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XapaKTNPLOGHOG TWV KOAAOELSWYV TOU £8AaWoug (10 povAadeg)

H emiotrpn Twv KOAAOELSWV €lval XprioLpn yla ToV XapaKTNPLOHPO TWV cwHatlslwv tou edagoug, apou
T[OAAG amtd autd prtopolV va BewpnBoUV KOANOELSN CwHATISLA PLKPOPETPLKWY SLACTACEWV. [la Ttapd-
Selypa, n kivnon Brown (tuxaia kivnon Twv KOAOELS WV cwuatidiwyv) Prtopel va xpnotpotolnBel yia tn
HETPNON TOU PEYEBOUC TWV CWHATLSLWV.

Mépog A. KtvrioeLg KOAAOELSWV cWHATLSLwVY (1,6 HOVASEG)

AvalUoupe tn povodiaotatn kivnon Brown evog koAogLsoUg cwpatidiou pe pada M. H e€lowon kivn-
ong yla tnv Taxutntd tou v(t) £XeL WG €ENG:

Mo = —yu(t) + F(t) + F(t), M

OTIoU 7 €lval o ouvteAeotng andoBeong, F(t) elvat pa Suvapn ou oeiAeTal oTLg TUXaleg CUYKPOUOTELG
HE Ta pOpLa Tou VEPOU Kat F,, (t) elval pLa eEwtepLkr SUvaun. ZTo YEPog A, uttoBeToupE OTL F, (t) = 0.

ext ext

A1 Oewprote OTL €va POpLO vePOU CUYKPOUETAL PE TO owuatidlo oto t = ¢, 6i- 0.8pt
vovtag wlnon I, KaL oTnv ouvEXeLa LoXVEL F(t) = 0. Av u(t) = 0 TipLv armo tn
olykpouon, v(t) = vye” "t/ ya t > t,, va TpoodLoploeTe TO v, KAL TO 7, XPN-
OLPOTIOLWVTAG TNV I, KAl TLG avaykateg mapapeTpoug tng EE. 1.

2T OUVEXELQ, UTIOPELTE VA XPNOLHOTIOLOETE TO T OTLG ATIAVTACELG OQG,.

A.2 ZTnV TIpaypatikoTnTa, Ta popLa tou vepol cuykpouvovtal SLadoxkda pe to ow-  0.8pt
patisio. Yobeote &TL N i-n cuykpouon Sivel wBNaonN I, Tn XPOVLKA OTLYUN ¢, Kat
Tipoodlopiote To v(t) Pe TNV polmdBeon OtL ¢ > 0 Kat v(0) = 0. Na ypaygete
eMiong tnv aviootnta Tou IpoadLlopilel To EUPOG TWV ¢, TIOU TIPETIEL VA ANYOel
uttodn yua éva Sedopévo t. ZTo YUAND amavtroswy, ev elval amapaitnto va
TIPOOSLOPLOETE AUTO TO EUPOG OTNV EKPPACN YLa TO v(t).

Mépog B. NMpaypatikn e§lowon kivnong (1,8 povasdeg)

Ta péEXPL OTLYHNG ATTOTEAECUATA UTTOSNAWVOUV OTL OL TAXUTNTEG TWV CWHATLSLwVY v(t) Kat v(t') pTtopouv
va BewpnBolv wg Pn oXeTL{OPEVEG TUXALEG TTOOOTNTEG aV |t — /| > 7. Z€ auth TNV BAon, EL0AYOUE
€va BeWPNTLKO PHOVTEAOD yLa TNV TIPOCEYYLOTLKN TIEEPLYPAPr TG Hovodidotatng kivnong Brown étou n
Tayxutnta uplotatal tuyaleg petaBoAEg og KABE xpoviko dtaotnua § (> 7), SnA,

v(t) = v, (thog <t <Hy), )
pEt, =nd (n =0,1,2,-) KAl gLa tuxaia [mooodtnta v,,. Ikavorotel

() =0, (o0, = {OC B, @

He pLa tapdpetpo C Tou e€aptdtal amo 1o §. ESw to (X) SNAWVEL TNV avapevopevn TLUn Tou X. AnAadn,
av KANPWOETE ATIELPEG POPEG TUXaloug aplBuoug X, o péoog 6pog Ba eival (X).

