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TEYMEF (10 53)

FEHR N STERIBEXAIRILERAR. TEREVHEYNN B, RAIEAZIUTAR

(1+z)f~1+ex, Hl|z| < 1. (1)

AB%5. BEPRE (5.049)

EZR—NAEKASE, UTEEEHEERFINEE ¢ (ISENGD. WIMMEEFITHRKAEREEBEASTREF
HERBRELTEIRMEATEM, ERERRENKPBINKER L (B 1), SRIFEG y-HARNEEN w,
7J<‘F§f§h§9 Poo

w (normal to the
page)

. gl
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w (normal to the
page)

air

e T Do water 7 N
h Poill
‘ x ‘ X
y 4 Po
A: without oil B: with oil
1. KFEFESTIR (normal to the page: EEH T4E)

REZET poit (poit < po) BUMBINRIRZEIMZRFR, BENHRR FAEEIRTRSNIE BIRRZEINZR
FRBEKT)o RIEAMRIRMAERELEB S, UBIRFAZEHEN]. A UBERANKREKAFREERIES.

Al FREERLHNENH »-HE F, B%D (KhEHM@E)? 0.8pt

2 BRTFEREN—MEEE. CHEREWRMIS, MTNIEKAR, MWISRREREKD, RN
ERERNENTAILUAR, BT S ERELRE, MRNERT/NT - BRNFIEKE, EIEHEITARAE
BEHRZHER. AERET, XENLUETTLIEBRAN LRSS, G - MARSEERAEELETN, HE
2 Y y-BEE TAREAERRE. RiO6 - A RANEK L hAERHMERKERAFZZ.

FEENPO (0 RIRAYTRR) , HENEEIRAT, MEEKFER « MFD O FFIAEN, thxTAIHEE
B, #% - oo By, ENEEBTEY D, H88t, BEMEIINE O ZH TREIEERE » (BE 218%E
HABIRR) . AIURIRBKNEE p, MEE T, E=EMIY LMZEEN. tgth—, HBE p MEE T,
HWEEEN. HWREE T KM TUE, E5HETLX.

BHESRET, WRYRMERE T &M4FK. BT RIgTEXRENMISREREERN, FIUERERTE
WABKARRRAEN. XEB (1) =1,[1—k(T,-T) /(T) - Ty)], EFR | 2—REUFVRENKE, |, 2
BZHRYRERE T, MOKE, i, SEMTERNREKRLE, ATURIRNER,
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mantle P11 z

2. 8% E. AEED AT (crust: #1575, mantle: #1g)

A2 (RigFEREEN, KEMFRE p SEE T HKRBXR. R |k <1, BERS  0.6pt
B ABIAZEC

(2)

T —-T
/)(T)%pl{l—&—k: ! ],

Tl - TO
HehZBRT 2 BIL k7 NESMT. HILWESR LS kL BIXRo

B k> 0o IEIMETLURISHIFTIASE » BRIEEN. FMAZEEM (2 ) HREELAEERITRE,

A3 (RISHMENEKEREHRNF TG TRRUARTESERIE, Bh,po, o MERER  1.1pt
HIZEEB LM RERE D. RIS thIEEIEE,

A.4 RHEEREMFTEFXA (2 >0) EEKEAFRLNEGH F, BHI L EEM, 1.6pt
FHE py,p1. b L, kT g RiXHR,

Rigt R SHIKEMEB O ARE, BFHRES, RN ETRIRENEERSEREEE, ERMRAER
T, WRHNLEAR ¢, BAIRENER.

A5 BIENOHIERBRSN (EH), HITHHENE -, ERBATIEETEEMLE 0.9pt
= E FREZENEEE RV IZEERNE. RA)URIE r MRETFHZH D
KENPIEREE.

B 88%3. BN EEBHER (5.0 3)

BRISERNMTENREAET —EHRBE, RISOERLREMNT 2 = 2 = 0 QBVEIR, HA o BKFLAR
M BREMUTHRE (B 3), RigtERNARKELLRDATHEMNEMNKERTKS S,
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ERMEMNLER, —MITBEEWNKE P K, AILUTE >0 89 2 FFEARABIZI N ARAS. BTFEERSBEK
ERERRESR, EXRRERKINRE T HELHNAEREME, XMIENMTREESESEN, Fit P KR
E o &RBTFRE 2, Blv=10,(1+2/z2), HF v, B P FERALNRE, 2, 2BHHENELR.

