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FPHETFACE

This serues o physizs prableans awld saloticos which cnnaista al sewen
rarts - Merhionics, Tlecoramagmelism, OpLica, Alonde Nuzlear and Pacti-
cle Muesire, Thermodynamaes and Seatictical Pliysies, Caantum Mechan-
aen, Bolil Swate Plopsics — conlaws a selection of 2000 problesny fiew Lhe
eracucre sohool entiance wad gualifying exanunalion pipers of seven i15,
nnivecxiters — Califaanin Qdverzivy Beckeley Campuy, Cohunbia Undversuy,
T harago Moiversity, Wassachnzeils Insuitule of Techoolegy, Mew Wosk Sne
Myiversity Aoaflabe Cawpey, Prnseion Toieersicy, Wiscansin Dwversjiy -
wr owrll as W CTISPEA and 08, Ting's papeck Toy seleclivn of Clices
itk for furiber @iudiee o VLE A and shei solulions whicl cespueseans
Ll efTore cof wieere diam Y0 Clineze ploeiciais,

Tlw svecwws i cewarhable loe ita compreliensive coves sye. Looeach area
bl problens span a wide speoteam of topica while many protlema cvelap
several aleas. The prohlemns Themselves are remn kahle for chel versatik
':r:.- 11 app]}'i:lg Ll ph:.'_-i-.'.ul laws am:d ].'rirl.n::i]:-lus: thair 1|p-|:n:~-|.:|al-r- realiztiz
5i.l|.|:uti-'.‘:-r|.5: aked Lliedt scanty demand sk mallematwal wkills 3.-1':1.1}' afl bae
].:JUt-'-E'I'HE il arder of ll'lﬂgllit-'-‘l"le caleulalionny which woe ufien :equi:r\es
m oA eApepamental g atinn o7 ravimating & quantity froon a sibple model
In short, 1the exercies hlend togeLhor the abgectivan of subhanrenenn o une's
ninleretanstmng of vhe plhyeaical principlen awd pioaclical applocalsliy

Tlhe anfitinns az piesenbed genadally jiesc peovide a gonlakce Lo solving
Lhe prohlens tanher Wi acnp by Atep nuni_p'uln.rirm arwl leave mch co ehe
stadrnl b work omd for kopfkersel], oF wlom puch iz Aepancled of che
Enswr knowledpe m o physeem. Toma the seriea wanld provide an inealnalile
camplemenl o the texikooka,

T echieimg o alleonpl bias been oaacde o wnily Lhe phyaical ferme and
spinlole, Roalliecs dhey wee lelu Lo thie sellers™ and sobwecs' omn, peeierences
g a5 Lo nellecl chie realigic siluabioun of bhe usape woday,

Tlee prwsemt volwnne For Tlernerd yoainms and SLalistical Phy:ios cnan-
priaty T proklems.

Lina Yumg Kuw
Edivar






[MNTRODULTION

Solving prableics in sclwowl wwrk ds Llee exercize of menlal Facultiee.
and rxamayation probleis are weoally picked [reon e problens in eclooud
work, Working oot probleoay s a neceseary aled impertant aspect in studics
of THeyvzics.

The ,‘n-ﬁl._.-'q:r Americak {.-rRILll'.FEI.-:_I,I Pu. T Qucf:;"_l,l:l'ng I::g'a.:e:'h'l.:r.a aRe Jo-
‘adickd iz o seraes of baaks wlich corsista of seveo volumes. The sub_iecl.-u
wl eacl volune and eheir rezpective celeresr [in parensheses) are wn (ollowe:

1. Mechonics (Qiang Yan-gi, Zu Bu-pu, Cheng Jia-Ma, Li 2e-bua, Yang

Te—taan)

2. Electromnagnetism [Shan Sho-pog, Yea Jun-an, Zhn Junsjie]
% Dplixs [Bar Gui-tn, Guu Gualg-<an]
4 Acomic. Nuclear and [article Physies [Jin Huaiocheng, Yaug Pan-
shong, Fan Yangsnei]
. Thermudynamica and Sratisuical Physics (Zheng Jiu-Ten)
i Quactur Mecharmes (fhang Yon-de, Zho Dong-per, Fan Hong-vi]

n

T Sabd Physics and {rmprehenseee Topiow (Zhang lasle, 2bon Y.
yuan, Shang Shi-lagh

Tlhe bawhz cover almiazt sll aspecio of University Fhiysics and contain
2550 problens, meed oF which are srlved in dedail,

Thesr peablems are caredully chosen foom AL prablems, spene nf which
cama from ihe {Chana-LLS. Tthysice Franunatioo amd Appheatica 'ropram,
athers wers aelerted from the Ph.DL Quabfying Examicairo ro Kxperimen-
Lal 1hgh Knergy Phyuicy, spansor=d by Chauo Chang Ting. The 1efl faine
{fraom Lhe gradmate snbrionce sxacination questionz of ==ven fasncus Amer
wan whaversitie: during the last decade: chey are  Columbia 1niveesiby,
Fipiversiny of Califlernia at Herkaley, Mazaachwestce Institute of Techaol-
ozy, Uniwerpity of Wircnnain, Univecsity of Chicngn, Frincetcn nieersiny
and Jtace Upiversity of Mew York, Fufaln.

In generval, #xamination prablams e physice in Awerican Enversicies
de not involwe too mech Mathematics; bowever, they are 4o 2ome extent
rharactecized by the lollowing Lhree asprcis; some prablema wmvalving vari-
wws Meomkier auljecls and orerfapping doanauee of Jaeace ae selecied by pro-
fesdorg direcbly from their own rescarch work and slew a *momlenn =Lyle”,
aome prohleme involve a wider Geld and require & guick mind éo0 analyze,
and the mechods uxed o salving Lhe ather probleme are sihnple 2] priot.
cal which shawa a lall “Lanch vf physicea”. Froan these, we think Lhat whese
rrablema ax a whele enibody, bo soine extand, Lthe characieriolics of Amen-

viii



whil Il uctiim

can zoiende and codeoye and the featuves of che woy of tiankiog of Anecacan
eduac ik

Jual 20, we believe it ip worthwhile to collect and zolve these problzmne
and, introducs them to studerds and teachers, sven chowgh the work s
strermuapa. Abnat a hepeeed bzachers and graduate stodenta 1ok perke im
thiz {1me-conaunng jrh.

There are 367 prohlems in this volaioe whiich s divided teto twa parts:
part [ conzisin al 159 prablems ro Thennodyoamizs, parl [T consisis af 208
prabklema an Statistical physics. Each part rantains five sections.

Tha depth af kpoomledgs dnvalved in sclving sy problams 2 oot be-
ronad Lhe cortenls of combwnn texd ks on Theetoad panics and Statoetical
I*hwsirs nsed eo cobleges and wnivecsities an Chana, allhough the range of
the knowledgr and the tachoiques needed 0 solving vome ol Lleese problens
o sevond whal we are Tardiar witl, Fercherioors, some new scisntehe res
search cesultys ke mebuducecd ks peobl=og in zclieal wock, that will bensiil
not &rly e 2udy of extahliched chenries and knowlsdge, bt also the < om-
bination of fearbing and teseatch work by enlivening academic thosights
amwd miaking winds more actide

The people who conribted o anlving 1hese prabiems of iz solume
ale Feng Ping, Wang Hlai-da, Yao re-raan and Jia Tun-fa. Associabe profes-
soT Rheng Jin-ren and hir. Zheng Hin are referees af English of vhis volyme.

I5 eicber T4z
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PART 1

THERMODYNAMICS






1. THEEMUID¥YHAMIC ATATES AT™D THE FIRST
LAW (1{W11-L10)

1iM11

Dueceribe I_'||_'i4,:l'|:,r the hasic ]'.-rirl.n.'iplz of the fi.'.'“uwin.g matrnmasndy [or
twaking FempeIature measwcemwents and statr in one ssntence ihe special
vaeTulness of cach matrument: canstant-volume gan thecmineter, dliecine-
conple, Lhermiatac.

[ Witennzstn]

Solution:

Consiani-volutne pas thereaomerer; I is mede according 4o the princi-
ple that the presacre of 4 2a3 changes with its Lempecatore while jtg vodamre
iz kept constant. [ocan approximately he ueed as an pdenl gas thermometer.

TRermacoupls hermemeter; I 1 made accocding o the principle that
thermrelechoir matave force changes with teonperaluve. The relaciobn be-
vween Lhe thermaaelecnric motive force and the temperaturc is

=|:.|.--El|!+r.|!:ﬂ -I-rl!!‘ﬁl

where ¢ ia Lhe elactric motive forea, ¢ ithe difference of temparatures of
the twn junclinuk, a, &, ¢ and 4 are constanes. The range of measorement
nf the thermneonple = vecy wide, from —200°07 Lo 16T, b o used st a
practical mtandard thermometer in the rangs fonm G30.747°C te 1iM4.4370

Thermister thermometar: We neasure tempecabiore Ly mearocimg the
erisiance of a metal. The precison of 2 thermuler macde of puee platioam
1w wiry goeodl, and ska raog= of measarement s vecy wides, spoat moaaunally
nard as a standard thecmomelesr o the tabge Brom LE3LK Lo 903 HYOE.

R TH

Dezcribe briefBy thres diffarent instroments that can be uaed for the
aCcurake meagurement of Wemperaore and state coaghly the temperacore
Tange in which they ara waeful and one important advantage of each in-
styument. Inrlude ab lea npe instrsinecy that is capable of measoring
temperatures down bo TH.

[ HWaacomain)



4 Frobeone & Yoluhe:va 5n Thermie-danuemel & Eodofiedl Mechosace

Eolutlon:

Y. Magneiic ermomecter: M2 priociple 2 Cutie’s law g — 27T, where
a, L2 Whe puzcepbibalicy of tlee paran agnetic aubatance vsed, T ia it= abualute
temperature and 7 p & cematant. Ien advangage ie that it <an meeaadre
temperalures below LE.

Y Oplical pyromneder: Tk e hazed o Lhe prnopls bhat we can And e
belnpel aluce of 3 oot body By measuring the =wergy radiaded froo il w=ing
Lhe Eorinula of radiatien,  W'lile tahiag measoremenlz, it does ool come
telo dieed caontach Wil e meawured bady, Tharslore, il o= wsvally waed
to cneascee Che teinperatures of celestial Ludies,

4. Vapor preaawrs Aermometer: o a kind of thermamseter masd
to ineasure low temperalures. [0s pricciple v 23 (ollows, There exiats a
debmile relation bedweso Hie saborativa vapor preaare of & chemkally pure
wiaterial and ks boilibg paint. I Ehis velation 19 knowa, we can debermina
e perakore by TeamTing vARHT prescate  [6 cATe meamvire lenipet alires
greacer than 14K, and i3 the thermometer neually wsed o nseasice low
LR perakores.

| 111 b3

A bimctallic strip of tokal thicknese £ 5o awaight at Leswpecalure T
What 42 the cadiny of cwrvatnre of the strip, /1, when i s beared Lo tean-
pe cralure T4 AT? The coafhicients of linear EX[1AT sion nf l]1|: Lwo metals ags
aq and ceq, Teipectivell will veq = v, You ma¥ ssdume Lhat each metal
hae chickmness 200, and you sy asswane that o £ 5.

[ Wl.llcllﬂlll-ﬂ._:l

Salution:

W% ascmine rhal che fnical |E:||.g;!-|: = 0. Aller hea{ingl the ]r:ng\'.h: of
the mid-linea of the two ryetollie stips are roppectively

|::| = |:||“. - ?LﬂTa | [1]
be = fafl = g ATY 3



Thervdiamice ]

Fig L1

Assumiing tlab the radius of cwrvature 39 K, che sabtending angle of the
sinp s ¢, and e change of thickness 3 neglighsle, we hawe

o (e 2o nm (-2,

bon=Ti=l “E‘H" - ;1:;|2+ o) + AgpaT] . i1
Fram {1] and [2) we abtain
Lo LaTiey - all, (4]
{3] and [4) then pive
g = ZL2 (o0t ogptsT|

4 laz- ool

JiHH

Am idazl gan i griginadly copfined bo a valome ) inoan inmolaled cnp-
tainer ol volime 1) + %=, The remainder nf the conlainer in evacnated. The
partitinm m then removed and the gan expands ta 611 Lhe entive container
T cthe witial temperature of the gaa waa T, what i the Guak trmprerdore?
Justily your anmwer.

[ Wiicomdcr]
mauloted contairEr

4

£




5 FroMema  Soluheeme an Thermagpnamios 5 Sh2ibra deshanice

Solaticn:

Thiz 19 3 process of adiabasy. free expansion of an ideal pas. The
internal energy loes pot change; thus the temperature dass et chanpe,
that iz, the Bnal cemperatmee s stdl T

DG

A inaalated charber v divided into bwoe halves of valumes. The Jelt
half consaine an id=al gam 3k temprraturce T and 1le ri.g':.t. Lialf i= evacaaked.
A amall hele is np—cn{:ﬂ_ Belwren the bwp ha]m, nl'.nwing the Faatm Ao
ih n:|-|.|.E:':|I aod the avalerm counes 1a tl.|_|.|.i.|.i.|'.-r5|l|.|n|. M leat 16 e!l.:]l.:l:n.gud. wath
the walle. Find the final Letaperaldes of Wlie ayale=in.

[{latumm ﬂl:'-u]

Solatlon:

After a bole has been opened, the gas dows continuonsly t< the rieht
side and veaclea equilibrium Bnailly. During che process, internal cneray of
che #ystem E is unchanged. Since B depends op the tepuperatvre T cnly
For an ideal gag, che equilibrinm remperaiore G 0111,

J0xM8

Trefipe hewn caprcily O aod caliulate from ahie Bras principle Cie e
iwerical valos [in caleTiva O for & coppel pekny in youwr pos ked, aalng yoar
beak physical knowledge ot eatimote of che neaded patamncoets.

(L0, Drrkeles)

St bown:

Cy = (BT 0. The atomac muimber of copper s 6 and a topper
penny is about 32 g, ie, 0.5 naed, Thoa & — 05 = 3R = 13 J/RK.



Thrrmadyonamdcy T

1aoT

Specilic heal of granice may be; 0020 230, 2000 calfg B
[-I_".:'n;:u!um E-:.;.]

Lolution:

Tha main comprrent of granite s TalCy; e melecular wengln = 100,
The specilic heat 1a O = 3R00 = 0,25 calfeg- K. Thuwe the beet qnewer i
.2 culi g K.

1008

The figare below shows an apparalus for Lhe deteroubalion of O/,
for 2 gay, arceading to the muedlied of Clonesl swd Lresoriies, A Dbockle
I:". of reascnalle capacikby [:a:,' a Faw lilrez—}l. 1 bebod wich a Fifp H, and a
manahielel AL Tl differeice in pressure heoween the ingide and the out-
side cob thwe be determdned by obsorvation of dhe diffzrence A in heights of
the ows culwiens in the mansmoter, The hotde e filled wich the gae 1o be
ioveathgatod, ol & very slight excers prespuce over the outzide atmospheric
prezalre, Tle bollle 3 Lefl in peace {with the tap cloped] uncil Lhe Len-
petature of the gas Uy the hotcle ia the aama as the cotade temprratiee
i che Toom Let Lhe eading of the manometer he b The tap ' is then
cpened for & wary zbhoad cirne, juet anficient 1or the internnl pressuce to
become equal wn the acraospheric preszsure (im which case the manomieter
Teada R  With the tap <Inged the hotile ia ledt in peace For 2 whils,
nntil the inmde temperaturs has becoma equal to the nulade temperaturs
Let Lhe final rea:ling of the manomeler be k. Eroan Ahe values af &; aod by
s pamaabile to Bad €007, {a] Thecive aa expressica for 00,00, 0 Lerms of
F; and hy im the ahove exprooment. 3] Suppoae thal the gas in question
m oxygen. What is yanr dhencetical prediclion foc 47,00, at HIMCT, wilhin
Llie framewark uf statislical marcharies™

(O, Berkeiey)




H Frobiee 9 Sodwiohe ow Phesmodirdbes B Sabives Aechdoucs

Holukiom:
1a] The eqnasinn of state of ideal gas ix pV = ndkT. Since the initial
aoch fual T, ¥ of Lhe gas in the hnttle are e saine, we have prfpe — 0y s
Meanwhale, np/ee — V', wheee V' D oche volowe whee te imeind
pas 1 the Luttle expaods sdiababically Le pressare py. Therelore

. . '
Yo ’m}* Pt _ [aj ‘
¥ lu-t- ' ol
b
Fu .
I le|1-— —)
I.F"*'.l — [-( by

T H AR
In — ! b
Py In(l-rhuj ]11{] I kr_j
Hinre b, SRy o | oand Rpffa & Lowe hava 5 = b f[hy = Rpl.

vbp Oxvgen consises of diatendc molecules. Wlhen ¢ = 2050, owle
ihe tramalatinnal and eocacionnl mntiens of ¢he mobeculea contribule to the
spezibic heat. Thercfore
_ 6l TH

T
{4 = v C,= = '|'=§.

19419

[a] Stacting wich the fest laow of thermedynaovics and the detinions

of ¢, and ¢, shaw thai
) @)
r—1 ==
L aT P

where o, and ¢y are e specific b=at capacilies pec mole al conslane pres-
sure and volume, respectivaly, and T7 and ¥ ace energy aod vohime of vne
mwle.

g — O =

(&) 11ae che abuve peoulla plus che expression

& ap
ML I N i
P (CWL (E-T;IP
Lo Bod 2, oy Por a Van des Waala gos
1
. A h] = !
(v rij [V W] = RT .

Tie that result to show Lthat 24 ¥ — co ad copsuant o, yon cheain e iJeal
gus result for o — ¢,

1560 Y, tuffaa)



The riwdpmumisdd %

Solulion:
[a) Fram & — [F v gt we shian

)= (&), ()
'[a'r”‘ aTf,  TiaTs,

Let & = -[.-'|T, 'r'rl:T. p]l The aboye E.u[.lrua:»i.un Lecumzes
), - (), b+ ()] (%)
(ar PR V- o PR L T V-7 o

afr aKr
T p+ ﬁ ﬁ .
b '\- E

[by Yor the Van der Waals par, we have

(f"_?‘) __F

| oT i, ¥ 8 |

() -/ (525
R

1 za[l EV]EVRTC
1-".']1{11 - ML TR, — ﬁ.", which in jm:l:. ithe el I'i:l:r in i-::.".r.';l Fib.

Hence

emnce.

[p — & =

1010
o= owode of gas obeys Van des Waals squalion of atate. [F L molar
incernal energy @ givan by v =T — gV [in which 17 ie che mclar volume,
w o= une of the conatanta in the eqwacion of slade, and ¢ s & conslant],
calunlace the uwolar heae capaocities £ and O,
[ Wiacanaam}

Solatlon:



1l o & Sovalivne an Thermndpmumics 5 Ratisdicn' Mackusoe

From the ¥an der Waals aytation

[f+ a/ VIV - k) = RT,

wi ahrain
-.'.ll-‘\J f( a  Zak
(a’r_ L RJ, (P‘ vz F n.u;) :
"['herefore
a
Rir+ 3] R
O v - - =c+ —F .
' o L v P
H 'K (LK - SR
1011

A anlid object ham o density g, mass 8, and coefficient of Baear oxaa-
sinn o, Bhow that at pressuree poche heat capaeitios 7 aod O are relacad
by

Cp 0% JoeMufe.

{ Wympm |.r:|]

Saolutlon:
Fram the Brat law of theemadynamics 40 = 24 - rad¥ and (%) =
n
ats
{d']" ) . {for aolid}, we obtain
4 (dL’:I dv
o, -t - |22 LA "
v (-!T, , har) TPar )
- . . ] . 1 4V
From the definition of cocflicient of linear expanuion a = .58 — W IT
we oflain v ¥
— ¥ — 3
oT i A 5

Fubstituting this in [+), we find

M
(g — g — San )



Thermadynams-:d 11

e

e trole ol A monacnmic pedlecl g2 nitially at temperatare T #x-
pands Meuty voliunze b tac2ly,, [a} a5 coustant tamperature, {B) at conslant
REEELIES

Calcnlule the werk af expansion and uhe beal abeorbed by the gas in
each caze. _

[ Wizcansim|

SaaliukLeste:
{a] At gnpaiant temperatare Ty, che wark =

F.] Ly,
W :f Pd-h'r - HTu r‘r |'!'|-"I_.'I|r'r = H'.l';] InZ.
A rky

Ad che change of the internal enecgy e zero, dlie eal abacrbed by the ¢hs
in
O=W=HRTyIa2.

[1‘.-] .‘|.1. conelanl presauce L, Lhe wark ia

o
W= I|r pd¥ =¥, = BT, |
. Ky

Tae increase of the intetnal energy s
r_ _ 3 _ 3 _ E _ 3
84 = C,AT = ZRAT = -pAV = pVa= 1 RT,.
Tluw the heal abaorbed by the gas is

o
Q:.-Z';-[-’+F'|-"=EHIL..

1013

For a diatonsic ideal gas near tenm temperatare, what fraction of the
heat supplied i svailahle for external work il the gas js expanded at copstant
preaanre? AL congtant temperature”

{ Wizoonare]



13 Hrshde ma B Sduiezn oo Thetterdlmidanzs & Saiintieal Lachunas

SZolutions
In Wl proweze of expansinn Ar constant pressure @, assuonng et Le
wvolripe mireazes from V) re Vo and the tmopecatuse clhanges fran Ty 2w
Ty we live
r¥, =nltT
Pz — s .

In this promers, the work doene by Lhe @y<lean on che nurside wor bl s W
¥z - V.1 — nAAT and the increass of the miernal soergy of the syslem
i

Al oA,
Thure
vrefere " B W . il ) {
O AW iy en T T

[0 the process of expanaion b cosslant teper acate, the intarnal energy
a2 ol chabnge, Flebicw

Wiy es |

1mniq
A COMTrEELAL Aesipned 1n CEILPTERS L0r i nsed insteal dn renepress ha-
liurm N 15 deuand chat Che rompress or cwerkeats. Foplaon 1his #ffeet, ansum-
ing the compressann s appenxnnadely adiabatic and e starting pressure e
1ir same for b=Lh pius,

0 Warrermrl
Salntion:
The atabe eyuazion of 1deal gaa is

pP¥Y ==RAT.

The equalion of adiabal o process s

T
ey =,
Y
where v - & o pa ad 3oave ecacking aod Rical pressanes, respeLively. il
Y anld ¥oare voluhee, Becavae ¥y =V oand @ = 1o ["rH. T;'ﬁ."’r,:_i,
813), we get

Pee = paie a0l T = Tag,
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Calenluce the trmparadure afler aiabatic cnanpeession of o gas 0o 1000
atmesplieres pressoee Dom oinial conizaons of 1 atesphere anb S0HR |a)
Tor air, (1] fac helinm [aggneone che guses ace 5||.'|i.".:|.|.:|.

{ Bacwnne)

Solukion:
The wdiabacic procese of an ideal gas Fllows the Jaw

Te - [radfea 770 Ty — 140 wnn L

[a] B air, » — 000, — L4, chue Ta - 5.8« 10°K |
[b:l For helinm, 7 = (5000, = &/3, thur ¥ = 7.5 = 10K .

111186
(a) For a mole of ideal gax at L = 070, calondute Lhe wark Y dane [in
Jrualea) in an ssothermal 2xpansen om B la W, e volame.

{h} For an ideal gaz indtielly at ¢, = 07 G0 Gnd the final temperatore 3
{iv 2 C) when the wolume 33 expanded te 10%, reveraibly wnd adiabacicslly
[P, Brrkeiag]
Stution:
11 11¥L AT
{u] W = pdt" = jr -—J'i-’ BRTluid = 5.2 % 1°] .
L5 W

[L) Trmlbming the squation of adiabatic process p¥'7 = conat and the
equadivi of state p¥ o= BT, we gel TV = conot. Tleus

A
n=T]-2 .
f (v]

1l the ndeal gas iobecule b monatemic, 7 = 53, we g2t i; = SH or —214°{7.

11y

[2) How inuch heal s required 1a rajss the temperatore nf 100 grame
ol micogen fram =207 da 10972 ak constaol prepawce?
(L] How inuch bas U intecnal energy of Lhe oitcogen increased?

[C] H-D'H' |:r.|1.|.|:|'| -EI{E:I'I'IJ] 'W‘Cirk. b L dﬁﬂt?
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tdh How nuscle et iy reguized i the wolurme ic sepl coustanl?
Take Lhe specihc hest at conslant volube o — 5 cal'mele "2 and
M =2 culjownle °C,
[ Wieransin]

Solukiomn:
fa] ¥eo conzider nittagen b b oan idenl gas, The heat requiced i

15':5[5 — 2] 120 = @0 ¢ Wl

& =nir + B|AT =

(k] The increane of dhe interoal carcgy =

100

En

— 21w 1Peal .

AL - 1z AT = 0= LM

(] The axternal work Jdnme iz
W =0-a0 = dfx ' eal .
[dy Il ir iz & procese of constand volame. e reguired hear ia

Goec AT 2. 10 Teal.

1ala

1N litrea of pas ac atpnapherse pressuce ja Lompressed L2obbes mally Lo
a valume nf 1 litre and then allewed to expand adiabatwrally 10 10 Jirres
sa] Fkewch the peecesses nna BV diagram for o manaconoe gag
1h) Make o sinnlar sketch for a diatsime gars.
{4:]- In 2 nat work dane on o1 by the apatan?
td} o1 greater mr less for the dinbonoe gas™
[ Wercomeen]

Solutlon:
Vim are piven thad ¥y = LN, Ve = 1,1 = T amel 5y = 1 arm.
A — B o5 aw madheroal process, s

ol conan erpal, pelo,



nirlllllldjrhl.'"u'nl

henie
E.'
L T
rg = 1_,—1'-“_:. = |aabm .
ful
[Tue corve A8 of 1he two Kinds of gius are Lhe saine].
B — ' »anm adizhatic proceas, tlics

PV = s, ok pa ¥y o= a0

V™" :
Fe: = {L’_n) rE = 10" "aim.

{a] For the monatomik gaz, we llave

lieace

8= .’.u_."."i,p.g =1 "= QTR AaEm
[E) Far the dintcmae gas, we llave
T fe. — 1075 — 0368 atm.

The Lwo processes are ehown in bhe figuecz 1.5

(c] In each case, as the carve AB la7 commprescion i higher Lhan the
curve S0 fur expunsion, ozl wock 0 done an e systepn. Ae po [inenatooniz
grs| = o [Miateme gae] the work on the mooalonic gas in greater tiian

that 2r Lthe diacomic gas.

Ip-'mml
<

aF

|

[The cucve B af the
oecmab s gas [ab iz lower than thae af rloe distoanic gaa [BI).

I

1%
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1049

An ideal s i= srmtained ina ].u'ge j.'l.r nfb walums Ir':' Fictrd bt the
jar 1= 1 plass wabe of cross-sectizral area A in whiclh 2 medal ball of nuass
M hLs snug|y. Tlu= ‘El.]ui.l.iLlL'i.lJJI:L pressure i 1he ja]' 14 5|ig||||.|;.' |u':5'||ur thiwn
abimosplieric pressure gy bBecause of the weigld &0 che ball, 16 Lhe ball e
Fasplaced slightly from equilibrive i wel execute singple harmnnid monion
Cueglecting [eigkizi] I blee srates of tle gaa reprezenl a2 guasizlalic adinhatic
peocess abnd p iz the racio [ ppedific laals, Eud o orelakizn between (he
w=tillation Frequancy £ oand che vanables of the prabien.

(4, Rlerceiey)

Fig 1%

Salnlian:
Agzmine e presadie i bhe jar is po Az the proceses i3 adiakebic, we
Bave
al™™ — const

I
dp oW
LA
PR
This citm be writien a6 F = Adp = —kz. where F 15 the Eoroe &0 the ball,

Fodb 4 ond k¢ 9A%pF, Neting that p = g = ma/A, we chrain

1020
The apeed of lengitudaiad weves ol wmall winplitude ioan ideal. pas s

_ e
o= IIHIII |I!||:l



T dyma=mics 1T

where T in che ambiend @nf PIrEL I anrd 2 thr -u;nrrns'pnn-r]'ing' L ET3 Hrn&.ily.
Cllaim expreszions for

(a] The sfpeed of zonnd a0 a gas far which dhe compressicns znd rar.
rfartinns are satherial.

(L] The zpeet of sonrd i 3 gas fer wiich the compressions and rar-

efaeliuns are adiabaric.
[ Wearanam)

Solaclonr
The jeochernial proceas oF an ideal gas fallows pb — canst; the wlinhatic
poncees of an wdeal gas fotlowa p17" — const. We shull e g0 = fonst for

a qeneral proresa, itg $iferencial equazaen beng

A v
Sl

Tliuaa

With p = MV, we Tuve

s dp al’ _l- r;- l[ A _rRT
dae gl L .i_,:-:] N LA ___p?r} M
Therefore )
ldpg  JeRT

= 1|.|I Iﬁ, = I|"I ‘1_]'
(a) The isothermal pracesss €= 1, thas o= /T M.
{b} The adiabstic process: 1 — = thes ¢ — S RTIA.

1zl

Two syslema wich heat capacities €7 and €, recpechively. interact
thermally and some tn 2 commaon Lemperature T T che inmial temperaturs
ol =vatm P was T, what was Llie inidgal 4eperatore af syxlean 27 You may
paune |ad the total energy of the conbimest =212 remiaing ronacant.

[ E Lok
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Sl tlan:

W asautue that the inicial temperature of avetern 29 T2, According
Le the conservatin of energy, we know the heat releaasd from ayetem & 3o
equal La Lt sbeorbed by bhe obber avatein, ia.,

{:"i':Tl Tl.:l = 'ﬂ";':T:a TI] .

The golubion is

o
Tz = ﬂ;[Tr— T.]+T.

1023

A Lirge gulewsnd coib for o phyaics expesiment 13 made of a single Javes
ol copdwclar of crogs geckbicn $2he 2 20 wich a couding water Twle 2 o
w lemw tn he conductor Tlee cwcl, which comebels < 144 Lerne, has a
cliweneter of 3 moebers, and 3 lemgih of 4aneters (Le iEulatisg Uickness =
meghigilder At the twn ends of the crad are circalar sceel places 1o nake Lie
Beld aifogmn and to recate Lhe magnecie Rux odizongh o =wee] ey lindrical
strnctury external to Lthe coll, ay showo o ehe Jiggrane. A mague:ae Lehl
il 1035 Tesla = Jesired. The conducbor je made of alwbniior.

(a)] Whal powee jin kilowatls) must be supplied 1o peovade the desieed
field, and whal owwst Le che voloage of e power sapply T

tbf Wihat cate of water Baw {lilres/secand) must be snpplaed 1o keep
Lhe Lelnperaturs Cise of the wake) ab 40YC7 Meglact 511 heat losses Do bhe
cerl] mxcept Eleongle 1le wader.

(o] What iz the cutward pressure exerbed on the coll by Lhe magnetic
Forces?

(2] I 4die cud] s enecgised by comaeciing it to the design voltage calcu.
Tatel i [a), how such 19 b reguired o go frowm sero cormenl ta 9055 of
the dezign current? Negloot power aupply inductance and rezistance, Tle
rezistinaty of alviruiniam is 5 = 105 chi-mcters. Assumne that the ateel w
Tw belew sarurazion.

[OUAPEAY
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Eolation:

Ia] The magaccic fcld ia 0 = o, N F/L
Wleae % 3¢ Lhe nmnbker of tirps, Lois che length ol the soleaswd cril. The
ceerent ix Lherafore

(E 02w
I = = - TGO
o 4x o« IU-7 = 100 “llA

T e tolal ceadiztance of the canl ax B = lr-.i".l.".-1 Tlherelarse. the Teaistance, the

viltage and the power ars paapect i ly

[J ® 10-* I[llihii ¥ir o« 1.3
{4 «2 = L) = 10-4

F—Hr 1T

F—VI—I&BEW’M¥.

N =

= n.n4x 0

[h] The race of dow of Hlie 1.'l.u.'l|]1|g wuler 11 B, Then oV OAT = fal
where pous the densiey, 7w e specific Jeat sad AT i the temperature
1iaw uf the walee. Henre

A (U LS

W= =i - 2 ——— — = TR
pCAT 1w 410 & 4 ;

[d The magartic pressune ia

a¢ 1nzﬂ=
p= o= — =249 %10 Nim?
4 P ql‘l"’ = 1077 ® a
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[d] The cinee conslant of the ciccnit is
r= LR, will L=N3!T,
where L io #he inductance, i im the cosistance, ¥ is the number of turns, [
is the cuprent and & is the magnetic Aux. Thue we have
fo— 102w D350« {LE]4/7960 - 00222 11

H.Dl'l
r - 0023200471 — 04T & .

The variation of Llie vurrent before steady etale s reached W given Ly
Fith= a0 — 2apl—t7])] .

Wleen S foine — 995,
f— +In 100 — 487 = 117 &,

IDii

Conzider u bluch spliece of radme B st cemperatore T which radiates
to cdislant Dlack sartoundings at ' = DK,

{a] Swrrnond Lhe aphere with 2 nearby heac aliield in the form of 2 black
ahell whoge Le MpeTalaTe 18 determined ]:-].l radistive ﬁquilihri_u.m. What in
the Le mparabuare of the shell and whal 13 Lle eHect of ehe shelk an the Laval
power radialed Lo che awrrowndin ge?

[E) How amwhe total power radiated aflfectnd by additional haat ahislda™
[Mole thul this 19 a crode made] of 3 atat swrcnunded by a dost cland. )
[T, Herkeley]

Solution:
(a} At radiative gquibibrom, T -ty = 0 a0 /i — 22 Therelors
] e T
L LT o ! =

Tr =T 2 or 1 I||I|I 2 ;@'
bigek 4 surrourdirgk
wphwre
shitld A A

Fig 18



T rtncctyridodi » Il

(b The leal shield vedoces che total powar radinted co hall of Hhe
initial value, This L becavee (he shicld radinigs 3 pare <F che euerpgy W
absorby Lack Lo che buick sphere,

I

I wacuwsn insulated cryogenic vesgels [Deowars], He major eowrce of
heat trunsferted Lo elie jnmer conbacer iz By radialian thirasugh the vae-
om jacked, 4 techuugue for cedueing iz e 1o poace “lead 2hields® o Lhe
wacuukn space belwesn bhe inoer and cuter comlainers. Idealize this sicoa-
Liom Ly comsidering lwo infinite sheets wich emizzivity = 1 separaced by a
wicunen spare. The deinperadures of (e ghesl2 me T ond T2 (T > Th)
LCalrulule the energy Aux (ul eqptibibrouim] Betwesn tleenr, Consider o edied
shewr (Hle heat pli=lp placed becween the two which las a ieflectivily of
K. Fmed che egiilibcram revaperarure of thiz cheed Calcclade 1he ehergy
Hix Tront poeee & cooaheet 1 when thig heac alield s an place.

For Tz = coorn leoaperatite, T, = liguid He ceaoperaturs (4.2 K And
Lthe Leowperature of o beal alield Lhon bag 2 reflecoiriy of 45%,. Compare
e enerpy Mux with apd mlliowd Las heat shield.

[r = 058 2 107 Y warte m K}
LT, Berkeley)
)
n £, 1 £r ?'_E
REp | Ry

- ——m

£1-RIF3|11-#Igy
hr—rr—

g B
Eolution:
Wlen dheee i 0o “cas ahicld®, the cnorgy Eux ia

J=E-F -(T; -T].
W'hen "leat 2hield® ie added, we have

ST g =B - (1. HE.
JU oL R By RE - By
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These equativas oply E. — [ 4 E 50 or T4 = [ITF 1 T2 Henae
FUo (L - RNEz - Ejiz=(1- Rkt

With T, = 4.3 K, Ty = 390K and K = 095, we have

Ty -2 Koand 7750 —0.025

1025

Twse paralle] plabes in vacuum, 2eparased by a distance which s small
rempansd wirh their Iin=ar dimensicoa, ar= at Lomperatkares TL and T‘.‘ res

n]:-rf.tivt'l:r' [TL = '.T::I.

[.a|'| LE +lie plabes are mom-zpanspacent to radiatinm and hawve emission
prwera g and da TE5p |:|.'|:i'l.'-l":l.:|.'| ahow dhat the net ener EY W otraraferred TET
unit area per second 1a

E, - £;
W=, B
F|-rl';g

where By mud B we elie emdesion powara of Llack Lediee ab demperaiures
T awd Ty respeclively.

[B] Elence, what o W I T, s 400 K and T3 24 2 K, ard the places
are blach kodics”

[v) What will W be f »oidentical black Ludy plates are intecsprersed
Letween the vwe glates ia [L]7

[ = 567 = 10~ "W K.
[SLAY, Mufui]
Soalelon:

[a) Let j. and fg Be the todal amizsion powela [Lennal radiation plua
1eBaciiun] ol che bwo plates reapectivaly, Wa hayve



Tl yHvuics n

Thr galulian e

.E-I:.E-I"_P
fey +ea] — Ez
.IF] - EJEEE E 1
S |
L] L4}
[ e
R L I
fu - LI ¥
TR B
EL 1z
Hunce
W= f - o= g
22 _ B
EL ' £

() Vo black bodies, W = £, - By =a(T¢ — T = ¢80 Win?

[c) Aseurne chat the n interspersed plates are hlack bodies at Lernper-
atuted £ %2, . - Fn. When eguilibriom iz reached, we hawe

Th =0-T, fwn-1,

with solabion

Woaltd - T T
T n-d=g-T., frn-2.

willy aclwkion

L]
::-a'i(T'f—+ﬁ), w—.‘-;iq:r',* T

n 4 _ e 4 )
Fl-ef=tt-=... - T},
will snlution
g b ' ] *

T TRt w1t

PR -"
W=ﬂ[1f—1?]=mlTL‘-Tﬂ-
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A splesdcal black Lody of radivs v an wboolute tetnperature T L= suc-
ranndesd by o Lhin apbecwal and concewtoie eliell of rudius &, black on
boeh aides. Shrow whul vhe factor by wlhich thia rodiatiea =shield redices
the rate of -:.nn:i.ng ol bhe h-.-.-r]_'." {r.ml.si.ﬂer aparu biedween ﬂp'ﬂtru rw.a:_u.:d.e-.-].
with ne Lhermal condacbicn lesses) @2 given by the following vipression:
uR-‘g.-'[H." | i!-rz:l. amed Biwd the nuobical coethcienla o and F

(RO, Buffala)
Snlutinn:

Lek the sarraunding Llempetaloee be Ty, The rate of energy less ol the
bluck Lady befure beug sumawodded by e sprhesdcal shell s

0= dnrf T - TEH .

The energy less ner gk time by the Black bady alerr being amounded by
the shel| i

@' = dretE T = T, where Ty ks temnperat wre of Wi shall
The encrgy Losa per unit time by the ahell ie
Q¥ — anRio{T] - | .
Sioce "' = ', we chtain
T (T W ET )

Memee @' /0 RO0A% F ¥ e, 0—landd = L

T
The solar constant (radeant fux ak the ancfare of U #arill] b about

1.1 Winn¥® Find the eemperatyre ol the aun assuming thar it je o Black
bady.

[MIT]
Salutlon:
The cudiant Mlox d=psty of the sun is

J=oT?, where s .57 = 1007° WAnKY Henee =T refrex)® =001,
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whiers the Tadiva of the sun v2 = 7.0 x 10%m, the distance between the
earch and the com r2z L5 = In3koa. Thus

i
T - [E (i) =5 P T

- u

[ RiF4]

[1] Fetymate the temperatuce af dhe sun’s surfuce pieen tiab L son
eubrends an angle # a2 seen Feom the rarth and the sackh's auclace tempenr-
acure id 4 [Assame the eartl’s audare temperature @ anifarm, and that
the earth reflerta a fraction, &, of the anlar radiatian incident oprn it]. Vae
vaur resull bt aklain & rough eatemale of Lhe zon®s smaface e peratures by
pudting i Ureaspnahie” valees Doc all poosabe Les,

(1] Wichin an wnheated glas2 foase an Lhe earth's surface tle tein-
PeTalure ic ganerally gragder dhan T Why? Whal ran yreo say alwal the
maxmam preeible interior temperalnre in principle?

[ Colurndia)

Solution:

(a] The warth radiaces bear while U i absorbing heat fooan die snlar
rivcfiacion. Arzmne Llag Floe sun can e saken as a Black Tiedy. Becausa al
p:Hectian, che zartll i3 & grey body ol easaiwity 1 — e, The equilibraum
rnocitLin iy

(1 e)fadm i xfigfdael ¢ = Jp - dxfiz

where Fu and Ji are the cadiated enecgy NMox densities an che sucfacey ot
Lhe eut and The ewiil yespeciively. Re. B ond r._g are che rodivs of che
s, Lhe radive of clie earch and che distance between 1lie aarill and che eon
respectively Obwisusly K, re_g  tan{é/1). From the Scelfan-Bolteman
L, we lave

fur tle zun, Jo = n:!I__-1 H
for Al warth S5 [1 )73

Theteloae
fara_p 1.5 % 108 ko 'E
Ty = TE’1I,-'I I:;?_E = 3l K ox (E'u: a:-t____r_lf)

; EFEAT

bl

= finnn K .
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|:|.'|} Let T he Lemprradars af the |i:|:\uu hauae and £ e Lhe bramami==ion
cnetheient of glasa. Then

(L= T + T =T

EL¥iOIY
114

r
)

Simeed < 1, weliave b= M — 1, s thal

T}Tﬂ..

1025

Conzider an idealized aun and earth. bl Black bodies, in ollheiwie
empry Aal apace. The pun i ot 3 temperatwee of T2 = L0000 K aod hieas
transler by ooeans and atmasplicce on the earch is 50 effective as 10 keep
the carch's sarface cowperatare gniforny The rivdine of the earlh i Ng =
= 109 cne e mding af che g is P — 7= 10 omy, andd the earbliczun
dumtance ia £ — 15 & 10H* (m.

[a) Find the ternperature of the carch,
[b] Find che radiatian farce on i carch.

[{] 'E"-L'-mpa.nu dliene 1esnls wilh Lioyse for an inl.erp]:uml:.n.r:,' He linndrs e
ub bhe Ternn of a ephiecical, peafectly conndueling Llack-lady with o radous of
A -0 [an, moving i e circtlar rba around L son with a radjns squal
la Lhe earch-2un Jislance 4,

[Pﬂ.rt.::!.u n.:l

Serlnaticens:

[1] The radiation received per second Ly the eartl fram die sow is
approximately

. Pl
qug — 4r it [t’ﬂ]::!i' :

The ralintizn per seccwd Tionn blae warlly sell i

in - 4wl =)
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Neglecling the arth's wan heal zources, energy conservation leads to the
Telalion g = gup, =0 that

|22

=gy

-
i

L#., .
Ty = Raf2d Th— MOK —17°0 .

(b] The anglea subrtended by che earih in respect of the pam and by
Llee =0 in ceaprect of che earth are very amall, a0 the radiation force iz

R?
Fe=t-1% (g prhcewty
3 e

(c] As B — BT — To — 1T°C

Fe{RAg;Fp=17x107"" N

1030

Makirg renanpable asumoptiona, estimate the surface temperatuce of
Hepluat. Meglecr any pocaible inbeonil avwcees o heol, Wlat assuoplaons
have you made alout che planet's surface andfor atnosphene”

Astronwomical daca which may Le hebpful radive of sun T = 10% kg
racliva of Hrphuuﬂ —= 1.2 Lot Y nean ann-eagt ) distagor — 1-5x 1M ki,
peean sun-Mepluoe distance = 4.5% 10" bin; T = GO0OD K; cate at wharle
=un's radiation reaclies vanil = 1.4 k?ﬁrl."mz; Slelun-Boltaman constart —
5.7 = 107" W/ PR,

{ I;'!".:I..‘I nnAa I.R:I

Selution:
Wr aranme that the audface of Meptone and the theeod yooneice of
ita atrmeaphers are simolar co these of ehe earth. The radinricn Hux on che

earth's sucface 1
Ju - Adr iR fan i

The equilibrrivn conditivn on Meptane's ancface gives

ArR3aT? AR =Rl = o T 42 R .
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Hence
Ripde/ My 40Ty .

and we have

T4

(HEede/do Hiy 't

- . - L
[1.3 3 Liyt]¥ T4= W
ad E LY L B -
3T L) 4 w5 T w1000

=& K.

I, THE SECOND LAY AND ENTREOPY [(1U0F1-1071)

1031

A pream twebine i operaced will sn oswlalie tencrecature of AU0°C, and
an exhaast temperatars of 150°C. What iz che maxinam sooul of work
the turkine can da for a given heat mput QFF Dider whab condilivns i the
maximam achieved™?

{ )
walintinn:

Irem che Clowsive Termnals

TR
T T

we Bud L wxlernal work oo Le
T-
4 ":.E".—'Uui (i—:])ﬁﬂ -
A

Substidwtbing 4, = Q. T =671 K and T; = 433 K an the ahove we Lave

: Tz .
[ . lil— TJ) Q = 0373
Ay the equal sign in the Clanaina forpvala i valicl if and wnly i Lbe <ycle

iz ceversible, when aud valy wheq e sleam carhine iz & reversibile engine
can 1t achieve ynsiimnan werk
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What iz a Carnot cysle” Llustrate on a pV diagram and ao 3T Jdia
grazn. Devive e efficicney of an engime using the Carnot cycle,
| Fizcamsin]

Solubiqn:
A Carnor cpcle s a pyvele cronposed of Lo wothertnal Bnes and two
al lalratic dines {as ahown in Fig. 1010 |]].

F‘r LY
A b

i g

1

i
!I I :
] 1
. —. -
' .|"| TI h
B.g L.LL

Mow we calrnlake the effi L.IHII.I.'}' aol Lhee o ot I:Jl.gi.lili'. IFiral, wher el e
Lle r:,'i:[r ja peversihde and the FL y Lowole ol an ideal K15 As oA -+ O
3 pTis e uf el kel i::l.pu.l.lujuu. the hicat abaorbed by b [ M 1
heat sguree 1
& = BT Il iVal .

Au ™ o g a process af isothecmal concpressaon, the Tweal released by che
gas s
Qo= T V)

The syster cemed Back en the inital stalre throngh the cycle AR TFAL In
Ched® [ua-cEssed, Hee reiations heoweon Lhie quantities of alate are

pa¥e —ra¥a, ralVg =p.¥!,
rebr = peVe . FoVo =mall
Thna =+ Aud
LT
Vi o b

Thotefoye the “heiensy af the ngine is

g _T-% T
i T (.

n
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[F Lhe engine for the <ycle] i non ceversible, itz eificivacy iz

ntan=1-TyT .

103
A Carnal engine Bios a cpcle pictured below,
o A
a
c
C
v
Mg 111

[a} What shecmadynamic processes are invelved ac houndaries 40
il 5 A8 and (27

1] YWliece o work pot i and whers 35 i sxtriced?

[ry I le abeve (2 asceaun cupioe with T3, — 450 1, opercting an reom
temparacurs, ralcndace Lhe rlficency.

[ Heacars

Solution:

(ap DA and BC° ape adiabatic processes, AR and 0 are isollermal
FICn FRiA.

(k] Work 18 puc in durng the processes 0 and P4, iwag extractedin
thr prosesses AR apd A,

[c] The tHhciency ia
1-T an 1

Y- =

" T T

Ikad

A Carwne cagine has o opcle oy slomwn w Fige 1,120 0 W and W
represent work done e 1 naale of wenatamic and dizataniic gus, respescively,
calcnlabr 'S,

{i'efumbn}
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Solul peos
For thie Carnotl #ngine vang cieaabemie o3, we hve
W= BT, Tedlall;iv] .

o 1

LIy

o i

1
|
1
| R

e — m — — - ——

T o Ky

wheve T, = 470, and Ty =« T apw A% Lemmeribmces of chig desTective heat
souiess, ¥y Vo, and b oie ol volme at sare b Weoakio have 1. 64 Ve
T ) .
Wl M- T, Tl rrF :I [ur I diareenic pos engine, we oblain
oy

-

1 Ny |||l:'r"_!,. .P.J]

Then, warng Lhe aiabatic equalions "iT-V;_I YL r

4.'.::3[_};:'| 1 = T:II"..:;I d ,
we ablain .
A S

I T
For wanonarerpie gas 5 = 500 Jor oo acomic g, =7 = 775 Tl

BT
[TERE

1N35
Twer idenbizal beadies Tave interpal energy & = N1 wilic a constanr
L The valoes of & awd C° ars che same for el Lerdy. The initial tem-
prratures of Lhe badics 2ee Ty apd T2, and 1hiev are wsed 35 a0 senrer ol
work by ronoecling 1hem ¢ 2 Carnat lean engive Hod bringing thew te a
comman linal Temeaanre 1.
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[.3.] YWhat iz the Brzl L prTadure T!?
I"I:|] "n‘r'ha.t. i 1.]|¢ wrrk -:'|r:]:|\.'¢r|:-:|.':-"

(1T EA)
Suorhatinm:
[af The internal emergy in IF = ¥CT. Thos d)y = WOST) and 49 ; =
a
NrIadTy For a Cargol engine, we have e = —- '::'2_ Hence
n )
4 _ _an
T T
-t T 4T, T i
Th - = - -, ln=z=-=-1 .
. .IIII-]'l i e Te7 " T, " T

Theretore Tr = Ty T
vhh Unpzervation of €Aergy giees
W= — &) - = I = &) = - 20

1035

Waler pusersd machine. A wellcrnlaiv=d nachins only i.r.'pm's L
egqual at=ady slreasns of ket and cold waler ab temperatures Ty and f5. Tta
anky aulput s 4 single Bigleapeed jeo of water. The heat capacity per umit
s of warer, ) rmay be gagurtwed to be indepeiodent of tenperature. The
Madhing i9in 2 sleady stace and the kimetic energy in Wie indoiming slreatng
ia wagligible,

[af Whal s che speed of she et in terma of T3, T and T, where T is
the demprerature of wuler in the jer?

[L) Whel i the mexinun posaible speed of Lhe Jo?
LM




The-m dureamisre ax

Salntinn:
[n) The heat intake per nunit mass nl water i

AQ :|CITy, =T LT - 1))
A the machine s in 2 steady sbate, 1572 = A, giving
v= o CITy 1 T - 21 .
[T+] Since the enlrapy inereags ja always pomtive, be.,
ﬂS:%ﬂPn%%Jui]Eﬂ.

we liave

T > T T3 .

Thoa ¢ < w,., = U‘I.I:'ll_T] + Tz — 2/ T I

I0sT

In dhe water belind a high pewer dam (1M1 w high} Ue benperature
difference bebwoen gurface and botiom may be ¥ C. Compare the posgible
enebpy extraciien from the thermad energy of a gram of weter with that
graerated by allewing tha water to Aow swer the dam through terkines in
the conventinnal way.

{ Cofumdia)

Solutlon:
The effuciency «f a parfect angine in

#=1— Taw!Taugn -
The en=rgy extcacied from oos gesan of woker ie then

W == {1- 7

Ligh

) Lol Mien — T

wleae @ w the heat ealiacted from oue gram of waler, ©, bs e gpecibe
Teat of one gram of water. Thes

W= Cl'[THgll - I-'--Fu'r:rl-lrll :
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H Thien cam b vaken ss Ue soon: lemperatuTe, then
W o= 1x 1G77300 =404 cal .
The eu=rgy genncaced by allowing the water tn flow over the dam s

W' owmugk = 1w 930 % 108 = 107
— erg = .24 cal .

Ve can wee st under ideal conditions W« . Hrwnver, the ef
Rcie ey of aw aciual Lngine in mush less dliao hal «f & perfecl enpgioe.
‘Eher<bore, the methad by which we peaerate enecgy Mot Lhe wates Leighe
dufleprper ia a1l inore afhci=ol.

inys

Cobaider s endine workirg im a reversibbe cycle and azing an ideal
gas with eobatant heat capacity ep a8 the working suhstance The ovele
cobgist: of Lo pracesaea ab con=' a0t pressiare, nned by bwc adinhatwa

P adigbihics
-
o “
'ﬂz =] -—---d r
Fig 114 ’

(a] Fiud the efficiency of Alis ewgioe an cesawe ol py, pa.
(b ¥lich traopecature of T, Th, Tey T haghest, and wloch s lowesl T
{r] Show ehal a Curwat engine with e same gas wanking bepween e
higheat and lowesl tesnperatores hae greater e@Lcieney an chiv engine.
{ Crinrnbak)

St

[a} Tn Lhe cycle, che rnergy the wowking dubatance aleorls from che
source of igher 1=maperatnce s

c:?ntl = '-';-I:Tll = Tu]
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The miergy it gives 1o the eource of Jowes tonperatwe i Qg — :p{T - Tab
TII.LIE

T I

TI.- - Tu. .

T= 1- ['-ilrifl.c;rut- =1-
From the eguation of stace pV — i T and the adibatic eqoaticos
rekt =T

18] 1"‘.11 =M "":'r

1 -

g
G
L

[b] Frem the state sgqoalion, we koosw Ty = T, T = T from sle
gliabea 30 #quation, we know T, = 10,5, = Ta, Lhaz

wi e
st

Tho= ma( 15, Th, 1 T
Te - minl T, 0, T, T}

. a=d
T T pa
)t 1 == ——=I—(— ~-n.
(c) Th L .F'J)I
1039

A buildng ol abaalute temperature T s heated by meeana oF & leat
pumyp which usen & river al ab=vlule lemperatlure T, a5 a sraTee of haat.
Tha heal puongr hax an wleal pealenznce aod consunies power W, The
bwilding lssex heat ab a vate x[T — T,), wlere o 05 2 cons=lack,

l:n.] Shaw that the equiliberam temperature T, of the building i3 given

by
.4 1Ty 3
’F‘,—If.,+m[l+(1- w)]

(b] Suppose thal the heal pump i replaced by 3 simple heater which
alss comawmea 2 ranstand pawer BV oand whizsh canwerts 1hie inco heat wirk
1005 ehaciency. Show explicitly why dhis is loas desizable than 2 hear pamgpe.

[ Clolunidia)
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Halutin:
{a.] 'Thr rice uk Jieat Troan the Pl p iz
3 W
9=y T maA

At eguilibron, T — T and @ =, = u|T, - Ty]. Thua

W 1aThy o
']“,:T;,+E[1+(1+_':;“\] ;

[12] Tn Uuis case, the sqailib ivm cobdition ia
W= a(l, - Ta] -
Thu:-

4

K
T.=Ta+ - < T .

Therelore ic in lera desirahbe than a heal puoep.

1040

A ronm al cemperature Tp loses heal ta Ll sutaide ab temperators Ty
ac arate A[Ty - T|]. It is wartued by o Leat pump opersted a0 s Carnct
¢vcle beaween T, and T;. The power supplied by the heat pamp is dW /2T

{2] What ip tle maxinmn rate 2002t al which the heat pomp cao
deliver heat o the raom? What i the gain 3@y, dWT Evaluare e zain

for ¢y == 2903, 8y = 27000

[R] Derive an exprension far 4le eguilibriom teraperature of che room,

Py, teemg of T, A and oW S8

[, Berkeley}

Soluclon:
[a} From dQm (T2 — T ) T = aW, we yet
P A

&t Ta—-T, 4t '
Wil T, = 2TE3K, I3 - 300K, we bave @3, fdW = 1L

(b Wlhen equilibriury ia 1eachad, one Lok

T, aw

"[Tg - Tl] = ﬁ :E:_ .
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FIVINE

—

, B R 1 awy am}
Ty T, ( d:j 2a\ ( m } 4&?1{ R

il

A Luilding ab o fetngerature I in K| e heated by an ideal heat pomp
whicli uges the acmoaphers ac TL[K] as heat snurce The pumap comsmes
prowsr Woand 1he huilding Lores heat at & race o T = Tyl What da rhe
squilihrmme Lemperatare of the haildap?

[AL1T]

I TH AT IV

Let T, be Wl equilibeidm eemees alure. Heat iz given out by the puap
at che rate @ - W/n, where 5 - 1 T/ T At equilibsinm &5 - o[
Tuh, 2o thas

5 -
W= —[T. -7,
T - Ta)

Eruan which we g=L

I, IPW T,
f:- _‘1|'-.l o

1042

Lat M repreaant 4 <erteim m32a of ceal which we apanme will deliver
Lo jaulea of hear when burned - wihethar in a louss, delieerad 1o che
radiicare ar in a power plent, deliverad at 1000°C, Asawmis the plant i
ideal [no waste in torbines ar generator] dischargimg ita heat ab W00 tnoa
river. How ouch heal widll &, burned at the plunt Lo generate elecoracity,
pruvade fer the Jiouae swhen the elechricivy iu:
[a) delivered Lo cepideutial pezitance-Tealing radiatoes?
[L] delivered tu s residencial beat purg {again assuied idealp buosting
eat fLobn a cegervaw at GO b a bub-au 2y alein at 305C7
[ Wiaronawe)
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Solut lom:
Wlen 4f is hurned in the power glant, the wark il poavides 1a

i TE\}] TS 4 A0 J
ﬁ.l' — = 1 - = 1|'_'||'_'|, L ——
@i = 0 'L T ( 273 + 1000

TR.21 .

Tlhis iz delovered in e Ffoem of eleckric enerpy.

{u) When it ie deliversd tn rericlential resistance-heating radialors,
w1l LrabgfoTm completely inte heaw Q° = B =762

[:] Whan che electiizity iz delivered to a residential beat pump, hrat
flovws Eooan & s0uTce of lower termpearatuge to 3 avakem at higher Lemprrature,
b warking Hificency heing

T
g = coibe. = TR0 =60
17 — 1Ty
Hence bhe heal provided for dhe hogae i

P=il+sw DI

1043

An arr candilianer ix & device uesth bo cool bhe oide of 2 home. [ i.epl R
ensence, & Fefrigetator i which mechamical work i domne and Jeal renmsoved
frioma Ue (cooler) ioaide and rajected oo the (warmner] ontaide,

A oot air conditicier operating on a reversible Carnod cycle between
the dieide, absoluce temperatare Ta, and e cuwnade, absalute tempera-
e T = Tz, conswmse P joles/mec fTom the pawer lines wlvn operating
conbinaausty.

[a} Lo ok aecirbd, Ale al¥ conditioner abuorbes G joules fron the bowse
and rejects @) joules outdona, Develop a Formula Tor the efficiency valio
Oy P jn teronwy of T) and T

[b] Heat leakage into the howse follows Mewten™s law @ — 40T, - T2,
Develop x Bormula for Ty in tecrne of Ty, P, and A far continwous operation
of tlee a3 cencitioner ander crnatant oncside tenuprratnre T) and oniform
[in space] iwside Lemperature Ty

[ef The awr condilicner i cooteolled by the wadal oh-of chernogtat
and it W vlheerwed Lhat when Lthe Lliernincglal de al 20°C and an vuldide



Thermsdamekoimes i ]

tecnperature at W®, it noerates 3T of che fime Find the highest anreide
teruperature, n *0, for wlich it 2an psistain 20°C ibeide [uee — 27370 {or
abenlate zero],

{d] Tn the winter, ihe svcle b= ceversed and the device becotnes a heat
putnp which abaorba beae from oulaide and reaccts bear Jule the Douse.
Find the Juwest cuteide compearstuce in - U7 o whirh U can maindain 2050

inedde.
|: r '51"‘.5'..4.]
inde-ar
2
)
P 1
2.
I:IL-I:I:|'.'||".'|'-1 Euuldl:--:!l |
r_, r'|
o b
Fiz. 115,
Yolution:

(2] Bram the first and second theemadynurmie lama, we hawe
e=F vghy, ./ =4i/T .

Meoce
@ _ T
P TI| - Ti I
[i.'-:l Al E‘I‘FII[i.h::il.ll'rl, heat lea.i:ag: wila the hause ja equal oo the Feat
trinsfered out fonm che bowas, ja., g9 = A{T) — T3). We cheain, nsing the

resall o |:.'|.]I
T,
T -T

o wrew of the fact 35 =0 77 che polulion s

1P trpyt F
T:- T] | -_ (; ]llll(‘l‘) —"IT:'E]

- AT -7

Hence
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[c) Wheo 4l air ronditiones workg 30% of the me, we koow froo [b]

=T
T: K RS

VWhen i operates contimwnaaly, we hawe

1o 1o Loo N
P= Fuqy - E—H-E-iﬁtl.l A

With Th — 2070 = 303K, we gt

|II F ! 1".".-"_“'"
T-| =Tu + II'|:I Ti; = i | I|"|I _E.‘D-

=205+ 18,20 K = IR C .

[d) When uie cyche iz rewerend in wonler, we have Qy = F = and

¥ - E &L equelibesam, €5 = AT - T3}, 20 that
T: T

, [ o

:I; ' TL = 1II||IT:I .

——
Thes T, = T4 - 1,_;'%?1 = 203 - [Lh4 = 20542 L QTEK - 20

indd

Calrulale the change of sulropy involvad in heiting 2 graao-atoanis
weight of silver a1 constant volume frean 417 g0 3090 The value af £ over
this temperature 1ay be taken 38 o canarant equal ca 5.85 ealfdeg el

{ Fiacerar]

Solution:
The change af eoleupy 1=

Ry T; 50« 273
bl B | P = = -
,'IIT-I T Le Li T-L 1.3%n 17y
— 06l eal /K .

ﬂsffl
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A body of constane hicat capacey &7, and a lemperalucr T, b put indo
cantact with a resarveir ac temperainee Tr Eguilibcran between the Ty
and the resareair ia estabilizked al constanl fuezibs Determoune che batal
ancropy change and prove Lol il g posstece for eilhes sign of |Te = 7,107
Yo may regard [T = 130Ty = 1.
[ HFars:kaTk)
¥ojution:

W sozuiwe I, # 23 [becaurs the change af mutropy must be zern when
=11 Ihe rhange of eutropy of the hody s

T AT T,
&S—Jlr L T [
' rn T S

The thange of entroqy of the hrat source i

B¢ _ ol - 7

P
TR T

Therefrnce Lhe 1odal ealbiupy change

Ti T
I—,1—l-l-|.||T_I) .

Whew o> 0 and o # 1, the function f[2] + 2 - L= InT = 0. Therefore

L5 =28 + A5 =4O, (
CT
&= =1
& ':"“‘Fk!"r)?u'

1043

Line kg of Held an 0" i brooght in centack witl a leat peserveir at
100%3, When che waler has reached 10070,

[a] whar s ehe chamge in entrapy of e watec?

[BE] wlad i the cliage in entcogy ol the wverse?

(=] how could you heat Lhe water wo 10F C sa dhe change 1 entrapy of
Lle: wunirerue 19 zeco?

{ Furcenais)
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ol iceon:

The process 19 rcevecsible, In order to calewlate the <hangs af encrapy
rl e waler anid of Lie whale ayatem, we must conalract a reveraible proeeass
which had che canne initial and Gnal stacea ap the proceza in thie problem.

{a] Wr ansnme Lhe process oa reversible process of conslant presawe,
The chapgs m entropy of Lhe waler is

1

AT
ﬂ.‘}\HT,_-\;. = ||r FI"I.{-.'H:_|:||'.|!TIer = FFI.'ITHJ.J IILI:FE.’”ET"'} .

T3

We subreitute m o~ Lhg, and g = 4018 17 oo i), aad Bl
A&, = 1305 3K
[b] The clange in entropy <f the heat mowrcs s

L. |@ T = 1008 4.18 = 1005373

-1 K.

Therelne tle change of entropy of the whole system s
AL =A0g o+ A8, = 184 K.

(] Wea ran imagne inAnitely many heat soorcen which bave inbimites-
imal trmperatore diference beiwesn lwa adacenl sources from 070 1o
THF . The waker comes in contaet witll bhe inbnicely waky bheal soorcoes
ain vwrn km bhe oucder of iocreasing temperature. Thiz puocess which allows
Lhe benperature of che water o increase from 0700 bo 109070 ia reversible;
therefore &% =0,

Ik

L'nompule the diflerence i entropy bevwesn ¥ gram of silregen gam al
a l=fuperaluee of 20°C and wader a peessurs of 1 stm, and L geam of ligoid
nitropen at B temperature — 193°C, which is the boiling point of nitragen,
under the anme premanta of 1 atm. The lakent heat of vapocicatinm af nitro-
pen s 4768 cal/'gm- Hegard nitrogen as an udeal gao with inolecufur weight
28, and with a ermperaturesiandependent owlar specific ieai ab constant
pressuce eequad Lo T.0 calfawl-EL
[ UF3, Berkeleg]
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snlution:
The namher of malas of 1g nilragen iz

no— 1088 — 3.47 % 10 Tl
The enlropy diffecencs of an wleal gas ak 20700 and at = 196702 s
A T /T - 038 cud/K
and the enkrepy change al plaze Lrabaition s
A = nLiTs = 0G4 calil

Therefors A4S A3 - AXY =007 cal/K.

148

A Caanot ebgine is mode 1o operats as a reftigeratar. Explain in dedadl,
with she aid of [a} & pressure-vuolume diagrarm, (bl an rnchalpy-entropy
diagiaim, all the proceases wharh occue during o camplete cycle or nperation.

This refrigerator freezes water at N°C7 and heat feom the working aub-
gtance it dizcharged inte 2 dank conlaining water maintamed at 20°07 [ke-
termine the ainiour amonpt of work required te frecze 3 kg of water

[SUNY, Befale)
r M
3 1 i
L
X | i |
¥

a3y (LK
Fig. 116,

Eolution:
[a) As aliowiin Fig, 1.18[a),
1- adiahabic eqrnpression,
=¥ iothermal compression,
5-d: adabakw expansam,
4-1: izolherinal expansizn.

[b] As shewn in Fig. 1.160R]:
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L-2: Adiabata: coznpressicn. The enbispy iz omzered.

2.3 [sothermal complescion. I ehe working pavicer 13 an ideal gas, the
ebillalpy e cunserved,

3-4: Adiabatic expansion The eniropy is corrrrved.

4-1: laothermal expan=ion. The enthulpy 8 copyeaeded.

The rl:f:r.i:gern.[i.-t-n Efﬁl."lun.l.'}' i

& Tr
TTW T T
FTI’!TII'.E I' T
W= 3,
it ™

e - MR s e Latent hzab for M =3 kg of water al T — 07C 10 becooe
ice Ay
I =335y 10" Jihg .

we Gud ¥ = 744 < 107 1

1049
m o= D000 krool el Fle gae Dithaldy at 279 and presanre 2w 09K m?
15 Laken tevk e patly A -0 4 — 7 Far 1[a
e

L= AR5, O, =5RAM .

Assume the adeal gas i,
fa] How murh wock dees e gaz do o expanding at consiant presaure
fram A — A7

(bl Whal i+ the change in thermal or inlermal energy of the heliung
fevmn 4 — 87

{cy Haw mwich heat js absorked in going Drom 4 — B7

{db [f 8 — & da adiabat i, wliac 18 the ealenpy chongs and what i the
Buval pervsoure?
{ Wiareman]

Solutiou:
fa] For A = &, tle extepanl wotk is

W palbp Val=1l0x 1071,
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[h_l Fog A — It ilie inereace b Lhe tnbrenad sperpy ax

Al =wl A= {?1p.ql:_l-'l1 - Il-"..q:l_'l.H = :'I-H-"'I-'E =].5 I.I'.I'rl I

alH!md|
:':-|:'|:|5' A &
| I
| |
5| I !
T | I e
1 1 ]
F 1 |
H 1 1
L .
1 LG 15 i 4
FimE;
Fig. | 17.

fo! By the fiest saw of chermadviariica, chie heac abzorked durine 4
His W oAl 2= 08T

{d) For & — £ Lhe adialoatie praves: of an meonadoioge wleal gis aal-
izhes Wl eguarcion

o7 = coasl., where v = 000, =33

Thwa ]::-E-'i-’ﬁ'. - ;:-.‘_11-"]_: and por — Ve V1" pp = 13 10 h'_."m:.
In the procesn of reversibl: adiabalic saparsion, Lhe cllunge m o enlrapy e
25 — U Thig g showo by Lthe caloulation e delail as Eallows:

T V.
A8 =0 fn + =il l_-’l.;
Ll
= niZ, n—T" r. ] =10.
Tol'g
Losn

A I1I.L'I:E b oom ll]f‘il.l T un-.‘lrrg-::r:l HE IE'-'EJEI]ZIIE I!I‘ll‘.:'lhrl.'l'lﬂ.l EXEIATLRLAN
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Mrsarn v ) Lo 257,
ja| Whal iz che chang: e enloogy of L gas!
(k) Whac iz 1le change in encrapy of the wnivorse™
Suppagsc the same expansien takes place s a free expansion:
fa] Whal ig Llse chamge i entropy of the ga:?

{bp YWhar 16 che change in the encropy o 2he nanjverse®
| Weacamam)

Salntinu:
(a] In the process of jsnthermab exparsion, the reternal work done by

the systron is
oL CLn
1Y = Jr :..“.-" .. 'HTJI( - = “‘T‘lllz
. o 3

Bercanse Ule irtemial rnergy dees rot change 1 thin process, the wark o
qupplied by the bear absorbed Teany e external world, Tl the aieczass
o entrepy af the gas iz

A W

ol = r T —mh2.

(k] The chags in entropy of the heat sanrce &5; = —AF,, 1wz che
Lolal change in enlzopy of Lhe vrvease s

AN = AN + A8, =1,

H wis alree expansion, he internal energy of the syebem ia constane, Asils
Gnal seate 1 Lhe same an dor the ssnchermal proress, 1he {I'mnge- i enbrapy
uf the systein s alsa Wlie saime. Do thes rase, the siate af ahe hept 22urcs
dued not chabtge, teither deas g entrepy. Thecefuce Lhe change in FREIQY
of the waiverse i AF = B iln '

1051

& atems of a peslect gay wre cootained v a cylinder with inzolating
woullz, cbused ab one eaed by 2 peslan, The aniliad voloioe o ¥ and ebe el
Lemperature T},
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[a) Find the change in temperatare, presswre and entropy that would
aoour 3F ol volume were suddendy incesased te Vo by wihdrawing the
it

121 Mlaw raprickly anuat Llee pistsn be willdraws Toc Lhe albuve express
siama te he valid?

LT

TH—r
r—r—rTE— —=}
p—

Fig 1.14

Soala bl

[a:l The £ dioss na wnrk when the pisunn is wakhdrawn rapidly Alen.
the walla are thermally icsulating, sn that the sntecnal energy ol Lhe gias
dass pal change. 1o, alf = 00 Siece the diermal eergy ol an ideal gas i
oaly dependent upon bemperacars T, bhe change in seripecaruce s O, be.,
T - Ti. Az lTor the pressuce, fa/py = VSV The increase in rnerapy is

e ey F2
5 -5 _Jl' =db o Rl — .
] L " T 1 v

L L

(b] The 2peed a4 wlich the piston j2 wilhdrawn nowet be far gTeater
than Lthe mean speed of the gas maleonlea, e, vw £ — (BT frws] 12

1nE2

A cylinder conlaina a perfect pus in Lhermodynamic eguilibriun at
VT |:'i:|1l:-=r|1n.| energy} and 5 lent.rn[.l].'}. The cylinder i3 surrourded by
a vory large heal ceaervaorr ak tle s=ame temperature T. The cylinder walla
aud ptcn can ke either peclect tharmal canductars ar perfect threeomal
mrulaters. The puton i movad ko praduce a small velwine change = AV,
YElpaw™ wr “Cael” tweatd Lhat Juking che welume chamge chie apeed of e
pislane b vt o<k ez than_ or very much greater than, wodec wlay gpecds
abbemperatare T° Ior aach of che five processas balow show [oh wLr anewse)
gheet| whecher che changes {after che regatahlishmant of equilibrmn] in the
A her quantitiea have Been posilae, negakive, o1 zo140.
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. | I.:'l.l"'f [H]Llw:l I:-:l.l:|-.'|.1|nt] __I_ |

1
24 1AV} [slow] (iwsulale]

— _ —_
5 1AV} [Fucl) {itulate] - — l -
4 [1&al) [Caa] [condact] | i :
S0 ab) Ifae] leonduct| ! - | -
| | | ;
o b
|: 189 ‘l""lh.!]ln_:l
Eolntiohs

] For dseterimnal espizcien, AT 0 L ATT Lo gl

(2] B a-dialabiz sxpanzen, 2400 - 10 Herauze 00 Draaaegs procaeds
very pluwely il can ke Paken ae a ceversibile poacess nt guasi=talge sames, Tlen
A b The adinhadr proves saliabes pe " — ook, Wlhe Vo omerenaz,
pdrcreases e e T and e fnleraal emergy of the svetem deeresae-
Lucawse it ey wink exrerually, thes A0 « 0L oo AT 00,

[7) The procees 1w cquivalent 10 pisdanic Tepe expansen af an el
gz, Lhu: PV . Al =10, AT i, .-:‘” oI

[-'H The resiedr s a8 the zgige w2 tisl al izolliermal e caginEoan e
AT =, &l =i, Ak =0, &p - N

[3F The result is the =uige a2 e of ouieerieal frec comprrssaon, §ogs
AT =0, 480 =0, Ay w00 55 o i

The aneve wre wnmmariped G 0he fatle L loaw,
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| =7 ol ak Sp
| + f1 + -
] ’ ] [ -
E [ n .+ | -
1 o 1] + : -
b L . u T : I
10563

& chermally insulated box bc separated imbo iwa compartiente {vol-
umies ¥y and Vil by a membrane. Qie 2 the compartments contams an
ideal gas At temperacore T5 the ocher i onpiy (vacumn). The membrans
iz suddenly cemaved, and the pas fillz wp che dwn cranparmenta and reaches
enquililiciam,

[a] VWhat s the Anal ceraperaiure of the gaa?

(L] Shew chial che gax expamzion process i e emzkle,

(%0 T
‘nEulolgd wolls

LI e

Srltice:

(u] Frocky axpaiding gaa Joe no exteanas work abd does not akaarl
neat. He the internal cn-rgy dece nub change, i, 25 — 20 The wl=cnal
cnergy of an wdeal gus 33 coly 2 Functian of lemperaturce; a5 the be MpeEatare
Joea mod change im Lhe pracess, Ty = T.

“‘.I:l .a.ﬁl.hrlil'.g a quu:-i-slu.lii: P ol il limrmal ::I-:pn.:nsi-:m, W CAT
calewlate ele change i elfbopy rezalting fean che Jree sxpuomion. In Lhe
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prodess, we have 48 = gl T 2l = WET. Hencrn,
L1 -1
- 5= J|(af.$- f P o Mkl 2" "2 5 ¢ .
” ¥ || Vl.

Thus the kreely sxpanding process of the gan is irTeversible.

1054

A enoally conduclibg, vuifneen and bomngenesus har of leugli L,
cinad gechion A, density g and epecific heal at conglanl presaure fig i3 hraughl
Lo o nonanikorm vemperatnre distoibucich by contact ac vne end wich a e
praervalr ab o bepperatnrs Toand ot il ether shd wich o cold resppeair
ac a teoyperature T,. The bar is removed feons Lhe rececvoirs, Uerpally
melated and kept at constant pressuce. Show chial Lle change in entropy
nfl Lhe bar s

- T. Th jl
A - O 1+ nf4 ——WnT, — inT, | ,
’“( Mt T T TR -
Where £ = crdL, T = [T + To)fe .
(SN Y, Buffuia)

Nelwtian:

Axthe trmperatare gradient ia ahe bag i= {3y - T, ]/ L, the temperatuee
at the crosa Rrction at & dastance @ from rhe end ar T, cao be expressed by
To=T + Ty - Tzl Ag the baris adiakatically rémsoved. we lave

L
f pc,.:TI:r_I - L|dr =10,
u

Eram which wr ¢htain J) = [T-I.-[ - T'r':l_."'g.
Fuc fy = .I"{" ?'HT]I,

Tu+T ! 2_1:_'! T
= _I'.}Ajlr d:flxl AN TN Tu — T, e T,

T
TH __]. [IITH -

where ) = el
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L06GE

A mixture of Q1 maole of helivnn [+, R /0, = 5730 with 9.2 mole of
hitbogen [z = 775], conzidered an ideal mixture of two ideal gagea, i wi-
tially al 330K and occupies 4 litres. Show thar che changes of Lemperatues
awd presaute of Phe ayanem which eccur when the gaa 9 conmprezaad slowky
abd adiabacieally cab be described in cevmis of soue internediate value of
7. Calculate the magnicude of these clhangea wlen the volewe is reduced
by 1%.

(7, Berkelen)

Sulul e

The erdropy chiawge Tor an ideal gay iz

AZ ==, [T/ T +nA (k0]

whete mois the mcsle num<1, i and Fian-ficale initial and final states ceaped-
tively. &5 14hn procesa is adiabatic the total endeapy change in the nitragen
gaa anrl ielom gan muat he zecn, 1k 1w, &%) + A5 = 0. The rxpression

T O0Y Wlien gives
- ¥ihE
w1 ()

where

LT L
- ﬁ;':'.n| -+ Fl-;g'c-'p" ’

Together with che equation of state for ideal gas, ic gives

Byl
n— 5 [L’r) .

Where
L mG b m
R gl
Helium be menatomic, s0 thal &) — ERI."!.:.', C:u; = 58/2; nitragen i di-
alegeiie, su e O = 5872, O 2 — 172 Consequently, = 1.46.
When ¥ = WUk, we have

Tr= 10T =302 K ,
pr= L01&p, = I.'I:llUnRTl."'lrr =20 10 [";_.":m'ﬂ
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1410l
Cunzider pwer waps 1 moax bwa poclect gases. [oothe firse, 20 adiaknni-
sally izolated somtaimer islivided indo two <hanthers with o puee gas A in
e Beft haned sicde acd a poee gas 2w Wi 2ighl, Tle mixing iz accomnploshed
by ﬂp—_‘-niup" a hale wm Lhe -:'|i'."||.'||||.|,|, wall

r .o -
CdGas A 154z ST
[l nas sechimn: iy Deule- P Enles
Tal= V¥, ; Mal = 15
—_ .. " — e

Fig L 3EI:m

L Ll seomnd caee e clianber i divided Le vwo cieidd, peofectly solecs ve
membranes, the meibrane on tke kef iz pesfealy permeable nopae 4 ks
impereahle o gpas B, The mesbrane on the sight ie just the riseerse.
The twe mewobranes 310 centected by eacde e e mateicle amd the whiole
rramber 35 connecbed fo g heat peservaic al temiperatiee T, The gaze: can
Ee 1aixed in Lhis cage oy poliing bt hand msevbeane o e lef® oazel 1he
cighl T d cme tothe right.

