HWH#3 Solutions.

Q4. In principle the de BroglieOs wavelength depends only on the momentum of the
particle, thus it can be arbitrarily small or large. It can be certainly much larger than the
dimensions of a particle (remember that de BroglieOs wavetsragirelectron in

diffraction experiments is of order of 1 « or atomic radius, thus much larger than known
limits of the electron radius). For macroscopic objects it is obvious that associated de
BroglieOs wavelength can be much smaller than the lineanglons. In the particle

world this question is more complicated as in many cases we do not know exactly the
linear dimensions of a particle (e. g. radius of an electron). Keep in mind that as you
increase momentum to make the wavelength shorter, invistitiimit the linear

dimension of a particle becomes smaller due to Lorentz contraction.

Q18.The energy of harmonic oscillator is a sum of potential and kinetic energies. First is
proportional to square displacement, while second to square of momé&mam

uncertainty principle we know that momentum and position of a particle cannot be zero at
the same time, thus at least one of the energy component has tezsramon

P3.

a) momentum

electron: p=H/=6.63x103*Js/2x10"’m=3.3x10** kg(m/$) m s / m=3.3x10%* kg (m/s)
photon: p= H/=3.3x10?* kg (m/s) same as electron

b) total energy, using momentum from part (a)

electron: E =/ p’c® + m,’c* =8.18771x10"*J

photon: E=hd/ =9.93%10"°J

c) kinetic energy
electron: E=E-m,c*=8.1877%10%*J- 8.18711x10™*J=6.® x10*%J (37.5 eV)
photon: E=hd/ =9.9310"®J (since rest mass is zero) (6.2 keV)

P5.
a) B= 3/2 kT = (3/2) * 1.3810% J/K * 300K = 6.2x1G* J = 38.8 meV (tiny)

b) de Broglie wavelength:
. _h ho 6.63#10%* Js 6.63#10% kg(m/s*)ms

P A2mE,  \Dob6T#10V kg% 2#10%')  \296.67#10% kg%.2#10% kg %n’ /5

=1.45x10%%

P8.

de Broglie wavelength:
._h

Y
recall expression for momentum of relativistic particle:



mv _ mcv _ E#

p= = = , since we want gexpressed in MeV, we have to

1" #2 c1" #2 eyl #2

" 9a6
multiply this equation by 1.6 x106 J/(MeV): p= E,"” #.6$10
C\1%" 2

substituting p into equation for de Bjlee wavelength:

2 2
, h hey1&# I \1&#

"~ E[MeV]#4L.6940%)/MeV  1.6%.0°%° $E [/ MeV]# E l/ MeV]#
C\1&#°
I 2
=1.24" 10#2L$o
E,[/MeV]$

P16.
electrons:

_h h 6.63#10™"Js 6.63#10°* kg(m*/s%)s = 6.1340%m =

P A2ME, 299.1#107'kg0keV  298.1#10°kg40%.6#10"°kgnT /<
~0.0613

for first order Bragg reflection:
1*1 =2 d sif
thus" =arcsin (/(2d))=arcsin(0.0613¢ /(2 *3.14¢)=arcsin(0.0098)=0.56 deg

photons:
34 7. 3
A:E _ 6.63x10"Js 3xll(: m/s: 31x 10" m = 0.3%
E 400001.6x10J

for first order Bragg reflection:

1*1=2 d sin

thus" =arcsin (/(2d))=arcsin(0.31¢ /(2 *3.14¢)=arcsin(0.049)=2.83 deg
P19.

Recall relation between momentum of a particle and its momentum:

electron: p=h/!

In nonrelatvistic limit:



2
o = 1 Py = i(ﬂ) =2.4x10"°J =15keV, note that since this energy is much
2m 2m\ A

smaller than equivalent of rest mass (511 keV) the use efatativistic formula is
justified.

For photon: E=h¢/ =2x10**=124 keV, these are gamma rays.

c) Neither, as eneygof both particles is much higher than highest ionization energy (e. g.
for hydrogen E,=13.6 eV), so any interaction (that is what we mean by OseeO) would
lead to destruction of the specimen. In general case for observing slightly larger objects,
the ekctron microscope is more practical for two reasons:

1) the scattering crossection at these energies is much larger in case of the electrons
(because it is charged), thus it provides better contrast

2) electrons have much lower energies, which meassdéesation damage to the
specimen.

P29.

Recall the Oenergy versionO of the uncertainty principle:

et
4%

solving for#E:

"E# _h 5.2794.0%*J =0.33neV
48"t

P32.

a)

h
1
T

solving for#p

h
49" X

"p#

substitutirg into expression for energy of harmonic oscillator:

2 2 2
+C%:h—+cx_

2 2 2
=Py o1 —
327°mx 2

2m 2 167%x% 2m



b) lets rewrite above equation in form:

2
E :%+bx2, wherea:h—2 andb="
X 32" “m 2

To find energy minimum we look for x, where firstr@tive of energy is zero:

dE _ 0, thus" 2% + 2bx = 0. This has simple solution:® = \ﬁ.
dx X b

Substituting into expression for E:

a a a / h> C h |[C_h |C _hv
:_+bx2:_+b\/::2\/a):2 —_:2_\/::_\/::_
X \F b 32’'m2 8" \m 4"\m 2

b
where, " =L E
2#\m

P34.

This problem demonsttes microscopic limit of predictability. Just before dropping the
ball, the boy knows the initial position and momentum only with accuracy allowed by
Heisenberg principle. As the ball falls, the error in the position of ball will get larger with
time, beause the ball has small unknown momentum (thus velocity) in horizontal
direction. If boy would try to set the initial momentum to zero, this would lead to infinite

error in initial position. Since the time by which the ball hits the rodrﬂs‘/ZEH

! h H

4%'x\ 9

©

X=—#=

3 |

solving for#x:

n 2 h n h
= b8 thustx =420
X 4 g , INUS ™ X ) 4 g

for 1 g object dropped from 1m:

"X = 4\/5\/ h , 1mm =29%10°m, or less than radius of a nucleus.
4#$0.00Kg 0817




