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Figure 8.14 Argon ICP torch usedd as am iomation source lor ICPRE. (From Ewing, used with
TR KL )

opne with asmall orifice inits center, called the sampling cone. The gas that enters through
the arifice expands into an evacwated region. The cemral portion passes through another
meial cone, the skimmer cone, into the evacuwatod mass analyzer. Singly charged positive
ions are fprmed from most elemens, metallic and nonmetallic. The ICF has a high ioniz-
ation cfficiency, which approaches 100% for most of the clements inthe periodic table.
The mass spectra ane very simple and clements are easily identified from the m/fz
values and the isotope ratios observed. Background ions from the solvent and from the
argon gas used to form the plasma are wsually observed. Such jons include Ar™, ArH™,
Ay, and polyatomic ions from water and the mineral acids used to dissolve most
samples.

9.23. Mass Analyzers

The mass analyzer is at the core of the mass spectrometor, s function is o differentiate
amang ions according to their mass-to-charge ratio, There anc a vanety of mass analyzer
designs, Magnerc secror mass analyzers and quendripale mass analyzers ame scanning
imstruments; only ions of a given mass-to-charge ratio pass through the analyzer at a
given time. The myfz range is scanned over time. Other mass analyzers allow simultaneous
transmission of all ions; these include tme-af=Ughs (FOF), o trap, and e evelarras
regeinee mass analyzers as well as dispersive segnenie mass analyzers. Tandem mass
specirometers ae instruments with several mass amalyzers in sequence ;) these allow the
szlection of ene jonin the first analyzer {the precursor ion) and the analysis of fragmenta-
tion or decompesition of that ion inte product jions in the second analyzer.

Qr Al Magnerie and Elecwie Sector fnsirume s

The principle of operation of a simple single-foousing magnetic scctor mass analyzer was
described bricfly in Section 9.1, An ion moving through a magnetic fcld & will follow a
circular path with radius ¢ [Eq. (9.5)). Changing & a5 a function of time allows ions of
different m fz values to pass through the Axed radius Aight tube sequentially. This scanning
magnetic secior sons ions acconding to their masses, sssuming that all iens have a + |
charge and the same kinetic energy. A schematic of a 90 sector instrument is shown in
Fig. .15 A varncty of other magnetic mass spectrometers ane shown in Fig, 9. 16; some
of these will be discussed later. The sector can have any apex angle, but &0F and W07
are common. It can be demonstrated that a divergent beam of jons of a given sz will
b hrought to a focus by passing through a sector shaped magnetic field, as shown by
the three ion paths in Fig. 915,



Figure 8.15 A %" mapnetic seckr naes speciromster. {From Bwing, weed with permiceson )

A dispersive magnetic sector mass analyzer docs not use a fight wbe with a fixed
mdius. Since all ions with the same kinetic energy but different valwes of mfly will
follow paths with different radii, advantage can be taken of this. The ons will cmerge
from the magnetic ficld at different positions and can be deectod with a positios-sepsitive
deiecior such as a photoplate oran amay detector. Examples of dispemsive magnelic secior
Fyatems ane shown in Fig, 9. 16c) and {d).
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Figure 816 Larly nwe spectmonser designs. (a) Ason, 1909 (b} Dempater, 1918
&) Matauch =Hereag, 1935; 1) Banbrklge, 1933, In each came, 8 signilbes the magecic Bebd.
Spectrometers (o) ancl (<) are chapersive e spectormeters; (o) the Mallauch= Horoog devign in
dso adouble sector inmtmneni, wing an eleciric sector belore e magnetic eld.
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A single-focusing instrument such as the system shown in Fig, 9. [8h) has the
dizadvantage that ions cemerging from the ion source do mst all have exactly the same
velocity. This is due 1o several factors. The jons are formed from maelecules that have a
Boltzmann distribution of e¢nergics to begin with, The ion spurce has small variations in
itz cloctric field gradient, causing ions formed in different regions of the seurce 1o experi-
cnce different acceleration. Alsg, when fragmentation eccurs, kinetic energy is neleased.
This results in a distribution of velocities and adversely affects the resalution of the insim-
ment by broadening the signal at the detector.

However, ions in a radial electrostatic field also follow a cincular trajectony . The
clectrostatic ficld is an decfrie secror and separates ions by kinetic energy, not by mass
{Fig. 9.17y. The ion beam From the source can be made much more homaegencous with
Eapect W velocitics of the ions if the beam is passed through an electric sector before
being sent to the mass analyzer. The cleciric soctor act as an energy filter; only ions
with a very namew kinetic energy distribution will pass through,

Most magnetic soctor instruments today combine both an electric sector and a
magnetic scctor, Such instruments are called double-feousing mass spectrometers. One
commen oommerncial double-foousing design is the Mier—Johnson design (Fig, 90 18),
idrsduced in 1953, a socond commen design using two scctors is the Mattauch -
Herzog dispersive design, shown in Fig, 9. 146c).

