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 Mass Analyzers 

Several devices are available for separating ions with different mass-to-charge ratios. Ideally, 

the mass analyzer should be capable of distinguishing minute mass differences. In addition, the 

analyzer should allow passage of a sufficient number of ions to yield readily measurable ion 

currents. These two properties are not entirely compatible, and design compromises must be 

made. 

 

 Resolution of Mass Spectrometers 

The capability of a mass spectrometer to differentiate between masses is usually stated in terms 

of its resolution R, which is defined as 

𝑅 =
𝑚

∆𝑚
 

where ∆𝑚 is the mass difference between two adjacent peaks of equal intensity that are just 

resolved and m is the nominal mass of the first peak (the mean mass of the two peaks is 

sometimes used instead). Two peaks are considered to be separated if the height of the valley 

between them is no more than a given fraction of their height (often 10%). Thus, a spectrometer 

with a resolution of 4000 would resolve peaks at m/z values of 400.0 and 

 

 Magnetic Sector Analyzers 

Magnetic sector analyzers use a permanent magnet or an electromagnet to cause the beam from 

the ion source to travel in a circular path, most commonly 180°, 90°, or 60°. Figure shows a 

90° sector instrument in which ions formed by EI are accelerated through slit B into the metal 

analyzer tube, which is maintained at an internal pressure of about 10-5 Pa. Ions of different 

mass can be scanned across the exit slit by varying the field strength of the magnet or the 

accelerating potential between slits A and B. The ions passing through the exit slit fall on a 

collector electrode, resulting in an ion current that is amplified and recorded. The translational, 

or kinetic, energy KE of an ion of mass m bearing a charge z on exiting slit B is given by where 

V is the voltage difference between A and B, v is the velocity of the ion after acceleration, and 

e is the electronic charge (e =  1.60 × 10-19 C). Note that all ions having the same number of 

charges z are assumed to have the same kinetic energy after acceleration regardless of their 

mass. This assumption is only approximately true, because before acceleration, the ions possess 

a statistical distribution of velocities (speeds and directions), which will be reflected in a similar 

distribution for the accelerated ion. The limitations of this assumption are discussed in the next 

section when double-focusing instruments are described. Because all ions leaving the slit have 

approximately 



the same kinetic energy, the heavier ions must travel through the magnetic sector at lower 

velocities. The path in the sector described by ions of a given mass and charge represents a 

balance between two forces acting on them.  

 

The magnetic force 𝐹𝑚 is given by the relationship 

𝐹𝑚 = 𝐵𝑧𝑒𝑣 

Where B is the magnetic field strength. The balancing centripetal force 𝐹𝑐 is given by 

𝐹𝑐 =
𝑚𝑣2

𝑟
 

where r is the radius of curvature of the magnetic sector. For an ion to traverse the circular path 

to the collector, 𝐹𝑚 and 𝐹𝑐 must be equal. Thus,  

𝐵𝑧𝑒𝑣 =
𝑚𝑣2

𝑟
 

which rearranges to 

𝑣 =
𝐵𝑧𝑒𝑟

𝑚
 

After rearranging becomes,  

𝑚

𝑧
=

𝐵2𝑟2𝑒

2𝑉
 

Most modern sector mass spectrometers contain an electromagnet in which ions are sorted by 

holding V and r constant while varying the current in the magnet and thus B. In older sector 

spectrometers that used photographic recording, B and V were constant, and r was the variable. 

 



 

 

 Double-Focusing Spectrometers 

The magnetic sector instruments discussed in the previous section are sometimes called single 

focusing spectrometers. This terminology is used because a collection of ions exiting the source 

with the same mass-to-charge ratio but with small diverging directional distribution will be 

acted on by the magnetic field in such a way that a converging directional distribution is 

produced as the ions leave the field. The ability of a magnetic field to bring ions with different 

directional orientations to focus means that the distribution of translational energies of ions 

leaving the source is the factor most responsible for limiting the resolution of magnetic sector 

instruments (R ≤ 2000). 