E§etadoupe Twpa TNV PETATOTILON TWV owatdlwv Az(t) = z(t) — 2(0) yla To t = N§ PE €vav akEpaLo
appd N.
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B.1 MpooSLoploTe TLG TLHEG TWV(Ax(t)) Kat (Az(t)?) xpnolpomolwvtag tig oocdtn-  1.0pt
tec C, 6 KAl t.

B.2 H rtoodtnta (Az(t)?) ovopaletal péon TETPAyWVLKN petatdmion (mean square  0.8pt
displacement - MSD). Elval éva Tapatnprolho XapakTnpLoTKO NG Kivnong
Brown, to omolo avtiotolyel otnv oplakn mepimtwon § — 0. ATIO AUTO, PTIOo-
poUpe va Set§oupe OTL C o< 6 Kat (Ax(t)?) o t7. MPpocdLoploTe TIG TIHEG TwV o
Kat S.

Mépog I'. HAektpowdpnon (2,7 povasdeg)

ESw oulntdue TNV nAektpowdpnon, SNAadn tn HETAPOPA POPTLOHEVWY CWHATLSLWY aTIO NAEKTPLKO TTE-
Slo. Evawwpnpa koAMoeldwv owpatdlwy pe pada M kat woptio @ (> 0) tomobeteital o€ €va otevo Ka-
VAAL P Statopn A (Zxrua 1(a)). Ayvooupue tTnv aANAETiSpacn PETAEY TWV CWHPATLSLWY, TLG ETILEPACELS
TOU Tol{)ou, TOU UYPOU Kal TWV LOVTWVY TOoUG, KaBwg Kat tnv Baputnta.

IxNpa 1: Ametkovion yla to pépog C.

Me tnv epappoyr| opgoyevoug NAEKTPLKOU TtieSlou E otnv KateBuvaon z, Ta cwpatidla JETapepovTal Kat
N CUYKEVTPWOT) Toug n(z) (apLBpog owpatidiwv ava povada oykou) yivetat avopoldpopen (ExAua 1(b)).
‘Otav pndeviletal to E, n avopolopopeia autr) egagavidetal otadlakd. Auto ogelletal otnv Kivnon
Brown twv cwpatidiwv. Edv to n(z) ev elvat opoldpopyo, oL aptbpol Twv cwpatidiwv Tou kvoluvtat
TIPOG Ta S€ELA KAL TIPOG TA APLOTEPA PTIOPEL VA SLAWEPOLV (ZX.1(Y)). AUTO SnuLoUpYEL pPLa por) cwpatldiwy
Jp(z), ToV gEGO apLlBpd Twv owpatidiwy TToU PEOLV GTO z KATA PrKOG Tou dgova z- ava Povada SLatopnq
Kat ava pgovada xpdvou. H pory autr elvat yvwoto OTL LKAVOTIOLEL TNV oxEon

d
Tp(w) = =D (@), (4)

omou D ovopddetal ouVTEAEOTNAG SLaxuong.

ATIAOUOTEVOVTAG;, A¢ UTTOBECOUPE TWPA TA PLod cwpatidla €xouv TaxUTNTa +v KAl Ta AAAA PLod €Xouv
Tayvtnta —v. Eotw 0tL pe N, (z,) aupBoAifoupe To TIANB0G TwV owpatidiwy Pe TaxuTnTa +v Tou SLEpXo-
vtaL ano tnv B€on x, amo apLlotepd pog ta Se&Ld otnv Povdada epfadol Slatourg Kat oTnv yovasda tou
xpovou. Ta cwpatidia pe tayvtnta +v mou poAapaivouv va SLEABouv armo tnv B€on x, OTO XPOVLKO
Sldotnpua ¢, mpemel va Bplokovtal oTnv oKLaopevn TepLoxr tou Zx. 1. AQoU To § €lval PLKPO, EXOUME
n(z) = n(zy) + (x — x0) %2 () OTNV TEPLOXN QUTH.
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c.1 Ekppdote to N, (z,,) OUVAPTIOEL TwV avaykaiwv TTocoTATWY amo ta v, §, n(z,) 0.5pt
KaLTo 92 ().

