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How EM waves are produced ?

B =

FEE koo

How can we analyze EM waves ?

Spectrum of Electromagnetic Radiation and Light

== Increasing Frequency (v}

ELECTROMAGHETIC SPECTRU




The most important information arises when
the wavelength of the radiation is similar to,

or smaller than, the size of the spacing between
the objects being studied.

Electron-beam Scatterers  Radiation |
(spacings) (typical dimension)
:-5i2%ht ] : :3!1( rﬂ%t)s in newsprint
nmftor green,
= Raindrops

(0.164 nm for Cu Kat) Row of parked cars
Sound Bm :
(1.26 m at middle C) Precipitates In alloys

{100 nmy}

Atoms in crystals
(0.1 nm)

Thermal radiation
(0.1 nm typical)

Reset Score

1393 MATTER, The University of Liverpoal
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Scatterers Radiation
(spacings) (typical dimension)
LG [ CRLE EUE T Thermal radiation
(0.1 mm) (0.1 nm typical)
Raindrops Light

{10 mm) (520 nm for green)
Row of parked cars  E=L1T)0

3 m) {1.26 m at middle C)
Precipitates in alloys B:€\"

(100 nm) {0.154 nm for Cu Kar)
Atoms in crystals Electron-heam
(0.1 nm) (3.7 pm for 100 keV)

Reset Score You have correctly filled out all the table entries.

@ 1599 MATTER, The University of Liverpool ‘
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Spectroscopy...

- Source of Radiation or
= i \ . .
- N Excitation

Spectrometer +
Detector =
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Classification of Spectroscopy...

Source of Radiation or

Excitation
Ty .. by frequency range:
Sample
-X-ray
UV
A -Infrared
Spectrometer + efc
Detector :
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Spectrometer +

Detector
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Classification of Spectroscopy...

Source of Radiation or
Excitation

.. by the type of the
radiation source:

* Broadband
(synchrotron radiation)
- Laser

- CW / time-resolved
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Classification of Spectroscopy...

.. by the type of
Excitation:

Chemoluminescence
Bioluminescence
Electroluminescence (E-field, injection)
Cathodoluminescence (electron beam)
Mechanoluminescence
Triboluminescence
Fractoluminescence
Piezoluminescence
Photoluminescence (light)
Phosphorescence
Fluorescence

Sample

sifiiye

kil Radioluminescence

Sonoluminescence (sound)

Spectrometer
Detector

Thermoluminescence (heat)

AE =nv =E,- E; Adownward transition
E involves emissioin of
—_— 2 a photon of energy:

Andrei Sirenko, NJIT
oW

E, Bwwn=mv =E,- E,
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Sample

GaAs, InP,

Example: Photoluminescence
Spectroscopy

Source of Radiation
or Excitation

Photoluminescence in
SEMICONDUCTORS and
SEMICONDUCTOR DEVICE
STRUCTURES

Goal: Bandgap Measurements
(details of the electronic
structure)

Detector

Lecture3 |
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Classification of Spectroscopy...

o Source of Radiation
or Excitation

.. by the type of detection:
—» +Fourier tfransform Spectroscopy

' +Spectrographic Spectroscopy
*Ellipsometry (polarization)
*Moessbauer Spectroscopy (v)
*Electron Energy Loss Spectroscopy (V)




Spectroscopy

;‘/“__: Source of Radiation
= W or Excitation

Processes in the SAMPLES
—y * Raman Scattering Spectroscopy
'+ Transmission / Reflection /Absorption
* Nonlinear Spectroscopy
+ Time-resolved Spectroscopy
* Modulation Spectroscopy

Spectrometer +
Detector =

(G

Lecture 3 . | Andrei Sirenko, NJIT 13

How can we analyze EM waves ?

Resolution depends on
d- number of groves per mm

Diffraction Grating

¥
tanf = —
A diffraction grafig is the tool of chisice for separatimig the colors .
mcident light Assumption of infinite For distant screen
source distance gives assumption
nccan ! n
vy plane wave at slit so g
o — that all amplituds tand =siné = 6 = D
g g elements are in phase. .
—— T - e ‘.
—ed e . L ’,__--
e %0 — g -
d
e L) I9 R D
. : 3 For D>> g Condition for maximum
T —— i L
e th\g approaches dsind = mi
of red and bhug ma2 a right angle 2 =
hl =
= The condilion for mammnam shennty i the same as that fx a and g =6 Y mAD
n @ double 58 However, ssgpuler separalion of the massna i# generally = olit s =
H !/.;/B_ o ek g bec suse the B sparing i o smal for & Affacton a = slit width d
pralmy,
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Building a Grating Spectrometer / Spectrograph

