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9.2.3.1 Magnetic and Electric Sector

The principle of ‘operation of & simple e ' et
described briefly in Section 9.1. An ion moving through a magnetic fie
with radius r (Equation 9.6). Changing Bas a t:u’nqigr_n_gf time allows ions of difiere
through the fixed radius flight tube sequentially. This scanning magnetic sector so
their masses, assuming that all ions have a +1 charge and the same kinetic energy. A s
sector instrument is shown in Figure 9.17. A variety of other magnetic mass Spectrometers
d later. The sector can have any apex angie, ©

Figure 9.18; some of these will be discusse e
are common. It can be demonstrated that a divergent beam of ions of a given m/z will be b T
n by the three ion paths in Fig

focus by passing through a sector-shaped magnetic field, as show

A dispersive magnetic sector mass analyzer does not use 4 flight tube with a fixed rad
all ions with the same kinetic energy but different values of m/z will follow paths with
radii, advantage can be taken of this, The ions will emerge from the magnetic field at differe
tions and can be detected with a position-sensitive detector such as an array detector.
dispersive magnetic sector systemﬁfe shown in Figure 9.18c and d. DAL Vo r 10¢ = i

A single-focusing instrument such as the system shown in Figure 0.18b has the disa(ﬂlannp hat
ions emerging from the ion source do not all have exactly the same velocity. This is due to sever |
factors. The ions are formed from molecules that have a Boltzmann distribution of energies to begin

with. The ion source has small variations in its electric field gradient, causing ions formed in dif

ferent regions of the source to experience different acceleration. Also, when fragmentation occurs,

kinetic energy is released. This results in a distribution of velocities and adversely affects the resole-
5 o712 Ry Bl

tion of the instrument by broadening the signal at the detector.

However. ions in a radial electrostatic field also follow a circular trajectory. The electrostatic fiel

is an electric sector and separates ions by kinetic energy, not by mass (Figure 9.19). The ion beam
from the source can be made much more homogeneous with respect to velocities of the ions if the
beam is passed through an electric sector before being sent to the mass analyzer. The electric sector
acts as an energy filter; only ions with a very narrow kinetic energy distribution will pass through

y | ”

tic sector mass spectrometer. (From Ewing, G.W. Masss;,)ectrorﬂe"y-mE [ ol
; Instrumentation Handbook, 2nd edn., Marcel Dekker, Inc., NeW York:
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L fier—Johnson geometry of the Thermo Scientific Element with a GD source.
€ Thermo Fisher Scientific. www.thermofisher.com. Used with permission.)

Figure 9.22 The dual deteciors

thermofisher.com. Used with permission.)
- % tjn
In 2011. SPECTRO Instruments GmbH (www.spectro.com, www.ametek.com) muo:nu;e:s :
. MS. based on Mattauch-Herzog geometry ng

first simultaneous ICP-MS, the SPECTRO

i ) in the focal of the magnet occupying
a novel direct charge detector (Section 9.2.4) placed in ph:ne o ¥

: i .18¢. The i
ﬂiﬂlowmofzhcpbowplaleshmnmﬁgure9 et
(Figure 9.23a) and a double-focusing Mammcb—Herlog spectmllilslief (aﬁdit;r‘e e mslit.
sixt (which defines resoluﬁon;,a3l.5°ebcmmmanalyw( ). lengthnle eﬂﬂg)*i
Ma%’mgmﬁeummmemanxhedmmefmlm_ assembled instru-
ment is shown in Figure 9.24. _ Al

T;mgnwmdawwdESA(mwmmfmdwq:::diSAm smonn
mm;mammm:mmkmmww deﬁmd_
W.whichmbecnemaaadbyapeﬁm.ﬁmm
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Figure mmmnmmw.mdam&wm‘
oo :’t\edESAncp‘tAnE'zdwmmaBMbaw

5 Tme Mattauch—Herzog geometry of the SPECTRO MS. (Courtesy of SPECTH

Used with penmession. )

ﬁxxsedh'mcﬁnzdhsimoamadrwokdammmushqedk'-
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mass, if all ions have the same charge. Lig 3o
hdnmmmmhm -
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O MS, showing the ICP torch box upper left and the ion optic to
er on the left under the torch box.

TEK® Materials Analysis Division.
ametek.com. Used with permission.)