A permealle D sermeable
| | P
a: A -, L Gias It
Ciores secl i nmT : l"_ T | -
- | ) o
Fag o 11k

fu] Tind the change in endzopy of the comtaimer and itz conbonls Tor
arcond proress.

] Fiel the <hange in enteapy of the contamer azel contents T 4T
fir=1 Frrdfesz,
re] What 13 the chapge 120 entncpy o o= edd eTe0im inpace 4]
[0SR A]
Salink o
i) Heciwaze Lhe procezs iz reversible, we flase

. ;|'I:'_]‘ L ; Frattn . Vad - Irr.'l
Ay - Jfr it -‘!-\. {JII :r..’l'ﬁ 'I'-IIII- TR N J

Va -

PRI Y
—_.Ii" r|.__1_|'|---'E-.-. e l-F-ﬂ '|:I1-'4'”_ 31I| ,
Va S

-
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wlhere we bave nade wse &l che equaticon of state pl = aAT.

[b] Becanse enetgy i conseived and the inceroal energy of an ideal gas
i relabed unly to its benkeerature, the cemmperacures of Lhe imilial and Giwal
sbafes wre bhe daae. Tle itial and bnal alate of che gus o bhis case are
ideulival witl thoee o coze [ab. Ap entropy I8 & Bawction of erate, A8 iz
el to chat ollained in {a].

[2) A& ent annree = =25, wlese &5 s that ghven in {a].

108T
Consader a cylmder with a fictionless pisloo cormpased of a2 seinis
prrmeable tuenlbraoe perneable b0 waler ooly. Lew abi= piston separade
A wolupne Y of N mwles af pure water from a welume V' of a dilute galk

[Mai?]] zelncinn. There aze M pobes of water and nonales of dic 22k io che
aclutian. The syatern iz in condart with a heit resscvajr at temperature T

4] Bvaluate an expreaszion for cntrepy of nnXing in e aall aulubicn.

|:|.'|b [f Lhe p1akon mMoves ab ihat the amaink ol water 'm the J:n.l.l: mlul:.i.-nn
d-nul:-h:, hew inuch work o dance?

[c} Drerive an expression for the prespate « across bthe semip<rmeable
membTang a8 & Fapction of the soloma of the galt sajuticn.
1 e catad)
Sahilian:
[a] The entropy of inixiog, i.e., Lhe increnee af entropy during mixiog
Eathetmally and isalarically e

S& < =N"Hn

f

Wign Negrnm

(h] The asmatic presaore of 3 dilote aolucinn s
=V¥' = nRT [Va.n'i Hoff's law] .

Ywhen the amrnnt of waker in the palt polution deables. Lhe work done ia

e o
{ WRT
W = xdl f =5 dV = nRTlne,
” "

(] # = nfT/V The oenotic presaure, i, the predsore difference
wrrobs bhe momnbrane. iz e net and efective prespore on Lhe noerdrane.
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[u] 1 tbe Lig-bang cheory of the witiserse, 1o cadialion enet gy inicially
conBned o aamall region sdiabacically expands in & eplierically eymnaetsis
manoer. The tudiotion coala down as it expand:, Derive a relacion becween
the temperature T and vhe radivg & of the splenical valume of cadinion
baged purely on thermody namic conawleratinms,

.!h:l Find ihe btatal entropy nf a p:u-!:-l:f_'-n fis a=a Funclicm =f ila lempnr.
atare T wolumne ¥ aned the constavils & & ¢,
{SUNY, Bujfais)

Scrlethenn;
|a] The wxpansivw cut be treated a8 & Quasi-stacis protess. We 1lien
luwe JU = TuS - pdb. Making w=e of 1l adiabatic condicion J5 — 0
and e expreseirn for Tadiacion pressure po= LORF ) we abtain A/ 01
A% hemce 5 x ¥ 33 The hlark bady radiation epergy density s
o W aTY A being & constant, The above pree T o 735 o2 i
sz chat o M0 je D BT - comebae

it L Au o, d oy 0
[h) i = "1? 1 %n!'l.-" = ?:1!-1. b E%rﬂr =1 (E.ﬂ""b’:]_ froma wlich
d
we oblain 5 = ELIT-"V. Ry dimensbonal analysiy we od @ = B! (he)*. In
xf il 4 ki Yer
Facl, a = 1 [he]E su Rlial 5 — 4 I:M]ET ¥
105%

[a} & ayacem, maintained ab constant volunee, is Bodzht in coblact
wille & chermeal reservodr st ceanpegatars Ly W bl inibiod deneperaluce of
the system U T, calewdace &8, change in the tatal encopy of Le ayslem
+ reasrvoir. Yoo way amanng shal oy, the specilic Jweat of e sysbem, i
independent b Lestperaloce,

[h] Aszmne mew ihal che chakge o avale: eanpecetors o Lroaglt
ahrt theovgh saceeseive cantacts witl & reserwols ab cempersture 1) +
a7 T+ 28l . 17— 37 8, wherpe Y27 .0 Th =T Show chal in Lhe
it &N — 20, 8T = b with ¥AT = Ty = T, fixed, the change wn #dropy
of che ayslein + rederwodr s geo,

[=] Commnent on che diferencs belween [ap and {b) o U Light af the
secomd Law of therioedymmrics.

[SLIAY, Bwdzlo)
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Solukion:
[a) T'he change in cntrepy of the ayatem is

- 1 A, 4T I
;’:...'.h-_—f; T —.:'I-:I"r..,_.'lni.

The changs v eutkopy of the hear aanpee da

| o I- T
A= —— = M,
7 T T
The 1alal chauye 1o tnlrapy 8
A% = A%, + 085 = Me, (J.LT,!+ Ti- T')
I, T
[t
=1
as = .nE*}“Tu Z &8
o —pa =5l
wleke
T, +{n+ 1}AT AT
-:LS'I.= A u L R 3 -
¢ (“ I+ nart I'.a-[n+l]ﬂ.’f']

i the change im enlrapy of e {n+ 1AL conbact. Thuas

ﬁfl' = JH-I:U (.L“E - r ?

(r)] The Punction fiz)=2—1lnr— 4 20z = Oand 1 1. Thur
in [a}) A = Mc (T /Tp) > 0, chat is, 1he entropy s increased. We know
the pracess ja Laeveraible Trome the gecond [aw of sherovadynsmics. Lo (b}
&8 =0, the procesa ia rewergible

L]
A material in brooght from temprratuce 1) to temperatore I by plan-
my s o coodacl wilh a secies of JY resecvoite al emperatures T + 8T T +
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AT, . Tt NAT =T, Asmoining thal the beal cagacity af the mualerial,
7. = leanperabure audepandend, caleulale the enlrepy change al the total

syetem, owalerial ploy reservoies. Whal 1w Lhe enlrapy change m the limit
N oo for Bxed T, - T7
[ Wizcomen]

Solution:

Consider e material at temnperacure I + 04T i conlacn witl the
cesarvolr ab wemperature I+ {8 + 1]&T. When they come o theumal
equilibriom, the <houge of solropy of the materidd i

TidlLs )| AT ceap T =(t—=11A
&) =J|r —— ={i"ln M
T a 7 44T

The chamge in cntrepy of the heal reserendr 13

afr

Ay = M
T T —t—1aT

The rotal cllangs in enctopy it

T+ 2+ 1IAT

Nl = A5+ 8Ey =00 I ——
! L A { T LAT

AT
To~ [f~ 1)&aT s

wherelore, after Lhe material of inicial temperacare T, hos had contacis with
Lhe peries of TessTvoira, $le tolal chwnge of entropy of the wlole ay=iem s

T [l | AT
ﬂ.S— Lﬁq{ (I“T-I_ zm)

i_g

When & - woz,0r 8T 0, che above aum can he writden oo 8 inlegrativa,

sn Lhat
. . T‘I T a :1.-1
afclme - - = -,
(Iu T J‘:-, T) L (Iu T, I T.) n
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The specific heat of wuler bs Laken a9 L<al/y K, ibdepebndent of 1emm-
perature, wlers 1 calutie — 4 13 joules

[a] Deline e apecibs hant of 2 anbatance Ak conalant pregeurs in berms
oF such quanlities a: & [heat]. ¥ fentrapy], and I' [“emperature]

(h) Chne kg ol waler af 070 33 hroaght inta sudden contactl wikh a lards
benl rexecwcir 2 TUOSCY Wiloen Lhee woater Liao reacloed 1007C7, wival bas been
thi= cluwnge a1 enlavepy Gl Lhe water® 40 1he reserwrir™ OF the ¢ntize syrbem
comsislimg ol bolh waler and 1he hear reszrveg?

[c1 T the warer iad been heated fronm D0 Lo LK C by Gret bringang i
jito snilnce with a revervear alk 59 and Lhen anotber ceservon ab 10670,
wlat would be Lhe chaage o enteopy of 1ie enluoe syacein”?

(L] Show how ehe water might be Teated fram G o (000 with
wegliglale clhiange i ertrepy of Lhe entire syade.

[T, Berkeley)

Snlutioeg: '.-_'?[;I #3
a
{a] v, { . ( —_] .
art, ET

[h] The change in the ertropy of the water iz

T - T_
a5 = jr.l #d?: ol TT: =N.312 cal/'g K,

[=)

and Lhe rhange o enbrcpy of Lhe resercair 3

T — T
7L _nas caliy B .

Ady = -, o
2

Tla & & = G044 cel/g 15,

{cy [ this pracess, the change in sntcopy of Lhe waler ws 2011 &3] =
N.312 cal /g K, while thae of the reservair g

. kw0 1Y 1 [100- 50)
SR S T el 573 — 10
= 0P calig B

o that AN = A&7 + A48 = 0023 calfg K.

[d] Thvide wlie cunge of tespenatis 0°C « 10FC inle ¥ equal party,
witlk & 5 1.
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Al every relaperalure point. thers exiata a large leal reserwobn-. Lee
Elee water comme into contact wikth them secoeasively lhon low reanpevature
Ler hiigh getnperature, to make che proceas of chermal contael goasi-onalic.
Thau A5 =0 al every slep wosd coszeguently For the enkire process.

062

Twa fimte, wentical, aalid bodzes of conatant total head rapacity per
bhady, O, are used ar heal aources Lo dnve heat engine Thear mitiad tem-
pecabures ale T) anl Tp pespectively. Fiad the twasimon work oblainable
MFoem Ll syete e,

[ATT]

Saulintlon:

Au energy s canserved, Lhe wock obtainalble o W = 3T + T - 2T,
where Ij is 1le Anal Lemperatore of che eyacerm. Froon wlie avcond Law of
thermndynamics, we have

T T —_—
AT = Ol :r_‘ -l :rTr odl, soalur ToE T TL.
k] ]

Hence B, = O[T, + T2 - 20T ).

1003

A rieid bes conlainmg one foeds of aige at lemperaince T i K
initially in chermal concact with an “inkimde’ heat-caparicy 12zervon®™ at
itha same temperatuee Jo. The box 19 removed from che rezervair snd a
cychc engine 19 waed t2 take some heab fram, the reacrwoir and put gome
uter Bhe aic ao the bos, What woehe sointaoum ameunt o work fTom 5
L 07 Eapress BV omm tera of Ty, T and she gan copacant &, and siate
unitz. emore vibrational degives-of-Treedon in the air molecules and the
beal capacity < the contauier, Would v lusaon of vibragiomal degresnsc|-
freedom incredse or reduce the value of A7

[{Fedumbra)

Eolution:
Asag+ W - O T T where A is che Juead aberbed froan Lhe
“inknate ||r.a1.-r.1]'.-r|.n:'ir.:,' ]'-._uzn:'rl.'-a;.-ir'l wi grt

i i &8 = 'lll'L;Jllllr-\.'l.' - aﬁ'ﬂu = _a";:'_l'll:l-ri'.' o '::'l.' I-"[Tln'lli;.l:' .
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Henege
W "_‘ E-ru{Tj - .IL.IJ - ':--'l-rTI:I ]“I:TJ_-'ITE-] = “..LII.III -

Wik the wrelusainm 2l vikrabional degrecssal-freed nm, W1, increnses as £,
inCroages,

1064

A revercible heat enging operates beowacn two regepssirs, 1 pnd 1%
0Ty = Tyho Ty ran be commadernd Lo hawe mmbuite mass, 1e., T, memaine
renatant. Heoweser Lie warmer reservor ab Ty conmsbe of a iinjte amanne
nf gas at congtant valome [jp males with o sprofic eat capacey £7,].

Alter the heak enpine has nperaied for snmie long penind of Lime, Lhe
tempeerasure Ty v loweoed ua T

{a] Wheb is the baar extracied froion the warnwer eeseevoir dw-tg Lhis
pelicd”

[h] What is the changs of entenpy of the warmet egervoir during chia
pr il

[«] How acwocl work did whe engios do during this pericd?

{ Cofuntbiu)
Solution:
{.1.] Q.H_. _— JJ'{'-ll.l[Ti - Tl.]
Ayl 2T . .. T
[12) Peeaus 45 = = = —F AF = pl, h.F;.
T
[;] = =" T atd = —pl,dT, thepefore the wark dona by the

!‘I'IEJ]IE iz

. T T . T
_J|' A — _J(;_: (1- }'] Wt — pt, [T T - T (TL) :

1065
Larga heat rerseecirs are available at 500 K | A and 300 K [(O).

[a) 100 cal of heal are reanoved from che resecvuir B oand added 19 07,
What ia the encropy chaoge of the univeras?

[b] A reversible heac angine operates bacween S avd O Far each
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100 al nf heac removed rom &, wlhol work e done and wlhae heat s added
bo €270

{cb Wlkal io the enlrcpy changes of che universs in Lhe prevess of par
(k] abave”

{d) A real heat engine = opecated an a heat puosp coaoeving heal [roen
& and adding heat to H. What can be ga3d about Lhe solropy changs in
ihe universe produced by Lhe hwat pumip?

[ Witconsem)

Sobut fow:
[al The clange of encrupy oF the wiiveres is

. | 1y 1 L \J_-:: .
a¥=q (I':_- ']!'u) - ]|.'||.I-{. R L w I cabik.

-

(b} The externul work done Iy e eogine Toc vach 100 cal of heat s
Th S 20y
W = = - — - =11- — L= — ral .
o= {1- e = (- v - P
The beat aleorbed by € 0

Lnn
q: =|.?| - “‘r = T '::iI.IJ .

tc] The chang= io enlropy of the univeras i

Ty T  WGD a0k

o T PO [V 1””-”—g

[d) The change of antrepy i

e O
A= -Z2_
. T

where £'; is the heat released by the coservoir of lower cemperature, O} is

Le lizal abecrbad by the ceseovan of Tagher temperadure. A B _Es <

T. T, -
OLAF O H
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Teomider an arbilrary eat engiwe which operabes Lebwesn 4w cesec-
voirk, eoll of which has che same Gnite rempecature-udependent beat ca-
pacity o The cegeeveiia kave iricial temperacznes 37 and Iy, where T, == T
and the cugwme operates walil boch reservoors haoses che game final tonapera-
ture T5.

[a) Give 4l argumenl which shows Lhat Ty > T\ T,

(L] Wl i Lle mcasimum aosadb L of wok oLbaibaboe oo the enpine?

1-\'.'-'{-'_. Hc rl'u'l'ry:l

Moluntion:
{n] The wncrease o entropy f 1ie tolal ayelemn s

Ts 4T Te 4T TS
.'1';.5'=Jfr +J|r — -l 1 R I
r, T & T T T
Thua 75 = 70T, 00 T3 » T T3,

[LT The aavzium amoenl of work can be alblained wsng a reversible
leat eagine, [br wlhich A5 = 0,

P"-zl:l.': = ':[TJ + Tﬂ - .‘!T-ﬂ |||i|.} = '-1T] o T:' - 'zl'r' Tl TE} = "I:"rf:r_] % T.ﬂ:la .

LY

[a] Wit i U efficiency for a reverwikle engine opecating araund
he indicated cyele, wihore T i dumperaturs i K and § i che eatrapy in
jewles /R

Fig. | o2,

[L] A wauze AT of & liguid al a Lemperaluce T in suieed wath an cqunal
masa ol the azune Lgoul al a lemperature T3, The sestem s therma.'l]:,-
juanladed. W €p. iz [he apecific keat of Lke liquxl, hnd the total entropy
Clhatge. Slhow chat e resubt o always posilive.

[0, Feckeley)
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Solutlow;
[a) L Ll cycle, the heal obaorbed by the vngtos 33

04 = 300
G = (L0 = §N] = T = LT )

amd r.h: wrrk 1 daes s

400 — 3o

3 =25x10% 1.

W= {1 — 500

Vhiz rhe efficiency iz n = WG = [4.3%

(L] Obwicesly e mgilibeivm temperature 1a Tr = [T+ 1504, There-
Tare

T
I T,
A = f A

m T I
Rl
_ To o AT T
Ak, J[.-:_ JT = [ '-IT; \
AL
- . [Ty 4 T
Ar AN ra&S - ln—_—=% .,
- F 2 pln AT Ty

Since [T) - To)f = 4T, Ty, we have AF > 1L

1{H5 B

[} Croe reode of an idead gas is carried Erom semperanwre T and molw
virluine ¥y ko T, Vo Slhow coat the change in entropy is

T v
AF = T‘.r AN vf .
{b) An ddea] 302 & expanded adinbatiwcaly frem [ Vo] 1o (s, Vi)
Then it ix compressed sobarically ta 4o, V0 Finally the pressute iz
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inclereed co py at ceneant volume ¥y Fhow Chae ol eBicivney of 1le cyale
i5

1= 1~ ik Apde 1.

whern = =00 S0
[ Cheiembu)

Bolutinn: I. |
[a] From 4F = ?I:ul[r + V] = ?I:I:'..JT— padb ol

Ay - &,
we abtztn
T. v
I o R - T
Ll II'I.I.

[L) Tlhe cyale iz shuown in che Fig LS

A
g adatolic
s
f
‘B

FEJ [ |

N I
L L)
¥ig 1.1F

The work the systenm doea i Lhe oy<le ia

W:f;'.di-":f AV + pgth, - )
AL

Rerause AR 1m adiabatic and am ideal gan has the equatione g = kT and
=0 + B we get

J‘( pdl” = —f CodT =0T I
A AD

1
= — fpaVo - p¥i] .
I--ﬁ{m‘ i)
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Ruriog e A paat of e cycle L gae absorba beat

() = _n'l T..':.':f oAl ST T
via Sera

I,
=71- _'15’4[:”; - b -

Truce, ahie allciency of the engine iz

108D

[1) Auppore you are given the Tollowing relatien amanng the entrapy 5,
wolume ¥, wokeraal enecgy ©F, abd nwsoles of pavticles & of a cheoniady-
pamic aysten: § = A|NEFT N where 4 iz a constoat Derive g eelaticn
A lIg:

{a] I N,V aod T
{B) rthe pressure & &V, and T
[) ¥What 18 the apevific heat at conptant vohume <7

[2} Mrw ampoma iwa idantical badies each consinte aalely nl 2 material
cheying the aquatian of state fonnd inoparl (1], N and ¥ are the same lor
hath, and they are intindly al tempecaluras T and Tz, respeccively. They
are k0 be used am x zoncre af work iy bringing Lhem in 2 commnn Bnal
temperalure Ti. Thaa proces s accomplshed by the wilhdrawal ol hear
frome khe luatere Loy and whe dusectics of guioe fraclion of this Tieal in e
ralider bady, the cemaind e appeacitg as work.

{a] What 18 the Tange of poesible Bnal temperaturea?

“:} What T} corresponds b the thasinuin delivered work, and wlhat =
Elois maaibowaa saneont of work?

YWou may conaider both reversshle and srcevemible pcocerres in anywoer-
ing these queations,

{Pn'nr.:l!ﬂ nj
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Aplharion:

53
1 U=
™ (ﬁ'_”) - L
ohas gL LT ARNY T Ay s

qer e I 1 —— FATy™E
P (.-,--v)_,__be CaiavE: T F””""'(T]

55) 1 ANEY o
Cu T(&T_..ﬁ._;!ﬁl' " VT = T

(21 Wlen no work iz deliveced, Ty will be maximum. Then

T Y, oz

Tr .
g, f_ adT - ATT - AT T,
]

T 3

T 2 n N} ol o
Qs_'J{ npdT_.é.l[T;l T: ].

wy
Canre &} {37 =11, we hawve

]":;‘2 -!- I._:.ll-z .J lrﬁ
:r:I Inaa = T .

The mvinimum of I' cormesponde 10 a Teveraikle proceass, Tor which Lhe changr
I enlrepy of the ayalem iz zera. Aa

T . .
Afy = j:n e T 0T = 1_},(:]"11.-1 - TIL.-z:I .

Tr
ﬂ.S-;:L e, dT T = IA(T] -ty

and A% 4+ 8859 = 0, we have
, w2
T o (z:-'*ﬂ;:)
nis 2

j-'Fl.'r\.i.ll {- T;' = :n'rﬂl:ll'

Haenee



-] Frodpmg & Splydiuns wm nrrrr..-'\pld.m:nl & Sanalica' e bane

Wone ootreapnnds o Troan, b, bhe tevemille heat enging hae the maxi-
ety delivered werk

] : L2

w Th | i s F AT T

W,..“=_.[.;;-I_h@._!]_3[TI.-!_'_T;.M_“I» I.:l!-".- g}l
1 ANV

107

Olue Kilogram of water js |peated by an cleclrical cevistor (room 30™C L
S5°C ab constanc {atmesplecic) pressore. Estilnate:

[a] The claage ln anlerial energy of Ui water,

(L) The entropy chouge of Llie water.

[e] The Tnccor by which 1he onmlee of avcessible guanium elates uf
LlLe warer ia imcredsed.

(4] The maxinune mechanical work achiovalle by weing iz wler a2
heat resecwyol Lo ruo an engios whoss heat aink 2 at 20°C

[P, Berkely)

Eolution:
[a] The cllange in incecnal energy <f the water 3
Al - MeAT - 100« | x T3 — 7.0« 10t el
(1) The chunge 1o entiopy i

A T: .
A — | T_EJT = Ml ) — 230 caliK.
L

1c} Frun Bullsimaon's relation 5 = wln [T, we get

1l o5
5 =enf f] +expt? 5 1097},

[d) The maximum mechanical wock arvailabls is

Ta Ty _ T
“’r“.u = 1 - ? ME-I.IIT= M-\'.'I:T_z - T_|:| - T]J‘-'f\: ]I1 :T

T
=% % 10% cal .
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O nwle of ehe paramaguelic subetance whose T3 diagiam 18 glow
Telow 35 to Le used as the workig sabscance m a Carmal beliigeratar op-
eruting between o sample ab 02 K and s repereor ot 1E:

{n) Show a poesible Camnot crrle on the T dhagram and deaccibe in
detail how Llee cyale is performeed.

(L] Yor wour cyele, hw aoocd beat will he renowed Troos che sanple
per cwcle”

[c] How much wark will he performed po Lhe paramagnelic suhetans e
pel- Lycle?
[ Codurbiu|

Solution:

[;} The € anet oyele b sluoan in Ele Tig. 1.04;

A — B, arlisbatically decrense the magoetic Debd;

I — 7, ieolhermally decreasz che magnesac Gell,

£ — £, sdiabatically increase the ovgnetic feld;



1] Prubicrou & Yoluleeu on T.'I.-!rr.'l'.a.l'wumlu ¥ Mafiulecal Mrzhaice

b — A, dzocherrally inerease che wagheric feld;
b Qure= T a0y =02 W (LD - LS| R

= 1.7 % 1 i.-.|'|.:.1.-'|1|.l.l].

€] Qo DighdFina Lxdl5 05K
§.5 107 ergefnanl

The wr bk Jeue 13

W= Q. — Qome =5l 2 Ln” kogxfinal,

LOT2

A rapacitor with a calacicy that i cemperature aeceilive is caried
theough the following cyele:

{1] The capacitor i kept a0 o coostanl temperacurs hath wizh & Ltern-
peratwre T) while il 3g slowly charged [willoul sy chmie dissipalion} b
cliarge u and pobentiad ¥ 0 An amuounl of heal &) Mows anbs the capacitnr
Juemg thiz cliacgoe.

[2} The rapaciter is now remeved from the bach wiale chakgmg coo-
tiuea wnlil & potendial Vaoand temnperatore 1% are twacled

|3] The capacitor is kepl al a teanperature Tz and 15 slowly discharged

[4] It is reémoved Mrotn che bash whicl kepl it al temperatece T2 and
di;-.'.hamgr.r] rnmph‘-trl}' wilil i1 js Tetwrned tooiba initial mmhnrged shale al
Lempreralure T .

[a} Find the net amount of wark dane in chargang and dischacging the
capaciler.

(L] How much heat Hows ont of the capacitor in atep (317

[L:I For hixe:d caparitnr i.'I'l..;lnl;f' e find di-"ll'-'lf'T.

Hine, Consaler L"g = 1"'| + J¥
[Tolembez)

Solatinug:

[xb The whnle cecle can te Liken a3 & reversible Cacool cycle.

L1k e [3] e aathecznal processzes; (21 ancl (4) are wlivhats pro-
LussuE

[n rhe swehiode eycla. 4lie work dabe by tie ooteide weeld s

W (i ) I!:l.'?:l.ll! = Ti 'ﬁ"\-".ﬁ. - r-|I.|||":"-‘Er|-| .
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The total clange of entropy in the whale cycle s 0. Thue
AN + a5 =0, 1e, 'AS|=|ad.

Az Tj |I:'|$|.I = I::-rit""

|
|
|
|
1
1
q

T
Fl; E 25

(<] We construzk 1le 'i.-'l:"'-."nllnﬂ_c]--qli'r'hnrgu] agram [or the ohrele aa
showin i che Figo 125 We hawe

o= #r'l.-"d'g .

Brapme 1y = ¥, v 2%, where % s s wihsitesimal vollage rlange, and 1o
Lhe capactance of the cagacator be CUT] We then have

O A Vo= giO[T) . Mol Vo= gt Tab
Cogeider L wark done by the outaads world 10 each process:

W a %qlv, %r:[?",]v,“,

Wa o e VUGITY: - O .

Wa_=- %Wa — ol — wb - -;l‘-’f - V(T

W —Fagg = =0TV

Cpvioisly the adaabaric bine & — £ crosaea poind O Thus § JV is 1 emall
ynantiky, V. 1p alao a small quantily. Then o the Grec-erder anppraeximation,

Wooneat, Wy~ _1"22':-'[':!!1'_-],-"3 .
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Therel 2

1 2 1 :
W= ZH’L s ;{.-[*.".]srf - Ec[mvg - VO T - S0V

- (Fomwe) L vaiciv)

_ Evl'ﬂ?”-f .

— Jl
rUla

Ca the allier haad, we knaw from (a)

" = %I:Tg TJ'I= I'l:;':lq'.ll:]"

]] ' T
Thua .

L@l _ o

s JdT T
ar

4O _ 20

JT T TWT

Minally we have

(), - o i, = va7 ()

= . 1':'.":['!.',' \

ar - '
VI gl | _ _2HTa)
[ daT - T

Y

where Q[T yb 1= the heut that ¢he capacionr absorba wlen it js charged
fram 0 eu g while i ¢ontasct wich o heag pnarce of constapt temperalure T.

5. THERMODYNAMIC FUNCTIONS AND EQUILIBRIT M
CONDITIONS [10T3-1100)

10731

Fior wac b aof 1lee Fullow uig thecnied ynnms cnndatiens |, descrihe aosvalens,
or clags uf systems (bhe components or rargs of catnproents, temperalnces,
sic.}, which zatisfies e cenditi~-n. Confneg youreld en rlasmcal, sgle
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component, chenical ayslens of conetubl e {7 ia e internol energy
and & ja the ENLropy f the 2y sbean.

(4] (%}r =G, iR (%}n <n

o), ()

0 (5),- (%),

Solutlon:
[a) 'The <lassical icleal gas.

&5y #iS.p) _ HEp S av.p
“"1’( )P aV.p) BT} 21T,p)

Tlhis cequices e = &, e, Llee 2vstent bag a hegative coeficienl of exbangion
al vnbiRbant pressas,

[ Wiacans=zn]

AT T
(] |,r J 7 0. 'Chis requires £, = o¢. The syetem has vwo
I

) '\-."':'I X T
cueNistent pllases,

{25} = () - oo s s 1 22)
{d; (ar)u.- HT).,- D.Thm:tquumﬁ—ﬁ_{ar r-.l}l

It i= a ayatem whose cosfhicizol of preasure 3l cobslaht yolume 19 5o,

{e) ALl eyatern of & mingle component and cnoaant maes satiafy this
M awee 1l reladicm.

16Td
{pnawdee an idaz] o whnrn tOtrapy in g'l'wn by

! [h
§= 2ot sRIE 2RI =]
E o] hr]

wher:: n = number of moles, B = universal gas canstant, 7 = mternal
eOergy, Vo= 'ur;'ll.lmu-, and ¢ = ¢oudtant.

[ay Cabiulate 2 and oy, the spaecitic heata at copstant preszure ad
\'I.'!|.1.I.I:I:|E'.
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(b} A ol awd drofly hooze ooicitiadly e oeguedbibaiuoe witl 5a 2ui-
mundj:ugs al 32'F. Threr liooiy afler I-'.nu.i:ug, Gk Lhe Fwrnace, Lle loowse iz
at a qory TFF. Assurning thae e aic in ahe hecee o Jeseribed Ly the
ahave equation, show haw Whe cherpy densicy fener gy Soolie) of Lhe ab-
inside the howse comipared At the twe bRmpsraturea.

[ Cofunchic)

Eolutlon:
{a] ‘I'he temperators T = determiinsd by Lhe following equation:

1 .35} o1 £
I — ER= o I=-rRT.
T (.'-]U, PR 7"

Therefore, 1le specilic Wwac at ronstant vobhune s

e 5
. e = - R
i (drj'u 2"

The specibe heal at constanl pressuare is

T
c.-—-:._.+ltE=EnR-

{.lr b1 fn
W o=t (5)T
[,J:.in.g the L IAGIan rf state af ideal g1k F—]-" = HRTI we boave

Becawse cthe propewre of the stmocphers does mot change at che two
Lempe ratures io the prohlem, neither dere the energy densicr

LOT

A periect gas may he defined as one whose equation nf atie o gl —
MNET anst wlhoee internal snecpy = ouly o functwn & temperatee, For a
prerfect gus= show chal

{=} op = g+, Whee ¢p and o ace e Jeat capacilies {per nokecuole)
ab cubbank presaure and vonstant valume respectively.

[%] The quantiny 177 s constank duriog an adiabatic expansion. [As-

sumne thal ¢ = ¢ fr, W constacd. |

(MITY
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Soaluy Licany:

Lot 07, and O be she princdpal melar specific heats

[::l Fram Fl" = XET and TdE = ' 4 ;|.:-.1"r". wa knd

i Bl { L }
" =T = - =N
e |l_'-‘1"- ol ,']-l '-Li?;f'_.]l_,

Haner {_"_,. - =k

(! Pur s wliabacic peocess, TS = 0oamd eors O aT — —rdl" Proen
p¥ = AT, we lavn

bt 17 NAST - 0, LT,

giving pah’ | ¥as 0 e,

1T F
The difvrense hetween the spebcil kenl at cawnsiar? pressare and the
sproethe heat at consdanl volarie 2 pearly @qual Toe all zuaple wises Wl
15 the approxireals nwresical valoe of 7, — o 0 Wl iz Hae plegsseal reaaan
for bhe dif=cenze belween v, oand o7 Caloclate che difference Dok an el
CEER
| Wisransa]
Eolution:

W -]

wheres m o che siass of e gz Preos 4l Tonctionul redatcsnalizp

sifhe] FITE[D N

Lk T FASY AV
(7) 1w), (), (%),
FE
av

Yl ian EIII.'J

-

Lhlzing Maxwells relation I: ' |I :T he abave Lol Lo
£ IuLiza Jl i ) .
Lo Efmy gy v [
e " l._n"'.".l"__J :‘TI-"I: T ok !
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where = the coefcient of thermal sapanzion. awd & 2 Lhe cowtlicienl of

| 1
colupreagion, For an ideal gos, o= — T and K - o thus o, 0y — nffim -
RO M e snalecular weigle of thie gaa).

Th= Focuula [+] celades L diference of twa apecife bears bo e egua-
tion wof =late. For sonie marerials, the apeibs heat at cenacant wolaoe o3
{003Lant pitspaTe 0 el easily mestured in exporineris i can be deter-
paimed with Formula [+) by mensuring & and o, For a Aimple gas, ite values
el noand & are near to Alicse of an id=ul gas. Thus, the dilference Lelween
the 4wy specilic heate v approxdnately BSA. The reagon that cp = o, i
that B pas eapavding al cosalant pressdre has 1o do work o that onse
heat we abeorbed Tor thie puwepose,

1aTT

A paramagnelic system pn an wnifann magneees iedd & s chermally
inAulpted frem the anrnandinga. 1 has an anduced oagnetization M =
aH!T and a hrak capacily cg = &/T7 at cunstant H, where @ and » are
romstardy and T jx Lhe tosnperalure, Eow well the Ceanperatore of the sysiem
changt when & b quasi-atagically ceduced 10 2ero? T ovder 5o Tave gz
fwal cemiper ature change by a factor ¢F 2 Toon che dnilial bebperabure, bow
streng slould be the inicial 77

FE, Berkeley)

Seplrathann: 4 i
From the ralation 217 = Td5 | H4M, we have {“_' 1 {j 2
AM 0 LAY S
=0 Lhat
a5 1
[H A - T
1'berefora

-.'JT‘} AT, &) AT HH M) TS
(-3!!, . BULE T AHS #HTH AT M)

_ (ET) AL _ T (H.H) _nI'H
=-l35 H(E)H-‘;' ),

and T = FKF[HH:_."';’!I]T:L This mhows that Lthe temperature: nf the spstem
will decrrace a0 H = redoced Lo zerg.

'}
U T = T,/% then H, = 1?;'; e




Thermadynamize ]

1TsE

The thermodynamics of a clasmcal parircigineric syscen are exprezasd

hy the variables: magnenization A, wagnetic beld I and sbaolors: 4rm-
peradure T

The equatiun of =lals iz
M=0CF8:T, wlhe O Curie constaut .
The systen:'s mternal coecgy iz
rF—= —ar.

The In¢rement of work Sone ||'_|.' Lhe A¥slenl upeno Lhe exlecoal #nvicun-

ment is LW - AR

(] Wiite gl expieazion For dhe heat input, 44, to the avadem o terans
of chevinodynamic varjahles M uod O:

A - | M + | |8

(1] Finel an axpiession tor dhie dilferendaal of e systens splropy:

A5 — [ b+ B .
{¢] Derive ar expressmon Ear the eatcopy: 5=
[ Hracurain]
Salation:
[a) did = o0 - W = AATH) L ATLE - DM
LLoodg ) oM
(L] a¥ - - T:‘If;'lr:ll =-7 dA
MF
g8 =5 - .
) "

(Mute: L inceynal encegy apd the work dane in the problem have Lesa
piven oew debiniticns].

1075

The: =stale ~qnalinn of o new rnadder i

p- ATV
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wbiepe :|_.'I.-’ intd e Llae peressurr, woonnpe g Leqnnperal =, Tl |'-.'::'.]-'._
A Lz comzlart The taternal enerpy ol e mpeacrer i

where B, rond Ty ate all <unslaowrs ,f['n":l Ay depends varhz LEm vl hTe.
Find 5 and r.

[£diadea)
Solitico:

Froae thie foss Low of Hhersedynn ws, we e

ot
L
LY ]

A7

STl T ".fl.!'"'\-l N | Fan:
T el r Y Y elar ),

We gnbEtitore i Ul alaee Lhe expressions ot imteral energy & ansd pres
sare poand ge

ot 4T
anh = —_I L :T

Feen 1Te capditmn af sarmpdete cdilferad ial, we e
| 1

gOFRTOU AT 2 [A1T) e ]
i S e— — + =BT ]
ar o, L }

B -.-'_'l T Ful
Fiving
AT - BT * =1 .

Therefnre = =4 i = A,

1080
The “cllnwing measwrements ran be anade ea oan elasac band:
(a] The chanpe o Leanperatare when the elasin bemd o ztzetched, (In

cme pom lave ool weied Ll Dokl the antackhed Dand witle Boly oz, west
Hie termperatiese by Gaochong, The Daad toopom Tips stretole ddie Boad ol
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Lheck e Lemperature, relax the hand and rleck e temperature anee
maze).

(b1 One encl o the band ie fixed, she atler atlached do weight W, and
che frequency o of anadl wibeacions s mensared.

{u) With the weight at eeal @ G is added, and che equilibrianm l2ngll L
iy cbaerved to change hy 45

Derive the cquatiun by which yan can predicd the resid of che [ast
measurement Fonm the peaalb: of the firsl bwe.
jHTagetan)

Bolntion:

The elastic coafheivnt of the hand {2 & = H"l::!'lr:-'];,-'_u.
When heat £ i added with the weight at rest, e, with the piress kept
onchanged, we have &5 — L) T, Therelor,

o {20 LA -
TohasS, T ATW] AEW) T

. (%“} b
AT Fle Gy
Az L Lo Wk we prl

(J-L“\. _dly W oag
gl T aT T EITe

Thua
o (Yo
a1 T i A A PR
W hers
dx? ¥,
k- o
A
1081

The sension } in an ideal shostic opdinder jo given by L wquation nf

Arafe
Lo LTI

‘““T(iﬁw )
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where a is & constant, Ly i3 che length ac zeto tension. and L{T} is a
fu11r.l1n:r|. al trmpepadaTe T n11|.:.-'.

(3] The cylinder g stretehed reversibly and iaollerioally from L = L,
ta L = 2Ly, IFind the beat azauelerred to che eylinder, §, i rerin: of
1,7, Ly and o, the chermal expansizn cosHiciend at esro teneion, being

1 ulLy(T)
L= e T -
L.[T) 4T
(b Wlion bl Jength do chapged adiabatically, the deimperaluce of Lhe
exlinder <hangee. Derive ab expeozaich for che elastoculocie coefficiend,
(3T AL] e wihere § Ls He enbropy, in teninz of 4, T, L, Ly, . and O, Lhe
heat capacity ar conatant lengeh.

{c] Deternuane whelher 7 woa Fanction of T alana, Cp 0T, o1 whether
st alao depend on Lhe leageh, ©p 0T, L], Tor Lhix system.
[MIT)

Enlition:
Let I e the drer energy. Fram 49 = - 54T + Fdl we gat

(J;’- —F—-:.'T( L _ L;_‘;{TF/\I .

dbhJ . LalT]  L?
Thua i3 LE
u
{T .I:-] —-L'I-T(E-E; + I - EL") +¢|:T,.Ir.-|:|_'|
and
_fady _ (L, L3 IR
s=-(5), = (2-%-m)
‘s 2
TI«Q|——TIT-I+2}2)H|:|+SD.
=
L
F
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[2] @ - TI¥{T 2Le) - Su| = —2TLy {1 + §Te].

w (I - A r(5z),

e SlL. K L
aTLd L3 ( ;ﬁj
1S T2+ 5 |
oL [ -ttt

gLy L 0%
(<} (-Z':'L J CATAT
I R L L
ﬂ-T{ﬁ _ﬁ-'-f.,}-]"{:?f.“ | }.n)ﬂ'"JJLJ"]

Thus (7, = £',4T, L].

1042

[n{nrma.i:inn: [f a2 rubber band 13 etcezlcbed a.d'tn.ha.l'icn.l.'l].'l it= ixmpara-
bire LReTeames.

|:1:| I e pubher band s miratched iaathermally, doss icn antrapy in-
crnaae, drerrase, oroaay Lhe same?

[b] UM ehe cubber band e tuetched sdiabatically, dees the nlecoal
ENETRY increqse, decrease, or skay ithe same?
[ Wisconsen)

Saludlon:

[a) We azeunie Likat wihen the culber band is slietebed Ly dx che wak
dune i il ia

aW — kxda
where k| the elastic coefacieni, 1 grealer thuo O From the farmuola 4F =
54T + .‘:zn:fz, we can ohlain the Macwell belatica:

-] oAz
il IR R T
(52).--(55), -0
Hence the entropy of the yubber babd geaya the saine wbile it 18 2irelched

Lz LlerwnlLy.

afr
(b] Aecuobding to 1ie Fuepinbr GIF = TES + E2dt, we have (5‘1.'-) =

ke =i, that ba. ite internal energy increases while it is etretehed sdiabati-
cally.
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11153

The tewsicn of a ralber bawd o eqolibcdum iz piven by

whese ¢ = Leosian, T = absolule lemperatore, © = length of Lthe bané, &
= 1en5:1.]1 ol the biined when £ = 1l A = ranscant,

When 1 ia dhe constant leogih b, the thermal capaciby ¢, T is
abagtved o b 2 casadant £

[a} E'ioed as lanrtinne of T and o

=y . Ty
[ I:-’J_J:)— where £ = internal snetgy, 23 (%) c[8bee[e, T, [4)
E[x, Ty, [5) .'.‘:-I:::E]'] wleae 5 — wnbropy. T

[I:-_I The Land v strebched adiabatecally from z - & le & = .50, s
initianl tenypeerataee was T What iz il Bnal temperatyre?”

§ELIEPEA)
Solutlon:
{a] From the cheory of therimedy pamicy, me know 28 = Ta + tiz,
Then as
A
=T
‘. (ET);.

we hawe

_ (2
(R o

Generally, £ = Eix, T}, and wa have
a K . L
48 = (E)xd?‘"‘ L\E::Irdr--

.'-:
e, dR - o dT + (-' E) ax.
i T

I
Cho the eleer heand,

1 I3 ]
S = . [dF - tdz} = EAT +
7l =T+ 5

G
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JtE @tm 2Ry G N

Fram T = 3Ta:" feaT — grag Tt Cohis
3 _ ¥k
gz T oTsx !

Thos [BE/Ax]r =t — T[d/aT],.
Subslivuting che expuession Tor €, we have [JE/F2]r = & I fellows
that [(Je, /Pl = 0. [ol=grating, we gel

.u.'l I : .
iz, T) = co [l T +,|'I %f“
F]
=calle T) + 0= ey, T) — K.
. . T L
Eiary- e - bode o BT —f TodT 4 E(T
T, Tu

= KT + BT = KIT - T + BT .

Tn

Fron

we [ocd afler integratinn
L LN
ErTI-HI-A3 (ﬂn- + ;J + conat.
I:h} For an adiabatic process A8 =0 &0 that
K ( c lﬁ)
A Y L R
T T-4 LT d r}
After ibbegration we have
. 1 12 2 ot
ﬁ;’[,-,£=,q ﬂ_L_J_'-'_"_'
T}. :E.!r. ]54!-. 2:0 liy
— 002 AL

Henwe Tp = Faexp U292 A0,/ H).
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L{1E4

Cengider a gas which wodergoes an adiabalic exzaneion [Lheorcling
procesz] from o eegaon ol constaal presrurs g and inizial voluoe Voo g
reginn with constant pressare o and fwal voldtoe 1) [initial wolwme O

-
AP S A S S O AR IO I

Tip 147

[a] By considering che work dene by 1l gag in e praress, show that
He wwiclal abd fual enroalpies < che g ace squal.

(L] Whal can Le paid aboul che meepmediate gtates of the aystem?

tep Show lor woabl prezenie differences &p — v R th:-:- the temper-
ature differeince balwedn the cwn regiapa ja given 2y AT = L_—I;Tn - ilag,
Wl o - ! {JEI} ard o, = "'-” ." I.

VoL, * '.N .’r'il";.I

(] Using the alove pesule, Slscuss the pogeibilily of vging Lhe process

b coal wither an ideal gas, or o viore reahstic pas for wlorlh p = FT [V —a).
Eaplinin wonr resile,

(517N, Ruffaln]

ool bicena:

[4] The worh dunse by che gaa in the threttling pracens s sl 5l
wiich is E-C|I.1-:'|-| t; a peduction of the wternal energy:

=1 =¥ - b

Thus l!..'r 1 I.ll.l-" = |' - by I"|| |.'|:‘I - ..r'.|l Hf.

(1] Decavse che process ia quasi-static, the hnal and inatial states can
he any twn futermediate states, Thas the conclusion o s1ill valid [or dter
fedkats Ebgbea.

) Fioe B = TdS = Fop - 0 ad

a , \J : e
A ap= L4T - [}I dp ,
{7/, (G o= (5 ,
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wr ohramn

ar’ v
AT = 1 T( .;I ¥ de —{ T — 1]dp .
n 3] P Cp

Thas ka a small preagurs diference Sp, we have approxonately

Vv
ST = —|Fa - 11ap
Co

(d) Frr an ileal gas, we have g% = VBT and o LT Henoe
AT == F[Tre - LlApfe. =10,

Aag AT - 0 this procesa cannet be waed Lo raal ideal gaaes, Fuon a realistic
gaa foy whirh p = HTI."{V — b = A7Fp and ¥VieT - l:l & Hemsw
AT = —tApic, Aa Ag < Olor aelrottling process, AT = 0, puch a gos
rannal be ceoled by wbie procesa either

106

[3] Weing the equation of sade pb" = NET and the specific heat per
mele Oy = 3872 for o moenatorne ideal gasg, find e Helmbhalie froe energy
Foue o function of nwator of moles MV and T

[h] Trnadder a cxlinder ssparated inda bwd porla by an adiabatic, in-
permenble piston. Compantioeols & and & each concaing vne insls oF a
momatamie ideal gas, and cheir dilial walomes are ¥, — 13 Idiree and
¥, = 1 lice, ceapeclively. The cylinder, whoee wabls allow liesl 1ransfuor
prly, = ibeceteed oo locge bach ac 0°C, Tl pieten i pow mawed ceversihly
2o Lhat e Roal wolures aee Vo — € abd Vig = & hitres. Hlowe much work iz
delivered By Jut o] 4l systomn?

{Princatan}

Balntion:
(2] For ao ideal gas, we bave dLF = ANO AT and Y — O - 1Y,
where Ly ig bl ilerins] suwergy of the systeny when T = 0 Aa

LT F
05 = —dT + fat .
T T
inf

£ = T]]IT | J"lrﬁ'lll.li"r"'s-; 1
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Where 5% i3 3 conalant,  Aszsuming the entropy of tle svstem 2 5 when
=T ¥ =F§, we LLave

g T W
s L N — -,
3 In T Al 7
1N ET IVNAT T ¥
F=I-Ta= - h—=— - &%8TIn - | = Fn
3 n ( 7 o m HJ:I

wheae By = & W5

[h] The FTo toa degsribed in matliecaal. When T =0 4F = - pd¥.
Tl wark delivered by the syacen) da

¥ = J{ ALY, - Jlr Al¥, = - f 4F, - f 4 F,

’.. . . .
- {_n;x.lnv—‘ﬁu Ay In h_“'\) BT - 26G=10° 1,

3 ni [T,

NEd
A Wan der Waal's gan hza Lhe roguition of atale

(= v -

[a] Diseuts the physical ucigin of 1he parameteie o and b Wby e Lhe
cobbud Lol B b1 inursu]}' prﬂpul‘t-jmm] Lo bEY

b The gas MId<rgoes am igathrrmal rxpanainn frem welome V) oon
valame Yo, Calenlate the chznge tn e Helmbaldz Foes 2nergy.

{e) Frean Lo iofaragion given car pou caleulate she change in internal
by [Hatwad your angwer,
[ Wiaranses)

Solwtinn:

[a) Om e bagia of the equalicn of state of an ideal gas, s introdoce
Ui canstant & when considering the w2lome of a real gar to adlmw dor L
limite woluoees ol 1)1e iyl erules and we sntrecdluce e canstant a wa allow for
Lhie comtiad aitractjom etween mebecndea nf the gus. Mow we discuss why
Ui pressuce ooaqecbion term 15 wversely peaporcienal wo V3,
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Euch of L siclecules of the gaa lhas a certain interaclion cegion. Fo
Lle molecules near che center of b woluioe, Ble Borcey vo thenn are wolropa
beranse af the wuifoco disdeibution of owlecules arcond theo. For the
nundecoles near the wulls {Lbe dislances from which ace smaller than the
interaction distance of fwoleculea}, sley will have o oel allractive force
dureebing trwards bec augs Ul Jiztribudion of mwolecales there = not wnifarm.
Thuy 1l presswre vt the wall e have & correclion Ap. A K denates 4
decrvase of a poleedle'a oomentum et pondic wlar bo the wall Jue 1a the
nel owabd aberackive Force. thoze Ap — {Tle wumber of modecules colliding
with wnit area of the wall in wuit tinge] <23k A= &g obvicwey proportional
bo Lle attractive Fopce, Bhe Farce a3 prapertienal bo the pmber of molecwler
inupd valume, &, e, Ak o ®, and the number of maleggles m]'liufli,ng with
viit area of the wall in unil Lime s praporlianal e = too, we have

Apon® o 1fY?
(&) The eyuation of ptate can be wrikten a3

_ e
L T

[n che Spachermal poocess, e change of the Lielmlolts Free enetey i

Ly ¥r kT a
AF == Y = - —— = —d¥
J{-, J"; v op e

v, — b 11
= —kTlu I:ifj—_ﬁ) + a (FL - F}) .

1:]- We can ralculate the chang: of indernal LALCEY an the terme of T

-ﬁ]'ld ';'Ir: a{}l aLr
- _ [ 8t o _ v
i (ET)V al (’?"’J‘rd

For e jaodlieenal proceza, we have

i = (ﬂj Jv .
V4o

The theory of thermodynamics gives

au) (ﬁp)
=) =T[5 p.
[av r NBTS,
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Uge of the equation nf siate Lien gives
dlf =

Tteg: adang, we lost

1087
A 1rohm cemcster s held at a conslart btemperatore of 300 K. A

cwrrent af 130 amperes ia passed Lhrowgh the vecislor Toc 300 spe,
[1} What ia the r.hange- i the Entropy of the resistac?
[]‘.-] Whae i3 1le :1|nng= an the ERLrapy of Lle aniversa?
|:i:.:| What 1a the r.fhrl.ngr. in the mternal EO&TEY of dhe cavwerse?
|:c_|] What i= Lhe |.'||.;|.||gr= in the Helnhaliz Fr:'n-:'m':rg':r' af the nojwerse™
{ Horroma |.r.-]
Solutlons

fu] 4w che toanpueratare of Wie resieplon @ conetanl, e slate dows oot
change. The entrapy is 2 function of state. Jlepce the change in the entropy
of the rezicker v 2o 25 = (0.

[L] The heat chat Hows fror the resistor oo che external world [a loeat
#ourie nf nnsiant enpe r.1.r.urf-:| ia

PRo- 3w ).
The iherease of entropy of 1he heat 2ounce e &8 = 3 105300 = 10 17K,
Thue che bobal change of entrspy i3 A5 — A8 | A5, — 1Y 17K,
] The tocrease of Ll iktettial energy of the universe s
Alf=a=m'1.

(d} The increuse of the free chergy of the univese

aff— a4t Tav-a.
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 Ralor

THasklindy racdiation.
(a) Derive e Maxwell celation

1-35'.-'.(‘“" ]T = {l?,'lI.'IF-'T:l-l- .

(b] Prom his cloceromagoebie Uz y Maawell Frund that L pressure

. . . : 1 .
n [ram an isotropic radiation feid i8 equai Lo 3 the: enecgy density ol T
1 I )
r— —u[T:l = [ﬂl
3 SV . . . .
and zecond luwa of thermodyoamecs together wille the resale vltained in
part {a] show chat wnbeys the equation

r

where ¥

i che wolume of che cavity. Cping the dind

1 .|!'!|- 1
=T
i 4T 3

- .

e} Solve this eyuaticn and ablain Swelan's low selaling o and T
[ Wereonpen)

Svlution:
() Franc Liee equataon of tletiody namics oF — - F3T - pdl’ | we krow

(), ~ o (), =
YLV AV ¥ To

e E_ R 2 E)
NUNR GaT T ATy YR GV )L T AT,

[L] The docal enecgy of che radeacon field s U, F) = wiT1V. Sul-
slituling it inta e pecand law of Lherosdyamie:

{-*” _T-('?E} o E]
v e LT vl

-

T du 1
we flud b E E Eu. )
[} The sbuwe fovanula can be rewriticn o i do, whoae sdlwlicon

aT
oy = 4;5‘"| where o oi bl conseaat nf inrrg;r.u.'mn. Thir an 1hie Fsicionaa

Seefan’s law of radiaciot for a black body
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| k-8
A magoeric systenn of spica iz ab thermod ynaowic equilibeivm ae bem-
perature T Lot be the magoelic mamant of ench spm; and led M be the
MeLN At Atinn por spil, w0 —p 7 M oo The free energy per apn,
fur specilied magnacizagen M b= PO
[1) Coonpute Lhe magnetizaticn M oam a Tunction of exdernal nuagaetic
field vbrengeh B, wiven that

a, M| <02,

My = *{ Afi = 172 1 M 210

wlere A 13 o cEnEtant,

{#] Suppose, inatead, that aciecme givea yom
Flap= A IM0aY (M)

yud should respond that this s wnaceeplable - dhis expression violates &
Funcamental cunwexity puinciple of ermodynamicn. [a) Siate the princie
ple. [B] Check o again=l A sbove expresgion. (o) DHscons, by at easd one
e ample, wlhat would go weong with theemsdynames 0 e priociples oot
zalsdied.

[Princeter]
Bolurion:
{1] Frein &F SdT « HdM | we hawe
A 1
u' ; EI
P AT T C O B
ar ) TR T Lo
I[H 1 Mo
-l —+=], -1 — < ==
BoLp EJ 1
Hewre
LE
u 2
TAAM 1N 1 Mo
H=.|:.I'-|-_‘H|r= J'|-i|r-e-—(l—----)|_ ;-:_—q:_ll .
oo 2 z .
) .
“T'EIL-{r;), et
o 2 L I
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{2] (2] The <onsexmy prirciple of Tiee energy says thir Toen -Ell-l:'rg} i a

cone e Fametivn of T while it i nocnmves Junstoon of AF and il 'I y

'i'?l-f-
. F.' F
e NIBts '-]uf-n T
WA
k) E FAT _1,,|~.4 \:l E
{h] Swpposng XA = A U' ) 'a . we bave
ATF L FRASE K
I: ﬁhﬁ _d I'r— 1 .
FRE) T e )

if Fa
When - | = oy -, [ - < 0, 5., I is nnd conves.
T TV e Lane _JT

b I Lhe convexily principle mutennble, Tor vaamgple ol
at e .
uiia”:’:,],_p R T =
; Qans e . ..
blial ke, | 5y < {0, theo Lhe snienpy af the eguililainm ghate = a wine
LR N I

i and e eguilibeino ecate will be woslable,

J (bR
A certain spstean dy Jownd Lo Biree 3 Gilla free enesygy given Ty

. apn
e, 71 fTh [':TQTF]

whote 4 and f wie constants, Tind the specific eal af <onstank pressuce,
o
[

[AfIT]
Solacion:
Tle cutrepy ix giren by
PR L S P ]
'-\5-1*3'" 2 . I[RI']*-‘-’ '

The sesibc heat al ronskant pressece s

. .. ias :
(=1 II\-ET;IJ, L
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i0d

CompEider a suhstance held wnder a pressuce p and a0 a wemperature T
Show that (@ (keat emitked)fdply = Tl AT

[ Wincansinf

Halntion:
Prom dMaxwell's reluticn
RESNED
Apie LETST
we Hnd

B
. Fihear emitied]h, AV
- (g ()

1Mz

A given bype ol Tuel cell produces edecbrical energy W by L it erac G
of O Fed intes ohe wlacrpode abd Hy b the other, Tlebe gases ore fod e al
1 utrnusphel'ﬁ pruyzcge and 298 K, and peacl jﬁulller:lu]]}' and isu'bn.ri.l:a.]]}-
Lo Nocow water. hasucning Lear Lhe veaction veedrs revessilily and chal dhe
inlernal resi:lance aof the cebl 13 negligible, calculade the coand. of che zell.
Givenz ane Faraday — 896,500 couluinl:/ g mole.

Fuchalpies in jowles/ganale at 1 stnwepheti and 208 K fur axygen,
kycrogen, and wrter ape respactivaly 17 200, B LT and — 265 300,

Euntropiea n jouledmale Beoab T sdmssphers and 205 0 Lar umy pen,
hydrogen, and water ate reapeccively 201, 128 and A6 T

[ Wiacatam)

Solution:
The clhemical agquation is

L
]'[g + JD? = H-;ﬂ .
I tbe revaTeiile procvas ol codisbant Leniped alure and pressuee, tlie decreage
of Cibba Function of the apacenn i equal o che differencs Betweso the -
tal cxternak work and the work che pratem docg becomas F L lange of
walnme, Thia

o —rdyg
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T

2[ak - Tas) = say

I L manle of waler Earaas, tlere meazl bave heen elecicic < harge: of SF llowng
i sie cirsail, ey, A= 2F Thius gdie eenli
Lr.,.. -
cC = -g:-' |T:“"". - ||1.-||_- =1 (‘ll - __-...l |I...|1.|| - :.l'” I| .

A wrven L &, 0 WL Sl W, A — L3R Fmnl K

Foe o= T Il R, R — =100 Toenel

hy — &% Jimal, fye = 208350 J7mal, and T — 2938 X
We lawe £ — 133 W,

1)L

T oas feand Tor & sionple magaelic svatem that o e temparatuae T o

Leld conz=eant wwd By inagnetie iebd 55 changed o 05— A0, e ko gy
5 oclianges by ab abtnoenn S,

AP
I'.ﬂ

oE - =

where © 1@ a constant characlevizlic of e cyztene Froo o mileeenae
Cigely Jorer mize loew Ll poaereenizalion AF depeads an the Zamgerature ael
chaicl. & plot of M werzez T fur ziaall &
[ Waszunarn)
Walgdjrer:
Wa are given that

s N
&w}r='rt'

Prowp T - —Sal - MU H, we e

CAN "II L
Car ) Lan )
=R O H l:“H
Tz (13‘T _.-'IH - e Jdial s M = s



-] Frbe e B Swdieid <o Thericdtidenan & Stalisws Michirazd
Tl diggrawm ol 4 w2 T i bown in Fig 1,28,

M

Fig. 1.24.

105d

A cerlai mgnetic 2alt i foupd [no ke Curie’s Taw, aned 1o have a hear
capacity perunil velume [at coustant magnecic Reld] inversely prapeitional
lo the square of 1 abaclite cemperacute, e, ¥ = &'T.2r = V7"
where = = & | aff* @ aud b being conztants, and x is the ausceptilLilbcy
A zamaple of chia zalk al tempecature 3] i placed in 4 moagnene Deld of
stremgile A, The sample ia adiabatically demagnaiized by slowh reducing
the stranguh of 1lie Beld wo gero. ¥Wliat iz the hnal temparacare. T. of the
salt?

¢ Colutndia}

Eolution:

Thix FToCEss cim be taken an reversihle adiabaty:. Then

-5 -
d5 = {\E)HJT+{1E)]_HH _—

oF
From ooy - T (ﬁ‘T) nd A7 = FdT e MUV, we can wilte
7

éi'.}') V(H.H\}
(fm S her g

3.5 . ; il
Aa M = g H, we bhave (;—H)r =gV H (;—;)H = kgl H-_n'_i.:' . Thareiore,

Ten the abowe adiabatic procesa, we Juawve

() /'ﬂ)
df T VAF I {a'r .

_ T d_x
- ry Ul
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The fiwic! temperazure 2 chiatned by ndegrabice 1o he

Bt

5 l:_'?".-

= | —"—
U T

1095
Explainy tlee pringaples of <ooling Ly adiabatic Leagnecizason, What
frzrors lime che terperatnrn abrained with this merhed™
IR YR L:'r-:-r1:r‘-:]
Holutian:

The fundaaental equatizn of e theesmes yaamice of 0 wagaetic oe
divtrn s Al = T 0 MO The Cikbe Tumecion e & - 18 T8 AR

grvong 47— ST AT Frond ehe condition of corinlere ATecenciat
A5 SOy
(7 (571
ﬂ.l.'ld

[
.- . [
and Llee delenilicn of specilic heal, Sy — T (— |, wr shtam

r.a*r) T FaM
l ahy T e AT

-

[F we assimine Lhe miagieiie miedinmy satishes Oarde'a g

o
AF =
Af = .
abd aubstionle o inle Elee dweve Tormwla, we Dave
- .-T- = I:,';.r
I: D. = N —1H .
Ay . Oyl

W pan ges Lat iF e megneiic Geld ix derrease? rl.-z".'i.'ihrl.rirrl.l.l].', rhe
LernfETabur e G Llee e e aeedimce will decrease also, Thio iz Lhe pringi-
ple ol coulong Ly adiababic deoaagielisalio.
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Acliakatic densaguetizaticn cail predice temiperature: az l[ow az [ K to
1072 K bud when 1lie tengperatare ia of the erdes of maguitede of W07 K,
Lhe inleracticaks between che pavasoagietic woma cannod be peglecled. The
tpletachusby are agoivalent Looa magnetic Geld. It clhos Gaits ohe lowesl
Lemapetatre abraimable wich Lhis mwetbod .

10048

A fluzh of conical shape (zee figuie] contains raw snilk. The pressurs
iz meaeured unaide Lhe Baek at the bobtorn, ARer & pafficiendly Loby cione,
Llae cEeam Pizes to the top and the milk s2tbles fo che botbom. | Yo way
azeun e that the tokal volorme of Liguid bemaing the same.’ 1o Ehe Presa e
increage, decraase, ar camasn the game? Fxplain

LT

Solution:

Lot che walyiee of e ceeaan T l--"|_I itz ehyichnezs be l|".|'|_I el iLa -:||':||_5i.L_l,r
be 1 and lew the volwine of the nulk be 55 che ieknesy be H5 and e
denuivy be gy ogtands Toe ede dencity of raw il

Presiurg
Jeauge

Fig 114
Ax pi¥y = FLL o= ¥ o eVl e e - 1Y = G = ), we hase
Ve'¥a = (e — )i es - el . .
Thien 6 1".'3_|'l|l'r| - .H'jllIH-| ,[.I}'-}.-'.:I_u' [||:I2 'II."'.:I - Hg,n'H., [ N ] .H| +||32H;| =
gl 5y = 51, which peeane de preasure decreases,

1097
Aswurne the almospliere oo be an ideal gag of constand apecifiv heat
vatiz » = C/0, Alse wsawme the acceleration duws ko grasaty. g, to ba
conetamg ower ihe rangs of the atmesphere. Let 2 = 0 ak aea lewel, T, 20,
A be the abmnlure temprrature, pressure, and denaivy of Wig gas ab 2 = 1.

(] Assamumog Lhat the idhecanod ynanae vacialsles of oie gas are celated
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i the wame way theay would Le For an adiabatic procesa, find plz] and pofz]

[b] Shew that For chis caze no atnnsplere exists above o a,.,,. given

K1 .
¥ 2 = 1 L ( I-}, whers @ i the owrversal gas cnnalant pec grans,
T I
(EUNY, Auffada)
Enlutian:
[a)} When eqmlibringt ia reached, we Love
o el
gzl = ar
Hy wzing the adiahatic relation pa © = Fapy; , we nbiain,
N
-2 : '
pU s |dpezl == de
[ Ak

Weath the belp o the sigqualion of atace p = g7, we Bad

. Tl gE
.t:'[e:l ] I:h . RT.:.

14011
] :

and
T-1 5=
PLz) = pu ll +  ItT.

[b] Io Lhe rugiuu whers wo a.lml.lsph.ul'l.* izl s, .'.II:t..._u:I =0 Thus=
1 AT
-1 3

l TR

Zjnn =

IBE

Consider simple models for the carth’s atmnephere. Neplect winda,
m:prlw;:n_'t'inn:_ L) L8 and neg’l,l::rt warialian n graviy.

{u| Azswme that dhe atheoephere iz sochermeal (at 0°C7). Caleultate an
expressiob Tue thee disrcibubican f milecules with heighe, Estineace toughly
1hie Teight Below which Tialf che noiecwlas lie,

[b] Armame that the atmespliece s peciectly adiabalic. Show that
thr temperature then derrrases lineirly wille heaght. Eslimake vy rade of
Lermperature clecrease [ehe scocalled adiabiabic Gupse cube] Toc Ae earth.

{CTIPRA)
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Ewlhutlons
[u.:l The malecalar unmber dl\.‘ll.f‘i.[!r' al |:-=i|e.|||:- S dewuted L-} r:I:-'::I. Eroen
the coadition mf meclinical equilibrnan op — —nmsgads and e equation =l

slaln T = n.'.'T: we 11

L MmT
—_..Il;l— —I:II_.I!JL.

Thus snfh] = v expi- mgblelp. o _||-IH athlla) _|r|' PiE]AR = % 1l

«T BT
H=-5 e TR
"] Wysrg

The wverage olecnlio weiglt of 1T alimospuecs 1 30, We [ave

BAL w07 227y

L winka a0 e — & hen .
I DEN
. L Ly ) .
ik} —dp = ——=dn iz a0l carrect aod the wlabaliz gpeocess follows
F o
£ATTT - sl
Gy . .. , AT
where v = = = 772 (lor diatinnic nwoleenles]. Therelore — ——. =
T =1

™me . .
Fd.’; [onbepruking we gel

5
To Tam =1 - Lpmglt = &c)int

Furthermnru.
X -] gy
dh 7T Ak

LOBa

The atnerplers i3 oflen 10 o conwective steacdly stane ot senstynr -
tropy. tok Sonsland Eepnperabore, Te zoch equili™onn o177 0z independear
o alcebude, where » L OG0 LVee the coandibis of hw-dooscacie wepoda:riem
i a wnifarmw gravitakiceal field oo Swd au esprezeon Fe STz where 7z

tha altituade,
L, Meresiey]
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Holutinm:

In the ataasphers, when 1 gas moves, pressore gqebibonm ean he
quicklr established wach 1lie new sarronpduingy, whereas the esdablislinent
ol trprratiaee equibsbrinrm is moch siowee. Thus, Ui prazess of toomatice
Bl pa bl can be regarded as adiabatic. Resubling from many tones of
raak i by conreckaon, thie b2onpecature diztribution af the aliopsplieze car
be coicidesed swch Lo chere 35 oo temnper slwee differeace between Lhe
cumpreased o eMpanded gaa bulk and ila new swaroundings, This i che 5o
cabted “comvrentive steady siice at conatanl entrapy”™. FProm defdes = - i
(where ©ois the malrcalar pumber deasicy and z the altivede] and che
equabien ol state of an weal gar 2 = neT, we gol

il ki
— = ——=Tu.

Jz kT
Tagecher with she vguutbicn ol adiabalic powesa

T = cobas L

wi fipd

L¥D =1 myg
e 9 ko

It can b wsen Lhat the tetnperatiore decteuses limeacly. The pemperators

decpa 2 170 wlien Lhe beiphd invevuses by 100 pwelres.

L1100

The gas groon that walcwly and adatatically arisag and warescricted
near the ground cabinnt coolicourly rse: neitier can it fall (the atma-
yphbere albwoae dues pot cunveclh. T Lhe heaght z o amall, the prespare
and tebaperatuce of the avnosplere ace respeclively ¢ = na(l = 32) and
T = Tull - fz), whear= 3 and Ty are respectavely the presayre and Lemi-
peratuee pear e sorface. Find & and § as Tunctieny ol the trmpecacare
Ty pravigational agceleration mear the aveface, g, akd the toclecular weghe

. . 1. 1.
M. Buppoae Lhat air ronsists of B3 and _ L, and thae T de low 2osagl

a0 Lhat che malecale aarillatanma camnet be exciled, Lot is ligh envtgl s
shal the inaelecule rtation can he created by tle classical thasry.
I:C'{-'SP.E-'A]
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Solud i
Mear Lhe grownd, we have

upiile = -y .

Lo enpzideratainms give dp..-'i: — -
Thus o = ze5/pa, wheee z is the dersaty of 21 nrar the geaand. Trearing
air as an 1leal gaa. we hawn

m. = RTaiVi = BT 201

whore H iz e gas consrant, My s che voliowe and AS che malerulac weight

1 1 ., .
[F B N T a3 - 2';'). Thus we liave & = .‘-:I'g.'.HT-

5 h

The slew rizing ol Ehe gas gooap can be saken a0 a guazi-stabic paocess,
Il has che swne poand ooas the almozphere samceading i1 Thus e same
1w alsn irue ol the Lempecature T, In dhie adiahtu: process,

T T e,
with
T AL, = [ = RS, =T

NifMerehiatiog we e

-
O W @rowwd. JI'T — 4% aod dptp —  cdi, We sobetilubs Llem anto
alstve Jarnueda and oblain

Al _ 1 ldp
T p

1id1

Sopprde Lthae Lhe easth's abmcapbere s an adead gas woth moalecnlar
weight woand char che gravatacional field mear che sonface iy woilenn and
proaduces an acdeleration g,

[a] Sauw Lhat Lhe pressure ©ovaries as

M

- K
LT

1
..;l'}l =
L



THEr kG dyHa an

wliere # it Lhe heighe aboowe cihe prdace, T o bhe cemperanurs, and R s bhe
Zap LORETATE.

thy Fappose that the prepeure decragss wich heighe iz due to adiabatc
expansicn Show that

0
.
cqe

(rlr] " E
5 "r—].:"l

=

n]-=

-

(] Evalmaze /T dr for w ppure Nz afoncopliere wilh 4 = 1.4,

(Ll Boppose the abmuozplers 2 zotliccmal willl lemperalore T, Find
plzh in ternes of T and g, dlie sew level peeasure,

[¢] Suppose that at »ea Jevel. p = py aed T = T.. Find y[z! for an
adiabalic aveaphers.
[Cadurcdra)

Salutinm:
{i] Mechancal rgmltsrium gives dp = —nmugdsz, wherr 1 is 1he unle
nwinber of wnin valome. Thos osig the equation of stake of an wdeal gas

r= BAT, we find

r '
dp = —— uai-
P il
T i
F [
ul S o N
P AT

[b] The aJiabakic procesn satishes TV g = cagne. "Tlis

dp 9 -:1!_']"

I ~-1T"

!l.'] Curnparing 1ie resull af ['L'-j wili that nf {.1.], we dedyce

AT _ L 1) il

2e L R
Ter Meyn LA we et AT de = —4.7 Bk
{d} Frout {a] we Gud

e = poesp -;5;} :
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v#] From [z} aid (b] owe have

r: e ML=y -
_— - A T-" "= rudy
e kT r !
Thna e Bl 1
I == EF.: wI,

Lan=graling, we pri

ag f 1y 17"
'Zl=1. |1 L
el =n l nn qj*]

TI|:'5 s, i.'\lt- cLudrse, \'ﬂ];l!] I.'!I.'I.I}' |.F

e

A Fully ionized gas contaviog 4 single species o bon willl Clargs 2.0
and alermdc weight 4 Qs in equilibriww in & uniform gravicatjonal Reld g
Tlse gas iz Joucherimal wich tenperature T oancd thers s thermal eqralibrivenm
berweey the inpe and the clectrens, The gas has o Jow enoouly densily Lhatl
|zcal ingeractions between 1l pacticlee cen be neglected,

(el Show chat to avuid charge separacion there must Be 2 wiwifacm
eleclriv field & given Ly

_ [ )
k= i+ &) °°

wyere T and e A the pratod and slecirzn massey respucLi-.-u]}'.

[ Shew 1has the alove equetion i al ealid o0 Al plasisns 2wt
jantlermal. (1l Treat sach coapponsnt 1 as ab sdeal gos aubject 0o che
erpakiop of bydrostakic eqailibeiea

dp;
I =nF;,
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where py Lz e pazidal pressare of he 0L cvnponent, +5 @= ds panler
densiby, and Fir s e Letal Tures per g bicle m the o direction ]

|:i.'.:| The gquacion i I'.nf s al=e valid thronghows Le san o wleee BEoawd
g ATe mow direcred radially, Show vhar ehe clarge oo o sun a2 glven
npprn:l:i.mn.tn]}' |:|:|-'
iy A AT, .
1+ Z e,

wlere AT 3 ¢le jaass of Ll =un.

[r]:| Forp the sun 3 = % w7 grimg. | | T l\.'l\'.'IIIE:‘-'_"'_-iliuII. ub the sun
wore 3o lycdpoge i, whar wonalel T G conloenbz? (Givan e walwe of Q.
da Lhe nppr{_.;-;];.na,tinn thati tlers 12 e -:ha'r;qt.-. mpratand i p;nm'] et

(AT
Enlution:

|_.'{|- Take am :'||hir,|_'.'|.|-:|-' pni_nr m e g'r.'u.'l.'ir.'ulinu.n.'_ Rell iz rhe forn B
Lendial pezind . Tl womber dersicy 2t this peint ez and 1he boghe iz vaken
appoile 1o the direclion a1 g Suppose chern exisls an wmbereg sleeinw
tield B ar che direccinn apassile 6o g The sieciran and wocn dizenkabione
as [aueeion= ol Tewghl ars sespeachiecly

el = e eap| =g — e |'|:I.-.||.T: ,
mylh] = esp| =LA gie — EZ|e|h 15T
To avuid chargs separabion, e [ollowing ¢ondicizn must be sacizheb:
MrlR] fea ) = farfi. .

Thia given
Any g — FEZle —wia+ Ee .

frem wlhich we g=t

Ar, = m,. A —m
2 _n% , - E - _I__ °
1£ 1 Llje s it 2

der
(h] = el Ay 1 2| B
i
ih
Al eguilibriegn. 1he parkiad pressore Tor each cype oCparticlea [ab The -anee
heigke] shanld ke 1 same, Thos

= ka[—13,0 — el &)

1) 1 rer.

np JA rn_ dh



102 SeHerar & Savudione ad Thernedsmnoual & Safiatza Medhunecn

Le,
Ara,g « Sle|f L -wa g - |0 &
.-‘1.""4.' Flla
e i)
1ewee & TEWSH 4.
A
l:l:l."tHE=£iE| H:—I:—{I!.[,.wa;huwl_
= F ™ F
|::|I- r-': - I:r.:':r .f'if'r?lr__ FFL, e I:”:':,r : .-!rn.II .
{1+ Z)|- e L+ £
_ M Aamy,
Hem.'-r- [,tll = [1 — ::.'}':I
4| Far bydmgen, she has A = 1 & = 1, givin
{ ydrag : L Riving
(rddm,.
2 .il"'_ml s 15w 100 00
1145

Consider o thepmally izelated systam cowisting of two voluoes, ¥
and 2V ol anw td=il gaa separatal by a rhermally conducting amd novable
pal ki dum,

Ca S e s Py

g £
T [ ";
v v

Pl il Fl

Fig 1.3

The vemperacures and presaures ake ap=hown Tl pasticeod i: wow allowe:d
L= cnave wikhank the gases mising.
Whi=n kY wilitbriwin 1y ==lablished wlial ja 4le =h dngein L= trdal internal
gherdy” The tobil encropy”
What ie rhe equililobean teniperature™ Prezsure?
(SONY, Buffuls)
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Solution:

Ler the melar wombers of che gas jn tbke cwo zides be my and sy re-
spoectively  Irom the eyuations 6t = = ET and pV¥ = na 8T, we oblain
. =finy Az this is an isolaced aystewn of wcleal gas, the fual bemperatare
15 T} = T =mince both tha initial temperatures are =gual b0 P The Bwal

Fraddure e L

ﬂﬁ] = Ip

_ -'-'_Ef
£1=in +ny] BT 0V = 3£1+"2f ;

We caleulale the change of e slale Burclion 5 by desipning a quasi-siatiy

teatkermal process, Then
—1 4%, + padld
T I 1 =1

¥ 1
iy ¥ g
. m Hf — 1 ﬂt”j —
e ¥ .

K §
aw Hin T'_-:" +nyfln 'I-f ;

ag

. ¥ 1B
Smmen Iy 1 Ve = 31 aod .I' = ™o g6, ¥, =4Y= _ V. Hence
l’g %] 1

Y : I
35=mﬁm?+mﬁm:3%,

1114

A eccpally in=nlaced crlinder, closed ac both tnda, iz Etced willl o
frictivnlees heal-condurtiog paton wlhich avides tie crlivader inco cwo parly.
[citially, the piston is claowped in U cenlac, with 1 liere af air al 200 K
and Foabr pressuwre on voe zide and 1 livee of air ab 300 K and | atm o
the ather side. The piaton s Leleaged and the typten reachen equilibrinm
n pressure and temperature, with the pizion 31 & new poeilioon.

(2] Compute 1w bnal pesuce and Lanperaluce.
{&) Compute chie total faecesse o enlrapy.
[le swie 1o give 3l your reascoig.
(SUNY, Buffaly)
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Bolutlomn:
{a] The parcicle owmbers of che two parts do woc change, Let Uweas be

N abd M5, e fimal pressure be g, and the Gual temperatore be T2 Tabing
ail' a8 ai ideal gas, we have

pr¥e — MET . e = Mk

wlere p. = 2 acm, Ty = 0K, pa = | alm, T3 = W K, Vo — 1L
The paston da=s nol conscane nlernal anergy of 4l 29 aa 30 1y Fracs
Raugiless wo Chial Lee boral mtecnal eneagy of Lhe pos = conzecved i view of

e crlinder Bcing adiabacical Thus
pl ET, + aNGET = w{ N, — Ny]&T,

where w iz the degree of freedotn of mation of an abr mclecule, Hence

T
Tlif.;, 1+E
T= . " - T =225 K .
l.}l ]__E'E -;!l I 7
N M

Tbr V) + 5 — 2V, we liod
MET/ o+ MokT /= Y,

and e

INETEE P J TR R
T kT = z T q T L.% atm .