Wavelength € Position conversion
o mAD a1

d
D y, &

g d [grove/mm]
- m - order

10° mcojﬂD [nm/mm]

Grating

Slit
(exit)

Broad-band

Slit I light
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Grating Spectrometer / Spectrograph
/Monochromator
Czerny-Turner Configuration

l_PMT or
-' Photodiode

& not aqual to &
& not equal to &
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http://www. jobinyvon.com/SiteResources/Data/ Templates/1divisional.asp?DocID=617&v1ID=




Grating Spectrometer / Spectrograph
/Monochromator
Czerny-Turner Configuration

}_PMT or
3 Photodiode

& not equal to &

Plane Grating

Sample
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NA and f/number

General concept

}_PMT or
£ Photodiode

[y NA=nsm Q where B is the refractive index (ﬂ =1
in air) (2-2)
2
o ]
% = and fivalue by:
- & 1
£ H fivalue = ——
2 - = 2NA (2-3)
Table 2: Relationship between f/value, half-angle, and
numerical aperture
= ffz ff3 f/s  H7 /10 15
) QRGELEEES] 1448 9.6 57 40 29 19
0.25 0.16 0.10 0.07 0.05 0.03
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NA and f/number
Bandpass and resolution concept

3 5
}_PMT or T f -
E Photodiode ‘j

Ao A
Figure 17 - Recorded Spectrum
of Monochromatic Light Source
with & “Real” Instrument

& not aqual to &

Plane Grating

A
- Y~
o S T <1©|>
= Flgure 15 - Real Spectrum s \Y A

of a Monochromatic
Light Source
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——————

=t |
_

"1 NA and f/number
i

/| % Bandpass = FWHM

o A,
Figure 17 - Recorded Spectrum

of Manochrematic Light Source
with & “Real” Instrument
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7 NA and f/number Rl 7 NA and f/number T

Band ~ Band
anapass I anapass I
o Menpcniemane Light Beurce
with 2 Real® inetament
1Y = ¥ # * # y
q q BP(L)=PF(A) * PRy * ¥ Pyh
] ]
2.12.1 Influence of the Slits (P1{3))
If the slits are of finite width and there are no other contributing effects to
broaden the line, and if:
. . W= width of the image of the entrance slit
= 1 r = 1 W, = width of the exit slit or of one pixel in the case of a multichannel
detectar
=B* 2.12.1 Influence of the Slits (P1{x}}
F=B*P (2-18) nfluence of the Shits (P1{x} iy = linear dispersion # W,
The recorded function F(A) is the convolution of the real spectrum and the I,',.\.I,I,:,:"' ',':,';,!, W w8 g et to a1y = linear dispersion x W_
instrumental line profile.
W = width of the image of the entrance it then the slit's contribution to the instrumental line profile is the convolution of
The shape of the instrumental line profile is a function of various parameters: the twao slit functions (see Figure 18),
+ the width of the entrance slit A= AR
+ the width of the exit slit or of one pixel in the case of a multichannel 1 2
detectar (umr‘ l|‘n|l;!'lul|'fl-'_=l ine profie is the convolution of
% (588 Figure 18).
= diffraction phenomena
= agberrations Shy~BAg max {Akq .aky)
» quality of the system's components and alignment
1 g —  AM — AN —— LXi+82p
y 1y * * * y ' =
P("I':] a Pl("":] P]G'J T Pﬂ("":l —_‘___._-‘nl‘ A, AL LILLL By Image of the Entrancs Siit Exit Sl Instrumental Line Profile
Image of the Entrascs Sl Exll BII Instremantal Line Frofis Figure 18. Convalution of Entrance with Exit Slits
Figure 10 Corvelutian of Ertrans with Tt s
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* NA and f/number T ' Example

BGndPGSS L 32 mm,, 42.9 mm
1% = 7 * #* * ¥
P(L)=Py(A) * Po() * . * Py(h
{ - e { P
! ! 8 +
2.12.2 Influence of Diffraction {(P2{x)) T F‘gmm = FWHM‘
o] * —p | =
If the two slits are infinitely narrow and aberrations negligible, then the N 'i“rlnHmM_"_ -— 1 - «-10.6 mm
instrurnental line profile is that of a classic diffraction pattern. In this case, the [ ] | |
resolution of the system is the wavelength, A, divided by the theoretical 0 |
. resolving power of the grating, R (Equation 1-11). . u } | :
3 3 N
T | | |
- Bandpass waries as cos o 2.12.3 Influence of Aberrations {P3{x)) 1 : I
i i X 1
e Dispersian varies as cos p If the two slitcs are infinitely narrow and broadening of the line due to 251.36 nm 252.61 nm 254.28 nm
aberrations is large compared to the size due to diffraction, then the

instrumental line profile due to diffraction is enlarged.