 

The translational energy distribution of ions leaving a source arises from the Boltzmann 

distribution of energies of the molecules from which the ions are formed and from field 

inhomogeneities in the source. The spread of kinetic energies causes a broadening of the beam 

reaching the transducer and thus a with a precision of a few parts per million, it is necessary to 

design instruments that correct for both the directional distribution and energy distribution of 

ions leaving the source. The term double focusing is applied to mass spectrometers in which 

the directional aberrations and the energy aberrations of a population of ions are simultaneously 

minimized. Double focusing is usually achieved by the use of carefully selected combinations 

of electrostatic and magnetic fields. In the double-focusing instrument, shown schematically in 

Figure, the ion beam is first passed through an electrostatic analyzer (ESA) consisting of two 

smooth curved metallic plates across which a dc voltage is applied. This voltage has the effect 

of limiting the kinetic energy of the ions reaching the magnetic sector to a closely defined 

range. Ions with energies greater than average strike the upper side of the ESA slit and are lost 

to ground. Ions with energies less than average strike the lower side of the ESA slit and are 

thus removed. 

Directional focusing in the magnetic sector occurs along the focal plane labeled d in Figure ; 

energy focusing takes place along the plane labeled e. Thus, only ions of one m/z are double 

focused at the intersection of d and e for any given accelerating voltage and magnetic field 

strength. Therefore, the collector slit is located at this locus of the double focus. Many different 

types of double-focusing mass spectrometer are available commercially. The most 

sophisticated of these are capable of resolution in the 105 range. More compact double- 

focusing instruments can also be purchased (for considerably less money). A typical instrument 

of this type will have a 6-in. electrostatic sector and a 4-in. 90° magnetic deflector. Resolutions 

of about 2500 are common with such instruments. Often they are used as detection systems for 

gas or liquid chromatography. 

The spectrometer shown in Figure is based on the so-called Nier-Johnson design. Another 

double-focusing design, of the Mattauch-Herzog geometry. The geometry of this type of 

instrument is unique in that the energy and direction focal planes coincide; for this reason, the 

Mattauch-Herzog design can use an array detector or a photographic plate for recording the 

spectrum. The transducer is located along the focal plane, where all of the ions are in focus, 

regardless of mass-to-charge ratio. 



 

 

 TIME-OF-FLIGHT 

In time-of-flight (TOF) instruments, the time required for positive ions to travel from an 

ionization source to a detector is measured. The ions receive approximately the same kinetic 

energy during ionization and acceleration. The accelerated particles pass into a field-free drift 

tube 1–2 m in length. Because all ions entering the drift region ideally have the same 

kinetic energy, their velocities in the field-free region must vary inversely with their masses, 

with the lighter ions arriving at the detector earlier than the heavier ones. Typical flight times 

are in the microsecond range for a 1-m flight tube.  Ions can be produced by bombardment of 

the sample with pulses of electrons, secondary ions, or laser-generated photons. An electric 

field pulse is used to accelerate the ions. The linear TOF mass spectrometer has relatively low 

resolving power that is limited by flight-tube length, acceleration field strength, and the spatial 

and velocity distributions of the ion packet produced by the ionization source. Use of an ion 

mirror, or reflectron, to reflect ions can compensate for differences in kinetic energy because 

more energetic ions penetrate deeper into the reflectron and take a slightly longer path than less 

energetic ions. This results in ions of the same m/z, but with differing kinetic energies, arriving 

at the detector at essentially the same time, thus improving the resolving power. Also, with a 

reflectron, a longer flight path can be achieved in a shorter distance. Several different 

geometries of reflectron mass spectrometers have been proposed. A very popular design is the 

right angle or orthogonal acceleration geometry shown in Figure. In this system, a continuous 

beam of ions is produced and extracted by a pulsed electric field into one arm of the flight tube. 

