
Chapter 8:  An Introduction to 
Optical Atomic Spectrometry

• Optical Atomic Spectra
• Atomization Methods
• Sample Introduction Methods
- Optical Spectrometry as opposed to MS
- Optics are similar to Molecular Absorption and Fluorescence 

Spectrometry

Sample is atomized (gaseous atoms/ions)
absorption or emission measured

Basics

‐ Generally solution samples (sometimes solids)

‐ Aspirate sample into flame or plasma

‐ Or heat sample to atomize

‐ Observe emission from excited state (AE)

‐ Or use light source to measure atomic 
absorption (AA)

‐ Or use light source to generate atomic 
fluorescence (AF)



Atomic spectra are line spectra

Some prominent lines in the atomic spectrum of mercury (Hg)

Other atomic spectra – many lines per spectra, 
lines are very narrow





λ in Å

• Similar pattern between atoms but different spacing
• Spectrum of ion different to atom
• Separations measured in electronvolts (eV) 1eV =1.602x10-19C´1V(J / C) = 1.602x10-19 J
= 96. 484 kJ ×mol-1
• As # of electrons increases, # of levels increases
Emission spectra become more complex
Li 30 lines, Cs 645 lines, Cr 2277 lines

Resonance fluorescence lines            Others

involve the ground                     involve a two

state                                          step process



Atomic line widths are important when considering 
spectral resolution, absorption experiments, etc.

About 10-5 nm or 10-4 Å



Doppler broadening 
occurs due to the 
observed compression 
and expansion of light 
waves as an atom 
moves toward or 
away from the 
radiation source



Other broadening effects include

‐ pressure or collisional broadening (10‐4 Å)

‐ broadening from uncertainty effects

‐ electric & magnetic field effects

Temperature effects from Boltzmann equation

N = population of state   P = statistical factor

Ej = energy difference k = Boltzmann constant

T = temp o & j signify ground & excited states

Molecular emission in flames & plasmas is generally unwanted
may obscure part of the spectrum & cause interference

Note similarity
of spectra



The sample 
must be 
converted to 
its atomic 
state which 
can be done 
at high temp. 
in a flame, 
furnace, 
plasma, arc 
or spark

Introducing
the sample
to the high
temperature
source can be 
tricky



Pneumatic 
nebulizers 

a) concentric 
tube 

b) cross‐flow

c) fritted disk

d) Babington

Sample introduction for solutions:

1) Pneumatic nebulizers

2) Ultrasonic nebulizers

3) Electrothermal vaporizers

4) Hydride generation

3 BH4
‐ +  3 H+ +  4 H3AsO3

3 H3BO3 +  4 AsH3 +  3 H2O

5) Cold vapor generation

Hg2+ +  Sn2+ Hgo +  Sn4+



Solid sample introduction:

1) Laser ablation – zap sample with laser and 
sweep atoms into flame/plasma

2) Direct sample insertion – place sample 
directly in atomizer (e.g. furnace)

3) Electrothermal atomizers – electrically heat 
graphite or tantalum boat 

4) Arc/Spark ablation – coat sample on 
electrode or place in electrode well or cup

5) Glow discharge technique – see p 227

Chapter 9:  Atomic Absorption & 
Atomic Fluorescence Spectrometry

• Atomic Absorption (AA)

• Atomic Fluorescence (AF)

• Sample Atomization (Both AA and AF)

‐ Both AA and AF require a light source

‐ Like Molecular Absorption & Fluorescence, in 
AA high intensity is NOT required, in AF high 
intensity results in greater sensitivity



AA

occurs in flame, plasma, etc.

Molecular emission is
generally unwanted &
can cause interference

AE

AE

• AAS intrinsically more sensitive than AES

• similar atomization techniques to AES

• addition of radiation source

• high temperature for atomization necessary

flame and electrothermal atomization

• very high temperature for excitation not necessary

generally no plasma/arc/spark AAS



They’re HOT !

