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Compton Effect

The Compton effect 1s the term used for an unusual result observed when X-rays are scattered
on some materials. By classical theory, when an electromagnetic wave 1s scattered off atoms.
the wavelength of the scattered radiation 1s expected to be the same as the wavelength of the
incident radiation. Contrary to this prediction of classical physics. observations show that when
X-rays are scattered off some materials, such as graphite, the scattered X-rays have different
wavelengths from the wavelength of the incident X-rays. This classically unexplainable phe-
nomenon was studied experimentally by Arthur H. Compton and his collaborators, and

Compton gave its explanation in 1923.

To explain the shift in wavelengths measured in the experiment, Compton used Einstein’s idea
of light as a particle. The Compton effect has a very important place in the history of physics
because it shows that electromagnetic radiation cannot be explained as a purely wave phenom-
enon. The explanation of the Compton effect gave a convincing argument to the physics com-
munity that electromagnetic waves can indeed behave like a stream of photons. which placed

the concept of a photon on firm ground.



The schematics of Compton’s experimental setup are shown in (Figure) . The 1dea of the exper-
iment 1s straightforward: Monochromatic X-rays with wavelength A are incident on a sample
of graphite (the “target™), where they interact with atoms inside the sample: they later emerge
as scattered X-rays with wavelength Ar. A detector placed behind the target can measure the in-
tensity of radiation scattered in any direction ¢ with respect to the direction of the incident
X-ray beam. This scattering angle. #, 1s the angle between the direction of the scattered beam
and the direction of the incident beam. In this experiment, we know the intensity and the wave-
length A of the incoming (incident) beam: and for a given scattering angle #, we measure the
intensity and the wavelength A/ of the outgoing (scattered) beam. Typical results of these mea-
surements are shown in (Figure) , where the x-axis 1s the wavelength of the scattered X-rays
and the y-axis is the intensity of the scattered X-rays, measured for different scattering angles
(indicated on the graphs). For all scattering angles (except for # = (), we measure two inten-
sity peaks. One peak 1s located at the wavelength A, which 1s the wavelength of the incident
beam. The other peak is located at some other wavelength, As. The two peaks are separated by
A, which depends on the scattering angle ¢ of the outgoing beam (in the direction of observa-

tion). The separation A is called the Compton shift.



Experimental setup for studving Compton scattering.
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Experimental data show the Compton effect for X-rays scattering off graphite at various an-
gles: The intensity of the scattered beam has two peaks. One peak appears at the wave-
length M\ of the incident radiation and the second peak appears at wavelength As. The separa-
tion A between the peaks depends on the scattering angle ¢, which is the angular position of
the detector in (Figure) . The experimental data in this figure are plotted in arbitrary units so
that the height of the profile reflects the intensity of the scattered beam abowve background

noise.



Intensity

—

T

—

X Y-

T T T

—| }e— A = 60X 107 nm

45°

|~—-|AA =22X10 3mm

Wavelength



Compton and Debye regarded the incident x-ray beam as a collection of photons,
and not as waves, each of energy Fy = hiry = he/Ny. They suggested that A; could
be attributed to scattering of x-ray photons from loosely bound electrons in the atom
of the target, where they loose some of its energy in the inelastic collision, E;, < E.
Therefore, their frequency is reduced immplying larger wavelength Ay = ¢/1n = he/E;.
Since the electrons participating in the scattering process are treated almost free and
initially stationary (binding energy of the electrons are small compared to the energy
of the x-ray photons) and does not involve entire atoms, this kind of explains why
A\ is independent of the material of the scatterer.

To calculate the Compton shift, let a photon of total energy F; and momentum
po is incident on a stationary electron of rest mass energy mgc?,

Fy = hryy = % and pg = % — ;—;. (1)
After the collision, the photon is scattered at an angle # and moves off with total
energy F and momentum pq,

.P..-r"| — hﬂ-b"'] = and m = — = —. (2)



and electron recoils at an angle ¢ with kinetic energy K, total energy F and momen-

tum o,
E? = p°c® +mije® and K = FE — mgc”. (3)
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Momentum conservation leads to,
o — pq cosf + p cosg

0 — pq sinf — p sin ¢.

» the above two equations, we get

Squaring and adding
(4)

2 2 2
p- = py +p7 — 2popr cosd.
From conservation of energy in the collision, it follows that

Eu+muc‘£—El+E=}:-E—(E3—El}+mﬂc‘a (5)
and using equations (21) and (22), we obtain

N2 = c(po — p1) + oc? ©)
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which upon squaring gives us,

p® = (po — m)” + 2moec(po — p1)- (7)

Comparing equations (4) and (7) |, we have

(po — P1)* + 2mge(po — 1) = P + P — 2pep: cos O

which reduces to
1 1 1

™M Po mgC
Multiplying through by £ and applyving (1) and (2) we obtain the Compton equation

(1 — cosf). (8)

AN — A — Ap — A (1 — cos ) (9}
where, A, is the Compton wavelength defined as,

7 )
A, = 1 0.0243A.
MoC

(10)

A few more lines of calculation gives us the relation between scattering and recoil

angle and kinetic energy of the recoiled electron (using o — A.vn/ec — A-/Ao),
7
cotgp — (1 4+ ) tan 5 (11)

cr(cosf — 1)
1 + a(cos@ — 1)

K = hiyg (12)



To explain the presence of peak at unchanged photon wavelength Ay, we observed
that if the electron involved in scattering are particularly strongly bound to the atom
in the target then the whole atom recoils. Therefore, the electron rest mass mg in
Compton equation (9) , has to be replaced by mass of the atom M = my and hence
the Compton shift becomes way too small, AX ~ 1/M.

sSummary

e In the Compton effect., X-rays scattered off some materials have different
wavelengths than the wavelength of the incident X-rays. This phenomenon

does not have a classical explanation.

e The Compton effect is explained by assuming that radiation consists of pho-
tons that collide with weakly bound electrons in the target material. Both
clectron and photon are treated as relativistic particles. Conservation laws of

the total energy and of momentum are obeyed in collisions.

e Treating the photon as a particle with momentum that can be transferred to
an electron leads to a theoretical Compton shift that agrees with the wave-
length shift measured in the experiment. This provides evidence that radia-

tion consists of photons.

o Compton scattering is an inelastic scattering. in which scattered radiation

has a longer wavelength than that of incident radiation.



