Fall 2007
Physics Comprehensive Exam

September 20, 2007 (Part 1) 9:00 - 1:00pm

Part 1: Quantum Mechanics and Statistical Mechanics
7 Total Problems /20 Points Each/Total 140 Points

o« (losed book exam.

» Calculators not allowed.

s Use paper provided for each problem. Use one side only.

» Print your name and page number on every page.

s Return the problem page as the first page of your answers,

e« When submitting, please clip all pages together in problem # order.

o If a part of any problem seems ambiguous to you, state clearly your
interpretations and answer the question accordingly.

physlcs + dsironowmy
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1. Quankan Mechanics

Convider a wystem of & identical spin 1/2 particles, each of s m. They move in a
common external potential ¥ir) = %m-..:z 2. Ignore mutal interactions among the particles.

Let Epnqa{N) be the ground stake energy.
a) Cowpule E g exactly for §¥ = 19,

b) Consider the lituil N — au, wlhere

. Egnd{N:I _
.H!I—T:ﬁ AN~ T 1

Find the constant .



MAME

2. fhuanturm Mechanics

The elecirosialic potential of an atomic nucheus can be spproximated by the electrostatic
potenkial af sphiere of radius fi with & homogensons charge distribution. In a hydrogen-like
alonl, using this appraximation, the clectran sos the potential

373 *
=S5 — ) {r <0
]"';phcrc = ;

— 2 {r = It}

r

Treat the deviation from the Coulomb poieniial due to the Bnite size of the nuclous as a
small perturbation, V. Compule the energy shifts AF to il order due to Lhis perturbation.

Ifind: The nucfear radies I = AV 3%, withry = 1.2[In és much smaller then the Dok
redius ng — 0.534. Thevefore you cun appromimuefe the wawe functions appearing in the

|
integrale by their voives 6l r'= 0. Recoll also that [Wom (M7= 1 (i) dgdma.

T nog
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3. fuantum Mechanics

Tl electoon neulring |#.; and the muon nentring |} are e possible neulrinn stakes
praduced and detected in some experinent, bul they are not necrssarily eipensiates of
the IMamiltonian, Tisther, il the state iz known bo liowe Ioomentum g, i is Sme [iRcar
combination of the enengy eigeustaten lvyt and o) of the form

|irad — cos@lyh + sinBles)

sy = —mind|eq} + cos §lug)
where

Hlw = 52 + miet o)

Hligh = /p2e? + mEcd i)

Lor two possibly difforent inasses ity and vz, and some “miving apgle” 8. It is known thad,
& neutring wan definitely a i, when it was produced, whal is the probabilily of detecting
a i after it has fraveled a dislawce LY Asume that me & p and mye < p, 50 What
the neutrings are moving st almast (or cven cxactly) the speed of light, [80 you can ignore
corractions al the ovder 1+ #fc onnpared to terms of onder 1] and state vour result Lo Gt
order in the difference Am* — m? -- mi.
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4. Quantim Mechanicy

The amplitude for e absorption of a plape-polatized cleciomnagnetic wave ofl & one-
electron atom is proportional Lot

(sl 8 o™i

Here 1 is the electron msition operalor and p is the eleclzon momenouen operator. |4y} and
[tog} are, respeckively Lbe initial nnd Hnal electronic states. The vector ks iu Lhe direction
of the plane wave, and its inaguilude k = [k| is the wave number. The angular Frequency
of the wave =0 = ch. € ia the polarization of the electromaguetic wave. [ s & wnil vector
porpendicular Lo ki £-£ — 1 and £-k = 0. |The cowponents of k and of £ are ordioary
pumbers, not operalors.]

Let |} be the 15 state of a hydrogen atom, and 3} be the 29 state, Suppose the
wavelength of the radiation is loug enough so that ke & 1, where a is Wie Bobr radius. Then
if you compule the amplitude by expanding €7, vour answer will be a power series in ke.
What is the Hrst fnoo-vanishing term in Lhis expansion? [Write this term us an intogral, or
sum of iutegmls, over Iydrogen atom wave [unclions. Don't ke the time bere Lo evaluale
these inteprals.|

Vin the dipole approwimstion
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5. Quanturm Mecharics

T'wo spiu-lall particles arc in 8 state with fotal spin zero. Let @, and fy, be unit veclors
in two arbitrary direclions. Calenlate e expectation value ol the product of the spin of
the sl particle along #, and the spin of the seoond aleng #A,. That is il s and s, are the
spin operatoms for the Arst and mcond particle, rospectively, aloulake

(4|82 - Toasy - g |4

Iere |4 is the bwo-perticls spin-zero state. In this problem ignore orbilal engular momen-
tnm.

