Reflection and Refraction

Maxwell's equations |ead to definition for the velocity of
el ectromagnetic radiation in a vacuum:

1
SoRadly

c=

where

e, is the permittivity of free-space (8.854x1012 C%-N-1-m)
my is the permeability of free-space (4px107 kg-m-C2)

In a medium, velocity is reduced

Theratio of the velocity in a medium to free-space is refractive
index

h :5 - &M S1.00inamedium

€ Mo

* h varies with wavelength

- usually increases with frequency (called normal dispersion)

- decreases with frequency in region of absorption (called
anomalous dispersion)
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| (nm) h

351 1.539
458 1.525
486 1.522
532 1.519
644 1.515
830 1.510

| mportant:
Frequency of radiation is fixed by source. Hence, wavelength of
radiation in a medium must increase

| = —
h>u

> |

sincev =uX

I medium vacuum

When a wave passes from medium with refractive index h, to
medium of refractive index h,, we can write

l,_ ¢ ., hyu_h

|1 hyw C h,
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Based on wave representation of electromagnetic radiation and
geometry, we can quickly deduce the angle of reflection:

Reflected
wavefront

Incident
wavefront

y

m

wavefront :

(2)

(b)

di =03 Law of specular reflectance
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The refracted beam does not travel at same velocity as the incident
beam (v, =v,-h,/h,):

first part of the wavefront to strike the interface is retarded
preferentially

light beam bends towards the interface normal when ho>hi
hy>8ng; = hy8ingy Snell's law of refraction
no refraction when q1 = 0°

no transmittance when qi1 > qc (critical angle)

total internal reflection
. &hzb .
ang,; = C¢—<+49n Snell'slaw
d; ghlﬂ d,
whensng, =90°
aﬁzg

- -1
.= =dn lz
ql qc ghlﬂ

For air/glass qc » 42°
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90°

(©)

(b)

@
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Fresnel Equations

Reflectance losses occur at all at interfaces
a(l )+T({)+r(l)=1 Conservation Law

- magnitude increases as the difference in the refractive indices
Increases

- dependent on incidence angle

Equation describing the reflectancer (I ) isthe Fresnel equation

1%”12(% q,) tanZ(Q. q,)U
28sin?(q +q,)  tan? (a; +ar)E

- where q; isincidence angle and g, is refraction angle

r{)=5

For the air/glass at 589 nm, reflectance is about 0.04 or 4 % per
interface

0.8

0.6

Reflectance

0.4

0.2

0.04
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- 1 (I') constant for small angles

- r(l ) increasesrapidly at large angles (grazing incidence)

Prisms
Serves several purposes in a spectrometer
- change the direction of a beam
- change the polarization of a beam
- split abeam into two
- disperse the beam

A variety of shapes and materials are available to perform these
functions.

Dispersing prism

According to Snell's Law,

5
sinqlzaei%inqz Snell's law
ehlﬂ
there will be no dispersion if h(l ) is constant

 dispersion in prism occurs because of the change in refractive
index of the prism material as afunction of wavelength

 if prism material exhibits normal dispersion, higher frequency
(shorter wavelength) light experiences a higher refractive index
than lower frequency (longer wavelength) light
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Light of different wavelengths become divergent and become
separated in space

angle between incident and refracted beam is called the
deviation

The variation in deviation with wavelength is called the angular
dispersion

dg dgq dnh

Dar = =
ATd Tah d
prism
disperson

- first term depends on size and shape of the prism and the
incidence angle

- second term (prism dispersion) depends on the material of the
prism and the wavelength

% (glass@357 nm) =1.94x10 *nm !