Opioupe t0 N_(z) WG TO avtiotolo tou N, (z,) yla Tnv taxutnta —v. Me auto, Exoupe Jp(z,) =
(N, (z) — N_(z)). ZOp@wva Pe TNV e&lowon (3), Exoupe (v?) = C.

c.2 MpooéLoplote to J,(z,) XPNOLPOTIOLWVTAG TLG avaykaieg moootnteg amd ta  0.7pt
C, 4, n(zy), KAl 22 (z,). XpNOLUOTIOLLVTAG AUTO Kat TNV e&lowaon (4), ekppacte
TO WG TIpog C Kat d, Kat (Az(t)?) wg pog D Ka t.

Twpacugntape tv eMidpacn TG OoPWTIKAG Tiieong IT, n omola divetatano tnv oxeon I = - RT' = nkT,
OTIOUN 4, N otaBepd Avogadro, R n TIoykOopLa otabepd Twv agpiwy, T' n Beppokpacia kat k = N% n ota-
Bepd Boltzmann. Ag BewpricOUPE TN AVOUOLOPOPPN CUYKEVTPWAN TIou oxnuatidetal umod tnv enidpacn
TOU NAeKTPLKOU TeSlou E (Zxnpa 1(B)). Aedopévou 6Tl to n(r) e€aptdral amod z, To (8lo LoXUEL Kal yla
To II(z). TOte oL SuvapeLg TTou oelhovtat oto I1(z) kat oto Il(z + Ax) TipemeL va eELooppoTinBolv pe TN
OUVOALKN 8Uvapn amo to medlo F Tou pa ota cwpatidia (Xx.2). ESw Bewpolpe pIKpEG TLHEG Az, £TOL
WOTE 1o n(z) va Propel va BewpnBel otabepd og autd to eLPOC, EVW LOXVEL n(z + Az) —n(z) =~ Azd?(z).

E
_—
IT(x)A | | IT(x + Ax)A
X x+Ax

2x.2: looppotiia SuvapEwv.

c3 Ekppdote to 4 (z) xpnotpomowwvtag n(z), T, Q, E, kat k. 0.5pt

Ag oulNTrOOUE TWPA TNV LOOPPOTILA TNG PoNG. EKTOg amd tn pon J,(z) TIou oelAetal otnv kivnon
Brown, uttapyel emiong pLa pon mou oeiletal oto NAEKTPLKO TEdLo, J (x). Alvetal armo tn oxeon

Jo(z) = n(z)u, (5)

OTIOU u €lvat N TeALKN TayUTNTa TWV cwpattsiwv mou odnyouvtal amnd to medlo.

c4 Ma va mpoodloplooupE TO u, XPNOLPOTIOLOUE tnV e&lowon (1) pe to F,.(t) =  0.5pt
QFE. Aebopgvou OTL To v(t) elval kupawvopevo, e€etaloupe to (v(t)). YoBEto-
vtag to (v(0)) = 0 KaL XpnolpoTiolwvTag To (F(t)) = 0, agloAoyoUpe To (v(t)) Kat

AapBavoupe to u = lim,_, _(v(t)).