Llint: Because Uhe stale is sphericadly symmelric the aonswer can depend only on the
angle lwtween Lhe two direclions.
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G, Slatistimnd Mechomics

Consider a single particle of mass e inoa large box of volume ¥, The polential is zero
cxoept for 2 mnall region at the center of the box, such that there is one hound slate with
enargy —L.

a)] What iz the partilion [unction when this box iz in equilibrion with A rescrvoir of
temperature 7

h} Show tlal even when &gT < Up the particle becolnes unbonnd i the volume is large
encugh. How large does Lhe volume have to be {or the particle wo become nnbound in this
limit? (Hint: Consider the particle unbound il its average energy approacles the thermal
encrgy of a fro partiele. )
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T. Siatistical Mechanics

Two identical coolainers of volume ¥ oencl are flled with ideal gas under normal con-
ditions (that is, at room temperatore T = 3K and abmospleric presure P — 105 Pa).
Initially, there are & atome in eacl contuiner. Alter the two containers are eonnected, ihe
probability to find the occupational asyminetry of AN/N = 10 % is % times less than the
prohability of cqual nccupations in the two containers, AN = 0. Using this informalion,
calculale the volunme Vool eacl: conlainer.



Fall 2007
Physics Comprehensive Exam

September 21, 2007 (Part 2) 9:00 - 1:00pm

Part 2. Electricity & Magnetism and Statistical Mechanics
7 Total Problems/20 Points Each/Total 140 Points

e Ciosed book exam.

» Calculators not allowed.

« Use paper provided for each problem. Use one side only.

¢ Print your name and page number on every page.

» Return the problem page as the first page of your answers.

s When submitting, please clip all pages together in problem # order.

» If a part of any problem seems ambiguous to you, state clearly your
interpretations and answer the question accordingly.

phyzics + asfronomy
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A. Blectricity end Mogrelism

a) Find the tolal enerey radiated in Lhe wllison ol a refatimistic {y = 1} particle of
charge ¢, mass m. velocity « {in the lab), impact parameter § against & foxod target of
charge €, 1o Bhe Jiwit of smeall dellseLlions,

b} Write the condition for “small defleciion™ in lenws of Lhe parameters af the problom.



NAML

0. Eleciricily arnd Magneiism

The plane z = 0 1 held al sero polentisl excepl [or o disk of rading a centered at the
origin, which & held al polential ¥

a) Write the sahition for the potential in the hall-space 2 2 0. You do not lave to explic-
itly caleulale Lhe inlegral n your expression, (Hint: Gnd Lhe Greens [unction appropriate
for this problem.}.

b) Write cxphcitly ihe polential on tbe positive z-axis
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10, Electricity and Magnetism

Au infinite straight wire is lying alouy z-axis. Ab time & — 0 the current jumps irom zero
to A constant value Iy [i.c. the current is the step function I(f) = fo@(t}.] Caleulale, as &
function of time, the electric and maguetic felds at an arbitrary point P a distance v from
the wire. In particalar, consider the cases v < ol 7 > of, and ¢ — oo, Don't try w anupule
the fields ab » = of; they are singular here due Lo the unplivsical slep Tunction behavior,
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11, Electricity aned Magnotisme

A lossless waveguide bas a rectanegular cross section of widith 2a in the = ditection and
Lieight o in Lhe y-direction. A plane eleclirowagnetic wave with feld connpopents B, = £, —
FEoons{k,z —unt] and lrer-apace wave number £, = {3/2)x/a is incident af the input af the
waveguide (z — 0. Consider propagalion in the lundamenisl mode, which has a sinusoidal
amplitude distribution across the muide normal to the electric field with semo langenlial
fields at il conducting boundarics. Recall iliak e wave dispersion is {ound by separation
ol variables.

4] Whal is e polarization of the eleciric feld al z = 07 (Negleet refladtions.)

I} Comsider ihe propagation of ile Fy und £, Belds separately, each propagating in iks
fundamental wavsguide mode. What are the gnide wave numbers &, for each mode?

c) AL which distance z is the phase shili. beiween the two fields Ak,z = /27 What is
the feld polarisation ab this point?
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12, Elentricily and Magnelivin

> I
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b a b :

Condder a square loop carrying & constam: current [ and a lang wire with a constant
current. J1. The aquare loop has the area o and the long wire is plwed a distance & away
from (and parallel to} ooe side of Uhe suare loop, in the same plave as the loop. How much
work las 1o be done in order to slowly move the long wire to the other side of the loop, =0
thal it is finally located the same distance & from the oppoaite side of the loop?
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Ld. Slatisticel Mechanics
Consider & rod-like malecules that ame wrranged in a lattios and have 2 rotalional degmees

ol freedom eacl associated witlh the same moment of inertia . Nepleet interactions. Cal-

culate the Aucluation n encrgy when the mwolecules are in equilibrium with & heat resnrvolr
at remperatuo: T

{(tam)*) =
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14, Sfadistice! Mechanics

Compreasing & liquid adinbatically by AV/Y = 107 its temperature rises by one degree,
AT = 1K, Caleulate the ratio of specific heat al conutanl pressure and constant volume,
{75/, il you know that the constaot-pressure thermal expansion coefficient ol Lhe liguid
is 3= (V8T /V — 101K L