The design minimizes energy dispersion and provides high resolving power. The reflectron 

mass spectrometer is also capable of acquiring spectra very rapidly (μs) with good sensitivity. 

The transducer in a TOF mass spectrometer is usually a microchannel plate electron multiplier 

whose output is displayed on the vertical deflection plates of an oscilloscope or on the y-axis 

of a fast xy recording system. The y-axis is synchronized with the accelerator pulses. Because 



typical flight times are in the ns to μs range, digital data acquisition requires extremely fast 

electronics. The inferior resolution and reproducibility of TOF mass analyzers often make them 

less satisfactory relative to quadrupole and magnetic analyzers for many applications. ICP-

TOF mass spectrometers, for example, typically are an order of magnitude poorer in sensitivity 

and in detection limits than comparable quadrupole systems. Several advantages partially offset 

these limitations, however, including simplicity and ruggedness, ease of accessibility to the ion 

source, virtually unlimited mass range, and rapid data-acquisition rate. Several instrument 

manufacturers now offer TOF instruments, but they are less widely used than are quadrupole 

mass spectrometers.  

Recently, a new type of mass spectrometer, called a distance of- flight instrument, has been 

introduced and characterized. In this type of spectrometer, the m/z values of the ions produced 

are determined by the distance the ions travel in a fixed time interval. The mass spectrum is 

calculated from the instrument response function and the positions of the ions obtained with a 

position-sensitive detector. The distance-of-flight technique has shown the ability to detect ions 

simultaneously over a wide range of m/z values. 

 



 

 QUADRUPOLE MASS FILTER 

In the 1950s and 1960s, German physicist Wolfgang Paul developed the quadrupole mass 

analyzer as a new simplified and affordable means for selective passage and separation of gas 

phase ions. He was awarded the Nobel Prize in Physics in 1989 for this work. Figure shows 

the basic design of the quadrupole analyzer. It consists of four parallel hyperbolic metal rods 

to which both a dc voltage (U) and an oscillating radiofrequency voltage (V cos ωt, where ω 

is the frequency and t the time) is applied. Two opposite poles are positively charged and the 

other two negatively charged, and their polarities change throughout the experiment. The 

applied voltages are ( U + V cos ωt) and −(U + V cos ωt). The applied voltages determine the 

trajectory of the ions down the flight path between the four poles. As ions from the ionization 

source enter the RF field along the z-axis of the electrodes, they oscillate along the z-axis. Only 

those with a specific mass-to-charge ratio will resonate along the field and have a stable path 

through to the detector. Other nonresonant ions will be deflected (unstable path) and collide 

with the electrodes and be lost (they are filtered out). By rapidly varying the voltages, ions of 

one mass after another will take the stable path and be collected by the detector. Either ω is 

varied while holding U and V constant or U and V are varied, keeping U/V constant. 

The quadrupole analyzer has a number of advantages that make it ideally suited The quadrupole 

analyzer is the for mass analysis. The path does not depend on the kinetic energy (e.g., velocity) 

most commonly used for GC–MS. or angular deflection of the incoming ions. So the 

transmission rate is high. Since only a change in voltage is required, a complete scan can be 

very fast. As many as twenty spectra per second can be recorded over a range of about 800 

mass units. Rapid scanning is needed to monitor chromatographic peaks that may be a fraction 

of a second wide or when multiple co-eluting signals are to be monitored. A resolution of about 

1500 can be achieved, providing approximately unit resolution for small molecules. 

Additionally, quadrupoles generally provide higher dynamic ranges than other mass analyzers; 

this makes them attractive for quantitative analysis applications. When a quadrupole (or 

similarly, a hexapole or an octapole) is operated in RF-only mode (without the application of 

a DC voltage), then they can be used as efficient ion guides to transfer ions from one part of an 

instrument to another. In the RF-only mode, the motions of all ions are stabilized along the z-

axis of the quadrupole. 