[b] Enteopy is o acace fusclion independeit ol che provess. To calcalate
the change of enlvopy by designing a guasizbabic process, we dennote the
entcopiea of the two parce by 5 aud 52 Then

1T LR
.:'I.E=.|':I.S:l |'.|fl.5ﬂ3=JF JS]"'{ LlIS::_
ATa b cTae-1

STV T ¥
df-rt P
ds, = Jf' o f P
-I{T|.I"I||I : T, T u T
T '
=n (n:,lnF--Rln 'r‘r:l\;l '
] [F

1243 o
f dﬁg=n;{r ||LT—F]II =1,
|

Tal \ L iy
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where nj and ny are the melar nombers of the particles in che two parts,

£p i e molar gpecific bear an conzcant volume, and £ iz the gas constane,
Thus

Yy e T ua T
IFE Rl T . :I .
T2 h T? rls a
. 1 . .
Taking ry = - R 2a the teanperature of che syslern s not Ligh, we bave
AT =104 1feal.
1105

A -a:yl'indr':n_'a.l Lombninrer is :nilinll:.-' :epar.:.h:r] h:,' a c|ampnd piston inke
Lroes cornparhments uf wgwal solume. The 3eTt comgartmont is Alled with o
wale of weon gae ot & presoute of 4 atmaspheree and the right with argen
gnd a4t ofe atmEphyere. The gases may be conssdered as ideal. The '-l.']h'.-l.:'!
srslem ik imtaally at temperalice T = 3H) K, 2and = thermeally insolated
Irem che nutzile wacld, “U'he heat capazily of Lhe ryhuderpistnm spsiem 12
€7 [a canslamt].

FiElan

MEDr argen

Fuag 1.31

The pisl.-L'-r: W oow unclurlipud and beleazed L nueeee [re:l:r withouod Erac.
Livi., Ewerdaaly, dus da slight digaipaticen, it <omnes Lo eest U an eguilibrivin
popitien ialoulaie:

[ab The new temperarare of tle ayatem [t pizten iz tennally con-
duzkive]

[T The ratis of final ween te argon volwnes,

[¢) The vatal rolrapy change of the system.

[d] The additionzl ancropy changs which wouwid e produced if the
phsbede weere lernoed.
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(e} [E. am che inilial ecace. the gas in 1he lelt compariment wele a mele
of atgun aodtead of & mwle o nean, which, of any, of te anawers to [a), {%)
ancl [¢] wauld be iAetene?

(LS. Berkelen
Saolulivo:

(o] The sdernad enea gy of s ideal goe i3 a Tubcticn Jdependenl culy v
trinperatule, s Bhe fnlernal ebergy ol bhe bobal systenn doea not change.
Neilleer doca the Leruperubate. The new equilibricon tenepe wbwre is 300 K

“.'::| Th'-" vn]ume rakbin is Lhe rali =f molecielar l.'III.II'IIJEr!: and 1= also the

ratic of milial proasur:aa. Tlua
Y, VYar=4:1=1 u.
wheee 1= 1'd 35 she mnle pumber of the argon gas.
1e) The nweaeaze ol wolsopsy oF e aveiem iz

¥, v
AS = My, Rlo (—) - .'-’_*.,mn( ."’)
"'] [ ""I. A=

4 1
_ L :
—RI|,T+TI|]T—2|-IJ,H
2 a

(4, The asdditiomal entropy chiaige 1=
AF = Riall+x] 1 =Fin { '-;—“->| =52 K .

[e1 [E aaitially the gas on the it o a male of argon, the anawers to [ad,
[(b) amsl (2] wft vt clange. As for [d]. we now have AS =0

4. CHANGE OF PIOASE AND PIIASE EQUILIBRIUM
{110K6-1147)

1104
I# the melting moont oF bmgsten 350, 3500, 35 000, or A6E 00T
[Loala#abar]

Solatiom:
T'he angwer iz 2H00%0C,
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1107

Amsucning Lhat 1720 €V ia required 1o Lherate 3 molecule Troom Bl
surface of o cerlain liguid when T - 200 K, what ia the beal of vaporization
i erps bl
[0 eV = 1x107"7 arg]

§ Wiaconein]

Hiplug bicenn:
The haul of vapod isation s

Lo = | w LE = 107%° = G023 » 10%°
a0

4.8 w 16" ergr ol

1108

Twenty grams of ive at 2°C ane deapped inen a beaker roncaioing
120% grams of water iLitially at T0*L Fand the Aoal tempecature of e
nuixturs beglecting the heat capacity of che baaksr. Hual of fusion af e i=
ol ua].."g

[ Haszurain)

Sulutlon:
VW peciine the compecatare of equilibrivm to ba T afler mixing. Tlow

My Lingien + IHJ{IJ-.-HrrT = -Il':r:':r.. -l el |:Tn -7 .

W subsritace AF - 0@, Mo - 120 g, Ta = T, Dy, = B0 ralfg
and &0 wppec 1 {a.]_."g, and ohiau the loal teenperatuce T = JU.ETMC,

11053

The enlropy of water at abawepheric pregaure and L1030 je 0.3
calfg dey, and the wntiepy oF steam at che same temperatore and pres-
pare 18 176 calfy fug,

{a] What 3o 1lie heat of wvaporizatinn at this temperatore?

(b} The enthalpy [If = & = F'¥] of stean under thess condilions is
G4 cal g Caleulate the enckalpy of waker under theae condacions.
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[r] Lalowlate the Gibhs Fancticus (17 = § — T3] of water and ameam
under these canditanus,

[11 Trowe that the Giblbs function rfdoes oot cliangs 0 a meveraible
sochermal isgharm procesa,

LI, Berbrleyl

Holution:
|:n:| lrat of vaprrication is

L -T&g — 5472 cal/p.

[I:-:l Froom dff — A4S + l|-"'rj;|'.-I weE b
furer = Toen, — TAE = 1Kk cal/g-

[¢] Swze s =H -TXH,
t-,.“ﬁ'lrl' - -H-w..ra-r - Tsw.-l.nl-r = —1ii !’.'U.I_.'.E .

':-Jln..-m... = Hq.ll-ul" - TI—';H. oy = =L cu-ln'IE. -

(4] From b’ =547 + Vdp, we pee thal U & peverzible sothecoal
ioharic process, O doss not clhaupge

1111

Ciiwen L kg of water al LN ©F and a wery large block of ice ac 0°C
A revermble heat =pgie albsucbs heab foom vhe water apd cxpela heat in
e e unial work can ro leoger be eakractad fooan vhe system. Ao Lhie
complecion of Lhe process:

[a) What is the temperature ol the water”

(h] Haw much ice has hoen medted?  (The beat of Fuzien of ice i
Ao raldgl

[¢] How tuch wor k Lo been Jdone by chie sogine?

[ Wisconsan}

Halucion:

|:a:| Brrauae the block of wce 1 very large, we can armnnic it Lo peTatIr:
la b= a canstanl. 1r Llhe process tlie tesperatare af Lhe water gradnally
decreases. Wlen wook can wo Tonger be eatracled (coen the systean, die
iciensy AF gie crrle i5 aegn

n-1 f./T—-0 or T =T 0°C.
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Pleerefers, the hnal erpperature of dhae wakec 13 070

{b] The kezal atacrbed Lo the jce Block in

Illfa” *TE

i &5« 104 cal
Loy T = Ch

Ltz = Jrll_ ril P IJoit = il

Thiz heat cap melt ice o the amewnd of

R L
LI'II.-IH'\-II B El:l
— LG kg .

A -

[=] The wuck dune by e engine i3

W= Q- e = W00 100w 1 —B.5w 10" = 1.5 107 gal

1111

Whiat jo e wioallest passible Lime nevessay co Beege @ kg of wakes al
00 if & 50 waté rolor is availabk and the owrside air (ot reservol ) iz at
ey
[ Wracanaim
Snolutice:
YWhen 2 kg of water al ' becomes o, Lhe beal celeared a

o= 1&dx 22 107018 = 18 » 107 keal .

Tle highesl elficiency of the motar is

T _ o
TL - TE HIIIIIJII I
Thus, r_g
W.. = L~ *1 )
nn "?2 T;

I wee wme the mgtor of ' — B0 W the amallest necespary tim+ i

T=HJ:|1:||=%_TJ_T‘=
F F FEI




110G Frodrma 5 Slufremr om Therresdprumace 8 Adneie's’ (fcdhunics
Wieh Tt — 30 K, T3 - 271 K, we Rnd

LA I R [ L

1112
Campute the thenredical vz amnebt of mschanical mark needed

b Freeze 1 kilogoaan of water, U the water and swrnoundiags are indicially

i Lemperaluce Ty = 35750 The surrowbdings conmpl e the culv large beat
resecyioil awuilalile

|:L|.r1l Bl |:1-|-|,'I!.|', {:'_._, -1 F-ﬁ|_."i: .= ':.1]

PRI, Derkersyh
Salhuliun:

The nvmuneen work can Le dywided indo bwe porta Y aadd W B
waed Lo low er wlie waler Lernperatore fooe 2570 0o 072 oed Wy bo bransiocm
watel o ize, W tind

-

W, —— § {Tu— T)MCJTHT
Oy

= MC.Tuln[ T i1 - MCuTy - T7)

L= 107 cal |
W =iTh -REM T =73« 107 cal,
WO, Wy -84 I eal 3510 ).

1113}

Aw ideal Carnot refrigerator [heat pump] Erespen joe rulees ab the race
of 5 gts slarting with water al 1l freering poant. Buergy L given of
the reusn al B0TC I e fusion eaecgy of e w 3H0 joales S gram,

[a) AL whatl rale i energy expelled da the ream?

[1.'-] At whal cate in kilawatts must clectrical energy be supplied?

[c:l What au dhe coeflicizot of performance of thia heat pump?

[ Wiacanzen)
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Salatlon:

[a) Th= rate that che selrigeracor #x1racta hear from water 1o
Qo= 5w EI = 1hw 107 T

The cake thal Lthe snergy i3 expelled Lo the racin g

T
Q) = =Gy — (I « LA a0’
L
= 178w 10 [fs .

(bl The nrcessary prwer acpplied is

B0, £ =418 k.

(e} Uhe coeffirient 2l perdzrmanee is

= 3
- By
T m

1114

A Carwet syely iz operaled wich Liguid-gas inlerface  The wapor pres-
ANTE B3 Lo, terngretatnre T wohowe Vo The cwele iz opecated acennling 1o
Lhe Tellowing p = F diagranm.

The n'_l,'i:.||-. gnes i:-;:-r|ii.-r|'.|.'|.l|:|-' friarn 1 by ﬂ\'rl.;:-::-l'aliup; = mals of |i:¢l1i|,:|.
Tl‘l!i i." f::-||nwe-:| .IZII :re-'.rer.-::ll:-h Cﬁli.'l]:lﬂg frr.-m T -3, ‘l.III'.:II llli‘:rl'. a% al J:-il'll'.llll"'r-
rzad contrmclion Dean 3 Lo 4, secondeging noweles of ligeil, aied boally a
reversible Teatiag frosm 4w L) cosnpletes the opele,

|
Y
Op 7, ¢ Bu-agt :" s
I <Juae] L i
K F;
a1 [k
g, Lo

(] Qhsorve thae ¥o = B — ¥ = Ve wliore Vo = walonee of noancles of
gt Vpoo- wolurme of noansalee of Bl Colculuole $loe wlbicivniy in e oif
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O ¥y We,oaned Ly oo Labent Bean vaporigadion o & mcle o liquid, Thear
A and AT as emall

-[I'.-:l Hrrngnizlng’ Lthat any twa Larpntl apgimen nperaling hetwean T and

T &aF rust have the zane eficiancy [wiy7F and that this efficienry is a

Furcticn of I and 17 alnne, wse the resol of part [a) boonbiain an expression
for dp, SdT in terms ol Vo — Ve, F, and T

pEI L PR AL

Snlikic:

[¢] The temperature T oo the peaceas from 1 en b constant, Hecanse
the trtal valuawe does vt rhanges, ¥z — ¥ = ¥, = ¥, The engine dnes wars
arlls—¥,] nn the outsade warld m the cycl prescess. The head gt absarhs
is wly,. Thrrefore, the afficiency s

T = .},r-':lr':z - 'r',]_.'l:ni",..] .

tbhp The eficiency of o reversible Carual engine warking berween T anid
T- AT ia
_ AT Aplv, -1
T LN

. apys _ ni.,
Tliza -r_lff"- = I'{'I-rl: 'r'rr:| .

L11f

Mawy resuita based cn el secnnd law ol therwadynamics may ke
ahtatned witlhant wse af the cnncale nd cnbropy ar such functinna. T||.|:-
method 1= Lo tonzides a |r|:1.-trsi|:h]e:l Carnot c:.'l.']e :i:||1.'-'_'-|t'j1|.g; lieat n.l'.-sn'r]:--
Liwn 5l (T + dT) wad release ab T uoch Lhal extesnal wesk [H — 2W7) 0a
diand axternalle ol ['.l" ‘+ .'.|'.l':| and W oja depe at V. "Than O AL W
where A07 1 e ansrrase i Al nternal enecgy of Lhie zystmn, ke migsd
go arunod Lhe cpele soopoaiiave nel wark W = perloecred exlernally, whers
b T = @FT [n Lhe Eallimsang protsdeony devide =aele o vvcle and prove
1he indicared vulationz

[a) A hawsl o eolid bng wassr pressuce £ equibibrien with ita vapor
For L nale of vapor treated as a pecfact goz, ¥ {vaparh = ¥ {eolid o1 fiquid),
lel ¢ be e L mzle beat of vapnozatinng. Show tha

dhpfsT  ETY.

s
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(h] A liid ks avelace energy densicy @ and savface bensien o,

. . A1
1) Bhow that w —r I.-:T'
-:Er i

] I ﬁ = 1. aml -u;? > U, will T wncrenxe ar gdercease faT oan
adiabatic imeceaus in aacay
[ Chudu tndin]
Faolatinn:

[aF Comsicer Lhe fnlbrawing cyzir 1 mnde of 1 liquid vapoTizes at Lem-
petabnre T T, preseare potoadv, the vapoT expands adiabatically 50 I ¢
and thea cenden=es ac T p anel Roally o arroves achiabaricalby ar ite inatial
glate Thoas we have 2 = [ 4 =[5+ 25}V = pb = ¥Vds, where I is the
menlar vodame of the capor, anel

Wiy
I A
Fraonn Wl wquaion ol qbace of ap ileal 2o ¥ 8T e, we Lane
Alup o
1T fiTs"

(R)0iy Ceneider the fellowiog cvile: A swreface eapands by cre wail
atex at T 2T, and then expands adiabacically te T, 0l conteacta o0 T, and
comes back adiabatically to fe jnitial erace For bhis crvcle:

Q=u-v,
AW~ T 1 AT] - e[ ST
i I_l!:l:,-: .
Thus
LA L Sl
T AT T
ar
AT
u=- - -
ad

[ub Fenn cnaservarcon oF aietgy, we have
dldu = Gk TS
where A iy e aacface wrea. A= J'Q = e bhe .a.-:|i.'|.|.'|a1.;||.' prosesa,

(u—ladd + Aduw =10,
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(n!T' u—-T
'ul"d';ln.-]i-l._ 4 Jdujl .

| o7

ar

me {I] wWe ]IH.'!'!‘

|f1.|: _ ( d:e:r ]
aT Jre ,J

Witk drSdT 2 0 awd S SdTY w0, the ahove equalivn: give

ATy
(ﬁ) =,

dicn

Henge wlen the zsurface area increases adiabaticaldy, s temparcacare in-
crgaged AR

LLLG

The beat of oeelling of oo at 1 abikosphers pressure apd O™ =
L4363 keal/ mwl. The density of loe uindet thess conditions is L4917 gem?
and Lhe densily of water jg 0,999 g o™, U 1 mele of dce o melied under
these :Dlldi!il.'-l:u. whal will be

[4] #1e work dote!

[b) che change in internal energy™

[7) the change in endenpy?

[ Waacuhain)

Solution:
[2] The work done i

W= pltz - 1y}

S S N 18
= Lol 10~ ILn.nzm} ) l:\n a17

— L1657 1 — 0,024 cal .

(k] The heat abserbed by the 1 male of oo i5 equal 1o its heat of Tuaion.
GFe— 1 4% » 10" ral .
Thua the change in intecoal eoerpy =

Al QW om = L A0S 107 cal .



el gha ke 1LE
lc} Tlhe change in ntrepy ig

1R1 2
S = E = u F= 524 rall/k

T I

1117

10 kg of water at 2070 i2 converted to ke 31 - 3070 by being pur in
contact with B reaervoir s — 1O T'his process takes place g constant pres-
zure and she heat capaciics at constant presaare of water and ice are 4130
and 2000 J/kp deg respectively. The heat of fusion of ice is 3 34x10% ) 'kg.
Calculate the chaoge in entrogy of the yniverse.

[ Wisconain)
Hrlutic:

The conversion «f wales ab 20 Lo we al — 100 canniste of the (ol
luwing processes, Waley al 20° C 2 waler al 0°0 L joe ab 070 =+ oo
—10°C, wheie a and © are processea giving oul beab will decreasss of en.
ceopy and b che procesp of condapaacion of water giving of 1le lutenl heat
with a decreaae of entropy sleso, As che processes luke place al consiant
pressure, Che changea of antIopy e

A T
AR, = Miyor o M, e (E) = —2555 1K,
ranE L3
I Nwsis £
Afy = —% = —% = —1.2734 « 10Y T/H
] ad

G ¥ e e
AS — - M = -157T VK .
; JICT:. T r a7y A

[n che procespca. the incceaae of entropy of the eeservol: Jue to the
ahsarbied heat ia

10 (L0 = 20 4 3.34 % 1607 4+ 2030 x nj

d&, = T

16673 I7K .
Tkux, Lthe tetal chung= of =niropy of the whale apstem s

A% = AZ + AS, + A8, + AS, =TT K,
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1118

Estirnale the sarface censieo ol a |i-:|_l.1id. wlaoae Jieat ol '-'dj.luriﬂjljull I
1o ergs g (2RI cal fg).
{Clelneiben]

Kalubion:

The surdace tensicn iy dlie Tree eoecgy of suifage o undl atea, Teaeloe
e aurfaee Leusivn & o — £ o0 where § b Uhe heat of sapesrization,
Lz Ul Uichiess of Lhe suaface {r = 10°F cn) anel g da the hguid density
lo=1gsew™]. Thus

c= " w T 1= 00 dyaf e .

PR R

Trot lesders Jroma o b & o yoor aaeswes sbeet, Afler eaclh pul 2 T or
an 't denone whether the comespondingly nubered statement whicl
loliows L+ bros or labse.

{a] The liguid phase can exist at abaclutr zern.

[t) The solid plase cam exigt at temperatures abose the crilical b
peralure.

[c) Oxygen bails at a Jigher trnpeeators A oilragen.
[4] The wsaxiosan invecsivn tempecabust of He s Jusa chian 20 K.
[#] 4 nf 2 gas i3 always greacer thaw cnre.

[f] A compressor will ges hatter when cansresaing a dialamic gas dhan
whew, cotnpressing a nuenalemic gas at the same rate,

[g:l The cochcicne ol perbarmanes nf a relrsgeratar can be Ereater Lhan
=1 T8

(h] A sughtly ranghened Eall wm thrown Tam nomth 1o osnuth &s sage
leoks downo from abhawe, the Lall » azra tn be spuiaicg crunkere lochwize
Tlhe Lall is seen Lo curve Coward =uast.

[ Hiaransig)



Thyrmagymuperucs LiT

=olitinn:
[a) F, (ki F, i} T; [d] F; [‘_'] T EF]F, g1 T; (R}T.

11z0

(ipe gram cach of e, waler, and waler wapar are n egquilihraom b
grher an a closed conlainer. The pressure i3 4.58 mm of Hg, the temper-
abure 9 DOEMC, Swby calories of heat ave added o the avalern. The total
wvolmne b Kept comatant. Caleolate co within 2% che mageea of bce, water,
and woder wam=sT now presel in Rhe conlainer. JUsLily »o0r anewers.

[LEint: Far water at 010, Lhe Lakent heat of fusion is 80 calf g the
larenk heal wf vaperizating as 596 calfg, and whie [atent heat oF sablimatinon
is ATh calfg. Alse pole Lhat the walome of the vapar i3 much larger than
the voleme of Lhe water or the volume of e e )

[ Wucnrain)

Selution:

I i swumeaned iar e orgioal yoloine of water vapor w ¥ ook volumnes
i alen B oaller heatiog, and bhe reasaea of ice, wader, and waler vapar are
teapectively oy and £ ac the new equilibriom. We Lowe

z+y+=z=1, “]-
{1- )l +{l -yl = =i, {2}
.I-_:I.I_!L:l!:l'}'-l-ﬁ_.:i-'r_ [3}
i1||-|- pwnh-r
RT
Yo=—. 4
o= {4}
F
¥V =—HRT
e )

where u = LB gfmobe,p = 4.58 s H, T = 27318 K, R = 8.2 = 10?2
o abhf o] - K, o = Smaeer = 1 gfon®, L, = 676 cal/g, and L., —
G ealig. Solving the egaatisne we find

=025y, y=1T5g, >x=100¢.

Tl iy, blee Jiead of 00 cal = newcly all wsed 10 meld the ice.
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1121
Diofine [ap critical poiot and [B] triple poant an phaee (ranformation.
Heliom beils at 4.% K onder the atmaspbherc poessure g — TGO o of
meerzury. What will he the boikding tetinperature of helinm of pos redoced
L 1 in of ml:'fl-'lir}'ﬁ
{1707, Rarkels]
Holakion:
Criveal poant i adie vesoinal poont o The vapurizatiod e, U 2atiefies

g4 1nkinna 5
agp el
—_ =ﬂ| — =0
{\JL’)T ("“3!1'

Triple paint iz che coexistence puint for &2lid, liqud, and gas. When
p' = 1 mnllg, the hailding tamperaturs o 2.4 K.

11x&

{a) Stale Wan der Waale' equation of alate for a real gas

th Give o phymical intecprelatizng of the eguation.

leh Fxpress the canstants i cermas of the critical dada T, ¥, and 5,
[ Fiacorain)

Salution:
[a} ¥an der Waal's equatian al state Jor a real gae

(e~ =) V¥ =41 = wRT .

(L] Om ihe basis of the state equatian for an adeal gas, we arcouut
for Lhe wtctosic valusies of ceal gas mzlecules by mcrndacing a canstant b,
ard for the sltcactive farces amang the molacales by incpnducing @ pressore
rarceckiom r.l."'l-"':e.
. ’ o€ L '| _
fch Fiuan {p + L-'_i.:l [V = &) — ulT, we liave
_ FI..HT 11
Py & va
an that
( dpy ___nRT __ 2=
e
(fj‘zp ;I ~ 2nfiT Ga
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. . . O .
Ar che crgical ponct, we have I"-:'.n"' Ir a, '--I].-'-.:I — 0. a0 thae
- . m _ e
Ves3b po= oo nH = STk

panely, 4 — Ep ¥ 8 = VS

11232
The Vau der Waals eygnatinm af siade for cne male ol an nperfect gas
Taudy

(Pt .1V =BT
[Moer: pact {d) of Ui problen <an be dews independently af part (2] 1a
(]|
1.:.] Sketch azveral sntherms of che Yao dee Waals gos i by -1 Rl

[V alomg the hocizantal asis, ¢ sleg Ll wesdical axizp. Mentify U critical
poand .

(h] Evaluale le dimengionless ratin g7 T at the eritical point.

(¢] In & porcizn el the ooV plane balow the critical painl the Eguid and
gap phases can coexist. Tn bhis region the isotherse given by the Yab dec
Waals equasion are upphysical and musl be medibed. The physically cor-
ret deutherrng in this region are lines af conswaal pressure, pa T ) Maxwell
proposed that py(T'] should be chosen 3o that Lhe wres snder the mouodibed
izatharm alauld egual Lthe areas woder e wanginal YVan der Waals eodlieran,

Draw a wedilied el lvnn and explain the pdea behind Maxwell's canstrug-
Licn.




1210 Pk B Soiuneend an Trarmeayngmoes 8 S1an]ased deoiancee

{ob Show coaat the heac gapiaty il constand woboowe of o W an Jer Woaaly
gas s & ynetion of trmperacors slene (e, odepewdenl o 1]

1A

Salntinm:
Ca) B chow in Fig 103, Trean (37,8 rop - nand {a¥p &l -
= Il we gl

- Sl — /7
¢ = Ti= == A
T3
S 5
(L] [y
v =t = Tomoaivo
TR R ATl

(] r. M sRT. =374,

(2] Lo Fig. .33, the Locizencal line €700 is 1le medvied sonlerm. The
wrepe 0 CAE @ oy to Lhac of S0 The idea iz chat o racimea peines,
e, 7 and I of the Vo der Waals isnthermn and tie physical il lerm bave
the Fame T1ikha Buee enerey  liecanse ol 47 = G200 F#1L e squatey ol T8
aad 1 resper Dvely wall wareraily cauze Uie pgzaliy of 070 T ehis aay

r i e

¢ L a I A -
fl Al - ||I Ve — f Vap— JIII TR III 1L — I|I Wty =
N ENN A -l H

- - AL

T'I't.'l!'. =,

r ar! o 0
J|II L ap _JII e = I|I dp J'r Vi, v dca; — Adesa -
A : L

| e »
[ T A-s A Fargn
4 Y e =.T
[d] I'.L Jt ,ll,. T aT= l-._ ol .:I
VR
=7 2L

= | .
WATE

Foor w Vi e Wienls gies, rhe scogibicw of stale gives

fflﬁ 0
\."?:ll?.-‘l L
A Llian

(P00 s
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1124

Duwcormine the catio [FV A 0T] ad the critacal point For a gas which cbeya
the equatson of stute [THetenci®a fquatian]

p[V = U] = AT eap( afiTY] .

Give Lhe numerical answer scourately 1o Lwo sigmficant bguces.
[, Berkeley)

Solutinn:
The critical print axtielien

T At
(%)= (38),~
L a¥2 )

Fram the equation <l scate, we gel

Tall b :
|:’-C'Jr- " | AYVVE -
ki QY o WL .
a3V ,:I.r v = LpF

ook
Cobnaequently, % - 1.

Laing thia Teaal, we got

-

S .3 a) e
':\ar?).- {v -&hlf'*{m"v 1) '

e o 2 _ 41 Then, V' = 2B, AT = -~
Thus, o . en, . e y
Subssituting chewe back an the squalion of state, we Gud :'_I = 11.27

112I5

Find the relation ketwoen the eqmlbrmm cadios v, the podectid &,
and e excesa of ambiend prezeace aver ipterual pressoae A of 3 chirged
puap buible, aeauming that sarfaze tensicn can = weglected,

{ Fia r:rr:.;{n]
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Saluviup:

We assie thac e aic inside 230 babkla 1= in nphase, die air soceide
the bohble i iu f-phase, apd the =cap bahle kel s om o~opliase. W
can selve 1Tas poablem wsing the principle of minimem Fes enecey. [F the
FemiperakTe s cnnatane, we have

L R T ¥ —;|:'"|';'|-""iI and EFT - g[3E T

rre
LTrar

wlhere ¥ %rr'"',:"i-f"‘ Arpife A0

The condion of mawimwn free 2o gy donandy

, \ Ay .
sl e plelt .,‘E:‘r='_'l.
Thu= we uwve
o o
- r" - ?__I—l:ld.'rr'ur= i}
d=r* Ar,
Tt fallows 1t
P B - -'_:'
e ¥ dxy? 2
e
Gl .
W G — g e e Bup 4mp?
IL26

Consider a spherical =oap bublle smade frean 2 soap Ol of conscant
anrface 1enainn. o, and Klled wich &g (azzwmed b e g mepfool paz]. Do
Lhe amkienk axternal precsnme by Fr and cemperarnte by I

[af Fiod a redistion Tetweeo Uhe eqquihbrinan civding r4al Ui saap hubble
and the ma22 of At in=ide L.

2] Sclve the relatiop 20 part {a] for the cadios w3 the limic that che
LubLle us “large®. Delfine precasely whae o meant by *Lorge”.

[ MIT

Tolution:

[a] Lot ole be o infinitesiowal arew of goap Sulhle sorface, o and 3,
b e prcs=ures ingile auml outaicde the seap bobble, and wo,ps be iedr
clemical porentiales. We have JU - PR @V mndV L |l e
J.-"_-'-'lu""l'_'u
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Froon the condiviun of eyguilikrive: o0 = ol = 0, g = e, JF] =
=l and ANy + N | =40, we geb [y —pa]dVL = adr, oF gy - = ol (]l
dr .
where — = - Tfence pp — po = 32/,
T

dl|
Einee p ¥ - '.T—'RT'. where m g che maae of #ir ineide tlie bubhle, A

4
i@ Lo tnalesular weipghit < aor, we b

4'111.?"1"&
iRT

(h] WWhen p o dar we., © 2 20 T, we lave m=

1127
Drerive Lhe vapor presadre egavtion [C'lansine-Clipeyeon egnation]:
a7 ¥
[L7C7, Merkeley)

Solutlon:

Cuomzervalion ol energy gives
dup = =8 dT = ¥ydp | dpg = — 54T + Vadp |

wlhere %7 da Ll vobome of 1he vapor. and ¥ 19 the woloie of the Jiguil. In
plaee ceanzibion fTam liguid 10 vapor, chomiral potencial a ovariant, 1w
g — fezo o bl ane liaa the waper prosare Squaticen:

-DEFI_S]_—S]_ L

dT ¥ - Ve TV, Cw)
where L g the laicent heat of vaporigatiom
Uaally ¥ o ¥y, and this equation can te simaplificd tu

dm L

Iy s
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{u] By equationg dlie Tabeby Meee eoergy on cliemical potentiol wo Blie Lo
sicley ol che Bguid-vapes coesistence cupve Jderive 1he Clansive-Clageyion
w8
4T THL",- v’
particl= and Ve iz ble wolws per particle i the lipwid and ¥ iz dhie
wolnre per parbiske in the sapnr

FDLEL Db B - where q i Lhe hrat =f v:pnr:l:l:n.t'inn r-r

{b) Assoming che vapor Rellows che ifeal gasz law and haa a depzily
wlich v bowch less Law chial of the Tiguid, slow e ¢~ expl- 4 kT,
wlen abe heal of vaporization is independens of T

[ Wercansang

SpbunLicon;:
[a] Foow vhe Tiese law of chevmoed pnanice

|fp: .E;"I!T | 1"'.\,1]'.1

and the condmion thak 1le chemical potenniad af dhe lipad s eqwal 10 e
ot e wapnr ab aquilrinm, we nbrain

—Sj'lj'f =4 ]-"II_l'!j'." i = ."I.'|" "|:T -+ .l-"'|,.' |'|!:'l .

[0 Dlkons chal
""!.I: .',;1-|| ."i'l_

T R -

A

Wik 3 = T3 — =0}, we liave

A R
AT TV - V)

which i Lhe Clansins-4"lapey ron equalien.
%) I ehe wigsor aa regarcled e am izleal gax, we have

pte: = kT .

Breawae the densicy of vapar is 1ach smalker chan that of lquid, we can
weghes! Ve om che Clausive-Clapsyoon cquation and wrils

ldg 3

pdT ~ kT2

The salution j2 p ~exp(- ¢/&T],
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A gram ol bguid and vapor will beal of vaporigation £ o canmed
icond Lhe very Mat reweszille cycle shown in Fig. 134, Begauning al poind
A, w ovolwaue V) ool Iguid w equilibeien with & weeliobbe amawan of ile
sulwcated wapor o= ovajeed i bemperabore by LT and in preseure by Ap ao
az b Laidain the liguid state, Then heat is applicd af congiant presaurs
apsd el velime incrences 1o b ravaig 2 neghigible amsnnt af faquid, Then
Hut prsssnrs 1% T remd |:|3,' S amd th= ienLpaeratire Aecpeas il ]:-:'-' AT sn
that eszentialdy all che materinl reanaing m Uee vapar staie. Flwally, leat iz
reanseed, condenaing essencially 211 <Jw wapor Lack inte e liguid saate s
prinr 4.

Conzider sach o Carnot cycle and wrice the chanpe of bailing point
wich pressiee, 27 /4p, fnr che hguikl in trrms af the heal of vaporization
and olker Quiiniikina,

[ Wisconeen|

Sl jopy:

Tr thas cyrele, che proccsa ab copmtant pressaars 19 iaothermal. We azaume
the wei heat alsprbed by thie syatem din £, Then ite eficicney isn -2 3L,

Fut 1he revaiaible Carnet evele, che elliciendy sy = oo piving G = g[..

4 muae ke equal te Lhe extermal work W o the syotem in dhe cxzle, WV =
Splve — V), Bo Lhac
&T

TL = .ﬂ.;l:ln'r; - "r]] .

Therelute,

-
o T fdp = ,-_-Eimu i_:r = Tll:_[.—l.' )
= F
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(a] Deduce Tronme the 1ad ad Zad lawes of bhermodywarmdee Ll O a
s lancs such 33 Ho0 axpande by 0001 <cm* g when it Ireezes, inz freezing
Femypecaknce st rerTease ll|l"l|'l'I WO MRARIE PIERRATS

thp e oan ice-akating rink, ekacing becomwes unpleasant [1e., Talling
Trequencly] if the fempecacare o ten cold sn dhar the icr beromes tna hard.
Ezlpnate the Tnwest temmeratore of the iee oo o skating enk for which bre
shading Tor & perean of ootmal weight wanld be passible and engovalile.
LR Iaden Dean =l e 15 82 cal/gh.

LAY, Huffals)

Sorluticen

Crenete Lhe Jguil amd soled pliased by 1 and 2 paspectively,

[a} The randition for caexiztenon of the Pwa pliases ia

Wx - ny, Enotlinc das =y,

gECInE
Vidp, 54T, Vadpg - SpdTy

Arpy = =paund To — T =7 un bhe covadprense bine, we Lave

(%) @
l.'.lﬂ e Tieer FH : F'

Fur Megions Wikee dorpes alaves are bigher chian 1Twee of phaose 9ane-
lewt abmsar we brave Ly 4. fau, alid fue (1 ]'I:'gi-:’.'lm Wllode té‘:hpul'.ﬁ.tul‘ﬂﬁ are
vy Llad Lleoue wof phaEE Ly ancFormralicn we have gy 2 wos, This mein=

Lhat .
(&J;| i - st
ar J.'- ' { T ,JIP

i.e.. Jear iy lernpeeraloce. .':T| J= .fl'-_-.

A

For substances 2aih as water, ¥5 = ¥y, 20 {ﬁ =0

A opivue- e

(k] The leweat cemnperacare permittsd For enjorable skacing is the rom-
puracore Al which the prossure o che corsiience line je equal an e
presanre exerted by Lhe skezes on dce. The toiple podnl ol wates 9 oal
To= 876 B o = 1 atme Fur o ghater of normad weight o= 10w,
A Lhad

|:t_" F'l.:l-'l I:.:l!-::iu - .:“I] - _'lll','l.T‘miu.l:'l"'r .
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WLl &= B0 calte, &V o= C0H1 cant g, we leave

T i
- [E-_—"“ Zv - 25xl0TNE - TG
14" I el

Fe

- —
T =

1151

Tle Following dacz apply bo the Friple paint oF Bz 0.

Tewnperatore: 001°; Prepanres 4.8 mmflg

Specifc valorie of sald: L LY rm- g

Specilic volurnee o Bgeid: 138 rarig

Heat nf mecliang: RO calfg

et of waperizaciom; GO0 cal)g.

fa] Sketch ap - T diagram bor Mol whirh need nok ke rooacale bud

wlich ahzuld be qualitatively correct Label the vaniong phases and <ritival
gt

[L) Tl pressare inside 2 conlaier snclosing Ha D [which s nainbained
AT = 1670 ia shewly peduced Froun an imigial volue of 10° manHg. De-
ac1ibe whal Iuappens and <aloulats che pressore ot which the pliase changes
ceeir Asswne the vapor pliaee boehoves like an idoal pas.

[«] Cadenlage the cliangs inoapecidfic latent hent widd] tcemperatare £07 47
at i point {p. T along s phase squililrino line. Express your result internee
oA Lound the specific heat 2, cneiliciont of crpacsion =, and specilic volaime
F ol each phus=e ab the ariginal tempeeralure T and prrecsurs f.

(4] [F ehe apecific dadent heat at 1 alaiw pressuce on the vaporization
cueve iz frdl :alfg, eebimmale the change i Satent heal 10°C igher than the
curve,  Azaunie the wapor can be ireated as an ideal gas will pucarichal

degracs of freednTi,
[T

Solution:
{a] The p - T diugram of HyD 1a shown in Fig. L.45.
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ikl

Fig 1.0

|:|.'|]- The {.’ln.q::';'.].!-l'.::]a.pcgrrnn tqun.r.i.r.-n g'i.w_!.

lI-':'I:I:III'| E- . %
: - —_—— = =2 4 cal : .
|:\ T':I;"r.-m” _ I;'{-rl-'l 4 calscan H
(2]
LT

1 r-welvre

=1 .

< mHlrr=wupnrc

When the preszwye, whiclh i slowly reduged, reacher Bhie aolid-laguid
phase line, heal iz ralzased by the water while the pressure retniaioe Lo-
changad until ali che waser is changed into ice Then an Lhe vapar-2alicd
line, the e abeorba Rean until it is ecanpletely chunged inks vapor, Aflen
wands 1he pressure begine 1o decrease while the vaper phase @ mainbinel,
The presscce ab minch water is sonverted 1o ice s giwen hy

| T-% ;
fwutze-ne — Fu- | Ii"r-.'|1¢|: _ i_,]“‘ Tn — a3 =10 IIII'I]'[E

where we have uzed the Hmﬂluea T=27015 K, Hh . 27318 K and & =
4.6 munllyg. Ay Vegpor = — 3 Voo we lave
P

d - £ wmlp
T TV T
The pretaare a1 whicl e jo converied Lo vapor in

1 1

mp
Faze-wper = Bp =X I:T (ﬁl- = ?):I =44 I"'II'I"-HE'

whera #4318 the molacalar mase of water,
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(t] Frum L — T - Ao, we hiave

T A
'T*'( )'

AT aT AT

2 1 a3
MadlS) — {]# dT o,V dp, where o, = o (HT) . W e
i .
L L . | . ap
Tt R e CTL LT

Vajag
ip L.

4T T{¥, V)
wg obtiin

FT A . L
E = ? -+ |_l:.- . - |:..'||._|] - [{!11l'| - |_'!..='|,.-..:|_j _
CA] Loen Lok 2 sl foor waner amd va@nos eeapectively,
Framy Vy 20 Wy, we bunw

£ L

o7 G -] el

where o = 1/T ac Al = (00, C AT
Letcing €7, Lealfg =04 G, = ;R calfg AT = W, we gre
S L— Rl

1132

[a) Tlerper an eapression for Lhe dependence of the equidibraium vapor
pressuce of o aterie] ar Lhe toad prezguree jie,, how doed A equilibrivim
paclial pressure of & nestberial depend on Che odditizm of an ooverpresswre of
auzie Theen gaa¥}

['h:l Elan thia pran|t b dascusas ql!.a]:lt.‘Ll‘.iH.‘:':.l' the diHerrure bBetwren the
triple point and the are point of wacer.
[ Wiirprar]
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Solution:
(a] We apsume (he mole concencration of the aolale in Lhe soluticvu ia
#4471 Thua the male chemical potential of the sxlution ia

pile T = wile T - o8T
wheee pilp, T} v the moele chomical poleatial of e pure saiveot. [F the

mole chemical putential of the vapor pliass ia pSip 7). the equilibriem
vupat preesare of the aolvent, py, i determined by

i [re, Tl = s len, )

When Lhe axlernal pressuee {che total presauns) d8 p, the cunsdition of
eepiilibrinkn of vapor and Liguaid s

sp Th- 5BT = ow 7] .

Makiog wee of Taylar's Lheoremy, we bawe Troowe the abave dwo egquationn

L ] -'_-:l rl . . o
“;:_Hp £l ;1“-‘!" ) e BT
A ]
— -t~ =—={T-T
i (2= put 55'{ I
Vaing the thetmodynamic relation da - =547 | Vdp, we can wiite Lhe
.'I'I'.ll'.\\-"‘: bt |
p-my = |5 - 5NT -13) - =RT| [V -1,
ar

ro = p—|L|T = Ta)/T — =RT|V, - V00,
where 1Y in the male valume, & 1 the male eolrany, and L ois che Tatens
heal, L =Ti5; — 5.

[b] The criple point of water i9 the temperaturs T atb which ice, waker
and vapor are n gquilibcvam. The doe point 9 4he tLemperature T atl whizh
nure 1o and nir-matiratel waler are in r|;|1,|i|ihri_|:|1'|1 at 1 Atm. 'I,'1j'|i:jng Lhe
result in {a] we have

T-Tu=TM—-¥lp-m]/L+=RT L.

where ¥ and Vi oare cespectively the mole volutnes of ice and waler, Proom
Vo w V) oand &« D) we knew 1l e point G2 lewer tan (he oiple pol.
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The fitac term af the aboyve foroaala cooees (rong the clange af pressure, the
zopnndd tecm appears herause wader (2 ool puce. The quantilalive cesule of
Fle Lose Letm is —ib0EITS B, of Lee second Lerme 3 —0G50E K

1133
Gnme ceseacclera al ihe Modiord bnslidals f Taxidermy claim to hayve
mcasnred the following presaure.tempecatore phase diagram of & new sah.
stance, which they call “ambalimium®. Their results shaw that along the
phase Limes wear i triple pott

e do do
it (—,’—) < {—J “ I'(—]
'i'iﬂ gl ~r gy '1T dial--n I'l.dl;r‘ LRSIV JERAY I ]

ay mddicalad in e dj.l,gj-.u:u.. I tleeae Tesulla e courerl, “emibalimiwn®™ Jae
vne rathier wiwsdal prapecty and o property whocle viclacea the laws of
Cheromudy mames, Wlad eTe the two properiies?

{.ﬂ-ﬂfl"]
L]
ligued
schd
go=
Fig L%
Solutlon: p
The property ?Ji) = 1 1y wausrwal as anly a few anbatancas bika
waler hebayves it chus wa}':.lqu':ﬂ'e Clavnaive~Clapeyron sguakion given
do _ e St}
T wmzmEantinn F':'H'
(:'l:_r\} _ [-‘\."-“JJ - 'E;iu.-ll-'l:l
aT anhlinm!ion .Lri'\ll
] 4
({!—Pﬂl ™ (—P) MrLATA Sgia T S geian Le, e oole
ﬂT-" YALONEERE [OT 'D!T aithlinmaloan

enbropy of the solid plase 2 greater than that of Llee liguwid phase, which va-
olaten the second law of thermodynamics. since g subatanee abaonliz Tieal Ao
vranaform from solid to liqued and the process should be entropy indreasing.



132 Frrdleme B Folwaows om TRz '. & Audialezwd Mfechundcs

1134

The latent brac af wanocization of water s aboat 2442109 1/kg apnd
the ~wapar Jdenzity oe 0039 kefan® ol JU0°CL Faed the cate of change of the
Liniliey t-bufeerature wich albilude vear zea level o *0 per k. Asuame the
Leiapseratwre of Lhe air e Jukt 10,

[Censily af air at 0 and 1 atew da 1.2 hg i)
[ Wescomsen}

Solution:
The Bolttmann digztibotion gides the pressuie chauge wich leigle:

, ' 5T

] =[0)e —
pie) =p(0ieap —
whete L[} iz $he Flessure ab zea level 2 0, 08 Vhe molecolar weight of
air, and Ty 300 K is [he tewperasurs of the acmosphers, The Clawsime-
Clapey ran cquaton can he writen as

ap I I o

TV (Lo} T

Witle g = WU ki, g = 0595 ke n? and LY A = 204 107 1 kg, we
hLanse
|[-§'|||'.'l'_.! o, |
0 o = 140« 107 I'm
Mz — pal ‘

Su Lhe rate ol clluage uf the beriling poied will eaght s

2t T )
dz ~ dp dzr o ( F<) -

vbing the eguation of evate [or ideal paw p = ok T /e, we lave near
the aga |evel
dt

—_—= - aT U] Fa
dr 23 | ] E

whers p = LEY ko™ i ehe density of air. g = 98 fs% and TY0) = (05"
4
i
Tlans I—_- — —DATC k.
[P
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A Lo vertical oylindrical columm of & subalance i3 oan Letnperabere
T i a gredidational lield ¢ LRelow & <ercain peinf song the <olunea the
sithstance 2 fommA o bteoa salids ataosdr Bha: paiet i as a liquid  When tle
ternperabire o lowered by AF the pagition 2f the azlid-Tgaid indkerface s
chsrrved En e npwards a distance [ Beglerting the thermal expansinm
ol the selidd, ind ao rxpression for Lhe density o pf L Tiquid in Leronn all the
dewsity 2, of the 2olid, the laleot heat £ of che solid-liguad ghase transilioe,
oand the absaluce temperatare T oabd AT

Awsume that AT < L.
[Prinverer]

LI ITLRITE
The Llnwsias-ClapeyTon coualinon gives

dp L L
BT 1
17 T ) r(l _ _)
M s
in the prehlent, AT = - AT . dp - l@, liemce
1
Fl ﬂ..l {:‘.,T.ir.
T iy
1138

[a] Uee simple thermodynamic «onsiderntions co obtain a eelation be.

1 4T, . . . . . .
{ween o _rip.' the logarithmic rate of variacion of melting poict wieh
change of presars, che depsasiea of 4he snfid and Tquid plisses of e sul-

staoce im guestion and the lasene heac nf mealting. Yo miay Ead il conve
nizod tu relate e latenl liead Lo the entropry change. )

thp Uew aumple hypdrostatic vonsideralions du relale the pressore grod;-
ent witkin the ealth boo Alie eatbh's densary and che aceelecation pf gravity.
{Apsumee tliad Ll region in queetico s ool ot geeat depad brlaw the surface |

] Combine L Foregoing bu calealase dhe tate of vaciatioo of che
e Loy pesint of 2ilicute rock wikle mmereasang Jeplh below 2le curik's surface
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in a regaon wliece Che avesags aneltind poant of he vock by 13000, Rusaoe
a Jensily rablo

leq-ll-l."l.‘:'-u-:hll-l £ 09
and a [atene heat of melong of 100 callg. Give pour answer 1 degrocs ©

prr hilemicser.
*Uﬂl ﬂr.rﬁ:.r-f.:y:l

Soluting:
(a] Doring the thase tranation, u; = w,, where { and 1 repreaent liquad
phase and 30l phase reapectively. By cheemadynamic relatian
du - -FJT + ViF,
we hawe (5 — J, 14T, =¥, = F,JdF, g0

1dal, Wi-¥ _%-¥,
I:u dp I]"ull_‘.'\'!-"l - IIE'l] a L .

Sulutitatioyg ¥ = 1/ icdo Llie egation alave, we el

ﬂ _ L (] . ﬂ)
Tm'-'u:' L.GT I I
dp
[l] Dtenisle Lhe deptl as 2, we have oo = F
.
[c] Froow Lhe aloore resales, we Juwve
JTIII _ TlllF::' (l FI) Tul!'i' ( I |
—m _men - P_ PR I T ol

S - L.‘.'I| L "
= AT w107 M e - 3T

113T
The wapor prepsure, in e of He. of e0lid aminosnia s given by the
colacion: Inp = 2305 — 37547 where T = abscluce temperaturs.
The vapar preaagre, i mm af Hg, of liquid ammoema is given by the
relainn: lnp = 19.4% - WHAST.
[a] "Whas @ the temperatare of the tuple puint?

{E) Compnee ehe Jacont heat of vaparizatian {Lailing] at the driple
Point, Express poor answer in cal/male. [You may approsinate the Te-
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Taessr of Lhe vapor by treating it 2 an ideal gas. and may wse the fact that
the denaity of e wapar i neglizibly stoall compared to thac of che liquid. ]

[¢] The latac heat of sublimasenn ot the triple print ia 7508 caly mioke
Whal ig Ll Jatenl beat of melting &l the criple paint?

[Efd, Ireskeley]

Solution:
[3]) The temperabure T o ehe triphe poink satisfies che equatam 25,05
- ATRASTY = 1940 - 30635 T whach gives Th = 195 K.

(h] Froan whe reiatinn bedween the vapor pressece aod lemperaloce of
liquid ammania
lnp = — I03,T
we per Jog dT - MiLEE T

The ClavsmsClapeyron equatiun :—.::_I. = v ilien gives

I = :I-'I_'Iﬁ:'.‘r.'l-"l,"T =3A3F = 2.54 = 1ot .TI-"rnql
= BUET calfmal .

[c] Denate 3,87 and £, ax Lie entropy (o vaper, hqed and solid at
triple point. Then dhe Jatent heal of vapanizadion = To{=, — 5], thal of
cyklimatiem 1n '!".-;|.":-'Il| - & }. and that nf melting 14

TiE -5 - T8, - &) -T[5, - &)
= TH06 — GOET . 1471 cal/mol .

1154
The high cemperature behavwe of irom cao b= suinmarizsd as toliows,

{a] Balew 900700 and abowe 14T ce-iron i the atable phase.
{hd Letween theze temperatueas g-ron s atahla.

[th The apecific hean of cach phase may be talen as toimtand: O, =
EFFeSNe MO, - O Mg K

Wlas is the labent head ab cach transiticn?

[P, Merkeiey)
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Eolation:

Beferring Lo Fig. L.47, we regard the wlabe process az maharie.
1L

' lianas che anrenpar ot T 22 2era B Lhe a-phiase, Kines V— - i

dT

Jdlc I'.-\'.'IH
-

. I - . . T
S _{"ln T - onpst. 5'_. = 1., In (? J sy =B l!'.'__ I {

m
1

Tlye cliangens in chemical poweukial ace

. r R T .
e Y I N I|I Loy o A, Ten | m'\l| (o R
Ty Wiy
Apt (2] Wiy = - CaAT . o T | 27
’ 4] ’ LT

Linee Apet o AT owe [awe

Tleerelwre

Y

[
!

L

EIL

41
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Liguid helivm-4 Jae & normal boiling peoind o 4.2 T Howeser, al a
pressdie of L v oF roerowry, it brads an 12 K. Eslinale the average lalent
lLeat = vaparization of hehum in dhis teoperatire Fange.

[[C, Herfelew|

Folutiog:
Aecedig re the Clangiva Cloperron eqoation aod ehe equalicn of
#tave for ileal gas

o L

L
AT~ TV, - W] T,

1-"’:|; - I.r"ljrll

And azsarwing Loea he constanl, we gt

F'.-"(l- 1)
= Bl = I
befle Silg 7

Therefore L = 91 I/'mel

1141}

[a} The presswre-volime diagram shaws twe neghbanrciog iatherms in
the regivn of a lguid-gas phase cranajiion. By cansidering 2 Cacnal cycle
|:u=-|;.'n.'4:.-¢|1 iemperaturea T amd T + &T in ihe :r\egi.nn zleawi sliaded o Lhe
dingram, derive the ClawsiusClapeyron equatico reluting vapor pressore
and temperature, dpSdT = LI[TAV], wlere L iz che latent Jeat of vapor-
asalion pek ole akd AL L the volwine ehange herween yas and Lyei pary
e,

(b} Liguid helium boils at temperatyre Ty — 4.2 K when its vapor
presaare iz equal o py = 1 atm. e pow pump an the vapor and redwce
ihe PECIRIES | L2 S |1:|||.|;|.'| 3:'r|:|.|]f:r \'.a]un r. .-'I.s:umi.ng that che lakent Teead L
ia .;.'ppmx'imatf:l:.r andependent af lemperatere acd vhat the heliom vapnr
deasity s muoch srmaller than Lhat of the Lguid, caleulate Lhe approcoouale
tamperatars T, of e Liqoid o eguilibirmam withe ity vapor ad pressurs
r Kxpress yaur unswae in Lerms of £, T, po, poe, atel any oller reguired
canstantn.

(OIS PEA)
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Solution:
ra] Frome che oo Vo dingrapn, we cam sew chial U wock done T3 Hhe

workicg matziial on che pmtsde woreld i £ 2 GpA Daochis inlinihesim
Cargat oy<ce. The heat abzarhed in U procees 52 & Lo The Sapak for

) gl
Hie edfoaenry al o Ciornel #ngine gres L “
2 L
Ty — = __...
A7 TV

th] Smice

al = rl".-.-'un - I"'.|:||l\;|-'. =T I"lp;.u = R‘T..".F 1

dv _ Lo
JT T AT
Henee )
wEe L LPL 1
L A o
Tlherelore: -
Tor = = T_L._, 1
1 ] _ -1 !"
I'\,, r INE
I
Tl
I
Fug 1.2n. ¥
1111

Vebhen lle® melts 1he wrluene vireazez 'The acrumpanying plel 1= 2
sketele of 1he He® melling rurve Trom W02 te L2 B Make a sketrh ta
sliow Livd sharga in entenpy which aveompatiics wmeleing s ehis 1epipeeralnee

range.
[ Wezeanranh
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|
[ /
\ﬁ/ ooz TRl
LAaz* L. !I.E' 12EI'
1o! 1hh
F.g 1.7
Solution:

From the Clavaiws-Clapuetrsh equario, wo hawe

dp AL a

i — — Aalr
5 = gy andea AF - AV T

When [l melts, the valaoma increases, e, AT = 0.
do
When 0.0z K T < 182 K, berause — < 0,45 < 2.

When .32 B < T 2 BT K, becagas ;;:. =0 AT AL
-
When T =032 K, A5 = 0. The teswlla are shown i Fig. 1.3HD].

11432

The pliaze teanzilion bebween che aromabie [a) and Tragiane [T] pliases
of the fguid iyl olsgic al-wnercapran is second ord«<r in the ILheenieer geloe e,
that is, &% and A% arr rera at alk poata alang the transivan line gy 7).

Use che Juck Lat & = V[T, pl =¥iT. o] = U, whece ¥y aod ¥ areodie
taalar voluokes in phode a and phaze f rezpectively, to derive che 3lape of e
rabaibivm T dgig 0T ]S0T, im berise of cllanges in Lhe Lermol expansion
coelficient, v, and e isealieranal compreszibiliy, &7 ac the transition

(MIT)
Splutbon:

Alung wlie Lransilion Jine, one hay
YulTirh = %iIT\p)
Thus ¥l T. 3 = d¥iT, 5.

Sihce

¢ FV i
'1!1"II - [ ' —1-"l r bulire
Vi 'aa’r)l,“r {;HF :}po feal kedg)
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Wi Jinve

b T = (k1. - Fechdp

H

e TR AT = {era = b Loy = Ery) .

LR e L

Fiy 140

1143

Suade Curie'= luw for the magnelizalion ol o paramagnetic pan. Why
daes dle magnetizalion depend an tamperainre? What swoalification of the
law iz neceagarr aa I - 07

[ 1-1-"|'3|:r.'l:|1:|:.=:]

Solution:

Cusie's law sbales Blead the omagnetizacion of o guramagnedic subsiance
moa magnedic licld @ dnversely preporlisnal o bhe abaolule cemperature:
M=K T where €7 33 the Curic conatant, 4z (e temperatore changes,
s doey the distnbutien of 1he dacectiona of apana of He abnma and iona,
thea che nugrelization s dependent on T

Al low Lesmperalures ihe paramagnetic phase changea nta the Berro-
magwelic phaan. A blas tinge, the ascernal tagnetic [eldl 5, produces a
cerlaim magnetivation &, wloch s oturn produces an exchange magnetic
hirld By = MM 1) o5 o ranstaotp, Preme M = y[F, 4 gl = x[He | AM]
and x = 00T [Courie’s Jaw], we have

A I
B, T-T:"

wlece Too — £ 0 the Cluric temperatul e,
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L1144

A subvalamnce iz fuamd bu Lave owo phaees, M oand ¥, [0 che noomal state,
Hwe & phase, the wagneization Af s negligible. At a bxed bemperatore

T« T:, ar the extrrnal mngncti.l: ficld H 1 lowtered brelow e critical held

sy -s - (Y
g -H. -] =

' fo)
the mormal state undergoes a plise Lransition (o g wew stare, e 5 plose,
In thke 5 slare, oy Porwzd that & = 0 sl ane naadeial. The phiase
Jiagram 13 shown below,

[a] Shaw that the diBerewrs 0 Gikhs Free snergies [mn cgx ancks] hbe-
twerll the Fwa phasez at vcemperature T < T b grven b

{1, [" HY - Ga(T, 5] = Eiuﬁ - KT .
[¥ou may expross your answee 10 ansther system af anits. The Gihbs
rre enecgy o a mapnelic Beld o given by G =1 - T5 - HaAf}

[b] AL A = My, cutnpute the Jaient heal of tranzition L frao Lhe O¥
b Lhe 5 pliaze, {lEine: one appeoach is oo consider o *Clawzive-Clapeyoon™
Typw nf analysis :|

[r] At d =10, rampede the discrntmuily in the specihe heac ag e
maienal transdorme fram the & L0 Lthe 5 phase.

(d] [a the phase LTansition Orae @1 zeeenwd order al T - 07
(L5070, Berieley)

&
Hr
i phase
&40 o phote

5 ohasg
8-n

r r

C CF zronsL el [

Fg >41. Fie 142
=nlntinmn:

[a] THiterentiating che expazeaion for £2ibbs Irea enecgy, we fimd 2007 =
=5AT = MAH, whers B = 07 FAx A iR cge naits. IEeferming Lo g 142,
we lave

N ophase: M =0, Go =0,0T),
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Y phasa: It 0, 4 - Mide.
lpi=grating &0 = - A A5 we abtan

G.. MEIEA 1 cuomL.

Morng tlhoad e CIE . %L oA T ar eie prawsbian poont, we llave

Fe=a (T §E

at Tollawa 1o .
. Ve g
. iy = h_—"[!. "

yhd Simie

y r’ar:jl
Cooaart !
wa haws
0T — €l _TH {#H
L—T(§;-2.]-T ‘Tt'J - )
1

. MEs — Su ]
I:{.I - C i ) [ o1
: ud ]H
Tlfafnn A=
" i [—m) L T
_mr Tj
TR "{E. -

When H =01 — ¢y = H?_,-'H'T.

[d) At & = 0, L 00 =Ly &0, cherefone the phaze dradzitian is
pecond order.

1145
T ]:-ha:i.-. '|'.-n|.1||.r]a.r_l,r hriwern Lar supercrzidncting aeel asrmal T\h:.-:.-,-,-x
af a meedad e che H, = T plaae B = wignitude nb applic:t sxceenal livll]
s given by Fig. L.d3.
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The relevant thecinadynanie sarameters are T p, and B Thase 2o
lihricm requires e gencealized Cibhs polentind 7 [zecluding magneta
paranners) o be equal on cicher side of 2hie carve. Conerdec state A i
e pormal hase anid A" i Lhe HU[mrl.uulJul.'I:-i.I:._‘, |.l||u-é-l.', wacll livs o the
phiase bouwdioy cucve akd ko the gawe T aud A hat ciffecene putropies
arel maguecization:. Consider vwo ocher =tates £ and BT arbiccurily cluse
L A and A% a3 idicated by £y - pE

|a] Use this informaten o derive o Clapeyoon-Clauzicy selulico (U
iz o relatizn batween the larent heat of vranstiot and the alope 45, /2T
aof the carer]  What in thie Jateut heal =1 eilher end of the curve? [For a
Inng tod-shaped supeccondocting sample with volume Y oriented parallel
tor the finld, the indoced foagnetic muanent 3 given by 85 = -V If M in
the naroal slale, g=1 My =0

(] Whal s the diferemce inm 2pecific hears at conatant firld and pres
sure [0, 00 b Tor 1le two phases? What ja the discantinuay m ":";-.H.: al
H.=uT=T"TM8MT=0H4,=H.T7

| Primce tue)

Solution:

& steia

- o
B algle =~ aballe

. -~
A stele

Fig L
[a] J3 = —5dT + Vdp— WrdH.
The rondition of phase eqotibrne 1y

Ga—F, &g o .

Thin ad? — ¢,
With p 0, e oblaine for the swpercondunting sample

afq, S -9 L am [

AT T M, - Mg T(MT Myl VHT
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wleve T — THE — F 2 1he lacent Jeat of plisss bransition. AL Ae dawe ende
of U vurve: LW - Dat T - T, pives L= & dlfidT =0 al T — 1)
grees L =0 also.

[h] From the ahnve cquation, we have

_ Vi atl.

5 -X .
i~ ar

As O = T]d%/aT)

. vl &fH.  raEE
AL = Con, ~Cuw = 2 |”' e " (E'f) l

MM =T e - ), we have

o ¥ 4,7
als = dr al | ..
AL T =0 N, = H., wa lave
¥r 47 IT,

ae - — A | = ] =,
4 ar# | .

11486

A simple bheory af e Uleermod ynacoice of a lercomagnet gacs the free
energy £ wrillen we a Tuosilwo of the inagnetization M in the Fallowing
formi & — —JM+ Fo+ AT - B3 M? + MY where 1 da che magneric
lichkl, Fu, A B are positive canstionts, T is the temiperalure and T, i che
critical cemperacurs,

[a) Whal canditivn ve Lhe free enzrpy £ detecinines the theoincdy-
wamically nost probable value of che magnetization M b equilibriam?

[h] Dedormine the equilibrium valwe of M for T > T, and aketch »
graph of A verpna T for small constant fF.

[<] Cammment ot Lhe physical sigwibcuoce af the lemperature depen.
dence of M as T gels close te T Tor amad H anocase |b].
[ Wisroasin]
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Salulivn;
According to dhe proldem Focleaoree L 5k Ls Eang Lis,,

[a: ¥ = mincomane 15 Lhe concdivisn L decernine the mase pralakle
valae nf Moin epaikbrinn, Thies 3 b= derermined Teem (A8 5N p e = 10

IB) Ry = —H - AN TLM - aBMY = (4
If 2 44T "|".'|,|.:|' e -q,|'|,1.:|'d"'I thae is, i 7 oie lar Boan T, wa Fave

zr

A . .
T

This bs 1he Curie-Woizs lpw, The clyynge of A with T o2 ahowe i
Fig. 1.44

|l.':l TH =13 Ihe El’|l.IJ|.il.=II. |-] law zulnbicay
Ao Mo S AT T

Tur Aalality copsider

# o .
(:-'..’-r:ﬁ_.'l = 24T =T | = 1185

T

Wehen T = T the andy azal solation, M — 0, = =0,

¥

—— T

Mr-———=c=

Fi L
when T o T the M — 0 =zlueinn iz nnstahle, wlile ol
M=1.74IT. TI/2F sclutian i= atabe,

when 7 — oA — 0,7 5 1he ot of phize wansiticn =0 the secand
ardec. [[ET = F., tlhe substance b Swramagneiis; I T < T the substance
iF Tarrenuagneric |

IF A =0, [#heguit-s M 200 They a5 long, as 377 = AT - T 's5,
Hhe avsrem @ alphle Whey o To 20T = TN = 4HAF, end o)
Lar the sofmjom A (14 Y Thins Tooas e [read af Frap-rdes plaze
1Tansitwnl,
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1147

In bhe abaence of exlernal aopnetic felds a cerlain subslaoce 3 auper-
conducting far temperabures T = T Io the preseace of o wnilorm feld 2
and far T = Tj,, the ayzlem can exist i wwo Uwemadyoande phases:

For B BT}, it i in the saperonnduccing phase and in thia phase
Lha roagnetizikicn per wnic wolume 19

[Eupertnlldul:Li.ng pll:ur:] M= DBidm

I"n:-r H a .H'L.[T:I, ithe =ystem 12 1 the narmal p]1n_'u-. and hr:n:: {Hm‘mnl
phase| M = 4

The two phasee cam coexict 1 eqealizrinm along the curve B 50T
inthe B T plane.

Evidenlly Lhere i+ a divcontuuily in magnetizalion acros= the coex-
1mtence curve. There v wlae a discontinwibty o wnteopy. Lel Sr.;ﬁT] and
S4T) be the encropics per wnit wolume respectively for the norraal and
aupsrconducting phascs aloug the cocxistoncs cwrve. Civen that f0T) -

= (] - ;—3) ;compuale A8 = Sy [T) — &,(T] a2 a functiza of T and the

oller paraimelesr.
[CLSPEA)

Solniion:

Compariog Lie mapoetic sysbem wilh a p—% systens, we have - B — M
and M — . From the Clavsius-Clapeyren eguaticn of e p— ¥ aysteen,
dp  od
d T oAw ?

we bave For che magnesic system, on the ke of two-pliase coesizlence,

dii _ &%
7 aM
where AF =3 — 5, 2 M = M — M, = Fdx.
Therelore

i odp
Af=-2N —=-——
T 4a AT

B o1, T

Ix TF T3l
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5. NONEQUILIBRIUM THERMODYNAMICS [1148-1158)
1148

A rube of bengeh Locontaine a solutyon with sugar concentrulivo al
tinee ¢ — O gesen by

TE 1 T 1 Fmr
mfr. 0= rny+n §ina T g{naT +E-:.m: 7

Spvusne thal nlox b)) obeya a ome-dimencional difwsion wpuation witl
difuspny cansLant O

{a) Weite duwn We dilfusion equation for =[x, 2).
L] Caliolabe (2, 6] for ¢ > Q.

(3T}
F.g LA
Solutlon:
{a] The diffuzicu equation i
Anfr.4] ﬂ’n[:ﬁﬂ
gt Az
aind the condition For existence of solutions are
e i
5. (8),.
":'l: =it F""T' =1L
[h] Let ufr,f] = X{zpTIr]. We Uen lave
EY[£]1+ AX(x] =0,
T 4 DATIE O with A#0 and X0 = X&) =n.
The condilions require b = [r/L]7 k=123 ... . The general solution
* =l b kx
iz b= my 4 l P BT L x.

h—1
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Tlee coeFcignts cp are cbrained Nonn Ule given concantzatizn abt = 4 gl o)
Flence

s8] s m{"nlﬂ.'

f 1 TR Hax
= PRl e
1) 1

- - -

D mangq)le, o 57
i 25 <103 I o

1144
(2] Wich neglect of wiarosity and hean condnctivity, sna Lilizigrkances
tn o Huwsd propagate as wndamped seand wiers, Uiver Lhe relatiem po-
nlo, 7, whern pois presseee, p o0 che noass densily, 3 s L entropy, derive
an sxpresaann bar Lhe sound wave speed 1.,

(b] As anexample ol sedoa Auid, conzider aswstem of idenlical, wonin-
teracting spin B2 partizles of niage ko ac che abeclobe zoro of beraperarcrs.
The nnmler r'lf-nFir._'l.' is 9 I:_'nmpul;.e e srnpnd :prrh'l 1an sk & 2vstent

PEPr iR tan)
Salutivn:

[2) The eepuazpne of concinnity el oot in o Huid e oespe-

Live]y
i
ol + v {,ﬂ\r] =1,

at
1y . .
___—El:.:ﬂ.":l -+ {1.r ?:Il:pvll - TRl
4
Fusr a Quid ai reaat, v =0, = o, P = Froe Cansider xneall disbiraances,
Hie correspoaling gwantilied ate v = ¥ 0 gy 4 2, 2 = pu + . We

anhacitute them inte che equations above, [nking inde considesalion wily
firatswriler terms, and chiain

iy
— + ¥ v,

it
Jw! —
ST
Hener a1 - . .
-r LI s | 2P ' ar 2
- % =% — < i
o2 F _ll.ﬂ‘.'.l::lz_.r. {E"F:lj '
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. . AT \ ] s
Compare it with wave eyuativh —— — 2T we e of — |L:—":-}
ETE :

[Mroce: Aw gssgympticr. ans heer wacde here Lo che pressnp o 116 I"||||-."|
rreadled |:-3, Lhe it el es 2 wdiabace: Bar whiely 3 - oo Cavteselw
spedaig. el approsinalion @ cewscnable o2 chs b oazuetivily 5 osg-
Ligii-le.]

sby A R T s of spin LEE Petanien gae wu Loy

Ay
= . v
] v

i v z.d
- N
arm- '-._‘7'1'r|JI

Lod f sar st

Hener 1 -
1,.."'1 Vi |..R.*rl-' s

L1500

Cas ioequitlodwm s pregacre g aand mass densiey g a5 coanhned e
A ctlimder of lezenl Dowred ceoss secbicatal aeea A, Tas |'i|.:|n'. hawl encl o
i l.'!.lilll.l'l:'l Lo covae] and Lee]. AL ere Lol leaced w] tless 1= o Ericlicins
- i maesles=e oo il |.li=-I:l.l|:|. [ u-|_l.|i]i1-|iu|:|| Hie exveanal e 1w
it Tur meeesd can Pl ||',-5I_|_.|| iz [ ol _i']; = peal. Elinsever, S
a =midl el orge bl||:l'|"'|i'l.'l.:| |‘|].' an vxlernal praLy. the liumeonit
forew Soeb — fooonzloe). This prodeces spedl nociobe of L plston sid Lz
sinall azplicade dizearhanaes i the g Tol 2 be Lhe speed of soumd ju che

zod, oeglect viernsiby, Lot off] e b welowey oF ol pisten Compace of2).
[CLErE)

piskon

[FN. . r
] L.

=B -

—a=tX. 3 O
farce ;__ -:. _:-.-_I

"
[—= =
Figg 10

Salnkinmn:
Uanspler Ele gas ae an ideal Koid, W olpeoce o comardinute 2y ubear

whase cvigin 1= che rquilizrinm point (as shewy in Fag 146). Len che
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velooity af the mascrogcops mocen of the gay be wix ¢] and Wie preasuce
ol che gas be plx,¢]. Becowse e dizplacerment of che pistan ia very small,
wr ran aalve o[z, th and plz, €} approxioately in dhe regon 0 05 2 o5 L
ancl rnmasicler L[ir,:}. The bouandwy conditions ace pli o] — _|"|: ]ln'.-‘l and
o[l ] =3 As f[t] & aioaoilad Tunetivn of ¢ anod bl Moegeency 39w, Le
cepulling ofx, €] wnd pLa, f noust be waves of Freguency v oand wave vector
E— wic. [ofact. v[e.2] and {2 o} burh saticly the wave eguatioo will
propagaling velecily ¢, We can wrice

Kol = Refyexpuwt),
F= R:ﬁ[:] expliwe}

u = Reii[x] exniud] .

Thuz, to sacisly the Twandary condation ol 5, we have

Ftzt -

“cop(kT] 1 dsindkr) |

E I"'."'.

where A is to be Jecermwined.
O the wbber hand, the bt p oalian of Buid salinfien the Eolar
eiyal b
Au An

L = =,
! 'z

wlers p.-. i.: the averape deasily, v s Lhe veloacity and pisthe preseurs. Then
9]

A
Ulmg the huun-’lu:,r candilian L[Ll =1, we have

1|Ir]_ |: p._,:m.ln:::—.krn:.li:f} where by —
B ]
A= G tand kL] .
Thus

. tk
efr=11] = —pylankl = -—tan — .
W) r

i) = Re[H[MF) = - (:% Lan UTL:] gin et
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Li%l]

Uudder normial condstanna 1lie iemperatnce of A aunesphers decesases
sleadily with alticude cnoa height of abreat 12 kan {urepopanse ), aleove whiuch
the tesnperanure rises steadily [scracnsphbere) te abous 50 o

] W lhat cuuses Ve cernperatune Tiae o bl seratasplive?

-[I-_-:| The war i sol il sspliere cemple ol ancrana:ls ehe 2arile, aliwe L
vrelee Laupepaase, einlaine] a5 4 permanent state. Explam.

[c) Sound waves ematied by apluos in U Loopopases region will coarvel
en preas distances of Uese albitudes, with intensdy decreaging. approxk
wmately, anly as LR Eaplain

l: Codu e he -1]

Solaelon:

(] Tl <on<entration of ozoge in che stratasphere loemed by the action
of 5 sum's wleravislet radiatizn ma the axygen of Lhe arr increases with
alcittds. The ogape ahsachs the ann's olieavialet radistion and raizes W
Lemperagurs o serronnding air.

['h] [n the stcatpsphecy, Le azone abysorba Bl wlbeaviclal codialicm of
Lle =an while Lhe carbon dicaille C0; there radiatea infraved tadiation,
rescleing v am eiquilibeivan of energy.

tc] Scund waver tend 1o deflece dowarda 1the region of lower velocity
of prapagation, Le o of lvwer temperature. In the trapapanse, lemperature
increazed Jor both higher and lower altitudes. Heore che snued waves there
are cabfined to the top layer of 1he tropasphere, spreading anly laterally

. . . . 1
Fai-ahiape propagnlion 2o tae L inbensity docre ases approxiieacely a3 g

. 1
inctead of 7

1152

Sioce wwrigbion: of day abnd mght Lo bevaperalure ace wigaibeoaaly
datiped st a depsh of arouncd 19 cu in granite. e chermal conductiv-
ity of granite (v 5 « [13 *, 1070 157, 0% calfe rm O

|: r"-'nJ'ur:-'u'lln]
Selutinn:

Asroane Lhat the wemperadure 2l Le depeb of 10 e below Lhe surlacs
<l granite = cooatant al T"C. Wheo e feperstore 3 bhe haghest 1o a
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Lay, Uie cemperatury of Lhe grownd surface i aseunped wbe ) 5= T+ 10" 0,
The intenaity of the aolar radiation on the gregnd is

GF = 1400 W m* e 1.3 2 107 palfn - cm®

{,'E' ia -;.r.-n'||:|'.rl.r|3,- alwnele:d ]1].' the eartls williim the fipet 13 c31 below par-
fare. Then (rooy the Pancier Yaw of Terad conductiom, we ahiadp ap stipate
ol Lhe dherol condaclivity OF giwnite.

AL
A= QﬂT{Qﬂ Ta

=44 104w (WFI0) = 43 8 10T ralfy oem T
II we lake it acconant rellecdion of 41 radistion Teoon e parth'e surface,
the value of K will be ainaller than the ahove cadinaate, Tletelore we mual
choosa che anawer % = 10 * calfa o - 200,

1151

The heat rausforred tooand [rom a vertical aurface, aach ae a window
pane, by ranwerdian in the surroundiog air has been Tound to he eqial
o il.d.xln“n:-_"u]:'-"" cabipec-cmd, where A 5 the bemper atiare Ailerence
Iedmeen the mudare and the air. [ the air bemperature j= 25507 on the
ibgide of o puoan aad —15"C wo Lhe vutside, whal is the tempecature af
Lbi= innec vuHace of 2 window pane in bhe reom” The window paoe hag a
thickness of % i and a thetmaal conductivity of * x 1077 rallaec cm L
Hear dranafer by radiabion can Le negleci=i.

| Frincarair)

Erlutiomn:

We conzider ao area of 1 cmd? , and amsome the BRI P r 3L aTes of the
mner aod cuber sucfaces 1a he r:uptntwe]y EJ £ angd tg* “2. Thua we have

L
G x W + 15 Y = T ﬁﬁtl — 23]

=4 = 107425 — &, )Y

The aoluticn ia £, = 5°0,
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1154

The walar at the surface ol o lake and che air abave 3 are 30 thermal
eepelibmune qusl ahawe the freszing point. The air tomperatare suddenly
Aeope by AT degraes. Find Lhe thizkness of tloe dee an the Like uz g functicn
f Lioe i Lecong af the Licearl st peer unib volwne G0 and die chearneal
ronsduceey by & oof Lhee e, Azamiee chal AT 2 sinall encgh Rt che specifs
haat of the ice may he waglecied

[T
Sarlud imo:
Comstder ab arbincary aree 208 an the gurface of water and Jel A1) be

LEe thickness of see. The waler of woloime S5d8S wndet Lhe ice wiver oul
beab LANIE/ L Ul aar during cinn: <10 aml chianges inks e, Baoowe lawe

8 50k I:L-" = :IIIT AKar
LhaL 1= LAT
hah .'_r_lj.l
L
ranTe]
Hence H[!] - —l .
[LiVh
113E

A shert mlice 1 em thick s frazen over & pond. The apger suclface of
e Lee 3% ok =20,

fu] AL whal rabe ia Lhe LLICkuezs of 1he aleer of ice incsmasing?
(b Bluse long will in 4ake fur the shest's thickhness oo double?

The vhermal condustivity of for moaa 5= 10 calfone pec 0 The lavent
beat of ize Lo &0 callg. The mass densivy ol water pas ] gfem-

[SLNY, Duffais]

Holntion:

fa] Lot the rade ac winch the thickuess of e shect of bce ncreases be
na pr\-:inl oo Lhe rurface af wce be e ar:ig:i:l wf T-aMLs, and the thicknress of
i.'.E bE .

The lizal currenl den:ii}' p*)pag:lj:lg I.]1r\-'_'-l.1:g]|. Lhe ice sheet s _'i. =

r-rT A .
c— == and the heat released by water per unit time per onit oarea
I



LEd Frobicos 3 Sohalicte i AceimelL e F SEalidion dicheirdcoe

dz dz

= —j, giving n = — =
e I E ER

i _.?L-It-f. Hencr we obtain ihe :qu:ﬂ.:.nn p[- T,

—;'pl=x|T - Tapfrlz .

[l)] The abave expressian can be written as

b= pl[zf - 2810 [T ).

1 we Lake 2, =1 ¢ andd 20 = 2 cm, chen A > 1.2 = 107 2 20 min.