Mass ranges for magnetic sector instruments are in the mfz 1-1400 mange for
single-focusing instruments and sz 5000- 10,000 for double-focusing instruments. Very
high mass reaslution, up to L0000, is pessible wing double-focusing instniments.

QX323 Time of Flight {TOF | Analvger

A TOF analyzer docs not use an extermal force to separate jons of different w2 values.
[natcad, pulses of ions are accelerated into an evacuated feld free region called a drifi
b, IFall ions kave the same kinetic energy, then the velocity of an ion depends on its
mass-io-charge ratio, or on its mass, it all ions kave the same charge. Lighter ions will
travel faster along the drifi tube than heavier ions and ame detected first. The process is
shown schematically in Fig. 919

Aschematic TOF mass spectrometer is shown in Fig, 920, The drift tube in a TOF
aystem is approximately 12 m in length. Pulses of ions are produced from the sample
wing pulses of clectrons, secondary jons, or laser pulses {e.g., MALDD. lon pulses ane
produced with frequencies of 10-50 kHz, The ions are accelerated indo the drifi tube
by a pulsed electnie field, called the ion-cxiraction feld, because it extracts {or daws
out) ions inte the Aeld-free region. Accelerating voltages up to 30 k% and exiraction
pulse frequencics of 5-20 kHz ane used.

Figure 8.17 A cylindrical elecirodatic-secior energy [ilter. (From Ewing, used with pernussion.}
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Figure 818 A Nir—Johmon double [oous mass spectomster. (From Bwing, wed with
T S K. )

lons anc scparated in the drifit tube according to their velocitics, The velocity of an
iom, 1, can b cxpressed as:

y= J2Y (9.10)

where Vis the accelerating voltage., If L is the length of the feld-free drifi twhe and 5 is the
time from acceleration o dewection of the ion {ic., the fight time of the ion in the ube),

L
b=t {911
T | Tieae 2 |
[Oo O o e
| Inis .t:' U El:, - r'* [ ] Thetecimr
= | B — P -
Ce oe o o.

Field Free Drift Tubse
Figure 819 A pulse ol ions ol tweo dillerent sy wlues enters the lield Iree drill whe ol a TOF
nuss spectrometer g linee 1. The large white circles have sz 2= than the small derk circles. As they

frave]l down the wbe, the highler oms meve lasder, amd by tme 3, have been separated Irom the
heavier Kms.
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Figure 8.30 Schematic TOF mass speciromseter.

and the equation that describes ion separation is:

w2V
it el 12
L S @l
The flight time, 1, of an ion is:
T
I= LIII:Il:T {g I":I']

Eg. (9.13) can be used to caleulate the differcnce in Aight time hetween ions of twao
differemt masses, Actual time separations of adjacent masses can be as shon as 8 few
mangscconds, with typical fight times in microseconds.

TOF instruments were st developed inothe 1950, bt fz]] out of wse bocawse of the
inherent low resolution of the straight drift tube design {as in Fig. 9200 The drifi tube
kength and flight time ane Axed, so resplution depends on the accelerating pulse. lon
pulscs must be kept shont to aveid overlap of one pulse with the next, which would
case mass overlap and docrease resplution. Interest in TOF instruments resurfaced in
the 19400 with the imtroduction of MALDI and rapid data acguisition methods, The sim-
utancous transmission of all ions and the rapid Gight time means that the detector can
capiure the entine mass speciral range almoest instantaneously,

The mesolution of a TOF analyzer can be enhanced by the use of an ion mimor,
called a wflectron. The refleciron is used to reverse the direction in which the ions ane
traveling and to cnerg y-focus the ions to improvie resolution. The reflectron's ¢lkectrostatic
ficld allows faster ions to penetrate more deeply than slower ions of the same iz value.
The faster ions folleow a longer path before they are tumed around, so that ions with the
same s value but differing velocities end up traveling exactly the same distance and
amive at the detector together. The use of a curved ficld refectron pormits the fecusing
of ions over a broad mass range to collect an entine mass spectrum from a single laser
shot. In a e lectron TOF, the ion spurce and the detector ane at the same end of the spec-
trometer; the efleciron is at the oppesite end from the ion source. The ions traverse the
drift tube twice, moving from the ien source to the reflectron and then back to the detector.
Aoschematic of a commerncial reflectron TOF mass analyzer is shown in Fig, 9.2 1.

The mass range of commerncial TOF instruments is wp to L0000 Da. Resolution
depends on the type of TOF and ranges from LD for instraments designed as dedicated
detectors for (OO (GC-TOFMS ) to 20,000 for refectron instruments, One linmitation to the
we of a conventional nefectron instrument is a loss in sensitivity; about 0% of the ions
are lost with a conventional wire grid reflectron.