 

  

 



 

 ION TRAP 

Wolfgang Paul also developed the ion trap mass analyzer. The three-dimensional ion trap 

shown in Figure is often referred to as the quadrupole ion trap or Paul trap, but since then, 

many other ion trap configurations have also been developed (e.g., linear (2-D), rectilinear, 

Orbitrap, etc.). Similar to quadrupole analyzers, ion traps rely on oscillating electric fields. 

Using a three-electrode (entrance, ring, and endcap) arrangement, the applied fields allow for 

ions to be trapped for extended periods of time and manipulated during the course of an 

extended time domain. As a consequence, consecutive tandem mass spectrometry (excitation, 

fragmentation, and detection of ions) experiments can be performed.  

 

Beginning in the mass-selective instability mode, the trap behaves as a total ion storage device 

when a potential of (U − V cos ωt) is applied to the ring electrode; the endcap and entrance 

electrodes are held at ground. Ions precess in the trapping field with a frequency dependent on 

their mass-to-charge ratio. A minimal helium background (∼ 10−3 Torr) is present to 

collisionally cool the ions; the collisions are not energetic enough to induce fragmentation. By 

increasing the magnitude of the DC and RF potential, as well as the frequency of the RF, the 

trap forces ions to become unstable and leave the trap to be detected. During the course of 

experiments, resonant excitation can be performed to isolate a particular ion desired to be 

fragmented. 

 

Collision activated dissociation in an ion trap involves isolating the ion of interest and 

subjecting it to multiple collisions over an extended timeframe (∼10 msec) to induce 

fragmentation. A much more detailed treatment of ion trap theory can be found in an article by 

Raymond March.  

 

Like the quadrupole, the Paul trap has limited resolution, but is compact and inexpensive. 

Unlike the quadrupole, the ion trap does not sacrifice sensitivity when wide m/z range is 

scanned; however, there are limitations on the number of ions that can be stored at any given 

time; space-charge effects can occur when too many ions are trapped together, and the result 

will be significant decreases in resolution, mass accuracy, and sensitivity. While scan rates are 

fast, extended duty cycles for more complicated ion manipulations can limit application to fast 

chromatography or for highly complex samples. Some limitations in sensitivity and resolution 

can be addressed with alternate geometries and specialized operation modes. Linear ion traps  

are typically more sensitive than quadrupole ion traps and the Orbitrap  can achieve very high 

resolution by virtue of the extended orbiting of ions around a carefully machined spindle 

electrode. 

 

 



 

 

 

 ION DETECTORS 

Once an ion is separated, isolated, or fragmented by the mass spectrometer, it is necessary to 

convert the abundance of that ion into an electric signal, which can be read by a data station. 

To be honest, mass spectrometry can be an inherently inefficient technique; only a small 

fraction of the molecules are converted to ions and ever reach a detector. High gain detectors 

are imperative in order to measure small ion currents reliably, but the fact that femtomole 

(10−15 mole) and atto-mole (10−18 mole; this is only 10,000 molecules!) amounts of analytes 

can be detected gives a good indication of the exceptional state-of-the-art of such devices. J.J. 

Thomson originally used photographic plates for ion detection, but shortly thereafter, 

electrometers were introduced. Today, the field is dominated by the use of Faraday cups and 

electron multipliers. In a Faraday cup, the ions are made to enter a concave device in which the 

current required to neutralize the charge from the impinging ions is measured by an 

electrometer. However, these devices have no inherent gain and are only applicable for use 

with high-energy or high-abundance ions. Most modern-day instruments rely on electron 

multiplier detectors. These can be in discrete or continuous dynode arrangements, but the main 

concept is that an ion is accelerated toward a conversion dynode. Once struck by an ion, the 

conversion dynode releases electrons into the electron multiplier, which is a series of dynodes 

that sequentially increase the number of electrons produced. In the end, gains of 106 – 108 can 

be achieved by electron multipliers. The gain is dependent on the number of dynodes and the 

intensity of impinging ions. Because signals can also be recorded for neutral molecules that 

reach the conversion dynode, detectors are often kept off-axis from the mass spectrometer inlet. 