% (glass@825 nm) =1.78x10 > nm 1

Prisms not often used as dispersion elements because of non-
constant D, with wavelength

- produces non-constant bandwidth

- means range of | 's projected onto exit dlit varies with |
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Electromagnetic radiation

An electromagnetic wave is a transverse wave: electric and magnetic
fields perpendicular to the propagation direction

Plane (linearly) polarized beam has constant plane containing the
electric and magnetic vectors (often called unpolarized)

The time-dependent electric field is
E=Epsin(wx- f)
where

E, is the maximum electric field strength

w is the angular frequency (2pu)
tistime
f isthe (angular) phase

The angular phase is (f j+2px/l ) where x isdistance and f  isthe
phase at x=0

2p/l is number of waves per unit length
If two waves maintain the same relative phase difference over
(i) extended period of time
(ii) length
they are said to be coherent
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Superposition:

The superposition of two waves states two plane polarized waves
can be algebraically summed to produce aresultant wave

If waves have same frequency
E=E;+E,
=Egasin(wWt +f 1)+ Egosin(wt +f 5)

Amplitude (intensity) of waveis E2
E2 = (B, + B,)°
=B +E° +Ep &,

= Eg,° +Ego° + 2Eq1 €0, cos(f 5 - f 12

interference term

If (f -f,) =0, 2p, 4p...

- cos(0, 2p, 4p...) =1

- wave amplitude will be reinforced (constructive interference)
If (f -f,) =p, 3p, 5p...

- cos(p, 3p, 5p...) =-1

- wave amplitude will be reduced to zero (destructive
interference)
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Interference can result from difference in pathlength

If the waves initially start out with same phase, the differencein
phase, d, due to different pathsis

d=(f1-f))
_ 2P XKy 2PXXs
T

2p(X1 - Xp)
|

where
X, and x,, are the lengths to the measurement point from source

2p/l isthe number of a complete waves per unit length

Thus, whend = 0, 2p... (an integral number of wavelengths)

when d = p, 3p... (an integral number of wavelengths+1/2)

1
;?e?m 10I :i destructive interference
e 2 g9 2p
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Diffraction (Eschellete) gratings

Parallel grooves etched (blazed) onto reflective surface - asymmetric
in profile

Groove
facet

Diffracted
ray

Incident
ray

normal

(a) (b)

Incident light striking long facet is reflected in specular direction
with respect to the groove normal

- light from neighboring grooves travels different distances and
so interference occurs in outgoing beam

Note: anglesa and b are defined with respect to the grating normal,
not the groove normal

Constructive interference occurs when the pathlength difference is an
integral number of wavelengths

- extra pathlength associated with the incident beam is AC
AC=d>xgna

- extra pathlength associated with the outgoing beam is AD
AD =d»anb

CEM 835 page 3-12



The total pathlength differenceis AC + AD:
AC+AD =d(sina +sinb)
ml =d(sna +sinb)  Grating Formula

(minimum value of d as | /2, because the maximum value of (sina +
sinb) is 2)

Thefirst order (m = 1) diffraction angle can be calculated for any
incidence angle by rearranging the grating formula

mi . .
—— =9na +9nb
d

. mi .

smb:T- sna

where d is found from the groove spacing

| mportant

- diffraction angle depends on d

- longer | ‘s diffracted more than shorter ones (0500 rm > Psoo nm)

- When m=0 (zero order), sina =-sinb or a =-b. In this case,
al | 'sare diffracted at the same angle

If blaze was parallel to the grating plane (g = 0°), the zero order

beam would also appear in the specular direction (most of the
reflected light not dispersed)

If blaze angle * 0°, specular and zero-order angles do not
correspond and majority of the light is dispersed
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Specular
reflection

Specular

reflection Groove _

_normal
e

Incident ray - Incident
N ray (O-order
_____ Grating i y ( )
normal
0-order

(@ (b)

In the specia case when incident beam is along the surface normal,
a=0 and first-order beam is in specular direction

- inthiscase, b istwice the blaze angle, g. The wavelength at
thisangleis called the blaze wavelength

Mm% e =d(sina +sinb)
| blaze — dsinb
=dsin 29
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Dispersion
The angular dispersion D, of the grating can be obtained by
differentiating the grating formula with respect to wavelength

For constant incidence angle
ml =d(sina +sinb)  Grating Formula
do_ m
d dcosb
_d(sina +snb)
dl cosb

Da = sna fixed

_sna+snb
| cosb

For nearly normal incidence, a issmall so b issmall, and so cosb
does not change much with |

- D, does not change much with wavelength

- much better dispersion element than prism
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Monochromators
Comprised of
» dispersive element

* image transfer system (mirrors, lenses and adjustable dlits)
- animage of the entrance dlit is transferred to the exit dlit after
dispersion