Very important
Low rate: flashback
Higher rate: Blows off

Primary combustion zone - initial 
decomposition, molecular 
fragments, cool

Interzonal region - hottest, most 
atomic fragments, used for 
emission/fluorescence

Secondary combustion zone -
cooler, conversion of atoms to 
stable molecules, oxides



Consequences?

sensitivity varies with element

must maximize burner position

makes multielement detection difficult



AA Slot Burner and Flame



Electrothermal Atomizers:

• entire sample atomized short time (2000-3000 °C)

• sample spends up to 1 s in analysis volume

• superior sensitivity (10-10-10-13 g analyte)

• less reproducible (5-10 %)

• external Ar gas prevents tube destruction

• internal Ar gas circulates gaseous analyte

Three step sample preparation for graphite 
furnace:

(1) Dry - evaporation of solvents (10->100 s)

(2) Ash - removal of volatile hydroxides, 
sulfates, carbonates (10-100 s)

(3) Fire/Atomize - atomization of remaining 
analyte (1 s)



There are 
many 
possible 
variations  
for the 
hydride 
generation 
apparatus

Sample introduction for solutions:

1) Pneumatic nebulizers

2) Ultrasonic nebulizers

3) Electrothermal vaporizers

4) Hydride generation

3 BH4
‐ +  3 H+ +  4 H3AsO3

3 H3BO3 +  4 AsH3 +  3 H2O

5) Cold vapor generation

Hg2+ +  Sn2+ Hgo +  Sn4+



Atomic Absorption Instrumentation:

• AAS should be very selective - each element has different set of energy levels and 
lines very narrow

• BUT for linear calibration curve (Beers' Law) need bandwidth of absorbing species 
to be broader than that of light source

difficult with ordinary monochromator

Solved by using very narrow line radiation sources

• minimize Doppler broadening

• pressure broadening

• lower P and T than atomizer

and using resonant absorption

• Na emission 3p→2s at 589.6 nm used to probe Na in analyte

Normal or idealized 
situation for the 
absorption of source 
radiation in AA

Problems arise if the
sample absorption is
interfered with by a
matrix component
‐ sloped baseline
‐ overlapping 
molecular band

Background correction
is then needed



Hollow Cathode Lamp: 

• 300 V applied between anode (+) and metal cathode (-)

• Ar ions bombard cathode and sputter cathode atoms

• Fraction of sputtered atoms excited, then fluoresce

• Cathode made of metal of interest (Na, Ca, K, Fe...)

different lamp for each element

restricts multielement detection

• Hollow cathode to

maximize probability of redeposition on cathode

restricts light direction

Electrodeless Discharge Lamp:

EDLs provide greater light output and longer life than corresponding HCLs.

EDLs will also provide improved sensitivity and lower detection limits.



AAS Spectrophotometers:

Signal at one wavelength often contains luminescence from interferents in flame

Beam usually chopped or modulated at known frequency

Signal then contains constant (background) and dynamic (timevarying) signals



Interferences in AA can be

• Spectral – atomic spectral lines overlap or are 
too close to resolve – these are rare & 
generally well known or characterized

• Matrix – scattering of radiation during 
atomization (smoke), enhancement by matrix 
elements, structured background – handled 
by background correction

• Chemical – reactions that take place to alter 
the analyte (like Ca atoms reacting with PO4 to 
form a new species) – change conditions

Background Correction in AA

• Two‐Line correction (not very common)

• Continuous source correction (very common)

• Zeeman background correction (common for 
graphite furnace instruments)

• Smith‐Hieftje correction (relatively new ‘83)



continuum
source for 
background
correction

line source
for AA

The Zeeman effect splits the absorption peak in a magnetic field & shifts 
absorption to higher & lower wavelength.  The new absorption peaks 
interact differently with polarized light allowing analyte & background 
absorbance to be measured



The Smith‐Hieftje technique splits the HCL line

Self‐reversal or
Self‐absorption

Chemical interference:

(i) reverses atomization equilibria

(ii) reacts with analyte to form low volatility compound

releasing agent - cations that react preferentially with interferent - Sr acts 
as releasing agent for Ca with phosphate

protecting agent - form stable but volatile compounds with analyte (metal-
EDTA formation constants)

(iii) ionization

M M  e E  IPM

NM  NM × exp(IPM/kT)



Another type of matrix interference not alleviated by 
background correction involves variable amounts of 

analyte ionization in flames or plasmas

hotter atomization means:       more ionization

emission from interferents

One other factor 
(other than 
temp.) that 
influences 
degree of 
ionization is the 
presence of 
another easily 
ionized species. 
Here K enhances 
the Sr AA signal 
by suppressing 
Sr ionization 



Detection limits for AAS/AES?

