Rutgers University — Physics Graduate Qualifying Eam
Thermal Physics — January 16, 2009

Work problems A and B and (C1 or C2) and (D1 or.D2)
Work each problem in a separate blue book.
Each problem is worth a total of 10 points.

TP -A
Let the voluméV of a substance be a functionBf& T:V =V (P,T).
(a) [5 pts] The isothermal compressibiliky is defined by: &7 = _ia_V
V dP|;
10V
The expansion coefficiefft is: =—7
P . d V oT |,

Show that 9B = —(GKTJ
P~ Lot

P

(b) [5 pts] The compressibility of copper as a fimT of temperature at a constant pressure of
1 atm varies linearly fromqx10™ m?/N) at T =0°K to (10x10™ m?N) at T =1000K .

The expansion coefficient i =6x10°K "at T=800K and at 1atm. Assum@p/0dP); is
independent oP.

Find the amount by whicBat T =800 K changes when the pressure is changed from 1 atm to
1000 atm.

TP-B
Consider a classical ideal gas. AssiMm@olecules in volumeV. Letk be the Boltzmann
constant.

(a) [4 pts] Suppose that the constant volume heat @ggaer molecule [i.e. the molecular
specific heat] iCy and is known. Derive the expression for the camgpressure heat
capacity per moleculeCE].

(b) [3 pts] For an isothermal process, we know ¥t constant, wherP is the pressure.
Derive the expression that replaces it for an adialprocess.

(c) [3 pts] Suppose that the gas is helium and is aoediein a cubic box of side. Suppose
the side of the box is halved in an adiabatic pgeceéAssuming that the gas remains
governed by the ideal gas laws during this proaedsulate the factor by which the
pressure increases.

Page 1 of 3



TP -C1

Consider a non-relativistic Fermi gas in two dimens: N electrons confined to a square area
A=L>

(a) [4 pts] The density of electronic states in tlitmensions per unit area is given by:

m
O e

Show how to derive this formula, don’t worry abaut exact numerical pre-factor, focus on
the dependence on energy and mass.

(b) [2 pts] Find the Fermi energy (in termshbaindA)
'(c) [2 pts] Find the average energy per elecatoin= 0 (in terms oEy).
(d) [2 pts] Calculaté for the electron density/A = 1x 10" m? (a typical density of electrons

in a field-effect transistor [FET]), assume that gffective mass is 02m. (wherem is the
free electron mass). Is the electron gas in an didgjEnerate at room temperature?

TP -C2

Consider a gas where the internal enddggnd pressurd? are given by:

f N2
U=—Nk.T-b—
2 ° bzv

Nk,T N2

P= —
\Y; V32

The N is the number of molecules in a voluMeg f the number of degrees of freedom zigdis
the second virial coefficient (taken here as indeleat of T ).

(a) [4 pts] Find an expression for the goyras a function off andV .

(b) [2 pts]Derive an expression for the connection leetwl andV for an adiabatic process.

(c) [4 pts] Find expressions fdz, , the specific heat per particle at constant voluane C,,
the specific heat per particle at constant pressure

Helpful hint: a—T

oP

ov

y 0T

il
LoV

T
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TP -D1

The quantum states of a rigid rotator are labelethb integer$ andm wherel = 0 andin| < I.
In terms of these the energy levels are given by:

&, =11+ -muB

where & is an energy§ = #° /21 wherel is the moment of inertiaB is the magnetic field,
taken to be in the-direction, while zi is thez-component of the magnetic moment winer 1.
This system is in close thermal contact with arti@bath at temperatuiie Calculate the
thermal mean of the magnetic momgraf the system for

case 1 [UB<<KT <<& [5 pts]
case 2 [IB<<§& <<KT, [5pts]

wherek is the Boltzmann constant. After you obtain yanswer for case 2, see if you can obtain

a weaker validity condition for the size Bthan that given above.

TP - D2

(@) [5 pts] Within the model of isothermal atmosphefind the ratio of the mass of the

atmosphere to the mass of the planet. Assume hleagravitational field is uniform. The
acceleration of the free falg, and the pressure at the planet's surfdtge,are known.
Calculate this ratio for the Earth. (Hing:= GMp|/Rp.2, whereM, andR, are the mass of the
planet and its radius, respectively, the gravitetl@onstanG = 6.67x 10"'Nm?/kg?).

(b) [3 pts] Find the average potential energy of thelewules in the atmosphere [neglect

rotational and vibrational degrees of freedom].

(c) [2 pts] Find the heat capacity per moleculéhi}m atmosphere (don't forget the kinetic energy)

[again, neglect rotational and vibrational degrefefseedom].
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