Other detector systems are currently under development. Microchannel plate electron 

multiplier arrays are being developed to reduce the distance that electrons must travel; this in 



turn reduces the response time and the power requirements for the detector. As researchers 

develop smaller mass spectrometer systems, power consumption becomes a primary 

consideration. In some time-of-flight systems, cryogenic detectors have been developed. While 

these can provide near 100% efficiency, which makes them ideal for slow-moving high-mass 

ions, the detector must be operated at near 2 K temperature, and current response times pale in 

comparison with modern microchannel plate detectors. 
 

 

 ION CYCLOTRON RESONANCE 

In 1941, Professor Ernest Lawrence at the University of California–Berkeley modified a 

cyclotron particle accelerator to act as a 180◦ magnetic sector instrument for the enrichment of 

radioactive uranium. The resulting “Calutron” (short name for California University 

Cyclotron) was soon mass-produced by the U.S. government as an integral component for 

preparative-scale uranium enrichment in the Manhattan Project. A cyclotron features a 

conducting cylindrical chamber segregated into two “D”s and held under high vacuum to allow 

acceleration of ions to very high speeds. As shown in Figure, ions that are introduced into the 

chamber experience a perpendicular homogeneous magnetic field, which confines the particle. 

As the ion returns to the space between the “D”s, it is further accelerated by an electric field. 

The ions are continually accelerated and confined in an orbit as they move across the gaps and 

feel the influence of the magnetic field, respectively. The time t it takes for an ion to orbit the 

device is dependent on its mass-to-charge ratio and the strength of the magnetic field, as shown 

by: 

𝑡 =
2𝜋𝑚

𝑞𝐵
 

 

For example, the time that it takes for one rotation of a proton that has been accelerated to a 

kinetic energy of 50 MeV in a 1 T magnetic field is 66 nsec (very fast!). This could be 

realistically achieved in a total of 80 μsec through 1225 rotations where the proton gains 40 

keV on each trip around the cyclotron, but would require a switching frequency as high as 30 

MHz. In reality, when very high energies are reached (and velocity begins to approach the 

speed of light), the time for orbit does not remain constant, and the frequency must be adjusted 

to correct for relativistic effects; the type of instrument which can do this is called a 

synchrotron. Development of the Calutron set the stage for–modern Fourier transform–ion 

cyclotron resonance (FT–ICR) mass spectrometry. In FT–ICR, ions are injected into a 

modified cyclotron cell, commonly referred to as a Penning trap, as depicted in Figure. Once 

injected, ions are confined laterally by a strong electric field and axially by a strong magnetic 

field. Thus, it is essentially a different ion trap configuration. In the trap, ions are projected into 

a high radius cyclotron orbit through the application of a broadband RF pulse (called a “chirp”) 

from the excite plates. As the ions pass the detector plates, they create an image current, which 

is recorded as a time domain signal. In order to visualize the recorded image current as a mass 

spectrum, a fast Fourier transform is used to convert the time domain signal into the frequency 

domain, which can then be converted to a mass spectrum. 

 

 

 

 

 



The cyclotron frequency (𝑣𝑐) for an ion, 

 

𝑣𝑐 =
1.536 × 107𝐵0

(
𝑚
𝑧 )

    

is dependent on its m/z ratio and the magnitude of the applied magnetic field; it is independent 

of the velocity of the ion. Typical magnetic field strengths available in modern commercial 

instruments range from 4–12 T, but some instruments with fields as high as 25 T have been 

developed in research facilities, such as the National High Magnetic Field Laboratory in 

Florida. Higher magnetic fields allow larger ions accelerated to higher kinetic energies to be 

contained, and they provide increased resolving power (in many cases greater than R = 