Cc.5 To LooQUuyLo por|g SeixveL Jp(x)+.J (x) = 0. EK@pdaote Tov cuvteheotn Suaxuong  0.5pt
D wgmpog k, ykac 7.
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Mépog A. MEon TETPAYWVLKN PETATOTILON (2,4 pOVASEG)

Ag UTTOBEC0OUE OTL TTAPATNPOUKE TNV Kivnon Brown gvdg amopovwpéVoU, 0@atpLlkol KOAAOELE0UG Ow-
patidiou aktivag a = 5.0 um péoa oto vepod. ITo Zxnua 3 Ttapouctadetal To LOTOYPAPPa TWY HETATO-
TIOEWV Ax TIOU PETPRBNKAV 0TnV Katéubuvaon 2 o€ KABE XPOVIKO Staotnua At = 60 s. O CUVTEAEDTIG
TPLRNG Looltal Pe v = 6man, n = 8.9 x 107* Pa - s elval to LEWSeg Tou vePOU Kal n Beppokpacia eival
T =25°C.

Ax(um) [ -10 -9 -8 -7 -6 -5 -4

Neount 0 0 O 2 4 11 15
Ax (um) | -3 -2 -1 0 1 2 3
Neount 35 4 58 68 59 50 26

Ax(um)| 4 5 6 7 8 9 10
N 5 5 4 3 0 1 0

-10 -5 0 5 10
Az (pm)

2x.3: IoTdypappa TWV PETATOTILOEWV.

D.1 EKTIuNOTE TNV TR Tou N4 Xwplg va XpnOLUOTIOLACETE TO YeEyovog OTL eivat n  1.0pt
otabepd Avogadro, pe ipoogyyLon SUo onuavtikwy Pneiwv amnod ta dedopeva
Tou ZxApatog 3. H otabepd twv agplwv elvat R = 8.31 J/K - mol. Mnv xpnotyo-
TIOOLAOETE TNV TN TNG k (0Tabepd Boltzmann) moudiovetal otig Mevikég O8n-
yleg. Znuewwote OTL yla tov aplBuo Avogadro, evSexetal va KataAnEete o€ pLa
T Slaopetikn amod ekelvn Tou Sivetat otig Mevikeg Odnyleg.

Twpa ETMEKTEIVOUPE TO POVTEAO TOU PEPOUG B yLa va meplypdapoupe tnv kivnon evog cwpatidlou pe
poptio Q uUTO TNV emidpacn nAekTpikoL Tediou E. H taxutnta tou cwuatidiou v(t) ou e€etddetal otnv
eglowon (2) mpemet va avtkataotabel anod tnv v(t) = u + v, (¢, 4 < t < t,)) HE TO v,, VA LKAVOTIOLEL TNV
e€lowon (3) kat To « va elvat n TeAkn taxutnta mou e€etdletal otnv e€lowon (5).

D.2 Ekppaote To MSD (Ax(t)?) wg Ttpog u, D Kal t. Bpelte pooegyyLotikoug vopoug  0.8pt
LoXUOG yLa PLKPA ¢ KAl PeyAAa ¢, KaBWGE KaL TOV XApaKTNPLOTIKO XPOVo ¢, OTIou
oupBaivel autr) n aAhayr). IXESLAOTE PLa TIPOXELPN YPAWPLKN Ttapdotacn Tng
MSD o AoyaplBuikoug a&oveg (AoyaplBuiLko xapti), uTtoSelkvUovTag TNV Katd
TipooeyyLon B€on tou ¢,.

21N ouvexeLa, €EeTACOUE TA PIKPOPLA TTOU KOAUMTIOUV (XX Ha 4(q)), o€ pla Stdotaon yla Adyoug amAo-
ntag (XxNHa 4(B)). NpdkeLtat yta opatpikd cwpatidia pe aktiva a. KoAupmouv pe taxutnta elte +u,
elte—u,, TO TIPOONO MAEyeTaL TUXAla OE KABE Xpovikd SLdotnpa &, Xwplg cuoxetion. H tapatnpou-
hevn kivnon elvat évag ocuvSuaopog TwV PETATOTILOEWY TIOU oe{Aovtal oTnv KOAUPUBNOoN Kat eKelvwv
TIou o@ellovtal otnv Kivnon Brown gvog opatplkol cwuatidiou.
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A

\FT
Y YA
A 4

A\£"

ZxnHa 4: (a) Kivnon pikpoBiwv. (B) H povodiaotatn ekdoxr tng.