• AA/AE comparable (ppb in flame)

• AAS less suitable for

weak absorbers (forbidden transitions)

metalloids and non-metals (absorb in UV)   metals with low IP (alkali metals)

Atomic Fluorescence – use an intense light 
source to excite AF of elements in a flame or 
plasma.  



Chapter 10:  Emission Spectroscopy 
Using Plasmas, Arcs or Sparks

Identification of elements but not compounds
Excitation and Atomization:
Traditionally based on
• flame
but
• arc and spark
• plasma  

Inductively Coupled Plasma (ICP) Direct Current Plasma (DCP)

excitation offers
(i) increased atomization/excitation
(ii) wider range of elements
(iii) emission from multiple species simultaneously
(iv) wide dynamic range

Arc and Spark Excitation Sources:
• Limited to semiquantitative/qualitative analysis (arc flicker)
• Usually performed on solids
• Largely displaced by plasma-AES

Arc/spark unstable - each line measured >20 s (needs multichannel 
detection)

Sample pressed into electrode or mixed with Cu powder and pressed - briquetting
Cyanogen bands (CN) 350-420 nm occur with C electrodes in air - He, Ar
atmosphere



Eagle Mountphotographic film:
• Cheap
• Long integration times
• Difficult to develop/analyze
• Non-linearity of line "darkness"

multichannel PMT 
instruments:
• for rapid 
determinations (<20 
lines) but not 
versatile
• routine analysis of 
solids - metals, alloys, 
ores, rocks, soils
• portable instruments



Inductively Coupled Plasma 
(ICP)

• Torch up to 1" diameter
• Ar cools outer tube, 
defines plasma shape
• Radio-frequency (RF) 
up to 2 kW
• Ar flow up to 20 L/min

Plasma Excitation Sources:
gas containing high proportion of cations and electrons

Solution Sample Introduction:
(1) Electrothermal vaporizer* (ETV)
• electric current rapidly heats crucible containing sample
• sample carried to atomizer by gas (Ar, He)
• only for introduction, not atomization (Fig 10-3)



ICP Torch with sample 
introduction system 
(nebulizer and spray 

chamber)

(2) Nebulizer - convert solution to fine spray or aerosol

• (a) Ultrasonic nebulizer uses ultrasound waves to "boil" solution 
flowing across disc
• (b) Pneumatic nebulizer uses high pressure gas to entrain Solution 

Cross-flow Nebulizer

Solid Sample Introduction:

(1) Electrothermal vaporizer*
(2) Direct Insertion(*) uses powder placed inside flame, plasma, arc
or spark atomizer (atomizer acts as vaporizer)
Coating on electrode in atomizer
(3) Ablation uses coating of electrodes in discharge cell and sample
entrained in Ar or He gas
Laser ablation uses laser to vaporize sample



ICP Temps.
The viewing area for 

each element is typically 
reported as mm above 

the load coil

• Brilliant white core - Ar
continuum and lines
• Flame-like tail up to 2 cm
• Transparent region -
measurements made
• Hotter than flame (10,000 
K) - more complete
atomization/excitation
• Atomized in "inert" 
atmosphere
• Little ionization - too many 
electrons in plasma

Direct Current Plasma 
(DCP) Torch

Lab will involve use of 
DCP for multielement
analysis

• DC current (10-15 A) 
flows between C 
anodes and W cathode

• Plasma core at 10,000 
K, viewing region at 
~5,000 K

• Simpler, less Ar than 
ICP - less expensive



Atomic Emission Spectrometers:

May be >1,000 visible lines (<1 Å) on continuum
Need
• high resolution (<0.1 Å)
• high throughput
• low stray light
• wide dynamic range (>106)
• precise and accurate wavelength calibration/intensities
• stability
• computer controlled

Three instrument types:
sequential (scanning and slew-scanning)
multichannel
(Fourier transform FT-AES)

• Sequential monochromators:
• Slew-scan spectrometers - even with many 

lines, much spectrum
• contains no information
• rapidly scanned (slewed) across blank regions
• slowly scanned across lines
• computer control/preselected lines to scan



