional groups and thus structural information about analytes. Soft-source spectra are useful 

because they supply accurate information about the molecular mass of the analyte molecule or 

molecules. 

 

 Electron Ionization 

Historically, ions for mass analysis were produced by electron ionization, formerly called 

electron-impact ionization. In this process, the sample is brought to a temperature high enough 

to produce a molecular vapor, which is then ionized by bombarding the resulting molecules 

with a beam of energetic electrons. Despite certain disadvantages, this technique is still of 

major importance and is the one on which many libraries of mass spectral data are based. Figure 

is a schematic of a basic EI source. Electrons are emitted from a heated tungsten or rhenium 

filament and accelerated by applying approximately 70 V between the filament and the anode. 

As shown in the figure, the paths of the electrons and molecules are at right angles and intersect 

near the center of the source, where collision and ionization occur. The primary product is 

singly charged positive ions formed when the energetic electrons approach molecules closely 

enough to cause them to lose electrons by electrostatic repulsion. Electron ionization is not 

very efficient, and only about one molecule in a million undergoes the primary reaction 

 

𝑀+ 𝑒− → 𝑀°+ + 2𝑒− 



Here, M represents the analyte molecule, and 𝑀°+ is its molecular ion. The positive ions 

produced by electron ionization are attracted through the slit in the first accelerating plate by a 

small potential difference (typically 5 V) that is applied between this plate and the repellers 

shown in Figure. With magnetic sector instruments, high voltages (103 to 104V) are applied to 

the accelerator plates, which give the ions their final velocities before they enter the mass 

analyzer. Commercial EI sources are more complex than that shown in Figure and may use 

additional electrostatic or magnetic fields to manipulate the electron or ion 

beam. 

 

 

 Advantages and Disadvantages of EI Sources 

EI sources are convenient to use. They produce high ion currents, which lead to good 

sensitivities. The extensive fragmentation and resulting large number of peaks is also an 

advantage because it often makes unambiguous identification of analytes possible. Extensive 

fragmentation can also be a disadvantage, however, when it results in the disappearance of the 

molecular ion peak so that the molecular mass of analytes cannot be easily established. Another 

limitation of the EI source is the need to volatilize the sample, which may result in thermal 

degradation of some analytes before ionization can occur. The effects of thermal decomposition 

can sometimes be minimized by carrying out the volatilization from a heated probe located 

close to the entrance slit of the spectrometer. At the lower pressure of the source area, 

volatilization occurs at a lower temperature. Furthermore, less time is allowed for thermal 

decomposition to take place. As mentioned earlier, EI sources are applicable only to analytes 

having molecular masses smaller than about 103 Da. 

 

 Chemical Ionization Sources 
 

Most modern mass spectrometers are designed so that electron ionization and chemical 

ionization can be carried out interchangeably. Such sources are called EI-CI sources. In CI, 

gaseous atoms of the sample (from either a batch inlet or a heated probe) are ionized by 

collision with ions produced by electron bombardment of an excess of a reagent gas. Usually, 

positive ions are used, but negative ion CI is occasionally used with analytes that contain very 

electronegative atoms. Chemical ionization is probably the second-most common procedure 

for producing ions for mass spectrometry. 



To carry out CI experiments, it is necessary to modify the electron beam ionization area shown 

in Figure by adding vacuum pump capacity and by reducing the width of the slit to the mass 

analyzer. These measures allow a reagent pressure of about 100 Pa (0.75 torr) to be maintained 

in the ionization area while maintaining the pressure in the analyzer below 1027 Pa. With these 

changes, a gaseous reagent is introduced into the ionization region in an amount such that the 

concentration ratio of reagent to sample is 103 to 104. Because of this large concentration 

difference, the electron beam reacts nearly exclusively with reagent molecules. 

 

 Field Ionization Sources 

In field ionization sources, ions are formed under the influence of a large electric field (108 

V/cm). Such fields are produced by applying high voltages (10 to 20 kV) to specially formed 

emitters consisting of numerous fine tips having diameters of less than 1 μm. The emitter often 

takes the form of a fine tungsten wire (~10 μm diameter) on which microscopic carbon 

dendrites, or whiskers, have been grown by the pyrolysis of benzonitrile in a high electric field. 