D.3 ¥to oxnua 5 mapouotdletal N MSD (Az(t)?) autwv Twv PkpoBiwy, Tou avtl-  0.6pt
otoL el 08 SLAWOPETIKEG TIOAUWVUHLKEG CUVAPTHOELG YL PLKPEG, HEYAAEG, Kal
EVSLAPEDEG TLPEG TOU ¢, OTIWG UTTOSELKVUETAL PE TLG SLOKEKOPPEVEG YPAUMEG.

Bpeite tnV MOAUWVUMLKN cuvaptnon yLa kabéva amo ta Tpla xpovika SLaotn-
pata, XpnOLPOTIOLWVTAG TLG anapaltnteg moooOTNTEG amo TG D, ug, &, KL t.

S
e

Tr—T"TTTIm

2

pm?
b

10(} _ P _

(Az(t)?) (

102 F 1

_45....... Ll ETTITE NIRRT T IR .
10
102 10° 102

t (sec)

IxNHa 5: M€on TETPAyWVLKN PETATOTILON TWV HLKPOBlwv.

Mépog E. KaBapLopdg vepou (1,5 povasdeg)

ESw oulntdpe tov Kabaplopd Tou VEPOU, CUPTIEPINAPBAVOPEVWY CWHATLSIWY XWHATOG (TTOU TTapou-
0Lafouv KOANOELSH) CUHTIEPLYPOPA), HE TNV TIPOCONKN NAEKTPOAUTWVY yLa TNV TAEN Toug. Ta cwpatidia
aAMNAeTLEpoLV PEow TNG Suvapng van der Waals kal tng nAeKTpootatikrg SUvapng, n omola ephapPa-
VEL TLG ETILSPACELG TOCO TWV ETILPAVELAKWY POPTLWY 0G0 KaL TOU TEPLBANAOVTOG OTPWHATOG ETEPOCN A
(POPTLOHEVWY LOVTWV. Ta avtiBeta autd tovta oxnpatiouv otolBasda, ou ovopadetal NAEKTPLKN SLTTAN
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otolBada, Zxnpa 6(a). Q¢ anoteAeopa, To SUVAPLKO AAANAETILEpacnG yLa TNV andoTach TwWV CWHATLS LWV
d (ZX. 6(B)) Stvetal amd tn oxéon

A Be(kT)?
U(d) = 2 BT aps,

Tt ®)

OTIoU A Kal B elvat BeTikeg otabepeg, e elval n SLNAeKTPLKN oTabepd Tou vePOU Kat A lvat To Ttaxog tng
SLANG otolBAadac. YobEtovtag OTL Ta PopTia TWV LOVTWV elval +q, EXOUME

ekT

2N ,q?c 7

OTIOU ¢ N HOPLAKI) CUYKEVTPWOT TOU LOVTOG.

(@) o 2 o oo (b)

© g © ©

© S S) S)
© ©

IxNHa 6: (a) Emupavelakd goptia KOAoeLSWY owpatlsiwy Kat avti-Loviwv. (B) OpLopog tng

améotaong d.