Table 5: Variation of Dispersion and Slit Width to Produce 0.16 nm
Bandpass in a 320 mm Focal Length Czerny-Turner

In practice the FWHM of F(A) is determined by the convolution of the various
causes of line broadening including: Groove Density Dispersion Entrance Slit Width
{gimm) {nm/mm) {microns)
300 9.z 17

2.12.4 Determination of the FWHM of the Instrumental Profile

da (resolution): the limiting resolution of the spectrometer is governed by the
limiting instrumental line profile and includes system aberrations and diffraction

effects. 500 46 as
dn (slits): bandpass determined by finite spectrometer slit widths. 1200 2.3 70
dx (line): natural line width of the spectral line used to measure the FWHM. =0 L L7
2400 1.15 139
Assuming a gaussian line profile (which is not the case), a reasonable a600 0,77 208
approximation of the FWHM is provided by the relationship: !
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— 2 i 2 i 2 i The best choice would be the 3600 g/mm option to provide the largest slit
FWHM = \/{d}\ (S|ITS) +dA (resolutlon) +dA (Ime)(g_gu) width passible to permit the greatest amount of light to enter the system.




7 Example

Table 6: Yariation in Maximum Wavelength with Groove Denisty in a
Typical Monochromator
L, = Lg=F = 320 mm, D, = 240. In this example maximum wavelength at

maximum possible mechanical rotation of a 1200 g/mm grating = 1300 nm

|
5 (gimm) (nm)
i 150 18.4 10400
300 9.2 5200
600 4.5 2600
1200 2.3 1300
. 1800 1.5 867
b 2400 1.15 650
3600 077 433
2.16 Choosing a Monochromator/Spectrograph
Select an instrument based on:
e & system that will allow the largest entrance slit width for the bandpass
required.
« The highest dispersion.
e The largest optics affordable.
s Longest focal length affordable.
& Highest groove density that will accommodate the spectral range.
e Optics and coatings appropriate for specific spectral range.
& Entrance optics which will optimize stendue.
e If the instrument is to be used at a single wavelength in a non-scanning
Lecture 3 mode, then it must be possible to adjust the exit slit to match the size of

the entrance slit image.

The interaction |
of radiation with
matter.

Glick on any type of
radiation for maore

Photoionization

ionization

Compton
Scattering

Longer
wavelength

information, X-ray
lonization Ultraviolet Elect
_ vi ectron
energy i
— T . ! level changes.
Large number of K
available energy —— Visible !
states, strongly L
absorbed.
—71 — Infrared
A VAV Molecular
: vibration
T Molecular
Smiall number of Microwaves (: rotation
available states, M './ and torsion
almost transparent. !
<— Increasing Frequency (v)
l(‘»l‘ It.::: |(Ir"' I(‘i"‘ JE‘J"' I(I)“ llll‘2 u‘)“’ |I()“‘ I‘n" ]‘n" II(P l‘ll” v (Hz)
T

1000 10t 1072
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The interaction of radiation with matter

Transparency Absorption and Emission

. . : Talung the electron tranzitens asaocisted with mable and weranolet interachons with
You can see for many wmiles through clear air and a clear piece of glass obvicuslyis 5 wxumrple, absorplon of a photon will oceur only when the gussitur

transparent to the wavelengths of wsible hoht The ar 15 fortunately not transparentte . the photon precitely tatchies the srisgy gap betenen te witial and fnal
the ultraviolet rays from the sun, though increasing transparency from ozone states. In the mteraction of radiation with matter, if there 15 ne pair of energy states
depletion is a concern. The clear piece of glass is transparent to wisible light becavse  such that the photon energy com ebeval
the available electrons in the material which could absorb the visible photons have no then the matter sll be transparent to that radiation
available enersy levels above them in the range of the quantum energies of visible

photons. The glass atoms do have vibrational energy modes which can absorb ——E,; Absorption can oceur

mfrared photons, so the glass 1s not transparent in the mfrared. This leads to the "UW" f Iy Hhory ;.
i fFect Th - i85 of th dent phet R —=0 E AE=hv =E.- E; Adownward transition

areenhouse effsct The quantum energies of the incident photons must mate! Eppcn = hU Invoivas amiasicin of

