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Every one of th e four ske tches in Fig. 9.10 ca n be taken to rep resen t
either wate r wa ves, sound wave s, or electro magn etic wa ves (visible ligh t of
wa veleng th 5 X 10- 5 e rn, for exa mple, or microw aves of wa vele ng th 10
cm, for anothe r example).

of width D (or a mirror of width D), the ang ula r wid th of the t ransmi tt ed
bea m is a bout X/ D. Th e angula r widt h can only be zer o if D is infinite
(or jf A is ze ro). Th e angula r width of the bea m is said to be diffra c tion
limit ed. I n Fig. 9.10 we show some examples of beams. Note that if the
origi nal wi dth of th e beam is D, and if eve ry a tt em p t is m ad e to mak e th e
beam as perfectl y parallel as possible, th e wid th \V after th e beam has tr av­
eled a large dist ance L is approximately the original width D plus L times
the angula r full wid th A/ D. For large eno ugh L , '\\ ' C can neglect the origi­
nal width D. Th us we have

(39)

(40)

I~o ~ fJ · 1
IV~ LfJ .Beam width :

Angular full width:

A beam is an interference max-imum. Here is a crud e der ivati on of Eq.
(39). (I n Sec. 9.6 we shall give an exac t deriva tio n.) Th e result is inde­
pendent of the kind of wav es and is independent of how th e waves are
produced . We might as well take the simplest source, which is p robably
a plane radi ator as sho wn in Fig. 9.10d . For sound wav es, this can be an
oscillating piston in f ree air. Fo r elect roma gnetic wa ves, it can be an oscil­
lating she et of cha rge of finit e exte nt. for exa mp le a plan e an tenna arra y.
In any case, the entire rad iator is cohe ren t. Th at is, all th e " moving parts"
move ill phase with one anot her. (If that is not the case, the an gular
spre ad will be larger than tha t given by Eq. (39). I n the limit of an inco­
her ent radiat or, there is no bea m a t all .) In th e dominant di rection of th e
beam , a field point sufficiently far fro m the radi ator is esse ntially equidis­
tant from all pa rts of the radiator. Th erefore waves from all pa rts of the
radiat or add with th e same relative phase and we have a const ruc t ive int er­
ference maximum. 'That is what defines the domina nt direction of the
beam . (If one vari es th e re lative ph ase over th e su rfac e of the ra d iator ,
one can "s teer" the beam in a directi on that is not norm al to th e sur face
of the radiator. Th at is exac tly wha t happens in Fig. 9. IOc, whe re different
parts of t he mir ror tilt ed at 45 deg to the in cid ent plan e wave are drive n
with differ en t ph ase by th e incident wave, so th at th e region of maximum
construct ive interference-the dir ection of the reflect ed bea m- is not
normal to the mir ror but instead satisfies th e law of "s pecular reflection .")

made by plan e wave incident On hole in
opaque screen- (e) Beam made by plane
wav e incident on plan e mirr or. (d)
Beam .:mitted by plane radiator with all
parts oscillating in phase.

Fig. 9.1 0 Diffraction, Beam of u;idth
D has angula r width =::.>../ 0 and spreads
by an a mount \V::::: LAID in tra veling
a dist an ce L (a) Beam made by point
source and parabolic mirr or. (b) Beam

(d)
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A ng ular lddth of beam. At a distant field point that is not quite in the
direction of the beam, one does not have completely constructive interfer­
ence. To see where we get the first zero in the interference pattern, let us
divide the radiator into two halves, a top and a bottom. Then we approxi­
mate the radiator by two coherent point (or line) so urces, one at the
middle of the top half and one at the midd le of th e bottom half. These
sources have lateral separation t D. Their first interference zero (the first
zero on either side of the principal maximum along the beam direction)
occurs for a path-length difference of half a wave length , i.e., when (~D) sin 0
is .p... For small angles we take sin 0 :::: O. and thus we get

Half angular width to first zero :::=: -5. (41)

with contributions cliffering in phase between successive quarters by 'TT)
but rather whe n we have three thirds of the radiator with adjacent thirds
differing in phase by 1T from one another. Two of the thirds cancel one
another, but the thir d third remains. Thus the amplitude for the first sub­
sidiary maxim um is smaller than that of the principal maximum by at least
a factor of ! (it is ac tua lly smaller by more than th at beca use oI phase dif­
feren ces within the one-third co ntribution that is left). we see that the
subsidiary maxirna have small amplitude co mpared with the ce ntral maxi­
mum that gives the " beam" direction. when we study the exact patt ern ,
we wiu find tha t the half angula r wid th to the first zero is equal to the full
anguJar width at about half maximum intensity, which is how we have de­
fined the angular wid th of the beam in Eq . (39). Th us we have der ived
Eq. (39), roughly. (Th e exac t result is given in F ig. 9.14, Sec. 9.6.)

This is shown in Fig. 9. 11.
Application: Laser beam versus flashlight beam

Suppose you have a diffraction-limited laser beam of diameter D = 2 nun,
wi th wavel engt h 6000 A. Ho w much does the beam diameter increase in
a distan ce of 50 ft? The ang ular spread of th e beam is

Where does the next maximum occ ur? If point s 1 and 2 of Fig. 9. 11
really we re point (or line) source s, the next maxim um wo uld occur when
th e path length from sourc e 2 to the field po int exceeded th at from source
1 b)' on e wa velength. In deed th e to p half and bottom half are in ph ase
then, but they each contribute zero! Th at is becau se if you divide the top
and botto m halves themselves into halves. so that the entire radiator is
divided into fou r quart ers, th en th e contr ibution of the first quar ter is ISO
deg out of phase with that of the seco nd and cance ls it ; th at of th e third
is 180 deg out of phase with that of the fourth and cancels it. Thus the first
subsidiary maximum actually comes not when we have two halves with
contributions differing in phase by 2 1T (since then 'we have four quarters

Clr < f M :::; (0.5)(3 X 10-') ;::;: 1.5 X 10-' em.

Such a small filament is hard to make.

If we want to ohtain a diffraction-limited (rather than filament- size-limit ed)
flashlight beam that starts at a 2-mm wi d th , then we want I:!J. () due to the
filame nt to be less than the diffracti on widt h . which is about 3 X 10- ' rad
according to our calculation above. For a typical penl ight , the filament is
about 0 .5 em from the lens; i.e. , f ::::: 0.5 em. Thus the filament must have
transverse dimension Lix given by

Th e angular spread tim es the dista nce L = 50 ft :::; 1500 em gives a spatial
sprea d of W :::; (1500)(3 X 10- ' ) ;::;: 0.5 em = 5 mm. (This ca n be nicely
demonstrated in the classroom with a laser.) If you have a "penlight" type
of flashlight with a beam of dia meter 2 mm at the flashlight form ed by a
"point" filament at the focus of a lens, how small wo uld the filament have
to be for th e flashli ght bea m to be diffraction -limited? If the filam en t is
not a point, then different parts of the filament give "independe nt" beams.
The angular spread due to the finite size of the filament turns out to be
approximate ly th e width of the filam ent divided by th e focal length f :

n fir
fiu ;::;: y .

3 X 10- ' rad.
fi n _ ~ _ 6 X 10- 5 em
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Fig. 9.11 Plane radiat or. Source 1 r(,.11­
resents the contributions f rom the top
half , source 2 those f rom the bottom
half


