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CHAPTER

Fresnel Diffraction

EEAN iNnTRODUCTION

en waves encounter obstacles (or openings), they
bend round the edges of the obstacles, if the
dimensions of the obstacles are comparable to the

wavelength of the waves. The bending of waves around the
edges of an obstacle is called diffraction.

Fig. 17.1 illustrates the passage of waves through an
opening. When the opening is large compared to the
wavelength, the waves do not bend round the edges. When
the opening is small, the bending round the edges is noticeable.
When the opening is very small, the waves spread over the
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entire surface behind the opening. The opening acts an independent source of waves, which propagate
in all directions. The diffraction effect is observable quite close to the opening when the size of the
opening is very small. When the opening is large, diffraction effect is observed at greater distances
from the opening. In general diffraction of waves becomes noticeable only when the size of the
obstacle is comparable to a wavelength.
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Diffract'ion—(a) A plane wave does not bend at the slit if the opening d » . (b) Bending is
perceptible when ) = d (c). When % > d, the bending takes place to such an extent that light can

bc'pcrcclvcd in a direction normal to the ray propagation suggesting that the opening acts as a
point source.

Fig. 17.1

It is a matter of common experience that the path of light entering a dark room through a hole
in the window illuminated by sunlight is straight. Similarly, if an opaque obstacle is placed in the
path of light, a sharp shadow is cast on the screen, indicating thereby that light travels in straight
lines. Rectilinear propagation of light can be easily explained on the basis of Newton's corpuscular
theory. But it has been observed that when a beam of light passes through a small opening (a small
circular hole or a narrow slit) it spreads to some extent into the region of the geometrical shadow
also. If light energy is propagated in the form of waves, then similar to sound waves, one would
expect bending of a beam of light round the edges of an opaque obstacle or illumination of the
geometrical shadow.

However. diffraction phenomenon is not readily apparent in case of light waves. It becomes
significant when the aperture size is of the order of one wavelength wide. Diffraction and interference

are basically equivalent.

REEH HUYGENS-FRESNEL THEORY

According to Huygen's wave theory of
light, cach progressive wave produces secondary
waves, the envelope of which forms 'thc
secondary wave front. In Fig. 17.2 (a), S is a
source of monochromatic light and MN is a
small aperture. XY is the screen placed in the
path of light. AB is the illummateq portion of
the screen and above A and bclow.B is the rcl%ll(?n
of the geometrical shadow. Copsndcnng M as
the primary wavefront, according to Huygen's

8 2 fronts arc
-~ if secondary wave .
;:_onstrucFlAO_l.l.:“M ' nect encroachment of light Ditfraction effect.
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2dows formed by small obstacles are not sharp, Thig bens
¢ he encroachment of light within the geometricaj g, *

i acle ort : i %
\f light round the edges of an obstac ) {in the path of light [F &
:s kr::)wn as diffraction. Similarly, if an opaque f)bslac]c MN i1s ipol:]lC[(\:B iy gut N illi mi[nr;té_,_l -
(b)), there should be illumination in the geomcmcal shadow reg o thelghnsoures, ion
‘ al shadow of an obstacle is not commonly olbserve. f; pared lOc[hc Wavc],c s,chn,l

! S St are Of Ve argc SIZC ; are 4 v
secondly the obstacles used ry frosted electric bulb, ight 1

i a she ‘ stacle is cast by an extended source, say a ‘ : A
light. If a shadow of an obstacle l;:]b foz’ms its own diffraction patern (bright and dark diffracyi,,

every point on the surface of the AFHON  diffractionis r
bands) and these overlap such that no single pattern can be 1dcnt1ﬁe<; Th; f;”’ | ”fj: ted pord :f»r,(,c
to0 such problems in which one considers the resultant effect produced by of o

in the geometrical shadow. Thus, the sh

the geometric
point sources and

wavefront.
X

(a) (b)
Fig. 17.2

Diffraction phenomena are part of our common experience. The luminous border that surrounds
the profile of a mountain just before the sun rises behind it, the light streaks that one sees while
looking at a strong source of light with half shut eyes and the colored spectra (arranged in the form
of a cross) that one sees while viewing a distant source of light through a fine piece of cloth are all
examples of diffraction effects.

Augustine Jean Fresnel in 1815, combined in a striking manner Huygens’ wavelets with the
principle of interference and could satisfactorily explain the bending of light round obstacles and

also the rectilinear propagation of light.