Multichannel AES:





Sequential instrument - PMT moved behind 
aperture plate, or
grating+prism moved to focus new λ on exit slit
• Cheaper
• Slower
• Pre-configured exit slits to detect up to 20 lines, 
slew scan

Multichannel instrument - multiple PMT's
• Expensive
• Faster



Applications of AES:

AES relatively insensitive (small excited state population 
at moderate temperature)

AAS still used more than AES
(i) less expensive/complex instrumentation
(ii) lower operating costs
(iii) greater precision

In practice ~60 elements detectable
• 10 ppb range most metals
• Li, K, Rb, Cs strongest lines in IR
• Large # of lines, increase chance of overlap









Chapter 11:  Atomic Mass Spectrometry 
(Inorganic MS)

• Mass Spectrometers

• ICP‐MS

• Spark Source MS

• Glow‐Discharge MS

• Elemental Surface Analysis by MS

• Laser Ablation ICP‐MS

Atomic Mass Spec processes

• Atomization (sample intro)

• Conversion to ions, singly charged positive ions

• Separation based on m/z ratio

• Detection ion current

In other forms of MS (GC‐MS or MS of organic 
compounds), sample introduction does not 
involve making atoms, just getting molecules 
into the high vacuum system



Atomic Mass Spec has been around for a long 
time but one of the most significant 
advances in this field occurred recently, the 
development of ICP‐MS

Basic MS
design
components

Note high
vacuum



Advantages of Atomic Mass Spec over Optical 
Atomic Spectrometry

1) Detection limits are better, sometimes 
several orders of magnitude better

2) Very simple spectra

3) Ability to measure isotope ratios

Disadvantages

1) Equipment cost

2) Instrument drift

3) Isotopic interferences

• Mass Spectrum of Li



Detectors = Transducers for Mass Spec

1) Electron Multipliers – transducer of choice 

Discrete dynode electron multiplier works like a 
photomultiplier tube

ions  electrons  many electrons

typical current gain 107

Cu/Be surface

Continuous dynode

electron multiplier – glass doped

with Pb, gains from 105 to 108



2) Faraday Cup – historically important, not 
extremely sensitive, slow

1) Quadrupole
Mass 
Analyzers

Important

device that

acts as a 

mass filter

passing

only ions of

certain m/z

Separation of ions = Mass Analyzers



Separation of ions = Mass Analyzers

1) Quadrupole Mass Analyzers

Important

device that

acts as a 

mass filter

passing

only ions of

certain m/z



2) Time of Flight Mass Analyzers

Ions are accelerated into a field‐free drift tube 
approximately 1 m long & separated based 
on kinetic energy ( 1 – 30 µs)

3) Double‐Focusing Mass Analyzer

employs electrostatic analyzer &

magnetic sector analyzer



ICP‐MS showing various

sample introduction modes, ICP

torch, mass analyzer & detector

ICP‐MS

• Developed early 1980’s

• Low detection limits (0.1 to 10 ppb)

• High selectivity

• Good precision (2 ‐ 4%) & accuracy

• m/z range 3 ‐ 300 = 90% of periodic table

• Resolution 1 m/z

• Dynamic range 106

• Approximately 10 sec measurement time

• Various sample introduction methods



ICP Mass Spectrum of rock sample produced

by Laser Ablation

Comparison of 
ICP optical 
emission 
spectrum & ICP‐
MS spectrum for 
100 ppm cerium 
(Ce)

6 Ce lines

2 Ce isotopes



Spectroscopic Interferences

1) Isobaric interferences – element  isotopes 
with same m/z (e.g. 113In+ & 115In+ overlap 
with 113Cd+ & 115Sn+) 

2) Polyatomic ion interferences – formed from 
interactions of species in plasma

3) Oxide & Hydroxide species interference –
MO+ or MOH+ formed in plasma

4) Matrix effects – similar to optical atomic 
spectrometry



Multielement

Analysis



Good 
linearity



Isotope Ratio Measurements – ICP‐MS makes 
measurement of isotope ratios for a sample 
become relatively easy in many cases.  This 
is a powerful technique that can identify 
elements from different sources, allow use 
of tracers, etc.


