Physics 308: Statistical, Molecular, and Solid
State Physics

In-class Midterm Exam

Thursday, February 14, 2008, 09:30-10:50

Student’s Name:

Multiple Choice Questions (24 points)

Answer by circling one of (a), (b), (c), etc. Please be sure it is clear which
one you have selected.

1. In general, thermalization is a process that involves the sharing of

(a) energy and momentum
(b) energy only

(¢) momentum only

between particles.

2. An ensemble average involves repeated measurements over times

(a) much longer than

(b) much shorter than

the characteristic thermalization time scale of the system.



3. A classical system is found in states A, B, and C with probabilities
P(A), P(B), and P(C). These satisfy P(B) = 2P(A) and P(C) =
2P(B). Some property of the system, call it x, takes the values x4, 25,
and z¢ in the corresponding states. What is the average value of x?
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(a) (r)= ngA + §$B + giﬁc
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b T) = —F7=xa+\/ ¥+ —F=x
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(d) (z) = ng + ng + gxc

4. What does integration over the phase space mean for classical point
particles living on a surface?

(a) /dgr d*v

(b) / dz dy dv, dv,

(c) / dE E'/?

5. If the particles in question 4 have only kinetic energy 3m(v2+v?), how
does g(F), the number of states with energy FE, scale with E?

(a) (b) (c)




6. A system with two energy levels ¢, = 0 and ¢ = A is in thermal
equilibrium at temperature 7' = A/(kg log2). What is the ratio ng/n;,
where n; is the occupation of level i?

1
(a) 2
(b) log2
(c) 1
(d) 2

7. Which picture correctly illustrates the energy of the two-level system
in question 6 as a function of 77

() (b) ()
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8. Which is a possible set of units for Boltzmann’s constant, kg?
(a) K/J (Kelvin/Joule)
(b) eV/K (electron Volt/Kelvin)
(¢)  K/mol (Kelvin/mole)
(d) J/mol (Joule/mole)

9. An ideal gas consists of ...

(a) completely noninteracting point particles.

(b) particles so strongly interacting that thermal equilibrium is as-
sured.

(c) particles with interactions just strong enough to establish thermal
equilibrium but otherwise negligible.

(d) particles with harmonic internal degrees of freedom.



10. Which integrals would be most useful in calculating (v?) from the
Maxwell-Boltzmann speed distribution?

(a) / dz %™ = \/T% and / doe ™ = ﬁ
0 0

2
o 1 o 1
(b) / dzz’e™ = = and / doze™ ==
; 2 ; 2

(c) / drz'e ™ = 3V and / dr e = VT
0 8 0 4

(d) / drz’e™ =2 and / dre =1
0 0

(e) / dr2z*e™ =6 and / drxe ™ =1
0 0

11. What, according to the equipartition theorem, is the specific heat per
molecule of an ideal diatomic gas?
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—kgT
(a) ks
7
—kgT
() ks
7
() 5ks
9
d) =k
(d) ks
12. Which of the following is not a degree of freedom realized in a diatomic
molecule?
(a) translational
(b) torsional
(¢) rotational
)

(d) vibrational



13.

14.

15.

The Maxwell-Boltzann distribution is peaked at a most probable speed,
Ump. Which of the following statements is correct?

(2)  vmp < () < (W2 < (V313 < ...

(b> Ump = <'U> = <U2>1/2 = <1)3>1/3 = ...

(©) v > () > (WAY2 > (313 > ...

The partition function, Z = >, e PF: is a sum of the Boltzmann
weight over all possible configurations = of the system. Which is a
correct expression for the average energy of the system?

1dZ
(a) _Z%

dlog Z
dp
1dZ

(c) _B%

dlog Z
&) —

For nonrelativistic, massive particles, the kinetic energy operator is
p? io o 9\

(a) =2 (4242
2m 2m\odx Oy 0z

A2 2 2 2 )
p h (0 0 0

b —_— = — —_—

(b) 2m 2m (8:v2 + 0y? * 0z?
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16. In order to interpret a wavefunction ¥ (x) as a probability amplitude,
how must it be normalized?

@ [dwota) =0
) [doota) =1
© [depoi) =1
@ [P -1

17. If, under particle interchange, ¥ (3, x1) = —t(x1, z2), ...

(
(

a) the wavefunction is fermionic and (z,z) = 0.

(c

(d) the wavefunction is bosonic and ¥ (z,z) = 1.