The result of this treatment is a growth of many hundreds of carbon microtips projecting from 

the surface of the wire as can be seen in the photomicrograph of Figure. Field ionization 

emitters are mounted 0.5 to 2 mm from the cathode, which often also serves as a slit. The 

gaseous sample from a batch inlet system is allowed to diffuse into the high-field area around 

the microtips of the anode. The electric field is concentrated at the emitter tips, and ionization 

occurs via a quantum mechanical tunneling mechanism in which electrons from the analyte are 

extracted by the microtips of the anode. Little vibrational or rotational energy is imparted to 

the analyte, and little fragmentation occurs. 

 

 Desorption Sources 

The ionization methods discussed so far require that the ionizing agents act on gaseous samples. 

Such methods are not applicable to non volatile or thermally unstable samples. A number of 

desorption ionization methods have been developed for dealing with this type of sample. These 

methods have enabled mass spectra to be obtained for thermally delicate biochemical species 

and species having molecular masses of greater than 100,000 Da. Desorption methods dispense 

with volatilization followed by ionization of the gaseous analyte molecules. Instead, energy in 

various forms is introduced into the solid or liquid sample in such a way as to cause direct 

formation of gaseous ions. As a consequence, spectra are greatly simplified and often consist 

of only the molecular ion or the protonated molecular ion. In most cases the exact mechanism 

of how ions are formed without fragmentation is not well understood. 

 

 Field Desorption Methods 

In field desorption, a multi tipped emitter similar to that used in field ionization sources is used. 

In this case, the electrode is mounted on a probe that can be removed from the sample 

compartment and coated with a solution of the sample. After the probe is reinserted into the 

sample compartment, ionization again takes place by applying a high voltage to this electrode. 

With some samples it is necessary to heat the emitter by passing a current through the wire. As 

a result, thermal degradation may occur before ionization is complete. 

 

 

 

 

 



 Matrix-Assisted Laser Desorption/Ionization 
 

 

Matrix-assisted laser desorption/ionization (MALDI) spectrometry is an ionization 

method that can be used to obtain accurate molecular mass information about polar 

biopolymers ranging in molecular mass from a few thousand to several hundred 

thousand Da. The method was first described nearly simultaneously in 1988 by two 

research groups, one German and the other Japanese Commercial instrumentation is 

available for MALDI.  In the MALDI technique, a low concentration of the analyte is 

uniformly dispersed in a solid or liquid matrix deposited on the end of a stainless steel 

probe or placed on a metal plate. The plate is then placed in a vacuum chamber and a 

laser beam is focused onto the sample. In addition to the usual vacuum- chamber 

MALDI, atmospheric-pressure MALDI has also been described. The MALDI matrix 

must strongly absorb the laser radiation. The matrix and analyte are then desorbed and 

ionized, creating an ion plume. The overall process is illustrated in Figure. The most 

common type of mass analyser used with MALDI is the time-of‑flight (TOF) analyzer. 

 

 

 

 A mass spectrum from a MALDI-TOF instrument is shown in Figure. Here, the matrix 

material was nicotinic acid, and the analyte was a monoclonal antibody from a mouse 

having a molecular mass of approximately 150,000 Da. Note that the spectrum is 

characterized by very low background noise and a complete absence of fragmentation 

of the large analyte ion. Multiply charged ions are present as well as peaks for dimer 



and trimer species. Although the mechanism of the formation of the MALDI ion plume 

is not completely understood, it is thought to involve absorption of the laser beam by 

the matrix, followed by transfer of the energy from the matrix to the analyte. Desorption 

of the analyte and the matrix then occurs. The analyte is thought to desorb as neutral 

molecules and then to be ionized by proton transfer reactions with protonated matrix 

ions in a dense phase over the surface containing the matrix. A series of photochemical 

reactions may produce the protonated matrix ions.  Recently, the MALDI technique has 

been extended to imaging methods by scanning a localized laser beam over the 

dispersed sample. Mass spectral images of a variety of biopolymers have been obtained 

in this manner. 

