Quantum Physics Answer Sheet 2

Compton Scattering

1. (i) The wavelength of the incident photons is

he  6.63 x 1073% x 3.00 x 108
E "~ 20 x 103 x 1.60 x 10-19

A = ~ 6.22x 107 M m .

The change in wavelength is given by the Compton formula with 6 = 60°:

h 6.63 x 10~3* x 0.5
N—\ = — (1—cosh) ~ ~ 121 x1072m.
e 1= 080) o 300 X 10° x m

Combining the values of A and A — \ gives the wavelength of the scattered photons:

N ~6.34x 10" m.

(ii) The energy lost by a photon as it scatters is:

E—-—F = hc<l—i>

AN
— 663><10—34><300><108< 1 — 1 >
' ' 6.22 x 1011 6.34 x 10—
~ 6.05x10717J

Q

378eV .

Warning: this answer is the difference of two much larger numbers (the incoming and
outgoing photon energies) and is subject to considerable rounding error. For example, if
you store intermediate values such as A and )\ to full calculator precision, the final result
changes by several eV. Short of using more accurate values for the fundamental constants,
there is little that can be done about this.

All this energy is transferred to the electron as recoil energy. The work function of a
typical solid is only 5 or 10 eV, so some of the recoiling electrons will certainly escape
from the metal.

The largest change in wavelength would be obtained when 6 = 180°, in which case N —\ =
2h/mc ~ 4.85 x 1072 m. The maximum possible wavelength of the scattered photon
(assuming only one scattering) is 6.22 x 1071 +4.85 x 1072 =~ 6.71 x 107" m.

2. (i) The initial photon wavelength is

he 6.63 x 1073* x 3.00 x 108
Ainit = — ~ ~ 124x107%2m.
t E 106 x 1.60 x 10-19 107 m




The final photon wavelength after 10*® Compton scattering events is 500nm. If
we assume that each scattering event increases the photon wavelength by the same
amount A\, we obtain

10%°AN &~ (500 x 1077 — 1.24 x 107**) m ,

and hence
AN ~ 5x107%m.

(ii) The Compton formula says that

h
AN = —(1 —cosb) .
me
Since A\ (= 5 x 107 m) < h/mec (=~ 2.43 x 1072 m), the average scattering angle
6 must be very small (so that cos@ is very close to 1). We can therefore make the
approximation cos & 1 — 6?/2 to obtain A\ ~ h6?/2mc, and hence

2mcA\
0
h
N \/2 x 9.11 x 10731 x 3.00 x 108 x 5 x 1033
~ 6.63 x 1034

~ 6.42 x 107" radians
3.68 x 107 degrees .

Q

(iii) In 10° years, a photon travels a distance:

d = ¢ = 3.00x10% x 60 x 60 x 24 x 365 x 10°
~ 946 x 10*'m .

During this time, it scatters 10%% times. Hence, the average distance travelled by
a photon between scattering events is 9.46 x 10*'/10% ~ 9.46 x 107> m or roughly
0.1 mm.

De Broglie Waves

3. In order to use neutron diffraction to study atomic positions and atomic-scale magnetic
fields, the neutron De Broglie wavelength must be comparable to the size of an atom:

A~ 107%m.
The kinetic energy of the neutron is thus:

1, P> h? (6.63 x 10734)2
—-mv = — = — =
2 2m 2m A2 2 x 1.67 x 1027 x 10-20

~ 1.32x107%2°] =~ 0.083eV .



This is the same as the average energy 3kpT/2 of a neutron in thermal equilibrium at
temperature
2x1.32x 10720

40K .
3 x1.38 x 10-23 040

. The De Broglie wavelength of a 100eV electron is given by:

2 2
P h
1 = o = _
00 eV 2m 2mA\2’
and hence

6.63 x 10734

A\ = ~ 123x10"%m.
V2 % 9.11 x 10731 x 100 x 1.60 x 10-19

w/2

From Q8 of Problem Sheet 1, the first zero in the diffraction pattern from a slit of width
d occurs where sin = \/d. Hence,

0 = sin"'(\/d) ~ sin”'(1.23x107'°/107%) =~ 1.23 x 10 *radians .

The width w of the central diffraction peak is 2/ tan , where [ = 1 m is the distance from
the slit to the screen. Hence,

w = 2x1xtanf =~ 20 ~ 246x10*m.

. A particle of mass m and momentum p has kinetic energy p?/2m. If the kinetic energy is
equal to 3kpT'/2:

p2 ?)kBT

2m 2

p = /3mkgT .

Combining this result with De Broglie’s equation, p = h/\, gives:

P
 p \BmkgT’

then

as required.

w



Avogadro’s number of He atoms occupy a volume of 27.6 x 10~®m?. Hence, the volume

per atom d? is
27.6 x 1076

6.02 x 1023
Taking the cube root, we obtain d ~ 3.58 x 1071 m.

458 x 107 m? .

To find the temperature T at which A\ = d, we have to solve the equation

h

= d.
3kaT

Hence

S N T 1 6.63 x 10734
T 3mkp \d] T 3x4x1.66x10727 x 1.38 x 1023 \ 3.58 x 1010
~ 125K .

When the temperature is comparable to or smaller than this value, the De Broglie wave-
length of the He atoms will be the same as or greater than the interparticle spacing, and
the wave-like properties of the atoms will be important.

. The figure below shows that in order for the De Broglie wave of wavelength A to “fit in” to
the box, the box side d must be an integer multiple of \/2: d = n\/2, where n = 1,2, ...

d =2\2 d =22

/
YN

2\

The maximum possible De Broglie wavelength is therefore 2d. The smallest possible
momentum is
h h 6.63 x 10734

min = = — = ~ 9.26 x 1075k -1
p Moo 2d 2 % 3.58 x 1010 % gms

The smallest possible KE is

2 —25)\2
pmin (926 X 10 ) —23
KE i, = R ~ 646 x107*7J.
2m 2 x 4 x 1.66 x 1027 %

The thermal KE of 3kgT'/2 would equal KE,,;, when

2KE, .. 2 x 6.46 x 10~2
T — N 2X046 X107 o
3kp 3x1.38 x10-23