One of the most common arrangements is the Czerny-Turner
monochromator:

Entrance

Grating slit S,

Collimating
mirror M,

Focal
plane

Focusing
mirror M,

Exit
slit S,
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Wavelength selection

Wavelength selection is accomplished by rotating the grating

Grating

(b)

Since angle between the entrance dlit, grating and exit dlit is fixed
(2f ), grating formula can be expressed in terms of the grating

rotation angle g (between grating normal and optical axis)
Sincea=q-fandb=qg+f,
ml =d[sin(q- f)+sin(q+f)]
= 2dsin gqcosf
(the trigonometric identity 1/2(sin(A+B)+sin(A-B)) is sinA-cosB)

Grating formula now in experimental variables: g (the grating

rotation angle) and f (half-angle between the entrance, grating and
exit and dlit)

CEM 835 page 3-17



Dispersive characteristics

Already mentioned the angular dispersion (rate of change of
diffraction angle with wavelength) for a grating

_db
o

However, in monochromator much more interested in dispersion at
focal plane (exit dlit), defined by the linear dispersion, D,,

Da angular dispersion

Focusing

element |

T
\
Y

o
dl

- units of DI are mm-nm2 or similar

D, linear dispersion

For a Czerny-Turner arrangement, the linear dispersion is:
D| =f >DA
where

f isthe focal length of the focusing (exit) optic
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Sometimes the inverse linear dispersion, R, is used (units of
nm-mm-L or similar)

di . . . .
Ry = D|'1:& inverse linear dispersion
sna +d9nb
Dy =
| cosb
-1
Rq=(f>Dp)
| cosb

" f(sna +sinb)

Spectral bandpass and the dlit function

The spectral bandpass (nm) is the half-width of the range of
wavel engths passing through the exit dlit

The geometric spectral bandpass
Sy = Ra W geometric spectral bandpass

where
Ry istheinverse linear dispersion

W isdlit width
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In a monochromator, an image of entrance dlit is focused at the exit
dit:

- wheninput is polyc romat ¢, a monochromated version of the
Image appears at the exit dlit

- when input is monochromatic image, rotating the grating angle
g will sweep monochromatic image across the exit dlit

w
Slit width Fixed.pols_ition
exit slit
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H Slit height
Moving
Ag entrance l
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e .
[
[
1 | |
A—s, No overlap } : i
| | |
|
e
Z |
A0
A1
-3 A
A2 25% overlap A
4° 2 2 Do
A
:% ! : I Direction
Z | | = of image
} : travel
A - % Sg 50% overlap | I
b
L
|
l
A- 71; Sg 75% overlap |
|
I
|
A 100% overlap
1 ] |
[
[ S T
[T T T
Cor !
100 : : :
. i/ \ Half-width (N
Percentage of image : | "'\ 0{ hr)le
radiation emerging 0o / S¢
from exit slit ! \
50 !
! \
t \
\
+
AY
\
L 1 T | \ﬂ
0 50 100 200 Ao~ S Ao Ao+ 5

Percentage of image overlap
(slit function)

(a) (b)

CEM 835 page 3-20



The total intensity t(I ) measured at the exit dlit asimage is translated
Is called the dlit function

- for equal entrance and exit dlits, shapeis triangular
- for unequal entrance and exit dlits, shape is trapezoidal

with a base of s and half-width of S

Mathematically, the slit function is

& .].0
tl)=1-¢—=2L+ lg-sgEl £1g+sq
e Sg 17}

t(l )=0 elsewhere
where

| istheincident (monochromatic) wavelength at entrance dlit

| o Is the wavelength setting of the monochromator (the
wavelength directed to the center of the exit dlit)

Resolution

Resolution quantifies how well separated two features are at the exit
dit

» closely related to linear dispersion (Dy)

(or angular dispersion (Da), and physical dimensions of the
monochromator (through f))

o ditwidthW
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AN=2s, = 2R, W

If the width of asingle peak baseiss (= ng), then two features will

just be completely separated when the wavelength difference
between themiss

Dl g =s=254 = 2R4W dit - width -limited resolution

Alternatively, we may adjust slit width to obtain resolution of two
features separated by DI ¢
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