1158

Coosider a splierical Dlack asteraid {mwade of eock)] which bas bean
eiecbed Broan the aslar systeqn, a4 thad the tadiation enan Phe zun ne longer
hav a pignihn e effect ou the temperatare of che agbernid. Hadanactie ele-
menza produee heat wnilermly anade Ve askoroid al arste of g = 4% 107
cal/g-aee. The dewsaty of Lhe cock 15 p = 4.5 2/om?, and the thermal san-
Auclavity s & = 5 % 1977 cal/degcinsec. The radws of the asternad s
= 160 km. Tietermice 1Ye centtal lemperatnre T and the andace Lem-
petature T, 0f the aetermid assaniapeaat asteady stale has been arhgeved

[T/ Rerkeley|
Sl ki
The sunface emperaiase sabisfies

dx 77
e =@ - LS oG,

&
oy
T, = (—.‘f“) = BEK
AT

The equaticn o heat conduction inside bhe agleroid 39
Vo [-kNT) =g

Weibg =phenival cotodinales, we have

S AT par”
dr b dr



T:'I.:rr:-'l-'.u“'nurrb:} 1b3

At s

T -E RN T

The cenrral e mprTatice L%

L15T

Ler & he Lhe Muw of hear per uiid bime pes ik acres wormal oo bhe
i=alhernul sudace Wirough o poliot 2 of tlee Tody  Assunse bhe experimental
fFact

H=-VT,

wlece T g the ceanperatur= and & o2 e coeficient of thermal condwctae iy,
Fikaly the thatraal energy atsarhed per st walunwe 1w given by oo T, whers
¢ u6 the apacibc heat and p iz the denaity.

{a] Make an unalogy between che thecnial guantite: 5.k, 7T, ¢, ¢ and
Ve correapunding quankicies B, 3.V, o of sleady correuda.

(1] Tiging the reswlts of [3) find the heat conductian equacion.

[<] A pripe of Luner radive r, voler 1adias rp aad conaiant thecmal
conduckivity k£ omedndained ab an umer bempecatare T oand vulec b2
pecatare o Fouow benprh of pipe £ Bd 1lee cace che Leol w Just and Al
beanpelature bedween rpoand ry [steady statel,

[SLPAN Y, Dhxifalad

Salutions
1..1.] Hy «nmipacspng with (thm'a |aw T = <6 - -7 grad ¥ [V ia m:li.age:l
and cnoaervarien law of rharge dpfdt = -9 J, we cblain the analopy

cal —= p H—=J; grad T = grad ¥k == 0.
{by By the ahcwe analngy and rhacge coaservaticon law, we have
ar
o 4 = grad {—k grad T] = k94T .

Then the heal cundwclion eguaticn iy

L .
‘3_‘ - il.:."iiﬂ =40,
dr pr
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l£] When equalibrinm 9 teacled, 005 - O henee TUT =1,
The 'I'.-mln-:::'.ar_l.' randiminne ara T{-".} = T,_ and T["t] R
f.‘hming the f.}']:lll-.'fnr.al rontelinate syslem and 5-:-|1.rin-g' the [,.1p|.3|:+=-
egualion, we abiaio Lhe teanpecatars belween ry and vz
Tiri = —— [T‘. TR N
In P Fi
2

Hy
Fr T L
He=—xor = k0 2 M0 Tl
J rln(rsim |

we oheaxo 1he pate ae whaclk 2] J1eal i Brak:

g drclE = Bek[T - TL I E

|

1154

A urnifon i nere- neekallic annwlar ¢rlinder of mner rodius e, cuber Tagius
#a, lEnglh &y dv aoninbained wille aes bnker saeface al LOO™D and ila aniter
sudace al FOQ.

[2p What ia the vemperature dstributian jnside?

(b] IE it 33 then placed m a thecmially m=wiated chamber of negligikle
heat capacity and allowed to corie te temperacome cquilibainmn, will it
erlzopy increass, decrease or remaan the srne?® lustily your anewoer,

{ Hiacrnatn)

-'“I-'-l

i

=

Fig. L AT
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Sahition:

[2) Pecawss Lhe makesial iz wniform, we can assume the heac conduc-
bivity v nnifonto boo, Accarding 1o the formalas 26b = — K@ T dr)adt and
a=trlyr, we have

ackide - Ivirkdlfar
Hilee d-ﬂ'l.":.fl ja ir.r|1-:p-r:||.r]ﬂ:|1. ol r. we ruqu.il.'u dT e = A'r, wheiv 4 15 &
rrgistant. Thea Tlrp = Alor+ B
Frea tlie Loundary conditionz, we liowe
A - Tz __r;l-l . ﬂ iy
In == In—
Fy Tl

wherr T) — 373 K and T7 = 293 K, au Lhar

:|!-|_ I fa — le 14 L]

T~ = in F;Q":T‘ = Nllnre s Talney,  Tilnrs .

r.o-
W) Thig is an sreversible adiabatic prosess, gn that the entropy in-
€ reLsed

1158

When chere 38 heat How in 3 heat condycting maceral, there jz oan
increase i entrapy. FFnd the lecal race of entropy generabizn por unie vak
Wine in % heat conducdar ob given beat condurceocy and given Lemepe ratura
gridienk.

[[FC Herkriey)

Halutico:
U we peglect woluowe expansion mzide e heat conductiog oacerial,
Hien du — ToF, The heal copdeccion egquatinng i

dufuk 1 VW oq - 0.
Lepc
S - T @it - W WaiTh g TNLT)
1
wlere 9/ i3 ¢he entrepy How, andq WV (Tj i2 the irmeveraible entropy

aerease dues bo b nbomegeneows venpetaturs diztobotion,  Thas, the
hacal rale of enthopy peostaticn per unic velome i3

- 1% v
5—“'?(?)"——F'l].
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According Lo Fourier's heal condoction law, g = —&%YT, Lhe alwwe
Rives
- . 3
ST
i=kK l'., '.I"_ ;



PART 11

STATISTICAL PHYSICS






1- PROBADILITY AND STATISTICAL EXTROPY {2001-2013]

TonL

A clwewical livrmwenie wecillator of Muss 1 oaned spring censtan ko
knomi én bave a tokal enecgy of B, Lut it starone tioe i@ comgelenely
woknown Fimd the probalalily demsiny funclizn, ;.-[.l::l. wlele gl iz e

rrehabilivy el the arsea would De Dowwd 30 Llee 3cerval oG ol 2.
| 41T

Soluticece:
Foarm sperpy craservalion, we lawe

T
= .J*= .=x" — =
k 2z 2 * 2

whete ! s the n:i::i'l'lzb'.mg n.||1|.1'.i.‘.-1.||.:|e. Sooehie ].'-I:I'i-:'.“-'.‘l ia

1 —_—
T J( S S
S lI|| &
' m
Threcefer- we fiave
ik i1 ni i
Plaltz = = gl sp e ) 9
Lf ok i
Pli] i T II_IE' —_:l“-:
2002

Suppoee Hhece ate Lwo kinds of B coli {basterial, "ied™ ones and
“grcon™ onee Bach peproduses Bachiully [no sex) by sphecipg icte half,
ed ped Fred o7 ELCRIy gresn b grecn, warh a r-:]:-rn-:lu-:rii.'.rl. tipne &F 1 hayr.
Celiee than she mackers *red™ and fgrecn”, thers are po differenaes be-
fween theme A colony of 2000 *red™ and 5000 “grenn™ E. coli ja allows)
b eat and reproduwce. [n erher to keep dhe releny sipe dawn, a predaior
ia intyoeduced which keaps the ralany zize at FUDON Ty #aticg (at random)
Tsnrteria-

[a] Alter a very long W, whal iz che probabiliy diséeibetios of Lhe
petaber of eeel bacieria?



LeY FrName W 5 aunaen =0 Tharkedseimzs & Fiaddyed Meouiesss

(1] &Eaut s leasg et vne wadt Tec chis answer Lo b 1me?

[e] Wt woald b dle efect of o 1% preference ol the predator fnc
patibg 1ed ma<tericon [af and [B)7
[ Prancelion]

Solulian:
L] Aler o sclizealy ki Lime, the hacierin will aapeaant oo hoge
vuwnbe=e A 10,000 willeul Lhe eaislence of a peedalor. Thol uvhe
predurto eals Dactecia o tandoos iz oealhieznalically equivaler o sebects
o o= L0k 000 Dag e g owl o & Dacieris ar suavivwes, I 2w aneans Lhal
w every selecbion Bl paubalializses of sarvieing “red®™ and “geezu™ . celi
are the sapwe. There we 2% wape of seteclion, and Wece wee OF wapy 2o
survivie pa red” oncs, Therelore che prohability disciibociom of vle ouinbet

of Mrad” L. cali s
h 1 b

N S

a0 m an ’ ml-[;.e _H,.Ill !

L]
=01 .. .n.

(b} ¥We require & i n, [0 praccice i¢ suffices to hove &in s 107, As
A= r L= 6 ta T koo would be aufbcoiend.

. . R
{] [F the prohability of eating red bacteria s (2 I ;-j. and ar of

. L .
ealing wreen ia I{/.-.' —p“l 4l resalt dn [a) hecones
A

-

w1, W fL T
-:’.“,”(E'P) {5 P;I'

n! r l L

= IL=1IL

TII.E 'I.'Ell.l.l.l 'iTI. lil:] i.l l.'ITI.I:"I.ﬂ.I.'l‘E&I'].

2008

{a] W hat are cthe redoced deosioy matrices i pasitien and momentoon
ypates¥

[¥] Let us denoce the refuced denzity maatrix in sumsbduen space by
Flppal Show chat if o i3 diagosal, chiat i,

'i'[Pl'-p'-':l = -rI.I'H]EII'..[l: :



Seadisdial Fhpmos 1h3

Lken e fiagana? elemientr of Whe poaitdon dehaliy mabron are constanl.

| SLN Y, Fuffara)

Hojnlion:

[a] The reduced dupzity catrices ace analris exprassinos nf dansiiy
rpertrr #[1] an ar srikaganal cornplete sel of sigglel slartes, wleoe e
dersity nlCaler ,r~|: ] 1 cletined such Lhat the expeclation value of an arhi.
trary operabor & [ = I:r|"",l|:[}J Wee koo Lhiat an orthiogunal cooagslete
sel of suiglet =lales o proailion space w L F0}, Trom which we can abtin
the reduzed ensizy sz in posdien space e e 'es Sandaely, Lhe e
Aueeel slensiby mateia el spacs USR] SR, where {0} i an
prihogoail cumplels sel of singles aiates i owinenbon gfre.

(b1 et |eledle

3 i Ip e dl] pHpl]

[ET

l b 1 1 1
FZHU plesp(ar -t - pl)

n'o

%Effﬁ]*n-.pup[ﬁr’ PR
=N

= o ¥ iplenpislr' — 1] p)

B

Then the diaggunal shouems e|gltifr: = =5, Jip] e ubriowsly onslant.

pAJRE |

[a! Crnader o lacge number ©f W lealized particles inoan exbernal
mitgnetic, beldl H. Fach particl: hay spin 177, Fd the nuwather of sraknes
gededaiboe 1o Ll wpadem s a Tanctizn of A3, Lee s-conapooeol of e Lotal
dpin of Hie o svstern, Gootennine che value oF M, For which bl wosabee of
stbed jF [maxipnin

fEr Dlaedime the wbescduce zere of the thermeSynamic tetnperatoe. Ex-
plain tlae meirnng of uegptive ahsnbule beonpericknce, aped g@ive o CHLETELY
exirmple 1o aliew low Lhe negative alezlote eapperaiwpe can e reached

[SLIA Y, TPuffaia]

Avludinn:
(o] The spiv of & parlicle has ewo possiboe orisntataons 172 and =172,
Ll Hlee waraber oF parlicles wach 2pin 1,2 whoee Juection @ alung H be



Lo Prediema & Seluleems e Therireedymdzanas 8 Stufiafaud e nanies

Ap and the wuriber of pocticles warh =pin =12 whase darectin 15 nppnsie
o H he W, tles e copoueul ab Lhe total spinim the drecticn of H ok

1 I
M, = =¥ - /&) Ly Vo0& Nwe can phiasn A, = 3 =+ M, ol

.-"I-'_ = 0 .-'L:r,. Tlae amzler ol stales af Lhe eyaten [T
&1 A
NeNoTs TR L
|_-§ - .I'Hp_J! ¥ M|

Liglag wlitkma's Zerinla, ang chiyns

Ml
ne . W
= WA = & T A =0V Iy
=NlN =Ny [N -8y - N,

by
Atac}

_ ‘!,‘r - ‘ﬁ'l' _I‘II- : -
N Lia My - L b0

N .
we et Ny o, Len My — 0 when che mimber of atatcz of the pyarem i
a
raxinuim.

[h] Ser Quoegiann 2003,

2005

Thers iz ab se—dinenaional loblice wich Lytlics <onatant o a8 alown
in Fug 2.1. An abzng bransita Jrom & aice to a nearest-Teipghbor aile «wvery
r guennda. The probabilicies af trawsiting tn the right and lefk are 3 and
g =1— prespretvely

-1 AL
i
—o—" -
t—p i
L,



Stadidaea Mhaeee | L)

[af Cabeulute e avebags paeitisn T af the aom at the time b — A,
wlere SV e l;

(k] Calrulate e mean-squere valee I:u:_—_ EP an dhe Lizie 1,

AT

Seluabioa:
[ap Clieiee whe bokial poaition of e sl a2 0y ofigin 0, wich
Lhe wc-anis dinecling bo Lhe vighe. We hawe
h .
- i . .
H ———2n - }¥]ap"
— I N -l lard

ri=sl

M—

o
EI LN
= o L I - Na
o lk.L._J T L )

L o .
fap . [pd g)" - Ne=Nap gl .
dp

o r-'."' 'l a - I T
\bl =% l—m[.n.r- ap e - ¥ty
m=ll
o2 a

- H ol . 2 Y 2
= 4a%n it (r~ql c[FL N FHF [P~k | N*a
NeEtN 1lip-q)T + 1],

[:_—“.1:]2 =T -1 = ANy .

a6
[4) Give the defigittun of entrapy i etaci=Lical physics.

[L] Give & gencral argwment to eaglain why and wader whal citcom-
sansea the cncrepy of an ixclated syatem A will rewain constine, a1 in-
creagt, Lor convendeiwce o may asanee shal A4 can be divided iaen sule-
ayasniie & and O which are in weak coseack widh cach odher. hor which
dhieneelves Temeain in incecnal thermady namic eguiblrinm,

AN Dergedoat
Solution:

[.t]- N kinft, wlere k ix TtoMtrmaann's cnastanr a&nd V1 s e ter;l

novanber of microacnpic stakes of the given narroacopic slale.

) Agvyrwe thar e tenperature: of the Twn subeystems ae Tyl
o eeapectively, and Lhat Tr 2 0- Adcending Le blee Sefmilion of entrops,



I Friems 8 Scdudiine o The rmpdptermics & SE=ivticad Machunec

iF chure 15 3 small enerpy exchange S > & belwoeenw thon [ITwan 07 oro &,
A AT

. fa . FiY

X = S Sy = o
An Th T
(Th - T'.-_:l

AN = A8y« Al g L

T'r fg?

W hon TI'I r ']"._1, chere s no Ll mad eq1|.i.|.i.Llr:.l.||:|. Lettowrparst Blis puleatistelng,
and A o0y
Wien Tp = T, i, Lhe bwo suleysbeiny are o cgualaberieng, &% - 1L

wHFT

Giwr Dolrznarn's st akistizal definn gn af enleopy and presewt iy phyy-
ical meeamnp bricky ket clearly, A Lws-leve] systen of & — w; —xny particles
ws Siseributed 2inacg two shgensbales 1awd 2 wilh sigawenergies &y and fy
respockively, The svsdein dooin contacd willh & head peservinr Al emprera-
ture T. 3w simel= quantung cniz=pon inta the reservair accnrs, pagieluann
changes ng — me =1 and .« ny o | lake plaoe in the syatem. Pormg L
and ng % 1, ahtain the espeessize for L entropy change of

[af tle o Dewel systemn, and o

[ls] #1ie reserwnir, amd Koally

te] Tewsm fa) and (b derive che Dakeamasn relabion far tle redie ngfng.

{ L9, Rerkelev)

Solution:
= ke, where 71 is 2he noaber of nalcroarspic gtabes eI Lle sy sben,
Physcilly enbropy @ o menzareiwent of the dipoedsr of 2 apaven,

2] ‘The entraepy <qange of the 1wn-love] sysem s

A v
AN =kl — - = — o - Eln = .
{ny -~ 1%, + b tagln,l
" 1
- okl —— =kl —
L 11 T

B rw enlinpy changs nf Lhe reservnir is

Ez- &

Af. =
- .



Searsica Phioin i

(<] Erom A, 1 &Sy 0, we have

LA I:--E] . E:) '
re g KT

Z0

Comnzider v ayzleen compoe] ol 4 ovecy Loge nmoEer 0¥ of Lstinguizh-
able alomz, pon-movieg and oobaslly won-inceracting, exch of whinh haz
oyt [||nn-|_"|.:-|zm|_r_-|-:|ta_-] gy vela, Ma oz 0 [.et E_.-'."lur bv: the miean
EMECEy per alen o Flae Lot A — o

{u] What iz the masiunube peazible valee of &8 OF the eyeterm iz not
necessarily i thet eod ymarwic equilitiiam? What is the masimein aetain-
slle value of &8 T the pyaton de ba enquilibrwr (ol positavs tomperatuge,
of oot ]?

[b] Fer Uecinadynanne equibibrisin, conapule Lhe entropy per alons,
S0 wwou Fuoclion of ESN,

[Frim:r Iq.:-m:l

Sulution:
() I alee =y=lemn dy mot oecessaacildy w Eberoed yoanne egquilibeioo,
Ll amannauin posaable value of EQN iz £, annd if Ve sysiem d in egquilib-

viwed {48 pugilive wonperatuts), e noaxiniue possible walue < 570 s 52
Grifre:s pnll-:li.lq.: e T — o

(L] Wien che awan necgy pec abum v BN, E2 particles wre ou ble
Bewverl ol enengy € and Lhe bicrasopig atate wLmbel 52

!
¥ -5

T

Ser the cntropy of the eyatem iz




[ Frodem & Seluctae 2o The frelyrilopad & SPL G Mechandss

HEScw LN — Eie o |.we have

= Ehe £ 3 El: E
] by ' L - = 0
N Lk [le a I . |I N \) In I: . )]

_ E = E \:I
K E,",]IL = r(]. o In N
o
1L 1T

Conubder a yvade e ol 5 oon- inkecacling pacbicles, gacl Lxed in poailion
H.Ed. Cam '!a'i.II.E H ll'.-\.'l':'lll.El.]L' CIngirLedh M. Wl'li':ll 'iﬂ -|]|||'||.E1 BE!J. i.ll. A III.EJ.E“Eti.E I-IEI':I.
I Ewh particle may then exbst i one of che twn cncrgy ebates &2 = 0 or
E  2ufl Treal bl particies oz diacinguishahle

-[.1.] The ANLFOEY, .':-'I nf the syaktem ol br written 1 che 'I'q_'urm L —
.lr||| f.'[E:I, where & 35 the Falizrmaon conatant and B oav chir inta.J awaly |
energy. Explain che nweaning of SI[E}

(b} @lrile a Formwla lur E{n], wheee £ is the numbec of parlicles i che
vpper sale. Ciudely skeleh E[n).
{up Detive B0l Bnpg's apresioatish Tor large n:
i - mlon =
by appeaximaziag Inn! hy am integral,

(1] Rewrile Wle reawlt of (b usmg the reaull ol {c|o Fiod the valoe qe
i ler wleh () ia rewximune.

[¢) Treating & s comdinueca, sLow 1hat tlos ayacen can have hagative
abeolute tEmiperatwre

{f] Why = negative temperature possatle here Bue nol for 2 gas in a
box?
[CLSPEA)
Balutioo:

[a] CE] us the wumiber o af Bl poszible nicrecepic slates of e
syrlem wlien s enecgy e B, whece

0 &= e, & 2ulf .



Srfwdbezy Phorue 160
k) Az the pacticles are distingnizlalle,

A
Wi )

g -
N
[ —nl
We mle Hae 5{n = N] = S(n = &1 =, and we axpesr 5, . 00 ApTenr

af = A2 fto by prowed ino g} helsw] The praph o X(n) is ghown in
Fap. 0k

Hrnsr 5 = xln = A=l .

e =]
[e) lun! = Z linrsi 5=J||I Iwedi — a1 1~=nluw-n, [Jor
1
=1
latae ul.
. . N b
Al o= e/ nln— .
e " iy
a1 T 2 mn
I
i_ =1 grees
e
- 1—lun - + N -np=10.
|r'|' == n El =T l b

Theceluze, 5 = 3,0 when n = WL

LAl

Lo iy
Fig + 2
] ik}
(¢] As B = ne, & e when £ = "%, Wlhen E = é."'r':. % |
A5 -

{=+r Fig. 2.2} Recawse .::: = JE"

(T} TBe reaszn = that here Lhe cnergy Lewel of 2 singla pargicls Tias an

we have T 2 Dwlieng o> J"r'q:.-'E.

wpper birnil. For o pas aystecn e energy lewel of a single parcarle deass maob
have an wpper Lit, and L entrapy 12 an dncteaging funclion of F; lirnre
REEative Le P CALYTE SANLOL G ur

Froom The pe-ind 20 vwew sl energy, we canl eay Gt o svzlern wilh npga-
Live temperatnre iz “hatier™ tham Ay sestent with a positive beinperaloce.



L7l Freddemr & Dot o0 Thernscdifesnnzd O Staliiodd Morbanscs

ThA

A selid conbaies Y omagbets atvan: havog dpan 120 A sufciently
hga semperadures vach zpan 3= complelely candeandy oriented.  Av soifi-
cirally Tota Lepaperaloces wlb the spibe becorne olienced alung tle saome Jdi-
reclion [Le. Fecoumiienetinc]. Ler ez appaoduoabe che Deat capacity as a
Fumetwm of termperaluie T by

-

fer }
— -1 I /2« T =T,
T = ||\1.1 aTy =T
u

2 ey w e |

wlere T w4 constant, Find che maximuwn value o5 of the specilic ieat
|uss ertpope ConEidaTal ione].
[T7C, Meriplay]

Soplnabinomn:

ix
FT\':II:II. (? = TH" b aH 1I.i|.'|-'|‘!

T s[a;..ﬁwgw Al 2l

Onr e etwr hand, we luwve framcehe delinibion clenteopy S0 = 0, S[z2e) =
MNElal Gzoce
MNeln2

o= —

[ Inz’

F{LIN

Th+ elisticity +f o pabber band cin be depczibad in feTins of a cone-
dimeprianal mcekel af poly@er sovabeag N mokecctes hoked toget er eind-
eoee il The auple Tetween sweressive linka ja cqually likely 10 b 0" or
1AM°.

|:.1:| Elavwr that the number nf Arrajigrinenia iJiaL Evey i avernl | |n-,-|:;||]|_

el L — Prud iy given by

!

oA N ot
[\1 +:r.1)‘.(2 —m..:l.'

gl b - whoere s e Tuositive
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hitocate clearly the teascwipp yor oaeed oo gek Ehis e
(R Trroam o 0, s expressiom boco e
Al . ] = gl 0 u.!-lpl'—Zri'i-."! Ly

Find che enrropy o €54 systeny 23 a Jenceion of Lofer A e L Low AT
[cF Find il [orre required Lo madmtain che lengtl Lol Low W,

[A) Find the relaticeslip Teatwera the dorer and Lhe leagtly, wil Laut
using Wie coandition o [ed, el Do oany posaable valos of T Tl & o2 |

{157, Berkeley)

W malcules
I W = zongiom )

qLE_P = length ™ ghe 1
GR w7 - G A
—h-

Fig 23

Sorlun Licenn!

[2] Assume that 1here are &, Jinks of 2 angle and N_ linkas of 1807
angle lien

Wo=W b, N i N N,
Therelore . N , N
Ao = = - m A : = L

Tlns comresponds 1o WA N_!‘:. arTangemrnts, Sote that fa every
arrangemenl i ¢he anglea are reversed, we s20 gt the averall Jengtl of

*md. Thus -
7- —F -

ST

(L) When ez N, o[ N, ] o= g[ W esp[=2m® AN e eptropy of
Lhie sypadean bavcines

ki®

B o klug[f ] = Elow[d, 0 - . -
Eluyl¥, o) = Eluul¥0) -

(<} Fram the thermodynamic velations <0 — TS 4 fdf and F =



LTz Prodemy B Slwi ru Thrrreacdy EPR LN ITRTIL Y FIT WETEY]

Ir' T we ohtain £F = 54T .I'dj-... TleaseTute
EI'_IF |'.. i) I‘:I ,i
LAT Y, WAL LT NS
kT L
FERE Y
Mgl

Az Nwhen £ =10,
T
CTONg
[d1 Consider only ane link. %Wien an exteenal Serce © s execerd, the
prebability ahint L angle iz 0% pr 160°% i propocticoms] b e Broe™ " reapers
tivaly. wlere o = Jd eI The average lenpth per hiok s therefore
) IR
d=ud -7 = dtamh ¥
,::l + p—Q

The cwvarall leogih of the polyaier i 2

L= N0 N Aranh( A ETY .

o1z

Clonsider a pnecdimensicnal chain cnnaigling of © %= 1 aenents as jl-

Juzlooked in che guse Lot ohe Jeagsd of eacl pegment be o owloew L Juay
Jdirmensioo of the segmenl Jy pacallel Lo e chain amd seie wheo e weyg-
menk i verbical [§e., long dinseneion noonal oo the chaim divectiond  Bach
aegrocmt has jys1 twg rtales, o horizaneal stisotatson and a vertica) orienl a-
t1on, and sach of chiese states 1w not degenerate. The distance hetwren Lhe
clain wiade 13 iz

[a] Find che enttopy of e chain 39 o functinn of 2

[b) Obeain v relarizn Levweets the conperatars T of the clain snd Ll
tengion F which iz neceszary co muaintaim the digeance nr, asznming Lhe
juinta turn Eraely

[v) Undet which conditivn: doez vous anewet lesl to Hook's Law?
[Frigceton]
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o fl el ffo

Tig. #

Rolnkian:
[a:l When the engtly of 1lie chiin js na, theee are mo= nxfe segmicnls
parallel tn Lhe chain; 50 e I'rl1i.':|'i.'l.‘“.'$-|'|'ii.' state rinhber iz

r!

0o = S T
We bave
5=kl
= kT il

{’n:l |Ir= - —rl.:l

{b) Under the action of slreas &, Lhe ewergy dilference betwern cdie
verlical and parullel states of a segment 0 Fa. The mean leaglth of 2

yeg el i
| e FaphT
= |+=F-:II'!:T !
ag Lhal ,
TS

et —.
i ol lJ__e_.Fu.'k‘]'

[=] Av high Lesnperaluces,

1
L=nz= rlu:(—+

5]

Pt mm
?.-lnl-_l
' |
" .

which s eohke'as Low,

018

Consider an ddealizadion «f a ceveal whiclh hes & lallice poid: and
che e numnber of interstitial pesitions (places Telween the Laltice poilia
wheoe atoms can peside], Bob £ be dlie eneTRY nece 2500y bo TeLOOYe T dbotn
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freom a latlace ste Lo abinteseticial position anpsl el no b the cambep af
alers accnpyiog inlecavivial aiies i eguilibrmn.

[:l.:l VW'l s e inkernial PLETEY of 4l Avslen?

ih] Whaz oz Ll eotiupr 57 Guve an asranpiutie Toramcls valil o« hen
nows |7

[rd T egphzrinm ol temperitaee T, o nawy guzh delfocls are there
it selid, e, what be 0 [Aesutie a1

I:_|r'.".' e h:":"!_l

Solution:

[a] Lec Ly Lo she vnbernal coepey wloe we e accuzies Wl neter: e
aited, When s luberztowal prsiticns are necupied, the intercal eneeey is then

MM=T.+nt.

|:h]. T'h#re are |".-'|':'- witys nf sebeciing oot Trene W larciee sites, and
|'_'.'|":" wapa e plice Uiean to A jnterstitial zites; =0 the miciaecapic snaee
nymker iz Ut = [-:",':‘I]:. Haurien

Mo
L -k )
L kElufl Ll r.;![."." !

Wihen v Tand {8 k&) % fLowe have wnfe!h = nlns — =2 that
e N [T SR PRI L B Y B A T S |

|:r] Willh fxed lerperialuce el wvobunee, fieu LRy 1 oodnnzeeE ol
eau-libranm,

From F = -!'-r|. + AL % and rf-'.l'"..""'-il‘; 0. we hiave

2. MAXWELL-DOLTZMANN STATISTICS {2014-2062)

04
[n) Explain Balziwaas slalistaes, Fermi stabietics and Bese cfatistis,
cepecially aboct Lheir difereneea, Hew oare ey pelated ro ahe judi=ime
pumachilafiy of wlenlical parvicles*
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[Lh Give oz physical o dssuzsian as yauw can, vo why 1the distincianm
Lelween the aboove 1diree types of slaliatics becomey gamportant i the limat
al hagh veanperiuse dhoaw Digle 35 gh?h. Do b inemny gquote Darnwalas,

() Lo owlik feinperaloce vange will guantmm sracizlics have b be ape
plied Lo a cnllastian of nendrara spread nuk iy o Lwr-ibonenaiog al Tlanes willy

the numher of neernns per anil area berp e~ 033 emd 7
{SENY, Aufiaia)

Solution:

1a] Feltzmene sadsucs. For aincalized system, the pacticies are dis
Li.ngui_‘h.:'l:-h-. and Lhe nariler af ].'-urli-:.l-r.s nn-.'r.pj.r'ln-g a .-:ing]ri qanlin srace
it lmaated. The avecage oopaber of pooticlas vecupping snerpy level 6 s

a=wuekp] a Sel.,

where wy 02 e degenoray of S-th 2 gy Tewvel.

Fermy saawsiica. Fror a syslem compoaedd of Jarnaons, the partwclen are
idisting =l lale and abey P'aali's exclueno prinviple. The averags nom ber
of particles pecupying wneery devel = 1y

- il
= RS 'YH | 1'

Hoze atatidtacs, Fou o osvatem composed of besans, Lhe pariicles are
idiztinguwishable and the rurmber of paclicles vecupying a singlel guantum
slale @ wot luauled  The average wumber of particlez accapying enecgy level
£ i

I:b} We e fronn (o] thal when 7 2 1, or Ex]:-{—-n-_] <,

M = Am
av e £ " ¥

and the dislinclion sunong the abave thres types of atadiskice vanishes,

.\}I
R¥ '
From 7™ - kb -— Y i Rhe partacle denzil wWe e \'.]|.'|.r
(Eﬂ'ka) { g ¥h
ﬁin'f- ]
the abwvwe camwlition 1z satesfed when T = = S che distinecion
a5

ariwodg e choge Dypes of slatiaticy Lecomes conmperant i bhe Yhagit of
Engh Temme i atarea

Leap also be wndersdoad from a physical point of view, Wihen e = 1,
we have 2y 2 1 wheel shows that the average nutuber of poulicles in
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any guantin seare is mwch less ehan Lo The reason s dhiat che vembes
of microctates avalahle 1o 1he pattcks is very [arge, much larger Uan che
total particle pumber  [lence che probability for twn particies gooccupy che
soiie quantnm seace is very small and Paolis exclosion principle iz aatiafiod
natllr.1[|_-.-'. Az a :ri:-su.]l'.: tas diztinctinn heiween Feron and Bose sbacinkjcs
vanishes,

fe] The pecessive of gsing qaantwan abalistica ariess Tromn e fulkew g
bwe pointa L s tles indistangai=hiabilicy -:'g pirbicl=s and Panli's exclusiam
k
==r kh'_fnn‘:'J"
thaw 1 [degenerate!  The other ic the quantzatiom af enetgy lavels, e,
Gl where A F 95 the spacing hroween eoergy lewela, 15 nac very
smaller Lo 1 [clesreee].

princeple, Decanze uf whach ¢ jl i2 wut wecy annch saoallee

Fror a twasdinoenaionad aesizan aystem,
AR h®
BT BaekTAE
Taking Loz Lem, we hawe T ez 10 Y% B, Bn the energy levals are guasi-

rombinnans al arcmary drmpetatuees. Heneg cae necessiey of wsing quaantiom
slilizlica s esserdnad ly ddetermmed hy the strongedegeneracy condilicn

E { hf ]
foEn zmr..::r)“' '

-

Sulelibuting bhe guanlitiws iubo bthe aboye vxpreagicn, we eee thal guanlmo
prarialics must be usnd when TZ107F K

201%

[4] Brate Ll bavic JiFeaetices i Ll Cumdatne nbal assumpLioas noder-
Iving Maxwell- Boltaman [MB) and Feaci-0u o {FD} edalistics.

{'I'.-:| Mak= a2 I'ﬂ1.IE|'I '.1-|i.'.-l rf the CnerEy distebwtinm functicm at bwo Jid-
Eerend Lemperatures (or a svstem ol free p:;;rhdu. goeered by ML etatizlice
and ane geverned by FT) statistics. [odicate which cupee corrcsponda bo
the higher temperacurs.

(¢} Explain briefy the discrepancy bebwesn ekperimeolal valoes of the
spEl.'iﬁ.l.' lieat af a meetal abd Lhe ]:-relJi-\'.I.ir.lll ul ME sialivlica. Hew d1d D
slutidicg oy eteame Le diffiewlly?

[ Weaza r|..1|1|.:|
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maoludion:
[a] F'L, a5 cormpared with MH, etatistics liag twno addicional assonp-
(ARI1-3
1] The pricciple of indiztinguizhakility, ideicical pacticlea canuon be
dastinguizhed frow npe anncher
21 Fanlvs exclusian prinnple: 3ot mare than one parcicle cat eccnpy

A muankn skake
In rhe limat af nop-degeneracy, PIF statistce gradually becomes M5

£Latlisking.

(L] pl#] gives the nomber of pacticles iy wwit dnterval of enerdy oo ac
enci gy Jevel £ Figure 2.5 gives 1amgd »lcta of che energy distriburions [[a)
ME. (b FTH.

RIEI S

£t ¥
|a] WuEY Faodsstica (bl FO statisi’cs
F.g 15.

[Fb Arrerding 4o ME statistics [or dhe principle oF equipartitinn of
eciergy]. the canlrbubian of an electroo 1a the speoiic heat of 2 mancal
sloulil be 1.5 K. This s wet boroe out by expernaenly, which ghowe that
Llee comteibucion to zpecific ead of fiee eleccbond in metal cao wsaally be
neglecred excepd for 1he dame of very low terpiatores. At low beanpel abures
Lhe ceapieibution of elecbrone b Lhe apecibc beat s propotbioral b Le
tempperture I FLV sbatistaca which inced porares Pawli'a excluzion painciple
can expliin this razult,

014
Svace which sratistics {claseical Maxwell-Boltamann! Fetii-Diras; ue
Thee-Ribgatain ) wanld be appropriate in these preblems and explain wly
[semi-quantitative ly]:
[ap Densivy of He! gas ad raom tenperaiure and pressure.
[L] Teenzity of slectooka in coppeer ab rovin Gemperabore.
[c) Detany of electoond abd Twles v semiconductivg Ge al reco bem-

paceture [Ge band-gap & 1 valt].
[L7e2, Rarkelny)
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Solution:
[a] Clsssical Muwwell-Balzimann statistivs o approprisie becaase

L 2y

PRI (- _. -6,
n T zrm.'.-i'“,l EE FUN T O

[h] Fermi-lhrar stacustics 35 appropoace becanse electranps are Perminms
and the Fereni energy of the elertenm gas i copper s abonk [ eV wlich
ia equivident 1o o high Lemperatmre of BYE AL room Lemperaturs {low
lemperaluce|, 1he eleclron gis as eghly deproerate.

I:-:_.] Clam=zical Mn.:-l:wrt]l-l:"inlizma.nn aiahsnin: 1= app'mpri.rl.rc hecange ok
room lenug eraluce Lhe #leckrona and kales da mat hawe =adficient AN ARE:
EnErpy L2 j'ur'u:p uwer L |2 Lu:lﬂ-gup Lr nppmujablu iumbers.

2017

Zhow that 4 = c'r:p[;..l."k':i"} —_ 1-:||.-".;‘ {or an ideal gas. walid wheie & & 1;
Teewe oig bloe cligaical poleedial, = 13 Lthe gas densily and

Vo ={h* teme TS

g bhe quantum veluime., Even if you cabnee pyave chie, this cesalt will be
waelul in obher preblemes.

[0, Rerkelry)

Salulian:

I alie approsunalion & =2 1, Fernu-[irace and FosesRinstein satierice
bodde Lewd du MaxwelFBolzmann statasliey:

L — I_.|J_-'.|c‘:|' _{-:_l'k]" )
e % R
The dewaity of #atea of an eal god (apin stotes exclmlad) =
] - =
Dejude = h:{zm]l":-.;"nﬂr ]
Thercfore,

) . [
B - f Die)de gu/AT 10K
|_'l

_y {mETREE
- 'szmj BT

That ia, & = n¥,
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08

A lang, thon {ie., ovedle-alaped] dust geain Aoata in a box filled with

Eay ai a constabt Cempetaluls 1. 0in average, 16 the angular mametum

veclon bearly paralle]l 4o or parpondicular to the lang axis of Lhe grain?
Expluin.

{MIT)

Sulutlons
Let ihe long axm of the prain coiacide with the z-axiz. The chape of

4T3 Eriuie indic ates thal e ]:-rl.l:l-ii.[.u] pcheadd of il tia 2atiefy £, < 2, f,-

W lien Eaermral ﬂ|;||i|i||l.'m|||. 15 ceacbed, we have
1 1 1
zlonl= ;éf,u;_f = gfwﬂ :
It £yt
sothat |u,|= (-I‘ :| || = (f“jl [iwe] s Thevefaus

—_—

Hewe| = o Fd F | = S, ]

avanilarly
[Fowr, | < [Py,

S the angular moioectum vecler @2 neasly porpendicolar co the Inng axis
o the gram.

21119

A cwhically shaped veasel 20 cin an woside constaus diatomic Ha gs at
a bemperature af 300 K. Each Ho moolesule coneista af twa hydrngen aoms
witl rnasy of 1L0G 307 g vach, suparaced by - 10 B cm. Amsomie that
Wie e belaves lke an ideal gaa. [pnere the vibratwnnal degres of frordeoan.

[a} What iz the aweraye velocity of thoe meldoules?

[%] Whal s the average velocity of rctation of 4he malecales arcend an
axis which 15 the perpeadiceler biseclor of the Liwe joimug the two wioan s
[{.-!}ll:.'lﬂtf sk aAlem A= a poiod =)’

[ch Drerawve e valuea oxpeccedd for the mndae heat capaciliss t""P amd O,

Tor zuch 3 pas,
[ Culumbaa)
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Solucion:

[a) The nuriher af the tracslabienal degrees af frerdom as 3. Thow we
lLave . )
n .LT - aa‘l-:rl." -

/= T

rEANY N

= 2w Ll? m/Sd.

(h] The amnsber &f the e ational dagrers nf Trmed oo 65 2 Hewce
1 i

=y SEE ¥

2 T

T i ,
wltere I = th SF — ST the mcment oF fwertn ol e nlarn les

H-, m 12 thie mass of dde wbun H oand v e diztance tetween che pwn
lpdrsgen arzms Thus we pel

Vel mdd w100

I:i:] The oialar et -:¢;|..~u1.'iti.eﬁ dle et |'l-lE'l.'I:-i'-'E|}"

5 .
o, - ER -l Iimel K,
; T .
LI ER - Iimal K.
02k

The circwit showo i o Bliedneal eguisiboaooe wikly iee surcooncdinga ai
a teppecature T, Fiool bl classical cxpreszico for the root mean spuare

cirrent Choaugh the indubar,
(A1
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Solution:
Cincluadivns o Ele walion ol Teee elecplong io Lhe conducler give riae
b Buctualion cuccends, U the current paseing thoough e induclar @ Fir,
then the averags emetgy nf the inducter s W = =13, where 17 is thie anean-
zquate current. Acrerding te the poncipde of equipartition of energy, we
1
hava bV = EkT Hencre

-"_3 = |II
W ll'|I

hia
= -

0T

Energy pivhahiliry,

Fired and make caveful sketch of 1he probabilicy density, pf &7, Fur 1le
«nergy M oof a smpls atone in a rlassecal nnn-inlrrmr.mg' menalomic Fas in
Lhremal sguilihcswm.

{817

dolalion:

When the number of gas atnms is vory |atge, wa can cepresent the stales
of che sy che by o continuons distibation. When the sysbem eaches tlhey-
mal equililrium, the prabability ol an atnan having eoergy &' s proporiional
ro expl E/ET]. where £ = pt e, p being the momentom of che atou.
o the probability of an atom [¥ing belween pand p + dp iz

Aunp[—p? 2k T p .
Frem
ﬂfﬂ}:p{-p”.-':.tr'ru':T]d"'p -,

we oblain
A = [2rmakT)HE

T II HEH[IZII'E'..

Aem BT 3 e = Eli?, T p
‘ Poopmeryr fy 50F

= J“ Al EME
W
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pivilig
2 s —EAT

AT

p{L] =

012

Suwppoge chat the ensrgy <f & particle con be represanced Ly the wx-
ression Edz] = ag” where ¢ is & toordinace T momenten and «an cahe
wa L walwes T - o oo 1o

ta] Elow chal che averave cnorgy pet paricks for oo syalern ol such
parbicles gubjecn bo Lol emann sialistice woli be & 4570

chy Slale vhe privsiphe o egeiparzie lan of eiedgy otol Dizoizs baiefle il
pelatoom L che alwwe <amcalaticn.

[ LT r:,.-r.-.;=|'r.-]

Sieleabherm:
[4] Frome Balizmann sacistice, whether 5 b5 pusiticn o mwumenlen,
its distrazution lunceon is

"'|:3|-'!l-'i'}:|'|{ [II\}I

Buctle average epergy of oosingle partacls i

T J‘r_.,_. "";"-l"ll: PI]}"-' ¥

E J|' Flel Els]de e L -

. — L
maerting K21 = Azt e alaove, we aislain T IJ.'T‘_

|:h] [’rinripl.n of rquipartitian nf energy o a0 lassial svstemn of pat-
tivle i bharmal eq_u:l]l.l':'rnlm al teaperatuars :.T', the AWETAEE gy s wag]y
Megrer of Irepdon of a gioticle ds egual Lo - 2T

There iz anly o degeee of freedem g chiz prolletn, 2o Lhe average

1
TRy ik EJ-'T.
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2023

& =syebemn of fwy energy Jevel: £y und E) Is papolated by & paccicles
al temperalnrg W The pacticles pupalate Lhe energy levels according to
Lhie ctassica! distribytpan oo

[a) Therive an cupleseion for Lhe averagpe snebpy per particle.

(B) Compuce the averaee eecgy per pactiche ¥s Ahe temiperatore a3
T—nand T o

[y Dnive an wageression Fur Lhe specific heal of the systern of & pac-
Lcles.

[J] Cowpuce Lie specibe heat 3y ehe Tmies T — 0 and T - oz

[ Wisrunren]

Solut.iom:

yit] The awecage cnergy of 3 porticle ia

E.l'.' AZy | I.'.'-|If FEL
- MH L AW

U=

Assunang Ly > B -0 and beog 28 = L — R, we nowe

_ E.+ En #2E
“= 14 r'-ﬁi‘l:
(U] When T — 0, 000, 3 = LAAT c oo, one has
we (B, Eam¥eE [ cTMEE by AFe 4T

When T - oo, or @ 00 wie e
1 1 ; 1 i "
o= 2|E.. FE AR AL (l- i '2-[:"':5-&') = '.|I:t'lll + By - .;lﬁ}::'f

I:{] The wpecific beal [pec naoke] ia

du . i A Irllf'ﬁ.f'.:]lz g SENET

O Nagy = My T | T4 ety

aT AT

[d] Wihen T — U, ane has

TAENT L o
i W ETET
Des ft (_H") : )
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Wlhen 1° =z,

cuf . (82Y
B kT '

2024

Trnader a4 glava a0 which same [racian af its conaticuent atansg may
orcupy enther al dwa shghtly diflerent positsons giving rize to bwo energy
leweld &, >0 and -8, for the 2Eh alom

fa) LFeach participating atobts hios che saoe lewels A and — 25, calenke
Lle concribwtlivm of chese aroma o tlie beat capaily. [[gnoee L usoal
Tiehve specific heat wiacl will il be pressat 0 & real a0lid.}

I:b] [F b glase hae w ceandoan composition ol socl aiams = that o]
wulwea of A, ave equually Bhely up bo asme liendling valoe &y = 0, bad the
hehavior of the Low temiparatnre beant caparity, ic., kI 2 A, {Dgﬂ:"i_l_e
i.nbr:gl:u]s need nob be evaleated pru'.riﬂeﬂ th 33 da nat A= p:-n-.‘l an any nf |;.|'|-¢
paralivbog |

I:.F!':I.l'l.l:ﬂfl'.!ﬂ-l

Eolution:

. & I
{a] The mean energy per abem ia § = Séanh [ﬁ) . Ies cantribition

to Lhe apecilic et is

r, = o= 1k E]? _r
tTaT T LN WRE T

Samtwing up the terns for all auch atains, we have

£ I
vy — 30k -j - o ———— .
KT [ea/hT ) ¢ SrETYE

[b] The contribution te che apecific Tiest of che 2Lk ala

TN L
HEVLES T T

When 6T = A, we have

&, * =23, T
£y *h(i—]“} " .



Sateelival P.I'lp.n'.l 1EE

Sum:llling up Elue tezans foa all such aluains, we hatew

a, ¢ -TAy
ﬁ—dkz:{w) r kT

4 a 2
= '”IJI' (ﬁ) E_EL'IIHII-":I':'I-ll'-'-n"_"I.:-

whevo pfd] i the sLate dencity of distiibotion of &,.

225

The ew Toweatl enecgy levels of & cerd i iolecule are £, =0, E- =
e, &y — 10: Blow Llead ar sullicieatly Jow peanperatore: (bow low?] only
Tevels By, £, are populated. Find U average enetgy B ol Lbe wolecule al
tepaperacurs T, Find the concributiong of these lovels to tle apesific lwal
per mn]e, C"... and skatch -I'_:'l. a= a funciaan nf 'T

[ Fhacanain)

Solution:

We need nat conaider enetgy levels highet than the three Joweal enecgy
levels for low temperatores.  Apsuming the sysbem has & particles and
according ta the Bolbzmann statislice, we have

N+ AN N,
N

5T
— AT
J‘lrj_
H_ﬁ = ,E_L“‘urt-‘.
%, :
bience
A

Na - 1| AT 0T
Wihen &y -0 1, aliere b2 oo sccapation an tie energy level i, Thal is, o hen
T < T only die £ and &7 Jevels are occupied, where T, satishe-

W

| 4 WFT. T gioeEE -

v 5 1. we have
10=

T
Kl



134 Fratlerns & Sanfionr on Thermadmdrocs = Statolz-al Sl :huanice
The average energy of the moleculs i3

wfe T ET 4o QeI kT }

The maolar sperific heat 15

AE  Reemt 4 Lopem W0 g gy em b

- ar £ P
I:"" 'ﬁll'i'i-i-:l!" ’ {] | # i B ||:|"'ll':|‘:' o

wilere & . 18T and W 2 Avogadia’s nuniber,
For high cempeeacuiee, €1 5 £,

Frr Tuw {armpetaluies, vI' -4 €,

= He L
= e

Fhe variaticn of ¢, winl T8 ghow 3 Fig 2.7

Ci

min

Giweno o EyaLEan rf two distimet laltcs xi bR, Fach oo piad I'h:,-' A1l atom
wlose :pi:u [.'r = ]f m =n creented Lliad jly enrergy iakes ane nf thare wylpes
= 'l.l:I'.—l will tl.||.|..1.] pruhuhj];t-}-. The aleoren do nne teterack with each
other, Taloulate the enzemble average vabies I Al T fr e enicgy [f
of the aystern, assumed o be that of the eping ouly.

§FT, Harkeiey)
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Solutica:
Firr a single atom, we havg

e — A
T 1R e
_ ™y :_R

=

Leg? et
For the aystem, we hawe
Y
_r— =
L+ef e d
I"—l:'|_+|:';r=5‘+-5f T

U=F+5=

Sinee ¢ 82 — €, ¥z, il [ollewy

777 _ 2exp(®2] + eap(-38) » exp(d] | exn(-A)]
{0+ rap[d) ~ expi- §))*

20TT

Cihbain the brmperaiore of excl pyatein:

fa) 6.1 10°< aloms of helivrn gaa occopy 2.0 leree af armoapheric
preecare. Wrhat i the lemperalere of the gas?

[E) & wyacem of particles cooupying sibgle-particle levels and obeying
Maxwelk Boltzinary slalistics s i thormal contect with a heot repervoir at
temnpecature T W elie populaticn discribution in thi non-degenecate epergy
levele 19 a8 aliown, what is the temperabore of the syalen?

Eunergy [e¥] population
a1 103 3 L
21,5 = 103 .54
12,0 103 23%
d.1= 107 fath

[=] In a royogecl: expecunect, beat i3 gupplied wo 4 samiple at e
conatant rute of GO0 walts, The enliopy of the aainple increases wilh time
araloowL il Lle table. What ia the teiuperatnre af the surmple a1 b = 5000 me?

Time: 100 200 303 400 500 €00 700 [wex)
Encropy: 2.30 2.A5 283 3.00 4,11 3.20 3.24 (JfK)

[LFS. Berkeiey)
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Soludion:
[u:l ra'mlz r.l|¢ g-::l_lml il -::i' =l ate for am i:laal s, W gt

CEERE TR T EE TR I

(h] The prpulatizr distribtian 1= given by

o wap| ey —Eal wTh .
Fry
I'hereizre
pofrfa_ 1
- E fma ’
]nlI 'mlll
Wi

l.-:cir.g Lhe gi.'.h.'l:: L and Mz, % uel T as fnldywr:s:
LR REERR T T L W L (11 B

The ey siliee iz T = Jud4 K.

. Ak 1k
(o] The pate ol heat ineake @2 7 —:' T'T. Havaa g
-l L..
- 7
= -’.i.':-'T
L)

i a . . - .
Ve watitnate b bhe oididle diffeaencial at 4o SGa L and g
1!

2 l::;.:u SRR

= RON 40 _I.'I el AR | I ETTE g 8

e

-

Thecefene T = TLK.

A02H
Mg Lk =i renciann 1= ple oconr: am thermalt nqu“ihriun: e
T = 400 Koz a very Lo denzity gus [nz Jegenecacyh of each gpecies will
uverilk LlLCiI.'gE Il.ulll:-r-.tﬁl}'.
[a] Wrile Lhe chentral prtenlial of each gz in AerE o ur roocler

density U], n'. e |67 Tar siepliciy wou moy osgeoes e speroom at



Cetertivnd Fhyms 135

X iled bognod states of 1L and consder n-r.fl]l thre grmm-:l acake. Jqshf}' Lhia
LU T [T

(b Give e condicion Tor tleioal equilibriein and caloclate tlhe el
libviwrmn value of “e! as a funccion of H| and 7.

tr] Eptinace tle wucleon denzity for which the gas ja haif-ionized at T
= 403 K (Node dhat thos is an approximate parture af the univerze at a
redzhilt 2 = 107

[, Berdedey)

Solutlon:
la] Frons Bullauiann -talistace, we lave Tor ao adeal gas witlout spim

JET

n=e" T | Bk TR P

Both the protan and eleciron hiave spie 1%, therelnee

P {2y kTR g T
|F|| ': i ' |I
||:| _ ?E?ﬂ?‘l._.k?_.l'lll!}ullzﬂﬂ"llkr ,

For the hydrogen atom, p and @ ran form fonr spin confi gueatins witl
ienizaticn enorgy Ky Hence

[ — {2 m K RE)V P eapl Bu /R weplin 4T

‘The chemical pntentiala g, e Bid L33 are given by cthe above relations wilh
the mumhbec depsiiiea.

[b] Fae egnilibziom cobedition is pp = u, + By Nule that as mig &= m

- - p
and ‘g = jp| we have

&' = | H| [2om, &7 RFE . expl By /2T .

[2] When the gas s hal-ierized, || = [p| = [H] — = ence

mo= (A kT A =BT =55 Y T

27129

A ;lin{'u o metal cun be considered an a reserenir af elecirene e wark

Tumerism I:Elltrg]r L rerwave an eleciran from the mnlni_l ind &V {'-nns'irler::ng



10 I'nziwrme & S0 oo T?lrrlri.--\.'a,'rul:lu-.: & Nriadasod Bhe b

-'_|J|.|.:|' Lle 1 #rLaval ['-t']l.il.']l vitie lrde w .|pil.'-l Ll:,' Tud o ua, 2 R elul.'l.r-:l'.s]
wnd hnowing that Lhe iydigeen atvod has an woization vwergy ol 136 00
and an elec Lol H.EEIII.:.'.}' Al 00 e% derey inabe fur slusis '||:.--;.'.I.'l.13er. L1 lennzie al
wiqnilibiiven &t 77— 300 B i cle vichnily «f & meta] the probabalilies of
Enhimg B, HY and 170 (2ve nmly nae signiheant igute.

What walue of 1lie work Tanzrion would give equal probakilicies Lo H?
alel H™ 7

CANED Merieleay
Solation:
e hawe {1.‘-.’ Fig. E.E-]

c+ HT=I1,
LI SO §

€. H
I
- . EI
Ferria SE1] e
s
7 L
Fig. &0,
The chetiical porencial of the elechion gas 38 w. = —F¥. From clascal

atakisbics, wa Lan eazidy obain

. e [ Tme kT
e = Qe b (—m- 1I|

L= !
Bt = et

e "fzfr‘n“”.}ha
| .

wilete the fugbor 2 arged o the deinal deprees of Seedom ol apus. For
he h].'-:lrr-p:ml. alom, wlertrnn and protnn spius. cam lhawe ot ]}n;.',jh-l-e Fl_.i.l'|
skatrs. henre

H" _ _,;,_.ll-,--."'!'-" (Enr_:gjﬂ_":l-.u e.“'.h_ .
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For H |, bnth elecrrons are an rheir grousd stade with endal spin 7 Jsin-
glel}, a3 ¢he spase wave Functicom is symnetne when 1he particles are intet-
exchanped. Therefore, the :pin degraes of freedonmy of L correspond ouly
Lu the two spin state: o the nocleon, kence

Tawn ki PRI
| = ey AT I: th. 1 2
[117] = 2e*n e ) e:r:p( T JJl .

The conduiena for chemicul =guidibrioan are

MHr = HEe THH-

M- — fr S OUH
aur Lluan

i Hae— =
1 . - 1
_ o 1
X L S
iH_| 1 M.+ =g
|[-1"| a3 ;T

Thus, the refacive prokabalicies ol tindng H', 11" 20d 11 are

IETERN L TR Fy- - |][+ : i“”: : :I-]_l 1:dusp .:FJ__:-:J :
L
]
L. + X3 — 2 oA AT G240
.t-:i;r.—ch 1:2e - B

B M Faeoon I JI00], we have

W— u— sorbtThZs0iaV.

FFEN

The putentisl enecgy ¥ between Lie bwo aboow [my — LGTZ2 1N =% g)
i a hedrogen malecnbe ia given by the winpirical exgredsion

Vo= Dfe Blr ml_ggelemnily

whele T iz e digcance berwecn Lhe aloong.
H= 7= 002 ey
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A F e 108 gt

Fy o Fom 1I.}':' rio.
Estiniabe che temperatnres ae which ralalion [Th ) and wibraliow [T ] begin
b comdetBune to Ehe =pecific eat nf Lpdrogen gas, Give Wi apgrosin e
valurs ol Oy and & [the malar specibe heals ab contant voleme and a8
copstant preasore] fac Al Tollowsng cenperataies,

T, -85 K, Toe — 250K, Th = 2800 K, Ty = 1NC02 K
Bioglezn ioniration and disscciatian,

[N Hardefey)

Sojution:
The average distance hetween Lthe twe alaws is approsamalealy the wgw-

I-|-L||: 1am |:| 135N, 1'].'-:' LLI|
( 1-. ) r— ¥
- I

wa nktam 2= v, The Bequeccy ol Lhe radial <dbaation of she ten atoms
1] —_

st
H II.| -IJ -
where 1 = r.-'.H_."'I i Lhe redoced mpass and

_FV

T B redd

- 0.

fda’
W =1 — .
M

The charartenetic spergy of bhe rotational level in

?Ii
hin = :_I:'F .
then o3
W . —— — =73 H
B kmy R 7

The charicteriztic energy of vibralwn g o8y = fue, then



SR sl FlpHzE 15%
Thus, cacalicn begang to contribole v che apeiioe eat 3l T~ 7% K, amd

wibratinn daes s al T = 6454 H.
Wen T = 25 K, cnly wde ccanslational mocion conceibakes ta C Wen

b 5 \
G, = ZA=105 1K, €, = SR =208 KK,
When T? = 25 ]{I unl_',- trangl adioy apd Yolation contebeke 1o O then

O o=

*

T :
k=08 J/K IH =291 0NK,

E=l

When 'T:. — 2500 B, 1he result v the vamme a8 for T2 = 230 K.
Wien Ty — 10007% K, vibiation alea contribubes wn i) then

7 . g )
Go- g - WK 0, = SN - T4 K

=031

Dierive an -r::\:prr:lu'i-:n frr the wibralianal ﬁpe:iEc heat of a Jialoamec gan
as o Mnoction of tempecatore. {Let Rwa /6 = 8. For Full credil start wilh
in rx pn':u‘inn. [ncithe wibeational p.:.r!.iLi.-:-n fl.lm:l:i-:n:_ woralwale it-, and wre Lhe
ceanalt to caloolale l:r._.”..

De=cribie Lhe high and Low 77 lirnite ef €

[ Wircomzn}

Enjytiom:
'‘I'he wihcabinmal enerpy levels of a ciabormie gas ace

£, = Bupdu 4+ 18], 1 =012, .

The pavtiticen Mnition iz

- S o2)] - (1)

wlere £ = Phoy. The free euergy of omole of 1le gas is

N N
F= =W kTl Bpp = =2 hay + -

7 _|‘_I' lnll—e:ip[—,ﬁmn'ﬂ .
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arrl the miternal soerpy b

' . L d'."'-.-i. -Hfl_.q -H-.'.a'l_.
;- T - ey ——
- L3T — T e expl Fhe b — 1
The sowely specific heat as

alf e Eu, ¥
o= - — = .
R PR I

ga) 1o 1le Lirit of high tempetatares, T 8, o1 2 @ 1, we have
Oome B
(b 'n che linit of low temperaiures, T & F, or © 2= 1, wa have

(7, e R TH expl -4/T).

2083

A obe-dinensional quantur hermobic seeillator {wlose ground -tule
energy 18 Ruw/ 1] e in thermal eguilibriom with & lieat hach ac cemaperatare

T

[a:l W hat ja the mean valas of ihe recillabors: MIErEY, ::F':-, A o Fuochin
af T

th] What is the value of AE, the rooe-mesn-pguare Auciuatiob b en-
sagy abaut | B3

(c] How de fE aod A E Lelave io e lunits £T % ho and £T 8 b
[AIT)

Soluklon:
The partition fumcticen ia

= T A I S S W 3
5 — nl.__&exp (—_.;T-) : hexp{ (r: i 1J Errkir‘) = v [ 2]

lﬂ.] T]I.E muan SO0=rgy i'."l

] hw fuo
! .- '--'— H — —
VE -k T8 Inx 5 roth I:E I',} .



Fradiafeosd Fhadee -1

11 'Lt rowt- re apn-#rpeare Horinacion is

S b
Afe Toleit! o B
VAT T Jank [55]

[ch When &T = ha,
N ¥
EI_._;' | J';'I.E—ﬁ.'.l.li:':i.p' (—m\l .
Wlen AT = ku,

tEy—= kT, AR — kT .

o

Coansider o yvatens of A wone-aceraciing quantuo wechanical aseill s-
tozs i egquilibrion ul tepecatiee T The epergy levals of 2 single oscallaror
are

Erm s a4 17215V with 2 =0, 1,2, el
7 in aocomacane, the sacillators and valome ¥ oare cne dmieasianal.)

[ab Find &7 and O us Funclions of T
(] Skoccl DT} and L3027
c) Drecermine che equatizn of state for the system.
(4] Whac is the fractann of pacticles in the meth level?
(S0NY, Bufinla)
Solukion:
[2) The warlinion Funcricw is

—1 AL Ty

b ]
—_— L N |

2= E-n-rrl.ﬂ--_'ll'.'" = — L
t ] — @=L

LY
_ 1 al
= by -
Tae mmternal energy s
. . e Moy 3
{J-_J“L‘i’_;"llni:- 2.1:._ thz'l,-:
_ Mo .
BEET R
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The sgrcile hail al conslanl vohaane is
£ T S B S S B
C- Lmﬁ ) J'i.;.l': {iTA_T.} C.'IEII {:ﬂ.".';:r} .
[b] Az showo in Fig. 2.9,

L Cp
Mp¥iIL '/
T T
o’ It}

Fug 300

[=] The #guativn of stare i3
l"'llil a !"IHﬁI' T
p=it- gpins— e (Fig)
where po1s Lhie prreseure.

l:-:l] Thre lrarling rf '|'.-.'|.rtii.'|{:l: i the m-th Jewe] 93

—u-dlmt LiEAY "ﬂr Alea= 10 =
x

ey — 7

[ — I‘i..‘l
=:E_f'|l'.}|-._q|"’H""|'”' ~xinh (:—FJ

N4

The molecules of a certain gar cooaast of two different acoma, cach wikh
zero nuclear span, boowd dogellhes. bfeasuretaenty of vhe specihc heak of dhis
materval, aver a wide Tange nf temperatuves, give the graph shown below.

I I r
i5p | -
b | I.——-——-—*I
Y A '
1 | 1
| ] 1
ni rz y TIK|

Fig. 2000



Hubineza Mpnck LT

[The valvnes raarked on Al vertical scale commvspond o bhe lziglht of
the <wive in each of che Splatran® prgions.)

[a) Arcount for rach of che diffecent vesults found in the temparacnre
regiona ahove Ta; botwenn T2 and T, becwsen 0 and T, helow 17,

(h] Giiven that the firsr excited atate of the rotabanal sprcernm nf
Llviz wnalecnle 9 at an energy &7 above the promund rolavional slake, ancd
T. = 4d K, caleulake from basee theory the rolationat cootiboton Lo the
zpecific leat capacity nf this gas at 20R al T0CGK, at S0M0K.

(O, Berheivy)

Bolution:

fa) Wlen T = Tz, thevcanclalional cotarioual and wibrational mocions
are alb excited, and & = T2 Wihen T = 17 < T, the wabrationa] matinn
ot eaciied and Z, DhSI Wlen T < T < T, coly e translegaal
ckien cordcibroatea oo L :pzn:lfir. hent and £, = 3.':_."!3. Wilen T o= TI. d
phn.'l:e sCansicing ooraty, and th= LT [.l]l.u.su @ik I.GII.EL'J £% jara.

[L] When T — 20 F. meglect Lhe higher cotationa] energy levels and
conspler 4nly the grn}mlr] state and the 15t exciled siale, We have

5, AT
Tl 3em T
d k! T + a— T T
== = | ————————= =11k
“ AT 1::I') (143 T/T)E

When T = 10U K, consider the Aran ewo epcited stades and wa JLave

SE—T“'T + ]5_._—-CIT¢|'T

E=k

F

UL 3emTT By JTT
4T y T, T L TT F 15~ TT = VT
= — = JjK —_ - T —ar

aT T [1=3e=TriT = G *Tw/T]

= 23k

0y

Whea T — 300 K, all the retatinnal enecgy bovels are 4o be conaiderad and

(= Lk .



LoA P redames S Sulufiomr o Thertardpuoniza & S atinnd achgm sy

i 1)
The quantum eneegy levels of aaigid cotabor wre

-
-

£, = {7 1 1pn? jdxdog

where 1 =0, 1,2,...  The degenstany of cach level gy = 27+ 1

tu] Find e veo=ral expeezsion bo e pantitico fuoctiom, and show
Llvat b Rl vennpecatuaes ar can be approsiosiled by ao uategral

(b} Evaluale (he Ligh-temper acure cnergy and heat capacity,

[-e;.] Find the ]nw-ttmpcr abuce .'L;:-pm:l::.m alians to z, 17 and 47,
[5[.!'.5}", Hu.ﬁn.fn;.]-
Sulalinon:

I:n:l The 'pn.rl:.i.li.un. funckicn =

o "
- L = FE R T LR T
x. E“’J" LT E'-EJ + Qe LIl At T
A= 1=1F

b A high wemperatuces S — [1f Gtk TH S w L

=3
i — o et R (j, . !) LTl et T

= 2
m
o dare Y
2 ' |:_|':'|._¢:|T o meT Al
i

wLeke ,
EJ=(}+E).EJ_ ﬂ':'-l_::'l_{:-_:l:-
Henwe
e - TIREY frx 1 L 1A%
- - Al e "o — gl=atnd
[‘.:"l]- L. {ﬂ._-:]j

The mlernal cusigh i

0= kT -ﬁ%-, Ihz=&T .



Stadistico! Phgiecn 1%
Tl bewl capcity iz
LS
- =K
ar
[£1 Far low ceapenaborne, we weed ouly Lake the first dwo Levous uf =,

i zre Lot 36T wlee @ - WS Arimatk.
bt

Ve~ T

T

R
b B [-I +ﬂ.|l._"i'llr]]

2038
Tha guantuiv eneryy evels af a ogid ratatar are
£, 0y + 1Th  EatmaaT
whera 3 = 0,14, .. .m oand a0 are positive cnnztante. The degererycy of
each levelia g, = &+ 1
(a] Find the ganeral expressian Eor the partition fonetiun ;.

(bt Alow the ot hagh temperatares it can be wppraximated by an
integral

{e] Evaluate the hiph-Lemperature energy 7 and beal capaciy ©,.

(] Als3, find the Jow-iemperature approxaaacions o g L and £7,.
{SLNY, Buffaln)
Sodutbion:
[u] The paptieen Tunclion is

_ = _ J:.[_:I- + 'II._FLI
._.—L[T:'_I-I ljuhp[ : :I'

Sr¥muinT
a=1
- ﬂ‘jh-’-l]j
- o P
E[;} i l]cxp( T

where,
h".:’

Sx'mek



K Fredern © Sdubeeoud <ob Thertesdpmamiae & Staiatical Mechonsa

(2] AL high twoperatutes €77 90 0 and exp —#1{; + 11/T) rhanges
slowly ux 7 changes, =0 that we con chmbeod (27 4 J]exp|=d3[; + 1}/T as
a ronbinewws function of 3 Let £ — 37 + 1), then dn = 23 + L, and we ran
wrile 25 ay a0 ddegral:

- . T  &r%mutel”
= J{ T e s s
I

d i

|:{] At hlgll LomIperalu res, Llim imCettial Exebgy is
4
r E Ly zy — kT,

The Lead Lapacity s
Ol -k

.:d:| Al |ow BCTI L ures, we Tiave T w22 8, and axp|-23[3 — 1077 i
wery aalle W need only dake che fuet cwe tertne of &), 55

o ke B4 deipl =207,

IF = EE—ER‘JT
2
RS 1S
F JET’ t ;
2047

The energy lavely of a threaidiimenzicnal rigid votor of veaoent of io-
arljal f arce Hi.'.-i:n ||3,-
Erw =I5 01020,
whepe f - 0,2, M = =J J+ 1.0 Coussler a syrtem of &

[ e

(a) Clsing Bobamawn swatistics, Bud an exprezzion for che chernmody-
namical tntecoal enrrgy of the svalem

[h] 1T yder whal ramditinns £an the sum in part I:a.} Le approaimited
by an integral? I this rase ralenlzer Lhe speciiie beat 7, of tle avaier.
{ Hisransin]
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Enlation:
[a} TlLe pmtacion funerns af Whe cystemn s

[Nk}

T 3 IS0 Thepl BEJ0T 000K
—

The mternal snergy s

\ I I T,
{ MiT uT
. TR?
VT4 1T+ ey - ——= 20T+ 1]
_xTF TERT :
T N
B[ + L eny 'l-ﬂﬂ,fu + ||]

4

(&) [n e lineit od high tomperatures, &T % b7 720 and the ahova sun
¢y he [(‘]‘ll_.'l.-l_'('-cl_ hy an i||1.i.-|.:r:-|.|. 1.r1.|!'.:|1.: I= ..rl:..r - l]. wr have

_ { e }__ T
:_-rll s 'Efl'-:Tr 0= b

= AET

Thua the renlar specilic beat 14, = ¥, b= F

LOEN

Constder o hetetonneleas Jdinlome molecule wilth osociead al fneccia
I Ie Adis peoblevw, only e rodaconal metion =0 e molecule shomld e
skl e,

fu]l Maame classiral slaliztwcal weclhanics, ralcwdate the apacibe heat
T] ol This zyste gl tereper adure T

(bl I gquantwo soechanics, Loz syatem s srergy levels

2

!
£y— a1 -0

Fach 3 leval is 142 = 1]-I=14 degenerate, Vaing quankang :lakizties, derive

#xpressions [or che partition functign & anil 1he average enerey £ ol thid
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syrberm, AR A Fapckicn of LepEprTature. [an et atterwpt Lo rwgliaate Lcae
[ [ (84 0TS

I::.] By annpldywing your cxpressians in {h}, decive an expreasjap for the
specific Tiwad &Y T thiut 3 valid al very low Lesnperuburea. 1o what range of
Letriperabwled 2 Yool ¥ proagion Yaaid?

sdp Iy sirnplifying your aawer 4o (b], derive a high teriperaluce ap-
prosinkation o the specific heat 2T What i e range of validiv of your
apprn;n;'ipmhi.nn?

[ frincecen]
Lobation:
fu] Fur & classical cotater, one liay
1 1
I = i P
i (P' ainEﬁ'F"")
£ T
== IJr -HE dpgdp,ddde = -::5'—: .
- d i
iRi=—-—Tnz=—-_}kT.
' ag i
Thus C[T] = &.
(b] [0 quanéwn statistical eechanics,
a0
AL 1
z = ,ZI::II:E'T + 1lexp [—FJ{} + 1]]
i
12r
o o 197
' r-.?,ﬁ'
L
Lth r l] .J'[.i' ! 1}“]?[ ZFits - I]J
Z{“‘} + 1] exp [— = F+ 1]]
. fh r
fc] Tn the Limic of low teoaperaturea, 1,01 =3 A kT, o soly

o 2T
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Lie fest vwn eamin: 3 = and 3 =1 are nnpertank,. Thua

kT
I=|+EIEK]1|:'—" .

I
AR
P SR N
b ! _— ( -‘Jhi)
- lex)r T
HE:DI.'.-F:
...3?1?\]

T

I
[ 2]
L

W2 1
{u:ﬁ [ the livwit of high criopreacares, % 2 1ot kT & e wer La

aum can be replaced by an integral, that b,

- Ak? 2]
T - [2r+ Ipexp f—S—a[r+ 1|fdr = kT,
n ar fi

. A
1T = —_—a'ln.z =kTr.

O

Thus (3(T)] = k.

Pt-3e]

Avihe temperataes af liguid Jiydeoge i, 2904 K, e wonld expesn jnolec-
wlar Bz bt be anostly (nearly 106055 e a tatational state soch geta angnlar
migemensamm. I fack, ol Hy oos rozled ta iy lemperature, w0z funpd Lt
mare than hall 5 1m a cetatizoal slale with acgulor omiewinin K A& cak-
alyst mual be wsed wd B0 AK b eonverl it 10 4 atate with zero rorational
angular inamenlien. Baplain chese Tarke,

ol ben)
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Solution:

The hydrogen menleculs 35 o svstem of Fermions. According to Paulis
exclusinn princgle itz groped state elegrron wave function i sy nuncoris
Saaf the Ladal nuclear FFIi:II I'is zeco, Lhe rutatiooal quantwin numher A
wngalar momendur nwst be wven and Lhe moleculs i called paraliydrcgen.
LM che bocal puclea guanlaw egin [ is <ue, Ele Totational quantam ournber
of abgulal moornentunn nowse Be ondd and ic ia called orchelopdrogen. Sikcr
che apin J lbas the 2! 4§ | nrientatinn pnl‘-lli.ih'|:|l.|‘.i-l"'5'-l: che tatin oF 1le numler
uf orlhobhydrages malecales Lo the cumber of Sarabydenpes melecules 1=
3:1 at suflacizndly hugh lermpesalieres, Ay ab ge diffisul Lo change= the Lolal
s lear s when hydeogen marlecnles coane ke eolhsion w il e sastber,
e cudlice and pao alipdrogen eliace Like pwe ibdepeindent cosopanents. In
uther words, the vacio of the nwnbere of arthahydiogen tnolecules L Lhal af
parahydoogen mzlecule: ia quite independent of temiperature, So chere are
more GrUlohydrogen molecwles than parahvdrogen mmokecules even in Lhe
liquid sbace. A canalyst i3 needed to change this.

21400

A gar af malecolar hydragen Hy, wooorigioally o equilibriogm at & tep-
perabure ol l,I:":I'!'.'I K. [t 5 copled ta 20K aa q_uil:H].' that the mucleas ap‘m
alates of Llie molecules Jdo nol chunge, allhouwgh bhe branatacicnal and -
Ladiomul depreva of freedoin do readjust Lheowgl collisions. YWhat an the
ap[:rjdki.:na.le subeaal =Rarpy pek molecule th terimy of temp erators umits
K7

Bloce bhat the rotational part of the energy for & dialouni snelecule o
ANL = 1] where [ is the rotationad quantwin number abd A ~ 90K Toc H.
Yibratiooal motiom cam be neglested.

{RIFT

Eolution:

heigimally bhe teniperalure @ ligh aad e pacas and wrlichydragen
talecules are in eqquilibriden i a vatio of about L3 When the syslemn is
quickl ooled, for a racher long peried the naclear spin states remain che
same. The tatic of parahydregen 1o erthohydrogen iz aill 13 Mow che
para. and arthaliydrogen are ao langer i equilibrinng bug, thravgh <olli
swng, each onmmpensot s in eguilibrivin by itsell. AL the |9w branpecature
ol 20K, exp(—Jd] — eap[—-90720) % 1, 3o that eack 1310 ity groamd state
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Thne B, o= 0E, . 1= 1) 1=24 = 18¢ K, giving

E -

. B+

(= el

ez aqmpartitieam of roergy, we hoave

Fl=%.':‘r=.1n I .

r]'|||-_I g vhe Ry ;,||' E ] ||!|'\.|||"."..I|I\= 1=

E=I 1 & 1w

Tid i

The araph below slows the rquibbrivm ratio of the wumber of nothe-
hydrogen pralernbes 14 che pnher of parabydrewen cisleendes, ax a buwction
of thiz aksabite kerpevacare. The spina ol the pooteoa are parallel v oces
thaodved ragen andd andipacatlel s parahydrogen.

[1] Exhibit a iheorelical exyressana For Uhas ratan as & foortion aof the
TR ALMTE.

(1] Calewlate ehe walue nd tha ralin for WED K, carresponding ta the
podtill F ool il grisph The separacian of Lhe pratans in e iydrogen
rnlecude js 0 TA15A

§ 00, Brrksiey)
Harhe
H|,||1r|,| 1l

Tt

Fiz. = 1L
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Solutlin:

ta] The morent of inertia of che hydiepen molecile =
e
= =,
2

il s rekilionad FUFTRY owrl s

IF =

Iy .

Y !
with degeperacy (20 - 13,0 - 0,1, .. Tor eatl-bl. ! — 1,5.5,... ; fer
para El. 1 = O k4, f ... . Thue in hedregen mslecules. tle vatio of vhe

iatnher of crtloe-H 1o [hal of para-B s

(I TR

I=1 ™I
f—--

] S - e e

-2,
where the coeHirient 3 resulta from spin degeneracy aml

Il._.:"
md kT

(L] Wihen T — 100 K, & = ILES, aince a0 ! ncreaeds e terims in che
LW AL L Jécneads l.1|.lle|.:.-, we need cunsider noly the bret iwa Lernue.
Ilence

31,—:“. _ -Ir'_.-Ji.l.

I
=
i
L]

F=3— = —
! 1+ Ge—t4
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In hxacogen gax ar low Gemperatures, che mclerules can exist ju 1w
stales: proteo gpins Eosele] fortlodiedregen) uooanliopaiellel |[gFarabyern-
gen]. The trunsiteen betwen these tan madecolar foos o oslow. Rxpers.
ments prrfonsie] uver i tiaoe acide of less than a Bew uawrs can be cnasid-
eoed e ol we ace Jealog will 4w seprile gices, o pouperlanoa green by
Pheit stanmeacal distribations ai Ue Jast temperature al which the gas was
el Lo comae oo aguilibirioe,

(a) Knowing thar the paparation bocween protara in 1 hydicesu
maoleculs is T.d« 10 7 e, estimnate the energy difere noe botwaen the erownd
state and the ficst excited rocational etace of pazalpdregen. Use degice:
Tielvin as your wnic of ckergy, Call 6his enetpy ¥, oo $loat crocs iu [4) do
mk propagile mto tlee peher parts af e guestic.

(b Express #lie vweagy Jdillesence Letween toe groned aod fica excived
cululioma] ebates of verbalydeogen, k), o teemna ol Wy Tean sxpariment 12
peizune wpedife Joeade. Lhe gus ds allowed 1o cone to egquiliberam at elavaled
empecatere, Lhen renfed guickly to the temperatnre al which epecific heat
is measured. What will the constant-wclome melar specific heat Be ar:

{cp temperalures well abave & and ¥, bul ot Ligh enoagh e excite
vibral wowal levels?

[H:l trmperalares mch belnw 85 and 4, |in-.'|||.r]t the: leading ceripera-
turecdepeinlent terio|?

