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of ions that can be stored is low. This results inoa low dynamic range for ion trap mass
specirometers, Trace level sigals from a target analyie ion at one mass can be destabilized
by the presence of great excesses of contaminant ions, even if these ae of sufficiently
different mass to e well resalved from the ion of intercst. lon trap MS instruments ane
kess forgiving of “diny samples” than are guadmpoles, which “throw away™ such
unwanted ons a5 they are measuring the target ion. The stored jon interaction also
limpits the accuracy of the mass-to-charge ratio measurement. FBesolution of commencial
QIT mass spectrometers is on the order of 0.1-1, with an sz range of 10— 1000,

QX id  Fowrler Transform lon-Cyelorron Besoveance (FTICR )

The ICR instrument, alsocalled a Penning lon trap, uses a magnetic field to trap and stone
iona. As shown in Fig. 925, six conducting plates amanged as a cube serve as the ion trap.
The cubic cell is abowt 100 mm on a side, is wnder high vacuum l[f:hlﬂl_H torr ) and is
kecated inside a strong magnetic ficld produced by a superconducting magnet. Sample
i inroduced into the cell and ionized by an extemal ion source such as an clectron
beam passing through the trap. lons in the presene: of a8 magnetic ficld move in cincular
arbits perpendicular to the applicd fcld, at a freguency called the ¢yelstron frequency
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where w. i the frequency of motation of ions {radiansfs); e, the charge on electron
{coulombs); B, the magnetic feld {tesla); 2, the charge on the jon; e, the mass of the
i 1, the velocity of the ion; and r, the radius of orbit.

The frequency of motion of an jon depends on the inverse of its a2 in a fAixed
magnetic field. Mass analysis is performed by applying an BF pulse of a fow millisec onds
duration to the transmitter plates. The BF pulse provides energy to the ions, causing them
0 move in larger circular orhits at the same frequency. For a given gz value, a pulse at a
frequency of . cuses all ions of that myz value to absorh energy and increase their orhit
of rotation, When the BF pulse is off, the motion of the ions is detected by curnend
induction in the receiver plates. As a group of positive ions appreaches the reociver
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Figure 8.25 “Eaploded” view of an IR jon trap. The ICR has been the primary mass analyser
wizxl in FTMS, hoth akme and in newer “hybrkd™ FTMS mesmuments.
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pate, its charge attracts clecitons to the inside surface of the plate. As the group recedes,
the electrons ane released. This induced cument, called an “image current™ is a sinusidal
sgnal with freguency e, The larger the orbit, the larger is the induced curment. The fre-
quency provides the 'z information about the ion and the cument amplitude depends on
the number of ions of that sz value, providing information about the concentration of
T L

[t would be possible to scan the BF and measure the magnitude of the image curmen
ateach a2 value to obtain the mass spectral information but the process would be very
slow. Instead, san BF pulse is wsed that contains a range of ffreguencies. The range of fre-
quencies is chosen toexcite the desired s mnge. When the pulse is off, all of the exited
s induce image cumends in the receiver plates as they rodate . The owiput currend, which
contains all of the meguency and magnitude information from all of the jons present can be
converted mathe matic ally to a mass spectrum by application of the Fourier transform {FT).
The wie of an ICR jon trap and Fourer iransformation is called Fourier transform
Wn-Cye lotron resoanee mass specirpametry (FTICEMS) or just FTMS. As of carly 2003,
this was the only type of FTMS instrument commerncially available.