E.1 H mpooBrikn xAwpLouxou vatpiou (NaCl) oto evawwpnua mpokaAetl tTnv mngn  1.5pt
TWV KOAOELSWY owpatisiwv. Mpoodlopiote tn xaunAdtepn cuykévipwon c
tou NaCl Tou elvat amapaitntn yla tnv TNREN. Apkel va Bewpriooupe Vo ow-
patidia xwplg Bepuikeg Stakupdvoelg, SnAadn F(t) = 0 otnv E§lowon (1), kat
va UTtoB€00UpE OTL N TEALKN TaXUTNTA yla tn SeSopevn eEWTEPLKN SUVaAUN ETTL-
Tuyxdvetal akaplaia.
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XapaKTNPLOGHOG TWV KOAAOELSWYV TOU £8AaWoug (10 povAadeg)

MéEpog A. Ktvijoelg KoOAAOELSWV cwpaTtLdiwv (1,6 HOVASEG)

A.1(0.8pt)

'U0:

A.2 (0.8pt)

u(t) =

N aviootnta 1ou kabopideL To EUPOG TLHWV TOU ¢, TIOU TIPETEL va AnBOel uttoyn:

Mépog B. NMpaypatikn e§iocwon kivnong (1,8 povasdeg)

B.1 (1.0pt)
(xpnotpotolote povo to C,4,t)

(Ax(t)) =

(Ax(t)?) =

B.2 (0.8pt)

o =

Mépog I'. HAektpowdpnon (2,7 povasdeg)

C.1(0.5pt)

(XPNOLHOTIOLAOTE HOVO T v, 8, n(z), 92 (2))

N+(370) =




Theory

12h@©r -

INTERNATIONAL PHYSIGS OLYMPIAD

2023 TOKYO JAPAN
Greek (Greece)

C.2(0.7pt)
(XPNOLUOTIOLAOTE POVO Ta C, 5, n(xg), 42 (x))

Jp(xg) =

(xpnotpotorjote pévo ta C, 6)
D=

(XpnolgoToLote povo ta D, t)

(Az(t)?) =

C.3(0.5pt)
(xpnotpototiote povo to n(x), T, Q, E, k)

e(0) =

C.4 (0.5pt)

C.5 (0.5pt)
(xpnotpototjote pévo 1o k, v, T )

D =

Mépog A. Méon TETPAYWVLKN PETATOTILON (2,4 HOVASEG)

D.1(1.0pt)

NA:
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D.2 (0.8pt)
(XpNOLUOTIOLOTE POVO TO u, D, t)

yLQ TO YEVLKO t:

(Aa(1)?) =

yla JLkpa t:

(Az(t)?) o

yla Jeyaha t:

(Aa(t)?) o«

0 XOPAKTNPLOTLKOG XPOVOG ¢,
t, =

Fpaikn tapdotacn o€ AoyaplBuLko xapti tou (Ax(t)?) o€ ouVAPTNON ME TO t:
(avaEpeTe MMLONG TNV KATA TIPOCEYYLON B€CN TOU £, GTO ypA@nUa)

rlog(Az(t)?)

logt
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D.3 (0.6pt)
(XpNOLPOTIOLOTE POVO Ta D, u, 6y, t)

yla JLkpa t:
(Aa(t)?) =
yla peoaia t:
(Az(t)?) =
yla Jeyaha t:

(Az(t)?) =

Mépog E. KaBapLopog vepou (1,5 povasdeg)

E.1(1.5pt)

Cc =
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Solution / marking scheme - Characterizing Soil Colloids (10
points)

General rules
e In the following, “coefficients” refer to the numerical factors and do not include parameters.

General rules for carryover points
e No points inside a single question.

e Only wrong answers on the answer sheet are considered.

e Answers with wrong dimensions are not considered.

Part A. Analysis of motions of colloidal particles (1.6 points)

A.1 (total 0.8 pt)

(0.4 pt)
Iy
UO = M
partial points
(0.2 pt) Muv, =1, (A.1.1)
(0.4 pt)
M
T=—
Y
o 0.4pt if the answers are v, = M /vy and 7 = I,/M.
partial points
(0.2 pt) Moo= —yv(t) (A.1.2)

A.2 (total 0.8 pt)

(0.8 pt)
I.
’U(t) — Je—(t_ti)/T
is.t;ti<t M

o 0.4pt if fze~(%)/7 is written. The subscript can be any dummy variable used in the
summation symbol.