 

 

 Fast Atom Bombardment Sources 
 

Fast atom bombardment (FAB) sources, also called liquid secondary ion sources, were once 

very popular for producing ions for mass spectrometric studies of polar high-molecular-mass 

species. With this type of source, samples in a condensed state, usually in a viscous solution 

matrix, are ionized by bombardment with energetic (several keV) xenon or argon atoms. Both 

positive and negative analyte ions are sputtered from the surface of the sample in a desorption 

process. This treatment provide very rapid sample heating, which reduces sample 

fragmentation. The liquid matrix helps to reduce the lattice energy, which must be overcome 

to desorb an ion from a condensed phase, and provides a means of “healing” the damage 

induced by bombardment. Successful matrices include glycerol, thioglycerol, m-nitrobenzyl 

alcohol, crown ethers (18-crown-6), sulfolane, 2-nitrophenyloctyl ether, diethanolamine, and 

triethanolamine. A beam of fast atoms is obtained by passing accelerated argon or xenon ions 

from an ion source, or gun, through a chamber containing argon or xenon atoms at a pressure 

of about 10-3 Pa (10-5 torr). The high-velocity ions undergo a resonant electron-exchange 

reaction with the atoms without substantial loss of translational energy. Thus, a beam of 

energetic atoms is formed. The lower-energy ions from the exchange are readily removed by 

an electrostatic deflector. Fast atom guns are available from several commercial sources, and 

modern spectrometers offer FAB sources as accessories. The many drawbacks of FAB have 

led to its decrease in popularity. These include the limited molecular mass range of FAB, the 

need for larger sample quantities than many other ionization techniques and the necessity for 

finding an appropriate matrix in which the analyte is soluble. Also, FAB is best performed with 

double-focusing mass spectrometers. For these reasons, electrospray and MALDI methods 

have supplanted FAB techniques for many applications. Both of these are more sensitive and 

simpler to use than FAB methods. 

 

 

 

 

 

 



 

 Atmospheric Pressure Ionization Methods 
 

There are several ionization techniques that operate at atmospheric pressure, including 

electrospray, atmospheric pressure chemical ionization, and atmospheric pressure 

photoionization. 

 

 

 Electrospray Ionization 

Electrospray ionization–mass spectrometry (ESI/MS), which was first described in 1984, has 

now become one of the most important techniques for analyzing biomolecules, such as 

polypeptides, proteins, and oligonucleotides, having molecular weights of 100,000 Da or more. 

In addition, this method is finding more and more application to the characterization of 

inorganic species and synthetic polymers. For their development of soft desorption ionization 

methods, such as electrospray ionization, John B. Fenn and Koichi Tanaka shared the 2002 

Nobel Prize in Chemistry. Electrospray ionization takes place under atmospheric pressures and 

temperatures in an apparatus such as that shown in Figure. A solution of the sample is pumped 

through a stainless steel capillary needle at a rate of a few microliters per minute. The needle 

is maintained at several kilovolts with respect to a cylindrical electrode that surrounds the 

needle. The resulting charged spray of fine droplets then passes through a desolvating capillary, 

where evaporation of the solvent and attachment of charge to the analyte molecules take place. 

As the droplets become smaller as a consequence of evaporation of the solvent, their charge 

density becomes greater until, at a point called the Rayleigh limit, the surface tension can no 

longer support the charge. Here a so-called Coulombic explosion occurs and the droplet is torn 

apart into smaller droplets. These small droplets can repeat the process until all the solvent is 

removed from the analyte, leaving a multiply charged analyte molecule. An interesting and 

useful feature of the electrospray process is that little fragmentation of large and thermally 

fragile biomolecules occurs because there is little extra energy retained by the analyte upon 

ionization. Furthermore, the ions formed are multiply charged so that their m/z values are small 

enough to make them detectable with a quadrupole instrument with a range of 1500 or less. 

This important property is demonstrated by the mass spectra of four proteins of varying 

molecular mass (M) shown in Figure. In these spectra, adjacent peaks are for analyte ions that 

differ by one charge. A striking feature of the spectra for proteins, such as those in the figure, 

is that the average charge state increases in approximately linear fashion with molecular mass. 