[a) T = daf1%
[T7r% terkpiey]
Enlutinon:

The hydicgen mucleus = a feoruaoa. The sutal wawe Tunction incloding
Elee wcbian of dhee e ws ja ancisyoumeniic, The ay mouelry of che Lotal wineg
Nanution <am be deterinined Eeomn e solalivnal and -pan wave Funclions.
Fur crilohydrogen. che apin wave funceion iz vmmenic wlhen the naelei
are iterchanged, Tlherefore, it roationol part iz anliayomelc, e ! s
mdd, Simalarly, lor parakyctrogen, e even. Then we Lave

crlichydragen: By = -4 — — I=035...
_— I=d124. ...
2.'[ 1 1 H

where I jo che moment of iberlia of Lhe owelews abeut [he conter of separa-
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Li=n
!
al Fo= —d2,
(] 1= 3

::x.:1+1}h?_3.h

k8 = =
v ¥ I Fe

£i .
Chiels A&, - TAx ED7H 1, 0, = nih K
T ]La

Fr A4l o, Lrfl+1} . &
r . PR .
g " ] chall

Ag the eddicgen gas biad peusBed clesual aguililaiwn ot igh temperatnre
relme the experiinent, the salio of e ocmber oF e paras wa Lead e e

wrlleoliyde-rgem e the expecicnent s 1.3, which ja the ratie of the drgrees of
feouclone of 1he spina,

(B ey

feh Wlen T 5@ 9,8, the sokztional energy levels are completely ex-
ciled. From equipartiticn of energy. E = n&?, or £ = =k, wlheee nods the
tokal number of the hydrogen malecules  [Mate that hers we ooly consider
the specific heat arsociated with ratasnn.)

[] When T« &y, Fy, Bleere are almeel no hydrogen alemain the bighly
wrcitad stales  "Therelore, wa conaider only the 13t exciled state lor paca-

and crilinhydrogen  Mocing the depeneracy of che energy levels, we have
for prihuliydragen

TJ[’]E—Illl
E-'_H' L l:":': o
E'J ? -, T
i L iﬁ'- =r kzl..l.[.T_) ‘ | .
R ¥ & MU Tema TR

Similarly we bave Ear parahydongen

Ll sk rrfujl p T

Mate 1hiak

thisn




Stali il Fhgeecd 2=

o] Wlen T — 0, f2, e parcitizn lometinae far orche- and paralyera-
gl art

o GEO1 L, b0 1),

So1,an,

2.2 o [2a 1 Jespiolll 4 1)

1= 24 .

wherr & = .Hzl."d.rr?muizn!:T. It dae=n nat agpar Fﬂ!.‘ii].‘-tl! Lo malve these and
|:a.]r|||.r|.r-¢ I!:"I_. a.-.'.mlrnl:i::]y, bl we can ¢=r-irr|..1l'.= tham u.1i:||g: Lle appr\n.'n:innn.rc
reealie <f §d}-

T4 3

Mresnlas Eydrogen 1 mually fzend im twe [arme, orinashy nmogen
[“paralla]” Anclear spuss] aod paralhpdrogen [“ani-paradlel” auclear spuonc)

fa] Afrer comning Lo wguilitbeinm s *high™ teanperatured, whial fraction
of 1la gas is paralydrogen (asauming 1hat each earietyr of L:leoge i iz nvnatly
M ita lawest coergy skale]?

) AL Juw ceimperatures cebloliedregen converte troally to parabhyden-

e Explain wiy tle energy seleazed e each converting rmuoled ule iz ranch
lazger tham che energy change <us 10 the nuclear span i,

| Brzeanian|

Solutiow;

[ap For the Lwo hiods of Jialomie muolecwlvs of ilenticad nnclei, the
yvibrational motion ond e degeneracy «f the loweal gbate of elecdeon are
Lle zame for both while chetr rotatiomal motionz are diffueid The 3dealical
nclel Teing Feonuanms, anleymmeenric nacle r span ataces are azsecialed with
ratational stales of cven quantmm warnher Loand symmetry nuclenr apin
alalea are associaled with ralatianal states of add nquancum™ num ber 4 |:lh¢

reverse of boaonz], Thay
EH—I’. = "'i_'z'\’ + 1.:"?".|l-'|.|u + l:"' . '|.:||:'3.‘| + 1!'E|'ILII|-\.I 1

where ¢ b che hall-ude ger spin of & noeleon [To0 the hydeogen neclews, + =
LAY, alZe+ L) iz ¢he reambeer of ancizyrntmatric spin statep abd (x4 L1[2x+1)
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i Lhe owinber of spiormelic spin states,

=, I+ 115
ton= 5 ity [152]
r=rmilid
- [+ 11
Eyrtie — 3 [2+ l]t':l.p[ ! T ] .
L I

wllere & = FLI,"-BI:H:._,{ i:.n,-:iug; the rotational orcaenl of tnerlia. For hjg]l
crnperatores, we bave 300 — Zopig. and Mparnf BHy -~ 104, According Lo
che conditam given an the pralloo [Lbe temperatwe s wot Log bigh]. valy
states [ = U and { = 1 exigt. The fraction af paealiydroges e Wien

LEI Tt _ I|m.rh B 1
iy, 'EH—R 14 -31'_2'?-'.1'

fbed Wlen T = & octholypediggan changes ints parahydrogen. The
CTETRY i:.-q:-rrv:::ap-u;hnrli_ng 1o cthe {.hangr i e leac upi.n directicn 1a bhe coa p]mg’
A ol l..'lf: mqnnti: r]i'r.-nln:: af the naclel and ilie electeoon .E.E.'_-:J -
10? Hx. Since the rctatianal siates are related b Elee nocleac u-pin il e,
the ratativoal alales clunge tow, Le correspending ebergy chiahges beiny

h 1l
AER = Brl] e 197 Hz ,

When arlluaby diagen eobverts to paraly diagen, ta bnbil energy changs is
OFE =500 + Axy = AEE Tleas the released onergy is much greater than
& B

201dd

A Mg wueleus has nwoclear apin £ - L Astume that 1le diztumic
mobeeale My can poboabe bud doee nt vibrate ag nrdinary temcratures ond
ignwte elecoronie modion. Fiod the telative abundances of the ortho- wild
p;,l-r{l.—lﬂﬂl_{‘-n_’ll_tn:a i a F.:;mp'lr af :I'|i|.ri.'IE4."|'| R lﬂ'rlh.-: = Jymmn".riu: :.p'iu skt
Pm; = rl.nl:ial.ymmnr.ri.-e; rpin nl:.'l.l:n]. What ]la.pp:nu b= bhe reln.l:i.'.rg': abhun-
danse an the lemnperadlure i1 lowered towards absolule zera® I:JustiF}' For
.lJ1I"¢l'EI'I!]

(SUNT, Buffalo)
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Salution:

The wave fanction of Ny w6 symmetric a2 % 4 8 2 boson,. The spin
wive Tunctiona of M- comeizt of six srmanecric and chree antisyoutmelric
Mumetions, We know chat the rotating wave Ton<cion 18 sPiomeliic when the
vpan s Tuncing 18 symiredeac, and Lhe rodacing wevelunction s anteyi-
metewr when 10 span wave fupctiom 13 antiayrmetric, Hence. the parcition
[aneeinn b orcha-Ng ia

)

Sumhe = 3, BlH 1T
1=0.7 k.
hi
whera f, = ol and [ iz the ratational moment of inertia of Ko, Sirlarly,

Frpun = z A2 — 1T
I=L 3.5, .

An 80T < L at ardinary cenperackres, che aume <ai Le peplaced by iole
grals:

= aT
-Enrillr.- = 3} £ er:'ll.rd-"-' = =
g b

L

L . aT
Do =1.5Jr e PexiT o =
pam o 26,

Therefore, the pelative alrundance is given by

r
"'"-\'.-H he _ Eﬂ-rt]lﬂ ""gu"l'h

'N-I""'-"' lapn.ﬂ. g

AL eqailikridby, eorka = Lirmra, the above ralio ig 2.
Wihen the temperature g Lowered Lowarda che sbsobuie secu, we bave
ST 2 Lexp[—8.00+ 1)/ 7] = 1 [lence

Ellrl.llﬁ =1 L
Erarn 7 Jompf —28, 7T} .

The relative abundanee s

FL AT ) - (g] EIP*EE”'IT} .

N
r':ph'rn
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Wlen T oD Uoe velative abmmlaime — er0 Al che para-mnkecnies Tesonns:
ol ho- il wles

2040

[a) Wrate down a simple expressao lor the intecnal pard ol e pariatea
Manctaom Jor 2 single wsslated opdoogen abtan b very weak comlast wilh s
reserveir 2% emperalure T, Dhaes vaur expiessicn diveege Toe T = 0, for
TZ07

(b] Eloes all or paot of this devergance arise (rom wour chaice of 4he
rarn nf erergy

{u] Bhow explizitly aby eBects af tlie diveygenee on caleabacions af Lo
wverage bhariad eberpy U

|41 Ia ehe divergence alfected o Lhe zingle atoan m azzmoed to Le con-
Mo=d tooa bos of faite volume L7 in ovder co Do s gquancam calenlatizm ol

e full pacttion Buction” Explain peur anzwes
| LFC, Hezkeiey]

Eolitbioo:
[a} The inteemal envegy Jevels of hvdrogen ace pivea by .|"_--'||_,-'u3 with
dugereracy 2?1.":, whers n =12 % ... . Thereftue
— - [
b= mer| v )

Wheo T =i, the expression bas po meaning; wheo T 2 @, 0L diverges.

l:'|:|] Tle chivergence lus notlony wodo with she chawe of Wig o0 of
enecgy. I we lad closen

thin

i
2 E-E'.'Jr]' Egnffﬁ.:nk]’

which weould atill divergs.



Meatiatesl Phyted 13

[c) Wlen T/

IL:"' Ii_i)g T E-:||II kT
B
=1

T? z I.-.,..'ll

n—l.

¥ =0,

That ia o zav. becawae of l1|:'r:n'|1l cxcitation (1o marter how Inw Lthe tem-
peratice i, pravidel T 2 4], e electrous cannot be Lowndsd by e
nurbea.

[d] The divergencs bas iy wcigit in e Jarge degeueracy of bydivgeu's
bighly eacited states, I5 we confine e hydrogeo moeleculs in & boa of
volume LY, theee highly cxcited stater ne longer exist and ¢hers will be no
Jinvu e e,

LR L
The averapgs kinetw ebergy of the hydrogen acona e 2 cerbain scellay
almgaphele [agswneed Lo be o checrnal eguilibroa) e 10 e,
(1] Wiac i she Lemaperatnge of the atmesphors v Kelvins?

(k) Whal iy e ralio of bhe peiober of alems o ie a=ceod excited
alate [ = 3] o e number a0 che geoowd sbate?

{c} Diccuza qualitacively the number of bonized atoms, la it likely 1o
he mwch grester than or much leas than the nomber in % — 17 Why?
[ wl:il'.l'.\ml.ﬂ]

Solutlon:
{a] The dermperatuce of the stellar abaospliere in

I P 1E w1
T——=_"_" " T TxWK.
T Tw 1LEx 02 *
(b] The wneipy level: for hydragen abon are
£, = {"12'6 Y
A

mn

[lming the Bnltgmann distpgbolion, we get

c o [lE= 0]
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aseriing &y IEhev, Fp o= (=158, ard kT [273) ¥ itoche
ahowve, we lLave Ny N =1 133« 10 E
=) The wamber ol sauised weoans o the dflerence hetween the 1otal

pumber of atmans ancd the tnbal number of atome in baond seakes. o, che
nunber ol alomy e Lhe level no= 2o Olesisly, iy moch smaller than

-"l"l'. n iy "
Hoe papulber i = 3. Thus ?u,-_'l; —= rxp (ﬂ:% ..] = M.1]. i.f., ,"f'iﬁn io nhagt

ore-bealle of Vs

2T

A I abenae s ©opdists o atema wilh twe internal energy levels a
preand state of degenecacy g wwd o lew-ping excied wstace af degeneracy
wroal ab wnes gy Boalowe ehe groand stabe Fiod e specilic bean ol Lhig
B a6

[E18 HEA)

Soluthbon:
ﬁtu{lrdilag Lo the Ballziantk ijt-l'i.hutiun., Ll AYSCagc CRECEY of 1lie

Abuifng i ,
gabie™ PFET

gy + e BT

3
E-‘-;éi:j'lrﬂn-l'

whers £y 13 vhe desoction energy of the ground siaie [we chagss e
grovocd state ws the zeco puinl of soergy ], Tlus

S A S
_d .2 L_EE J

- 2 ar 5;___.;_3-“._[‘:.'!-:'."
1 Jyia

7 KT# gz + gyl FAAT 12

Ar i & I; o-Ee GrkT )

L —_—
a + o Efrl

[T

48

soonsider & pystem which has owo orbital [single particle} etates both
of Lhe same cnergy. When bath orhitals are onoccupied. the energy of the
sysiean 19 Zefu, whai ciae orbital or the obler i eccupied o gue pa licle, e
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SACTEY 8 5. W snpposs thae e onergy of the avatem s moch hoghee, 51y
infinicely high, when hnch arhacals are oreupied. Show that the enazmble
AVETAES muimhber nf pasierles in the Level s

- 2
SR NI

§A507 Merkeley)

Solation:
The prebalilily €har a rwicreacopic state is orcapied s propontionel €o
itz Gible Factur explfo — g)r|. We thus haye

" AT LN PR L .

can Lz

VI g e ik e i el
2049

[a} Stace the Maswel-Lolozmabtn ewen gy dsttibution law  Define
betnee. Discucs Walelly aw applicalion wheve the law Faibs,

(h] Assune the carth's atmosplers is pure nitrogen in themmodynamis
cuilibricn ac a temperatare of 300 K. Calewlate the height above sea-level
at which tiee dewsity of the acmosphere iz ane half ita aca-Jevel valos,

[ Hisconamy)
Solution:
[a] "The Maxwell-Usltzrmann energy distobtion law: or a syecen «f

FEG LR nq1||.|ihr|.|:|1|1, the namber of p.‘n'lirlﬁ wiper canrdsnaber are barwenn
toanedl ¥4+ dr and whase vwefnrtaes are betwern v and v + dv ix

FoE
dx T

an =ng [ j}:.: :"".ETl.h'r_"r ,

where my denobes Wie aowsber of particles 1noa it volwoe bor wlhich the
puobenbiol energy £, is aera, £ = =y <=, 5 Ll Latal enengy, o9 = dodo, duy,
ap — Adudgds.

The M discributicn js o vory geperal law. [b 3 walid for localized
ayadems, classical syalens and nnn-degcnr:rnl:.n: guantum =y=skonia. [t Aoes
ok fwold Ty degenerale noo-localized quanlun eystens, vg., a system af
elecrrans oF spin L2 st & [l benaperatare and of ogh denaity.

[!::I We rhanse Lhe r-aviz perpeodpcular on Lke sea level and 2z == 0 ar the
sea bevel. Arcomling tn the MA Aistpbwtion law, the nomber of nolecules
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in volurne elenicn? :f:a"_,'i: al hei.gh‘. s AN = rI-|I'_"I'|'”".*.'III.EJ.'.I!?|£I- Tlex
the number of mclarules Ter vnit volone al ||l=ig||.!- ET

ERUFIFLES

wlz) = gy

Thuy
ﬁ.T Ma R,
= In—=—1a—.
m3 n 4 n

The oavlecular weight of Lhe oitrogen gas b @ = 285l Wil g =
G.Br et A= 8310 Korauale, T — 200 K, we End z - G297 1o foe my fn — 2.
Thal 1=, e depuity of the alinezphece ar Aie Loeaght 5209%0 w voe-hall the
sea Jevel value

2050

A circular eylinder of height L. creag-pectional ares A, o filled witll a
gad of elaszical poinl particles wlwge mutwal interaction:s can be ignor=d.
The parlicles, all of mage +n, are acted on by gravity [lel ¢ denoce Lie
gravicational accelevation, aesumed eengrant), The evetemn ia maintained
in thermal equilibyinm at tecnperature T, L og be the constant wolioane
apecibe hoat [pee particle}. Campute ¢, an a function of T, the other
parameiers geeen, and oniwernal parameters. Alan, note especially the pesnde
fur Lhe Lotang cages, T — 00, T — ca.

{CISPEA]

Salution:
Let & depote the beight of & nwolecule of the gaa The average shergy
o tha malesales

= L3 &T + mgz .,

wlere 2 i3 the average heaght. Aceording la the Baltrmann distriha-
ot the probabiliey desity Ut the molzcoly @ oot beighd 7z b gfz] =
erpl—rhige kT Henee

a—fr P da/f —ran e g
n

_ kI

FT-F 1- Errl.g]'..llc‘]" -1 !



Fratblecl Figiice iIT

amd
i gk
s = E.‘:T - dw;ﬁ—r._-'-':‘.l' — i .
e s, EgLl® ek s
B ¥ B (kT4 famelieT . ]2

5
IE.I:, for T — 1,

Vo4
] k. foa T o

'-:--..n-._._;.l

251

Ides] monatomic gas i en<lazed v cylinder of cadivs o and Jewgih L.
The cyliudur ratates with sgular velacity w zboot 2 ayomoselcy axig il
the ideal gaz ie in eguilibriom at temperateee T oan the cosadimabes zystem
rolating with the cylinder. Arcnmie that tbe gas alams have mas2 m, hawe
oo inlernal drgreca of Ireedom, aud nkey chussical srakizuics,

(a] ¥What is 2l Hamileonian 32 che votaring coordmates sysiem?
th} What is che pactition Fawctinn far iie aysleon?

(r] What ia the avezage particle utmbcr deneity a9 a fuprtion ol r?
[MIT]
Eolut oo

[.;.] Tl Hamiltarnan fnr a :ll:ngh-. AhUIC L

"2
M mTE

n, relz] = c .
EIEATCARY 2

0, alhecwase .

e

k2l —



205 Frbirms & Sudedinne an Therudymueo-s B ¥ulheierw Meshaniep

The Hamiltznam Tar che svsnep ja

He=% k.

(L] The pw lidavn luwct o is

r= f}r A dtre” O e T

L
r:'f:l.-u-'1

RLITEN L TR .
LT o L P |

[eh Lne average parcicds numhber density 2

ANIAY = .-".'fa“-‘p“ . | P T R L I
l1'1.|..'.E -
} i X 'Ji."]"r I.' |
ol 2FT T gt ‘ll C ’
2 100 g
2055

Find the particle densiey as a haesion of radial prsition for a gag of
N onalecales, rack of mass M contaaned 0 a seotrifoges 2 rading § and
lemeeh Lorotatng with angalar velorsty w abnnr aes axis. Meglert the offece
af gravity wocl assame thal the centrdoge has Leen rotating beag snciegh

for e gas parlaclas ve seach equilibeiun,

[ Chicago)

———-F--=--m

Fig 1 L3



Stwistiad Fhpnte Tl
Heoaluliouor

In the rest system &, Uhe eneagy £ i oodependent of tle jadial dizlance
o dur in che srtacioaal ExsLeen 5' the ariErgy ol 4 ]:-altl-:te it

I 1 P
Eir] - EII.»'? - EM*"-.,".

The efecl ol rotabich L= the aame 3 1hat of an addirional exbernal beld
actang on Lhe sypstem of

fird] = - %' Mt

Uasing the Deltzmann dizeributioo we gat the pacticle nunber density

N Jl 22
Hl¥] ."!.f:l:].:'{_%) =.-l+.:v.;|:-{ 1:::‘]"‘ )

where the notmatization fastor A can be determiosd by [ nirf]al = &,
ELY g

we . _ Mt
A L e with @ = Ty

- xl«
{' AT
MAft P TaeT

H:F} - Ef-'-'i'-TL '-.lllfﬁ-l-'iﬂi) _

Thus mwe bhave

aXp | =——men

L TTET

2053

Suppras that a quantity nf neoical hpdrogen gas s ieated Lo 8 eeae
peratare T T g sufbciently bagh ehat the Lydragen is complelely ionized,
bz Tow ennogh what kT mee? & 1 {ra, 19 whe mass of the electren)  In
1his pas, thece wilb be a senall denzily of poalrona due 10 proseansr mach
as e”+ 2”7 = ueT4e"+ " @ ore rpere +p+oET+ ¥ an which
.¢|e|'_“'|}|]-|:|-l,'|5.i|"|'|'||1 e ara crealed anc -:lr:i#.rn].'ed.

Fur thia probdert, pou need nnt wndrerskand these reartions in Jecadl.
L azanme (hat 1.'||93,' are eractions Chat -I'.]1.'I.I'|Ei: the wamber of electrows
wnd p.;';.-g'i:.rnna.. b am sl oway ihat r|1.1.r|:_l;r i a.lwa.:,-s cunaeryad,
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Quprpose that the sumwber dengity ol protona o 1IN 7cm?. Fiud Lhe
chemical potentials Tor the slectrong and posivenma. Find Whe temperatore
ac which e posidton denzity b6 1/cm®. Find the temperature at wharh ot

- '||:|I'I-'II.'.I:J:I.$.
[Frircedun]
Salution:
Iar ﬂ:TI.":-:-'.,,n;? <2 1, puclear rrackioas inay Le weglecled. Froun chiarge
conservacon, we kave no = n, 4w, where o, vy oare the bwmber den-

Aitiea of electrops and posibrons respectively, For 3 won-eelabiedatic won-
dregeneriales cuge, we have

Lf2em kT 2 B =t
no =14 ( Y --]l ekl ( LT .

g kTN ey v
TEL T PN TR

wlieee 5 and oo, are the chemical polentials of lecicons and puosilrons
pespectively. From the rhemical sguililbrivan condicion, we obfain u- -
—p, = pu Henoce

Hefn = oep|—2u/kT] .

Far me = Lem™ nuo & ot = WY fem®, we have axp(piET) = 10% ar
1T @ 115, Jubslituling chese Tepulin intn Uie expregaion nf n |, wa have
T LEWLO K, v = 0.6% 107 erg. Farn = 10°%cm?®, sxplafkT) = +/2,
afkT = ¢4, Substitutiog shepe rezults into the exneession of Ry, wa gel
Te I 10" K, u=ddx 10 % erg,

164

Consider acigid labtice af distynguistiable spun 13 atame i a inagn=tic
lield. The rpins have two states, wilh eoergies — up B snd + o B far @pibe wp
{1] awd dawn [], respeglively, celative to H. The eyetem s at Lenperacare

{8) Determing the canenical particinn {functicn = for this syaleen.

1|:|} Determins the tolal magneeic ommeent M ey (A - M_) of the
LYR-1 A [T

{¢] Detebrnuns tie eobinpy of the syetem,
{ Facarsis]



Rt =ivew’ Fharizs FEL

Solatian-
[a] The partilian Function is

t —exp[r) + axp[ -2} .
whare £ = un M/ ET.

(L] The wocal magmetic wentent is

&
M=aV, - = N.'i.Tﬁ Inz
= Mg banh[x] .
1] The entrcpy of the ayalon s

S=Nidlez - Ja lll.a."ﬂ.?]
— M2« Infonsh 2]] reanbk[x) .

55

A pwramagoetic spstea consels o N omagnecic dipoles. Each Jdipule
viacries o foagiebic moiEnl g owlaich can be dreated clazaically, I che oy stem
al o Gnils tenueetabore T G in o umikerny mgnetic Geld A, finsd

Cal L twddaced wiagmslieabion i By avelen, dml
(b] the Leal capacily at comawant JF.
(e, Deekeles]

Baolution:
l:.'l.:l The mean magnetic mement fop a dipole =

.|I- [ =1 g L ) I:I —afk l:; J-ﬂ!n

[ expd com #1450
i-:_w_ﬁ xpla 2o F'_:I =in Adé
I} esn[xcos8) sin @dd

u

=p l-r.nhh:— 1‘ .
r

e =

where 2 = pfffkT. Then ths induted g netizatioo in tae gy sbam o

x
M =Nip) =Ny (1:ut]|.r - J:} .
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20 Fidfy ]
(b c = ﬂ',—' = - H D = WAL - afil

LT

Cundider & gaa oFapiie 172 aroens wich denainy b acomsz pet Lait woluse
Euch atoan ha intrinsic magnetic menwent g and e interaction hotween
Anoimd ge negligatle

Apenre that the systom obevs clageical slatistica.

(a] What iz ¢l prehabilicy of finding an atom wich g parallel v dhe
applied maguetie Beld H 2t obeolute temaperature T7 With g ati-parallel
ro II?

(h} Find Lke mean magnetizalion of e gas i bolh the high and low
tranperature licnaba?

cp Lrerermime rhe magnetic suprepribaity v in ternea nf e
L th gnet prihai t F
[ Y, fluffars)

AL E
|2} The inlaraction moeagy betwesn an atoen aad Lhe exiecnal muaynesis
held 12 ¢ = —p H. By classical Dollemano Sistribulicn, the wamer of

alumrs pet woid ol in e solid angle «leoaeat o) e Lbe Siseclivo [0, 20,
ia

genp]—Feldi] - vexplpld coad/LTLHL,
wlere & iz the wngle between poand H and 3 ie the norowalizalion facler
gib=n Ly

F]
I:Irgf e~ pin dat =
o

¢ = et
dmk T ainh ’1—;{

llance the probabilicy densicy For the magnetic moment of an alom ts be
p.u':l]ln:] ta His

§ ouEir _ 1 E ub AT E
ﬂr = (H,)r Jeinh T

akd chat for che agnecic merens (o be apliparallel o H is

2o —n& AT _ L EEII kAT Fo I{E
n’ Tdx LET) i flz""h kT



Sanslival Fhpmze i)

[LI_I The average Baielicalizn of Lee pas a1 Lereldlule T I

A= b lJr PR """':TF cus 5o g
LT

cath |IIEH - M
TULKT wff

=1':|l_'

Ac high cemprracurss, ";—;{ 2 L L % = x, amd ¢xpand

1 1§y L1
l.'r.'ll.]l.z—--——l:]+--——-+... - =& -x
x L 3 10

— r|_|'_|,:
so W= — N
3T
AL lrow dempeTadures, © 2% 1, Lhen

1
ceblhvy - m 1,
I

and, M = mu

{c} The magostic susceptibility of 1he syabem

] A { and 5T at Nigh temperalute
alal = 7=
H a, At drw Eelperacure .

Thrre ks aprotanecur magnstization n the fmn of las temparatares.

2087

A tnalerisl conseela of noindepeadant paccicbes and 5 in 2 weal exiernal
magnetic ficld S Each particle can howe & amagnetic moieal rmy aloog
che magnetr ficld, whete e = JLF- 00000 F 1, 000 bemg an integer,
and w v a canstart. The system s ol temperatnee T

(2] Find the partition fumctisn fo this evatens.

(bp Calculate eha average magawcization, H, af the materjal,

(] For large values of T dind an asymprocic expression fur 3.

[RIST)



od Fradderns o Noaudiond on Thersrodieatkicd & Mot Kw-n vl

Salutlan:
§a] Tle pavcition Mbccion i

! muHIRT . L T f1 . .1"-
= Z LU iyl [ S | e PET S oRinh | - udf kD f
m=—1 - : ) I"'B !

ti] The averaye tragneligabicn is

— or ¢
g=. |2 s NkT | ==
1 (.—’JH) i) I-k'-l ]nsle

_ r-m il
= lﬂ_l.f + lcath [[25 + I:IH'T — coth lkT'] .
[c} When &7 & uH, weing
L =2
cmluh—{ll—} , for z 1
T 3
we gEl
- 2y
Mo 1Ay WS+ J.“
-
205k

Two diprlea, with dipole wnoments B and Mo, are hel2 apare 2t 2
arparation & enly Ue ariencatiome of tbe inareenty being free. They are in
thimrnea] egpnibibrbun witl Ll ovicaerent ol lacoperature T, Computg Lhe

MM

nean Jerce F betwoen che $izeles For che high terper ature Emit rrmp

1. The wyateuns 38 co be treated ¢lasaically.
Remavk: The potential energy bualween twe dipoles !

[3|MJ RHMJ Ep - [M - M; |H:|
R-\.l
[Princeier]
Sofution:

Taking the z-axia along the Ene connecting M, and M, we Iave

JH]
ira

4 - 2| Zi0ad, 206 dy - min by ein My coalya, - gl
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Th+ classical par:wion Tuncting 15

% f; T AL

A8, My
= =ap [ - N

['3 c-'_'na:-|5'| CDbE: — B3 ) BLo B l.'r.lE[l,u::l| - -a:-"H dﬂ;b‘.ﬂ-l; .

Aa A - EM MR a0 a, cxpanding the iubegrand with reepect ba ),
cetalning wnly the Bt mun-2eo covmg, ond poting thad the integral of »
hreur teroa of coa f @ 2ers, wa e

Al 1
-.-=J|'r[1-?|i3-:n:-5:'l-:.n:ns'3; g ik Faocos e -,-.:-z:ljn?J dll, 4105

5. SR PRI
= e+ — Jr+%= %{31-.3,131 ,
Sl 1 MM,
gdd 1 raas RTOS
Cdw _LRET T4

2R R 37— 4M

F o=

PN

The molecule of & perlect gas consisla of bwo acoma, of wase m, cigidly
peparubed by aolistance o The atoing of eacd noobeoule carry eliargea ¢ and
=1 rezpectively, apd che gas o placed inoan electeic el £ Fiosl e neean
relarizaticn, amd che =peaific heal per moleculs, i quaniwm «feces can be
el erted,

Stale the cond;rjon for Lkin last assunrgptinn o be Lrige.

[0, Rerkelzy}

Salidiun:

Aszmnie Chal Lhe angle between a2 moleralar dipale andd 1lie exiernal
Bielel 13 & The mneagy of ahipale it Lhe Beld iy

= - Eyowd, by, — aps,



235 'rupierns 8 Spwtune gn TBamatynaeicd B Satvabized Mechanicn

Then

_ I"-‘-? ong Bt TR
= j!' e Livran BT iy
r . ] .
J-l'. L0H .'?l.'E" A BT wkl adE ]

- JI:' pEuron 0 AT gio ula

E. k1|
= I.|I|:| [_{l:lt-h (kT] F-'n_‘l a
E-—f«
(5)
S _ ﬂ £ - kT
T 4T & Eu ’

The crndilion Far clusaical approximation to be vabd i3 thay tJl-':q“nnr.l:aa

tict of the retational energy can be ocglecled, that ja, £T 0 o

2060

The ceapones of pelar sebalances Je.g., HC Holy, !'-E.! lo applied elec-
tric Gelda can be Jdesceibied i berrng of a clasaaral maodel which atrribntes
to cach oolecude & pernanenn electric dipele mansot of magnitwde @

{a] Prite down a general expression for the average macroscapee polar
igalion F [dipnle mament per unic volume) lor o dilude systens al nomolecules
FEr wnil volume at tempecature T iba wwafuzn electric ficld B

[1:) Caleulate explicitly an approainate teaule for che pverage masro-
scapic polarizalion § al hagh tewwperatures { KT 2% al?],
AT



Sudiiond Pl AT

Eolution:
[a] The enacgy of 3 dipole in eleccpue feld ia

u, = —p- £ - —pleasd
The p.uut.i;-n {funriann v chan

r rL gk
3,:;‘]]' LPE VR AR = 2 E Smh{i_ﬁ;] -

The |r|:-!d.|."|a:.ali-c:-n i

Oy dlnz kT rE
F = : kP oth C
A Py ern TSR F Tt
. (of - 1 1
Ib} Under che condition 7 = e « 1, ralhr e e + T aod we have

P npd BT

81
T'|1.|: {:;nl::rup},r nf AT :df:.'l.l paramagn=l n & mngntt-i.l: Ecld s g:i.'.ren up-
proximately by
R =5, — o0,

where L7 i the cnergy of the spin sysdean and © o5 a constaol will Daed
oezcbanical parameter of Lhe ayslem.

[a) Vaing the Fandareaital dekmition of che Lamperature, detetmine
the energy U7 of Lhe spib syBrem a6 a fawction of T,

[L] Skrtch a graph ol 0¥ versus T fou all walues of T [—co = T < o).

(] Briefly Lell what ploysical eense you can make of Le negabive Lzm-
peretury prart of your result,
{ Wiararain)
Solution:
[a'h Fram the delioidioa of Eranp ksl e,

T._(a.z-') 1
ag . e

we Tave [T - — L.

15T
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(b) We apenrao 0 x 3 The change of L with T e shown inorlie

Fig. 2.14.
J

Fg ild

[c) Pnder aental conditicre. o nnm@er of parciclea i higher enecgy
Aatea ia galler thay thaw 12 lawer epergy staces. The physical pignificance
of o wegatave Lecnperadgee s Lhat onger auch copdgrvan 4ie qurpher of pag-
ticleas In an excited sigle aa greater dhan thar g thee gronnd state. That
tx, Llere are nmoore pactizles woith anagnetic mooents anti-paralel o 1he
enagueiic [meld eban thnse with moagoelic enoieits pacullel be the inagretis

TN B

2082

Congider asvslem of N oon-inderacting particles (& 3= 1} im which Lbe
cincegy of each particle con asaume twg aod only two diecinct volwes, O aul
ETE > @) Denots by % and %, che occupation nunbers of che enengy
levels 0 and £, respectively. The Gxed total energy of Le systesn e L.

{n.] Find the enLTLpy af the LI

{h} Fikel Lhe lemperalure as a {wnctico af [V, Far what rangs af valgos
of g 10 T < OF

(c] In which divection dees heat How whet a ayelein of oegative Lecns
peracare is broughe inco shermal condact with a eyetem of posibive beauper-
atere? Why?

{Pu'n.._:.r, ety
Selution:
(2} ['he mumtor of gtates s
arl

0= .
FI-;J!I"H!
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0!

Fnll

Elemee &0 klndl kin
L

[B] mping = expi—FAeT |, wloere we bave ossunisd 1he ener gy levels
1o be nomlegenes ate. Thus

When my, |"|'I."!E, we gl T = 1

(=] Hean will fliw Brain a onegabive temperaturs syadenn 10 a podibive
Leoaperalure syabem. Tlis iz because che negalive tetnperaldte syotean s
buglier wikeagy vo arconnl of popclation neersion, b2 | b Do soore po Licles
b logleer e gy abadea Blian in Jower eierpgy stacea.

3. MIZE-EINSTEIN AND FERMI-DIRAC STATISTICS
[208E-2115)

IUG3

A syubesn ol A wlenbical spucess bascwy of waza eee 2y o o Lo ol voluoe
¥V = L at senperatwe T o= .

(2] Wriee a genaral exprogsion fa1 the nonher of particles, &), having
an cnergy heeween £ and £ + 4 0 terms of their mass, the eperqy, the
tempe ratwre, the chemical petential, the volume, and anpy other celevane
guithialied.

(b] Show chat in the lunic chal dhe averzge distamce, 4, betwsen Ll
particlos ia very large comipared to theic de Hroglie wavelsngth [ie | o 5
Ap the disreibucion becores equel ¢o0 that calculaced wsing the lasaical
[Elelzmeanm] disttibalion Fuection.

[=] Calculate the 1a¢ arder difference o average energy belwesn o sys.
iem od A nan-identical spanles: paricles and a systean of W cleptical spindess
hasrma when d % . Far both syseema the colical Box hice valeane 1 = )2
and the partarles have mass m.

(I, Rrrkelay]
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Solutiow;
[-.'1:l The number af parcicles iz

|2I_r|r.r [E "Il-'l-'? ".."-:-

h-"' E.I-l nitET 111!!' )

ls) =

[B] In Lhe sppreaunation of a diluie gas, we have eapl—u el 1,
and the Uoge-LBinsteio distribiotion kreonyges the Golomwann $astribalion
W vl peoe e Dulbews than Ui Soniking conaditing iz just o 2 0

Sile
1 11 -
W= M% -Ifl \,-'?r_ﬁcﬁd:
by e T U
e (ﬂ At
=
we have

- 1
e FL (f) .
T

where J = &0 bome T v the e Broglie waveleglh of $he pacgucle % thes mal
lubice, wo<d o = -E'..-' E"l.-'."'i'.

Thuz Lhe approximatnm vxp— g 00" = 1 i equivalsot an o 5 3.

() Inehe 1t order afproximation

1 Ie \ .
—_—— I CAFT P [+ pifeT
alr=—nle _ g £ R e [I' +4 ] 2

Ll dwcrapre cOsrgy i=

- Dald [P | - -
B — . _[__? ] .JI' -:-,,-'E:"-"" e T g
h L4
R ] .- . “ 3 .I .1_1
-Jfl -E'-.'_-'Egi"""Tg _r.'-tT,-_uc = I-HJ,-I' 1+ﬁ_:l
" x 4473 A7
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284
Consider & quantuns-nackanteal gas of nov-leteraciing spin 2oro
hivrsing, #ach oF mass 29 which are Tree oo raove within webime 17

[3] Find the eacrgy and heat capacily 1 the very low temperatieon re-
i, [dsonsa wly Lo appropaiatbe gt Low beocperataee: B pul Wie chiemical
potential esxhal ba gara,

(5] Show how 1he calonlatian 15 ondilied dor 2 phatan [uass © ] gas
Pruve 1liat the =oergy s proportional to TV,
Muote: Put all ichegrals i dinensionless forn, bul da nat evaluale,
[LiC, Rerkeiey]
Balution:
[a} The Base distribution
— I .
I P S
réquust that g O Getwrally

- ! 143
H_JI(.-'.I—NH:T I j'?:l[qm} s

When T decreases, the chiemical =14 nlial A increasea unkal p =1k for which
1 L I
™= Jlr ﬁ h—Jmeﬂ ! E\'.II"

Aose candepsation aoours when the tomperatare continee to decrease wich
g =0 Therelore, in the ligtit of very Inw conperataees, dhe Bose apslen:
can he cegapded av having w = 0. The number of particlez ac tle o-

condensed state o pot congepved. The energy denaicy v and specific heat <
are Lhuys obitamed ns fallows:

_ = Ir \ 449 g
L= Jr m - F [.E:I'.l'l] ' 1|,l'l.l.'|1!E
37

2n ¥ age |
hnﬂ-‘“ll (=T e idﬂ.

érrl.‘:T W e L0
ot (T 72

(b} Kor & photon gaa, we have g = 0 ab any temperature and r = ho

. .o
The desaity ol stakes i
r

— and che energy density 19
£

u—LJf.._"‘“'j P (*T\]I III”: a’dz
I EPEI LT B e N T
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JED

A gy of B spinfess Bose pasticles of wiaes e id englosed in g yolume
" ab a taigeralure T

[a) Find an saprezsion for Le deoaiey of single-pardicle stales IMap az
a Functiz=n nf the single-parcwle snetgy €. Sheich the recalt,

(h] Write down an exprezsion T the mean necupation nunker of a
single parciche arate, Ay a8 a fanction of . T, apd the chemical potential
o T]. Draw this functicn on your skeccl o part [} Jor o musderaiely high
canperatnce, Lhat ia, a tmoperature above Lhe Bowe-Elestesn Lracsseion.
Tndicate the place aw dhe =-axis wlhere & — u.

I:I:] Wrile down an in!-l:gra] t:l-:pru&&j-’.ul. wiich jJ:u.pﬁcil.]_'.-' dedebnaines
£|Th Heferring Lo your eheleb in |a], determime in which dieestion ulT)
nanpn 33 I7 i bowetsd.

[d] Find an exprezaion for the Bose-Einsiein trapaition tempeTatste,
T:, balow whicl ane must kave 2 macenacopic acoupation of 20me mngls-
pacricle stales, Leave your auswer in cerms of 2 disnenajonleas integral.

[¢] What ig pu[T) for ' = T.7
Deccribe a1, T bar T < T.7
() Find ap exach expressiop bos the votal energy, U(T, ¥} of the gus

lop T = ']"{. [enws YOUr AaswEr in kerans of a diuenaianlesy jnttgra].

[MIT)

Solution:
{a] From = = @2 /2 and

4l
Pie)de = T gt

we find

Ble) = z:l'—f[zmr-'u'ﬁ _



Sar=phad PhpMol |

The rezull g slhivan in Fig 315

F.g 2.1}
[ =0 .

L
gl kT _ 1

0 r Lpa
4k o
ge] With = = .:l_m we b V= I'E:ﬁ:lu .;llin FRedp

_ b)Y JPL 172 d=
a

{b) -

I:i:'?l:l'!. I.I’l—...l_n'.l..':" -1 '
L ez o lesl, AT
or WiV'= [k _J'IJ 2 PrEFE

whrs £, = J:_.l'.i:T ol | ¥ J"ir_."'l-" TECMain s lm-.'h..i:ugnﬂ when T |']i:=r.rr'.'|.s|'|5|I
F{T] merianes and appreaches rera.

{d) Let A be 4lie woanler densily and To dhe ciitics] ranperature. Nole
Lhat ot temsperatnre I, 1he chermcal pni;nr.;rd Ju ik near to 2cen and che
particle miember of the gronpd state i still near to 1ero, soothat we have

B
m = gyl pEs St

2 [ 2t
— [Tk Ry P
ha[.mk.ﬂ:l J{I z_

where the integral

= W3 —
A =Jr = 1. i
i T — 1

h? T
T . { ]| ]
e Wixd

[ed For b, w o= 00 When T 27, a0 and we hove
_tr
enp (5] =1

Heucw

El:l-II -
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and

[ it ; s dE
Mazis = 1 |_] = :Evr:k’f‘]-‘-'if glid
1 )

@

(M| When T < T, we bave

1Y i
v= [-zmﬁ'*fm']*-?f i
L5}

h -1
= 1 .T.\JJ.I.?
D.-.I:I;"'IJFT{F“ .
2 (Wil

(a) T cpantapy statisiizal mechanics, define the cosparbicle densicy
matcix i Lhe rerepresenlation where r e Aie peeition of bhe pacticle.

[h]- For a wyalean of & ddentical free bosons, Jel
' ! PoLath
-"l[lll' 1': Eh:l:-:".'r-": ¢ 1

whers £ i the chermal aweraged number ol prticlea an the momentnn
slate k. DHzrwas che Jimiting behavior of g (7] a0 r — oo, wliew ddie tenr-
perabuie T passes Do T 22 T wo T oo T, where T, Jo Lhe Buse-Einstein
uledeneation cemperatare, I 1w caze T o 0] approohes 2eco, vum 3ou
r—m

drecribe bow it approaches 2orn as = beromen larger and larger?

(APPNY, Buffare)
Sululiow:

{a] The vne-particle Hamilsonean iv £F = p*f2rn, wud Ue soergy =igens
shales are |E7. The dewpily oarcid in e wwedgy sepusgentotiva iy Len
AR —expd B0k T, which ran by trangfapmed 0o the coordinate repru-
LIS LRI R ]

':_rlf-' r :: = Z '.rlEll:Ell!' il . T _F.‘I :'l:.ll':lll'r]
FE.E!'

mo 3 welrie BT g )
L.E'

l:'.':'ﬂ II’]!’ . E'Ih-.]-'l':l [rl] .
I



Seatiwical Fhpsad 23

where kp bs Bedkznamn’s conscant. The stationay sie-padicle wavefumwes
Finn s .
kr (ErT
enir] = - —r' :
VT

where & = 87620 2r1, Thus we nbtain

. 1 TR T I
l'r!;-r:l = -i__r Eﬂltl' Fl=&h 7 B T, T

H
_ e qkir-r Aty T
- J’(d ket 1rorn AT et
{&=]"
. 23
_ (EB_T) p mELTie- o 2=T 07
L I

[b] For bree bosena, we have
L T PR T R SRS 2 o T | L
Su
1 sk ATkt Er e mldkpT 1
leh g ?r e nifkel

- L = fd.‘.kelh-rlﬂlb?k:'ll'lF’-ll—.ul.lkn]""_ |.|_I' )

{

T

g - Owlen dle temnperatuce T pagges coen T =T la T = T, henee

'.!:]
2 1 = ) . 1pdep T kuT

. OR kmi ke el RTETTE AT 1|_I .
IrlFr 4, -

mrl = —[__l:]ji IIIr Lﬂk.t:i.nJ:rf:‘";k?-"";mk'r' - ]:_I .
adf T .an

When r — 2z, we [Lave approxanacely

31 [imkrTrsh Yoa. -1
Il &= =, = dt raing | T EmmeaT
|zr)2 A
clE e
MR " 3 . .
71 wimenTorin e Tk T
== ﬁ— J‘II d.‘l.' —1
P s p I A
dmakn i WLI =i s
o= i
PR A

ke L

Irh® ¢
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AIGT

Congider o gad of un-integacting, nen-relativiztic, identical bosons
Expidiv whetber and why e Bose-Einstgin ropdenzatnn efezt that apglics
tooa bhree-dimensional gae applivs als: ¢ a twasdmensiogil gaz and te a
cete-dim emaic el gas.

Ilf’rfrcc-t'.".ln]

Sealulian:

Haialty speaking, the Dose-Emziedn ciidensebico otuiz where ¢ - 0
Far o Lwcndacen= ional pos, we Dave

. tema 7 i
Wo- ‘:-:-AJ'

foElT

B

L

rracd Illwa I\"':-_thg e wiitT § .
1

=d

...'rm-i E L fteT
ks

I=1

Wou = 0, the abave exntezion diverges  [lener p & 0 and Eeae-Finatein
LORSANGAL N dres LNk oo e

Far a ane-dimengsnaal gas, we hawe
v ¥ A A=
I = - - - .
m o afr[alr BT )

Il =11, the intepral drvergae. Apain, HosecEinslein condensation dres nal
mRcur.

2008

Conzider a photon gas enclogel in a »Slume ¥ osnd in equilibrivgo al
tegnperatuce T The phioton is a massless particle, sa Lhae £ = pr

(a) What iz che Chenleal potencial of che gaa” Explain,

[h] Determins how the wamber af plhietzos w che volume depepds oprnn
Lhe ternperalire.

(] 30 iy wrile Bl energy densivy i the furm

y = [ e
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Tieteeiine e [aemg < 2 [u:l He spertral Aoty of tlhe wnespye

[(I:l What st LT R T -{rp-r:nrlr'uro of the LILLTEY E7
LI Pardaley)
o] acecss

[in] The cieemical potential of e zhoton gas e aere Sace (he ccanbe

of Fludtogns 1z nat camsecvesd at o given tenperatare ad oline, e ayerage
AR

pliston pamber s detremined by the expression | — :I =1l then
vO¥ s

TN

- I
I\l."-‘:"‘.l';'['

ih) The denzity & states is 8al 2Fap h, or Vofde 't 7 Then the
uitinher of plhoannm:

.F'.- ] L] i‘:l.l\.-
] - L
[} 4] L J||I ale? MefiT

_feT)? JI( Sl

- ihE et =1
Elvee
L art
#la) = pt e AT
ane] £ o T,
NG44

La} Bhawe chial Ter a pliaten gas po 1000V

ll;,:| Lzing r||_|_rr:||1r.--|:r':||.'|mi|: AlEIELER LR |:]':|rsl and Seecinl L.'.u.'-:.:l. ~ud
1hie absws relicionzhape bebwesn pressnra and emerpy r]ﬂns:lrj.'. ~hRtajn tha
.:h:-f-gurl-e-rp.'n nt Lhe epergy -.'Iml.ﬂr:r' anocae lemrcalnre i a Fark=n pas

[T L% Harisivy)
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Srrlsalion:
[.1} The denyity of atites 13
Irizpde = a¥elds |

1-'.']1.!:'! [= ] I.! o cpoytant.

Wil
nE=- I.Irmmnn—c Felde |
1 7 -
Lt
- :l;f-sjln{l e ),
wr have

1 7= . % ir
= — Eoae® de = — .
ST J'I_. e 1 T
|kl Feur Bleenizal radial e, we leave

F[T K= u(T)¥ .

Tlsing the ft‘.-”ﬂ-'-l-'ing Farmula of thermodynamics

Al ar
av J . AT /S,
Tdw  w

we et = —— — =, ik u=v5T" whare v 11 a ronalant.

14T 1

2074
Corteider a cobical bax of side L with oo matter in Ioe ioterior. Tl
walls are Bxed ad absolute lernpecature T, aod they are in thermiel equilib-
rimL with the elecirunagnetic radiation Beld im the intevior,

[a] Find the mean electromagnetic enetgy per wnit wolome in the (e
QUCHCY CANEE fm o b w 1+ ke 38 & funciinn of @ and T. {lf you wish
¢o start with a known distribwtion bepstion - 2-g-, Maxwell-Beltzmann,
TFlanck, #tc. — you necd noc derive that Junciion. )

{B) Find the temperature dependence of the botal electromepnatic v
eegy per et volume, [Hint: you do ot have to sccually catry out dle
Lutegraticn of the resuln of pard [8) be answer this question.)

[SUNY, Hufaiv)
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T FLATTE T
|:.1:l T:h{: [Mran {::rclrnmngﬂﬂti: ELRTRY it e ancimentum ::lr.rrl.'rl.lp [
M d;r. 1 RV h:,-
5 EL FIRITEILYR
(IehP  shorarr _ ]

dE, =3

where the Tactnr 1 correeponds tn the bwe palanzatinns of eleclTamagneear
waves and ¥ o= LY

Miomg n=e of p = kafe, we shiain 1he mean electrobaznelic sneegy
o ilee Teequency aiteeval o — w0 + ol

! T,
r:_r‘ - 1-' I'|. [ b

- rpd E.h..'!:rl-:"."' -1 )

I'he sorrraponding ener gy deusily 1a

P o
L. Acd I:.n'\n..-l.".' k™ _ 1 )

(b] The total clectramaguedic enecgy per onit valan: i

H‘"d [&T7* f'“ Trde
K= u, = —
A itha]? 1,

=T -1

Thos o= 1,

T
A histovis Failure of clagsical physics ia jee demcniption of el wleon o
magestic radiation trom a hlack beody. Cansider aoample muoele] for an ideal

'|'.-|_.'|.|;.I: l'mrly r;-n.ﬂshing al a r'nb'in: -.'..'l.\.':il::,r n:l:l' .-|:|r]¢ I. 'll."ilh * sn'|a|| h-:_'.-l;a- in Evlal
mide.

[a} A&uull‘l.i:hg the clagdical I:l.l'.!:ipﬂ.l'ljﬁl.ul uf energl, clecive an ex prussi-:m
Tar the Average vnef¥gy pet Wil woluiie sud wnie fr\t-q’l.ll‘.':lt':,' T [H:Lyluig]l-
Jeans” Lawy Im wliat war dnea thia peault devinte brom actaas observation”

e

B 2.06
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[L] Hepeat the calowlation, wow wsing quanlum ideas, o oblain an
expresaion that properly accounte for the observed ppeclral dislribatien
[Planzk's Law}.

[e) Find the temperature dependence of the tolul power einiibed from
the hale.
[CUSPEA}

Svlulion:
[a) For azet of three positive integers [hg, ny, iyl Ul eleciromagnelic
Eeld at checnial equilibrivm in the cavity Ias two modes of oscillabion wills

the frequency klny, nz,ma] = — (5 + 62 + ng] "%, Therefore, bhe oumber
ot madan within the frequeacy interval S s

Fam o % faEyF
Fi - 3.
hﬁy Ff(cj

Eouipactiticn of energy then gives an ciwergy density

F]
kT-E CE (E)
- - H ':

YT L ae L - L

When v bowery large, shis sgpression does nob agree wilth experimental

rabaepraljnn e sinee iF o p]:lu U, x el

|:th Far coci|laliona of EIH|_E1II'|L'._'|I' L, the ATy CILCTEY ja

(2]
E nhpe” b AT

Al '5' i Anh
L-—11 -
- — _ — .. tll r An |.-'|
in v
ZE—.“”-I.'L:]- ﬁ'ﬁ n=i" ﬂl
n—i
- — hoe
e T e

which is 40 replace the clapsical quantidy &T b give

-
LR Felr

By = — = —
B T |
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<] The energy radiated frem Lhe hale per it Litne ia
r P

Lokt |
HCJI' wode = TV .
vl

20T

Elritremmagnetie rafiacion Iellowing 1he Planch distribution fill: u cav-
ity of wogume Vo Initiallye vy 2 1he drequensy of 1le masanm off Tl curve
of v, [}, the roergy densiy per weat angnlar frequency veesos o LF the
volume s expanded guasiztatically to 2V, what is the Gnal reak frequency
Wy af the aee [w) diatnbation curer? The cxpansion is adiahaks

{7, Freekeirw)

Solutlon:
Aa the Planck distributicn s given by 1/ expitu&T] — 1 and che
depaiey of slalez of o photon gas is

Dl )b - wnfdo fa - comst]

the angula frequency o which rnakes wfeh extrenonm s o0 = =T, wlere
g colstant, Qb che ather Land. (vat 9 = TJS - pdl and U7 = 3pl, wr

obtain ¥'p* . const when 95 = 0 Fince pax T we Lare
'|-"'T'= = copozd. .,
--I._.-I'~\I 153 T
T‘.r - (T} T;- - 1 l:a— 1
¥y e
-l
wr = — .
r N
20T

A He-Me laser generates a quass-Tananehtainatic beam at 61284, The

b wrzn Dics an oot peweer Gl Limw ['IIZI"':I walls], a divergense angle of L0~

radians, and a spectral Hnewidth of 0004, 1 2 black body with an area

of 1 cin” were gsed Lo generace such a beam afler proper Gleering. what
shouwld ila lemepec aluce be appeososalely”

(LT, Herkeing)
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Bolubian:
Cobyideciog Llack body vadiation i a ety we ged tloe nomber densiiy
of photnng in the interval deAlk:

P Saean

2

dn o= — -

IIE'-! I,t.lu.l - ] c

The mun:ter nf phatome in the lasec beaim Rawing throogh an aren & per
Ak me iz det ~dan, and the potpat power 5 W = cdxs'.

Litsducing # = ke fh and d8) x93 juto the expression, we nhtain

1
W= Wy s -

gl'ﬂ'."ﬁ 1
"I'.IIEIE y z
TN iR
o, 2R AR
_:|'.
Thetefnre | .
;
T= (B
hw

Jeing the knowa quantitics, we gro

Wy —360=07F W, T=ax 0" K.

2074

(2] Shew Lhac che nuaaer af pholans 22 equiliboinn ab Lemperaluce T
i a cavity of weluene ¥ iy & = V(AT k)% tliowd 2 nunretical conetant.

(b] Uae thia rezult to obtain a gualitative ¢xpresaion for the heat ca-

pacily of a photen gas at canstant veluose,
(L', Brrkeles]

Solution:
[w] The ceusivy of atakez of e pliocon gas ks given Ly

i

2
——rdr .
R R

dip =
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Thus
T - 1
I —-J|I 1'1_.11_3.;-3-! e”.l |dE
]
- ()
0
whers

(b} The energy clensily s

1 . £
. Y .
u__}lr:r”h]'n;:'l: r.""—'l'q!F

Sty = argl
—erv (Y4 ] |
I u FLE |

tleralare 4", o T2,

HITh
As yau knaw, tie woiverne 3 pervaded by 3K black bady radiation. In
a =-i.r||.p]e wiew, Wl cadiation arcse fram the adiabatac e;pan:i.nn of o muc)
boteer photen cloml whicl wes prodoced denog bhe Liy banyg.

[#p Why n dthe recent expansion adiabatic Tather than, for exanyple,
Hathermal?

{b] EFim the nexl B0 years The volume af Lhe anverse increases by a
Factor of ewo, whad Lien will be the temperature of Uhe black body radia-
Licn?t [Ehnw your wc-rk._l'

[«] Write down aw integral wlich deteconines how tnuch energy per
twubit meler ig contained i tho elowd of radiatien.  Fasinoale Lhe cesult
within &n arder of magnitude in joulea per [meter]”.

[CPhacago)

SnlwLio;
[a] The ploodon cluad = oan seluled sysier, so ks expansion s adia-
batic.

(k) Th eneeiy densicy of Black body 1odiation is & - 0T, a0 Ut the
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tatal #nercy & = ¥ Froon (e formula $af = @ + pdt, we have

54 N .
(5), - (), 07

Betice & V4% const

Fou a reveraible adinhatir edpangion, the cotropy & remains wichanged.
Thua when ¥ denklen T owill decreaze by & fackor (371 Bo alter an-
ather JtY yYoard, the lemperalire of hlark ].'-I:-d.]-' radiabion will baconie
T 3]":['?”:'-

i

[£) The black bady radiation ubeys the Hoge-Linstein Statistics:

E_. [ 1 dxe 1 [m rlyx
VoA e P T e aat Lo -

1

wlere the Tactoc 2 s e oumber of pn].u:i:aljr_ul.s prr zlale. Henie

£ Re® (R

= — =t Iimd
A TATHE b

2OTE

Clae wniveres is Gibed wich hlack body sadmtwan §plotona) ot & beon-
s=racare T — 3 K. Thie is Lthoughs 1o be a relic, of early developments
fuliowing che “hig Eang™.

{a] Expiesa the ploton number density k analydically i terne <f 1" aod
univetsal comsrancs. Vour apswer should explicicly eliow che dependense on
T and on the anieersal constants, Hawever, & rertain numrrical cedactine
may be loft an the farm of a dineovionless incegral whizh need naot ke
evifmated at thia sage.

[b] Kew estimace the integral raughly, aue your kacwledge of the uni-
verzal zonstantz, and determine n rowglily, too witkin sbout two orders of
neagnitude. fac T = 4 K.

[{2EFsTriA]
Solutlon:
2] The Boge distribugion is goven by

m(k) = 1flexpldelk}] - 1]
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The tucal numbet <l plotans s chien

ok 1

r Ao
M =9 1_1'?']:' prrerrrram

where £[&) = hie for photons and 5 = EJ.? The facine 2 i5 dir b the twa
dizeckizne o polarizakion, Thue

e XA (T
TV T il ke
wlera
o .1.'3
F= | -
4{. |.J:I=: 1
=LI||' dx - 2"“—1L—=52-:
T n—l

[h] When "= 4 K, =& L0 /em.

i e )

We are aurraunded by black bedy phaton radiadicn at 3K, Cecndec
the guestiwn of wlether & sienilar Ball of cherral neutiines might =xist.

(2] What kipde ol lnboratary expemments put the hest ok an how
het o neotrinn gad mighe ¥ How good cre these licoes?

[b) The phatan gas maked ap 107" of che wiwergy density needed 1a cluse
the Eniverst. Assubiing the universe s na oguare Uoan just clased, whal
ardet of magritude Loal dues Wis consideration place on the veotrino's
L et atuTe”

[2} [n & scandard big-bang picture, whal do yoo ezpecl the neutcioe
Lemprerature 4o be [roughly]?

[I"r{rl.-::-riun:l

Solvtion;
(4} These are ewperiments to aludy the neutial weal owerend yeac-
Lion bebwsden pealrie: b elesbrons. v, 4 ¢ sk BT, tEing nac-

lrinss <teatad by acceleracor pt CEKN. Mo soch reactions were detecied
ahowve Lhe backgroond and the <ombdends il of reeasurements was
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WO This wives an wpper lindr co e weak interacticn cioss geclion of
oo BB I0T¥EL cn® Felection, With B kT we obtain T 10" K.

[b] Lhe energy densicy of the neatnue gas is g 22 aTr oawd rthat of
the photon gas 1\ oy = aT% As g, € L07 %, we have T« T Far
T—3 K, weget 7, <411,

(c] At the early age of the universe (whew ETmg ] weubrinos
aind other eubstances =wch os photonz are in thermal eguilibrioin with
T, =T, bo sy and boch lave epergy disinducions similar to Wt of
black body radiaticn, Afterwacds, the neultine gas sxpands freely wich the
universe and ita energy density has minstienal dependence s [v T, where

t 1r¢r|||¢:|u'.y Lo ﬁ' il lenmprr atire Toa-—=1M I:ur:i.n-g ilir “radiv:" of Lhe

untverse, Hewee the wewtricu energies alwavs Tollw Ble blach bedy gpec-
o qusl Like whe photgne  EBloweser, becawe: of $he Tebatiou o ploorons
Ly ahe avibilabion of eleciron- pogicion pairs, pq o pe and che Lenaperalure
al chie ploton gae s 2Lglcly higler chioow that of the wealiino gas  As Lhe
photon tenupeaature af present is 3 K we vepent T, < 5 K.

2078

Imagins the universs to ke a apherical cavity, with a radins nf 105% o
and ipenetcabie wally,

fu] ¥ 2lie tempenature dnside Lhe cavity i K, #slunate Lhe lolal mune-
ber of pliotebe i Whe weiverse, and the cpea gy cobleant o these plolooy.

Chp I7 the cenaperaloee were O, and Lhe univerde cantained 10 wolpe-
Lrary o a Feenn distrebintisk, ealeulate e Ferini scoomert oo <of Lhe alecs
Loy,

{ Columbig|

Badul jorn:

(i) The number of photons in ¢he angular Geguency cange Mot w Lo
wol gy Q2

Vo
dN = — ﬂl ﬁ=i_

2 EI”I_ -1




5
ar
-1

St Fipaics

Tl totul nurnber of ploteo: e

N ¥ T wde ¥ = gy
' alol lo o afebdIr ] a0 |AR]Y e -]

O Ty
_(.T\J R LE: L,[i:nl
=

ad E__ = ak E."
4 4 IIJEE']:' ( S lal 10" v )-.‘-
B l L% w LN-%T = 3w i

D IV TICL
Thee vocal energy i

£ = v

e

(8 o et il adpd
L LY TE

B2 LW T orgs

th} The Fermd meoetitu of the electrong is

Y 112
ne = A (.33:1”_) x0T g comys

LUTD

A vu-dimensicnal anverse.
Tn nar Lthree-dimenrinnal univeras, the Fllowing are well-known recnles
frumn statistial meshanees and Lhermed ynamzs:

{a] Fhe energy densicy of BElack body radiacien depencds on 6he tam-
prraiure a1 T, whese 2 = 4.

() Liw e Debiye anode] of & sulid, che apecific leal ab linw ieimpecat uces
depeuda pn Lhe cemiperacars 20 T7, whers 5 — 3.

fu| The raliu of the specilic head 2l conutanl pressoce Lo bhe specific
lwar ad comdant voluwioe for wosnoealawde wd=al pae w = 5/3.

Drevive the analogrms resmdis [ie o what are 53, and 8] in the wniverse
wich = dimcusizms

(AT
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Swlutlon:
[a) The wmes gy of black tody radiacion ia

d'rdTg hia
ff (2ehjn phur2aET

" Fiw
[Err.'L] pg-'“-l'i'”'—l

Fir the radintivn we have p = R fe, go

E Tk " . T
L—,-zl:\?m) i;fd'x::_l- ,

where z = kw/kT. Hencra = n + 1

{b} The Dehye Bedel regards solid an an wetrapic continucun medinm
willl partition Tawciion

niv iy
Z(T,V] = ckp [—ﬁ S e/ 2kT| JTI0 = exnd—tury el 0

=1

i—1l
The Holmholts free en=rgy s

nhy
FooRTInZ - %2__-’..1. +kTELL[I — eap|—he, JKT;

—l 1=l

When & is very larga,

(1% nﬁr i
Y - f W el
L]

L]
1
=L b

where wp i the Dehes ITeguency, S0 we have

A ne M

F= ——huy- 0 e I ; n-l . o
e 1) r+{&T) |-"I—"1i-f",[-; "7 |l - exp[-z)]dr .

where =5 - hwop kT, llence

FF .
Ly = —T— [ﬁ) = T‘ 1

1e, F=n
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[«] The tlirubeim of squipartibicn o enatey gives e conzlanl volame

1.
aperific heae of o melernle as o, = nr where £ s the nnmaber ot degrees

of Treedom of the paalecule,  For & mrernacomine woclecules i a stace =l =
dimendiond, L — v Wich 2, — ey =~ kowe el

. -2
e
£, -

L

{a] fuppaone voe carcies oud & measurement of the specihe keal ar
constant vulume, Cu, T some sclid o8 @ Tivscien of leruperateze, T aawld
uhlains the weaulba

T (' [arhitrary wnits)
100 EL U
Sid1 K 211

41 10 b

HiH 1

adle zehd a condocror or an icsdlolor? Zaplain.

(L] I ahe displacesoeal of an sboin aboue s eguililrimo poeitiaan a
harincune solid 13 depoled by BF, then bl average displuceonent sonared o

given by
m

R¥ ue
Ay = o= |1+ 2 .
0ty = S [ el )
where M s the mana of the aton, gle] 13 2 soitably nnrmalized density of
energy flules and m|e] iy the Bose-Einstein accupalion lartar loc phopans
of energy e, Assuonng 2 Bebye moodel Tor tlee denaily of states:

alep = Ye* [ Pan)® for & = kuy
wlef =0 Tor & = kg,

Wlete wpo ks Lhe Delye Dlequency. dererraing bhe tenogeialure depeplans
af (L7 fur very Jugh and wery Jow demperabures. Do your resalls make

.'iEII.SE?

[Chacage}



FEIE rsbdern B Youroms on Peermadpnamdse & Saiediod Mochumer

Solution:
fa] Fror the sulid we ave € & 77 ad low temperalures and &, =
constant at lugh tesnperatures. 5o ks an anslator,

(bt The phowun s a boson The Dose-Eansten cooupation facker for
paannis Af energy £ s

1
!11:‘] - f—'”:__l,_ —5
1]
- A hwpftR de gd iz ]
WL - TR Sk
L £ [Rap) et i |
S T G Jf'“ﬂ-"f" A
“AM hup M Thee f, petAT 0
PF Lle tenupesature ig high, ke, &T = =,
g WL G 1 j‘"“ﬂ”* 6T
_ — -
e 4 Ao Mo (Rwnl® ), £

L A
A [heni?

I the tempecators g Juw, po, KT 5 2.

. wh 1
|"[lr-'|:| = -
1M hap

Theas reaolin aliow ehial Lhe atunn: ace inomocion ol T = 4, and tle higher
Uhe Lecaperaluce the meore incense i the motion,

2081

I:_:|-ap||i_|,¢ Tiam a |:|:,'r-!r¢|;! n:r_l,u;l:a| atructinre in which the rompling hetween

Lhe cacknn aknme i dilferent layers 9 mocl weakee thiuo Lhat Levween che

atoma mm che same layer. Expoeritnentally it ia found chot dhe specific hieal

ia properiional to T at lew teraperalucea  Ilow cao the Cebye theory be
aclapled Lo proweds an explabalion?

[ LN, Ihajfui]
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ST [TLALTITE

Ghraphite s an mawbaror and iz 2peobc hean s conlribawsd entirely Ty
Lhe crysval lattice, Wheo the lepeialuce T oincreasey fraan zera, de vir
brasicnal incdes correzponding v Lo motion berwesn Jayrery i brab excited
=ince e coupling belweenn bhe carbam atcme in diferent loyers s much
woaker. By Uie Debye model, we have

w =k

The panber af ]n:llp_'i.l:urli.nal wawes in bhe voterval Ebr k4di da [LI."E .'I'}Izﬂ'kd”.'.\,
wlere L ow the length of vhe graphice ceyucal Proos tis, we obiain Wie
numcker af e ]-'_m.gilul]iuul wiwes Lo (he ibteeval o 1a w + 2w, L:ui;u_.'".-! .*r-'::I
wlere ¢, i3 the walecity of longitndinad wawes, Sinadarly, e wurnaber 2f
Ll

:l'l:i '
Thevelooe, tle Dokbye frequency apecernat o given by

wrangvecsal waves te the wslecval o Lo w + dos 04

L* {1 z
wlty = — | = + = | wiw ,
o) Eﬂ[ﬂﬁ )

w = wp [ Debre Brequency] |

So,
O r
'rru = ‘-.'?J[I "F.l l:lz-';'[-"'l:ld"‘"l
| 2
S (—? + —:) . .
T F ;jﬁ' 0ot
) et o [e=—1)%
where

has ha g

T P T kT

. ko being Bollamann's conrtand.

A low remperatoreg, Sop 32 kgl Le 20 3 1) ten,

LT ;3:: =a :36:
— = l;s)lr ———— i
Jru‘u [e= - 1 o fer =1

" = o, i = € [3)

. 1
M geph® (E::}



L
-
LEh

Frooweis A Sdudi. e ok Thessdtsmuien.s = Srafmlizal Me-hanicg

whers

deb=3.n Fmll.

n=|

Lo chat the Jp{:mﬁ{. Beat 1a pIpoTiion al th T: al Do temipec b rea, OF more

precisely,

E'EEL-IL'.I_!'_II"IJ}_. 1
T o e

2083

ine Thiwenainmal 'Dn]'.-:r'a: Enlid.

Crnxider a ope dimensinnal Jattice pf A ideatical poink particleg of naasa
™, inberacling wia nearesl-neaghlaor epring-liks forces will =pring constanl
rriw?. Demule the batbice spacing by o, As is eseily shown_ the normal hoode
eigenfreguandies ate givenn by

e = w20 oo )

with & = 2an/a®, whece the integer rocanpes Trom = W72 b2 = N2 (Y
1. Derive ak pxpreszion Jor die gquabluos mechankal specafic heat of 1lies
shsten ik bhee Tebye approsimation. 1o paeticular, evalwite Lthe leadmg
ned-2ero berbie s Puocticis of teroperatare T for the awo Liniis T — oo,
T —n

[Friecelur)

Solatiou:
Please refer to Problam 2087,

20483
A ook dimensisnal lattics congicta of 8 linear amray of & pacticlea [ 3
1] interacting via apring-like neareat neighkor forcen.  The mowimal rode
fregnencine [Tadiana/ses] ate givon b

wa = e 2[1 - cos[2rnS]] .

wlers T 13 o conueanl aod = an inleger rangang frem — %2 b0+ 82 Thic
swsLean s tn Lhernal eguilibriom ak temperatwre T Let ¢, be the constamg



Huwealical .Pflpn?: 5%

“waluine®™ |length] specibc heat.
[8) Compale ¢ for the repime T -— o
th} Far T — 1[I

oy — Aw~"T1 .

whfr: A |,.'5 1 ronsl ank I.-h.m. L LEITS m.-.n-:] nel compgls. Cumpu.l:-u l.|11: =uperme nbx
= and .

Th: prn|:|1e-|r|. 'i: Lk Im 1.|'Eﬂ.|.1_'.d quuniuwm r.||.:c'|'|:.1|.i.cr|.|'|3,-.

[Frinceten]
SalnlinT:
¥ 1

[ap IF = Eﬁ"““m :

Whao LT = .'I.ui:.-l
L’:ﬂZhwﬂ-£=ﬁ'kT.

Bug
ald

Henee ¢, = — = Ni

oT
tbh Wheo &T < b, we hare

& ] Mz
s 3 Mun ey W2 2 Mt T
rg__i- : n=L

L |

air Sk, p T

e v o il .
I.ET L kT] ¢

n=l

Butice that aa N 20 1 we have approxiniately

T3 ANk wo
v = Eh—. jl‘-lz Jlr 2 {1 —con i—rjl g T Il g
K u 0

<

A2 2 a3 m'ni ﬂc—lhu.'r:Tlllul,r.a,"Nr N v
=3 s —a { in —
T .[. Einy |"-':|

L= =] =r

el by o

H.’Ilu'i ar Jf-'l 32!’- ILhw kT
4]
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Gecawse expl 1ha/xkT] decreases ragidly as ¢ — L, we have

SR o
kTFoa
BAIT W f.l:'.'“ * )I(*-'-

’_: - ;m_-.'rk‘:l"-n!r

e = dw 'T
.l:']"-:' T |I'I'\.|._.I o

whire A = [ LAANE? 7h) |"|""l Herp(—£]de
Haorew 3 — 4 — L.

20484

Coiven the SNECRY SpEciounm

ot 1T

= |loe]® + my — Qi a5 o o— Ca .

(2] MMrave dbial an chrarelioasei: 2leal Bernioo gas salislies the squa.
Lian uf =state x¥ = E73 where B s che lolal encrgy.

(b] Prove chat ale entcpy of an ideal quancam gae is givew by

-k Z|n. NENERNEERICTN RN

wlere the dpper {lkaver] signs 1efes bo Losepa (Teepions].
[SLEAY, Iy

Sulution:

[v) The womlwr af states in Lhe mcmen otn intetval p b p + dF s
LE LI . 1, . .
,l_plr.m ftuking £ = - b From £ = cp, we vblain tie nuiaber of sraces i

1

e energy interval £ Lo €+ de

sl
Fiejde = -— e £ .

S ophe rotal wwee wy



SrRntie Mhpricg whh

I teppns ol che chermeadenamie pagepnaal o 8,
. T Eal o ..
£k = ﬂTlILE=ﬁ.'Tj’ -_=|,--_=|£‘|"|E+"'_ﬂ“_"l""5
W

arvf =

= m .L'T JHI] -r-l'-"-'“_“lllf!.'n
Zeh I
Bel” == E:I'i,'. =AIr=n’

T aThe fl:. 1+ Me T

1
=_—E.

Bloce Lhoar 1his egpeation adso apeplies Lo ab uliratelalivistac boscn gas.

[F] The average nunsher of particlos im ohe quancunt state s is giver: by
rn, = 1 expla | 3o b F L, frem which we oo

expla + fecd = {14 milin,

E
a+ Jepo= lnlz ] - lolw}
aod
- - —r=If. =, 1
J:|1=—=FLJ:|||:I'—'r o +Lm]:|:ﬂ.-
='|:E||1[1: mn) .
By
o o
5= |..E—nL—enE) ,ﬁ'l—[nE)
[ EP TR
we have

N - J:Z:'r‘-'.lu.l:n.l P [l=m ]l £n,] .
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2035

Clensider an wleal gz g gas of Termi pandnl-c a0 a lbeanpeestars T

:iL] Weire the |.|:ru'|.l.j'|.'-i.|.il}' ;:-:r.] Lt Lhers are = =arl i-:_||:~:-' in a gi".-'¢n
stwgle parbizle slale o= o Jeaction of Lhe sneen acecpatian poanker, $n..

(L) Find the rooc-miean-gquare Wootualion Q[ - "n0]* 05 ol e co-
pral el utwher of a $'i1l|ﬂli' AT e be 2nake as i Bl biolr i odie e oo U|.l.1Li-_'-||
uwmbeer (ke Skeloh Hie rezult,

| LT

Sqalud Leenw:
Yal Let oz T vhe mopergy of @ smgle particle cols g b the s2ieme-al
praleaiial. The partition Mlurclion

x - Euplrs(,u el AT = Lraugplly 24 ET
Lo v s0cpation aumbel &

1

NEEM LT '

in-=kT—Inz=
-3

The prukabilicy s

]:'I:"] = gt 1| =T
H4

iL=tnl)"

it -
A - A W .. \
|:L|| TR TS R 5 RN RT B W
T
Suowe have [n — 1T = LT = nt).
The zezull iz shown i Fie, 217
1
o | -r.-lp-IE:'-‘
E‘- P
P
AN
: \
1
: |- - e

Fg 21T
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[n 3 perlecy gaa ol elecitens, e meah vwmbe o paclicbey cocupyring
& Eingle-paaticle quantum adace of eneryy L iz

1
* eapfiF - AETET
[a} Oheain a formuala which crubkl be used 10 determine g in teome of
Lhe pancacle denziny roamd v oows consianly,

(L] Hloow chal Lhe eapression above 1educes to Le MagwelFBoltzmann
diseributicn i che it A" a0 1, where A is the cherual de Brogile wave
Lewglh

[-.'] Sketrch 4"!'., VEAMSNG F.'., far T =N H apd ler T = Jel.".ﬁ . Lacsd
signifisang pointa glopg hoch axes.
[:_r.-'{"l Hﬁf.ll:-:fu‘_‘,':l

Sululivh:
la] The particle nunmber densily (=

1

ir -
— P T 1
rl-_}r _:lllzr.l-:l ﬁﬂ.!l—ul_.'.'r:" . lhl!‘

TeemkT 1 4 vI__ o
R .} WS eTeAT e

1 (zrka\'l 102

r ¥

>
k)
L] -
nad _ A _wE
Wl e )
Thie formala can be wsed o dedermiae .

(h] When mat o 1, we paaak bave ie U abave nkegaal

.
2xp i\ﬁfl N I
it Eallewe chint

1

iT -LLAT
AE —ElAT :

= ot

o, =

i in veduces to thie Belizrwann distohution.



M Frodlamag & Sodggasgs an Therpsodlesany =g & Salindied eshonaza

[-.':l The wariatian ol M, versis E, i3 az shoewn o T, 2018,

I
I
Mo £ £
il 7oK ip) riEE
Fig. 2 1R,
08¢

Suppose that in gunie sample 11e Sensity of statez of 1o elecoreng Li ]
2 4 conebant D For emngy ¢ > GoDe] N for = = 0] aml et el rotal
lwenbeer uf electrons @ equal to ¥,

[a) Caluulate the Forme prtencial pg at 0 K.

(L] L won-g200 wenn pecaroraz . derive bhe candicion thar the syscen is
mam-degemerata,

|:-.':| Hhow iliar 1he alerermnae spnriﬁr heat js peaporticna’ b the 1ep-
peratare, I, whan e systern s hghly Aegenerats
{140 Herkairpl

Solution:

(a)] YWlen T — 0K, al che Juw Iving giergly Jewvels are oog opaed, while
Llivge levels whoes epet ies £ are greater sham ju, are a1l dacant. Takig Hhe
E/Y mpin af electrina icle sondideealicn, every stake can arceoedate e
emeclrons, ad benee 20008 = I, o

L
En = oo

L

whers & oo bhe volume of the sample.
[b] The con-degeneracy cobdilion regquitez chal exp ll,",-:l @ L, then

1 T e
- - lj._l:. H—r.l'u:. .
MEEFT ELY +1



Fatiwirg! Fhpaza e

I dhis approxintn,
N " 2Lk,

[T — e e =D T T
' _|'I|__ T

Thal i, Lhe non-iegeneracy condition is &1 2 [} 520 = 0,

jr| When T =1 K, the vlecktoms are in the grouwd stale withoot exo-
tarien. Shen T2 UK, bue T-x otk ouly thase rlectrens near the Fer
wugBace 3Te exvibed, W = kT De ang Lthe spentic heal contriboded Ly each
election s 0 E-“:_ Therefors, wien Lhe systam o hiwehly degosrate, Lhe

grerihe heat 47 T

2088
Conzider oy leng ol W *oen-inleacing™ clectronsfam?, eacl of whirk
ean weenpy oither o Lownd scate willh vrergy £ — . E, =r a feogoparticle

J . . o .
rancinano with = = £ |_TJ|.|.:- coald Be o d wetndoondectog e 51 waek e

snllaw chumsra Sun)
{a] Compuce Lhe densicy of states as a [oneaon of ©in the continywm.