(W4} FRESNEL'S ASSUMPTIONS

According to Fresnel, the resultant effect at
an external point due to a wavefront will depend on Q
\ '
|
4
|

the factors discussed below:
In Fig. 17.3, S is a point source of M
monochromatic light and MN is a small aperture. XY
is the screen and SO is perpendicular to XY. MCNis  S- - - o
the incident spherical wavefront duce to the point ' |
source S. To obtain the resultant effect at a point P on , f
the screen, Fresnel assumed the following: ' |
(1) A wave front can be divided into a large Y!
number of strips or zones called Fresnel's zones of { Fio 173
: Fig.17.3
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small area and the resultant effect at any point will depend on the combined effect of all the secondary

waves emanating from the various zones;
(2) The effect at a point due to any particular zone will depend on the distance of the point

from the zone;

(3) The effect at P will also depend on the obliquity of the
point with reference to the zone under consideration, c.g. due to
the part of the wavefront at C, the cffect will be a maximum at O
apd d?creases with increasing obliquity. It is a maximum in a
dfrecu.on radially outwards from C and it decreases in the opposite
dll'CCllO-n. The effect at a point due to the obliquity factor is
proportional to (1+ cos 0) where ZPCO = 6. Considering an
elementary wavefront at C, the effect is maximum at O becausc 8
=0and cos 6 =1. Similarly, in a direction tangential to the primary
wavefront at C (along CQ) the resultant effect is one half of that
along CO because 6 = 90° and cos 90° = 0. In the direction CS, -
the resultant effect is zero since 8 = 180° and cos 180° = —1 and | Augustin Jean Fresnet

" , (1788-1827)
+ cos 180° = I-1 = 0. This property of the secondary waves
eliminates one of the difficulties experienced with the simpler form of Huygens principle viz.,
that if the secondary waves spread out in all directions from cach point on the primary wa vefront.
they should give a wave traveling forward as well as backward. Now, as the amplitude at the rear

of the wave is zero there will evidently be no back wave.

RECTILINEAR PROPAGATION OF LIGHT

ABCD is a plane wavefront perpendicular to the plane of the p
is an external point at a distance b perpendicular to ABCD. To find the resultant
due to the wavefront ABCD, Fresnel’s method consists in dividing the wavefront into a number
of half period elements or zones called Fresnel's zones and to find the effect of all the zones at

the pOII[;‘tsg}lcres are constructed with P as centre and radii equal to b+A/2, b+2A/2, l_>+3}\/2 it ey
will cut out circular areas of radii OM, OM,,0M;, etc., on the wave front. Thc«g circular zones dr'L
called half period zones or half period elements. Each zone differs frr?m its ncnghbugr by 1 p:.l\&lc
difference of m or path difference of A/2. Thus the sccondar}' waves smn;ng f; {mn‘m the P(WIIXI‘Q x\r; .
and reaching P will have a phase difference of or a path dlﬂ:CI'CnCC A2 A I'ljcsn'cl- hdl;?m-(-‘» ldULL<
with respect to an actual point P is a thin annular zone of the primary wavefrontin w hich the secondar)

waves from any two corresponding points of neighboring zones differ in path by A /72 .

aper [Fig. 17.4 (a)] and P
ant intensity at P
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x\' 1

o aeiyonot A °
In Fig. 17.4 (b) O is the pole of the wave T xy. Is
A;cular W0/
Wﬁ‘o" ‘_?,.Lx'ucd o8

reference to the external point P. QP 1s pet
zones O
. first ZOPC

Flg.l7.4(c)l,2.3cwartthehalfP€fi"’d .« of the firS
the primary wavefront XY. OM, is B¢ - p is the POt
OM, is the radius of the second zone a0 :? 0-;3‘1 [ { \ o
at which the resultant intensity has 10 B caicuEE 4327
OP =b, OM, =1, OM, = 7 OM; =75 &5 -
5 2 3t e |
MPp=bsl Mp=b+—— M, p=b+-; .
2 L~ - rlg‘ [IA (ch
The arca of the first half period Z0p2 1S o
v y ;' 1 = :
nOM}=m[MP —OP]=F% (b*g) < J
== bf.*—’—-.‘}= xbA
As X is small, A? term is neglected. ) -
3 : = 0OM, = b’
The radius of the first half period zong 1. { kashanini . .
; : _M.P--0P° T~
The radius of the second half period zone 15. oM, =[M:F" ‘ -’_.:‘:
—[+1 =¥ |
= \ﬁ
The area of the second half period zone, =% [0“1 ;-OM f]
=R [Zb;.—'b;-]

=x b
Thus, the area of each half period zone is equal to
half period zones are Jib.. V257, 3. etc. Therefore, the radii are pro
roots of the natural numbers. However, it should be remembered that the areas of the zones a= o
constant but are dependent on - (i) A . the wavelength’of light and (ii) b. the distance of the pam
from the wavefront. The area of the zone increases¢ith increase in the wavelength of Ii ghtz
increase in the distance of the point P from the’} -avefront.