Figure 9.24 Cutaway view of the SPECTR
the right of the torch box, leading to the mass spectromet

(Courtesy of SPECTRO Analytical Instruments, Inc., AME

www.spectro.com, WWW.
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Field-free drift tube

alues enters the field-fre
ve miz > the small
time 3, have been separate

e drift tube of a TOF mass spec-
dark circles. As they travel down

different m/z Vi
d from the heavier jons.

Figure 9.25 A pulse of ions of two miz.
trometer at time 1. The large whité c:rclzs ga
the tube, the iighter |,or}s move fas}er‘an , by

£

0.26. The drift tube in a TOF system

A schemati F ma : .
Is approxfr;n;t;;: TSQ m in length. Pulses of ions are produced from the sample using Eulses'of
i ) e or 1-,2er pulses (€-£: ALDI). fon pulses are produced with frequencies

ns, secondary 1005, ©% pulsed electric field, called the ion-

f 10= y ONS ac ated into the drift tube by a pul j
d = 25 dLC‘?ler‘(lor draws out) ions into the field-free region. Agcg}eratmg volt-

extraction fie se it extracts {
field, becau es of 5-20 kHz a

27y ’! Ty , ‘ ‘ ! . | 2
at ‘ sS s‘pectromeler is shown 1n Figure

re used.

ages u action pulse frequenci 20 K A ey _ G
. lofstzrzg:v far::de?r:r‘tl;e dri[f)l tube according to their velocities. The velocity of an 101 1 can
sepa
be expressed as
2zV (9.10)
T et
m
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MASS SPECTROMETRY |

9.2.3.3 Quadrupole Mass Analyzer

The quadrupole mass analyzer does not use a magnetic field to separate ions. The quadrupole
ssparates GRS in an electric field (the quadrupole field) that is varied with time. This field is cre-
ated using an oscillating RF voltage and a constant DC voltage applied to a set of four precisely
machined parallel metal rods (Figure 9.31). This results in an alternating current (AC) potential
superimposed on the DT potential. The ion beam is directed axially between the four rods.

The opposite pairs of rods A and B, and C and D, are each connected to the opposite ends of

——

] a DC source, such that when C and D are positive, A and B are negative. The pairs of electrodes
; are then C(?nnected to an oscillating RF electrical source. They are connected in such a way that
) the potentials of the pairs are continuously 180° out of phase with each other. The magnitude
] of the oscillating voltage is greater than that of the DC source, resulting in a rapidly oscillating

{ field. The RF voltage can be up to 1200 V while the DC voltage is up to 200 V. The rods would
' ideally be hyperbolic instead of circular in cross section, with their hyperboloid axes pointed
toward the center of the rod array, to provide a more uniform field. Under these conditions, the
potential at any point between the four poles is a function of the DC voltage and the amplitude
and frequency of the RF voltage. The shape of the rods varies with different manufacturers;

lon detector

—

60 70

95 cd
0N B3cu %6Zn 75As pp

(c) (m/z)

iy,

tied together electrica

i ole mass spectrometer. Rods A and B are g

iy - Tran;g:ji:s&o:'?: Iajér‘llfge two pairs of rods, AB and CD, are connectecriebfetlaot% :t t; ke
3? arte otential and a variable RF excitation such that the RF voltages eaak oy

(b;e$h£ geometry of the rods. (c) Sequential detection of elements by p
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~ system to hig ety : \ncreases resolution and extes
* e onpned | the frequency of the RF field can

cheaper circular cylindrical rods are
manufactures the only hyperbolic qu
An ion introduced into the space between th

croassecﬁonsofmdsAandB;they-dinctionism ine thr
of rods C and D, as shown inﬁgum9.3lb.’!'heforward T
theaxisbetweenthemds)isnotaffectedbytheﬁdd.m oll
motion of the ion:

121+ 2 (Voc + Vi cos 2ft)y =0
dr*  r(miz)

&y, 2
dr*  rlim/z)

(Vi + Vg c0s 2mtft)x =0

where
Ve is the voltage of the DC signal
Vi is the amplitude of the voltage of the RF field
fis the frequency of oscillation of the RF field (rad/s) y
r is half the distance between the inner edges of opposing poles such as A and B as she
Figure 9.31b ¥
t is the time re