e 0.2ptif sum is taken (if ¥ is written).

e 0.2pt if the range of sum is correct (equality can be included).
Other acceptable examples: Y. = (t; < t), > = (t, <t)or (t, <t <t,,)

e Inequality on ¢ in the worksheet is not sufficient to give a point. It must be written as
the range of sum.

e 7 = M /v can be substituted.
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Part B. Effective equation of motion (1.8 points)

B.1 (total 1.0 pt)
Usable letters: C, 6,t

(0.5 pt)
(Az(t))y =0
(0.5 pt)
(Az(t)?) = C6t
e partial points ~
N
(0.3pt) Ax(t)=» v,0 (B.1.1)
n=1
e 0.2ptif § is missing.
N
(0.2pt) (Ax(t)?) =) €% = NCs* = Cét (B.1.2)
n=1
e 0.2pt only if Cdt is written. 0.1pt if only Zf:le C6? or NC§? is written.
N J

B.2 (total 0.8 pt)

(0.4 pt)

a=—1
(0.4 pt)

B=1
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Part C. Electrophoresis (2.7 points)

C.1 (total 0.7 pt)
Usable letters: v, 4, p(v), n(z), 22 (z)
(0.7 pt)

dn

jD(IOa U) = *p(U)%(I())’LP(S

r partial points

To

©500) Ji(o) = [ plom()ds = p(o) [aleo)o -

To—v0

Ldn
2dx

e 0.5pt if either the rightmost result of (C.1.1) or (C.1.2) is written.
(reduced to 0.3pt if § or A or both are multiplied unnecessarily)

(reduced to 0.2pt if § or A or both are multiplied unnecessarily)

e 0.3ptif j, (zy,v) = p(v)n(zy F vd/2)v is written instead of the integral.
(reduced to 0.2pt if § or A or both are multiplied unnecessarily)

N

(a0)174]

o +vd n
Jen) =5 [ pon(erds = p(o) [nleo)o+ 3 T 0)0%]

e 0.3pt if only the intermediate equation (the one with integral) in (C.1.1) or (C.1.2) is written.

(C.1.1)

(C.1.2)

C.2 (total 0.5 pt)
Usable letters: C, ¢

(0.3 pt)

1
D= 50(5
e 0.2ptif the coefficient is wrong.

partial points

(0.2 pt) Jp(z) =~ —%Z—Z(x)C&

e 0.1ptif the sign or the coefficient is wrong.

(C.2.1)

Usable letters: D, ¢

(0.2 pt)
(Az(t)?) = 2Dt

partial points

e No point if the answer includes C' or 4.
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C.3 (total 0.5 pt)
Usable letters: n(z),T,Q, E, k

(0.5 pt)
dn  n(x)
& = wr 9P

partial points
[ (0.3pt) TI(z)A+n(z)AAzQF =1I(x + Ax)A

(c.3.1)]

C.4 (total 0.5 pt)
(0.3 pt)

(0(t)) = (1 —et/7)

e 7 = M /v can be substituted.

_QF
oy

partial points

©03pt) M) iy 1o

(C.4.1)

C.5 (total 0.5 pt)
Usable letters: k,~,T

(0.5 pt)
p_ T
Y

- partial points

(02pt) Jp(a) = —

(0.2 pt) Jg(r) = —n(x)

(C.5.1)

(C.5.2)
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Part D. Mean square displacement (2.4 points)

D.1 (total 1.0 pt)

( 1.0 pt)
N, =5.6 x 10% mol!
e No reduction if the unit is missing.

e 0.8ptif the second digit is wrong but the value is in the range 5.5-5.7 x 10%3.

s partial points
RTAt

(0.5pt) (Ax?) = SranN, (D.1.1)

e 0.3pt if both the answer of C.2 ((Az?) = 2DAt) and that of C.5 (D = ’%T) are given in the

worksheet for D.1. The combination of them ((Az?) = 2#L8%) is also acceptable. k = R/N, and
~ = 6man can be substituted here.

e No reduction if ¢ is used for At.
(0.3 pt) (Az?) = 6.34 um? (D.1.2)

¢ No reduction if the value is in the range 6.2-6.4 m?.

e (0.2pt if the unit is missing or wrong.