As discussed in §17.3 the effect al a
point will depend on (i) the distance of P
A T3 my

= b ». Also the radii of the 1%, pd 3t
portional to the squar

PR3y

.
b
smd WY
—— "o

from the wavefront, (ii) the area of the zone [ m,

and (iii) the obliquity factor. Here, the area | 4‘{ By o

of each zone is the same. The secondary | | | | 877 4.

waves reaching the point P are continuously ‘ i ! BEE s

. R - } | { - A

out of phase and in phase with reference to ! I { ’ vl XY.-- .

the central or the first half period zone. Let v i X..! et =
) AR B i -‘-- - 'm6 ™ Z

e -

m,, m, ,m,, €lc represent the amplitudes of
vibration of the ether particles at P due to i
secondary waves from the 1%, 2%, 3™ eqc, :
half period zones (see Fig. 17.5). As we R ——— Fig. 175
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wonshder the zones outwards from O, the obliquity increnses and henee the quantities m,, m,, m, et
are of continuously decrensing order, Thus, mds slightly greater than myim, In .s’Hp_hlly preater than
I, and so on. Due to the phase dillerence of 1t between any Iwo conseculive rones, if the displacements
o the ether particles due to odd numbered zones i In the positive direction, then ('lm: lo the even
numbered zones the displacement will be in the negative direction at the same instant, As the
- amplitades are of gradually decreasing magnitude, the nmplitude of vibration at P due to any zone
can be approximately taken as the mean of the amplitudes doe to the zones preceding and
succeeding i,

my 4 om,
tc'gn ",“ B e .,-’ il
The resultant amplitude at P at any instant is given by,
A=y = my v my = mytom, if nis odd,

Ut nis even, the last quantity is = m, ),

|
' n !
no [ m m m my
A=y ny 4= [y el (| VI el K PP
2 2 - 2 2
‘ m, m, My g
' But my =ty and my = ==Ly
‘ 2 2 2 R
m o m ,
A= b S 1S odd,
E 5 5 if nisodd
|
; meom,. et
As—ly 0 Myoendf nis even,
B B

If the whole wave front ABCD is unobstructed, the number of half period zones that can be
constructed with reference to the point P is infinite i.c. 5 —» oo - As the amplitudes are of gradually
. I.- . .
diminishing order, m,and m_ | tend to be zero.

- . : m,
Therefore, the resultant amplitude at P due to the whole wavefront = A = 5 (17.3)
- The intensity at a point is proportional to the square of the amplitude.
i 2
my
o — (17.4)
/7 4

vThus. the intensity at P is only one-fourth of that due to the first half period zone alone.
Here, only half the area of the first half period zone is effective in producing the illumination at
the point P. A small obstacle of the size of half the arca of the first half period zone placed at O
will screen the effect of the whole wavefront and the intensity at P due to the rest of the wavefront
will hq}cri;. While considering the rectilinear propagation of light, the size of the obstacle used is
far greater than the area of the first half period zone and hence the bending effect of light round
cOmers (diffraction effects) cannot be noticed. In the case of sound waves, the wavelengths are far
greater than the wavelength of light, and hence the arca of the first half period zone for a plane
;v:wcfrnnl of sound is very large. If the effect of sound at a point beyond an obstacle is to be
shadowed, an obstacle of very large size has to be used to get no sound effect. If the size of the
obstacles placed in the path of light is comparable to the wavelength of light, then it is possible to
observe illumination in the region of the geometrical shadow also. Thus, rectilinear propagation

of light is only approximately true.

(AR ZONE PLATE

A zone plate is a specially constructed screen such that light is obstructed from every alternate
zone. It can be designed so as to cut off light due to the even numbered zones or that due to the odd
f . <4 .
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o : in dividing
numbered zones. The correctness of Fresnel's method In
can be verified with its help.

To construct a zone plate, concentri¢
circles are drawn on white paper such that the
radii are proportional to the square roots of the
natural numbers (as shown in §17.4, the radii are
proportional to the square roots of the natural
numbers). The odd numbered zones (i.e. 1, 31,
5%, etc) are covered with black ink and a reduced
photograph is taken. The drawing appears as (a)
shown in Fig. 17.6 (b). The negative of the
photograph will be as shown in Fig. 17.6 (a). In
the developed negative, the odd zones are _
transparent to incident light and the even zoncs will cut off light.

