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Department of Physics Modern Physics (4E)
Prof. V. Sharma

Final Exam

University of California
San Diego (June 11, 2004)

Problem 1: Mystery Metal:[20 pts]

Photons of wavelength 450nm are incident on a metal. The most energetic
electrons ejected from the metal are bent into a circular arc of radius 20cm in
a magnetic field whose strength is equal to 2.0x10T. What is the work
function of the metal?

Problem 2: Quantum Pool:[20 pts]

An x-ray photon of wavelength 0.02480nm strikes a free stationary electron.
The photon scatters off at 90° with respect to the direction of incidence.
Determine (a) the momentum of the incident photon (b) the momentum of
the scattered photon (c) the kinetic energy of the scattered electron, and (d)
the wavelength of the scattered photon.

Problem 3: Across The Universe! :[20 pts]

An air gun is used to shoot 1.0g particles at 100m/s through a bore (hole) of
diameter 2.0mm. How far from the rifle must an observer be to see the beam
spread by 1.0cm because of the uncertainty principle?

Problem 4: Harmonic Oscillator [30 pts]
Consider a 3D harmonic oscillator, described by the potential

V(x,y,z)= %ma)z(x2 +y>+7°). (a) What is the energy of the ground state of

this system? What is the degeneracy of this energy? (b) Write down the
wavefunction of the ground state. (c) Find the expectation value (xy)

for the ground state. (d) What is the energy of the first excited state? What is
the degeneracy of this energy?

Problem 5: Step On It: [30 pts]
A free particle of mass m with wave number k; is traveling to the right. At

x=0, the potential jumps from zero to V, and remains at this value for
272

positive x. (a) If the total energy is £ = 5 - =2V, what is the wave number
m

k, in the region x>0 ? (b) Calculate the transmission ( T ) coefficient at the
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potential step. (c) If 10° particles with wave number k; are incident upon the
potential step, how many particles are expected to continue along the
positive x direction ? (d) How does your answer to part (¢) compare with the
classical predictions?

Problem 6: Déja vu: [30 pts]

. . . . . . 1
Consider a particle in a 1-D Harmonic oscillator potential (U(x) = Emwzxz)

described initially by a wave that is a superposition of the ground state and
the first excited states of the oscillator: ¥(x,0) = Cly,(x)+ v, (x)] (a) show that

the value 1/~+/2 normalizes this wavefunction assuming ; and \, are
themselves normalized. (b) Find the expression for W(x,7) at any later time t.
(c) Show that the average energy in this state is the arithmetic mean

(E1 +E,)/2 of the ground state and the first excited state energies E; and E, .

(d) Show that the average particle position oscillates with time as
<x>=x,+ Acos(Qr) where x, = é(JX ly, [ dx +Ix |y, [ dx) and 4= wa;wldx
and Q=(E,-E,)/h.

Problem 7: Lithium: The Musical! [30 pts]

For the ground state of the Li"" ion, calculate the average (a) potential
energy and (b) kinetic energy.

Problem 8: The Incredible Shrinking Atom:[20 pts]

A collection of hydrogen atoms is placed in a 3.5 T magnetic field. Ignoring
the effects of spin, what are the possible wavelengths of photons emitted
when an atom transitions from a 3s state to a 2p state?

‘!1 "
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Some Useful Numbers, Equations and Identities

1

Speed of Light, ¢ = 2.998 x 10°m/s; ~ =

mu Ill(j2

E=—" — K+ mc?

P Vimwe T Jimwye
E? = 132(:2 + m?c?
(712— 1)$2 " n(n — 1;(71, — 2) "
Planck’s Constant, h = 6.626 x 107?*J x S = 4.136 x 107 "eV x S
leV =1.60 x 107"J; 1 MeV /c = 5.344 x 107**Kg.m/s
Coulomb’s Constant, k = 8.99 x 10°N x m?/C?
Gravitational Constant, G = 6.67 x 107"'N x m?/kg?
Stefan — Boltzmann’s Constant, ¢ = 5.670399 x 107*W /m? x K*
Wien's Wavelength Displacement Constant = 2.898 x 10 °m x K
Boltzmann’s Constant, k = 1.381 x 107 **J /K
Electron Mass = 9.11 x 107*'Kg; Electron Charge = 1.602 x 107*C
Atomic Mass Unit u = 1.6606 x 107*"Kg or 931.5 MeV /c?
Proton Mass = 1.673 X 1072"Kg or 1.0073u
Neutron Mass = 1.675 x 1072"Kg or 1.0087u
Electron Rest Energy = 0.511 MeV /c?; Proton Rest Energy = 938 MeV /c?
1kW x Hour = 3.6 x 10°]
Intensity of Black Body Radiation T = o x T*

FOT$<1;(1:|::c)":1:|:n$—|—n + ..