available energy level gaps to be absorbed. — a photen of anargy:

v

E, Absorption can occur E, Bun=tt =E;- E,

\/\MW» T only when Y
Eqposon = NV E, AE=hv=E,- E hy  Transparent g lewels associaned with moleculer, azams and nusclei are in genaral discrete,
— Available quantred energy levelr and transmens between those levels typically wvelve the
Absorbed § final states  yhoornfion or ermssson of photars Electron energy levels have been used ag the
o Xoray r\/\/\r{}‘f’ example here, but quantized energy levels for molecular vibration and rotation also
Radio | Jooe | uv y-ray exst T between quantuen states typacally sccur m the iwfeared
L wid transtions bebveen rolational qamibas states-are Bpacally m the maorowase

To what pholon energies is the human body transparent? Initin) state region of the electromametic spectrum
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sem from the Jower Lo the upper stite,

The interaction of radiation with matter

X- ray X—rays‘
interactions
X-ray photon energies

are far above the
ionization energies of

Ph otoionizati un

ionization

Compton
Scatl:eﬁ na
Longer

wavelength
K-ray

Since the quantum energies of x-ray photons are much

too high to be absorbed in electron transitons between

atoms. lonization
anergy
X-ray
@ positron

[P

“g electron

states for most atoms, they can mteract with an electron
i — only by knocking it completely out of the atom. That i3,
Pair Production A . . _ .

x-rays are classified as iomring radiation. This can
occur by giving all of the energy to an electron
{photoionization) or by giving part of the energy to the
electron and the remamder to a lower energy photon

(Compton scattering). At sufficiently high energies, the
s-ray photon can create an electron positron pair.

http://www4.nau.edu/microanalysis/Microprobe/Course%200verview.html
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The interaction of radiation with matter

Ultraviolet Interactions

high UV or X-ray

photon ionization

UV photons above the ionization
energy can disrupt atoms and

maolecules.
Phatoionization

lonization

energy 1o Ultravialet - ", Eleciron
Large number of 0 ! Seiages
available energy 6
states, strongly UV photons below the ionization
absorped. energy are strongly absorbed in
producing electron transitions.
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The interaction of radiation with matter

Visible Light Interactions

The primary mechanism for the absorption of wsible kght photons is the elevation of
electrons to ligher energy levels. There are many available states, so wisible light 15
absorbed strongly. With a strong hight source, red light can be transmmtted through
the hand or a fold of slan, showang that the red end of the spectrum is not abserbed
as strongly as the wiolet end.

lonization L

energy * "y Electron

. ! level changes.

Large number of
available ener isi — e
states srmnglgy ',J'\S}?le Visible light causes
absorbed. electron transitions
TWhile exposure to visible light causes heating, it does not cause ionization with its
risks. You may be heated by the sun through a car windshield, but you will not be

sunburned - that 15 an effect of the higher frequency uv part of sunlight wiich 15
blocked by the glass of the windshield.
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The interaction of radiation with matter

Infrared Interactions

The guattum energy of infrared photons i3 in the range 0.001 to 1.7 eV which iz in
the range of energies separating the quantum states of molecular wbrations. Infrared
1z absorbed more strongly than microwaves, but less strongly than wsible light. The
result of mfrared absorption is heating of the tissue since it increases molecular
vibrational activity. Infrared radiation does penetrate the skin further than wisible
light and can thus be used for photographic imaging of subcutanecus blood vessels.

Higher density of Infrared " t
energy levels than in Infrared radiation '/-\}{/ Malecular

the microwave range, vibrates molecules vibration
more strongly absorbed, f
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The interaction of radiation with matter

Microwave Interactions

The quantum energy of microwave photons 15 i the range 000007 to 0.0071 &3V
which 1z in the range of energies separating the quantum states of molecular rotation
and torsion. The interaction of microwaves with matter other than metallic
conductors will be to rotate molecules and produce heat as result of that molecular
motion. Conductors will strongly absorb microwaves and any lower frequencies
because they will cause electric currents which will heat the matenal MMost matter,
mcluding the human body, is largely transparent to microwaves. High mtensity
fricrowaves, as in a microwave oven where they pass back and forth threugh the
food milions of tunes, will heat the matenal by producing melecular rotations and
torsions. Since the quantum energies are a million times lower than those of z-rays,
they cannot produce lonization and the characteristic types of radiation damage
aszociated with lonrng radiation.

Molecular
Small number of . r . M
avall abI: stat;s Microwaves MICFOWS.VQS( “—e rotation
almost transparent. rotate molecules  [¥7 =" "% andtorsion
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