There are several advantages to the ICR. One is that the ion detection is non-
destmective. Thenefore, signals can be accumulated by averaging many cycles, resulting
in greatly improved 5/ and signal-to-background as well as very low detection limits.
Cetoction of attomales of analyie is possible. Frequency canbe measurncd very accurately,
an the mass accuracy of these FTMS systems can be very high, on the onder of | pph for a
mass of 100 Da. Inorder to acquire sufficient information to achieve such high resolutions
by the FT process, the data must be acquined over a longer period. In onder that collisions
with residual gas atoms in the ICE trap not remove the ions duning this periad, it must be
operated at very high vacuum {e.g., << 10~ tomr), if such high resolution is to be attained.
The ICE canalso be used for MS-MS and MS" experiments, by stoning precursor ions and
fragmenting them in the trap using a collision gas, lasers, or ion beams, An advantage of
the FTMS system is that it is nondesinuctive, so ions ot all stages of an MS" experiment can
be measured. A QIT instrument expels ions to be analyzed, so only ions in the final step
can e measuned.

The major disadvantages of the ICE are a limited dynamic range due to the same
space —charge effiect deseribed for the quadnpole ion trap, & more complex design, and
high instrument cost.

Dzapite the high cost of the FTICE instrument, new “hybrid” FTMS instrmens
ocpsting significantly more than | million US dollars wene introduced commerncially in
2003 because of their ability to determine the struciure of proteins. Protein structure defer-
minsation is critical to fundamental biology, genomics, protcomics, and the understanding
of drug—hiomalocule imeractions for development of phamaceuticals, "Hybrid” FTMS
instrumems combining ciher an ion trap or quadnpele(s) on the from cnd with the
FTICE on the back end exhibit both high sensitivity and high reselution.

82.4. Detectors

Most mass spectrometers measure one iy 2 valwe at atime. A single channel ion detector is
wsed for these instruments, cither an dectron multiplier or a Faraday cup. TOF, ion trap,
and FTICR mass spectrometers have the ability to extract ions with many my 2 values sim-
ultancously, so simultaneous detection of these ions is desirable. One approach to multiple
ion detection has been to use multiple dedectors. Multiple detectors are also used fior
high-resolution magnetic scotor MS  instruments designed for very precise isotope
miig determination and for quantitative analysis using isotope dilution. Instruments with
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mltiple detectors ane called “multicollectors™, Mew detector deve lopments inamay detec-
tors hold the promise of simultancous a7 measurement over a wide mass range.

Qr4d  Electran Mudnplier (EM)

The mest commaon detecton used for ions in mass spectrometors is the electron multiplicr
{EM). The EM is very similar in concept to the photomultiplicr twhe for optical detection.
[t is very sensitivie and has fast response. The EM s based on the dynedie, which has a
surface that emits electrons when struck by fast-moving clecirons, positive ions, ne gative
ions, or newtrals, A discrete-dymede EN wses asenes of 12-24 dynasde s, cach biased maone
positively than the preceding dymsde. A collision releases several electrons from the
dynde surface. These electrons are then accelerated to 4 second such surface, which,
in tum, gemnerates several electrons foreach electron that hombards it. This process is con-
tinwed until a cascade of electrons {an amplified cument) amives at the collector. The
process is shown schematically in Fig, 9. 26, Typically, one ion can produce 1 dectrons
or morne; this ratio of clectrons measured per ion is refemed tooas the gain. The gain
of the detortor can be odjusted, with opemting gains of 107 10* wed, depending on the
application. Figure 9.26(h) shows a commercial discrefe-dynode electron multiplicr.
A continums-dynede EM, also called a channel electron multiplier {CEM) uses a
continuwous glass tube, cither lead-doped or coated on the inside with a conductive surface
of high clectrical resistance, such as those shown in Fig, 927, A potential difference is
applicd across the fube cnds a0 that the potendial varics in a lincar manner along the
fube. Each incident ion releases clecitons that are acccleraied and strike the tube again,
esulting in the same cascade effoct soen in the discrete-dynaode EM. The curved or coiled
form is designed to reduce clectrical noise by preventing positive ions from returning
Wpsincanm.