100,000) to distinguish between ions having very similar masses. An instrument with a 9.4 T 

magnet has an upper mass limit of 10,000 m/z. Extremely high resolution provides the 

capability for very accurate mass measurements (< 1 ppm error in mass accuracy is commonly 

achieved). However, this performance does not come without a price. To achieve high 

resolution measurements on modest-size ions, they must be cycled for significant lengths of 

time in the instrument. Achieving R > 100,000 on a 1000 m/z ion in a 9.4 T instrument requires 

more than one second of analysis. On a chromatographic time scale, particularly in the analysis 

of complex samples, such as a cell lysate digest, it would be intractable to perform high-

resolution analysis on every compound. Instead, FT-ICR analyzers are often coupled to faster 

mass analyzers to create a hybrid instrument, so that only those ions that are of greatest interest 

are sent to the FT–ICR instrument for high mass accuracy measurement. Additionally, FT–ICR 

instruments are among the most expensive on the market. The initial purchase of an instrument 

exceeds $1M, and the annual upkeep, especially for cryogenic liquids (nitrogen and helium) to 

maintain the superconducting magnet, can exceed $20,000 per year. 

 

 

 



 Tandem Mass Spectrometry 

Every mass analyzer has its own advantages and limitations. In order to minimize the 

limitations and maximize advantages, various hybrid instruments, where multiple mass 

analyzers are connected in series, have been created. For example, quadrupole mass analyzers 

alone cannot be used to perform experiments, which involve the fragmentation of ions for 

various qualitative and quantitative applications. Instead, the quadrupole mass filter can be 

placed in series with other quadrupole analyzers [to create a triple quadrupole (QQQ) 

instrument] or with a time-of-flight instrument, to create a quadrupole–time-of-flight (Q–TOF) 

instrument. The QQQ is commonly used for very sensitive and selective quantitative analysis; 

the Q–TOF provides the ability for high mass accuracy measurement of filtered or fragmented 

ions. A variety of hybrid instruments continue to evolve. An ion trap–time-of-flight (IT–TOF) 

instrument allows for multistage tandem mass spectrometry in the ion trap followed by high 

mass accuracy measurements in the reflectron TOF mass analyzer. An ion trap–Fourier 

transform–ion cyclotron resonance mass analyzer provides greater versatility for highly 

complex determinations, such as those performed in proteomics measurements. Because the 

FT–ICR mass analyzer is relatively slow to obtain very high mass accuracy measurements, the 

addition of a linear ion trap allows for components of the analysis workflow to be performed 

with or without the FT–ICR part. For example, precursor peptide ions can be sent to the FT–

ICR for high-resolution analysis, while the ion trap is used to concurrently perform tandem 

mass spectrometry measurements. The system is outfitted with multiple detector systems, so 

that ions analyzed by each mass analyzer can be recorded at the same time. Another example 

of a common hybrid instrument is a TOF–TOF mass spectrometer. A TOF alone is not capable 

of performing typical collisional fragmentation measurements. In the reflectron mode, it can 

perform post-source decay (PSD) measurements, where the dissociation of meta-stable ions, 

those ions formed with excess internal energy, is monitored. In a TOF–TOF arrangement, a 

collision cell is placed between the two TOF mass analyzers. This provides two main 

advantages. The high mass range of the mass analyzer is maintained and ions can be accelerated 

to very high kinetic energies to enable high-energy collisional fragmentation. Afterward, even 

high mass fragment ions can still be monitored in the second TOF analyzer. Thus, the TOF–

TOF is well suited for studying the fragmentation of proteins and polymers. High-energy 

collisional dissociation, as compared to the relatively low-energy collisions induced in an ion 

trap or a QQQ instrument, provides a greater wealth of fragmentation information. With high 

energy collisions, large molecules cannot effectively redistribute the energy through bond 

vibrations and rotations (a situation that leads to poor fragmentation efficiency with low-energy 

collisions); instead, bonds are more easily broken throughout the molecule to provide rich 

fragmentation information. 