If such a plate is held perpendicular to an incident X . 1

beam of light and a screen is moved on the other side to g?l 5
the image, it will be observed that maximum brightness 15 p, " A
i i +2
possible at some position of the screen say b cm from the M
zone plate (Fig. 17.7) XO is the upper half of the incident g - :
plane wavefront. P is the point at which the light intensity is M, g
to be considered. The distance of the point P from the PSP Ew g _:_\.\\ ;}\
wavefront is b. OM,(=1,),0M,(=r,) etc are the radii of P l
the zones.

n= Jbr  and r =J2b\  where A is the
wavelength of light.

a wavefront into half perj 201

Zonce Plate (b)
Fig. 17.6

2
T,

=vnbh or b=-=- 17.
G na (175,
If the source is at a large distance from the zone plate, a bright spot will be obtained at P. As
the distance of the source is large, the incident wavefront can be taken as a plane one with respectto
the small area of the zone plate. The even numbered zones cut off the light and hence resultant -
amplitude at P =A=m; +m, +my +.....etc. In this case the focal length of the zone plate f is given -
by §

2
r

nA

Thus, a zone plate has different foci for different wavelengths. The radius of the n zon¢
increases with increasing value of A. It is very interesting to note that as the even mumbered zone
are opaque, the intensity at P is much greater than that when the whole wavefront is exposed 0
the point P, C

In the first case the resultant amplitude is given by
A=m+my+mg+...m, ... (n is odd)
When the whole wavefront is unobstructed the

TAL 7 AR

amplitude is given by
A=m—-m,+ my=m,

+
=
=

Ay

m .
5 (if nis very large and n is odd). i

If a parallel beam of white light is incide m
§ enton the zon i ¢
: oints along the line OP, T} : ; one plate, different colours come to foct!
at different p g P Thus, the function of a zone plate js s:'mil:r rorrlmt of a come!

1

|
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(eomerving) fens and a formula connecting the distance of the object and image points can be

obtamed tor a zone plate also.

ACTION OF A ZONE PLATE FOR AN INCIDENT SPHERICAL WAVE FRONT

17.5.1.

Let XY represent the section of the zone .
plate perpendicular to the plane of the paper. S is X "
a poimnt xource of light, P is the position of the L. ™ J
sereen for a bright image, ‘a’ is the distance of y //ﬁ% |
the source from the zone plate and b is the /// / 2 '
distance of the sereen from the plate. OM,. OM,, "/7/ ,}// T ‘
OM,. (r v, r) ete are the radii of the 14,2 '"‘" 3 /ff/fﬁ LI A/‘”“ . :\;
elc. hall‘ period zones. The position of the screen of
iy such that from one zone to the next there is an ’
. P - A : Y
increasing path difference of 7

Thus, - = 'ﬁg. 175 I 1

SO+0P=a+b ' |
(17.7

Sl"] +£‘1|’)=ﬂ+h+%

-

2
SM,>+M,P = a+h+:3-"- and so on.

-

5]

sM, =(50° +om?)
(a*+r?)"

Similarly from the AOM,P
) NTH
M, P =(OP* +OM;} )

From the A SM,0

1/2
(h +5 )
Substituting the values of SM, and M, P in equation (17.7), we get
172 A
e -

-

" 1/2 2 172 )
i pli+ | =a+b+=
it by ue +[: 2
a’ 4
¢ s ) A
r
”+_>|_*+h+_!...._¢!+”+‘;‘
2a 2b 4
)
Al ,,'_]_.5
21la b 2

| b yene the relation can be wntien as
radius of the n' zonge, the relation

Similarly for 7, 1.¢. the
) !

r' [ L - ,ﬂ‘ nA
n

ying the sign convention.
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FRE
SNEL AND FRAUNHOFFER TYPES OF DIFFRACTION

The diffrac

ton phenomena are broadly

classified i
: N0 two types: Fre :
. $. Iresnel on :

Fraunhoffer diffrachn diffraction and

1L F

. resnel diffraction: :
diffraction, fraction: In this type of

the :
effective] lt“erO.Urcc.of light and the screen are
Y at finite distances from the obstacle

(Fig. '
v cgnoll;llfa). Observation of Fresnel diffraction
non does not require any lenses. The

incid :
¢nt wave front is not planar. As a result, the
lets is not the same at

p:\ase of secondary wave

a ints |

rclsuritomts in -the Plane of the obstacle. The
ant amplitude at any point of the screen is

(\thamed by the mutual interference of secondary
avelets from different elements of unblocked

ortio - : : :
P ns of wave front. It is experimentally simple but the analysis proves 10 be very complex.

surface of Fresnel diffraction.