Force on a charged particle in B field : TF) =qv X §
Centripetal Acc. = Vz/R where v and R are velocity and radius of orbit
Momentum of a charged particlein B field : p = gBR
Photoelectric Effect : Kjpax = hf — ¢
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Compton Wavelength A, for scattering off electron = 0.00243 nm

h

In Compton Scattering AX = (1 —cos@)

meyc
Jonstruct. interfer. when path diff. between two adjacent rays is dsing = nA

B 82 W (x,t) O (z,t)

TDSE: — o D’ + U(z)¥(z,t) = ik
h? O°
TISE : —/— 2 L Gayi(a) = By(e)
2m Oz?
o . 2R
Ground state energy E; for particle in 1D rigid box(0 < x < L) = L2
m

/2
Normalized wavefunction of particle in 1D rigid box(0 < x < L) = L sin(%x)

N h o - , 07 A .0
Operator : [p] = e [p?] = —h 902’ [E] = zﬁa

Time dependent form of Wave Function: W (7, t) = 9 (Fle " **;w = E/h

Uncertainty on Observable Q : AQ = 1/(Q2) — (Q)?

ExpectationValue < Q > = f«j)(x)*[Q]glJ(X)dX

< f(r) >= /OOO f(r)P(r)dr

fu-d’u = uv — /U-du

fsinxdx = —coszx
.9 x  sin2x 2 x  sin2x
sin“xdr = — — ; cos“rdr = — +
2 4 2 4
2

. 2 T xrsin2x  cos2x
rsin“xzdr = — — —
4 4 8
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/ 2 $2+xsitl2a:+cos2az
xcos xdr = —
2 4 8
3 2 1 9
/m25i112mdae:m——(x———)sianr:—w
6 4 8 4

sin(6,) sin(82) = (1/2)[cos(81 — 03) — cos(61 + 65)]
cos(01) cos(62) = (1/2)[cos(01 — 62) — cos(61 + 602)]

sin(#y) cos(f2) = (1/2)[sin(8; — 03) — sin(6; + 62)]

+1 _ 1 B
/ e”"dr = —[e* — e %

-1 a

+1 1
/ re Pdr = —[e* — e * — a(e® + )]

-1 C!,2

oo R 1 /x
/ e "™ dr=_/—a>0

0 2 a

+oo ) 9 1
/ e dpr =

0 4a

+oo 1.3..(2n — 1
/ 22 p—ax? g (2n ),/ T a>0
o 2(n+1) a2nt1’
+ —_—

+ oo
/ xz"e ®dx = n!
+ oo
/ x"e % *dr = nla™t?!

+oo e @
/ e “dr =

1 a

S

,a>0

“+co e @
/ re “dr = (1+ a)

1 a?

b
/ xle ™ dr =2 — (24 2b+ b*)e®

0
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b
f x®e ™ dxr =6 — (6 4 6b 4 3b* + b%)e™"
0

b
/ zle ™™ dx = 24 — (24 + 24b + 12b% + 4b® + b*)e?

0

b
/ xle ™ dxr =2 — (24 2b+ b¥e™®
0
The ground state wavefunction for 1D oscillator under U(z) = tmw?z?

2
has the form:

mwmz

Po(x) ox e 2

The wavefunction for Oscillator’s first excited state:

mw mwe?
P (x) x xe 2k
h
Next excited state:
2mwax? w2
Pa(x) x (1 — - ye  2n
1

The energy of the nth Oscillator state Ey, = (1 + 3 )hw.

Volume element in Sph. polar coordinates is dV = r?drsinfdOde

M, .M,
Reduced Mass g = ————
M, + M,
3/2 .
Rio(r) = (—) 2e =
aO
Z 3/2 ZI' -
Rop(r) =(=—) (2— —)e 2w
zao aO
Z 3/2 ZI’ Zr
R‘ r —_ e72-’30
2,1(T) (2a0) e

Radial Prob. Density P(r) = r?|R(r)|?

V3(0.0) = ©(O)8(6) = 5=
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1 /3 1 /3 :
Y7(0,9) = 5 ;cos@ and Y (0, p) = :F§ %sin GeTi®

n2h?

Orbit radiusr, = —————
Zm_ ke?

h2
m.ke?
—kZ2%e% 1

Energy E, = ——forn =1,2,3,4, ...
2a, n?

= 0.0529 nm

bohr radius ag =

Rydberg Constant R = 1.0973732 x 10"m™!

The Total Magnetic Moment

—e —_ —_
ﬁ:ﬁo‘l'ﬁs:Q [L_I'QS]
me

Magnetic Potential Energy Under a B Field

U=—ji-B
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