-[!_'.:I Find an {';I-;pn:s-:i-::n Joar the cherciial |.lu|!|:1|[ia.| it the luw 1E|||.p:i'-:-
bare [rmnit.

[c) Tompute che number af fTee eleztrans (e electoons in dhe contan
win] a5 2 Tewctwa of T an the Tow tengaeiature Lz
[, Rerhelesy
Selution:
Suppose Lhat vach bomtod 24ate can 2 shegd <omsadn & panr of electron:

. N
will anci-parallel apins, and that the noober of baund alates g -~ That

iz, when T =1t K all tle twread xtares ve flled ap with oo freo electialis,
When o quite law, only a Jew elecliuns ave i the free paaticle conbinmam
£ that we can ose the appreaihalien of welk-degenes 1y,

(a1 The denzity of =lples an bhe rentnonm is
Ar ., s
D[:| = r.‘_J'.*'"'.' \."': .
(X1, (<] The nuwadser of electrans i che hoond sraces ars

."'r'
J.'lr| ' =T

- L T H 1 !



AN Frotlems & Soaafion ol Dhermadpmamack B SHonelica’ Aokl

."'lI - Jll:l-\.
M,

BTN gt o

The numker of clectrome in e concmam [weak-degoneracy approxima-
tien] 15

.?'r._lr - Jr .DI:E]BI";*TE_”ETI:E = ."lr..t'l"l."-'r ] [2]
u]

: 172
|H|'I.- -2 [Eﬂ-ﬂ:kTJ .
r?

From 1] and (2], we get

where

MeIN = Al

. = ;".’.mf_E""'r ]
ﬂ"‘ll

Tinck Py Ny = HONo= Y Men

=1

Y h

NN [SFELTS R 1"'Il|' —_ v“jl..'.Er—Ei.'lJuT ] I'El]
Substiluce () i [2), we gut

u = J:T]]I:‘r—‘r = Ejul - E

S 2 ¥ pd

N5

[a] For a averem of clectrong, azounwd pon-intetacting, 2how Lhat e
probahility of induing an <dectron an & state with cwcrey & ahove Lhe chena-
il petentid @i Lhe saie a0 che probabiley of Geding an electenn afaom,
from a atste wich enerpy A below poat any given temperature TV

[h] !':iu.]:-p{.@-r: Lint the r]t:n;‘i:.]: of statos f.-'[i:] (LA Y |'|3.-'
|:-[q.'—:.._.|||"2 . €5,

Dle] =40, ) bezosgy,
B[—21107 = 1



Sratterd’ PhoHes %]

ad show i m Fag 2,14,

Eg

G] \ nle:

Fig. 1

el that ab T -- & allavstes wish £ < 0 ave ocewphed wlile ehie obher sbates
are empey. Mow for 77 > Q) anmie slates with £ = O will be occupied while
Eomee Ftatex will] & < 0 will ke onpey. Wa =k where ix e pasacien af Iu?
Fara &£ b, write dowr 1hie machenaalical equition for the deterciinatinm of
g oand discwss qualiatively where g will be i 2 =2 L7 g 0T

irb O e i an gacess o my elecipons per e woiume char can lpo
accnmndated by the stales willy = = M. what 15 the equacizn lor ge for
T=07 How will p stifl s T oineneaces?
(&Y, Fhicifaloh
Solulion:
l+b By che Fermi distvibulicn, che probalilicy foe o level = 1o he acen-
pied is
. L
gl = -—

FLE e TR l '

#0 the probabilicy for Ending an clesiren at e - w+ & is

1

P':.l:"‘l"ﬁ':" l'-:u-':"l'l

und the prabubility far not heding girclenna at € — - & 13 given hy

1

T

L= Fipy -l

The 1wy prelahililies have the sane walue as reguired.

thp When I° = 0 14, same electroma with £ < D will be excited to sbates
nfe > L That j= ra =0 VACLILrieE ATE prndu{g:‘l In the sma phates af £ < 1
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wihile same electrons proapy statas of € = £y The nanber of election= wich
g =gy i gleen by

n =~ J{m D] ;d;

el 4
E3

= 1 L
- e — eyt ————dr |
Ty

E.':'If—ll-l + 1 -

Tlee mumber of vacancies far 5 = U 18 given by

ma | DUsp - Flslids

1] 1
I Lez -~
_.'[_ bi—e)} oHla—ny 4 |i‘

Lra]

By n. = M., We have ;1 = :,;._."‘E when a = 8. We alma akrain the eqaaticn Lo
Jdecer o= B wlen o F |':-,

El - _'tu:‘:l|.r—|.._| + 1

For o b, wae hasa
el‘li"i'-l;—ﬂ'l +1

ﬂl"l-""ﬂ;' + |._
o that = - Ey M= F-—pm, T I E;_.":.!. Heace ' wlifis to Jower RENECEi4A.
Fora e d,w g 04 o shifle Lo bighey enecpies.

[c] When T =1, by

]
[ e - et = g,
r

4

wiz obkoin

-

2
_ 4 z
- {\ T ::l -

Ji shifts kn Jnwer eoergiea as ' increaces,



Sratitica! PMhpaen f{ph )

2040
(a) Caleulats el magoinuds of e Feroni wavewsctor (ae 4.2 ¢ 10°¢
electrany condinsl in oo bex of welome 1 a7,
(b] Corpuce Hee Fermg energy Gin o] Tar chis sy <teom

[«] [0 1w electrons are replaced by neccrons, conpuce the maguaades

ol the Feronn wavevrctor and Lhe Frerna cnArEY.

[ £, Brrkeleyl

Salution:
L) The durad nuimbes of pacticles 12

4 O E
ok
The Fermi wawelewgch ia
eno 101
e Ll (E}I 125 I *m 325l
np Gl

[E] vhe Formi enotgy 15

2 % &

- 1 h -

sp — TE — LA 0T onoon e
I Ty Ar

) I che elertrons are ceploced by neauons. we lid T

Mpo o Ap o L2AA

™ -
and e = _afF = 5%« W1~ n¥.

L |
Cileulale Lhe aversge enecgy per particle, e, lor o Feomi gae ar 7 (L

given ik € p iz che Feren enecyy
{157, Barkeiry)

Solubion:
W couaider two cases separately, neosrefalistic and relarivizjs,

{a] For a pon-gelalivistic paecicle, b s [0 e inoanentum and
s the pran mana), ot follews chiat



*hi FPmMerme B Yefofona vo IJln:rﬂ'ldlll,ru.urm::J B Halledicar Markoeas

im _
£ e
Ji v 1]

T= -
Cr . £ r
eds
&

|:h] Far FoZeome, we hawe ¢ Fi, and ﬂ[c:l £ cans "]_‘I'v.g'p-_-:'.-}]-e:

We lave L[s] — .75 <nnst
Tlen

_ Jl:,:r cg-cn'-: 3
s .. - TEF

I E 4

FALLTH

Lrerive che denaity of stales 0[] a2 a Mubcbioe of enebgy = for a fres
Alechkoom pas in one-Emenson [ Asaane peviodic oonday cawdilions e
comfime the [inear clain basome length L b Thew calewlace bhe Pern speagy
=p AL IEra banpeTabure 1or an GY o elertron ayae .

[ Wireomsmn|

Sorlunt Lesta s
The energy of o particla ja ¢ p? F¥na. 'Vhug,

- L3
an = —}l 1
¥ a, ar .

Tahking acovunt of the twe stales of spin, we luare

1L dp L[2wa)'H
R keliE

15 )
Dk]:L(?T) fh
L3 _|'I

At temperators 0 K, the lectrone will sccnpy all the stotos whose enargy
18 T U L Liee Fermug 2oergy =p. Hence

L[r]de de

or

Tr
N = Jr Lie)ds |
13



Hanshad fApecs S

Eitenrny

LODA

Cunzider 3 Fernw gas ab low temperatoras k5 20 g0, whees pfi)
L= the cherndcal potential ol T = 0 Give qualitative arguments For dlie
Leadling valie of the expanenc < the tamperatnre-de pendent term wn ench
of the Falluwing guabtities: (a] energy; (b} heat <apacity: [c) encropy; [d)
Helmiolz fres eneray; [¢] chemical pocentizl. The zero of the encrgy scale
it af che lowaatl orbital

[L712, Berkeley)

Saludivn:

Al low bemperatuces, only Lloose goalicles wlose snergies 30l witliog v
thickoes ~ ET uzar Lhe Feami surface orv PeTmally excited The eneryy
nf each such particie b of Wi order of magnnde kT

{a]l £ = Ej0] racT &T, wlere & 33 a propoctionalicy conztant Heoce
E- B0} o= T#

LR
[
c) Fram 98 — = 4T, we bave
e S,

T
1'-'=.J£ %n!?’:-c?‘.

(] From & — £ T% wehawe £ FID) = T

[e) From g — [F —pl")/N awd ¢ o= ZE:3V, wlheee & iy Lhe todal
namber of particbes, we have g — w01 77,

Z0ha4

Derive an wxprezdioo Bor the chomicnl potetial of a fiee electran gas
witlh o dunsity of A elociconz: B anic vobvme at zeco temparature |37 —
O K], Fiod che cenizal polewsial of the conduetion alectrona (whick can



Hin Frablapgy o Safppans on Tarmadpmamicr & Swistioa Mol e
he snpsidered as [ree rlectrans® woa noetal with W — 109 el.l:-:lr:-nﬁl."crr.:" at
r'-nk

[T7e, Rerkedey]
Kalulion:

Froar bl denzity ofF seaten
Dalde = detdm)™ 5fede b

wa gok
o e

| e ir , e B 2_.?....'.]1_' !
Y =ﬁ .|1._3 EF.I:I]}- wede = T( %] j

B2 pany
Therelore, pn = o (L’-" ]I .

For W — 0¥ eleclrons/im”™ — Lo pluc by wbis Y, it Tollowa Llan

Mg — AT A 1T T 178

2095

[ E] iz the depsity of acates on 3 medal. and Erp 19 ahe Pernad eucepy.
At the Fepmo energy M{EFI 2 0

[a) Cifve an expressann [or the intal nember of electrons i the syetem
at temperateee T = Gin berme af SF and [ &g

[(h] Ciive an expressizn of che total oumber cf electroms in 4he syatein
al T £ 0 in derns al Ui chemical palenlial u acd JH E].

[r_] Calvulale Lle e peralure d.l:penrlu:utt af the cleanical pnl:f.n.li:l.l ak
lom Lebaperalubes, e, w2 BT,

F

=+ I
. Fiy r
lEtemrmher J[r - -dn= —:I
—on BT +1:|‘ 1

[ Chicaga]



Sealivtund Plymii oFRT

el

Fuy. 2oL
Selukion:

The detsity of states s

Al [T 5

s
1 R

[ap T o, the votal mwmder of elections i-
E, a
.'n’:f Dl = EJ‘}{EF]EI .
[H

(b] IF £ 4,

= &
) =JI{ F%a'ﬁ'_
g ElfmRRT

[£] At low temperatuces oo 2T,

v [T e

AT-EEL: )

1
'r

M 2
=Jr DIEaE - %iki’]"rf[m—. i LA P I T
(1]

e

BV Bl a0 (a7
Ah? 8 ,.I

Thus, we get



a5 Prpldermrs & Sodetiorna on Therrnalpmumace A S et dd’ A2k ce

w II.I!ZI'E

_ 1 (3hEN
b= (35

20H0

For %ametal there are apponximalely 245 106 F roncluctiob elecipoya )
cm?. which behave approximately as a free elecieon gas. Friun bhess Taces.

[a.:l Ei.'.re au ap[m::-;.i:n ale value |i|:| E"'fr] uf tle Fertu ehelgl i Ma

|:I;|'| Five an rl,],rp[ﬂj;i,u].ﬁﬂl:' walue [or the #lerirnnic :]:-En:lﬁi.'. ligat oof Taa at

r¢ony bemnperad kra,
[0, Ferkeley]

Soduthomo:
{a] The Fert anerpy o

. LY
We subuditule & = §.58 « 10~ 12 %, m= 01511 Iu'lt:"l-","-:2 and F = BH =

ID% fem® inlo ik and abtain Ep ra 3.2 &V

fh| The vp=cific heat 12

1 N X .5:1"
T — kT = — . =
= N Eg ™, Ep !

where 11, = 901 = 1077 kg i3 the masa of the clectron, £ o~ L3R =
29 7oz . 1.,
b7 7 IFK i Bultrmann'scanstant, and £T & — eV ad rooiu temperadure.

We aubacitite Lr awd tlee other quantities in the ahowe aypresaion and
obiain C = 118 1/ g,



Maraersad Phomes pitw |

2007
Tl vlectionz in & melalle solid wmay Le coueidecsd 2o be a thiree-
dirmeneisnal frve vlerizen LHLN Tar thiz caae.

I_u] Cliair the allowed walues of & and aketch the appropTiate Fermi
aphere in k-space. [ Dae perislic Beondasy condibions with length £,

[h] L¥stain tiie maxamemn value nf & Tar 2 systenn of 8 electrers, and
henee an erpresrion for the Perow energy al T = 0K,

(] Mlzing o =imiple m1gament sloew Lk Lhe s onlaibation wthe elecirens
rake b che jpecific hean i peoparcioql to T
| Wircamnsm

Sedatinu:

[a) The periodie candilion cequices Lhat U Bengtls of che container
L aa wabegead moulviple of Lhe e Broglie wavelenpth (or the possibile spanes
ol malivn uf e pastacle, Lad =,

Loond, ] =-nL2....
Toilisitg the velacion betsween bl wavelenglh and the wave vectrr, & =

204 el taking inte acconnt the dwo propagating diceclions Toc each di-
mansion, we okkain the allewes walues nf &)

Ir
by = —n,, n,=0=xl,12,....
L
Similarly we have
dar
ky L"u ny =U.+1,-2,...
o
ky=—r,, =101 12,...
+=7 :
Thun the crergies
] thpl':j
e= B =
*m 4

are clizereles, The Ferma sphere shell iz shown an Fig. 2 21

Yr
|
v 3

| Fenge = Iﬂf Er e

R P

___ﬂ-

*
- ¥
k“

Fg 111



1T Pl ns 4 Sotivid vl Moersmdaliobnes 2 Slafele'w Heskans

L
k] dn, = —dk
[ :I nl Er A 1
L
dmy, — hrljk"’ .
L
dn, = —ae, .
i :.‘:17';| !
Thus, in the valpme V= B2 che namber of quartum seaces of free

elecieons o Uhe region &, — &, —dk, kb, — &, +dic, &k, =k, + 4k, 02
[considering e tws directions of spin|

c g Vo .
dn = drdn,dn, = 2 {;E_.-l a2k, dby,df, = md‘t,ikhd'-:, .

ArT 0K, e cleclion:s ascoupy che lswvest staler. According fo fhe Faul:
xclnsion grinciple, there i ac mrse ope slerteen in woquantyn seace. e

¥ oo e
wW=-— Ilr_]:]r I{k"d"‘:-'«"‘l'.l:'lt: = _-Jfl dak~ak '
4 | drt

vy Lhak

The Fermi enecgy s

ful AL T = 0 K, the elecreory cocupy all e gquaalun stales of eaergies
Ervan O Lo =p. Wl tbhe tesnpesatase 1v ancressed, some of Lhe eleclrona
v ke edgibed ko araces of Bighes e gies Lhat are nel vocupied, Lol they
amt absorh mach encrgy o e po 2 that che probakility e very 2mall
Thus the ocoupancy seaation < mest of the 2atbes daoon chauge, eacepl
those with £T near the Peami energy cp. Therclore, only the clectiowe in
sl #tates cordribute 10 the apecific heat  Let Moy denote 1he nuober
SF sl clecorons, we have Mg — £T®er Thus the molar speific Teat
combribled b Lhe eloctrone ia

ﬂ:——R(E\:IET.



Teetirtiow Fhyrize BTL

ZUNE

Sketch Lhe spechie beat corve af conztant wolmioe, 5, 23 2 fuzstion
of the absolule werperatare, T, for oo mebadl® salnl, Give oo wrganoeat
glowing wley e sutibiiblion L G Broau Lle Free elecbios i prupucbional
e T

[ Wiccanean®

Salutlon:

A sl b Fig 2 22, elie apecidic lead oF 8 neelal iy

i, =1 = AT

whare the hrsr beron on e rgeht vl 2ide 53 the rentribution of the frze
rierieans and the seoamel paro 2 the coctrihorea o Llatbien cecillnding.

te
r

Fig T2t

y

Foo w grantialive Jdiscaezien 0 Ve <oanilitaon bo 000 of e Tree
aleserews 2o anawes g0 Mrablean 2097 [a)

pljpriy)

(3] Derive a o iy for &l mastudm ainetic ewengyr of wa electran in
A Rc-interia i@ Feanni goF cetsisting of W oelecbrone i s yolume ¥ oal 2eio
& ik Ly Falig .

{b) Caloubare Lle wneagy gap between e ground stale and hest exciled
stutr lor such o Fermi gas comsisling od the valeooe elsicrona i & 1I',IC,.I|i, ke

of copper.
fu| Clompeace Whie vnecgy gap with £T ad 1 K.
The iz dergiry arad atomic weight ol copper are 893 giem® and €15
reapeer el y
I:l'.-'l':{, .E'r:r.'i:efég.'|



i | FroHeeme & Sadiohd od Therddpndence 8 Subaiza Mrckaogos

Soluclon:
[a) When T =0 K, che Farmi distribution is

[ 1, ¢£<¢F,

Jr:lﬂ, K fF .

The: cdenaity =F quanssr 2Late is

i -
h—al:EmP' 4 ede
.nll- I "1- . — -
Therefore, v T; (= B e, giving
(e
ST '
iv., Swmr — EF — D Hw 1D7HE ]

|:'|'.-:| e h.:'._,-“i — a anrd FEE J".I."r'n.._ the QU RILEAITA Tewels of ehe valemce
eleclrone 1o Lle cube of copper are piven by

2

it end el

whete tig, Btz = 0, 12,0 .. (wok gl aseausly @), The leb uxciced atate
of the Fermi gas 3o anch that an clectten s cxgitod from the Fermi esn face
w2 the nearest hagher enerzy atate. That is

(m,0,0] — [=,1,1] .

Hines
T

% an
hr= — =f.0= 10" T .
Brmad

ir) % =d.4 = 107K 2 1K
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[a) Fuor a degenerate, spin =, wuseanlecacting Ferond gas ac zeto temn-

pelalure, fand an Lt IR AT T fur ELE anskel of eI of W such pn:h-:]es
tubifined toow volurme 17 Asccne Lie painlicle: are pen-relalivislic,

[h] f2ivew sueh an expresaion Fur the internad anergy of & genzral evelbam
prok meceszalily a ree gnsd ab 2evu wermparacide, ow does sne deleroane
the pieielne’

(<] llen<e calowlata the preasure of thie gas and show thag ic agrees
wilh Lhe resalt gprve=n by the kinedac Lheory,

() Cie, and expliin brefly, iwu plisocmena wharle e at lease qaah-
cabively aaplimed Bv the Feran ea: model of melals, but e wot i accerd
with clissical sralistical mechanice. ile ope pherosencn for which Wiz
simple modal is inadequate for evan w galitative explanpation.

(AN Merveiey)

Zolution:
[a] Tlee denaity of stales ia given by

17 I
IHehds - -I_Tj— (B2 e

Hetice

¥ . "o Hrld gy 7
o= rar Rt I =
o 127 f; VRS ( " w'

and

4 v "~ Ly ] \
£ - ( il :IJ'II (LY REGE
'I'l'ﬂ A 1

- aNer/h

(B) Irom the Chermadynande velalion

N a7
(av:'r. T(FJT)L. TE

I:-:E'.E') *E
AV LAV

and - K, we |Laue



T4 Frotierar & Foubione v Theredpiareens B skl Sdceloales

o] Azawene that the veleziay diztibation s O0wid, Uew e ol
ol Lhe eolecules waich vollide with o wait wiea of ehe walls of 1lee container
ie 4wl Liree, wark veloiiies betwen g w amd v 4 2 da Fdig f-"l:‘-":llf"«" Tl
force chat the wipe arens sulfere doe bo Lhe rollsians s

dAp = Imr.lfnﬁ'[?:-.:"f -

Hzree tlhe presagrs o

p= I|Ir nlv] Zrwidy = f D] rraldy
rlig™ll LU, rm4deEa

e
B

¥

1 -
= g f L] Erm.-‘dl;
For an eleciran g

_UE N hF N \‘]*-"j
Foar T8 om (Efrl-"__

tdy The specific beat amd che paramagnetic magnetization of metala
can ke gualitacively explained by the Feroma gas madel

Supercenductivity cannat be caploined by the Fermi gas model,

2l

The freg-electron model of the cnpdnction eleclrops in metals geeme
naive but iz oftew succesaful. Armong other chings, it g1ves a reps mably
good account of We comprezaibility for cartamm metale, Thie prompia the
following queation, Wou are given the pumber density noand the Formi en-
argy € of @ non-interacting Farmi gas at reco absnlute temparatuce. 7 0K
I'ind the wethermal comprezaibility

,:__i(ﬂ)
T ¥ WA

where E ia volume, p iy pressore,
Hint: fecall thak ¥ = %E, where £ 33 1l etal enecgy.
[CLEFEA]



Seariatiza Phyaics ET

Solution: AL
p= [ } o, where Foig the Teew energy, £ = £ — 'S, Wheo

Ay
= {E
E= aL - )
. 4
LVsing pV = SE' we JLuve

- (8), - ] - ),

T=0K, #=k, and

or i
. B 3
¥ il I
{a )1- +
1 0V 3
It —7(7) -5 [T 0K
ELCE K v\ ), E-r-[ |
MT=0K,
e 2 4 o, BT
Tl T yeery T
FLCT 27 £
_ M
(LI
Wk v
wowar L e,
2] Jacam
'H'E'ﬂhfuﬂ.'.l'l
kr
T i
Frr an ideal gas, the energy of o parcicle s
. hﬂj_.i
:[Jr,l= - .
Thuna
h2eE
LY T
T herofore, a
P=_ 0=, [T 0K
il
end
= (T =0 K]
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10z

Ferini gas. Corsider an wleal Feomi g2a whase atoma have pasa s

w107 grams, wazlear spin § = é amd nuclear magnetis mcmenl 4 =
1310 * prpiganss, At T =0 K, what i2 tlhe lage:t densicy Bac wlarl the
pa= can be conpletely polarized by an exterbal magnetic Geld of 3107 ganss?
[Assume nu elecironic magnesic manenc).

[MIT]
Saolutien:
Aftet the gat i3 completely polntized by an excernal magnetic Beld, che
i

Fermi energy s e = ["Ei-:T:FI.:I 42 where n is the partizle density.

-""‘1]-!.”- e
( )

2 ¥ W aleas o ?

2ret
With cp = Jdl, wie [uawn

]

‘-'I'.'.

! im,u

]['E“":=1 Tliak =

|_‘.

Z1uE

State and give a el uelificadion for e l2ading expouent noin ohe
Lecipralure dependence of che Tellowioy guaorities e a highly degenerate
Llhoee-dicwe nsivnal eleciron gua:

{n] che specific heat at constanc wolame,
I:I:_I Lhe :p'in conlnkcdion to ihe maagiedic mamant Mmoo Braed 5.
bebic field &.
[.‘.-.I".I' T_l-

Salutlan:
Led us fiest considesr che julayral I

= fle]de
= =
i ele=alde™ 4

=,|II IM;:TH'E
ai kT [ I |

=IE.TJII|<|| [ r[F—J'T_EIl _Tl{ J[Ilﬂ__ ‘:Ti:ll_f:
" L L

= J{I‘ ,r'II:II'JII- — ':.T et wﬂz —kT fm .”:|J- l R-IIEI-{_E:
i o -

Ju v+ ] e |



fegimtizgl Fhpmza T

wosbe KTE — - - A kT % L, we can anbslieula oo for the wpper
limit &f the aecond integril i abowe expression se it

_,l'-_f"" E[I]di-rkT[w i[F+ﬁ:T:f— ’rl:'u_sz]d;
i I

gl =1
Jn . m .Lr u!;[ }
= - - . 1 xrdz i » o
= fl: Flzpdz + 2ETF ] -I||I; prararRL LI wlere Fud - el
' FAR
fa] Ler fie] = £34, then the internal eoergy £ - T, 0, = _)I _
E

Toie,n =1 Infact, when T =0 K, hecause the heat #nergy i2 e anall,
anby Uiose electzons which bie in the sransiton %and of width abowt & on
Lie Fermid sueface can he xcod iole energy levels of enecgien = kT, The
patt of the intconal energy directly celated La T o Lhen

AT —-1% i, O.~T1.

(h] Let fie] — &Y% then A = £ hence M = Myl —aT?) e, n=10
When T = ¢ K, the Farmi suface g with cpin Girection parallel tin H ix
epr == g~ pn i {an ia the laht magnetnn) shila the Farma surface x5 with
spin dbrechivn oppusite en H ja ep = p — up &, Therefare, theee exists a
et Fin magnetis moment parallel tn H. Hence n =40,

3 RIES

Tuke a syulem of & = 2« 107 gleccrons in 2 “box”™ of volune ¥ =
Lem™ The walls of the Box wre infivately high patentlial bagriera. Calculate
Ule follwing within a lactor of fve and show the dependence nn the relevant
plysical parameies;

[a) Lhe specilic hear. O
[b] che magnetic susceplibilivy, ¥,
[::I Lhe PreaEULE o LTee walls aal e Lo, o,

[-:]] the averige Rimerie ELTIRY, I:Ek:l.
{ Chieans]
Seafnabicaas:
The dens:t:r' of stalbey in k LITHTE S F:] gi.u’éh Lr_l,'

. 4wkt
I."[Jl:]l'!.l' = E.l-" . FJE'



178 Frolecn & Squteear 2m Thearesedimiarhza 8 Ciutinbical el o

- k2 )
and Lhe ximetic ansrgy ol an z2lecfoon s 5 = P e Comlbming, we prs
*m
. S TR
oish= 5= (3] .
AL T =1 ]":, the & rlectrons hll up the ERETEY levels Eram zero 2o E; =
£2 )
E—T;kil L=,

e !
N Jf Piside = £ Ee) Fr
il

W gy
whence tp - [h:'tf} '

T b

L] The gpeods heat i
o N
ek TDNE] = E—PkDT .

where kn iz Dolrzmann's <conslone
[V] The magucsic susceptibilivy 12

N
= pE N Eph a2 =i .
Er

whers e i the Belhr wagneton.

[c], (] The average Rinedic enecgy o

Er t 3
Bl = f eD(=his = 5Duz,,]}z‘f. = SNEp,

i che presaame on che wadlp o the 2oy a

NEy
v

le' N

P

1
g

2105
An wdeal 7z of M smmn '- Termicns iz conbined bo g velume ¥ Caliulale
the zern damperstwe Limit of [a] che clhemical potenlial, [B] ke wvrcage



fratub=y Fahur PR

encTRY [ar particle, [c) die pressurs, [1] the Pouli apio seseepiibis Shaw
that i Gagssian wnats the siesceplibaliy cay be wntieg ad H-,'.n:EI Nedume,
where Jo[0] 35 the cliemical potential at zere semperagurs. Assame cach
fermnieon had interastion with au eatvroal magnetic fiehd of she form Teq 0755,
wliere p:g i# the Bahr magreton and &) 1a dhe z-campapent of e spin.

[ H'rlsl:ﬂ na rl.}

Holuticeo:

Az the spin of a fermion iz 1, its 7 compenent has twa possible di-
rections with respect o che magnetic Beld: wp (] and down [/} Theze
coTedpond b0 energies £pafl, rezpectively Thws the aretgy of & parcice
in .

:;1 = 4 ”’ .

At T — 0 E, the particles conaidered cccuwpy all che erergy lavels Lo low
the Fermi energy [0} Therebore, the kinetic enecgien af the pacticlea of
negaiive apira distribuce between (0 ard ai0) — og H, thaae of positive 2pms
distribude Letween O ok w0 + g B Lhearr aumbery being

FEXY i .
- jhi r:'_ {'-'1-11 P_ FII:I‘J:I ) 'III:I'H\J '

. ATV 4 (I .
L —r - il - #nh’?J .

L

&

[a] The total numhber of particles ia

ix§" |I2

L N S () R
* Ik

”F[DI' - n HI 0] g B

VWith ff - 0, wa altain the chemical porential

. . 1 i
{b] Far particles with zocomponents of apin, Z an:l -2 the Peii
IEANEIGA are e pes Lively

ra= [Teafuld) - ppdt’ )t
S b0 P (VTS ) Rl



FE0 Frubiem) & Sdahunr o8 Merrsdndrreca & Suashic o’ Meckboodcs

The commapponding tobal energies wre

d E-’ LA
£y - al flr (_—pﬁH;I 2
_ iy [ 5 J.I]:.H
W w3 =5 7|
Ar¥ [0 unh
R | 10m A

=

Henve the average mperpy per paclicle o

E_EB 1B 4V L seH oy
N N HIN ll:lntl:P++F_]+ 3 LIS I

E o1 5 g Hyd
n-""i““”[i‘i(m)]-

[)] The pressuee is

i (as) __8E  du) _
F=2=haw ) T "&qn e

Fer (i) % up H,

p (= : £ [uy .

(d) For pil] 3 pp fi. che magoetization ja given by

L Iud N
M= N =N A==
#ol WV~ -;u]v
N
H STEY
eooe § EI”:““,

#1046

Crnsider o Fernnl gas madel of ngclei.

Except for the Tauli principle, the nuclesos in a heavy paclons are
wsawined ba meowve independently In 2 aphers correspendiog ia the nacl=ar
vulume ¥, They are congidered as a completely degenerale Pernl gas. Lat
A= % [Ale numler of newtrona +Z [ohe puepber oF protons), mmuome N =
2, and compute the kineiic energy per oucleon, Eiin fA, with this taodel.



Jl.uiabzy’ Fhyncs a1

PotE .
The vzl At dhe cuclene 35 grern by V- < 11':::_.4“ My 14 Lt e,
Tlease give vhe resnls oo k', .
§ CAcagal
Balutinn:
In che womencunn space,

41
fn= —-ap*h-
dn = e bap©dy-

whrpe s Lhe cumber demzity of wenlrons,

The Leta]l pumber of weutrend i

L B -
] - B
fl‘.{.. — L&c) JII F.ﬂ,-

N
LGy
ST

-5
Il

whera §7 98 e Terind ot aban.
The total kinctic energy of che aeutrone is

z IRxY pl
El.iu =f:—m£r:-— T Et

gh Mm
Hueaice,
Een _ Y pk
A f1m

The volume V can be explessed it dwo waye:

. 4r ST L3 L _ R
V=—~Hd=""Cr | = .. =
7 o Tix CF Ao [patting A is 1}
agty
vl I [ frll o
wiving pp = M (3 JI| , ant

gy B
-E-Jm. . 3 [ T"ll 1 =] 1'3 !L'ji."'l'l .

A Tmba) el
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- Lok

At low tevapernturea, u mixture of 2He and *He atoma farm a liguid
wlith reparates (Rl fwo p'|'|.'|_|-r:=: 1 concealraled phasa {n{:rl.rl:.r FILrD 3]|q-:|,
and a diiute phase [rm“;l'.l]r 655 THe Jur T <1 H:]- Th= lighler *He Aoats
nm top of the dilute p]1.1_'=.r:, and “He atoms can crase the phaue hnun-rt.lr}-
{s-u:: Fig. E".E"J:I.

The supetuid *Ile lae negligible excitation, and Lhe thermodynamia
uf the dilute phaze can be seprescaced as an ideal depenerate Feoni gae o[
pactiches with denziey ns and effective mase au” 0" ia larger than my, Lle
T s of the hire :"He alom, q:]u.z b the Prase nice of the Ei.:]u:in:l an:, .1|;=1|r|.r|_l,-'
m* = E.-Im;]. W ocan J;rq-.'lel.:.r n-.pn-.s::n.l:- Lhre conceniraged ph..ue l:rl,-' an adead
dn:-g:n.n::rn.ti:: Fn:r:rni [ GL] |'_p:|I -;:Irrl.sil!-_'.-' T and p.ul.in;]: maan -

[a] Caloolate the Farmi enecgies Bar the two Haide.

[B) Tlaing simple physical argumenta, maake an =stimate of the very
low semperatare spocitic heat of the concontrated phase oo (T, T ] wihich
explicitly shows jta functional dependence on T and T, (where T 2 the
Fermi tesgperatore af the conceptraded phage, and any conetants indepan-
dent of T apd T‘F,: orcd Mot be d:‘l:ermi.neﬂ!-- Gnmpm’q the J.pr.n:'i'ﬁ_n: hoata of
Ll dilule sad comcentraled phaves.

[c:l How much heat in requim:d b warm =ach phpe from T =0K tn
T

¥ - conceniraled phose of Yhe

{ - _ - _.'_-._ T _-.-_-:..::_I_ dinte phose ol SI'II'
- — - S GupErHad af S|

Fig 1.15.

[d] Suppose the comlaiter io the Bpure s aow connected ta external
plombing 5o that *He atoms san bo transferred from she concentrated pliage
ta the dilove phase at 2 rade of ¥, alome per second (2 in s dilekion
refrigerator). For fixed wempetasure T, low moch power can this system
al:eerb?

{Princeton)

Splutiown:

_Em fambE K fan R
fal s n = 3 ( i ) e have By = 2rrin ), B  and



SHabnivzd Hhpnes %3
E v {ES’*H G A
*P P B
LG -1
|:|:|] Far an idenl d{gfnn:rnr.r- TFerma gas at lear temperatores, Gl those
pan.in:]fs whrar ¢:|'|-¢|_'Ei{~'. are within 1_F.'r - I-':T] and [F.'F i T cantrgboie tn
k

Le specific beat, The effective parcicle nuwmbor 1w v, 4 — sz . B0
F
T
Sy WM™ L, =g, -
L 0 .&-F‘- r .IF-

whele o, s a cOnErank.
T P
T"
R ST
()@= | ol -
T z
- T
g:- f cur-
L &y

td) The epirapy o+ 1 parcicle ak Tow Lo prralures is

. T ‘) T
X[Th= —idT =1 . where }isa corsant.

W T I
Tlhe poawer alaiwbend iz conesrced B labenl oeal, being

L . L
W = |';¢r,_..'11._ T = 5{TNT = ';',TT ! _‘;I- - L )
(5071 = S4THT = 878 2o 20

FALL]

A while.dwarl slar 11 thawghl to conulatule a degenerabe eleclron gas
systrm al a wnifacin wempesabure et belew e Fennn temparatoree. Thas
system 15 alable agamns=t gravmwalianal collupse so long as e elzctcona are
nomeceladaviaine,

[2] Caleulate Lle cleclron Jemzity fer wlhicl the Fesoi mooeadong 1s
coe-tenlh of Lhe eleifron resl oass e,

(L] Caleulate Lhe peegaure of U Jegenerate electren gas wnder tlege
cundiniona

[, Herbelen]
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Bolution: W }
(v = [ff o,
e e
o o Br rppad
gl.:-lng TEE ST l'-T} .
Wich
_m.s
Frr 0
. . L L L I
wi liaee n 5 {]LI."-.] =58 x 10~ /.

|:h] Frar n Irang r'la':p;cnﬂ.\:.r Ferini Eas |:||.:r|-.-'.'r1' the ARPra%dn ien rf
reTn va'ler.i.u_-], we gel

i
L
5 1
aul P
z : LI m g
= IS =CInpy=n oo Nent
- T S A S : o
=114

A owlive dwart s a seak anppoeatsd B 1he presanze of degensrale elec-
1mnma, ha a eipplifed octel for sackh an abject, cnnaiaket a aplm:’ﬁ uf AR
ileal gan ransisting ml elezornns and completely anmized SiYE and o cren-
banl denainy Ahiromghoud the star, (Bote Lhab Lhe oo plien nf a renscaal
daneiry i@ inconzistans wich hydroscabic equiliboiumm, siuce e pressare s
Lt alsn gon=tant. The assumption chat che gas i ileald iz algs nel really
Lzpable. Tlhese shartconinga of the rnade] are, however, wsa cpucial for e
waues which we wish vo conmider.] Led n, denete Lhe density of e gilicon
oy, and Tol . = 1o, dencte the aleclron den=gty. [The atomnic nwsnler
vl siliceo 12 L4].

{a) Fiad Lhe reletion Letween (he raesn kinelic eneigy Ea of the elec-
trons and che demeivy ry, azzonning 1hae Al demaities are sach Laat e
electrnme are “extronw by relativistic,™ i, 2] chat the 1e2t gy is neg-
ligible cranpazed witl the tatal enzrgy

[1.!] ft-mpule Eﬁ |:i||. He"l.":l m Che cose that Lhe [r:sl mn_':.ﬂc} r]f-nsi\'.'_-' rf
e [FE1 I:qu.ds "= c” E_.'.L'I:II.::I. Al=u comp ke Ene meewnn kimeric cuerpy F.'i
i che gilicun dus? D Bl ceolaal rt'gi.t-h of e dwarf, u.s::umi.n-g thai Lhe



Stiatioa! Fhgue:d AE

tenipe sbare iz 108 W and asswming that the “inn gas™ can ko regacded as
a Maxwell-Baltemann gas, and hence convinor yoursell e B 2 F

[] [ % ju Le couza of che alay, wied if B 2 ita codine, chen the gravie
Lalianal poleolial sueigy 12 piven by

403 A2
LI:'_ = = .
in

In the case in which the inLeenal Energy 1 damioaled '|_|}. r.:u:i.r:lntl:.-' Tl

arivistic clecirans (s an past [I_.-:I rl.lr.-'.ra], Ll wirial Lhevaem vmplies 1Tian
the Ltata) pierral ERErgy id a.[.:-j.lru.n:i.rll.l-&e]_l,' I:quaJ L4 Bl .gi.:wil-a!-iunul phu—
tenligl epeTpy. Assuwiung equalivy, and wesvingag bhat che electrony do wol
conkrilvile significantly o Lhe masa of e star, show Lat the stellar oeasy
can he express=d o terae of fundamenlal phyzical cenetanla aione. Eval-
vala your answer nwmecicelly aod coanpase i owilll che moass of ELe aun,
2w 10 kg, [It can by shewn that this s approximately the maximim
poesible maas of 4 whice dward ]

LING, Bercefey)

Solution;
[a) Wse the apprusioation of eleon g degenercate electron gas and ¢ = pr.
Fevin Lle guantum abaee density of electrans, it follows

P En
E‘{?-' - hnl:as]‘ﬂ- '
Lhen
LLAF T z
M. _-Jlr.n h—3;3£ Ik
ir A
T
Thercfore

[b] When p = 10% giem?,

o= dmy = 3x I0Pem T = 3w 10 Y
E.—sxil " T =3 MW,

— 3 =

E = _kT=1i1xlb 2] = 1.3x1% T MV

Obwynmsly, f, 2 E,.
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{r.l Fooan the vicdal theaone, ws It

R I S T UL N Red L

I—H'n./\l SN I TS iy

L3 47 &x 5 R
Fnking Ll

M= ‘!_—!-R:"E:wi = ﬁﬂjqﬁri‘il. \
3 L4 K}
we phlain
&  ake 1
B e L L e P T Ll Y ¥

1iRm G ¥ 20

where My da Lhe miaga <f ole aun.

2111t
{2] Ciawem that the sncw of the sunois 2 e 107? g estinate the wwinber
of €lecrmens in the sin. Azauoie Lhe sun 1w logely conposed of asornic
bydrogen.
(b} Tm o white dwad star of one selar as the acoms are all iomized
aod contained iboa aphere of radius 2 F WF cm. Find the Fermi energy al
Ehe mlectaans in e,

{c] Ttthe temperature af We who e dwarl s 1" K, dizcuss whetler the
electrons aocd ! ur wucleons s L st are Jegenerale.

[d) H e abewe neanber of slectrons were cantained an a pielsac af one
solar masa and of radins 10 ko, God the apder of magaitodes obf theic Fenai

EILEFEY-

[ Codmiibag]
Sabaticn:
[a] The nuanirer of el o i
3w 1nM -
MN= .- TN IS 11 L
AT« 10

[t The Perwii ewergy of Ui electrons i

R N A LA I A

Eyo = — - e P LI L
eeke W44 Try, W IEmE R
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The Fierepj ciiergy nk the wazlrans 43

FH.. L
Frn=Lte.— = —F ..
! B e 184N D

] Epo ok - 4w 108 = 1P K.

Ey, ik 107 K.
Therefure, e a wlhite li'-'l-'a.'-t'f, Ll sleciions e :-lfl'l.'-l||e|:,' L EECIRCAkE W |',1'|r l:|'|¢

s leunz wre weakly degene ale.

[d] The Feriu 2ILElgy of Lhe elerecizi: o conzaansd o a p'nL-::l.r T3

¢ 2 ) .
| F] Fr b W0'ER LG 107 Mel .
h £

FINNi

Al wlat puJ:'LicEE :ﬂEInliI:-}' Adues o pas oo Doee wletzogs I:-.-n:-zl.<i-:|fr|:~:‘! Al
T = 0 K] leawe eiough wte-pagcicle kel s gr | Fevonn eneagy) Lo peret
M Feactiun

prubon 4+ sleclron — [LE Yel = usalran
L il G cud [eang el 1y L':.nhr-'.' |.|*:i|||{ Ve peacTe above eabimnale Llae II.IiI'||1I|'|II'|I.
l-'.lﬁl'lil‘:-:r' cf w nenlrom #tar
LU0, Derratey)

Sobat boo:

Wien T — & K, che Feemni energy and the mumnber depsity of 116
eleckian pas ate 1€lated as lollowa:

B 2
n— — —— .
1 I'.k f?

The cobdilion For Le ceaction La pracesd = e = 108 MeV, Hhen
r -
Ry, = 524 < " R
Hence e minimem mass densivy of & newdeon star s

Finin = L 2%, -- L I ]n" EH_-'I""-I .
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Azaemg thae a wencrnn star = 2 hiphly degenecate noe-relalivictic gas
af nentrory inoa sphecically ayonoetcic spuilileion coufiguaation, TLow held
LageLber Loy ahe gricvitational pull of o beavy obpect wich naoge M awd radiog
ro ol the center of the sl Meglect all mberaction: amueng 47e nearacus,
Chleulile Ller nenvreels deasily oz a Ton<cion of the digtance from the cender,
r, fur r = m,

{ A

Solueion:
Fer a wen-relativistic degenerale gas, che denaily 5 o w2 the prossure

oo ) wlere poie che chemical potencial Uherefnre, § o= ap®fF wliere o
iz o constant Applving ic oo dhe eruarion
A 1
an_ _J.f-::'u'( ] .
L L
B uga 1
we bl s -EJ,u:-"'" = MOd [\r) abid hence
{ G 1 i
- - <= 1 gana .
o # ha r
As r— oo, olr] =0y we hocl crost, = 1L Finally, with © > mqy, we have
) = [2ME e
s = | T
2113

Congider 3 degenerace [e, T = 2 R} gas nf ¥ non-interacting clec-
trams an o vabnme K.

[2} Find an eguabion seluting pressure, eaecgy and waluzne of thia gos
Tor the esirerne telativistic caze [iguwore U eluctran niaas].

[L] Far o gas <f real electisna {ice, of masa mp, Bnd ohe <ondition ok
& oand ¥ oder the peandh af it [a] 1o be approximately val.d.
{MTT]
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Stz

The CIECE) ul 1 DCn-inkeraccing |JI:'|I|"'II.|'!:I e eleciruz wad i,

-
L1

- _ :‘_-r,r I“".-'r
£ 8 Il

|

uly

where € b6 ol erergy afl o mngle election, pz 58 the Feoti monwntom,
pE = (ANEx ) TR

{a] For the extrome relativistic case, © = cp, 5o we have energy

Yrcl
E = P _|:-':'. .
35T v . .
r|_|-|r] rezdlre p = — [\:.;J:IT ) _ %#. h-'lli{"ll glven liﬂ: EQuuLtLon of xtale
1
o=y
n i

fh} Tar a real eleciron,

z
¢ = [mc?)® 4 {pe]? = g [l + E (?) ] '

whers pig it? MomERtam. giving
. Zrppd
E = 3xcl|pp + [mocpy | *[R .

The condition Ear the cosult of puct [a) b b approxoeately valel o pp 3
A0, ST

) Ax pmecn

vy (%)
Eicher % +ooor ¥ — 17 will :a.l:iuf}' this cundieion.

2114

Caokeider a box of woluwe ¥V containing slectrop-nositran pasre and
photang dn wquilibriom a1 2 tempecatore T = 1763, Assaie Lhat Lke
.n_::,"“ilihril,:-;ln ia rataklinhed ]'.h_',-' 1he reurtion

et e
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The meactnn dass net accor an (ces space, bul one may think af il as
catalyzed hy the walls oI the box. Igrariag the walls cucept insefar as Lhey
allow Lhe Teacting oo gorar, findd

[a) The chiemical putentials for che Jartnions,

[L] The average nwnber of eleclyon-posibcon paira, in the twa limite

ET oo and BT 20 mnee® (You way leave poor answera in tenns of

dimengionless definite integrals)

[v) The neglect ol Lic walls 35 net striculy peemissitle F shey contnin
a puackpc=antinutber imbalince, Scppoaing Wi chiy gobalbeice creales a
pel chepuical potential g 2 9 Tee e electroos, wlal i3 shen Lhe chaonncal
poteolial of slie posilroms?

(4] Caleulate the nec rlarge of the aysters in the prescuce of iz
imbalance in the imit & % g % mec?. [Again, your anawer may be ladl
it derms of & duneenziotless definits Dlegral.)

[{'ﬁ.t.e.'.._;.:-:-
Spluatinn:

{a] For a chenical rezction & — 8 + C al equilitrivmm, xy = pp -~ e,

Aa bl cleuiial polential of Le glhoten ges u, = 0, we obiain

Hev Fp- =0,
Comsidering the ay weinebly batween pacticle aml aitiparticle, we have
s oo

Hewce - = p,- =1k

(1] At the limit €7 2 e weglecting O eleclron mase aud letling
E = cr, we allain

i |
JI|"Il|" - a1 Jlr"ﬂ:l;:' -
kT O |

_ ¥ ET) Jlr“ z2dr
L

BEERENE

— r
=

A4 the kn 6T v mo2®) the *1° 0 dencimanater af the Fermi Tactop

H]
lex (A TrrI® + (et iE] 1 L




Suaieall Fhpnce b |

cir e :III‘!g{]E\'_lEIj and we alzo lave

£p = A ekt 1 | ) s et — pii2m

Thus
- 4
_"|II..: = [:-.TFIJ I}r —F"n o= 'I'r“"'I:ll:l'u'p
el
dez
_ |."'.I~rrn, k'.'l"‘l PEETRLY
' ,|-|_ h
|:I'] L o = jL- = b u.+ = -l - = -
{l.‘]:' The net chaws of e tyzlem iz i [ f]::[,l - . ] wieTe
_ arl Ilr'-"' D-.#P
S B T a

Ay a1 e = 11 B, and

—p - Bl - 'IJ 1 1
g= |I:|.':I I ! F . I"'l|||_.."|'|‘. 11 f_lllu"l_lli| vl
gie b O
_ a, )
.'1""[‘: IH_III:‘ T+ 1] i
2115

In the wery early stages of che wnbcerae, 135 vsvally a good approx.
mwiazkon bo oeglect pacticle anazzes wnd checueal patendial compaced wil

kT,

[a) Write doww e average nuober awd energy denacties of o gy of
paseazteracling bermict2 o Lhenoal equilibiive wider these comdinie s
(You tewd ot evaluate dimenaionles: integrals of order 1]

[b] II ¢he gas expands adiabatically while cricaining in equilihrinm,
I'Il'l'ﬁl I'I-\.T.h 1.]“'! AVECAREE R I'III'JE'J' H.Eld. ENEFKY "J.EII.Ei.l.it':‘ ‘iiElJEIl!.I. L ll:ll! d'tl:|1i=|:|sj-.u|.-
al Lhe :1'_|.'.-=‘.-E|1|.':'

Aeermpe (il The Termonag e |'|:'|.--:In||'|i||.1.1'|t|.}' rleztrana al |'--.':-:-i|:'n1|s
whep T = 1M K in pares b and [d] below.

(o] Jo U seennpbion modele in (4} that ol parkicles are new-inneacting
reagsnable? Wy [Hinl: What is the acerage cowlenbomrora Hen coerge?



Lb] Frodemee S Eduteme om Fhermiedimaonza & Eladiadies:d Mechane s

MPreatram clipe = L 107 coulenml, Bultomabn®s conslant & — 1,38 «
10744 pepH

{J1 17 the imceraclion <koss secbons in e cleckran-pasitron gas ame
typically of ordee of meagnicmle of the Thowipsnn cras seobisr gm = §aeg 0
lelawsival eleoraon tading vy 28 = 1077 o), eptimate the mean free
tine hetwapn vollisicns of 1he porcicles I0 the expanaion rare in part [h] =
1 wee =1, 0 Lhe assatinpbiot Ehas 1w gas cemaing m equilibrinm reasnnanls”
Wy

[STNY, Rufiala)

Zolution:

[2% ™0 Lbe sbabed apliogiristion, we e

FE.
&t po, -'t_T =1,

Ba

v r
oo A —_ _:Er'l .
famhys T ,"Iu gt AT )

Tl abelupd by -Juh?il-}' i

oo L RTYE s
T :"Il.‘.l“.-.'._.' fo et +1°

The average tnergy dernsily s

S R L
- — T .
? 2xt |'._ fii: J - Jllr L |

I:'h] The 1L ARi-5RALLE adiak atic -a:xp.'r.'m'inn [Tooess cabisfica the o atlinm

dlp'l"'] = —pdl. MNegleccing the partizle mass, we llave ¢ = Ir-l."E :.‘I.li:l.li.'lsi;-lli
ko a Phnl‘.nn p;.'l_'r-], theay

dp  Aat

;‘l - E }r L}
Eiviog .

JLlE] .I"'I_”-l 1
Fota wlich we obhtain T o« Vo' Jlence the payocle wambes denaicy
na ko

{z] The average distunce bebwesn zurlicles r o n” W% The ratio of the

Cuouloml inleruction wnergy peb parbizle Lo the pacticls kinebic moe gy 1s
iy il 'y 1

kT TR TR T qE
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Thas oplie: 1hiak che ateracton eneegy i much Less thay the ginecic energy,
whinll wnakes the approximation in {a) reazonable,

(4] The meran Zree Lime s [ = T nzre, where the average spesd

JJ:T 1'%
(Y
Th

kT 2 FETY L .
Hunee [~ (- ) -\'.I'-IT-J —) R [\ REE R
. *-I-i .

The asanmptian that 1the gas remains v cqualibraum is ceasanakle Eor Lhe
mran free d3me= 14 anwch sharter than Wie =apangion tirwe which 1 ¢ the
arder wl 107 Yy,

4, ENSEMBLES [2118 - Z145)

2116

Heat Capacily.
1 he eooatant \rnlumt: |1ll1':.1h capacity of a system with average enerpy
(K} a8 given by £ - (a"b"j
T Fwiw
Uge the canouical enacmble 12 prove that: £ 4 cedaced o the mean-
sqnare Buchuatizn in the cnergy o Tollows;

1 -
.. [ E - L8

s
{MIT

Solucion:
The partitinn Punction is

Z=9 expl—E./kT).

Therelvee, (E; = .%_ E Epe” FafET  Then
]
. BE ln 2 .
et —— == H iR
Ler S ™ T LBt

I, 1 .
= ﬁhff - B = ﬁ':[E—':E:'.'?.' .
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[.1: Cive Lhe thermodynnmnic definiicn of 1die Helinhalig [ree SNCrEy
F, 1he classical statistical mechanical deBnition af e p.arl:in'.n;m {fincding
Z, and e eelaviovalip bebween 1lieee quaotiti=s. Delice all aymbala.

(k] Using these expreasicns and thermodyiamic sTgumebila aluon Lt
the hent capacity al coneant v2lune o, 13 given by
Al
Ln = AT [ - I:T Lis EP:I

A7 v

[c] ionsider a classical oyetent 1t Iine Lwo discrate total wiergy alale:
Eyoand by Find X oand e,
PEUW Y, BejTula)
Salueion;
lal F-Lr_Tx5 2= J(exp[—EEhl.qu-..:- , wheee [T 5 1w imtermal
anccgy, T ehe abaalte temperatnre, 3 the eptropy, § = 18T, Elp. 3] the
rnergy 400 the apilem and dw = dApdg an mhniteaimal +nleme element in
the phase space, p and g beeing the generalized momentcm and coordinate

cespeclively, and £ Rollzmann's copat anl.
Tie celativn betwean £ and £

F= _kI'lnZ.
ih] Fran dF = —8dT - pdV, we have

S:—(I_;]—Fjl .
aT 1,

Hencr

“r
bl

= kT
I:F:"Tz

[Fln .-i’.':l}

I

1|.'| 2 =~ _ - AR .

ﬁ.?
. = J:T{ﬁ!?‘:n[r-"f-- + e_'”:'”}

o B -
A
1k wah’( ! “}

[
|

i

et
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111K
Conzicler e rmerpy aod lbnctuaticn in energy od an arbilrary svatene
icanract with a hewt cezervon gt aleoliles sempecal e T = 1157
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A useful way to cool 1Y is to apply pressure P oat sutfciently Low
tetupelature T co a eo-exizting Bonid-seld mixeure. Descrite qualitatively
buw this worka on the basiz of the following assumpticne

[ab The motar wolume of the liquid Ve is greatee thao that af thie <alid
'y oab all termperal wres,

(k] Thr malar liquid zrtropy o given by
S =~8T with - ~46K"*.

[l::l The catropy of the polid M comer enbicely fram tlhe diserder asso-

ciatrd wich Lhe nwclear spins |2 = 12},

Noke: [nclude in your anewed nopemi-quantitative graph nfthe =T dingrar
af He? at low temperaturen (derived vsng the above infarmatian].
{Chcags)

Eorlad s
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. . . . T
According te tlee problemn, ¥ Yoo 0 thea whew 20 o 10, ;F < 0 ilenee,
ol
when
Ind i
I;I-::.iJl = = . Il:l
T 1.5

the presawrs reaches the oonbosmn wabie Thie vweeana U o salBcencly
Leva damperatures {7« Tl applying compreazion can lead do a decreage
i ke peracze of che solid-liguid noxtare

A remi-quantitative p— T disgram of He? at low temperalores is shawn

in Fig. L.14.

Z120
[a.:l Tiescribie Lhe Lhin‘l Irl.w ol l||.|::|'1|:||:pd:r:||:|.r||ir.-|.

[|.-] Ex|:-'.:|.i.n Lhe ]'.-h:,'sil_'a'l meal:ijlg b ||.-:-',::|.li1.'+: a]:-snl_uli.-. ERicipr ez adnre.
Thaex it vialate Lhe thizd Tw? Wy ?

[t] Sugge=l ane examnple in wlich Lhe oegative Lamprerialore ran agca-
ally L wiliewed,

fd} LHaewes wiow chie wegulive temperatuse does oel soabe senze i base
gic.al thermady namiics,
[£ONY, I Tuiv]

Xohilicens

fa] The third law or tle Kerwst heat cheoren sigaifies Lt o system
cail hawe ick abgzalnte tampecacure pecdwced Lo 2era,

fb} Accarding ca the €0 ibha disteibmtion, at eguilibrinm the ratio of ie
parlicle ournber of enecgy level £, Ls that of B, in N, 78, = expl (£
E'mr_."i.'T:. Beoce, Lthe sarticle number in Lthe higher energy level is smaller
ilian thal in the Lowor gy Jecel for T = 0, B the coverse 39 the case, Le.,
wioder popalation tveszion, Blee agqantion reguines T = 0 and che gygiem s
2aid to be ab negative ternperalore  Thiz duvs net violule elie third Jaw for
% EYRtem b uegative compratate i3 further nway frvin alaelate tero o
a system at poatlve comperacures, from the peine of view of energy.

. . oL .
[t} One such exanple is a lcalized system of apin _ patticles. "W

cam introduce o strowg oaagnetic beld o align all the speos i the sane
direcrion as, i+, patallel te, $ha divectien of the neaguetac field. Wea Lhen
Teversn the magnetic field quickly = that 1lese i@ no tiowe Eor ot of Lhe



rel ] Erubdcrar B Fofobod @m Therdradpriuitoce B Suceticg’ Mosueoes
spuns o change directing. Thus negative temperadurs i= achicved.

tdp Do classical chermodynamics, & negative Lenperalure sysbenn is ne-
cliahically wistakle, We divide 3 substance ab reat indo sewverol parts. Letl
the intecnal enes gy and encropy of part 4 be L, and S04 ] reapectively. We
Trawe

L, = E,  1E/2M,

where £ is the cotal eoersy of the pare. AL s ke auwss, apd @3 owo iy
st nluey will ZF'L O Mechiviicnd eguilibrivin reguires all p, 0.

Ao owe hawve Inr a I!IFR.'I.H"-"E: temperalure systeom a5 150305 = 10T 00,
A, owill ineeesee: when 7% derreases, Le, o irreases Thaa Lie enltapies
S0 ] are maximaum when the | reach maxomom. This cantradirts ehe
mechanical squidibrmam rarditian = (8

w111

Cutiider # oystetn of gwo atoms, cacl hoving vay 3 quanlwn ebales
uf b givs 0. £ aod J&, The syeberm ia in centact with a beat jeseryou ol
renperature I Write down the particion Famelion & B chie avolews i dhe
paskiclea obey

fa] Ciassical statizlive and we diztinguislhalle.
(b} Clasgical zLalistics und s1e odislinguishable.
(€] Ferimi=Dlirac sbatislics.

(d} Baae Einateio stadiatics.

[EUNY, Buffals]

Johution:
fa] & — A% wlete 4 — 14 exp|—Se) — enp[- 2.
|

thy 2 — =L,
[} Fg = Aaxpl—fcl.

[d) 24 = A[L + exp[-28r]].
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1Tk

(] ¥ou e given = awstems of owe identical particles which may orcnpy
aiy of 1le 1hees energy ool

2, =hf, A= (HLE,
The lowesl eneagy olale, ey — 0 iz doubly degemarate The epstem is
i Uherreal egriibbricin ot cemiperatars T. Far each of e fllowning rases

dotermine rhe partrion Jenstion acd the enecpy and cacefully spumerats
e f-'nlhgurn.tia-r.:.

1] The pactichea abey Fermu statisiics,

E‘:I 'T:h-r- p.'l.rri-r.ln -::-hi.-}' Tlosr: staliscice.

EI-:I The [11:::-.-.' dlaring':li.ﬂl.ll..t'l'.-h] part'icli-_c i.ﬂ'.-::,' Haltzrmaon spadiskjcs.

(L] Dascuss ehe condiviobg woder which Permbona or Busons oay be

Leeated sy Dollernana paorticles,
[SENY, Bufuiv]

Solutioo:

[1] Crmgicdeciog e systena as 2 cancnical shyemble, the pariteon

funckion 1a z = :)::n'_'h exp[-0E.], whete wyy i e degebaracy of enerpy
H
|#was] M.

1} The particles abey Fermi stadistics. We have

2= b pRem™ g ATEE 0]
] L &=
E--lae=-12Z
FFoC T zea

= E,r‘-""'[? + da" T | HE_E':”] ]

The configuratians are showo in Fig. 2.25(a)
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2 — —_—
| — —— e
T —
E.C C E :E iE iE
(ol
F— — M am e — = —— —— -
1 — — il =~ — — e ——
R g FF = FF——
E=1 q I £ E ¥ E e 3£ GE
1-H
a L] a ¥l i a o h
] —— —f— rwpm —— T —— -
3T 3 - o if O _—
S P _t & k -
0 2 :f 2B 2R I O LE
n-r:I—H-f-I-A
rh a Eﬁﬁ o o _lll:_‘:
E=n0 0 0 C
icl
Fig 1%

21 The parbivied obey Doose shatictive  S¥e have

T = dor 2T 3T g A
g1z
=42

£ - - -
A EEY DR LR LI

The condigueationa are shown in Fago 2251,
3] The particles obey Belizivant alatistics. We bayve

il Zile MEF -4

z d+ de + G + 2= +r

E

Tlhe cunfigurabiomns are shovn ic Pig, 205

(L] Wheu the wonrdegenecacy cundibivn 3= satiafied, i, when s

¥

YemiT

porbant and Farhiuie and Bosons cab be wreated ax Baltzaann partizles

T .
e l!.i' -I-Eh:""" 4 AR 1".-._:'":"} .
F

=1

=

H
.ﬂ- h? o
— [:—] =5 1, the wdietingmishability of partarles besnanes aim-



Tenidhe Flyancs LN

F1YL
[a) Guve abelenbmwon of Lhe pabilion Junction = Fos o arabistical systen,
. . . @ nz
Chl Find aselaticn betwesn tle beat capaciny o 3 avaeean and T
d

I
kT
[2] Fub a eyareml wille nme ¢xriad slata ab ety & nbhove che groand
state, bmd an expression for tha heat capaciy in weems oF 23 Skatch the
dapendanca on temperatnre and hscues the limating bohavine €4t ligh and

whee I =

[rw cemperatoees.
(00, Derkeics|
Solutlow:
gu] The parcivi-m fution is che aum of statiscical protshilicics.
Frr guinkume slalisins, 2 = Ztip[—,ﬂﬂ,]. Jumaming aver all 1lie

]
QUATELE 9Takea.

Fur clazaical slatistica. 3 = Jlrexp[-- S E1LT 4T, Uategraling over Lhe

F:llﬂ_ltl-lpﬂ.l:ﬂ 'A':IIEEE T EIE \'.l.'l-ﬂ IILIILI]'.IEI' '.IE I'J.E gd=Ed l.'-f EI.'E!HJI'.IJII..

—= d
)] E=_-3_;:|]]II'

E 1 a1
I ka2 A

iy :
{] Apsiane the Lwo alates are na-degencrate, en

T Aem T A
T LT IRT T AT
n!r' & '.I:‘! ':.'J..'J:T'

= =kl =] — -
T {kr; 1+ c27mis

Tl variation < specilic Leat with weanpeature 3@ slown o Fig. 2800

Ly

Jad AL
Fig. 2 an
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Cansider a collection of M two-level spstems in thermal squilibeivnm ar
ateperatare I lach ayaiern lhas ooy bwe scabes: o grogpd state nf energy
1 and un exciled stake of epecgy = Fiud wach of the nllmsing quantilies
awd make o ekatch of the tomperature dependence

fal The probalilivy slak a pives wy:Lemn will ke fannd in the exciled
wlule,

[BY The entropy af the entice collectiom,
[T

Solution:

1] The probability For o sysseon Lo Le jn the esceed alale 2 P o=
1 -iur

=

aowhene 5= L em T e

The relatian between peobabilicy and temperature o shown iz Fig, 2027,

alkh

rub

Fig 227,

(L) es 01 e~ " TP 0 F=—kTlagy ,
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LT
$=- |2

s
1

R

e AR L I 3 1Y A Skl I
fe T

The relistina belween rataapy and Lempacature s aoen e Feg, XU

-

£
WAl — —mm— m— — o - -
e
- : -
Fig # o
212R

M oweakly cuupled particles cleping Maswell-Toliziann stadisties moay
pacl #adst i poe o the booon-degenerave enec gy Tevely of anergiea — 5, O
—£. The sy=aem i e venbact with o thiormeal seseaveir ab lemperatore T

fa] Whac s= che entrapy nf the syrtbem 22 T =00 RT

(b Whal i Lhe wiasimun pesgible enimepy of 1e seecen?
ge] What oz L rmimam peszible eoerpy ol the systopn?
Ay Wil i= Elee paibivion Funckicen of the rpeem™

{e] What i3 e mast prekable enecgy of the =psien?

T I ¢24T'] as the heal capacity of the systern, what as the value gf
ol [1I:T| ﬂ.:l.rl.ll
for
{17, Dardaley]

Eceluthoo:
{u] ALT = UK, dhe entrcpy of the syetem ia S[0p = 2

-[-.-:I The maximum enkrapy of Lie syslen is
'I:;Illix = "'-Ill I'.tlllll.! = ';-'I'" HH - h'.l;]nﬁ -

[l.': The crivnwenn #rarey of e epelenl s - MNE
gl The partitican Juzizbier gl Lhe syscea ia

Lyl e e

ot
g= et = e :



R Mezliengs & Tolulicns on Therppadprermioe o Sanefiza Machanes
fup What & o L Ehe it peatahle encegy oe the awirage e gy
Wh, e NE

il
- H‘E’[..-+1— N

I
2AE il
il (#T)
%

11 2resh {—\:l
L3 "

where & = expl E/kT].

mjf' ':E_‘FJHT:f 45 = Fjoaf - A[F = Nklaa.
) n

216

Find ehe pressure, entropy, and specilic heal at canstanl velune of ag

ideal Holtzmann gas of iedislinguishable particles n the =aucene relikoeastin

limin, in wlich the enerpy of o particle o orefated iy oeooeatum hy & = o,

Fxpeess your anawer 2 (unctions of the valume ¥, temperatore T, aned

wumlzer nf packicte &,

[ Princeens)

Solution:

Let : denste the pattition function of & eingle parcicde, F che Lolal
p.u'ﬂl.r.inn :I'uni.'.hi:.-n, P che: pConsare, L che eotrnpy, I¥ the incernal CIELRY,

aod ¢ the :|p=ci|"|.|: heat. Wa hawve

' dx k" Jlf g2 1N . 4% LT
=

RAcE e
Z = =" _ 1 jaa¥ W e L5
=T w s ) O
1 4 I NEeT
P~ Er_-:'_].-' JIIE 'ﬁ_].l' g T .

-

; 3
P =k S Nl -
5 LlnE 33 |:||..7'/}

\ . Bl
- ¥k {3 Inkd +In -.'lur.h.-:'-n;:l + -‘I)
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Aovessel ol wolime Vorontames W oenclacules of an dead gas held a-
Lemnperatnre T oand puessuce P The energy of o omwelecule may be wratken
in the orm

. 1.2, 2. =2
Evife T Do = .,—mip, +r,t+m] e,

where ey desiete: Bl eoecgy levels coresponding o bl jadernal sloles of
Ele taalecules of Ll gas.

I:.';:l Ewva'uwate the Iror: energy F = —ET InZ, where £ b5 the particion
lunctian and k= Boltzoana's conatant. Explicilly display the dependrnre
eva Lhe valemir K.

Sow comsider anather wesacl, alan At temperature T, contaming che
sime awnber of malecnlez of an identical gas held at pressure £h,

(kb Give an mxpression (- the lolal endropy of e Lwo gases in Lerms
o Py R, TN,

{c] Tl vedeela are blen connected o perniit the gases w oix withom
dning work, Evaluate cxplicitly the change in ontropy of the eyaern. Cleck
whether your answer makes 2ense by congidering the special cage V7 =

¥y die, Py = Byl

[ Pronce fes)
Soluntlon:
(a] The pavtilion Cunclion of o smgle parlicle iy
Vo= II|' i T
E— = g = g
1) P
T A
= L hi_) 1
where -, = Ze:l.p[—z_.-"k"i"] relrrs 1o the imternal enerpy lovels. Taking

1k
azconinl of che indislinguizlabality of che padicles, e parctibicn Jonclian of
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the /% particle system s
voops (:m LT J W

T _ T
Z Mo [
Lo

Fe=-—iTln

= —&T {.’fluF + Moz, + '3—: I (2":’—;‘;?) -l m)
d L

) ¥ L|n5 .u |u.r:l'|

¥ 3 ..ﬂmk“”' o 4
=Nkl — - _ - - -A—
( n— s 1 In ( [ ) ¥ b Ingas 'ﬂF_lS |J'I:-i'.,) .

. ¥, 3 [’Iﬂﬂﬂ' 5
PR N S NP il L IO I
22| Ililv"f:zll'l TE )+T+~5ﬂ:l

, .
3= Nk (lu Y2 + 2 i (IT"T"‘T) +24 .f;n)

Tlhua

iy W 1

where

¥ o=Ihzx - ﬁ'ﬁ]nsn.

The trial emntrogy i
H— 8

i Tl 2 [ftxmiTY &
=2!¥i:[ln13f+iln{—’§l— + 2+ 5

[<] Alter mixing, the tmtupersturs of the ideal gan is the saine as hefars,
£a that

P s T O L - Tom kT 5 .
b —él‘rk{lll TN +§|:|| (—‘;I +E+:g.{,l
Hence y y

AF— ¥ S =aNkln ' f - 2AEn

1+
W Y
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When V) = V,, A — 0 n2 erpocled.

T12A

[a] Caliulatle the portition Bumcticn & <f one spinlesa abon of tuass M
moving Beely inoa cube of volome ¥V — £3. Express your reault o Leoms of
Che quantum concentraticn

A by TiE
ﬂ_‘ = gﬂ' -

Fxplain alie physical weanimg of .

(L) Awideal gag of & ppinlese atome oconpics & volume ¥ oat teapen-
atare I Each atom has only wwo energy lovels acpacaced by b enetgy
A, Find the cheniical potendiul, Eres epergy, enlropy. pressuce and heab
capracily ab constaot predsir,

{SEXY, Bufalo)

Solution:
[a)] The #nergy eigenvalues are gaven hy
h? ] ] K|
"= Er—"—Li*ﬂl + !'..“ + ﬂ‘] |
2
=1_:ﬂ. [.uf+;u§+rf}=2% \

where n; 4, by - 71,14, ..
The enargy level can be thought of a2 quasi-continuona, so chal Ae

. . Axl
nnirber of quancum atates inche rangep <5 - dnia or Fodp. wheooe thae

1
numler of states wa e energy inberval = — £+ de 12 311'_:' [24 ;IJ'rial.-".g_is.
f
Hemze

i 1 :
a:-hf :—:[EH]”?E]“]t"’*ds
n R

— E (-"‘f-"-'T):'m tdrz:lj-f':ﬂ = Eﬂ'all"'

o

AL by A7 u

‘ MET

a1
w ke Ty T l 2 ) i bhe averape nunsber of quantum states in unit
'
A

volume.

(b} The claszical idesl gas satiefies Lhe wundegeneracy conditizn. The
pariicion functiwn of & eubeavelen v = = eapl-Jey] + expl—fiez], € o=
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g I d. Eence the particion funceion of Hle sysien s
R Pl P LT
The free cpergy is
F=c-kTInE = -NkT Lz [¢" e 4 2 A1v)
The chemical posenrial v
- :j‘i:‘lr YN P ERRE N Y
The presawre i

':_?_:_] -y, + 'qE‘E A,
o

The triiropy =

T - — Mg
F=N (]11.: - J“"El._j !:II:I -kl Wl = ¥k [1 -~ In (%J]

Miee ™00 £ge '"'"*]-
Tla=™ 4 g=ia7)

The beat capacity 3l constard pressure is
. aLr
o {5r) —ar [,
vas e
Ay R
aET2 (1+ ca=l .L-]"} AT coal If%:]

Z1Z5

(2] Copsider an ideal gar ol & partacler of mass = confined Lo w wuk
aice ¥ oot a cewperature T, Using the classacal appreximacion for the pae
Fitinm Jwnction and sesuichg He sasticles ace andistinguishable, caloolatr
Lhe sbemical potenrial pocl Fhe gas

L] A gas of & perticles alse of s sy, s ahenrked opoa purfage
“lwea A, (eeming a tweshimensional ileal gas st tepaperature T on Lhe



Slmealenn Mo il

gndace  The energy rf an alworbed pacile s 8 = |:r|2|-'.2?:f: — dy, wlhere
pP= {p_.“p:.] and rq 15 e sudare bondmng enevgy per paedicls. Using the
Q1€ ApProsimations and assamplions a4 m jearl 1;1.], caleulale Llie clieanical
pitential y «f cha ahspched gas.

[ch At brmperaboie T)oahe paocticles o the aurface and in the surmeund-
ing threedimensienal gaz are in egwilibrivoe  Thia Implie 2 relaticnship
hatween the resprecieve clienical potentiala, Use chie condicion to Gnd che
nean namber noof ineleciles abaoeted per unil srea when che mean pres-
aure of the surrrvndicg dhvesdimensional gas ia 3. {The tota] punker of
particles in absorbed gag plos aurrownding vapor iz Ay

[ FPreqeetor]

Swlaklon;
[} The clazaical partition (anctian

VY kT T
FT AT A '

Thua

T=F+r5l = —Ji:Tln.z+ NET
!k T
h? !

n ¥ 4 E]n (ifmﬂ::l")
N2 h# '

- NET [h‘l X I:|1 l.\

e=-=kT

{b) The classical paritico fuoctich for the lwo- dimencsional ideal gag

) AN ['_E?I'rrl.i:-I)'I"I (A0 laT

Fom LTRE
T hus
r r A 2amkT 5
[r = F1-;1.-|=—1"lk'T [|n.ﬁ—|.||. (T) .‘.-T] .
[ A Zrmel £
u=—kT ELIn W + [n Wi ) T

1|:] The chemical p-c-lﬂll.ju] ol Lhe tliree-d unenswnal fua [T e1yu uf Lla chal
al the two-dimensimnal Fis. ol tlaf i Lhe EJ:FI.'E:EJI\'.I'II. ] Lhe cliemnical
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¥oET

[Nt ntial for the thresadimesaional g, = —, and in Whiat Far 4lie bwas

1 .. '
et Aimre the twe cliemical potentials have the rame
i r

"I'-EI.IIUE.| ClILE \'_'IL" d]llﬂ-
- 1
we P [ A ) soirT
kT 2xeakT )

dimemainmal pas

130

A simple hacmanan aoesdiomensioanal cseablator has energy levels K, =
n— 172 hw, whete o 3 bl cliaracteristic oscillacoe (amgular] feecuate
! - L ¥
aml n=49,1,2,... .

(n] Suppost the opcillator iz in thermal contacn with o heat reservsir
.. KT . .
b semperatuze T wich o 1 Find the mean energy of Wle cacillalor as

a lunrtien of the tenperature T

[E] Fer a twoedimensional vacillatot. & = e — ny,, where

.E-'-l. = ("‘: + %':I oy, En._ = |:“‘-_|.- L ;} I'l'\.-l'n' 1

n, = 0,12, .. and w1y, =0, 1,2, ..., what iz che parbiticn luiclion for
thic coze For any value of temperature? Keduce 3o ta the degenerate caze
Wz = aly

<) If & apesdimerminnal classical anliarmonic esrillator has potential
emarpy Flep = c2® — y2¥, where ge -r cx”, at eqoilibuieom cemperature T,
curry awl bee caloulalions as Tar ag you cab and give axpre=sions as luackinnyg
vl Lempeiaiwre Toc

1) the heat capacicy per opcillator and
‘EJ- the mean valae of the pmihnn 1 af 1he asciflnbor

T Derkeleyh

Ealution: .
[a] Pulting « = T el ET TU TR ()
=a o
= —Imal e _ _f
= I &z " il
= - =

FAF 2 e =L



K

St Tigaiey

[ Tloene g wo dilference k:lween a two- dimenglonal oecillatuz 2l twn
indepeodent poe-dirwawsirnal sscalacors, Ehen die parsrion Junction iz

"aU'J..'j '-_‘l\..'lz
= —mm —

e =1 o', i )

When vz — Wy = @y = 8, we have

fc] 1) Wa caleulace Lhe partcion Tanction
r " i}
z _III eag]| [s5° gt ET|d= .

[Metr thae the kueetic energy venan hias noc by ineheded 1 the expressi,
this is dame by adding — in the heat fapacity [ater ] The neom-harnpsaic

tepemy Jexplus™ 2T = 1) b0 & sntadl quantiey in dee regiton of oution. Ve
Taylot™ expingion eetaining oply the lowesl ordec leruka, we gul

T 1 5':[3' : ez T
L. [”a(ﬁ) T

_I.1-|""|+|5§= !)
TV '-\,,.-E- W 3.4

Tlie rwean value of the polenlisl soergy i

— kT 15"
IS PE -{J t i-k'r\}

A2 7 LY

L
1l

The heac capacity per cacillatar

oF

FIE

k LB .
o= - Pk — T
b Heh
2) In the Eest-noder approadnudcoz, e mean value o e pcilion x

ol the ascillaker s

kr
T tezd BT 41
e £ RLERE F

- - =]t MET
JI- |1+ gz’ e b=tk T gy
. L _ kT

T
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onzider o dilgte diatomis Jus whoss mvaleenles consist of non-idendioul
pairs of premee. The mameent of Dertha abann 2n aois dersagh Ve mchee olar
center of mas: perpeadicolar Lo L e comeztiang Ll Lwee abown2 3z §. Cal-
calaie the ondational conbiidetituae Lo the specilic lead and to the abeolute
encrnpy pec awle sl teenpeiatnee T for che fllawing lmitmg casos

(2 kT 2 hé 2T,
YRS

Bluke wour calowlac.ons safficently sxact o cbiain ehe lowest onder
non-rars coodoabutions L e specikc beat and enlicpy.
[CrLEMEA]
Salution:
The comtribesion of ratation to the pabcitiss Pinstien =

= 12r)" .

where & = the toba] wweher af Uie melecules o sne oicde of goo, nel
2p = TS = Uenpl-52] with £ = T4 1)
: - - LI
4
The tunlribwtion to aiergy in

Fyp= —% ]n:ﬁ = —1\'% lnzg ,
The cuntribovion co apecific heat ia
":'r-: = E_EJ_T- '
A7
The cantribubicm 1a enlropy e
o = Wblnzg + E?R .
fa] KT a K200 i, AT 128 @ 1. Ve have

s - 2k
2 - fl (24 + W expl- 300 4 L) R0AT = 2
"

EH.-'T}

h¥
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Th] &T & h?l.".r. Yig have

Ip = 1+ 3 R EAREEA + .. =]« EI.‘_".I'H"”'.‘I'I
2
_I'-._“ -h? ATk .
", -,
g axd AN aeriar

| =
1 3_._.-.'.:'.'4:-11'&]" f

|
4 Ak e I pan TET

=TT

LT

Lo TET
iIT -

Hre— kN In[1 - 3!'_"':""":”']-:! -

;r'.-l jl N S -3."|FI||‘J3 g T 1
N T L Lt o -hTdanlkT
= (I. T rep ) Pa Tt .