Slit Screen Slit SCTEEn
Al e |

(a) (b)
Conditions for Fresnel diffraction and Fraunhoffer diffraction.
Fig. 17.9

2. Fraunhoffer diffraction: In this type of diffraction, the source of light and the screen are
effectively at infinite distances from the obstacle. Fraunhoffer diffraction pattern can be casily
observed in practice. The conditions required for Fraunhoffer diffraction are achieved using two
convex lenses, one to make the light from the source parallel and the other to focus the light after
diffraction on to the screen (Fig. 17.9b). The diffraction is thus produced by the interference between
parallel rays. The incident wave front as such is plane and the secondary wavelets, which originate
from the unblocked portions of the wave front, are in the same phase at every point in the plane of
the obstacle. This problem is simple to handle mathematically because the rays arc parallel. Thc
incoming light is rendered parallel with a lens and diffracted beam is focused on the screen with
another lens.

Fresnel class of diffraction phenomenon is treated in this chapter.
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illuminated portion of the screen. However, with white light coloured bands will be observed and
the bands of shorter wavelength are nearer the point P,

DIFFRACTION PATTERN DIIF T A NADDAAr o1 1v
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. : .. 1juminated by monocty .1 to the illuminated slit 5
InFig. 17.22, S is a narrow slit illuminated DY e wire 18 arallel 10 the plane of the Dapc?

. . th of th . ylar to

narrow wire and MN is the screen. The leng : endicu . :

. wire ar . The screen is also perp ch that SOP is perpendicyl,
perpendicular to the plane of the paper. n the screen su

is the inci indri i int O low F, the screep -
XY is the incident cylindrical wave front. Pisa pol o and above E and be N
to the screen. EF is the region of the geometrical sha 7
illuminated.

Fig. 17. 22

creen in the illuminated portion. LeF us jO?ﬂ S t,O 0'a
point on the wave front. O' is the pole of the wave front with reference to P". The mten§1ty P .dl%e to
the wave front above O'is the same at all points and the effect due to the wave front BY is negligible,
The intensity at P’ will be a maximum or a minimum depending on thethr the numbe:r of h_alf
period strips between O’and A is odd or even. Thus, in the illuminated portion of the screen, dli_“fracuon
bands of gradually diminishing intensity will be observed. The distinction between maxima and
minima will become less if P'is far away from the edge E of the geometrical shadow. Maxima and
minima cannot be distinguished if the wire is very narrow, because in that case the portion BY of the
wavefront also produces illumination at P.

Next let us consider a point P” in the region of the geometrical shadow. Interference bands of
equal width will be observed in this region due to the fact that the points A and B, of the incident
wave front, are similar to two coherent sources. The point P will be of maximum or minimum
intensity, depending on whether the path difference (BP" — AP") is equal to even or odd multiplies

Now, let us consider a point P’ on the s

A
of % The fringe width B is given by
5 Db
d

where D is the distance between the wire and the screen, A is the wave length of light and d is the

distance between the two coherent sources. In this case d = 27 where 2r is diameter of the wire

(AB = 27).
DA
gl
» (17.19)
_ DA
2p (17.20)
or r=2rB
D (17.21)

Scanned with CamScanner



Chapter : 17 : Fresnel Diffraction = 413

Here, P the fringe width corresponds to the distance between

[ 1

the any two consecutive maxima. Thus, from equations (17.20) and ‘ \ \ . W\\
nd (17.21), knowing the values of r or A ; A or r can be determined. In \ \ ‘ \ 'tl\l"\‘.
er. Fig. 17.23 the bands marked “q"” represent the interference bands in 1 \‘\
ar the region of the geometrical shadow and the bands marked “b” and ‘ ! ‘\"
Is f‘C”represem the diffraction bands in the illuminated portion. The |1 \\
Intensity distribution due to a narrow wire is shown in Fig. 17.24 (a). \ \,\\\”

The center of the geometrical shadow is bright.

. s (b) (a) (©)
On the other hand, if the wire is very thick, the interference

\ Fig. 17.23
bands cannot be noticed. From equation (17.19), B= 2-; where 3 ’

is the .frmge width. As the diameter of the wire increases the fringe width decreases and if the wire is
sufficiently thick, the width of the interference fringes decreases considerably and they cannot be

distinguished. The intensity falls off rapidly in the geometrical shadow. The diffraction pattern in

the illuminated portion will be similar to that of a thin wire Fig. 17.24(b). Coloured fringes will be
observed with white light.

GEOMETRIC ! GEOMETRIC
SHADOW ' SHADOW !

: ,

A /\ :F LP EiL /\ AN~ ll l‘ |1
i l |
. : !

THICKWIRE

NARROW WIRE
(a) (b)

Fig. 17.24
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