The motion is complex because the velocity in the x-direction is a function of the position ‘ :
and vice versa. In order for an ion to pass through the space between the four rods, every time
positive ion is attracted 1o a negatively charged rod, the AC electric field must be present to » ‘
away; otherwise, it will collide with the rod and be lost. The coordination between the oscillat
(AC) field and the time of the ion’s arrival at a rod surface over the fixed distance betwaen od
is critical to an ion's movement through the quadrupole. As a result of being alternately att cred
and repelled by the rods, the 1ons follow an oscillating or “corkscrew™ path through the qu
to the 'dctcclor. For a given amplitude of a fixed ratio of DC to RF at a fixed frequency, ﬂ
of a given m/z value will pass through the quadrupole. If the mass-to-charge ratio of the ion: ol
the frequency of oscillation fit Equations 9.14 and 9.15, the ion will oscillate toward the dete :
and eventually reach it. If the m/z value and the frequency do not meet the conditions require
Eguanons 9.14 and 9.15, these ions will oscillate with an increasingly wide pthl olide
with the rods or are pulled out by the vacuum system. In any case, the ions will not pro ess. s
detector. Onlyasmglem/:vahnmpassthmughﬂwquadrupolcatagivenlud aths
respect, the quadrupole acts like a filter and is often called a mass filter. One m/z value is file®
fmm.thtlonbnm_andpassedlodnduecmr:ﬂmclmWsmmemM‘ e 5
hop%l;g as shown in Figure 931c. /57 .- ¢ aM orvilalies :
. d ims 2 ey " . v L o o ~
oscillation of the RF field o - .ach - v
oscillation of the RF field can be held constant while ing the : YC and
in such a manner that their ratio is kept constas "I the POt
e v ratio is kept constant. It can be shown mathematically that the best®
- mm "b?“ttf‘m;nclvntisequaImO.lﬁs. If the ratio is greater than
stable path cannot be achieved for any mass number: if the ratio | this number,
“WL‘“ leoﬁ,ujw‘a*n- ratio is lower than .
W corhoy system is dependent on the number of oscillations an ion

[
o

Y =

4 ‘ o \‘\

i R~

: v -
« EE

"\, o T

Scanned with CaFniGSnner



Scanned with CamScanner



.?{
*'.

An ion trap is a de)
MS, the QIT; the Orbitrap, which use
the ICR trap.
The QIT mass spectrometer is also calle
just an ion trap. This analyzer uses a quadrupole i
the name to distinguish this system from the Or
The QIT is shown schematically in Figure 9.34. At
one above and one below the ring-shaped electrode, 2
RF voltage is applied to the ring electrode while the end
voltages. lons are stored in the trap by causing them to mo :
trodes under the application of the field. This is done by varying the p
ion collides with an electrode, the potential changes sign and repels the ion. o
range of m/z values can be stored simultaneously in the ion trap. .
lonization of the sample can take place outside of the ion storage area of the ic

nal ionization is required for LC-MS using an ion trap and may be used for G
ionization can take place inside the ion storage area; this internal ionization app
for GC-MS. Inert gas may be introduced into the trap after initial ionization for
ments using collision-induced dissociation. e
Jons are extracted from the trap by changing the amplitude of the ring electrode RE.
amplitude increases, the trajectory of ions of increasing m/z becomes unstable. These ion
toward the end caps, one of which has openings leading to the detector. lons of a given
pass through the end cap sequentially and are detected. =
The use of various RF and DC waveforms on the end caps allows the ion trap to

q> Gaf Ring electrode
-2
e

j k_ e

' Electron
multiplier

‘mml

Figure 9.34 Cross section of a QIT mass ¢ This schematic : nas g

G220 om 3 GC and lonasd et e ap by iscons rom th fament
W.M.A. and van der Greef, J., Liquid Chromat M i Joy sqrderr ot
Inc., New York, 1992. Used with permission.) P SppRURamIE,



MASS SPECTROMETRY |
747

jons from the matrix. This can result in
tin improved detection limits in analysis. The ion trap has

‘mitations. Because the stored i :

illPsetting stability of uajectoﬁgsl(t)s: §§" ‘nteract with each other (a space—charge effect), thereby
jow dynamic range for ion trap 1;1ass szz?mra"oﬂ of ions that can be stored is low. This results in a
one mass can be destabilized by the presenzgr;]:ters' Trace level signals from a target analyte ion at
of sufficiently different mass to be well resol great excesses of contaminant ions, even if these are
e InssSoeiving St S eaplie” oh esolved from the ion of interest. Ton trap MS instruments
s they are measuring the target io Ta“ i quﬁdl‘l.!poles, which “throw away” such unwanted ions

n. The stored ion interaction also limits the accuracy of the mass-

to-charge ratio measurement. Resolutio i
PR S B n of commercial QIT mass spectrometers is on the order of