-

13D
. . 1
Av assesnbly of & Leed pactiches with span = and magretic mwioe

I i dn e atatic wnifer applisd maguetic field. The spina interact witl Lke
applied dirid buc are atherwies eapontially fewe.

[2} Eaprass Lhe energy of the system ag a functing of ice bolal wwagnetiz
moment and Lhe applied Geld.

(b) Find the tolal magnetic moment aed che ond gy, assuuing that
vhe myater i3 in thernaal equilibeiune at tenperatare T

{eh Find Lhe beat capaciy and Lo aprropayr of 1he svetun wodar O)jese
2ame coldibuens.

[0, Berkeley)

Errdert b
{a] = -MM.

b} Arsmine €0an o fs Cle averape magoetic mome ek per particle vnder
the inHwenres ol Lhe external fiekd wlhen equilibrium is reached, chen 3F —

My oand
B T 4 g T T L €T
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Thue & - N A tani)p, &7 6T,
Uir)
AE . kT
(el 17y = (- \] =i T
i b J-'...l'-l
(A P 1] _—
| kT,

The partilion Juncsdon of che syster is

z- e+ 17a)” wilh & - explonHAT] .

Tlerefoe

ir

_ K
s (]11: - 'ﬁlﬁ !nz)
Mallnfe T g e TR b [ TS

2131

Given a systusn ol % wlenlical noxn-aateracting magnetic 1ans of apan o

. ' L3
MEAEACLIC Moment ey ino g crysad b abaolute Lemperatuce T an 2 magralic
Bel<| B. For il syshEan caleulal=:

(2] The paclition funclun &.

(b} The enceopy o1

tc] The average enecgy .
{d] The average magnetic manenl M, awd $he locluation in the mag-
YT
netic mament, 2 = — A

[e] The cryeeal 59 inicially in thermal equiliboium with a cesecyair at

T =1 K, in a magneter held = 10,000 CGangs, The cryatal i chan

thermally Golated drem dhe reservaar and the feld reduced to By - 100
Lavus, What happens™

[17e2, Aerkeiey)

Solution:
[«h Sincw bloere ia wo inter pedion betwesn Lhe e, Wlie parecbion fonctien

of tha ayscein is

"-\'.|]."\-|'

z=[e" —x .



ST R ] E1E]

whera e o FIPET

-|_|.'|i| The ent7opy s

! "
:=k(zu=-ﬁa’—5 i:n;} =Nk 'Infe? + =7%] - adanha] .

1_:] The average eneryy in

— 8 i
Ir = ~ s iz = = gafianhk {k%J .

{d] The average magnetic moment i

— ) aaff
A ) — ;
W — Mraptanh [ o }

For a single ion, we have

— . - M 2
I.ﬂﬂ"l]j 1"r'|= ' i-:l - Fl-ﬁ - uﬁ Lanli™ (‘L:;;T jl = W '
. KT
Tor the whole systom, we have
(AM]E = Njam)?
H

AM = H———T o .
i cnsh(ﬂﬂ
kT

{c] We see Brom [B] that 1hie entrepy = v a Eunclion of g, B/ET. B
Ehe enceepy of bhe spin etates s maintained conatant, e, 008 5T 15 kept
constanr, chen the temperature of the apin scates san ke loweced Ly re-
dur:og the mapnetic field adiakatically. [n the crystal, the dacraase 1 che
Lenperatuce of 1lin spin states can Tesalt in a decrease of the temiperacare
of the ctyatal vibrations by “lept transfer™  Therefors, the whale crystal i
couled by an “sdiwbalic redectizn ¢f the magpelic B2ld™. From

L%
B R

we haove Ty = 1077 K
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Coneider & lixed won-imtesac g iagneae mosnenls sard ol anagninmd.:
gy The ey=zteon b= bt thermal equilibriaio ol Leanperutore T oand is in a
uniluecrm wsleroal magnecic el B BExcl mognelic misoent can be prienled
unly parallel o antiparallel e I Laloulate:

1a] the partition funrceion,
thy Lhe specilic bear,
{t] the theorad avarage magaetic mamens [11).

Shaw thacin the high temperatcee Lanit 1l Cucie Law is sacizBad (Lo,
r= M = 10T
JL Bardeley)
Sohuticn:
v Suee e nevg et owoonezls = oy andepencdent of ore another,
we cad cansiler 4 fgle magneis mornent. Ay il paztaiuen lunclinng s

|
r=a4 -,

where o= exp e, 20T, e poarcaci<n Tanctivn fut ehie snlice syeton o=

(b E= o, B | :- l {a : ’:|
- B u..h[,_. f.eT],
ging e specilhe heil as

'E A 1
PP S

AT '\ w,l - (....H) '
r.-'u:h' —_—
kT

ol
(=] M= NMouytank ['” J .

. BT
_odd N 1
¥, S '
afl L3 TR )
i N Tl F'_. |
LTy

A <hie ||:.|:|:|'| tranpercafure ]jlllil.: N ;__I;
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Consider a syetem of Lon-interacting epins in an applaed naguetar field
H. Using § = &lod + EE), where & i3 the pagtiticn function. & is the
thergy, arcl 3 = L'FT, argue that the Aepeadence = 5 on f aud s
ol the lacon & = JIHTh whers flx] i3 seme fanctaon chal nesd nng he
delerommed.

Show thal sach & v aben iz agnecized at crnscant I' ¢hen thernally
ezl atacl, woed Lien decnaenetied adiabativally, conlng will resi

".-'l."h!.- i# 1hiz rechnimque ol arlinhatr -:||'1|1.'|.Eni.-.|:i=r|.!i.nn wseel for rh.-frlg'nrn-
ti-rn anly ar wery Jnw trinperacorest

How ranm we hawe T = U =0 Lhas r::,-'sLl:lLl? Can rlis EIYE iL [NeiLny of
achieving I = n7

[ELWY. Bxfflule)

Solullon:

A single apin hir bwa enesgy levela: o7 and —p ), and iy pactiticn
Turclionn id 2 — exp|—b| +=aplh], wlese b — p AT, The partatien Muiclicn
Ton Ll syelene iz piwen by

- = dea:l )V,

wleer W s Lhie Latal nancbe ul'-_-|_._|:|=_

Ep
Ee o e o o P jzeesk o0 8]
= g = -1 3 FTY 1 Y P
i -H'
= MNuif Lu:lhtt?)
Hence

F—wkllnz+ AR}
[ (] A (301 ()
.I"ll‘:{]n [.cn I lgk’l" ]] P Lan (H", | = _F{T

' 1
When e syatem ws maguetizsd al constanl T, the eptpapy sl Lhe

fhual srare 5 5. Hezause the entrnpy of Lhe sysien dues pal chaogs 1w
an whiabalic provess, T oaowsl decsease when Lhe systeen s dainagneiazed
adiabacically in order o keep BT wncluaged. The rezule iz o the
teanperatore decreades, Tloz cooling s acineved by using the properly of
smagmelic particles with spimz dn an external oaguetic iickd. Yoo realily, 1oese
magneisc particles are in lullive iRy, For toe elfect po Lauke place we ceguece
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Lhe ebliopy Bl specific heat of ¢he lackbize iwe b4+ be much amoller than
thode of the nagnetic parsicles. TherckoTe, wo require the semperatucs Lo
be very low, 17201 It

When Lhe valernal nugrelic Beld i moteased do o cetloin colue, we
can suddenly reverse tlhe eaterral Beld  Duiing tle tins shorter thab che
cubweativi $itoe ol Lhe apina, the pyetern is oo state of T = 0. Howevu,
it oot poegible to achiove T = 0 pince T' =7 O cdude:pnds tooa slate of
highey energy.

2134

The 42030 Weiss mnde]
Cosider a civatal of & atorna [ ~ 10*] wich spin quant um number:

yu==-and e, = t -. The imapoetic oot of the vl alome s p — guga,,

whete g W thie Lande g-Tackar, and kg = «h/fme ia the Bobhr maguednm.
Ascnmig that che almns de nat wileraze appreciakly bab are in eqgilibrian
at temperatnee T oawd are placed o an axternal asnagrpetic field H = fiz.

|:;.1f Elirnw that the partitjen Funclion @ =2 = [!E crah r;l:"r‘. where 5 —
gl 2ET.

th] Find an expreanion for the entrapy 5 of dhe cryeeal Svon need only
cansicler Uhe conlribulions fomn che spin alates]. Evaluate 3 in the strang
beld |m 3 1] and weak Leld (g =42 1] Loails.

(el A uppurtanl precess Too couling sabetances Telow 1 H 2 adiatalic
Jercagnetizabion, In thiz paocess L meagaetic Geld on the saaaple i+ ine
cteaaed from O e Sn wihile 4o asmple i@ i <omlect with s lesd Tsoh al
Cemapesature Ta. Tlen the asaople e cheomally olaled and the nagueta
Held w6 redweerd wo [y < fp. Whae s che final temperature of che zample?

|:-:I!] The miafpotaizabion A aud mtsre-ptiln!l.l].' ¥ ate dalined by A —
N
{Zl:u..]:} and y = M H, respeclively. Find expressians for M aud 3, and
-1

rerliiate thise expressinma in 1le weak Halil [anit

Now suppose sach alem tpberacks wilh each of it veacest nonecighloores.
To include chis interaclion appresinalaly we assume thal the ceipest n
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peiglliprs genrecate 3 *mean held! a1l cile of 2k aroen, wliere

A
g H = 2ai 3 T [H].),

k-]

r1s o pataierer which characterizes che arrengtl ol e interaclicn.

te] Tue the mewn Meld appreosienation Logether stk the resvlls of Part

[d} o calcuiace che suzceptibilivy x in the weak Beld e, the hagh temqier-
atura] limit. At what teripervinre, T, | does » became iplioite?

(ATT|

Solutivn
|:il:| F .I": g k2T 1 ﬁ'-#" H_n'JkT].\' = |:2‘\'.'-"-|-|';!'|:|H .
where g = gug AT,

(h] F=-kTInz, = = - I:ISIF

ﬁ.} - .r'i'--'.'||.li|_ﬂ cugh r||| —'rl't.'l.nh r;||.
When B ¥ R[] - 3n)expl 251
When noat 1. 8= Nl 2,

fe] Dhuciog adislatic demagnetization, the entropy of tle syater e
tading canstank, L, 5 = 8, Thean, =gy, ie, T7 = H Tl o Henee
T7 = .

, 2, oF @
= 11z e - iy
[d} <E|..IJ':'> TE ‘T{.dH L )1-
H

1=l
_ Maua . GRs
2 aILdi T !
Ning w1
= Af/if = k
i : " T
It the weak Deld Lu
N
M oz 4T (yunl*H

au Llak
.
X = ..”;j" FHL '
[#1 Fram the dedfinicion given for the meean ield, wo have

Af

pote o M
s N goy
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where AF b5 tatal magnetic mcanent, Using che resadn in {dh, w0 ave

L
Mo T_,..Jp] (4 1)
L) dia ™
L o - =0
1.'1’..!""5' 2l [ o Tsuab? N
Elenie
' .- 1'..
= |rIrJI__T_[I_i|I|.II - |Ir_-|- - ';.'I'} .
N . it
= [ .' | — —
¥ -1.i:“J“["'L : ln '.!lcT:l
When

=T, =anidk, ¢ -0,

2137

Conabder a 5y leonod Tree electvons i onslorm magnete bieid B = £,
willl the electean epin dgnored. Show that the quaniizaticn of orbit=, in
foniraat to claameral arbita, afect the caloolaiion of diamagnetssm am cthe
hizh temperatyre limat by ralrwdakong:

L) e degemeracy af the grontized energy levela,
(b} the grand partition Functici.

pe] Mg snagnetic swsceptibiley @ che higgh leuapeialure Jinik,
[0 Y, Duffuivh

solution:

|a) Aspume thae the clectzons are held inoa rokic box of volume LE.
Tl wwmiber of cnocgy Ievelz in she itervag p; ta pp —dpg, py Wopy | odpy
withoue the external magretic Beld ja

Lidp dn th¥

Wlen che axternal magnedic ield is applivd. the alesrrong meae i circular
orbita in the a-w plane with angular fregqeency e BSme The energy wevels
e gieen by

r B

1
kT L =
m{*;)'zp’ 218



Sralidioal Fhpma:a T |
The degeneracy H the quantized energy level: is given Ly

! I? LiaR
. o = —— T e =
- U dprdpy =+ _III; Ir pdp :

) ke

where che Uategeal liniw: A, mpres-unt:a Jug D0 = (32 +pliiden = Ppp B+
17, and Aa Teprezente 2 I < r.'l P S lan B0+ 1) with pp = ch"érrl._.

{L} ln=Z= Z];|[1+E-“ﬂ e}

T
hJIr .I-'{LLEH

{21
AT NI PRy L L e AT N |

where & explae),
In che high twmperatwre louil, & < 1, hrage

|||E - n‘.I!.rI Jlr I!r l: |'|| e DI ‘3_|-|-J| |]-|||

I=12

i B

':":.':' J."n"'s'.nh}_

whers Ar = ES Femed apd x = apdtiad
AF Alns’

T ILAL Y ALY .

aEdN dE ) o

wlhere F iz che free energy of the svalem.

Bece

Y Al [ 1 zvoal
o L YR L= - T
n _bbrlL = sihimx

Py
Al I

]"' ( IJL = = —
E"-:'- _,.-l LT LF .:'.:"1. sichz '
we lave M = -7, Llx], where L{z] = cothr - 1/ 0.
A high tempesaluces, & J& g B oor 2 % 1 Therefore,
1 1,

o= = Nog BT
M

tor o = —wph fNET
v o La K]
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Ve lpere FLo— .i'u-l,-'l-' i Hlge [:.‘lllll’ll.:' nuetlae dnnsil'_-'.

wLEE

A certain iwswlatng solid roulaira My nooeoagoelic alams and )
Magueeis imvpadatics each of which has spin :,. Each mmipurity spin iz freg
b pnbace anede pendeytly of a1l the cest. Theee = o very weak spin.ploaen

interantion whocl we can o omeast purpeses neglect complewely, Thus the
salid and the nepercies ars very weakly aleracding.

[7) & magnelw field as applisd Lo the systen while woam held atl censtant
Lemperalnce, 37, The feld & secosip enongh 2o Tive up the o comjlaely,
YWl b othe agitake wid sagn of e chiamnge tp endbopy i Bhe spstenn
the held g applied?

phid Wow bl sysrern iz held in fhermal leslabion, o Leat g alloved 1o
enter wi ave. The mungmelic Beld s redored b zere. WETLhe temupetature
of the salid increase or decrease? Mztify yaur answer.

I} Assume e heas capaciy np the selid g given by 7 = 30, &, wiere
£ L= e Bultaioann constard. What g che maoperatue congs poodoee]
by Lhe deraguer zation of Part (b7 [heglecl all effests of poeasilile valame
chinge o Lhe sl ]

VT Merceiey]

Surlutlow;
[+] Ealinpy given By 5 = &l [naher of mizro-stanes!

Befare 1he Fxcernnl Hapnelic B=ls ia np]:-“-r-r], L k."ﬁ lind: afeet rle cxbor-
nal Tagnetic bsld 15 Jpp“nd 5 =1 Thur the decrease oF che ELLrRpy iz
CHIRER

'hY Draring adiabatiz Zemagnecizatinn pare of che energy < bhe atoun
Eslran in Lranslerred intn Ll spin syslent The ruErEy Cd ksl system
dpcreases and Lhe tepuprrature becomrs lower anel Treaer.

o] Yk the magneb beld, o= 3 kI T Ateer che magnenr Feld
voeeinaeed, & o= AN EIR T o Spclud, During the pracesa, the sntrapy is
Lo IELINE, v IR

T — Toxpl- X tnd 28,0
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What i ehe covt-ioesi-squace Buctaalion i the rzanher of phaotone nf
mads freguency o e a conducting rectanzular cavity? Ta ok always amallee

than the average numfrer ol ghotows 0 Lhe aoede?

[T, Berkeley!

Holulinn:

Consider a plivteo mede [ar 2lale] of fregaency w. b can be acgupisd
Be 0L, phaous

Lenids b == haifed’, Phen

=
-'1,“, A
:| =1 Ia:
‘Ll = = - =-—
= dX
_‘.—f..'.
n—i
wliiru
LT 1
— —nE _ -
o S
w=l
Hence
. 1
ml .
st pe L
. 157 o (1&';‘} {“13:“‘.‘
ot - - - — —_— —_ - —
! dar @A bcart \roh) ¢
e - . do, 2t
HAn|* - ":. Ir::. B R _—
{an]% = = gl et 1
—_— PR e
e '1_"';11;‘: = - L = |:_!|:|_'.'I" e, :!ll:l

Thus cpal-preawsacpaare Guertuation is always greater shan LLe average
mznher af phetony.

2140

{'pnsader an adserbeal surlaze having W iter, #arh of whicl +an ad-
terh vae gas molecle, Thiz suclace 15 o coalact witk amoded” gae wirh



izd Froblema B Noluficrar e Flerkaodirssamize & Slonadineu Wrobann.d

cliniiial pcle—nlid.] = {lJe-l.L'rl:lilie-:E 'I::.-' (A1 predelie u and e Lermperalurce
T_l. A ul:njjl.g: Elual the wdach bued soesledule Baa el E¥ Yuo :-:-rlipu.rl.'d [£= 4 1
in a Eree alate,

t3] Find ¢he araned cawnnizal partitinn Fumction [samecimmes called 1he
grafel aurck and

th) calenliote Lhe crvermag catuz 5, 2., the cabie of adsarled molecules
tr acl=mrhaay sites an Uie aclace,

| A waefud velavon e 1+ 2] - E.I""'!I'""..".I\'ﬂ.[ﬁ AL
My
[T97, Meriairy)

Suolutlon:
I:d.] Woilth %y wesecules adsorteed on (e 2uelece, ere are

i e
TR ONNY - N

ilEeient configuraticns, The grand patitien fuoctias iy tleerelore

o
Z 'I:I.-'::'-| I!_l"'-'ll.ll""l.I.'-'-l_ - [l. I f-'u'r-l'-lfl"-"]."'\-' ]

L=
T 3= SITEE RS b aafaT
L) A - = 4 laS = Aehrmtend oy g gl F =t
A
whers 1y = —J;T:I_: s UGl Bhie cavering ralic ia

,:;:fT:_...] —
N ]_I_lu_—lr'|1l_||'|u

Tl <tetical pocential of Uee adeoaT-ed anoloviles dx wqoal Lo that of yus
wislerales  er an Dleal gas.

W g S
F rrifm] o T~ iR T -
- — L gl TN
kT )'{ Rl

IIETHT

. Y I
asiil o L _h
e L drmeT ¥

1
Lm R
=T l':...'rr'HFC?j ' o kT

oy

1t
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A ripper has N links. Bach link dos ten states: stzte D omsans s
chozed and loas epergy 0 ancl skake X omones it od spen wWitle energy & he
dipypel can unly vadsp Irem the 2feend and e 2t Bink camene azee antes:
all the Linka oo e = [1,2. . ¢ 1} are already ope.

[a} Fand e pastiien Junctdon foa the aigzper.

[h] In the kow temperatuce limil, £ 2= &¥5, Knd the nean nunker of
npen lings

I::] Tleere are aztually wn anfinile namber of stales coceespeading Lo the
same =gy when ilie itnk 3 spen because the bwo parts of aw opea Lick
eay have arbibrwdy ociemlalions Az-wie the newber of op=an states - w
Waate dewo Che pantition Ednctien dand dizekes 3F thers G 5 phaze oranesioa,

[SUNF, Il

Hnlutinon:

{u] The poecible stales of Lhe zipper are delecenined by Lhe cpen liok
wwinber g The pasticion Moweaion s

al — R

- l '._-.p.'J.]"

=l

[L) Tl aweraee nwculea of wpew lnhs s

ki A .
3= - Eln:n:r '-"J'r, 5 kI
L's . .
- _ . -I_[_,IE—:_.A':I I.'ul—||
_ APl
[r) = :%.-? L] L= oo |

Wl Ller e oor Cles e b plase Lanaibisn s determined by the conunuity of
Fiv derivatived of che chemical porencial g = G/ where G = F =3k, wach
Foe =kl e p = =M GV 108, Sice s e wo seu value, 0S3T
and a3 are continnnes, 52 that Were s 0o Erst-order phisse tedansibion.
Finnlatly, there iz oo second-onder phasze crans it
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A wyaven consiseing of theee spins in a Jine, =ach having 2 =

coupled Ly earest neghibo: inlecactions {see Fig, .25

o — O
=R 55 512

Fig 2 =0

Fach s rin has 2 Atagnedic manment p-::i||l:ij||.; th LTee migqe direction as the SHEIR
po= Irw. The systemn 35 placed o2y 2xieeoza| maguetsc keld A oin the 1
direction and 12 in thermal equilibriom at teanperature 7. The [lamilignizn
Ear the ayatem ia approximnaled by an [sing model, where the troe =spin.apin
intecaction Ju replaced by o derse of Llse forn S5, [7]8, [x 1:

Bo= s N E (2] - TE 21500 — 22 HS, 1) = 5 [2) - 5,05

WIiEIE |.|r -ﬁll.l.] [ | P\'."'!J.‘l]'\l'f (SR I T{0T

[#] List wach ef tlhe poscitle miceorcopis atates of the system and ily
#rcady. SHhelcl bhe energy leval diagiam a8 & funclion of K. ludicace aoy
e penaraciea

[b] For each oF the Fxllowing conditions. wrile down tle Jienitueg wabaes
ol che internalenergy 10T, W] the entrepy S0, 5], and che muagnetization
AT K.

l:lT—'l'.I-rl.n-:l T

AT -Tand 0 < NS,
AN T=0wnd dfua lf,

dy S kT and =10

[r] Lin the hasis of simple phveical consderations, withowe doing any
calmalatinns, aketch the apecafic beat at constant ficld, o4 [T, 1) wrhen ff
. Whai s che pronarny tesnperatuse depeodence ab very high and very low
r

(1) Find & cluged Toren sxgression Tor che paclilion Tunction €T, 7).

{e) Find the maagnetization A [T, &), Find an approamite sxpressian
for M7, H) which ja walid when LT 2yl or S
§MIT



Sralisioal Fhpuncy =7

Salntino:
() Lot €85 (L), ¥a[2), ¥. (10 stand for v ovicrostate, and B8, (1), 5, (21,
E.[31] atand fou itz energy. Ve lLave

T | 1 i
o m mm | = e e
l:_ a2t z,-l 7
AT R I N 1 1}
el 3o3g) Fizozoos) o ws

i g
||..-|I‘...1:. _ll é\J E _3|1H

These cwergy bewe b ama a be e o 19520 250, where we howe aoemed 200 =

T =il

2NEGY dege ng-acy
X
%J-QH-I-H —_ —_ I
A — _— 2
f rud o — I
e — f — z
L oyu —  — 1
e el . e I
-3 -hw
[
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75
(L1 1] IF = _E' M —3p F=kin?;
)
2] U= _E —.u.H'. . I 1
o
ne - a Talf, A =3y, 5=
4]0 -0 M -0 ¥ =—3kind

':‘:] Whet =1, the eI hay Llsre= =Osrgy It | (_,I__Flnl ‘;‘1| AL
s

ko

T = DK, the system ie al ground state. when 0 < kT 2 =. the emargy af

L Rystern 18 ehiansed by
&g RN
and 1 e
Do =3 L

Az Aemperatnre increas=e, & oaud L iciedse cupidly,. When Lhe ayzsiem
i mear Lhe atate where a1 che elcryy levals ase swifunoly veeupisd, the
mecease 3 entrgy hecomes slower and Oy drops, Whew 8T 2 JAFE =
Vexpl FAET] and Oy oo

3 Finallr che energy becomes conslant and
'y -1k The L_-'.'HT. N = "_"3. wi T curve 1z siclched in F'ig'. 1.

r
Cu (T3

i

Fryg. 2 51
[d] {‘? - LTI | + I_|':I|: Tli gl _ 2 pthald
| - IO 1 Fous St TR -SRI

o7 #4 coan[3Fa ] + (e 4 2| rosh HY

]
Frer: = .
wiere T

1 T = "
H= = e A g 1w
[eb M P In @ o |de sindi 38k H)
He N | sl FaH|

When kT & pfl oc F,Q 2af, & s 450 H.
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Consider 8 crystalline laccice winll lzing spins 2¢ = & ac each site £ To
r.he Trese e el am externnl Rell H O |'|"_.||_'|__|',I' |]. the Hamiltardan af L

syatrm nay Ee wrillen s

I - —JEJ;.‘E .‘It'HUZ'\?'! 1
54 T

where T = 0 ix 2 coescant and e pum Z ig awar all nearesLl-neighlbor sites

Lr
ably [each sile has p wearsst araghharal.

[n] Write an expregeesh [or the free energy of che =ystem ot bemperature
T [dn net try 1o evaluate 3],

(bt Ling the meeansfeld approxaszacion, decive an eguation [or the
BIFORELS Ll NhagTes i Ealian = saet o Hy = 0 and calowiace bl crilical
Lamipe raLeye T balow wlieh £ .

[t:| Calcnlate she oritica) reponent 3 delioed by rn[T.H.. = O] ~ cunmt.
(1 T/70" s T =¥
[1] Desribé 1l beliavior of U specadic licac at constanl Ha, C(Hy -
0], eewr T - T,
| Princatun

Eilud ieenaz

Neocie by My and Noothe lota] snanhers oF particbes of ag -2 =1 and
= =1 respectively. Alsodenale by Yo, Yoo, and Aap e encal neanher
af paics of Lhe wearesl oeghbor partacles chat bhoach have 25 L, shat bach
livre s¢ = —1, und Uhat Save aping antipacallel by sach ather crspaoivly
Tlee Hasoillonian cau be wrilten s

H=-TMN..+ Mo — J"".-.E:l .I!-'-.IHH[I"'-.-'u - -""‘-B] .

Conndering e owanber of nearesl-neaghbar pabe: witle at least ane ag 110
wvin haowe

.FJ"'I'i' — E.r'lr_q.,:_ - Pl'-;_[j .
Similarly, F'ip = Y0%pp + Nep - A N o= Wy — N amang Na N, Y,
W a and WMpp only bwa are independent. We can ierefore write in deims
nf |.'|r'|| .'Ll'||i .'I'i'.g_l.l
Nn=N-N,.
iy e,
J.'IID[; = I'?.'ﬂ-_l';: - Fl‘lr.l. -+ ."lrlil,i,



kN | Frediamd & Yoladichie dre Thericditedomicn o STEnci:a Mechona:a
Henre H = _dur.?'l'.ﬁ"' - E[—F_r + F.:Hu]:‘irli_ -+ |:_Purllna:+ Hy Hf.:lJ"llr.
[3} The pativion Fanction ia

&= E EXp (J;_,;.'r)

Al abales

Tl Erwer enespy 18 2 — KT Ly 2

[b] Ceing the mean-Aeld apprexuuacion, tlve cicio of the namber of
thr oearest-reighher paita with spins vpward 1a the total namber of paira
equals the probability ehat e apiba ake all wpward o the wearege-aeaghbar

viles, i,
! I"rjl A _ (‘h'r.& ) -
Py M '

Thna,

-

< .
H=-2F1 1'\—“) N1 2T = saHo) M + {—FT* AL

-

The partition functinn is then

N M
_ o
T = E £y, =g (_EJ -
Ki-u
Nehampg the rangnetizacinn hy
" ."Ir_p, - ."I']'l.
W — M
we hawe
I|I‘I.3'===l"'—fi !l:llr-'*]lul-'-”'
N WNET 2 1
1 1-m
- 5“ _m“n_.i.

For Jlnefdm — 0, we ubtain

ity F"I.-.-..i Il+=:-'.
P I QN




Rexdinven! Phaoe2i RAl

o Hr. Pur nl -
c— Lanh L.
'R
T 5 . S '
Wik H, = U, = 131h :i':ml,}. Cueceloce, vuly wlen 12 T = Prie,
b3 tle abowe rguacinz a solution re £ N Thos, e critical Letnpe ature i
T Mk
‘T . ;

[c}) When Hp =4, we have 7 = tanh (fm Vo T o wee can use

Lhe Tayler expansion and write

Iil .II)
o= ezt | | — =
T,

Hende 2 =

bl

(d] Fenm & — ;3 Tn =, wu =btain

L. “a, Mo — ;PJH.“ ,

N
and
1 A& Hrm
= s = ey P — .
YR R )3T
3

When Ihy — 0,47 — —F.-"-ru:a—T__ Whepy T > Toom = 0,8 — &, Wlen
T < 2, we have near ),

T.

172
ra = const. |'Ir] -—] .
\

-

w1 - -,



E3? Mealpans B ¥onbond on Sherseduidboes B 3tafnies ddethanned

T1dd

Cameider a Fas al harel .ﬂ:]:-ho re= wille Ll ".'.'-'|.'-|.--:|.:|.' tnlerwel e

=

Vil -l = rh—-r|=uax,

= oo, Fk—ry|=a.

Vaing che hiviziiad parcilion Docelion, celowlate the arsage cimiey ab a

piven Leznperatace iand dzwsiky [theroaodvoamice e inkermal energy .
LI bl Dacie =] 3imple plivsical acgsnee ncs, woukl yro expese thes sang:

siiple waEwer oo aleo rezuln from 2 calolation wich Lhe guantam e hanic)

partitiom lanceaom?
! Hlsraraik)

Sululivos
Tl pareitivn function of 4ie whole 2yetem ia

£ - Enlyv

wheare Zy = chial of ol iecmal oootaon of Hie passicles aod
Heotw Mt of thee trdeactions belwesn pactic les,

Darpak T :f
"F:T = ) ;'_2 »
A 4
e = lir_._fu'r-_...r_"]'_-.'e:l.]:- —.I"Z}'l:it‘u -1,k

ar

W= e V= N = [V = el

= g [1 R ] .

¥
1 1 ;
wlere o — 5“ e average ciergy is

L0 2 AN
S0 & T

()= T -

That s, 11 chiz model, the aveage ensrgy of 1he spstean [Lhe internal vretgy
of thermedynamics) is equal to 1le sumn of 1he enecgics of thermal miatizn
af e particles and is independent 2f the ipteractions helwern partisles
Az Lhe inderactizrs between particles daugsl come in the resall, we expect
to oblain che sane Tesull from e guantam partacion functnm.
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KR

A classical gar pf ¥ point pacticles pecwpied volupoe Foar g -
e T The particles inderazt pairwise, -:'-l:r”] Lueing the poatenliol Lezweon
particlea e and 3, .= b Suppose tlis 2o Yhaed splieee® potential

oa r,-_,-:.;u.:_
"'"'[rl.ll.l =

0, Fps e .

[a] Carnpote e constant volome apecific eat as o Juncsivan <f Ler-
. 4
petabuie and puoific volume v = g
=) The virtal expansion Tor the squarcion of sake 2 an expansion of
ek
— o Likerse powers of T

AT
e AUTY _ Ag[T)
" w7

Clompeates Lhe vieaal coe Binewt A5,
[Princeten]

Aalution
For tle caneoicol digceibubiow, the pardicion Tundicion is

1 1 -
r= ‘E' . F"I' J|r|! "El.il."-lp

1 a0
= ‘_l'.l'-!(ﬁh?) .[;I_

-n At
oo J||I f b (40 CRNY fr T

where @ repreacns the coondinales wnd m the momentain of e il parli-
cle. TleBuing Lhe Muoction fi, = expl=8d{r )l = 1 wilh f,, =0 far 1, > 3.
W a1 WhiLe

Q= .f f1+z +E;r_,-z_r,-.J.+-._ dogy - dpan

) 1] [

with
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Keeping Lhe lirzt pwo corms, we hove

0 J{f I-ZL,— Aqy ..oy .

]

-

. VR .
Q . ';_r.‘\- — J_E_ 1."" Jf_f:jlili'pl';lj'ﬂ:qﬂ-

dre”
wlere ¢ = T
Henre ' . . .
D= AV . — M Kl - — N3
lndd — Al 1 h .I E ] Fa 1 5 '
2o Lhal
A a0
u .-_'.'._‘l'lul: LR
Cu —.."'r'ﬁ.' .
ES
— 12 1 - | - C [:'r E"Ei:l
PESgr nz e i . l.-"+‘3|.-’" \
i
d 11 i
¥ET T
T"hus \ .
nY drur
4,(T] = FT - T; i
2144

Comsader o cluszical zpstenn of B pouul pecticles of wass mona voluse
Foab teanperataze T Lel £ be clie docad energy of tlae ersten, g bhe preszure
The parlicles mteract through a vwo-hody contcal priostial

A
L P A=, &l rp=|m-1,].
el



Saralkon Fhpeics et

Matice the scaling ploperty Al4t) - ME[Fhdar any 30 From ches, and
lcwrn sculing wrguanents [2.g. applied ca Lie patttion (unctann] show thal

i = u:pl.-" b AT, k= Dtaltzniamn's cusal.,

where the canstanls o ald b depend on che expopent = in the pasowise
puotenlial, Zxpeeas o and & ik tecme nf B,
| MriReeton)

Solution:
The ztivng funclien of e sy=lane 13

1 _
[T ¥V = EvT fl': "5 Tl

oy B2 )
(EL:T;—T) ‘||rs TEalrnlgn
.

"

Beplucing T with AT, and neticing that &(r,, ] = Afrl, we Jave

kagey HHE e
AT, V] = 2"“ T fre""""”-"'*""-"dr
W

T HE .
(ETF T Jr exp'L—EEg*il*r;;}}ld.r
ST .
! ! .. . .
III:EH’!T F\} Jr l]'..n_r.l.nt_l'ﬁ__,.-,l_.-”.dr

LRl
= A ERCNE B '1| I'T lh,ll'l_.-'l
TEis can he rewritten as

3['3'11..]'_:'-'-..““_.] A"-H._{- -RI_T L.l-\l

The lree e py

FLAT. %" %™ ) = —kTaba s[AT, 2775

ST T S o
-.1,1’1\;—- ATh A+ AF[T VY.
T n

Yo i ereoliake jLowalh respeck tu A, lak= b = 1, amd BET

E, & oy .
T2 --¥|=] ——-3W|--= .
[_E‘.T'_.-'-r- uli. (E"I-")]- o (2 r+} M F




N Froabicrns & Sdaimmne o Theroralyrdeiss 5 el e -hanies

Ch Bl ather head, e

| AR 1F
cerer ) (),

"1 1% ., i A -4
we e T 5 [\; - —J LT+ -l — apl 4 EAED giving v — -4 —
LA n I
" | l
3
2147
tu] Ciove Jr-rr: exp) —ua” I — 2 F iy alow Hiat
o fr " h 3 -,
Ilr J:'I!' 'r.:luiJ.' = b :Tu a52 ] J( :I'+|L asd dr = \__-‘_;Q—._._.? ]
1. A - 1
- o . i
[L] Civen that = wog Land that o e of e ovder of  —, show
e Ve

f_" el =i g }Ir" S - agztem i

] =0

[+] Two alorms anterice through a poleotial

vm=c (57 -2 (37

wlere T ig their scpazatann. Skeech thas potencial. Calowlace the value =l =
Cue wlicl (2] i minimmm.

{d] Giiwrn 2 row of such atotn: constrained to move anly onothe =
axna, each amsamil o Loteract only with its pearest aeighhoes, wse classical
stalizdacul mechanes bo calvnlate 1he mean interatomar separaticn Z[T).

Tor lix by, expand IF abanl i pipgmon, keepang as many Lerme
a: neessny taoabrain the leewest arcder temperadare depemdence of 2[T).
Azanme Lk B o fr.“ acd in Lthe relevant integl als excend che [Lmita of
inlegratizn t> Leoo whers :|E|]:-|"_'-|.l:'5|.l.liu. E:l.|.'-|u.i.ll l:|t'ﬂ.l'|.!|-' e jualilicalwn Tos
extending Hoe il s &l=a ealrulate



Satinau Sgaics
4

&)

4]

—_

A

HIC

[ra " 5EEA)

Salution:
- i ren p —
U d T : I
|::||:| :;:Jf r an= j_ r aT I'L'I.': _ ' r
bl 8 1} [y | - I'Jn {I

1 l'i dJ.'

[RL] z e
f :-I.. -|.ra'al_‘: I'-i_ I|r .
- d.]ﬂ I,

.1:3 ,'..i'.' ] - _Lid
- R T = TR Fa
|.|! 2 LE i

|:|:|:|J||I fi:lﬂ—lri:?'-;.q_."ln!l =f _I-L:l:}.'._""”"lr-"':lrj';r__

Hinke
z v aa A
RO
T =
- A F
v oI S W
1 .'.n-
wa llave !.
PR '_|,I.1_l.3-|___:,.=E_& ﬂ-l

atn] dience

i N
f J;[-T]I‘:_-'-':: -|-|'l'r='_..l:,.3 F= JI( _f[::“:l - ":rnﬁn:lll'-_"":ll,.!T
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[=] The given patendial is ar shown in Fag. 22 Telling

alr a'® al
S I - - | -0,
E y Y t }J:'
we find e L7 x] a5 smisamum av r = a.

(4} According to <lassical methanics, acoms are at crse at their equi-
libciam positions when T = &, The distance between neighbaring atoms s
g If 3" #0, vhe interacting pogential is

£ [x) = Lz + o] + L[u — 1)
= .':.']-.|::-|_] + J:.-rl—:l.r.'E + l-'r', 3 + ...
wlcre = in the displacement from equilibeion position, and Ly, = 7505 /6,
|!'.-r-_|-!I = —EI'.E"I.-.In"nJ‘]' Edc.
Daing elossical slalislicel mechonice, we ebrain

zZ[Th = fﬂ oz - TE Ufl-ﬂ],-'-'lr/f: dz e WrlelteT

o ; = , @
FH[ I__II:I:___I._E'-Il'.-':',.'l PPy, 2! 14T f _\.J::‘_r"“.IHHU-?,.r )
— -za

Singa £ = L7, wr gheain

e ¥ . - = .

= TukT 9605

Tk
and d = AR

1148

A clazaical aystenn iz dreacpiled Ty ite aowilbowizn M, which 2 & Munc-
tion of 2 seL &oF gr_-m'rali.z el coenpelimeees ER ancl g nla g The capniical
e matanas of mnatizn are

Lol gl
BT o YT e
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Vrite Lle equation of conbiceiey feor g the plase space denaily, abd wse o2
I shaw Lhat the anengy of Lhis spsdem by ceodtant ie Lice.
Muow conmder a sysiein wlhose toodion w Janeped by frcliana: barce.
Fer Jijllp!]uii:.l, Loarstider = d-nlll.u:d hatmonie oacilleior i une dimensieo.
The equatmom: of watisn are
- TP - P
Pk - m T
where = i3 the mass. & 5 the spring renstant, and 7 iz related Lo the
frizricm, vy, € amd 5 beang all ponitive.)
What is the equwatenn af mcticn for whe phase space donsity 7 Show
thae the entrnpy o5 now a decreasing fuoction af time.
Cao toe st ceauld be recancaled math ehe second law of thermody nain-
s’
[ Prenasten]

Soluklons
The conuervation of o b descriled by

dg - [ 3 g
D3I G T ] TS

Wih the cancnical eguations of matien we Tave

e

n.
ot

That js. aleng the phase orbit p e a constant, Since 1le phase orbice are on
Lhie aiclave of conslantl enerpy, dofdt = O rieplies Lhial there is oo boansitinn
HAUILE Che EIErYY levals. Thus the snLoopy ul niie qyale o i2 £ryslant in
LLme.
Fouw s damped vnedinensiznal hannoenac cacillalar, 1ie squations of

Inaiinn glyve

d L L

Fi FrL

Henre alang the phase orbit (Aow line}, we have state density
p= poeap(atim)
which ia always inceeaaing, [o addition, energy concideration pives

. . - z
A kg '{'I\)
-'-l'r(]m 1 2;}} . "‘_l(ﬂ:: o



1 [} Frofiemes 3 Sishaionr on Thes iyt salee & Sradialzd e funie

L, alamge the plase oibic e energy dvirvases. [o alhes woids, Lee Guw
Line puoisnts tuoregiob of lwer ciergise. Thws, combiing bthese Lawd results,
wo would expect ooansitions [romn high-rmerpy prates bo low-caorgy eranes
Henee ol cutrepy nf the sysleon 5 a r]e:re:u:ir.g Farclinn of Fipue. A= 1
cs:llat=r 1y nod an dsulefed seslem. 1l decrease of enlropy 15 0ot o can-
CeasEielion fu dTe socond Taw o thetmady naemics,

F KINETIC THLEOIEY OF CARES (Z140-220E)

2145

| DEIRTE AT

{a]| The owst2r of melecules moche AT o a 200,

[0 Ther encrey, in jacles or i ergs, o1 nanle.

[c) Whae quantiy < eat [ gomlez cr iy ergs) most bhe adeled rewarm
one mole 5 aic ac L b fren O0°C Lo 2007

[1] Whae s e ciininam enreagy Wit o=t be supplied to acefrigerater
W soel Lmnle of ar ac Tatm Moo 2000 oo 1870 The refrigerator acts i
a cyahin process and gives ool eal ab 402,

(L0, Trerkeley]

Solution:

(a) U unde ol gas ocoupies abont 23 1 an] an avernge-zized room has 3

valume of 502 . Then the wamdser of woelecnles Lerein ja abon
B w LOCG .
Moo = bl [Vl [ S

th] The ennrgy por minle of gas is

E=iHT =] xdlxi=bsx1 ).
(=] The heat ra Le added i
Y= AT = ;H-.-:-.T':&.Hx ¥ J.
T, T
(<] WY — ‘T—z‘.!{;l.
Wikla T =313 K, T: = 251 K, we reriive
av B Loar a4

T

wlhere we have 1aken A7 - F K.



Seentioa' Fhgeice H1

Z1nmd

Lrrnzvder i calee, T e oo a o side, o He pas a1 5T Estiniwte [oedec
of wmapmitnded the wumber of simes one wall = =ivuck Sy meleende: noane
Frrand.

(e dia}

Sulud b

Muder 5T, pressare po2s 0 "|:r"||."."':':. bemperatore T o= 3000 B Lhas
ine wambaer of vimes ul collewns i=

~
Hdr & s
N o= 1'|.-r1.‘:i ! LN we e '
i SVEmET

where § = [8kT e as the average velnody, nis the namber density of
Lhe gae taoleculea, 5 s che uea of ace wall,

Fikl

Estvwate the mean few path of 3 crsnc ray protse m the almosgherr
at gea level.

{ et

Sorlvathoon:

The peton b =cattered e istecacting wibh Ce wocler of Ll ol sl
ol the atznrephiere. The deosity of e almozplicee péear gea evel i-

N T
n= = -
Vo kT
The mean feee parh iz
L 1 AT
= —_ |_-:'|"" I
T owTOF

-
wlete we have takew a — 1 %% o
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Even though there w oo high demaivy of electrona in a meral [meay
separation ¥ — 1 -4 &), rleckron-eleceron nidan free pathes are long, (A, ~
104wt soom cemperatwre.] State Teazona far the leig elesiron-ales trom
caTiahom mean free path and gave a gualitacies argument (o1 i1 Lemiperasan:
dependene.

[ Wircanzin]

Solution:

The mean Tree path » 2 ﬁ whete ngyp i3 e effesrive notniner den-
sidy of alecorons, For tlw sleclivo gus i & toetal al cenperature T, ooly
Lhe elocieons weat 1le Fermi surfaces we excibad and able to take patt in
pullizicns wich one anster. The efective number dapsity of elecieana wear
tha e surlacre is

nkT

Hor -
L

Elemge & ja wery g enven thaagle the elvctian denesity 1a high quant.lt:n.tl'-'ﬂ:r.
wa have Bom the above

LY
KT

1
Ao o =
4

That ia, when temperature ancbeaee s haore electvake are excited and able tn
celhde wich ane anather, Thi: redacea the wean lvee poch.

2153

Estimace the Tallowoay.

[a} The menr tunse Hiweso colisems Far o mtropen mslecule 3o aic at
100m el peratats and atmaspberic pressure,

[L) The narber denzity of elecdcons ina degenerace Fromi electran gas
al T'— 0 K and wilh a JaTni mamenlum 2p = mac.
[E, Berkeley|
Scaliabin:

[a] Assame that Lhe mean Fee path of a malecnle 98 dte averape
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valsily 1= v, and rhe arean cxlliamn Hise ig ©, Y have

kT
[= — = —. 24510 “m
T

3

P
1

T IIIII M I aafs.
™

[
T=—rkdax Il "a.
1

[12] The elecirun nurmbec Jeneidy =

n_?f}( P wr.ll'—( } 2“‘..- PO T TR
pire N sh

2154

A rontamer 18 divided da lwe parly by a pactitian renkuming asmali
hole of dizinecer TX Elelium gas in the bwe pases i beld al leoaperaloce
o= 1w A oand % — 300 Korescectively 1hrough heating of e wall=,

[al ilow dess tae dianceter £ Aedernone the phyrical procesa by whick
Lke gises come mla a seady stake?

(b] What ia the ratio of the mean foee pathe I /8 belween the 1wo
parts when 2 0, P < {3, apd the system has reached & steady atakae?

[<] What s dle ralia 0707 when D e ), T e g7
[ Prigeedor]

Solulion:

(] AL bhe atendy atate chie numbec of nuokecules o each pas s faed. IF
L by aned £) e do, the malesules are exchanged by maccosccpic gas Quw
WD I 0 L, the ineHlenules ace cxchonged by lcubage gas Bowil
theough the pinkele.

[h] When |!| = D and I_; o= ﬂ, the :l:'a.-:l}' Aatate accira andcr the

sonditLlan
2 Uy ey

1 4
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i, tle mizanbers of callision are 2gaal. Herce

i iy ¥) L

- Y -0 TaT,
I = g, lll' Th I
o] Wheo & 0 L oand {9 L) chie olendy slace occirs under Ll
condiviun g po L Lhe ressmies e wgual. Jence

f: g T]

0.% .
L7 TR L

2155
Coasider e cotlogonabized druni whee prarte ont 3t the pucvsrhial
Lamp-poat Eash abep e takes iz eacher doe martho doe soutl, des ek or Jue
werk, hot wlich ol the foar direc sk e 2leps iz chosen porely Tandeoly
ab each stap  Each stap s of Kixedl length £ What ic the prohability tlat
ke will be wrthim a rarcle of rade s 26 nf Alie Livrmpopest afer 3 steps?”
Cialumibin]

Sundnabinmn:
The wnraber of wavs: of wodking toes cfepd iz 4 =4 x4 = 6d. The
Araik has bwo woava ol wallhing onb foan blee ciecle;
1] Wealk alang i siraaglt line
i) Twao stepa forward, nne step 1o right {or Ie11]
Corresponding Lo these L pumbers of woys are O — 4 and & -0
L7 M mespectively Elonee the propability chat he will serwain wicihin tha
rirche after 3 stepa s

4+ 24 b
P=1- = —.
L 16
Hian

Eatstiniale bow Lang ol would dake a snalecul= of air in 2 soam, g which

Ehe aie i macyoeeapically "iweuoa e ' and of perfect]y unalonn Leanperazure
gnd prescgre. (0 Wove to B poesition of distance & meters away.

{ Colurndin}
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Soiutlon:

.|'|.H III.I.IIIEIIII]H.I.' d.iuﬂ-l.lli-ll.'-:l I_' HY Iil:llljw’.ll:l. ].'ll."':i:-t'tﬁﬂl e ha\'e
LT =nl®,

whearr Loe= Lhe LoLal displrl.i:i.-m-: ni nf the nm]f;u]e-, i 13148 mean :fr-q:n: ]_'.h'l.l:.hl +
Lt che numbec al callizapas ik sufers as W migees lILL'Ci'JEI'.i the -.'I:.spln;fmfnt
. Tl'ur-rr:f-'_'-l'l.-:_ the r-:q.ui:re:] blnze ia

L
t #- - — =10"#
14 W

where we have taken £ = 5w 7% neand v ¢ 3% 102 s

2157

You have just very gently exhalad & helmm abom io ehe roam. Cal-
cwlate Iow Iomg (¢ in soconds] it will take to dilfuse winl a reasonalis
probability 1o some point 2n o erhericel surda:e of cadiva R = | aoetes
surrrundimg your hend.

L5, Berkaiey)

Solution:

Fuirst we aslinmiale bhe mean f-an path D and mean thae mteival £ Bar
moleculor zollizion::

1 &' 138w 0= 2 300

J= .2 _ 77 _ —_ .. . —-le'i:'_ﬁ )
ne | g Lm L% o qO-F" !
. i dwxin = Liwin ®
R — =], H.
K A0

Since A7 — W% where N is the nuhber of collisions it sndove jn travesing
ehe digplacement 8B, we bave

B AR .
P — {\I:,'I y=, =#4xEI s =i,
L=
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I an experanent a beam iz silwver ubocoy emerges foome an oven, wlock
rantaila 3ilves vapar ol T o= 1200 K. The Beam in calliosted Ly bEi.L.H
pasued chrough o swall eeremlar apectuee.

[a] Yrve an argunent o gZhow Lhat © ia noc pessible, by pamewiog
Lhe aperbuze o, £0 dertease tndelioitaly the Jiameeter vf the vpal, IF, w0 1he
Acreci

[h] TN ke sereen iz a0 L = 1 aneter frene dhe aperture, estineate murnee-

jcally che sanallest TF chat can be oblaiced by varying a.
ffnn may wenrne (e simpliciey that all stos ave the sanwe noment mo
Adung the dareciion of che beaon and ave 3 niaas of M, 0 LBx 1D EEY R
|:|:."|':'I Hn:f.lu:r..'r.;,-]

1]
]
a
1

|

[

|

|

|

|

|

|

1

|

|
*

Fig. 1z

Suluticn:

ra] Accardsag tache ancertaancy priniiple, the smaller o jy, the preater
3% Ll uncertzamty in the gocomponeal of Lhe ionomeantwn of the ailver acoms
that pass thrangh the apertore and Lhe lavger ia Lhe spot,

thy Ulaing Lhe uncertainey prneple, we aheaan e angle of deflacdion
af Ui vulguing aroLnd

A h h
Iems —p — = ——— .
| oL v gl
r
2hi!. 1 2nl

Thoa, r—a+ 2L - e+

-,

e —— | T ———
B dmh T 1|||' TN

LT RO -0
r =20 - = A0 l'l '
LA k1A wl m

TPlear 15 che seaadlest digrweter is Lot 2000 107 A.
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Ecattoring.
The tavga of Lhe polential Telwern ows hydrapen alame is Apprevi
makteiy 4L Far aogos m thermal cqudibesam obiaan 2 nomerical eesoiate
ol wae wemperitace Dby which Blbe alaar-aloon scallerang g essexaliacly

Sy,

| MTT

Halnt ion:
For H-wave sraliering, fie < 2w, where 0 = 44 5 the range of the
poleatial, Ay

1 RERE
T = i
dr<m
Wi ik
h:
T 1K .
© mkal
ZI0LE

Show thab o sroadl aleeel tmorerse] i a2 Dol at vempezature T owiel
wndeegn & s2udom noadwn, e ooenibesions wa b dhe molerules of Che flaid.
such chat Lhe meac-agquane Jdeploceinent 36 aoy direcbicoon salislieg

({8 - Teis,

where r 1= b= :lu.p:n.'-;l !-i.ruueI and My w constanl pr*_*-pur!-i-:nn.] to the 'l.'i:-.'.m-il::."
ol bl Buid.
[[-rn'.'ll'um !.lm]

Sl bicom:

Meiauan 2f the chermal mation of the nalecules af Lhe Buid, 1he amall
chyact ja comtinwally acruch P themy. The Foecea witing om the objeck abw
Lhe dampeng forra - |:ﬂ.- ia the viaco=ily of the fll,:.irl] and 3 randon fece
FI[!) tor which

(F|Ey =0, ([0 = afit =1, where 25 i he determaned,
The sguativn of the motion of Lhe oiject

ME — —qo 4+ 4]

ds
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Aseming v[3 - 0. we have
al
ult] = Jf Fishexp'[s - ¢|&ds ,
wilege &= 008 — 5fem, Fith = x| frm. Conalder
! 1‘ . 1 s
ey = f ta [ arami 1 B
n rl
-t £
= ij “!er G—I’!+!'|ri'+|.l+l'l.ﬂ|,;..a_JJ:Idﬁr
FI"I..; i . I

1 |'
L} i - -
= —ﬁ:"“'*' "ﬂf d'sf 5:'5':-':# - afds
e~ 1. il

a T
= Zoemteevin b ateg it g
™ 41l
el 1 . : '
- — — exp|® 3 canl e, £
2 o5 =l in e, ]

a ,
s =€)

1, z2=0,

wlhere, J[1) = { a o
, I < .

¥
AL thermal equilibriamm, (W[ = FT Coupwrung 1wl Lhe abaove
reault geesrn

a=2fmkT = 24kT .

Mext, conmidar

4
az — ot - (0} _Jrn wlaldda |
and
i -
AT = J£ -If::' ula bl i
E.ETfI dsfl exp[—[e = ') il mds”
L0 1]

N 7 .
L
L I B 4

J—
E 1o
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A ber of volume 28 2 diveled into halvss By oo thin particana, The
lelt wide contiaing a perfert gas an preszare po and e right side i fnitially
vacwurl. A zmall hiale of area A ja pun<hed anoche partitann. Whae iz
vhe preseuce £y i che Jeft hand side as & funcrion of Hme?  Assone e
T TCTAL N b5 SORFLANL N batl #icley. E:«;prcﬁs YIAIF LS W ED i beroms of 1he
areragre velacily o,

[ Fiacrnsn]
SHolulivo:

Buecawse the lole du wonall, we can avanrme the gasea oF bl vag side-
are al thermal eguilibricin ot any mcnwent. 1€ e nowber of pacticle:s of
the ledt sade ner nnit 'l.lnhln'ir at &= 1113 1, l;.l'u': wambars nf ]'.-.'Lrti{la:a c—f I:|'||.;
'h'fl: and r1|;|1|: i.i'.‘l.l"ﬂ Fer |||1ir '.-'n[um{: nk I:hr,: e F oare 'r:l_l:l:] a.n-:', n, 1y |:._t'|
respectively. W hawr

dny il A A
V—— = ——mqu — =(ha  t3}v
it gu T gl b
fakl o :
where v = 1|.|' ﬁ i ihe AVErags velaoc by of 4l pu:r!.u:]e:l. The Rest betim s
rh

the tate of decrease of particled of che Jefr side due bo the poucles mowiog
bee the Tight wide, the aecond terin ia che rade =T dacveade of pacencle: of
the left aide due 1o sha pardicles moving 4o e deft side, The egoacion i

simplicd e
deyft] A A
-+ == ,!_1_-"

s o
With the initial condition 7.0 = sy, we hava

mieh o (1w e

L.

and

plt) = B {14073
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Slarting with Ule virial checewn Dob an eguilihtinm conBgiration show
rthal:

[ab thr Lelal kinelie evergy of & Buite gassous configuration iz equal
to the total suberwal energy i 3 = .00 = 373, where 7, and 7, are the
malar upecile heata of che gas al canstaol presture and & canseant solome,
respecbively,

(k] the finite gaseaus cobfigaration can he i Mewoonian gravitational
cenilibrune only i £,/ = 473

[Caluriisa)

Holuwdkon:
Fior a fipide gaseous confignraticn, the 1-'i:'i~!|l Lhear:hs gives

3_=+Zr. =0

I ia the average tobal kinetic rnorgy, F, 42 the Lo al force aciang on mnolecule
e by all the other molecules of the gas. [F the interaericne are Mewinmian

. . 1
gravitatinnal of potentiala ¥[r;] ~ —, we huwve
r

r]

Zl‘. r._ - E: Fiy I:ﬂ.rrl:ru} Z“FEFIJ]
IEL bt |
a |:I'. ’ rfl '
Henee 25K ~ I = 71, where ¥ oie tle avetage total poteptia) epergy.
We cah conmider the gas i gacl smiall eeginn of the combBgueating as
idenl, lar which Lhe internal energy denaicy w(t] and bhe kinetic epergy
density X[r] satisly

— — 3
e grr_i_]_ﬁl:r:l wilh Kr] = E.I:I'ir] .

Heoce Ue rotal internal anergy 1a IF = 28 f300 - 1), _
When = 5, I = E. In generad the ¥irial theozemn gives 47 — 1107 +
¥ — 0, au Lhe tatal energy of thie systen is
E={+F =[a— 3.

Fur the eyevemn bo ke i scalle wquilibaivig and not to diverge infnitely, we
raquire £ < N Sioew O = U, we owat have

{-'i
¥ 3



Statatical Dhyeicn L)

TIGE

A gvstene comzisly ol Y owesy weahly jnteracting particles an b e pet-
ature sulficaenely Ligh swele bhal elaszical statiacice are applicable  Isach
praciicde Ties s e abed cacillaces i ome direction abocd ita eqiilibriom
praatizn alzulale the heat capacity al temperatwre T oan each al the dal-
lewing razes:

(2] The reatnting Frca iz praportianal to the dizplarement © brom e
e uilibzine peosil i

sb} “The restormg force is proportional to T

The reaulls may be ohilaieed wilheal explicily evaluaring inegrals,
[0, Berkeicg)

Suluthoo:

Accnpding to the virial thearen, F Lhe poleatial energy of each parti-
cle ia V¥ e 2™, then the averapge kinclic eoergy T and the average polen-
tial eperpy ¥ satisTy Lhe telation 9T = nl. Arcorling 1o the theacem nf

= 1 . . .
eguipartition of cnergy. T' = Eﬂ:T for a nuesddinenaianil rnatzon. Hence we
cam atale Lhe lallmring:

[a] Aa {5 ¥ = ' and m =2 Then ¥ =T =F+T=

1
= T E
ET. Thus the hear capadity per parcicle g & and £, = 2;'-’.5:.

(b As faa® ¥ oot andm 4 Then¥ .. T . TE fu-‘

3
Thuz tle heat capacisy per parlicle is Eﬂ: and O = :J"H: far the wlhobe

ayslrmi.

2164

By creating eadiakisn in a cavity ax a gas of ploton: whose arergy
x and mamentam £ are relaced by the espression £ = ok, where ¢ 99 Loe
welomty nf light, show that the pressizcee poexerted an Lhie walls oF Rhe cawvigy
m anesthard nf the energy densaty.

Wilh the shove resalt prove thatl wlen eadinticn <oulaimed moa ves
ar| with perlierily reHerting walls is -:'.nmrurrlssn:'rl adiabatically & aheys ros
equalian

I Y = ronsrant

Dwbericiine Llee valuw oI .

(£, Berkeley]



2p2 Fadlprs 0 Yyt an Fherapsipipeecs B Spfpie st ddeanaaer

Solubion:

Lea mf:|dw denzte e pursbee af photuns in e acgular frequency
interval w ~ w + A lonsidec the preasure exerted onocle walls by Foch
phetens o ihe valuane elemeot d1 al O, #, 0 {Fig. 2.34). The probak:biuy
thac they collicle with oo area o4 of 1lie wall s 24 cos874a 7 mach callizion
cunlribuling war imepaal=e 2Ecoa @ pegpeiddicclar oo A4 Therefure, we have

Fig 2%
af
dm =
P = s
aAd ccsd
b ¥ di‘?— Ik coa b
a o At
o] 2
- — : n# A
Py Erek o 8 acn Ml S8 wo,
. uf.
- dpa — - K =k,
F -[r‘_\-'l.'\dr F Jr] 3"‘-' Jr 1
. 1 i . . -
lutegrating we get p = = = — , wlere u iy the energy density and 17 s

the cotal mnecygy. Fram dlie theroed poami equatioo

g - Ay pal

arcl p = LAY, wealtin of T = Spdl + 38 ap. Henre apdk’ + 31 gp = T3y
e
For an wliabealic povaess 45 O, 'Ihll._-' t Jf Q. Inbeprating we lave

i
J-I"q"!' =<imyil., H = 7"
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[ ndintinn preseurs.
Ore sy Chisk of vadiation aa a @32 of phaelons and apply many of e
resulty Jroow Kikelic theoey abd Uwermocdynamize o e radiation gas.

(a] Prove that the pressore exerted by an bsobropic radiarion Giewd of
enecgy density wen a parlectly reBecting wal e g - w1

(b} Blackledy radiatian ia rudistion centaited e, and in equilibriam
with, o cavity whase walls are at a Lxed tampesature 770 LVee chermnody-
napeie arguments Lo show thal the swergy deosisy of Blachbody cadiation
d{-pc-nd:: roly an T and 15 independecd of the snize of the caviek and Lhe
material making oy the walls.

{c] Uron 1.1.] and th} one concludes thal for blackbedy cadiabion the
pressare dependa cunly on the temperature, ¢ = p(T]. aot the indeinal
energy 47 Jy given by [F = Sp 1Y wihere ¥ oas che volume of 1he cavicy
Dlaing these Lwe Jacds aboul the gas, aderiee e Tanotional foren < pT.
up tuoab dideecaled ewleiplacalive canakant, o puresy chermodynamic
Teamantlng.

(AT

T8 RETE TSI

[a:- {oosder an area clepient 2% of iie perdecily retlecling wall and
the phalona mmpanging an dx dron the selid angle ol = sinbalsava. The
shange of meooneatnan per anzt tirne b Lhie daces Lo e petedivelar oo J 5 05
weam Sl Ao Foosdsdr Wenee che pressure on Lhe will iz

P Ay e -l .
r— lL;I.;J I||r r!.’:'.J'tl dpcos*Wsint = % .

[h] Cloausichar tle caviey s consisting of vwe arbiccacy Jiubvey veparaced
by o wull. The volupi=s and ahe materiale sukong wy L sub-cavidies are
dilferaut brun Al walls ace wl the zwoce Letnperature T Then in thermal
equilibeoa, Ve cadiations e the anb-cavibiea lhave Lerperatere T° Yol k-
lewent tLg @y detaaitios if Lheze Jepond adse o fagenr Stiwer chan toanpota-
bure. a2 small helz i upened Between the sub-cavitica, there will e a get
How of radiakion drem the sobocavaty ol bigker © becawse of e pressue
dilfereizce. A Dvar vogane can then absorl Ulds Baw of beat cadialion and
prracduce mechamral work, This rentradicots the second law ol Lhermody-
oamiiea iF na ocher vxternal fflecl 95 imvelved. Hance Lhe energy densily of
L-Im.;k |:.r\-||_l.-' r.'.u-|i.'|ri{-|. -.||-J'--.:-|'|-|s. -::||.|':' i ArnipEeralure.
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[=) Sinee thie Srew enecgy & bz ow exbensive qoantily and

dR 1
(ﬁ | =—p= —Su[r] .

AT
we hiave 1
F - . w[Ap .

From thesmoadypnmers we alan bawe £ = 15 = TH, wheee 17 = b s 1l
internad energy, 5 s the entzapy, and

s (%)
4T ],
_ L T]

lence

giving u — aT . — EnT"‘, whare @ is i consont,

T ERA

A e} ol i.rl.l:tru-l:r.ing atorne has un El.]l.li].l-i.cil'l of slule and liead capaniky
sl cobatant woline givel Ly the £dpressivs

2 LS TNy AT v R Lt
EAT V] — aT W 4 W TE Y — 70
wliere o through foane coztanty wilocl ace iedependenl of T aod ¥,

[a} Find ¢he diPereptial of the internal energy AL0T, ¥ in ceaing of 4T
and d1.

[B] Find the relaciopahips arvong a throwgh F due 40 the Tacn Ut
E[T, V1 adale varakle.

[e] Find &[T, V) an a function of 7" and &

[d] Tee kinatic arguinents Lo derve a sitaple relation between poand {7
f2r an ideal monatomic gas (o gas wich oo interactions bebween the 1tums,



Nt Pl ot

Lul whaze veleiity dichiibutivn b atbitraryd. 6 the pos discuzaed in e
poevidus parle wede b0 be puade ideal. wlat wonld e e reptrictions on
Ll wcocgbants u Lhorongh §7

LAEFTY

Solution:
[a) W have JIT[T, 1F) = (7,47 - {J’r’] JF

FAFY (a.r-' 'ap]
- - . — a T
P lav ), ﬂ?)r Lot ),
Henee o0 = (dTH# — o7V 4 JTIH T - (:Tl-“ - I 4V ] v

(b] Zince &{T, ¥} iz & state varinble 207 (T, V] is o total differential,
which requires
i (:?f." _ (d'{-')
e ﬁ) =57 b )

. L L
TV | T - (qurl-‘“ a&-.’r"J .

that is,

Hemer 0 = 10,0 = 11,2 = Gk,

[ed Daing che rezule in [B] we can wrice
dJUT ) = JLTH) — PV o 31

Huenca
ET, ) e ET™ = 27TV %0s + 0% ™!+ oo

[d) Imagioe ¢hat an idea| pefleccing plane auclace 32 placed in the gas.
The preszare exlecled an it by avouns of velovidy v

;"-’ ¥ 1M
Jlr Jlr i bl peoa P Swveodd = Swad
ir 3

Tle enein inteconal energy density of an el gis = st it mean kioekis
energy densily, iLe,
1

L= - Ml

2

2

=l
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o
The average presanre 35 p = B, — 2u/3, giving pl¥ = =L Por she gam dis-
rugsed above L be made wdeal, we ru-:lu:irz Lhe Lust Equln.l'.i.r\-n ig he patizhed-

-

- 2 ¢ k] 3
E‘\-Tﬂ + —,J::I 3 I\lﬁT'V + i.-r]'ﬂ"l? + —I:: + I.'\'.I-ILSL.J

iR
S TL SISMPRL o 1{ = ranst.

]l Ballnes Ll & awrl J" cuanot be rero al bhe same dime. 'Thr ::l:|::r\-.-_u'|n|1
rulr T IMERIA Lhrl.l b .'|.r||'| r canncl bhe sechh ik ch= EH [ E 1.:i;|1'|1:.

21CT

{a] From zimpleat kinetic theory derive sn approximats expresdion for
the diffwgion conHicient of a gas, IV For pucpoecs of this problem vou eed
not be coneerned aboul small numerical factors and 30 peed nol integraie
avee clest iyl jon functisns =L,

(b} Fran emmbera oo know cvalaate IF Far air at STF
[ WiaeatasiL)
Eolutbicnn:

[4] We take an aren clement A8 of an imaginary plabe ab =2 =
which dividea dle gas inke tno parta A and B a2 shown ib Fig, 235, Fur a
unaborm gak bhe fraction of particles wmoving paralle] Lo Lee s-ases [wpwiard or

S 1 . ..
Jowoweard] iy © . Therafore the iaass of Uie gas braveling aleog the positive
directinn of the z-axie thraugh the azex alement d% in time interval & is

|
dif =m (En,qrd'..ﬁ'if - %nnfd's'uﬂj

== éﬁdﬁ'd:l:.:-g — o)

I AT (d'”
51 dx -

9 (#) e

L
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Fig. 2.5

where T 1n the average vela<ity and X the mean free pach of the particlea of
r.h._- QLS 'F!-}' A=hnil ii.-.-n 1.]1::- d.':'.'l'l:usinn caefir=nt 11

—dAM e 1=
H= i (dz)h = v

thl Ar 5T the averape speed of aic mindecnles =

s

_ THED .

[ IIL"I = 418 mia,
TR

and the mean frec path Sengeh in
LAmEax It m

Thua the diffasion coefficiant in

1 .
L 3t.-.1-===|3.1:nc 1075 m? fi .

168

{a] Show that the tatio of the prersurs to the viscosity costicient gives
appruxirnately Lhe number of collisions per unit tima for 2 molesals in &
gas.

[b] Clalentare eha sutmbear of callisions pet unit Lime Far a encleculn noa
gas at 3TF wsing the result of (a) above or by valculating i Boun Lhe mean
velocity, malecular diarmeter, and number denzity.

The cosfficient of viaccsity for air a0 STF iz 1.3 x 107* in egs whils,
Ug: values you know far other congeants you need,

{ Wizconait]
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Solutiow: -
[a) The ceeMeient of viscoaily iz n = :lrrﬁ.:'., wlhepe s the pactiche

bt d=n=ity The pressan e al che gac s

Foonky,
Henre .
L |
] T A
. , T . .
The wvan-syusre speed of cle melesies 2 vf = —— . Keplecling tbe Lik

i
Terense Lutween che avepage speed 2ud the e apeed, we lave

L

I:
T A
which iz the averape numhber of rallaions per ynit cims fac & e ule

(b] At STF, ehe presgurs ia g - 1013 = 10% dynfem?. Heocw e
mwnber of collEions per vnik cime

5o LML« 15

== s =huixIn'a T,
n

2185

(2] Assuming madrerately daluie belican gas an that binary collision= 5[
Dzivan aloms deternuee Wie tbanzperl coetficienta, derive an espreasion for
Chie cheatanal conduckivicy of the gaa.

{b! Lslimate che catic of tie tharmal condactivity of gasecws THe Lo
chal of psenns ][e al roamn Lenmperal nee.

Col Wil ek ratier Do dillesent ob o teenperateer near 2 K7 Why?
[ Wiacanszn,

Solation:

() Cussides an wen eleient 35 of ab itnagioary plane al z — z, whizh
divides the s iclo two parte 4 and B {wee Fig, 2851 We aawme that oie
Leoaperatures of A and B are Ty and Ty serpectively, In Lhe pase of a small
Lermpreralure <if=ceuce, we cun lake approximalely my 3y — np%p — kT
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then the number of mnlecole sxchaoged besween 4 and 8 dthreagh 25 in

time incorval de s eTdFAL 6 Accurding va Alie principle of eguipartition of

+0eTpy, the average kinstic =pergy of the molecyles of 4 ia EkT,qJ and that of
{

gt EkTu [ s thee woachesr of degrees of freedoin of Buosdecule). Thereture,

the pet eoerpy transpoctiog theough 48 o di [or tbe heal tranapanng
along the positivs diceclion of the z-axis] is

di) = k(T - TohmudSds /12,

The termpetature diferense can be expanded in torma of Lhe temperatare

gradient.
- dT
T',q—Ta——l.l(- ) .
dg .
ia
L -4, (al
= —-mGh-k{ — .
a@ ek (d")-u 25 de

givang e chermal cendociivity

K= !rl"I-j: = ~pB} [4]

- 3 = 2 - "lll:l Cu

wheer o, i8 the apecafic heat at constant volume.

b} Since g e oeafed, Toe m 22 0 @ Lim. with the formula [} we

hawe £ ot —=u ?, wheae = @ 4l alvioy disoetee, For “He and 1He, =
W
can be taken aa L samie, gi.'-"ul.g

m (rrl_-_.)_l"ll (3"‘! T
. = -1 o 1.15.
L L 4
[c:| When the temperaiure 1= near 23, He ia in |'iq uid phos: and 4«

TR :|l.1perﬂu.i.d _,—.-||..1=L'| ma thul the above ipdd=l ia e |n:|-r|.g=:r val:d. The ratin
ol the theninal conduactivities changes abruplly ae dliz cernperature.

21TIh

A cerlain cluzed cell Toan weed as o insolatiny inaterial in Liogazs ia
manwlaciused in 2uch & woy thae the <e¢lle are nilially Blled wilh & poly-
atuiwie gad of molecular weight ~ 0. After several years the gos Jifuses
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out of the foan and iz replaced by dry air (mean molecalac weight -~ 390),
Aasuming that Lhe insulaling praperly arises Jacgely from the thermal con-
durkavity af the gas.

Thiscuas che lacingy wlich oflluence Whe cheraal conductrey of Lthe
g For enclh Jactur moake an avgument for whediee the insulaling abilily
increasey or decoeas ey, WV lvat jy the averall eJect wpon tlee Jzolatang alulily?

(A{IT
|

Fig 7%

Eolution:

The checmeal condactiviby 2w ~ A3redl, where & i3 tle mean Des patl,
@ the maan ¢peed and s the number demsity of the gaa mnlecades and <,
in the thermal capacity per malecule. We have T »...-'rT_lu'..-l, where A 11 the
I.'I'.H.'l]EEIJ]-'.'II 'H'I'!J.E]Il. FI..:" o ]In'll:"l 'FI']I.L'IE E i.S LhE CrOdE HEC‘EIDII. u-.f ik ITI:iI.L'I:lI.IE.
heing = 4200 gy

mor A”VNSTIA VT AT

Tliua ehe melecular weighl ia the snosl mporlant faclar. The averall insa.
labing ability decre zses when the polr-aionic gas w replaced by doy air.

2171

Thermas Elalihe.
|:n.:| Siabe and j'q::‘l.:i[:,- hew Lhe tlieeanal -:nnducl:ivity o am jdeal FiLE
depq‘:nd: an sk dtlﬁ:‘l:il}' al bxed lempecaturs.

(L] A Lheamos {Dewar] bottle do conetrucced of bwo concetileie plass
vegoels with the airin the intervenang apace reduced to a low dengicy. Why
£An 1k act a3 ao insilating eontainer even though the vacoum =k 'perl:r.'-.'.t?

{MIT)

Balution:
[aj The mezan spesd of the air malecules in canstant at fixed compee-
ature. lawever the goeater the gas denaidy s, the nore Sregqueat will be
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the collwiona and the transmizsion of ewergy =3l beccme Fagier. Hebew e
thermal conduciavivy 19 higher Fa1 greater gas densivy,

[B] Az the air decsity @ bow, 2he chermal cobductivity g alse law. [t
tatr tlerefore enbamce Jeeat itaulaticn.

ZL7T:

Zketzh the temperature dependence ol ithe beat conduelivily of an an.
sulacing aalid. Stace the simple tomperature dependenciea i Lxsuling tew-
pacature gangee and dervie ther quantizativaly,

[ Chicaya]

Solution:

The thermal conductivity of a polid ia « = ceg a3, where ¢ i3 thermal
CAPACIY T umil volume, &y i5 velority of scund, X iz mean free path of
rhonene. < versan T i3 shown in Fig 2.37,

{a] Ab Juw Letnperaluces 4l heut capacily c o0 77, &y and & are con-
araita. hende mo T

1
=, the 1levinal ca-

T

(b At high temperatures 1, ip constant and 2 oo

Pacity ¢ i3 consbank, hence oo =,

Fig & 57, T

LTS

Expeean tha squilibrinm heat fHew equation in terms of bhe heat capac-
ity, excitatinn or particle vebeity. mean fTee path, and thermal yralenl.
Thsruss the manidestation of quartum rechamirs and quantwn sbatistics im
Lhe Llerowal conductaving of o metal.

[ Wieeansin]
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Eolutlons
The eguililiriven eal Bow equataon s
j-oawr,
where A = 360 ¢l w the theemal conductivity, 70 Leing the Gieat capacigy
per il wolunee, v the average vekeoidy aznd 1 bhe meean free paddl of Lhe pacs
Liclen, Hére wea have weed the agsmpbicn thar the elercronic condwctivity
isx musch larger tham the lattwee conductwity [camrect 2t room tenzpetalore) .
The mriallc lattire hink atcrariave mbetaccina with the slecirans, af which
the paiential can he considered wnaloozn eside Le seetal, and deco voleide,
Hewce we van cansider the valence eleclronz as ocupyitng the enecgy levels

w a polential well, Tlew bl poolabilicy of vcowjpring e ebelgy level = =
given by the Fermi diascibution:

i
I —
flel = explle o] /RTI LT

The Fermienergy =p of mesals are ssually very large [of the arder of magis
cde = g% Siwee 1 KT = 00025 2V ar touto delnreraiul e, arditoy increases
of besnperobure have lidcle efes o on che elecconmis distcibotion. Ao ordinacy
cemparsturcs. dhe electronic conduccivicy is comtributed mainly Ty elec-
trand 2f large «nergies L - chowe above the Termi surface, witiclh cepresenl
a [raztizn of Lhe tetal nomber of alecirrna, - 0 Thas we musk chicnse fer

. . . Gl
Lhe average welocity the Fermi velecing
u=Bp = 1_'.:;-:;—_."'r'|'.|,:I:'"2 .

Then | = ver, where 1 s Aie velaxalion tiaze of che vleclron, The diflese e
of the quanium appreach fron classical statistica s chat here the incre s
of kemperatare affecta only she electrcus near toe Fernj surface. Using the
arprox imatinn of streng degeneracy, the heal capacily js

O, = Z:rlk(krj .