N /
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D.2 (total 0.8 pt)
Usable letters: u, D, t

(0.2 pt)
(Ax?) = (ut)? + 2Dt

(0.2 pt)

(As?) t  for small ¢
t2  for large t

e 0.1pt independently for each answer.

(0.2 pt)
2D
S

(0.2 pt)

log(Ax(t)?)

logt

t, (log tv)
multiple curves that look like the answered graph)

logt,).

Points are given according to the criteria given below.

e 0.1pt if the graph is monotonically increasing and convex (no points if there are

e 0.1ptif¢, is written between the two power-law regions (the label can be either ¢, or

D.3 (total 0.6 pt)
(0.6 pt)
2Dt for small ¢
(Az?) = < u2t?  for intermediate t
(ugd)t for large t
e 0.2pt independently for each answer.

e Wrong answer in B.1 is not considered.
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Part E. Water purification (1.5 points)

E.1 (total 1.5 pt)

(1.5 pt)

8B2e3(kT)5
T eAN A2
e 1.3pt if only the coefficient is wrong (e is a part of the coefficient) (then no further
partial point is given)

- partial points
(0.5pt) minU’(d) =0 (E.1.1)

e No point for U’(d) = 0 solely (without indicating what d to consider) or U’(a) = 0.

e 0.2pt if the graph of the potential with an energy barrier (the graph first increases
monotonically, then decreases monotonically) is drawn (this is the potential for ¢ < ¢,)

e independently, 0.2pt if the graph of the potential without an energy barrier (the graph
increases monotonically) is drawn (this is the potential for ¢ > ¢,)

A Be(kT)?
(02pt) U'(d) = v %e*d/)‘ =0 (E.1.2)
24  Be(kT)?

(0.2 pt) U”(d) = e U =0 (E.1.3)

TE TN

e 0.2pt (out of the 0.4pt right above) if both U’(d) = 0 and U”(d) = 0 are written as simultaneous
equations, without their correct explicit forms.

(E.1.4)

e2Aq?

0.3pt) A= BT

(E.1.5)
e 1.4ptis given in total if (E.1.5) is written.
e 1.2ptif only the coefficient is wrong (e is a part of the coefficient)

N
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E.1 (cont.)

Another solution: it is also physically reasonable to consider maxU(d) = 0 instead of (E.1.1), though
this does not meet the requirements given in the question. Therefore, partial points may be given
as follows if the question is answered along this line.

e partial points ~
(0.5 pt) maxU(d) =0 (E.1.6)

e No point for U(d) = 0 solely (without indicating what d to consider) or U(a) = 0.

e 0.2ptifthe graph of the potential with an energy barrier that is higher than U = 0 or U(d — o0)
is drawn (this is the potential for ¢ < ¢,)

e independently, 0.2pt if the graph of the potential with an energy barrier that is lower than
U =0orU(d — oo) is drawn (this is the potential for ¢ > ¢,)

A Be(kT)?
U(d)=—d+<q2 V- g (E.1.7)
, A Be(kT)? _
(02pt) U'(d) = = - ;QA)e 4 — (E.1.8)

No point for (E.1.7)

0.2ptif both U(d) = 0 are U’(d) = 0 are written as simultaneous equations

L eAq?

1.2pt is given in total if (E.1.9) is written.

1.0pt if only the coefficient is wrong (e is a part of the coefficient)

_ B?é(kT)°

0.1 pt = ——"
(0-1pt) e 2e2N 4 A%¢5

(E.1.10)

1.3pt is given in total if (E.1.10) is written.

e 1.1pt if only the coefficient is wrong (e is a part of the coefficient)

N J