)

b) the wavefunction is bosonic and i (z,z) = 0.
) the wavefunction is fermionic and ¢ (z,z) = —1.
)

18. 3He is a composite object consisting of an odd number of fermions
(protons, neutrons, and electrons) bound together. Which statement
is most correct?

(a) He atoms are fermions and thus cannot form a superfluid.

(b) 3He atoms are bosons, but their superfluid transition is pre-empted
by freezing.

(c) *He atoms are bosons that become superfluid below a critical tem-
perature 7.

(d) 3He atoms are fermions, but bound pairs of *He atoms are bosons
and thus can form a superfluid at low temperatures.



19. The following diagrams show energy levels and their occupancies for
particles with different quantum statistics. Which is consistent with a

superfluid at zero temperature?

()

——

large T'

T=0

(b)

+
large T'

20. For blackbody radiation, the energy density of photons with frequency
between w and w + dw is

ur(w)dw =

w3dw

1203 ehw/ksT _ 1

If we assume that a star of radius R emits as a blackbody at tempera-
ture T', its total power output will be given by its energy density times
its surface area. How does the power output scale?

(a) RT®
(b) RT*
(¢) RT*

(d) RT®



21. At zero temperature, the ground state of a gas of electrons is charac-
terized by its Fermi energy Er. How does Er depend on the number
density N/V of the gas?

) 6"
(b) (%/
0 G
o ()

22. Which of the following is NOT true for a gas of noninteracting electrons
at low temperatures?

(a) Thermal excitations occur primarily within an energy window
~ kgT of the Fermi energy.

(b) The average energy of the gas is enhanced by a factor Ep/kpT
over its classical value.

(c) The heat capacity of the gas is enhanced by a factor Er/kgT over
its classical value.

(d) The Fermi energy increases with the addition of more electrons to
the system.



23. Consider a two-level system with states separated by hAw in energy.
Which one of the following before and after tableaux depict the pro-
cess called stimulated emission? (Horizontal lines represent levels and
filled circles indicate which levels are occupied; the squiggly lines are
photons.)

(a) (b)

hw — — 2hw - — hw
N\ SN\ N\
(c) (d)
—— — hw — ——
L e L
— —— hw —— —

24. The number and energy densities of a bosonic excitation are

N 1 3 1 u 1 3 E(p)
V‘ﬁ/ﬁ%wm—1wdv_ﬁ TP Ew) 1
where E(p) relates the energy to the momentum p. If E(p) ~ |p|*
(aw > 0), what is the temperature dependence?

(a) % ~ 1, % ~T
N U

(b) 7 Tt o T2+a
N U

(c) 7 T = Tl+1/a
N U

(d) 7 T3/, o~ T1+3/a



Long Answer Question (10 points)

Answer ONE of the following questions (numbered 25 and 26). If you do
attempt both, indicate which one should be graded. Please write clearly in
the space provided and show the details of your calculations.

25. A gas of noninteracting, classical particles living on a line is subject to
the potential

V@):{oo <0
Vox/a x>0

where Vj has units of energy and a units of length.

(a) Show that the probability of finding a particle between = and
x + dx is

dx VW z W
P D axp -2 ),
(l’)dl’ a /CBT eXp( CLk‘BT)

10



(b) Compute the average position, (z). (Feel free to borrow an integral
evaluation from question 10.)

11



(¢c) What is (x) in the limit 7" — 0?7 Why?

12



(d) Compute the average energy (FE)

13



(e) Explain why (E) # 2 x 1kgT = kgT.

14



26. The Hamiltonian of a particle confined to a one-dimensional box of
length L is

. h? 2
j7
2m dx? +Vi(z),

where the potential is

if L
V(x):{o Ho<ao<

oo otherwise

(a) Show explicitly that i, (z) = sin(nwz/L) is a solution to the time-
independent Schrodinger equation for n =1,2,3, ...

15



(b) What is the energy eigenvalue E,, corresponding to 1,7 (Hint: it
should have the form E, = Ejn®, where « is an integer)

16



(c) What is the ground state energy of three electrons (spin 1/2) in
the box?

17



(d) What is the ground state energy of three *He atoms (spin 0) in
the box?

18



(e) What is the ground state energy of N electrons in the box? To
answer this, you may or may not want to use one of the following

relations:
N N
1 1 1 1
an n=gNt g an =gt g
N N
1 1 1 1 1 1 1
3 4 3 2 4 5 4 3
— CNY4 NP4 CN — NS4+ SNY4 NP N
;" 1 T T ;" SR S 30
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