9.2.3.6 Fourier Transform lon-Cyclotron Resonance

i The ICR instrument, also called a Penning ion trap, uses a magnetic field to trap and store
ions. As sl}own in Figure 9.35, six conducting plates arranged as a cube serve as the ion trap-The
cubic cell is abopt 100 mm on a side, is under very high vacuum (<10-* torr), and is located i;lside
a strong magnetic field produced by a superconducting magnet. Sample is in,troduced into the ‘cell
and ionized by an external ion source such as an electron beam passing through the trap. Ions in the
presence of a magnetic field move in circular orbits perpendicular to the applied field, at a frequency

called the cyclotron frequency:

D =By = (9.16)

m I

where
w, is the frequency of rotation of ions (rad/s)

e is the charge on electron (Coulombs)
B is the magnetic field (Tesla)

z is the charge on the ion

m is the mass of the ion

v is the velocity of the ion

r is the radius of orbit

<+ Receiver
Trap Trap
Magnetic filed
ey o Ion source
Collector lon N
motion
Receiver +
Transmitter

' : i alyzer use
“Exploded” view of an ICR ion trap. The ICR has been the primary mass an
bo)ttle alone and in newer “hybrid” FTMS instruments.

din FTMS,
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The frequency of mot
field, Mass analysis is pertc
transmitter plates. The RF pulse |
circular orbits at the same frequency. Fora
all ions of that m/z value to absorb energy and 1
pulse is off, the motion of the ions is detected by curl
group of positive ions approaches the receiver plate, its ¢
surface of the plate. As the group recedes, the electrons are re
called an “image current,” is @ sinusoidal signal with frequency
larger is the induced current. The frequency provides the m/z inf
current amplitude depends on the number of ions of that m/z value, pi
the concentration of ions. r— i

It would be possible to scan the RF and measure the magnitude of the image
formation but the process would be very slow.

quencies. The range of frequencies is choser

desired m/z range. When the pulse is off, all of the exited ions induce image currents in
plates as they rotate. The output current, which contains all of the frequency and magni
mation from all of the ions present, can be converted mathematically to a mass Spectr
application of the Fourier transformation. The use of an ICR ion trap and Fourier tran:
is called FTICR-MS or just FTMS. As of early 2003, this was the only type of FTMS inst :

commercially available.
There are several a
Therefore, signals can be accumulated by

value to obtain the mass spectral in
pulse is used that contains a range of fre

1

dvantages to the ICR. One is that the ion detection is nondestruct
averaging many cycles, resulting in greatly imprc
and signal-to-background as well as very low detection limits. Detection of attomoles of analyte
possible. Frequency can be measured very accurately, so the mass accuracy and resolution of thes
FTMS systems can be very high, on the order of 1 ppb for a mass of 100 Da. In order to acqui
sufficient information to achieve such high resolutions by the FT process, the data must be acquiret
over a longer period. In order that collisions with residual gas atoms in the ICR trap do not CMoVe
the ions during this period, it must be operated at very high vacuum (e.g., <108 torr), if such high
resolution is to be attained. The ICR can also be used for MS/MS and MS" experiments, by
ing precursor ions and fragmenting them in the trap using a collision gas, lasers, or ion bean
advantage of the FTMS system is that it is nondestructive, so ions at all stages of an MS" exper
can be measured. A QIT instrument expels ions to be analyzed, so only ions in the final step
be measured. :
The major disadvantages of the ICR are a limited dynamic range due to the same space
effect described for the QIT, a more complex design, and high instrument cost, resulting fre
need for extremely high vacuum operation and high field superconducting magnets.
. Despite the high cost of the FTICR instrument, new “hybrid” FTMS instruments .
51gx.1|f1c§13tly more than 1 million US dollars were introduced commercially in 2003 €
their ability to dc?ermine the structure of proteins. Protein structure determination is
to fundflmental biology, genomics, proteomics, and the understanding of drug-o%®
II.ltel‘aCtIOI‘lS for development of pharmaceuticals. “Hybrid” FTMS instruments 0
either an ion trap or quadrupole(s) on the front end with the FTICR on the back
both high sensitivity and high resolution. The diversion of nontarget ions in the ea
greatly 'rcduces their space charge effects in the ICR trap, enabling it 5 el
capability. lon trap and FTICR instruments are not available forsiCP MS due to the
intensity (from the plasma) relative to the analyte ions. Only g
stored in the ion trap, resulting in poor sensitivity fo i nly a limited ited number i
spectrometer designs. r the analytes compared (0 07 ;
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