 

One of the main reasons that hybrid instruments are created is so that tandem mass 

spectrometry (MS/MS or MSn) can be performed. In MS/MS, selected ions are made to 

decompose and fragment through the application of additional energy. This energy can be 

supplied by collisions, photons, or electrons, and gives rise to product ions that are diagnostic 

of the precursor ion, which was targeted. MS/MS and MSn can be very useful for qualitative 

analysis. MSn, performed in ion traps, refers to the repeated isolation of ions following multiple 

fragmentation events. For example, MS3 refers to the fragmentation of a precursor ion to obtain 

product ions, followed by isolation of one of the product ions for further fragmentation. In MS4, 

another round of fragmentation is performed on the MS3 products, and so on. The combinations 

of fragment ions (observed) and neutral losses (not observed) can be pieced together like a 

jigsaw puzzle to better ascertain the identity of the precursor ion. Additionally, tandem mass 

spectrometry can be useful for increasing sensitivity and selectivity in quantitative analysis 



experiments. The usefulness of tandem mass spectrometry is best illustrated by the range of 

experiments, which can be performed in a QQQ mass spectrometer. Figure describes four 

operation modes in which the first (Q1) and third (Q3) quadrupole are varied between selected 

ion monitoring (SIM) mode, where the quadrupole is set to let ions of only one m/z pass, and 

scan mode, where a range of ions are progressively passed through the rods by changing the 

magnitude of applied DC and RF voltages. The middle quadrupole (Q2) is used as a collision 

cell. It is maintained as an RF-only ion guide and collision gas (e.g., helium or argon) is 

introduced to induce fragmentation of ions as they pass through it. Product ion scanning mode 

refers to the use of tandem mass spectrometry for qualitative analysis. In the QQQ arrangement, 

a specific precursor ion is selected in Q1 (SIM mode), is fragmented in Q2, and the product 

ions are scanned in Q3 to observe all fragment ions formed. Another common mode of QQQ 

operation is called selected reaction monitoring (SRM). In SRM, both Q1 and Q3 are 

operation in SIM mode. Q1 selects for the precursor ion of interest. The ion is fragmented in 

Q2. Q3 is also operated in SIM mode, set specifically to monitor the m/z of a particular product 

ion that is unique to the precursor. This increases sensitivity, because the background noise is 

greatly reduced as a result of the SIM mode operation. Quadrupoles also provide the highest 

sensitivity when they are set to only monitor one specific m/z ratio. SRM mode enhances 

specificity, because the product ion monitored after Q3 should only result from the precursor 

ion of interest selected in Q1. Therefore, the chance of obtaining a signal from interfering 

species is substantially diminished. Because QQQ mass spectrometers also have fast scanning 

speeds, it is common to set multiple reaction events if it is desired to quantify multiple analytes 

in a single run. This is referred to as multiple reaction monitoring (MRM); multiple 

precursor/product ion pairs are programmed into the software to be simultaneously monitored 

in a given time frame. Some manufacturers have touted the ability to efficiently monitor as 

many 500 different compounds in a single analytical run using the MRM mode in a QQQ 

instrument. A QQQ can also be used in precursor ion scanning mode. In this mode, Q1 is 

scanned over a range of m/z values, and Q3 is operated in SIM mode to monitor for a specific 

fragment ion. Thus, all ions that pass through Q1 are fragmented in Q2. A signal will be 

observed at the detector for all ions that release a particular fragment. For example, 

phosphorylated molecules will often release a phosphate ion (PO3
−, m/z = 79) following 

collision-induced dissociation. In precursor ion scanning mode, if Q3 is set to only allow ions 

of m/z = 79 to pass, then all ions that pass through Q1 and fragment to create this product ion 

can be identified. In a similar manner, ions that give rise to loss of a specific neutral compound 

can be monitored using the constant neutral loss (CNL) or neutral loss monitoring mode. In 