The charge state corresponding to each peak can be determined from peak distribution, thus 

making it possible to determine the molecular mass of a protein from spectra such as those 

shown in Figure. An important characteristic of electrospray ionization is that it is readily 

adapted to direct sample introduction from high-performance liquid chromatography and 

capillary electrophoresis columns. That there is little fragmentation of the analyte makes 

structural elucidation a difficult task. Usually, tandem mass spectrometry is used for this 

purpose. Here, the ions from the original ionization process are separated and the ion of interest 

is subjected to a fragmentation step before being mass analyzed. 



 

 

 Atmospheric Pressure Chemical Ionization 
 

A normal CI source, operates at pressures of approximately 100 Pa. In an atmospheric pressure 

chemical ionization (APCI) source, ionization is brought about by low-energy electrons 

emitted by a radioactive beta source or corona discharge. Usually a reagent gas (N2, O2, H2O) 

is ionized by the low-energy electrons, which leads to subsequent ionization of the analyte by 

means of several complex ion-molecule reactions. Because of its operation at atmospheric 

pressure, molecules of the reagent gas and the analyte undergo frequent collisions, which lead 

to high ionization efficiencies. Just as with electrospray ionization, the mass spectrometer used 

with APCI must be designed to input ions at atmospheric pressure. This requires “skimmer” 

interfaces similar to that shown in Figure. Atmospheric pressure CI is readily adaptable to 

samples separated by liquid chromatography (LC). 

 

 Atmospheric Pressure Photoionization 

Atmospheric pressure photoionization (APPI) uses an intense ultraviolet light source instead 

of low-energy electrons to ionize either the analyte directly or a dopant gas. With the latter, a 

series of reactions then leads to the formation of analyte ions. Many of the same compounds 

ionized by APCI can be ionized by APPI, but the range of APPI extends to less polar species. 

  

 Ambient Ionization Methods 

Ambient desorption ionization techniques are performed in the open environment without any 

sample pre treatment. Almost any mass spectrometer with an atmospheric pressure sample inlet 

can be used. Currently, the two most popular forms of ambient mass spectrometry are 

desorption electrospray ionization (DESI) and direct analysis in real time (DART). A 

generalized diagram applicable to both of these methods is shown in Figure. Mechanisms of 

real-time sample processing in ambient ionization methods have been reviewed. 



 
 

 Desorption Electrospray Ionization 

The DESI source is similar to a normal electrospray source except that the droplets produced 

are not desolvated as they are in ESI/MS. The spray of charged droplets, the desorption  

ionization beam shown in Figure 20-11, impinges on the sample from which the analyte is 

either released as ions or the ions are formed in the plume that results from the 

desorption/ionization process. In DESI, a goal is to keep the sample outside the mass 

spectrometer inlet and to allow only the desorbed ions to enter. Although the mechanism of the 

DESI phenomenon is still poorly understood, the accumulation of liquid on the surface is 

thought to play an important role in the process. Mass spectra of large biomolecules obtained 

with DESI resemble those obtained in normal ESI including the formation of multiply charged 

ions. With open-air DESI, the distance between the spraying device and the sample is often 

important as is the angle at which the beam strikes the sample. Newer instrument designs have 

included a pressure-tight sample chamber that can minimize the angular dependence at the 

expense of eliminating the open air advantage of DESI. Several variations of the DESI 

technique have been described. 

 

 Direct Analysis in Real Time 

In DART, an excited stream of helium (sometimes nitrogen or neon) is directed at the surface 

where desorption/ionization occurs. To create the excited gas stream, He is introduced into a 

discharge chamber where a corona discharge produces a mixture of ions, electrons, and 

metastable atoms or molecules. Ions are removed by passing the stream through a set of grids 

of opposing polarities, leaving excited atoms and molecules in the stream. The gas flow is 

usually reflected off the surface containing the sample into the mass spectrometer. The exact 

positioning and angle with respect to the surface and the mass spectrometer inlet are not critical. 

Limitations of DART include its incompatibility with LC and a somewhat limited mass range. 
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