Adizadvantage to dynode-hased detectorns is that the number of secondary clecirons
& leased de pends onthe type of incident primany particle, its angle and energy. The depen-
dence of the number of scoondany cloctrons cmitted on incident energy is shown for clec-
tron impact in Fig, 9206 c); the same plot for ion impact would be similar, There fore, they
can exhibit saess alise rirdmatlon due 1o differences inion velecity. Heavy ions from quad-
rupssle mass analyzers and from OQIT mass analyzers impact the dynode surface at lower
velocities than light ions., EM detectors for these instruments must be designed to over-
come the difference in velacities, often by accelerating the ions prior to them siriking
the first cloctron-cmitting dynode . An excellent source of information on how discrete
dynode clectron multipliers work is the SGE website at wwwsge com, which describes
their ETP electron multipliers. Similarly, the Burle Technologics website at www . burle.
com provides technical information on their Channeltron™ continuous-dynode electron
multiplier.

Qr4.2 Faraday Cup

The least-cxpensive ion detector i the Faraday cup, a metal or carbon cup that semves o
capiure ions and stone the charge. The resulting cument of a few microampenes is measwned
and amplified. The cup shape decreases the loss of clectrons from the metal due 10 ion
impact. The Faraday cup is an absolute detector and can be wsed 1o calibrate other detec-
tors, The cument is directly proporional to the number of ions and 1o the number of
charges per ion oollected by the detector. Unlike dynisde-based detectors, the Faraday
cup docs not cxhibit mass discrimination. The detector docs have a long response time,
which limits its wtility. The Farmaday cup detector is uwsed for making very accurale
W AAUrements in isotope-ratio MS, where the ion curends 4o not change rapidly. The
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Figure 8.36 {a) A schematic drorete-dynile electron multipher, showing the elecron gain o
cach successive dynade aller impact of an 30 on the lirst dynode surlace. The electron cascading
process resuls mopains of up to 107 heing achieved with agproximately 21 dynades. (b) An ETP
deciron multipher schematic shawing the position of e dynodes in the detector. (o) Dependence
a the number ol secondary electrons emifled on impad energy. |Images courlesy ol S0GE, Inc.
(Austin, TX) and ETP Electron Muliphiers Pty Lil, a divexn ol B30E (Sycdney, Ausralia)
fwww elpEoloom and www sgecaom) |

Faraday cup detector has no gain sssociated with it, unlike dynode-based detectors. This
limits the sensitivity of the measurement.

High-precision isotope ratio mass spectrometers ane designed with combinations of
multiple Faraday cup detectons and muliple miniature electron multiplicrs {used as ion
ocounters) for simultancous isotope measurement. For example, the TREITON and
NEPTUNE multicollector mass spoctrometers from Themmo Electron Corporation can
be configured with wp 1o nine Famaday cups and cight ion counders to detect 17 ion
boams simultancously, Details of these instruments can be found at www themuo,com.,
The wse of multicpllector instruments improves precision by two to three orders of
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Figure 8.27 {a) A schematic channel electron nmultipher (CEM), comnsisting ol a ghes or mlerior
anrfle] ceramac tube that emats secondary electrons upan 1on impact. (h) A schematic curved CEM.
The curved shape minimizes xm leedback nodse. (o) Phot of the Channeltron™ dectron muRiglier,
showing the curved gles tube withoul the associated eledromos. [Couresy ol BURLE Elediro-

Optics (woww hurleoom)l]

magnitude over a single collector magnetic sector instrument, and this high precision is
necded fior isotope ratio measune me s,

QX435 Arvay Derecrors

The microchannel plate is a spatially resolved amay detector formed of 107 - 107
continuous-dynode ¢lectron multiplicrs, cach only 10— 100 pm in diameter. This detecior
i used in fecal plane mass spectrometers a5 a replaccment for photograph plate detectors
and is used in some TOFMS instruments.

The fiweeed plevive eonmse e {FPC, still inindtial developme nt, consists of anamay of 31
Faraday cups, cach 145 pm wide. Up to 15 myz valuss can be measuned simultancously.
This detector shows improved precision comparncd with zingle channel detectors and has
the ability tomeasure fast iransicnt sigeals such as those from laser ablation. The detector
design is described in the references by Bames o al. and Knight et al. cited in the

bibliography.