this mode, both Q1 and Q3 are scanned, but Q3 is scanned a certain number of m/z units lower 

than Q1. To illustrate the usefulness of this technique, consider that one is interested in all 

compounds that contain carboxylic acid groups. Upon collision induced dissociation, these 

compounds often release CO2 (44 amu) as an uncharged neutral compound. Therefore, if Q1 

is set to scan the range of 100–350 m/z units, then Q3 can be set to concurrently scan a range 

of 56–306 m/z units; thus, all ions fragmented in Q2 that exhibit a neutral loss of 44 amu will 

pass through Q3 and be observed at the detector. 



 

 Tandem-in-Space Spectrometers. 

 

 In tandem-in-space instruments, two independent mass analyzers are used in two different 

regions in space. The triple quadrupole mass spectrometer is the most common of these 

instruments. In commercial triple quadrupole instruments, such as the instrument illustrated in 

Figure, the sample is introduced into a soft ionization source, such as a CI or FAB source. The 

ions are then accelerated into quadrupole 1 (Q), which is an ordinary quadrupole mass filter. 

The selected fast-moving ions pass into quadrupole 2 (q), which is a collision chamber where 

dissociation of the ions selected by quadrupole 1 occurs. This quadrupole is operated in a radio 

frequency-only mode in which no dc voltage is applied across the rods. This mode basically 

traps the precursor and product ions in a relatively high concentration of collision gas so that 

CAD can occur. Quadrupole 3 (Q) then allows mass analysis of the product ions formed in the 

collision cell. The configuration is known as the QqQ configuration. Recently, the triple 

quadrupole mass spectrometer has been miniaturized to an overall size of about 9.5 inches in 

length. Such a small analyzer could be widely used in field applications. Sector instruments 

and hybrid quadrupole-sector instruments have also been used in a tandem manner. The first 

tandem mass spectrometers were sector instruments that combined an electric sector 

spectrometer with a magnetic sector spectrometer, either in forward geometry (electric sector 

followed by magnetic sector, or EB) or in reverse geometry (magnetic sector followed by 

electric sector, or BE). The reverse geometry is sometimes called a mass-analyzed ion kinetic 

energy spectrometer (MIKES). Such instruments were not very efficient, but they allowed the 

principles of tandem mass spectrometry to be demonstrated. Hybrid instruments include the 

BEqQ spectrometer (magnetic sector, B; electric sector, E; RF-only quadrupole, q; quadrupole 

mass analyzer, Q) and the BTOF (magnetic sector, B; TOF analyzer, TOF) spectrometer. The 

QqTOF spectrometer is similar to the triple quadrupole (QqQ) instrument except that the final 

quadrupole mass analyzer is replaced with a TOF analyzer. In another variant, the Qq section 

can be replaced by a quadrupole ion trap to yield an ion-trap-TOF instrument. A final type of 



tandem-in-space spectrometer is the TOFTOF spectrometer, in which a TOF instrument 

followed by a timed ion selector separates the precursor ions. A collision cell then induces 

fragmentation, and the product ions are mass analysed in the final TOF stage. Mass resolution 

of several thousand was reported. 

 

 Tandem-in-Time Spectrometers.  

 

Tandem-in-time instruments form the ions in a certain spatial region and then at a later time 

expel the unwanted ions and leave the selected ions to be dissociated and mass analyzed in the 

same spatial region. This process can be repeated many times over to perform not only MS/MS 

experiments, but also MS/MS/MS and MSn experiments. Fourier transform ICR and 

quadrupole ion-trap instruments are well suited for performing MSn experiments. In principle, 

tandem- in-time spectrometers can perform MS/MS experiments much more simply than 

tandem-in-space instruments because of the difficulty in providing different ion focal positions 

in the latter. Although tandem-in-time spectrometers can readily provide product-ion scans, 

other scans, such as precursor ion scans and neutral loss scans, are much more difficult to 

perform than they are with tandem in space instruments. 


