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What is a particle wave?

The probability of finding a particle at a particular location, then, is related
to the wave associated with the particle. The larger the amplitude of the
wave at a particular point, the larger the probability that the electron will be
found there. Similarly, the smaller the amplitude the smaller the probability.
In fact, the probability is proportional to the square of the amplitude of the

wave.
Theories of Wave - Particle Duality

In physics and chemistry, the light and matter hold wave and particle-like
characteristics. The phenomena of wave-particle duality received a lot of
attention by physicists early in this century. Waves behaved like a particle,
particles could behave like waves. This duality led to many theories behind
the phenomena. Some of these theories are still followed in the science of

modern physics.

Compton effect

increase in wavelength of X-rays and other energetic electromagnetic
radiations that have been elastically scattered by electrons; it is a principal
way in which radiant energy is absorbed in matter. The effect has proved to
be one of the cornerstones of quantum mechanics, which accounts for both
wave and particle properties of radiation as well as of matter. See also light:

Early particle and wave theories.




1) Compton seattering

In physics, Compton scattering 1s a type of scattering that X-rays and gamma rays undergo in

matter. The inelastic scattering of photons 1n matter results i a decrease n energy (increase i

wavelength) of an X-ray or gamma ray photon, called the Compton Effect. Part of the energy of

the X/gamma ray 1s transferred to a scattermg electron, which recotls and 15 ejected from 1ts

atom, and the rest of the energy 1 taken by the scattered photon.

The effect 15 important because 1t demonstrates that hght cannot be explained purely as a wave

phenomenon. Thomson scattering, the classical theory of an electromagnetic wave scattered by

charged particles, cannot explain low mtensity shifts i wavelength. Light must behave as 1f it
consists of particles m order to explam the low-intensity Compton scattering. Compton's
experiment convinced physicists that light can behave as a stream of particle-like objects

(quanta) whose energy 1 proportional to the frequency,




Total energy before collision is = E; = hv + MyC’ wovrovcrne (3.1)

Total momentum before collision = py = h?‘ .................................... (3.2)

After collision:

Energy of recoil electron = £/ =mc’ nsmmssssssse s ens| 3.3) M S the relativistic mass.
Momentum of recoil electron = pf = MV ovserssnsssssesssssssssesses (3.4)

P,/ isin a direction making an angle o with the direction of incident photon

Energy of scattered photon = F=hv SRR I 11

j #.'
Momentum of scattered photon = pi = ETL onssssssssssssssssessssssess| 3:0)

o'is in a direction making an angle B with the direction of incident photon.




The mteraction between electrons and high energy photons (comparable to the rest energy of the
clectron, 311 keV) results n the electron bemg gven part of the energy (making it recol), and a

photon contaming the remaiming energy bemng emitied in a different durection from the onigina,

50 that the overall momentum of the system 15 conserved. If the photon stil has enough energy

Jeff, the process may be repeated.

If the photon is of lower energy, but still has sufficient energy (in general a few eV to a few
KeV, corresponding to visible light through soft X-rays), it can eject an electron from its host

atom entirely (a process known as the photoelectric effect), instead of undergoing Compton

scattering. Higher energy photons (1.022 MeV and above) may be able to bombard the nucleus

and cause an electron and a positron to be formed, a process called pair production.

A photon of wavelength £ comes in from the left, collides with a target at rest,

and a new photon of wavelength 2’ emerges at an angle 6.




By the early 20th century, research nto the interaction of X-rays with matter was well underway.
It was known that when a beam of X-rays 1s directed at an atom, an electron is ejected and 1s

scattered through an angle €. Classical electromagnetism predicts that the wavelength of

scattered rays should be equal to the mitial wavelength; however, multiple experiments found

that the wavelength of the scattered rays was greater than the imtial wavelength.

In 1923, Compton published a paper in the Physical Review explaining the phenomenon. Using

the notion of guantized radiation and the dynamics of special relativity, Compton derived the

relationship between the shift in wavelength and the scattering angle:

h
N =X =—(1-cosh),

MeC

4 1s the initial wavelength, 4"1s the wavelength after scattering, / 1s the Planck constant, m, 1s the

mass of the electron, ¢ 1s the speed of light, and # 1s the scattering angle.

. h . .
The quantity — s known as the Compton wavelength of the electron; it i1s equal to
3

2.43x10""" m. The wavelength shift " — 4 1s at least zero (for # = 0°) and at most twice the

Compton wavelength of the electron (for 8 = 180°).

Compton found that some X-rays expernienced no wavelength shift despite being scattered
through large angles; i each of these cases the photon failed to gject an electron. Thus the
magnitude of the shift 1s related not to the Compton wavelength of the electron, but to the

Compton wavelength of the entire atom, which can be upwards of 10000 times smaller.

A photon y with wavelength 4 1s directed at an electron ¢ m an atom, which 1s at rest. The
collision causes the electron to recoil, and a new photon y’ with wavelength 4" emerges at angle 6.

Let ¢’ denote the electron after the collision.




From the conservation of energy,

E.,+ bB.=Ey+ Eo.

Compton postulated that photons carry momentum; thus from the conservation of momentum,

the momentum of the particles should be related by
Py = Py FPes
Assuming the imitial momentum of the electron 1s zero.
The photon energies are related to the frequencies by
FE,=hf
E, =hf

where i 15 the Planck constant. From the relativistic energyv-momentum relation, the electron

ENergies are

2
E, = m.c

Es = \/(peac)?- + (mec?)2.

Along with the conservation of energy, these relations imply that

hf 'H'.i.“!"ﬂ h.f | M{;},:ar')g | [H.i.,:r"‘!)z.
Then

pic® = (hf + mee = hf) —mic" (1)
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Energies of a photon at 500 keV and an electron after Compton scattering.
From the conservation of momentum,
Pet — p*,t - p",r' .

Then by making use of the scalar product,

1’«2’ = Pe! - Pet — (p",r - p*,’) . (p",r - p"_r')
== ]),f + p.'f, — 2p pyr cos 0.
pj‘, & = pf;cz + pn.‘?; & — 2 Py Py COSH.

The relation between the frequency and the momentum of a photon 1s pc = kf, so

(Rf)? + (hf)? = 2(hf)(hf) cos 0.

w2 2
Pt

(2)

Now equating 1 and 2,

(hf Mee” — hf‘)g - n.i.\fr'1 = (:hf)g | l:h,f{)z — 20 ffe

Qhfmec® — 2hf'moc® =207 f ' (1 — cosB) .

Then dividing both sides by 2hffm.c.

€ s

f" f — s .
Since fA =f4A"=c,

A=A (1 —cosd).
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