£F

wlere noiu Lhe eleclron wumber den=ily, givioy
A= xfak¥I ) 3m

This formula rprees well with experimants on aliaii macals.
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ZiT4

A DIiqpud Twehum eamtamer, shows in Fig. 238, eanliies 1005 ot
hqued helmm amd b o cobal wall akea of CAbe®. I bs dnanlicked Tron:
Lhe sorcgundang liquel oiroger ceservur by oa vacianen jacket of 005 oo
ihizwnes, Liquid helinm g at .2 K, wlile figuid matcogen os ot 77 KL [
Lhe wacoum jachet = aow fillad with belinm al o pressae of 10 g He,
cetnmike haw Toag i will vike for a01 e 10 cr® Biguid helivar i the con-
Litiner e disappear. [Ar o conde approsinualiee, we cedl Lssuime o cenzlant
Lernpebatase gladient acloes Che vacuwdn joddet and evalwake the tlesaad
comedbctian ol Llee He-Tlbed jachel at ivs mean tenpeciture,

[LD, Irerkeley)

J

guid
hig higm

9imosphanc
RIFssLE

| aquid
Al ygn

Fuu. # 26
Zolntion:

Wien 1he lquiel Twboam aharcks kent, it wapeTizes ard LETARLA Ly
cacaps. W can corsuder, approsuaalely, the waporizabian laiepd heat ang
ihe warck dreoe during =xpinsaen Lo be of the sane arder of magnicude, i,
we Luke Lhe pliuse ransilion corve as givsn by

de 1
S A
Theredere, the heat that is needed o1 the helivm toosacape ia
Q~py =HT.

Assuweming thal = 3 compwralble Lo clie naale nenber of Ui sanae volurge
of waler, we uiale Lhe wazimole

1
o 100 = — = 56 ool
- 18

Hence @ =z 30 x 8.3~ d. 82 2 2 107 I
Conaider wow the heal transfer. Smice the modecular mean free ]'.-.'Lrh
m L jacke o=
1 Bl
— = -l 00om,
14 el

|



KL | Freens & dalude—ae ca Therkeadpoaim tr B Sucdica’ Afoek vuer

ilir heal tranaferred i
3 - AR T) - [£AT] 2 30 1fs .
Tlhus Llee fhzie for Lee halivim be eacope is

i

L N L
rl

I1TS

Tranrtpurt proseties of 4 simple a2

Mamy proporties af o gaa #l acnme can be esumatled sizing & fippls
ol el mF the o as an assemkly o relliding hard zpheres. The Pl rpeise af
thos prohlea iz be derwe appenximale rxpressions [ac a newnler oF cnedhi-
ceks Lt are ward 1a guanidatively descnbe vamous phencoega For sach
al ihe: recftirientes helaw atate yone auswer @ ermes nf: £ 5 Bolozmanm s
comstaol, T = demperatire. T = richinz ol abimn, 9 = iy of atem, v =
hest ca ety pec gUabn, o = Jensiey You boay neglecl Gaclear ol ardler anciy
[Hint: Fier derive aspreskizng oy the mean Diee pach Telween colloicns,
4, and Lhe root-mean-squace speed. T,

[a} Drecive ehe coefficmnt of chernie] conductiviey, £ [units: gom '’
Bl Thiz vecusa an Lee velation bebween Lhe bean Tus amd Ui Leanperatue
¥Tadienl.

[b] Dearvee the coeflcient of viseoaiy, g fans: gfew-a), This cooors
i L celativo bebwsesn Bl cangenliol Force per unit seea 2] the velocily
gl o,

[1:] Dlerive the dillusicn tuefﬁ.ci.:llt: o [|.|.|1i.1.=: I::I'I.'L:Ifll:l. Thie ckaracter-
2w & sisbeen confaining gage: of cwe species. W orelaies Lhe time rate of
cliange OF the densicy of ole ppecies Lo U2 idoaiogeneiny in deasily

FALIT

Saal ol Lever:
The ziean fee paed bength o

The ront-mican-squire apared ix



Nuleslivall FRpatd Ak
: L . . .
[} Buppose o tonperature gradiesil —— existe along Lhe =dijeccino
g
aind congicler a wwie arsd peTpendicular 10 it The oot bean Aow resaliing
Traaa esabanging & pair of motecwle: wonoss Le it acea s

S S I o
hHmE[T—{I+ﬂaI)]— i

. o Ly
The nuwiiler of secl paIry r.:u:i:h.\ugr:d Trer unit e o —PI s Uea leal Hux
Lrr
L aT
-..FJJ = —UFC:’- -
dJr

and the thermal condurtivaty s
. n
K o~ ATpc ~ nt |:|1:|.||.'T_|15 .

(L] The clange 0 The compueit op ol Le average velacily am tos

o
rxchanpe of a paic ol malesales as mentioned i (a) is - _.ll—zlul:il'f A Llews

Llee Langentud forse oa o nnit aren perpeadirular bn ddie a- d]:re{n-::q is

TL,
F‘y s ..:.-n_J'I;_' . - i
I |
Munee thie covthciwnl of wagedsby 1
|:r1-1.li:T} H

2] Supposa dle wiass density £z e i iomugenesay tn bhe zodarneLian,
The macs dux in Lhis firectizn is

dah
J,_ﬁ[y ( :I"El.:__."‘

-
= —hEo—

six Bag cliBusien soellicient 15

I = AT~ (e} 2
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2LTO

The speed of ~ound [2,] in wodidule gaz Lle e iz given by the adialulis
campresaibility:
= [jae T
0 - r—.
: rnﬂ.n: L ut
wlheee M 05 Lhe mean roeleculior weaghe, & iz Bolzmane's rausiant and = 37

the cautiv of prancipal @ pecific beals,
{a] Estimace nuenericaly Eor air at coom tomnperacore,

[1] che speed of saund:

121 che wean cleonlar callizgns fengueny:

3] rhe malecular mean free patls,

141 che ratao o rean Tree palh wva Lvpacal wive Jengih;

[5] the ratn af typical wave dreguency oa collizn beqeency (10se
or == HKF He as v pcal wave Treopme ey |

[l':-:l ['mr che raties fonud abewe 1a rxnlam why al:abaric coppd ciupe X0

re IIE vank Fﬂr a7l I'ld..

[T Rarkeler]

Lol ution:

{a] “] <. '|..'II'I'% = 150 1 fa.

804 The raa ETee parh bk

. I T
iz = e =g oa ) T
T T

1

The tean cilliamg Megiency |

12w 10" 24,

(L] A sowndd woawas corppoess che adt ioog eonle of Che wavelagsd 3,
weoshall egnigate she ratio of he e =9 heat, wLhich is fransfecced by
Ui mreticee of T moeeenles, eo fraee] 1he digtanes A tu che pecied of the
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acumel waves A ralenile ol mean free paild beakes & collisnoe during the
displarernert o, wlere & s piven by

A= NI
The ralic we require is
tn'l' _ _I'l" ; ! 1 N
F-{F) (=)
i00a? ety . .
ST 1w 105w (S - ¢dx 10

Siot tx 3 v, Ll mscillatien of che air iz Leo Tast for Tiest crarsfer to take
place, adiabalic randitions prevail.

27T
The ;:p-_-ud_ A enld i oa Has = r.'l.[r1||.'|.r.r:|"| a8

[2] Shew that his i= & dipensionady-romreed equabicn.

[L) Thas feenusla iocglize that Che pro pagadios of @ennd ool a3 o
qllasi-gtabic gk ess O thie ubther hand, 1lie speed of povnd Cor aic s aboul
F40 mugfuee wl & Levnpraalute fur which the cme speed of an air melecule s
aboat B00 nfzee How dlen can the pracess be guasi-atalic?

[ Weacanain)

Holution: _

The spred of sound s v = o Bfp, where B 5 the adiabatk bBuik
madulus and g ks the: denaily,

(3} 1A= 5] canl- MLmToR

[o] ML™F .
Lz,
|'r"l':Il

)

(k] While urrler ordinary comditions the roes speed of & gas el le
ig abane S00 s, (b mean e patl gy ey shor, aboat 10 ¢ gy, wlich

= LT b=y,
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iz pruch smaller than the wavelenpi b b srooael woieez, Therefare. e poopa-
gation of snund thropwgh ar can be consderedd adinhiane, vel, ooaststatr
proca3a

I17TH
Cowzider & mes-inletacting velalivistic Fermy gos b zora semgeratnge

[n] Wratr dawn expressions for the poeszure and vhe energy denziny
Iin rert frame of tha pas. What = the pipctien of sue

[l Threwring the eyserns us aownaforzn sdazie Qiid, deries oo wave syuagion
fer Lhe propagacion of anall density Hucroations, and hewre dedore 3y
ex pregsioll bor tle welecity of z2cand in 1he pas,

(SN Y, fuilale)
Solod b
{ul The relation betwe=n ddie aesnentom awd sm=py o a4 aelaniviztie
wwlicle 33 given by & pe The eneryy density iz
x5 e . B :1:".
L= |II . [ =11 e N EREN TSN LY LA
e NV N R R L
wlhera J ojadle sr.in ipan i numbet of Pernsus anel pe v given by s
w AN

o= T+ I]h.__ g MF -
Henze . "
Ir Rlﬂ'? '\;J_lJ III.J.lr."IlI._I.
=M o= ! .\ '
o] - I | I
The poesanre iz
-
.'_1"”":"’ = —n4 ¥ '_' -
A AV 3
1k, Che egualion of sLate 12
& E
k¥ - 7

widll B = vl

[0 Lev o= o v b aml @ = po— A where e and gy oaee ehe cdonsily
and presaure of e Hopd respectively, and =pancl cp are dhe correspandog
Higtwainns, T a snargs Ruid, w o2 &w, and e pautinecy caalion iz

| ~ A

— % rw =1,
At '
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Ig the eama appeoiaation [aler's epeasien ran be redeced n

Adovr  WVirn
di U '
Tlee g of an wlen Al 15 aciabateal, toas
FAR Ay
tF _ hp= {— L I
k':-'.l".-} o ,.-'I o I

Coznbining Alivee we sbilain (e ware wqiition

3'
-F-p—l"'-f'-'--—[l

my

i ) . .
wlere 1 = 'I. L ]"- g the velocicy of zewmd o the gas Aa g, = 1

and py = 3 ,‘,'.? whﬂn

I

ki ilee 11
'.‘I';"l:?..r - l:l"l

wa b chie gz of & pancacle, woe hawe

g ]
E: g Lo |':_|'iIi

TITH
A heam ol eneegatic [ U0 oV] wentra] Ivdregen arnbus i cain’be
rllrnlugh a onxle in e wall b poasma combineppent clewice  [leczrile nle
appatatus chal pon wenld wae o neeasnre the cnergy distribareen af 1z

alane.
| Wizcomein|

Fug. 2 50,
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Salutbow;

An apparales Lhat could Le wsed bz gliown io Fig. 2239 Acotore beam
enters iekto Lle c:.'li.nd.l.'r ool diwrpel=c £ wBier it [ENT-EI] LllJuug]l wlity 5| and
.5']. The :3.'|i||.|.:|er B oratales aboul ity anis will uu:ugu]a: '-'E]l.u.':.t}' L. Elup].'-'_'-s-.*
act alaae wkrives al [.l-\'.liull- _I:"I 2L Ll l.'}'|j||.l:|¢l, _|;'\-_|;-'|' — 4. The vimae Laben $20

the anom Eo ke dtom S b’ i e = —, where wom s welacity

Tering this Lo, the cylioder as colaled Levugk an aople # = wl

Thus

I L DEw
- S T
i oy i 2r.3 .
The ecoerpy vEelie atom s therelute ¢ = 0 = a0 8d*. Hebce Blaer= s

a une-lo-uhie ceatea ol e lice Terweet 4 and . Hy measuring the thickoess
diateibewcizn ol tlee acovnic depoaition an the cvlindsr we can deteraniipe the
elergy disinkuc.on of e lan

2150
Wite 1lie Mamwell distribution, Flu,, (Lo ey, for tlie velocilies of paale

cuales ol s M oin rogas ob pressure £ and terpetaturs I (I pou have
{argetiem the warmalisalinm romarant, derive it irnm the Cap2aian Llatepral.

- —

Ilr pep|—z S do? | dr = W Taa .

- ==
When a cleaw 22lid aurface is exposed o this gaa w beging to abacrb
mnleciles ot a rate B [oolerniea fa cm?).

A melecwde has abseorption probabiity 9 far a nocmal welocity compo-

oent less than a threskald ur, and a.l:-sl:-rpl:iun p:ru'bn.l‘_'i]:il:.r 1 bar a normal
velacily greater Lhan vy, Derve an eapression Jor B,

l Wiicons tr:l]

Bplution:
The Maxwell digtrikution of welocicy is given by

b 3-.-'!
Hlox vl = (—H E 2 I TH

We take Lkr r-axix norinal 1a the anhd aurface. Ther the chistrbntion of
Lhe companrnt v ol velacily js

1
M LI
Pleg) = (m) s REvE



ol Pyt KT
Ilence
za N LY ; R
b — Ilr ne, P lde, - :"__.; JlI e | - ——
‘i b L

where = e v loeular s densy.

2181

A pas g cantainer somgsts uf nelonles of mass me The gas has a
wall defineif Leanpericknre 7 Wit w2

[a} Lhe st pesbable speed of 3 mclecwle”
[L] the average spead of Oie pealegules?
Led bl averape selotity of Lhe molesaes?
(M1
Solution:

The MHMaxwell selocity distcibocion i= givem by

o T - .
= EB:U"J' expl eead 7 2ET e dy, A,

(&) The newrage spied s

_ ™o AR ‘. -
"'—‘”[hﬂ';' JJ.. uflojdn  (BRT At

fel Tle sverage velociey ¥ = (72,9, #;) s given by

\H

waa
B = [mede kT fllr_‘l( vr uMp - et ST e dey Aoy -
J

-

and T, =8, =0 Thus & 1
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2183
Fmd the rate of wall callisions [nouaber of aboims hicciog a wonit aiea
oh1 the wal per aecond] lor & <iaseizal gas in chermal equilihciam in cernes

of Lhe wumber densicy and e neeam =pecd of the aonoa.
[MIT)

Sologticses:
Take ithe z-axiy perpeodicuelar to che wall, pointing lowards ie. Tl
ratre nf collision 1=

w = -
I'=J|r Jt-,jr -:'tr.'.,.JI! ey fidl

Ho o 1

c ey AT "
where [ - n [-'-'TQ:T?'I |-

.| .
asngiby nf the atoms. Integralmg we chtam I = Enu, where T o Lhe mean

fuf+ L': + uf}], aod m s the munmber

speadl, ]
T - [BhTiem)

143

Ariime =02 thin walled vessel of woloioe '|-"', T pt al censtanl le=m-
perature, contains Ay ideal gas inclecules whicl begio bo Jeak oul through
g amiall hale of apen A. Arauming nagligible pressure vuluide the veanzl, cal-
ol ate the pumber of mebscules leaving throogh ehie Jiole per onik bime ard
the murber re mmninp; at iime¢. Fx prcas Four 1SWwer o teros nf ;'tr". A, '|-"',
.'|.|'u:_| l]1{: AYET age maolecular '-'l:]uci.l:-}-: o,

{H-"ﬂ'n::'rl-!iﬂ:l
Salution:

From whe Maxwall welncity dustribatian, we el the wumber of

oolacwlad colliding with enil area &0 the wall af the contaiosr an ook mes

n . .
ko b u, wlhere = a the nomber dnll:lt_l.' al Llae tooleciles, Thure-f-'.lre, Lhe

oupmber of reolecules voraping cluovwel e stnall bl <l area A 3o ik (e

L]
AN _ A A
IR

Vaing the inilial candition N[0} = 1¥,, we obtain by integraticn
M) = M= |

whicls gj\'cs the muamaker of molerulss T\-rrrl..ai:uil'.g i the conkasner al Lime 2.



T’ Fhypel-a T2

LIdd

A beam of mnclerules 35 cfien predoeced by leccing gas ezcape ok o
wacown chrowgd i veer wimadl hede e thoe sidwe of thie contaiuer cunlang Hie
Bz, The tula) '|:||I:E||.:=|'I:. o Ll e by defieed a3 sbe nminler of iodezules
excapiig [atw e hole p=toanie e, Poed ohe <hange in dotal dntenzity af
the beam il:

ta] che area of 1he bale o5 sncreased by a Eaclor of 4,

th! che abaulace cemperacirs s incTeased by oo fagcar of 4. e proszoze
Leiig anainl ained constant;

Ir} cae pressure in Lhe rontainer 35 ircreasect by oa fasztor ob d, 1he
IR FTACUS FPAGLLE T conastasil,

[ an gl vripuaal cemperatuse wnd pressuase, 3 gas ol A Lioes Lhe
reulecolar weiell of the criginad gay 15 dzed.

(U0, Hereley,
T [TLNTERIE
The total covenzity of Lhe beam =

J'-- El‘:l_.n"l 1
4
whiere )
Y L
kT Y em
&l [
] - |
l|r .o=A

3P TmkT
[ad WA —d4d, then [ —al
[h] TF g is constane and T — dT, chen T -+ J72,
[-1 11T is ranztant and p— 4p, Len £ — 471,
[4] M T" and 5 are both cansland apd m -+ 4, tleen £ = J70L

] 1
Thepiee o ol estionate oo el eean [eee patl o aw an suslecule an
STFE. YWhat is el pach bengeh bolweeen cellizicn: for
{ul aeluw oleul”



g | I'nsema 8 Siudnona e enrledymiedsl s B SRSl s W hdna

th] = st zoglecile?
[ Wirconszn|
Sl v

LComanler tle melicn of & manlrevle A Oply those malecules whose
menters reparate fran the cznler of 4 by dizlapces sznaller than or egoal Lo
Lhe effeziave diameter ol ie moalezuls con collide will A0 We can unaguae
a rvlmder, whase axi: cotocifes with eae el of ehe venier of A, witl o
radine goaal Le elfezive diwieter d of Lhe tnelecule, Thebn all 2hie moolezales
whicse cenlers are 1o Lke cylinder will vollide with A, The croea sectaon of
this cylinder iz & - =d~.

I the tiore inlerval €, the path length of 4 iz xt (T L the awerags
celatiwe sperll, wbich coliesponds 1o 3 “Lliane oar of b eylind=r. The
nunckier ol ullizicns A sullere willi odlier mzlesales is newd (noia the namber
denaly ). The Sequency of collianms i therefore

_ tTi _
= = nou .
1
. ¢ © T C
][r|||_'i.-: the [a T HT1] Fn:i.-. '|'.-.'.|.L|: 15 A= = —_—, Fromn the Baxwe=ll |i1f'.lr.|.'|.|.'|||t.|.n-|.'|I
z HIIEH
we cin rhow thae @ = . Tl
1 1

o= —. -
LY T ST

Aanore paedize caleolacion feots che Maxwel dizlribocion give: the mean
CIET

Free pathoof & anclecule wlinge speed iz 0

1 I-

o]

Do o]

whers e [r] = rexp[—x¥)] + [*¥ - li'JIJ v.:-:p-:—yz].l'y.

(a) For a slow anslecule, T — U, ar o — 40

T . T niL
A = =

'-_-'FF:HI'-I." - '.d-'.'».-"lrrrrl.'-cr '

(L] Fub wTaot tsebevule, vo— oz, ur 2 0o

- ]

el
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154

A simple iabeswlar beacy apparatus is shown o Fip. 240, The oven
cantains Hy malegules al 322 K oawl at w pressare of Lo of oaerzury. The
Nele on the gver has o Jiameder of D0 em o whizl is much 2maller tlhan
the mutkecnlar oeean Tree pach. Adter the collimatoeg elita, the heang has a
divergenge angle of 1mrod Find:

[-2] the sperd distribution of maleciles a0 bl beam
L1 el weeas speed of malecules in bl Leanr;
{cb the et probable speed of incleculer dn the Leans;

{11 the heam pawer [nunder od maleoules paesing chresgl e last
collinatang spo per wwel tuned;
{eb the average tobatioun] enerpy of B omolecales,
[I!-'II':'. Herkels p]

coll'malng chils

Gver —.—-J-| s o

"OCLLMm

1o puthp
Fig 240
Solution:
(2] The Maxwell dizuiibutian is given hy
™ 4z T
1 . r =TT gp,
2xxT

Tlie spue-:l hstribmtier of malecgle= i the bear is EjvEu 'I_-.g,-

II- brp T

_ﬁ'.: T
u '-E.rk'!"sl = L TRN P T

[1:] The nesiin spee] s

|III vorte W 1 (rkT

o —— =
I||r1=J'|-.' 18 "'Jrh: 21" im




H i Fralooas & Yojubiand -0 ]'hrm;dlru.arn:'.': & Nlwraed Werdbumaze

(] The meat prolable specd g, satisfies

A Lo Gt
— 13 8
7 ]-
Oebce -
13k
L'?I - '|'|I| ? -
[M] Tae boam power is
. mq._( L
No-n - T 1
Noend = JI: By | an
—
5 kT
= A B A
2 Tm

— L.l =t

{¢] The average ralational wwergy of the molecules i the beam 1 Lhe
game a9 that o He aven. From the thesrem of equipn.rLi.li-\'_'-n ol HILETRY, W
nbtain the average ralatianal energy as KT

ZLET

Ceusider 6 gay ag copecabure T and preasube poepcapdlg iobo voowgm
thtough & hele of arca A4 which o in the wall of itg container. Aamome the
salivg of the hole is el le=a 4liao che teesn foee ]'-i:l-hh for the Eis in the
culibhinee

{a) Noughly, what ir the masa-rule of wacaps of the gas?

{b] If the gar i3 2 mictore, i3 Lhe relative moss-rate of cecape of a
co i paen b depen,r];:nt roly upon aws celadive concentealion !

|: L{":I.‘C-I'u ﬂ..‘l.l'l.:l
Bolution:

Az the meno Jrew path of the pasticles of the gas v moch greater Lhan
the dipmacter nf the laole, we cab ssaubie shat the gam i the cootainer o in



Ia
=l
=1

bt FpAIck

Lleescnal eganilibrican wad hepee T s e Sl ell \'tl.l:u:j'.'_lu' distotdaition. I
i the puenber of pagecles per nodl volames o Lhe coolamer al clie moneal
£, che nomyher of gaticles in o cplimdoneal volusee of buse anes A and leiglht

AL
o
28 — dn | —-— - 3 v,
n .T.l'.T} ( z-'.-'r] fatte

Henre rhe inasmerale of eacipe ol e gas a9 a leacsion of ble origieal nosss
AL

J'L_i"" A A Jr"‘ I:'"m _) i o fr—':’“'E) s

M T va o v, Niwerd P Tep ) R

G T
where T — 1|' E—'— - iy Lhe awversge Bpeed.

==

(b] M oehe gus i3 & osdslace, e cach component by iecf salizliea
the Mazwell Liztiibulivi, From ohe above seslt, soe ace Lhat the relatoe
miaag-rate of escape Ja dependent on she meelesular masa of the comprnent
chiovugh L average sposd %,

1188

Consider 3 emwo-dimensional ¢lassical system with Hamiltonian

1, .. 1 . 2 .
i i;l,ff pEE] E.:r[z',"+1i] - EJ-I::E A

A apalem o[ W particles of mass moeach i3 wo Ehermal eguilibeivz ok Lem-
peralure T witlhue the polentia well Phat appews i Uee Hlaaalboosn, T
i small enougl 2o Lhat an odeewlelsming wiagoridy o tle pooLicles feside
within the guadratee pard of e well Howeser, some pacticles will alwayz
T 1:am qm:.ugl'. Lhiermal energy Lo escape toam the well Sy pas=ing m-.:-r s
“Lop® of Lhe well; in e voedimensiznal slice of ¥'%] shown m Fig, 214,
Lhig accwea at o) = &, whess & <an be dezariained Do e alowe ggpeation,

Caleglate the PECp: FAdR fat ]'.-n.rti-.'h':n ti feave ehim well hy ||.1.s.s.i||J; av)
the top.
[.r"rl'n.:ei.: rl.}



Frrurpenns 85 Sofndlobs aH Jhernpadpka=mess O STl Meokana

Fig 1 1.

Halition:

A -
Purtiop 14 0 Al = == 1, wa cbban & = piA -.'.nrl':-.-:|'\--'.1|r]i1|g b
the peak of poteutial harroer Assome v 0 wheee iz 1 neeaw Dee patl

al Lhe partirles, a0 thae even wear the peak the parsach s are in thermal
aspaiibrum. W weed consider auly che esoape care pear chie peak

;'..f:f;’.‘.—-b-.-,:—.{-‘-”iff.-‘f"lll Py

J'I' b, r J:!r'":_-h-l:
= Zxbnin]

L
iy - )
- L.y, i
s

[HE. alp

- -'.ﬂ'?‘f"g'i':":' HERM | ,

where £% = =F + 23 a nertslaing facrer defined By the following
fyiakicr,

h f&ﬂ'rnl:.':l-:fr =da- ‘|rr|-. L

Az e onajoeity ol the pacticle reside willem b gaaodsatio e of che



Sk FhuHor 3Ta

pobentia well e aloove Llegrab can Ly approsvuated o folluws:

G ety 1.3
&= Eﬂ'ﬁﬂ r IINJ_ - 41.::':'_,.'I Py s X Ity

e Y] . . TR [
ae [ [ty (B [
mo a L IR PER A

il (_l . 'u'::r')_
- P 2 Lt s

Elouz .
mpd 1
©odrkr LR
1 i
H.Dd. .~ 1
L : £
Rl R T
e
Il=nce Lthe cacape rabe Bs
"'-r' _ ."!.H} . [ —_— H"'
. -...-'.!:r:m}.kj; I+ akr
.'.Jll
ol e
= , o m— g LaTa
yamnakd
TId

. .
A sealed = litee botile filled with oxypen ab a presawce of 1I0~* arme-

1

sphigres is Lol on e soeloce of the toogn by ol astrooast. 4L a time when
tha fempetatins of che belble iz 400 B Ele far Jevebupe o deak al a vhin part
b 2owall thrungl & swadl inle of daaneter 2 misrans. How will thie 2wl
nf gas v Hee bedile depend an eomme aod abat hoow Inng wall ik Lake fo00 Lhe

| R .
g Loalecrease W o ity ol ik oo

)

Sluxw yuwr work, esfinasle any constinls nesdad hesides Boltzimann's

ponslact, oo ey aisne dhal the lerperalote s rcaantaaned somzLane by
Chie aundighc of the Junar day

EooLAvx 10 K

[ Wisconzra]



wl Frovdeary B Sali2iang cn Thermadynaencs B AT dmlezal Mechunner

Solatinn:
The meat free patle of the gas iz

1 kT
A= ~ e T T
wWaad-n W

WL T = 40 K, o = 36 10 mand p 10 * arm = 10 5. 'm7, we
gel h oz 107 F . Thoz we e comeider the gas in rhe hor e s bemp jo
Uhermal wpulbrinm ab sny acaat. From che Maxwell derihncian, we lin.]
Lhe yale of dacrepse of muclecules in the bottly to he

d¥ AN ET
A 41 ! - 1I-' e !

sabject bo the initial < ondicizn

Nener

. . oA
Me] = Nyexp Ii.___ﬁﬁ)

Thadt ix, the nurnber of pariacles o Lhe botule atzenuales sxponenlioly wica
time.

The number of pn.rti.n'.]n:: in the bottle i= A al cigee ~ gi.'rl.':u 1.'-}'

P - W lin i
A
Fur IF - /17, willl
‘EET

v— 1t - mhldme,
Y em .

Vo= 025w 1075 w4 — a0 e, w find

oo 1A% 2 1005



bl HMhpnce a1

L1k

fa] What fracticn of B gas at sea level and T — 250 K Lae auflcivat
epead to carape From the carth®s gravitatwmal Geld? {You moe assmoe an
ideal gas. Leawe wanr answer inankegral form.]

[b) Kaw smagme an H; mclecule in e vpper almesphers wilh a apeed
wqual Lo Lhe earth™ escape velocidy, As-une Lhat ihe remaining atinnspliers
albaws bl ariolecole hiag $hickness o — LD K, awd Lhat Lhe sarth’s entire
albocsphisre by mothermnal and Jon: gensouz @ich mean cubmber density = =
25 10PN e® [won & very Tealistic atmzspliere).

Using simple arguments, estunale vhe average Lior aeeded [or the
melecule L esnape. Asawme all colbeicne are elacsiie, and thao the cokal
alimpireric Jieaght i sl campined waeh Lee earlli®a radius.

Suane waelul nambers: Mogeen =0 = 10°% kg
Beann = fd = 107 km,
| Frinceiak]

Hoebnabhoem:
1] Tl dManxwell veloviey dastiibution s given by

The tarth's escape veloziby 15

{30 A
be = A i T 0wy

Hy mokoule: will veladinaes greater Lhan v nay escape frem the ratth's
pravirarinangl hield. These fensriteen 2 fraction

- .q il _
F= [\ = J|'r aspl zf]dr,
RO "

e
L

whete a — w oy with o, — W — L2 ki, Elene
m

2 i 2 e a
= oy - — =% dx
W WAy
1
=14~ 10" +11: g"”d’r =g = |07



ZR2 Frovsma @ Ndwear o Thermendpuaimo A=l I A e s

(b The awcrage blne cegenied i che g necded for e 11 wlecules
L dilfnze thoougl the distance o wilth o sygnifcant pocbabilitg, Cle aean
Mee pall s

The tume wntezval Letwsrn ewp cnllizinnz i

1 .
r= —— =500 M,
)

After & callighimz, the mean-sguare of the difnsian dizplacanant. i
2L ONIF
|-'1|I:li||.g l:zE'Z- =4 s that ¥ = *JI:."I=|E| we lave

2
r
g Nre oo — 3w 10-da a2 1IN years
1=

1o il takes ahout 1M yeams (or o B mclerole v escape Trem ahie At
sphere

2191

fa] Consider 1l ernission or alsurpiion of vizikle light Ty 2Joe naolec ules
of Jot gae Derive an expression B2 e Deguency disagiludion Flep ex-
pected Tor a apactral fne of central freguracy v due o the Theppler Groac-
ening.  Aszume an b=l gas al ermpesatuee T owith roclepalor ages M
Consicler a vessel Mlled wil argan gas ab o pressace of 0 Torc 41 Tor =
Lo of ietewl ¥| and a teperabure of 25570 [Eade Le vepuel ooa 2ull
prece of 2odibom winoli i healed = lial Ll seueed w3l Conadn sose sodiuan
vapor. We ohizerve le sodinn ahsorplng line at 585 & in lighe fonan &
canpsl e filiuenl gy cocegh e veseel
Fstimale:

i The wagoitude of tlie Deppler brosdenioe of 1lie lice.

I:'.'| The |||:|pni2 uiie wl the cullizion ".*l-:':ldvu..rlg uf 11ie Live.

Assame kere that (e nepaber of sodigm e is very small compared
te che pumber of arpom atoms. Bake peiconable estimatea oF quancities
Lhat yan may rewd wonch age pnt geven and express your apswers for Lhe
biraacdruing in angsl rams.



Fruiameal [k

Aoz weiglt of sodiean = 23,

Soluliau:
[a! We Luke olwwrvabious
Oelizmion dislribatjon Bor vy, iz

whuag Lhe z-digestizn.
pLvsm oY

. oA
d {z&%}

Tlee Doppler slift of lreqrency is given k)

I
EAREFLE | AN

kd: E)

[ErUsPEA)

The klazwalk

o= y..l:;] + 5}
Tluy {’p '
aarl
- [ e
qF = {Tlffjl PR LT
_ LM ey
RS ¥

[b] 'The rvagunitude of the Loppla bovadening is

T
A
T Tl
Sh oz PP LI
R TR R R v
CdH w47y
ICECR R AL g 10

(] [ ——
Woagw 10 T3 Lok
LM m AN RASRA = B 1w 0T

{1 The brendenang due taovellisaores i

Ar s o

T

i -

Al

i,

where v i the mean free 1ne bevween twa grccesgive coblivicas [of 2 Ka

stoan), W e ¢ - ﬂ,vllerh w iz Lhe average welocily

of Ma arcm and A



k1T | Frofzm s B Spluions vh Themnafymulemica B arifiated Mezhune-s

ia ity mican feee parh, Az A “"—u, wlieee = o2 e pyneber dg-:||5il;!,- uf HIR
meleonles, ¢ is the craee coction for seaiCeringe

T=rrt s I.I:I':'C']n2 .
Yo hawe
% £ 0 = LO1w U 0 10 % 602 = L0F 76w B3 2 4T 5)
- r0d e 10 Y
=17 lﬂ_nm .
e AT B3T3
BT R TITEE

regd o ]U_1l|

W L2
J iz 413 mage .

and hence
A Az 5
Al=lnr - X miwn bl
L rr
2192

A gaa consistd of a ixlure of Lwa typen nf moleoules, hay g mol=cular
riegs ALy ard M grams, wol nwinber denzsitier V) and W anolecules per
cibis contimetor, Pedpesiively,

The erose-geciion Tar collisions betwenn the cwe different kinds of
molecnles i3 given by AV2|, where A is 2 sopatane, and Voo by Uhe rel-
atyve welncity of che pair.

{a] Drerive the average, ower all paive of dissmilar molecnles, of the
center-of . mase Kinectic enargy per pair.

(b} How maoy collimons tohe place per cwubic ceptipecer per ae:onsd
Latween dusnnilar mpadecg]es?

|: i, Ferkels ;,-]

Solution:
According o the Maxwell fistribution,

apa
faom i () -ty



Arahifnn s 113

L l J :
) & = afivn 1 Mave )7 fr fadtde
(=) = r.z..*.-._.;f ZTAL, & ap L Mav )T faenidi

Bvoce 1ae the i,nh-gr.'l.'l {or the crezg beran v -v?h _|"~;- i1 zera. lence

c=3xl .

[b] The nnrabar of collisions thac take place per FuEic centimeter per
second between dasimilar malecnle i

L
I

JlrJ{ A|¥au, - [Vaul i frdvides

AN AT | v L]
rpahy ll,\ﬂ.-f] ,lrj'z_l.l -

1vd

Conzider aiv ab re0ny cemperatTs rneing Lirengl a pipe at o predsupe
Yume eponigl B chint Lhe mean tree path ie moch longer than che diameter of
the pipe. Betimiare che net Hux of maleruales in the steady state Tesalting
from ~ piven prassura gradient in the pipe. 1fae thie resalt to calrulata how
lanpg it will take La reduce Lhe pressoce Jn o tank <f 100 hitcea volome from
10" anne of Hy b 107 s ol He, iF il iz connecled tooa pefecl vacuom
1hrangh a pipe ane meler lang and L9 emojn diametar. Agrnma thac the

curgassing fran the walls af Lthe tank and pupe can be peglerled.
(07, Revkele]

Salation:

[2) Aszume chat the lemgeh of the pipe 33 ek longer than ehe mean
Tree pokh, ADen we can regard 4he gaz along the pipe ag in localizad =quilils-
Tium ak diHerent pressures hut at the same temperadare. From the Maxwea|l
digtribsatinn we nbtain the neean velnridy:

T S —
,’; H* YT

=a = "lil' .
.3 TR
f - -ty du
»
n

g =



kLTS Frotbems = Noduiiod cn Thernmadpeong 0 & 3 i $heciuima

e the rendesalar fux alogg Lhe 3pe 1=

e 11
3, 1 7 Asn
md = — Al ’
'-i" II ! II-I! |:‘L _| ,n'l
Siwre
,_ kT
B I
we lave
Avilidp
o gl

(b] As givens, ;= 107" g, we Lave

T -
: k - 1oman e e

i

That 1=, the wwean free parh i@ muck Langer than tHe pipe aned rhe abose
ruperssian far s et valid  Mbrawewer, a0 1he acweker 2 Pl pape ia el
sinaller Ll wa Lenglls, we nove 40 A

Az thar beth dhe joeial sl kool geoces apee inoehernea Leililciam
al Lenmiprratiur: e tHhen

an
V— = -4, .
4 T A
Toene
L, ¥ r:.,_'l-’l[li
" Az " ty - A B i
L o in Fo_ 4z .

T oAV T Tr

L0

Consider elie lwdraehy pamoeal Bow comdition=. The cosling of the va-

. .|IJ'.'
. _ fll Al . .
during expansin can be explessed gz [nlhows, P l - 3 wIarre L,o1e

the temiperatiare hefoce expanzion, T o the Leneralwre alrer oxpanzinn,
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and A a5 Al racn 2 Lhe T welacity v otn Plee welncity o seseel < oat
temperature T

[l Decive e alire caprrusion,

[h] Tlerive o rorrespanding fcpoeszzion far JJ'-_ amd calralake 4ie valne
F

- Lk
of 4 fer o condilion wleee — ' — §07,
FI

{c] Catcolate che valus of T [or % = 10* and To = 300 K.

[d) Fand the masimuwin value of ¢ i the linae T — 40,

(17, Derkeley)

Lolution:

[2] Consider the process of 2 small valgme of goaa consigting «f N
mclecules p:u.ring 1.||.r|.'p|.13||. a small bele, Wheo it encers the hiale iU Farraen
mteenal SRErgy Ne, 5 oand ol balk of the M-a does woak on a6 Lo Ll
Azt of ;|.-.:.'|-"'|| - .?'n'-l'.:]':_.. Wlien tlee woluuee of L] oy Ll ]l.l.'-'.l.'. iy
ititektal enckgy ia Meg D and it doce work p¥ — U7 ou che oxlernal gas.
[ty Kinebic cmovpy iz now S p2 03, Thus we bave Bod eacl oleculs of e
valaime 2, T — 207 F wo® f2, wiete

1 .
":l-'_":l.l+-'|:'—'_l'_T1|=:| B A TY N HA
. : . ik
Moting wliat che veleviy of sound iz o — 1|r.' Bt have
T =1
- - 1 ..II':lr2 -
T 2

. 5 T. . M
For air, 1 - 3,:.:1-:] T 1F—.

(b] Frum Ue adiabatic Telulion,

T II:IT:} -1| |'|:|.2
LR — |14+ =
(7))

wa have



Tk FrSeme B siduiline o d Tnerigsdpe =i & el Warsdane s
Woen ' o= 10, A - 11
=]

PR |
i i) Tak

|:'J-| Wil T — & vy hivve

L
Enu-” = fF.T_. ;
Cae Two SEETL ,
llence sy g =2 = g 5T m)
3 LS m
4195

The schemalic drowang lelaw [Frg 2420 shows Lhe sxperimenzal sel
ap far the proclireeen 20 8 well-cotlnmelsd Beam of sodian atroog (e oan
acramic, beam experiment. Sadaam iz presenm bn ol cven S0 wlneh iz kep
al Lthe CEsnperatiaze T = 530 K. Au ahizs teperacere (e Yapor pres:ure
of sodidtn us b= GoF I0* bots. The sodiam atoms entergs chrough a st
ue Llee wadd ol tlee aven, The hale s oaectangalar, with disnsnsias 0 o
A Y nan. The collinator & Loz oo hole Gl idenvical sive and eligee, ol
Llee zadivim aluams which poss comcugh O Ut conslitare ohe ikl o heoin
undes conzideration, The ataink toces ol @i = 33 The distane o2 an
Lhe g e as 1% 2.

5
| | —= Fo gupirindnt

[l Cosnpute ol gspaber 3 of sodiven alem: which pass chrawgl e

. - Ll .
] P AT TR AT R TR E

(L) Crerive an expres.on Eor cle Tunccion [Hed which deacrife: tle
Abshrilepn <f welogivwe:s nd oge parizlea in 1le bezan jiy the gonce thar
fH e s The prabakedie that an 2o passicg thrangh £ has a velozuy
1 Lhe coupe [, v~ dul.

[c] The region in whirk the heam peoragares muse, o courss, B a
reasonably good wacwusn,  EeLimace [aud give anewer nocacc] just hoe



LI ATIEL TS, P &G

geead Bl wacnonm cight 1o be o 4le beaoo s to ceaoaie orllomated for ak
least 1 1aeeer (L et = Torablg].

(L, Rerkeley)

Soludiuu:
(a] The Muxwell distribaon da given by

1
LH . AEL L3
Tdupde,de, — I: :] PR TR PR

- — ] o

i ebT : dupdig dy .

There are nA:; _fl‘!-l.:.'J:L".d'L" algma i the velzzily mterval v — w = 2w chat
escape lirmegh ehe area A of Lhe mole. The numbe: of aloms thal pass
Lhrauph tle zecomd ode [he collinacoe £°) 12

N BT w1, 0
E'qfrli#:k'f:l L, e T TNy “'JL:-:TL'.‘.LII'!H.

g o oy E

L

" LI 3 ..
|.-"¢'15"-"|' aL j:nsﬂalt

|
=
="
—
P
=" .
3l
I_\]
o R

|
-

= Ard- . ﬁllrll +rry

With 4 - W=00  10wmm? - I % m?,
J—[Dem=10r 13 'm,
pooE dn Faerr 0 I_'I'I."'.'I."::-'.': .
T =5%h £

wr have o= B = 1040 570

[E) L1 ale = €0 S L 2, wlewe s Lhe nemaleing lactor given

Ly .
LT R T
]=|;.|".;I e =" —— -
[oen=c ()" 4

Liennce .
ap o2 [ T e
Dl =20 {E.ET.-' T

[ob Aszguae Chat 11 wcywan regicm is a% reom teanperatare T 300 1,
Siew the eean free |:|u.l:|1 =1 o, we Trwve

AT LIB = 10~ « 330 ,
b - TRTES — 044 ['a

1= 107 tore .




60 Drfiems & Sodaione an Pheenalanasnes &5 Sk Ueobaneoa
D106

Aw irgulated box of webizne 11 & divided inlo cwao egieal parls Be oo
Lhus, keialrcondhibeting parsaion, e <ide enncains o gas of Bband-aphere
mualeeizles il atrnespiieri pregzaes bt 7= 200

[l Sl 30t cie numbel of nusecns sirikiog 1he pp1usion per ol
wrew And wnil cie i= 07,

|:I|] A snwadl eornnel hele of 1oel e roiE speoad o Lhe poageccion, sl
enaegl en chal thermal cqaibibrican hetween thie twe sdez b5 muaneaznal
via heat cnmauccinn thenugh the partiticn Calenlace e preszece ool
tronperalure as funsbors of Bimae o baots Tadves of che Taox,

bc] Suppuse the partition s & won-crnduckar of Best, Discuss iy
and qualicacively any deviations froon the tjue-dependepes of Lezpperagure

and peezgars Toumd 0 pars [B].
[E.'i", It rJu:r.J.-'_-,-':

Solurtlon:

[2} The Maswell distoeniion iz given Ty

o] Yy L D R .
.f*'!”—'{iﬂ_‘j::l el ‘I"i'l"rdl.-'_.d'l.-.,d'l.-'..

Arceomp ehve maleculea which strike mn o wms aren nl e Tarkilizas i voodr
Lane, the nomber w0 bhe veloony tnterval v = w4+ v i2 ey Fdv,d, d.
Corlmgr aliong. we ged Ele nuinber of ioebeccle: sizibing che pactiticn per gl
area prev Lnib Euoe:

. GET

4 T 4T

[B] Taka che gas 3z an sdeal gas whose interialener gy is only depebdunt
on temperature  As the hox iz insuliced, the temperatwere of the gaz uz
constanl, Than we peed eils ablain che nonlecolag wamber Aznzickes as
functicona of Hipe in 1o twe pates. Lk s mg be che malecular wam by
danzitiez of cha lelr and tight parcs respectavely accme ¢, Y e valiine of



Siah ereal fhyAs 53

rch paet aod A che o e che sl oode Then Troen Lo e

|!E- AW
& :'.-‘:.!- + dl[r."—rl;]z':.'l:_
Hr Al
IPI-'-T[ET_HJ] a .

A
n|l:|:'] = Vv =ny +rngz

H:I:{lll n,
we gl
‘-"r —-r:
n = z_'l.-"[l -,
L e
ACH E_L"'I'l — e .I
wlicre
o Av T3
T

From = nk? we Lave

p. o= poll —expl-ar] f2
Fz = Fo 1 —expl—at]}2

where p; — %P1/,

[c) When the pactiliom is a Lwasal insulater, we can still assame thac
el part 19 i Bhermal egailibrinm by itacll, At the Legmuang, nolecoles
of Ligher energies in the lefu cide will more readily enter che vighl gide Ehan
malerulen ol lower cnergica. Thrr\r-fi:n-, the e pErat iea af the cight aid«
will he slightly higher than the initial value, and comespondingly thac of
e Ieft side will be slightly lower. The procees deing adiabacic, che change
in pressare will be [aster than dial given by (b} The behaviors of the
temperatures and prepsurcs afe shown in Fig. 241 and Fig 2 44



k] Frofyeins 2 Sstionr of The=sgelaHo =g & SLpin e Aesnaes

r
a
i Tz N1
RE e o e - = —— .
e el
—T, i} o=
F] o --
| ooy
I—- = — [ : r
Cosk 73, Sand Curves Cose ik, dashed curves
Codp by dJashen <arve Caae 'rl sahd curves
rig Z.3 Fiz. 2 ad

147

Consides & ew-dimensizeal ideal meanatoimis gas of ¥ melecules of
s M oan temnpuiatare T oonztrained t= mave anly fu ahe =3 plane. The
weaal volwoe beoamies in 2hiz cose an area A, and the prosaure pois ol Fore
pet st legeh [rather than che {orce per unit area).

[2} Crive an sxpravsion foc flupde, e totul oatrber of maleculas witl
apeedd balween » am] w4 v [Aznne Aan the elaasical ot G oapplcalae
im canzidurliag the befravior of thear palecrles],

(1] Giiwe e rauation of srale Creliling presswce, Lenaperd wee ele. ).

[£] Giwe che specilic heats ab coustane acen [Lwn dimansional acalozue
of mpecific heal ab constaal waluzn=] and al cowscant presanre.

(d] Desive 2 fursuala Tue 6l pwiber of meslecules aleiking wait leaglh
of the wall per winie Lime Express scur rezullb o ternge of &, A, T A and
any olher necessary conaranta.

(L7, Dierkele )

Solutlon:
I:u] Brean the bluwwel] ue]u-\'.iif.- distribuLion

LA
gobv o e TR I Ny,

)
me have fduw = :e7 30T 1o, where ¢ o the normahzing Factar gowen by

=
N= f _Fn'.'L-.
I

MY *
Thoa fd - Fw“ﬁ!’ i,



Frtub=t' Fhyncy oy

l1?]. |:4:] I.'-'I.l T glwwe can e watlen ax

A AL

1
£ ! 'l-"dl._.-.lf*.ll_, .

I " .
Aol —
FUTERTE ugk]

Wi Frsl cadealite the wamber of iwolecules which cellide wich wnil dength
ub 1he “wall” per wizc e

I_.:. a-:r.hr T | _1|.-\.-T .
i —e T G
jrfl o A SakT ety

.r |I I'.TI
1 Vi

™

wheare A b clie aea o the erstem. Thew we calculule the pressuge:

- ) n
= J{’j i {:' fadv, = A‘.‘T.

which pives Lhe ezpualion ol state pA = ¥eT. From the Leorsan af equipac-
Eitian uf e gy, we Ko Lhak

e = M .

and =t Mo 2AE

2198

A paraliel beam of Be [A — 9] atving i faooed by evaputation frem
an owen Iieated ta 1000 B Alncugh o zieall hele,

[3) <F the Beaan ataws arce Lo fraverse o 1 meter pall leogile with lens
Lhan tfe Taas reaucting Mroms culliziots witl backgbound gas atuins an ro-m
Lemmperatwce [HU0 ], whae should B e pressage in P wae g anseer™
Amsume & cullizgic w erosg-geclizn ol LF Y om? and ignere onllsicns helwrrn
t brain atutn:

(h! What 1% the mean tiooe (7] Tar 1he beam aloms tu bravel cue meooe™
Show laow the sxave value £ 7 @2 calewlaned feoan Ehe appiopriate slncity
dizzothntion. Do oned evaluals futegrals Rlake o =imple argumsnt 19 geloa
nuwmerizal wiapnals for 7

[rd 10 ahe He atones stack ve 2hie T wall, estiznale the pressuse co the
wall due to the beaan wlers 138 Tean 2tribes ohe wall, Asaurne che density



duod Frobderen © Sl wm Thermedpecmi o & Saietiod Hechuna=s

af e des inonba, Legan i 20 ope® Cosopaae this result weth the preszare
Ernm Ll Rackgronnd gas.
| T, Barkeley]

callwaanng slils

getigll mplg
’ . collimotlrd beam
ol r
] -
ki i =AU Thamber

! I m |

Fig. .43

Enluctbrer:
1a] The dractianal foss of avoans an the beam e § — expl—z1/0), wlece
iz the nwean free path |Fthe lesz is 4o he leza than 15 aftey cravelling a

digtanee Ly L e be [ees dhan {1 I:‘: * 1:|. A

" J;:l: a.'.l.n{;:iljllll,' Lo,

e l'ul.|_l.|.i.|.'£

a = wkT o ETin [= . !}/L-;r - 19%m% fur L=1an.

{B) [F thie velocity in z-direseian i ve, 1le Ayiug tiene 8 Liv,. Since
the dystrilaotang of He particle nanger v e beam is

fau, o0 poa™ 5 gy,

we have
o I|' e
f —- h';-"__'fﬁ_l.h': —
L . - -—L1,-';;;—1.3x1-:3-5.5.
jr :.IJ_E_I'Iﬁ'*'m: ¥

[More that acaleeving foom backpound gos atnmy bas heen nrglected, )

[z] The pressore eeereed by parciclos in che welsticy  utecval
vr ~— 1p + tag an the wall Jy prapariienal G

L Amay, fau,
5 1

o




LN TETLP T, T TR ) dab

wlere & oig Lhe pareicle wuncher rlensity wn e beaz abe A = che dass
seckiom uf Lhe beain. 1ance

..I- mugt wer” S [ di.,
L CuE
Jr v,z i -_f‘=‘.

=¥ = ENET, =3« LY NiT

wlael 1z snuch less ahao the geessare feern the background yas.

19

A guanbily of argun gas [wislecular weighl 47 o cantained inw elhaoober
a1y - 30 R

[a] Talulate the ool prohable nolscnlar velociny.
A awall Bale ia Jiilled in che wall of the chamber ad e gay 1z allawed
ko effusge inln o region of lower presoure.

[1:] Caulealale e mnast prohable selacity of tie meleenles whicl eseazae
cheoupl whe luole,

The pressures of L)ie rhiamiber aud Lhie tu;jl.'lll vukeife the hele are al-
justed sooas Lo sustain o pdrsdvuamic bow of gas theoagh ehe bele, sush
alal wieseons efecty, Cobuleoce, and heae sxchange with ehie wall af the Lol

may be ueplected, Duciog tlds expeasion tlhe g3 cooled to o temperatice
af 20 K.

[} Caleulate vhe velovdy of sound ¢ al che Jowser temperatute.

{d} Talowlate the averaygr low velocity & ab e Jowee Lemnpecabone, ad
cenpare the distosbutizn of velocilies widle whe oeigilal distoibution in Lhe

chamler.
[T, farkeley]

Solvtion:
{a] The Maxwell diecributizn is given by

i Trl A g ?
Tuw = | - :I o d g



i Sreliama 9 Sdehe e ol Thesnafpr ey 0 SF et Maznanid

The= mie=zl peol-ahble welncily 15 e vidae of v corpespnnding te- maxirnm
37 | b
Frem L0 o= 0l we gl
[l
VAT, .
ey L T AT

[ti The welncity diseribution of the escaping molecubes iz given by

M N e TR g

P T,
where & @ e nacznalizibg constant. From

= [, we Eee
4

TR _ L,
Vay ¢ '||II| - = J21 m/ = .

[} The velocity of enand v

=yl

Taing the adiabatic Telation p= a" - cunsl., we gel

—
;T

C= T,
m

¥
where = — ¢, /cy. Foo argon gae, o4 — 5773, and ¢ = 191 mja

fel] The average Bow welocity ia

ﬁ=Jr“-u"':-"'_'ﬁ'l-l':l.i“frlJlru&'!_?_ﬁ_'“idu
) ot
!Elli' Arel

= ARS mia .

2200
Estimats, 13 willio ab oidet of magnicude, nn the basis of kinetic
thanry e beat coonductivity of & gas in tewe of ita tepperatore, den-
sily, molecular weight, awd lwat capacily at constane vo'ume. Make yaur

4
1



il Phpass ALy

owil extmiales ol rellsicn mrossesecbicns ool wshoolor sz dres pathes,
Yo mine reslrocd wonr atbenlion b pwrssaTes e atoosplhieoa, lemgies
atures mear roam iempervalnee and sdhremsians of Lhe cober ol cenrtione-
Lera o meelers. [inoeot roncern yourzelf woeh heao croster by convectlic,
(b= o8 10 1% eey /1.

[, Terkelay|

SEofgtion:
. roo_ .
Azzuzne it a lemperalucy grn.dlent- — exizbsau Lhe -2l and melecoles

x
dife Fron egiom of higher sempeaature e thay of Tower temperatnre, The
nuiler crossing uuit acea peependicular enothe Jridl o it Liee T
Each roelecudy, o the average, makes a collision i l.r.nl:]].llg a diztance= I,

-:1'
Llve mean Bree palh. and teansfore an cnergw o, 8T ~ oo d=- . The leat Aow

. L AT -11"
(A At AT Tor ULk bimre ax Lnscpicae o = —!11.u:l.l —_— = -GI_: wliece
i

wa

lp\.l D 1 |IIE
A5 T SN T

fo Lhe Uwcomal conelustiviey of che gas. Taking 217 as an sxanple, with
M2 w 18T« 1D Tk e — 10 mE e, = 552, T =300 K, we have

=AY 1imlih

23

A progagaling soamd wave cawses pericadic Lernperabire yasladlons o
pict, Tleensval vendwetivity adks Lo cesgve Cliese vopiations B e genecally
chutmoad Ut e woves are adialatic, 1hat 2, thetbaal wondwelivily g L
aluw,

The cocifiziont of thermal condmctivity Foc an jdeal gas from kenetic
theory is & = L2JCL RN where €7, ja 1o heak rapacity per onat velyme, T s
Whe anean thermeal spesd, and § s che mean free path.

'L'.-'hat. I"r:p;ri;.-n ol :.'Im termprralioce vartalivn AT will be conducted wway
wa 4 and whac es cbe conclitian an A Bar Lheeranal L'l.lll:iul.'li'-']!}' ta Le tnefee-
tjwe?

|: Hanzs r.n'n:l



L[] Pl o0 Youfiand o Fhreeediriatiee = 82 Saneled’ Weeoun

Eolation:
Tlhe temperatnre ad = can be wrilien o=

.-!'.“\J
EC =M —
":,dr.
i L FiEz k
= T.':u FI.HL T {-...]I .

Thuy

ST ll’ ez ;

LA Nl

R B
Thas 3 the Irnecan ab 37T wheel reeules Arone chermal condncdiom.  The
conditicn for thermal eetndliee linn en be 16 8ec] jve ia

ar
aT

w1, cthntig a0,

2a0%
Give a gualitabive arguanent based an he kio=ti cheocy of ganes te
Al Elean che coefficient of viscosiby of a claasical gas a3 abependent of Lhe

pressure 4k Ccunsbaht 1-!:|'IL!:I'I.“|.'-31'I.||'E.
I:i"f-'. Herkedegl

Solution:
Loegide Lhe Eow of gaa rwolegales aloigg e e-direcl on wiomse e age
velodity v - v- bie o pradient i dhe pedicecion, The snaler pazaing



STl Plgere e

sl nnde e perpe mdizular Leoche aadireceion b ounir vime 22 =071,
L a ealiiziaw the 2romsnronn brapster 1 the g-Zorection s 2t Sinde i
callizion ocesrs cwer & discance = O the puedeonlas meagy beee satl, Tos an
vwnder T magnarnde cadoulacian we Jan raze

|'}1|_|- I|-.-|'1.'_|-
ﬁt',-:ﬂ.g:.'_—ﬂ-lq—.
Ho dy
Tluatle .-.hou.ri.r.g loree acrezs Lhe wnid wres en Llae wigezus foroe is
L LT N | T
= ————— = =TTl —
1 4 Ay
Henee v coellirient of viscasly ia
[N "M —
- o - — 'x"-ﬁ'--]'-'f-rﬁ R
L] ix !

where o 12 Ul anolecular coflieaon sy sectlon, o iz geen w0 be dnde peade
uf peeraare al coblant dermpeyainn e

2ana

Cuanster » dilule gas wlnese moodscules of noazs e have mean velocity
o inagnivile & Bappose Baat e average welocily inosbe T-direclon b,
inckeames Loaleeleically winh 3, g0 That wy - wgls] with e 0 T oawd all
pradizing sinall, Tlivre ate b e les per unit valurme and cheiv ntaauw e
pach iz @ where O fiolsalio ianwter] and € L (linear dimenzion of
encleaing vesixl].

[af The viscasuy g s dofined ws che proportionadly constand between
the welacity pridient amd clie sizess dn the zadiceclion on e iaginary pans
whase opormal poante in the z-dlreclion. Find an approxinate wspression

Tz mo ey of Bl Saiamelos given

[b] f clie soartermyg of mslecules & treated hke chal of Tiard spherea,
what 5 e LI FALY [ dependencs 2 17 The pressure dependecre? s
sme 1 Masaelian f2stribalion o0 bolk casea.

[ep IF Lhe meoleculsr scalteving ¢russ section & o L% wlere £, iz
Lhe ventec-of -tnagy energy o two ¢ Glhdug paneacles, sehiaf b= the Leanperatue
dependeoce of 77 Apa o ascwmne a Maswellion diateiburion.

() Estimate v far air a1 atmasphens presence (19 dyn/em?] and room
taniperacire. =tate clearly yonr assurptions
[Fringreiee)



41 Prebdlema O Sulebicis et Thremadgmasn = B 2 adisaeal Mrsbames

Ealukion:

() The turaber of maleciles pazzing throvigh a vnit area perpendicular
La Che r-diteclion pey ukit ciene e %574 Each particle moakes acolligion after
Lravelling & distance of the order of magnitude of 7 i whiclt 2 mcmentuom

s

. . . . o

in Whe z-dwectian = transterre] of the amou i, + Ar— — u,) =
o'

o
17 . .
maizr—=_ For an appruanmale esbioate, we bake Az ~ {0 pu chat e

[
wixruili fonce and che viacasity are Tespectively

L Ay

r=-nim
da ©

1

o= EH"-L'H.‘ .

I mi .
= o The hard sphers onodel givea 7 = conal., tien
ad

(3] sl =
= ne_ L

ATaw v, ma v and s indepeaadent of preszure,
[rp o E2, o T ahen i i ™% annd bs wudupendent of pressure.

[o1) Por coen tensperatuce, we can approaooately take e ooleculac
weight of air ta be 30, 7 to be 1he speed of swond aod 7 ~ 107 @2, Then
e L 3w 16 kgsma

2704

Electrwal cooductivity, Darive an appreximake edpresaion for ol
electrical roandoctivity, =, nf 3 degenecate elecfron gas nf denmty n

electromsfem? in tarma of an efective collision Lime, v, betwesn te eler-
tronr.

[MIT)
Solution:

For a degamneraie elecirom gas, the wvelocity s npiform on the Fermi
subface. Then the net current n any dicection in zeco. Llpder the aflecd
<F an elactrical Beld &, the electrons mrwve as a whole i the z-darection,
Forming an eleciricel cerrert. We Tiave

EI'I.-'; I:I'l-"l
Ee r:-:d:! . .lt-:Fdfd.I 1



b NTOTT TR T fiN |
givipg Fhw ciwrrend denceily
12 r"-.ﬂ.:-', = :ru'_'-';-.‘--'."rﬂ 1

where moic the e ot the alertenm and & s s choacge. Tronpecing il witls
the celaurn Setween sleciricil ceceent deosity and elecirical conduciavicy,
we gel

¢ - eThrSm,

i

Cobgider 3 svstem of chiarged paccides coulingd b a volume ¥, The
pras tacles wree ik Lherinal equilibuream at tencperalure T in che presence of an
eleclrie field & ju the z-direccion.

{a] Lt niz) ke she devginy of pacticles ad the ieaght z, Tlae equilibeaune

- . . it
atatistical mechanes 1g Lad the constant ol 5.|:r-:|'|:-¢.'-:|.:|-:|:||u|.|.l’.'_|.' between — and

g
=

.

[b) Soppese bhat e parlicles can Le charactesized by o difosion e
efficient 0 Keing the deficition of L find the Aux Jo asising fromn che
cotcentTation geadicnt cheained in [a).

[-.':I Euppm.n: the ]'.-.'l.rl:i-.'.lr:s are: al=a characlerized 1‘.-:.-' & mnhiﬁi}' B n:|ali||.|:g
thewr drifl vt'.nml].- kn ihe app]ied Geld. Find Lhe pa:lil:!e Lux J“ amyarciaied
mwibh Lhir owolility.

(d} Hy making wee of tle Eact ahiat a1 equilibrinm the partiels ftnx nuosst
vabish, milablisk Lle Einstein relation belwezn poand L

5]
T -

E

F=

l “"’I..'I.’I’.lﬂ I'I:.ﬂj

Solation:

[a) The particle wn aosumed 10 have charge o, ibs potentialin the electric
field FE bheing
L= —¢F=

Them the concentention davrtitinn ol eqmibEnmrm is

(2] = ".:l‘:z}
n z':l = my PR !\T ,



402 Fraldeans & Xonfane oo Fadbe i dpadivd ce B 5 0mele b Atk e

Whete ryoas the concezaation of parrgsles ab 2 D whenge wa ger

dalzleE L
daz e

(L] By Jdebiaian,

aniz]
1r

E
= D :F" naesp(eEfET)
1

e £
, == ] } "
J L ! o i)

(e] The particls Aus alang the applied electric feld s

e
..r"=1':[a=:||.7 rll-‘.-].u-ﬂ-:—yﬂﬂ-._nu.!':p [ .i.";) '

§4F I'he total flax as oera at eyuilibeiurn, Heoce J0 + 0, = U, givig

+f)

I'-I-=E-

106

Cozider o aysiemn ol regenerale electrone al a bow lemperalore
il al wguililrivur wreler L aimultanesooy influence of & densiy gradizeol
and an #beciriz Held.

[aF How gt cnetncal potencial pcelated boche electraslatic patential
d[r1and che Ternn cnergy £ Tor such a ayatem?

&) How doe: L depend op the alertrog denzily n

[rF Frem 1he renchition for g aader theemal equilibrinm and the consals
erations in fal and | W], dezsve g velation between the eleciyical condusrivicy
A, che difpgion coetficiean LF and ole density of aeaceq gl De 1ermi surTace
Fos sucle o svaletn,

-[.‘5 Y, Huﬁrl.:-:]

Solution:
[ab LFroae the di=ribncion s, - fexplis — g — aglz]] 7T - l}"': we
vl Bz — s - aptzp, where w, = 2T - 0]

. L . o R
IL] & =& fx g TEE p o -EI-I'I:I..-:-'..lf.-!n-]:"l



Srtinpca Fhygoica 112
fe] The alercric current Jenzily § woder the elecic dictd E s
i ~E - —aVgley .
The difusiao coerent den=iy 23 - D% a0 sepailyiiinom we livvs
jre = Adee e aVEalie - =DV i — = UY

Tlhe density of atares al Lthe Feoam =urface iz

r P
It )
N = —— = aab i) 2
“'F dE V2] h?
Tle elecerie clhirmi-al ].'-l.'-tl:n:l.1| a =l -"."I_I:] doez netl depend an 1 om

ﬂq'ni|i'|.'-ri.l.1:|l1. ™hius
PAa- Ve eTMI -0
Le.,
i |.';'|J.

Tl p— =1
r..l:]llkawﬁ n ]

[T
I

Hemzr,

_ ﬂ“:, LT FEr 2ok
= I; ~ I:l'z.} T Ted W

10T

{nstder 3 won-ipleractinp Frerog g of sleftrons. Aol 1 elec-
Loz e b e lasav e,

[3] Find the Jensily of statee X{I] an o Punction of enerpy (50 5] 0=

Har rumber of atades e undt amergy ndareadd Lor che followsng rases:

1Y The pourticlss are comst faiped e mesee cnly alemwg o Jene af iength
L.
20 T he parvicles weee conly an g Lwo dioencicwsl area A,
31 The parvicles wove mea three Jdiogensoaal soome 1
[I'.:I In 3 Ferat electron gaw o dolid when 17l S dbhe gus Lenpsra-
bure i moach less than Uhe Feceni wenpes aturs ], scactering by pheganz and



FIaL | Fredlamp B Tdutians cn Thaermbsdyridsa 4 00 52 on Wechukess

imparirie: Eowils e lectewal <omSasshn To chis cace, rhe canclastiviey < roan
be wiiliem Az

o EA B L
whers « is the eleceran <harge. N[EF] is ahe demsity o =tates, deling]
abowa, ewaluated a7 the Fermi enerpy and 2 = the elecirom difosvny, [

iz proportienal o e prochare of e =siguare of Llee Feeeni welooily anwd the
mean Line, 1, Between acablecing evealz [~ 1..-§ 1}

L] Civw & pliyvical acgument Lor U dependence ol the Dibusivuy g
MR,

] Calowlate U depenclence of = ok tle cobal electiet, detsdy o cach
ul the tlnee cazes lisled i pant [l The electron deneily i the toral
nuwinbet <0 clectrons per onis wolume, or per unit area, ar per auit lengeh,
LB QPTG

[l
Solution:
[a] 1] Mot aleog lengzd Lo The wwve sigeolanztiom of 2 particls 15

Il'|:|2‘|'I

L0 I\.T

] . onene

Tlee Suliréwdinger egqaalion Jivas the quantim snerpy levels oz

[

SR A B

n— TL.'-,-'?H:E'

The nmober of states & lor enco modx 2 Lo accoant T :-Eliu -.|Hgt'||.-ﬂru.r}'.

Thua

T P A .
4F  dn dFE 4K V&R
'E:' Blotior in a FUILFE ol wide L I:f.‘. - .4]. Tlaw eigfrlfl.l.ull:i.nll uf a
|:-n.rlii:|.u 5
i, i iy My, MU n, = 1,%
e
witll miergy
KERT 1 £E] heeE
I B L A T

dral- Ul



Llalcalind Fhpncr qul

Thus the sy ol stales berweer noand o | 3 07

3 ! Baspdn wrpde
1
H‘:u{t.
NIE) = n dn _ damm 7
TRTET TR T R
darr 4
hE !
where we ave woed o
" = Lm,-"EI":L'
= : \
1] Matiom in volumre '|-"'I:.|[1' = V.
h-
& —
(ni— — {L}
witly TR (= al
where 1z = L2, o = L0 o and my = LB .

..1.]1? '||IJIII-|'.IEI.' I:IF meulpy ]'.IE'\'.“"'E"'.'JI. roaud o LE?'.: i?

2. E!' donidn = xndn .

L LT L
Heace M) = ﬂ-i‘d_; =gV (J:_:) EiLiE

1% L1 Che mean free inoe an wverseky proportivtial o the prolabeilivg of
collision, and e latter g propactaenal to te denzily of seates oo dhe Peaaoi
quiface (38 1 Tp. eravieringa and collisions anly occnr peac the Porani
auiface ard we wmeamre il elastic sralteringd are e prikcipal Seeceis).

‘I'hiaa

i 1
] .'1I'I|:.I:.'-F‘:|
Heare
)
R



18 Iraieme & Sdietnine an Thermedymedau a0 Sectiatied Mechane -

M We have 7 = ADN[Er) ~ vPvp ~ Er. Ber the wtad nawler of
eleclyuis be 2, and che wumber denziby <0 eleckions be w, chen

L [mue-diavensicw)
- 24 [twn-limenanmal)

.;_," L [ Liree=dicnensinm :|.|_| .

h? rup ']I?
Ay Erp = {— ior all the chres caaes, aml
. Tut L )
2riyr [chie-dimensionsl}
=4 i/ (bwo-dimeniceal)
#np 3 (Huwee-ditnengivialf
we loavs
Lt {ene-dirnersional)
e Ep et u {rwamdine nsieual]
w21 [ehree-dimenzisnal]

Thia reaulin dafler greally froan bhoze o Whe cluszicas dieory. The rea-
son = thal only the cleclrons wear the Foran eosfaces conieibere to e
canductereity.

10

[a] List am< explain bricfy the assurnptiens macde indecving the Bolrz-
mann kinelic roquating.

thh The Balizmann collisaon nctegral g wsoally weoatten a0 the Barm

(A [r, w0 4]y = }'I -'i::\'ngll Aflm{T) wy — wa P FE — FL ]

wheee ;o= flrowy,e), f2 = (leywl ] and w258 s the dilleranbiz] croes
seclion bac e colisiom [, vy — (%), w4]. Durive Lhi= expressian loc
e collizion inbegral awd wxplain o rhe gzewiupbicuns cows o ab waidauy
sLagea

(E LN, detfale)



SR M Pl 17
Soludion:
tal The azxnmptiang noade me the Tollewing,

11 A callizicn can be conziclered 1o take place at & psine as e callisinn
tinee @ gensrally muwch shomier chan e average time inoervik Beiween fwa
cnllisicns.

2 The pasicle votibas Jensity Fiev?) @oihe zatee Vi vnzloul Ll
ibervul Hed ™y,

:I] Farticles af lilPerent welaciljos e -.'n|:|'||:-l|:r.;"|3,' i.|'.-:||-'|:|-:|'.-:'||:1|r.I i.i.-:.I e
discribticn fur poatles of JaTereane velocitiey vy ws can be expressed as

J’r[rll\llltrl a“:rl""'lli] -

-1] Dl gentral bakres aul Awn-hnZy clast ralleicng peed o be rop-
1-|||'i'r-|"'||

BBy asanmpdoen b, we peed copailer Sg'y Bhe inlision rate
L adr o ofF panindes with vy in bl Sedepeal dhrd e
By aszunptina 2. che pohabalicy o0 a parcicle wiech v is oo be sral-
Lared by & p.-.rl:in:lﬁ woth w . julne solid auple 1 in rime imdermd Tt can he
WriHAL o
vy = we (111 [0, wa. L2 Mgt

By assuiplion 1) we can wrice di: nomber density of parcicles with
vy osarcered iols Folid paugle [ aa

vy - v F[i:?fir."'gnrjxri'l'."'l.ﬁ'“fﬁ"c"'i:i:l"'l'-llf .

Surilarly, Wi ineiewes fw die pwiber Jenzily of parlicles wibh ¥y o the
space Frd v afler the collizaun {w, o] =0 vy vy i gieen by

R R PRI Wiy LRI
Aseumption 4] givee aiw ey g div) and
. - vl = ¥ - vil

[feire

{-'iarl i x ' ' ' ot ! .
B ) o e fananre v - R
. [N |















Majw Amelican DMuweraities Fh T,
Crualifyug Thueztions aned Solubions

Problemns and Solutions
on Thermodynamics and

Statistical Mechanics

Cempded Ly
The Fhysics Copching Class
Uoiversity of Scivoce amid
Techuclopy of {hina

Fdizwch by:
Yung-Hoo Lim

Waorld Seentilc






ERRATA

Fad: line imabead of ghanld read
wiii L Quang Van-y4i raa Yuan-y
viih 1A | Bhawg You-de Lharyg Yangede
. dp AV Jo oV
KN 1 . .=k i ~
[ P T N T,
SRR CON TR jfl"l "—f] T ||' -'f'ﬁ' B
. Te S| g AT T
A LG HF =l o 4 7 4 | ax — il 7 Ll ™ e
mo sl T -._-'"TLT_E z Lhat 1) = '-.‘.-":TLT;
- EN el palte | e aT LT C Y
il i A . ) fer R,
' |.L:'.I'L' lp AT A I-..f'-".]r g CHT
£
- o= Ll
ar k
iy % 18 3
- 11, tu {— = -=R ._L,_{—\l = -nli
i AT T s
7d 13 ry = 4,1 v =l e w =l
. aT A YA L
¥4 4 == ,—\)] rﬂ) =—Lg!:| I:rr.:.'. b
it Hl,_-\'JT & I.'i'.il__n'hrkl:l.!_.lh-
_ T l-"ﬁ.'u'"‘ _alq T |: gAY
T mﬂTJH_ b ee L AT,
T4 3] T = explul 20Ty T Tl + A H )2
2 —
el 1" M, - 1'.-" :Ini Ho= |23 - (0L
o1 T . e = = 172000 ."_,"1:|r|-| o= TP 1 innl
%6 %, | n= Mg AT

e = Ma/ ET,



phzuld rezd

Erge  line  inzread of
1an B [ ¥tV =4:1. 1'n P : Vo, =4:1=1:%
- ¥z - Vet
IR 4, | ax =N Hiu ('Lf } A8 =y, Kl {.F_'LJ'IN.
+ W RL I:P x'| W ] 2
LY 'l m =+ . ’ Ik
! v .ﬁ.:r * FL-JI
LI w1 = W, - 1Y B — W W
= Rd = 107 cal =04 107 cal
=3.5= 107 ) = 5= 10"
1m R Q=110 /. 2y - 1 TES 0 1)
1y 80 | K =a ey mFoatm B-fa2x'0 *m® am
fmsl To Jwal- K
. . gr
132 W] | sfz] = p0tex L—T Flsh -2 P esp "LT
S50 d Tl — Refe exp[rt] fle) o e fyewpaat)
145 (I b} £* = [B] 3% —
1an 71l S EJcT. 1.;._,_s-= SET
2 1 2
& ) Avavh | =
194 a1 5 = Ataunh J'iT I— -dAran T
13 81! 0 - {2 esp(2] - eap(=28) | U2 = Buxu(28) — exp-29,
+ axpld] — empi— 1] } I.-'ll + exp[ ] + exp[—A] } II:'ll
(1= expl] + expl~2N? (1 - exp#] + exp[~5]3
154 i7 I—EEIPI: J:T}

wm

_Eﬂ'pl( [

]I IakT\/]




page  lime inatead of should read

| e 1 = . -
195 5" = ﬂ—.‘l’lmll.."ll-l"" = - Alrs P hpEr 0
Pl L El',—:"l
EEE QY P T = 1. e-niv
L&t 3T Hid] o 1
E ]
= Eﬂ'zﬂiﬁik?‘lllh? fid.}
! = BrlmaET A
[ -‘T | Ty = - Iy = ...
2y 2° parabydigg=nt L' - parahydiogen &) —
w3 be = 3T qmoe n={ 3w
LE ) e I =1 "M,
g dl + l*'"|]; wipl i 1 IJAI}
. 7 - 2
A - we roME R e
' 1 I | 1 I
219 Ty {,-'l;r_f'l = _EMT.""- Lr{l'} = “E'“r "y
azr $1 | z= J!‘ T T g 2= f £E T G fdi
n ]
740 ar | —tr .
2 Teee D] ... e i
.I'.I_' _1‘_
M6 117 joo vimk o yEmlo
1k zh
[m e Jlf“ de
no el g I "'5|:5” uifAT 1]
. JEEY, a-Fo
I - _ il T _ o= I
Wt e=-Tlem ] e = (ETJ).,-“




e libe instead of ehould cead
_ awt.- N _ fhin A
BT | T S T = ST !
jl- E VP L | fl [EE—III-'iH.'r-J-?"l
[LS. =gl . p— d'!
i \-‘l —If ! V0I—1-
a 4 _ Tl = pla=lr-n [ i Ll
255 . = En.'hjj; T oAe-alt - 31':'-'13-)]' T+2 tif-1'c
e ) 1 _ 4 - 1.-':: v 4 £l -] -,‘.-'IE
Pe T T i ) F r|III A=k T e | k= :._"__'I' oM kT |'”
T Tl o 3
w1 3l | wo R Y A L
RETTIRE: [ e TR
K gh’)“-“ ARG LN
| : = — T — _E - a— g2 H
gﬁd ] 4 ! L’F T -3'1' V L 2".' [HF 1_.ll||
266 1Bl h=f5e« 10" eV p =628 1070 g
LT A0 . e [ B
n — | === .. |5slh el =3 T D R
L Rt ]',. [ T B et
A 5 [, &= -::T L xR :-:l—r.\-l
- v = IT E-I]-' Lk, TF Za rdT r_.: TF.._
‘4 3 e 0 £ g \J ||l3""
- g B, | - The d 25
286 i Lan‘“‘) ; Iﬂ” |'\3 e e
187 1° Funr = ey Ay, Fcn = iy Py
. £ _ B
S N L o= ST me
3111 E ﬂ]n..f ]
= a —— = — K —’F:
= -7 UE A:'TJ‘E" T T T
E1n 121 When n = 1, When 5 3 1,

St NEL 4 Splensl 3w

3t WL o ) sxpl—2n]



puge  lime instead of should read
f1 1 1% r'llljI 11 1™ LIy
7 Rl - _ - - == all B - - -
3 by Bigaa, =% " £l :*.,l E':: 113
= J.|.H = -,-.;H'
. LA N g o
a8 mer ~ 0 AR T
L L R I LI T tip, — =S, fu
e G L T
4E 3P| A e
[ c 3
=J|( J!- t[e] e’ Jpada” _jr u!.:j fulajula’])da’
[ u} I u
. 4 4
S5 1 Ty 4 7
3e Frd
86 41 STV 44TV - E et | mrie - YT £ e
1 3 ¥
Tl a- Ny = N,-,.:_f';' J'r'l:ﬂ- = .“r'.-_.n:_'e'i'l







P o |SEN 081-02-0056-0 (phk)



	CONTENTS
	PREFACE
	INTRODUCTION
	PART I THERMODYNAMICS
	1. THERMODYNAMIC STATES AND THE FIRST LAW (1001-1030)
	2. THE SECOND LAW AND ENTROPY (1031-1072)
	3. THERMODYNAMIC FUNCTIONS AND EQUILIBRIUM CONDITIONS (1073-1105)
	4. CHANGE OF PHASE AND PHASE EQUILIBRIUM (1 106- 1147)
	5. NONEQUILIBRIUM THERMODYNAMICS (1148-1159)

	PART II STATISTICAL PHYSICS
	1. PROBABILITY AND STATISTICAL ENTROPY (2001-2013)
	2. MAXWELL-BOLTZMANN STATISTICS (2014-2062)
	3. BOSE-EINSTEIN AND FERMI-DIRAC STATISTICS (2063-2 115)
	4. ENSEMBLES (2116 - 2148)
	5. KINETIC THEORY OF GASES (2149-2208)