. earthquake
air

¥ >

crust X

v
Z

3. B BOMERMAEIRR (earthquake: HhE)

B.1 MEAHN—KR (asingleray) £ v TENERE, €5 » MNMBAERN  1.5pt
0< 6, <m/2 BETEREMMTELIT 2, (0,) # 0 VEERNENZEER, BBAZLH
BEGEMA? BEIER (the ray) MEFRE—EBEM. M x,(6,) = Acot(bd,) B
EAEHIFNESRE, HP AN b BEHEEH.

WNRTEWE A b, 7T NERIBEPIRE LR ©,(6,) = Acot(bh,) FFABMERER, RIGEMER, RAK
ERERU P RN ARKEIMSHEEEEN E. RISKNTHIRITERENKT 2R,

B.2 KHTEXREFIRWHIEIEREERERE «(«) NAKM T AREAER ». BH  1.5pt
e(x) NEE, FHirthEx(E,

MIEFIE, RISKEZETERANKRTERT. BR—MIT 2 =z = 0 NigE, E5ZAZENMESE
BREGHEEBRLARR, ZSFEBUERERNADHEY P K. HilititiggsH—1MEEEAETEE
MNES. HERESSEERRNMBRARELTFXIE [0, — 300,60, + 500,], HR0 <0, < /2,60, < 170
08y < o

B3 REENRME, BERMNRKER 1., NZLVE, ESEKRIKRA? A0, 66, 2.0pt
FEAHNEMERS BITHNESR,
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EER (10 99)

ZE—MHERERN R HUHEENEZREN, SBFN . FEAZOEBARN, BE 20 < R. XTMEETEA. B, C
M EEDH, AR, HTFEA oy FH, -MEETIFFE, 0E 1 5. EANBEDHR, (RAERERE
BTEHNARN (REPEFHF)

]‘ Y V4
(1+2)~14ex+ 55(5— a?, 8|z < 1.

1. #1279 R EVHEBIF

A B85 . Eifi ERERERSE (1.0 53)

A1 ITEFMNHEL E. BEIFROEBRN 2 & (B 1A R) BERBEE o(2). 0.3pt
A2 (Bi&: < R BEEE o) REXEFE » HREIESTEELHK. 0.4pt

A3 —ET (REm, BfF o) WETEFAR (B, z < R) (FATEFLENAZ 0.2pt
%07 MEZAIRIRIEN, HE ¢ WERERBEFREHRE—MEEIRED SEIFH
BT AR LREBE I,

A4  ZEIBRSHNAME w %07 0.1pt

B &%, BIIf FE LAVERESE (1.7 )

TR, MESMERFEARN (- =0)ZHr < RE (B 1HH B R) NEBEE (). ¥ o(r) REXEHAE r
HRENIESFREER o(r) ~ q(a + 5r2).

B K pHFREAN, AIREAE LEAHNRERET. 1.5pt

B2 —EFREEBL (B, r < R). EATFEFLENARZA? URZNNKREAN, 0.2pt
HERTR ¢ NIES, ERHEIEEIAEERE. SFRNBEFAEMIE LREBR DM,
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C &B%3. IRBRPERIZIRAVARIE: BRESTTEE (2.3 &3)

BEATERE—MEERREBRF, WMEFHEER. SRUTHEN: BFEER -HMKE, WE 2 fim. &
MNE—TBFIR, AAUTEZFENERTICEFR, BFHEER E = mo? /20 BEE), BFBFIRAIBZE
fEfiTEl, RIoETRETE, FRNERSUNEZEEHYE, EHBFERFTENER/NTF d/2(d < R)
BY (B 2 PAIPARXE, #fh &K (active region)), EIFFZEBERE ¢. 7 C EHH, BIMRIGTBIK
IR ERNNME BRI T HTE, HMtBREZHNENE, HRIKEFSD -AENRERIEEN. &8
R FARIMIF ERYEBRE 2,

4q
2. BREEBRIRE

C1  HMESEHREKE f. RK /> d B B1ENEN s MHEEMERT. RIKEFRT 1.3pt
X EmIX” BIFATTF 24, Hr < R NIZEFRE ¢ NEAFESERES.

SKfrE, BFRBIE 4L, BEFRFAONES L > f. EEREFEIE EFK” fIABETT -, MEM
SN T -HURENEE + &E, AE BEERHE Y < 1 E, BFRIRET—R, ZRBEWFHO
HIEERS A c.

C.2 R HA#AB.1 ENEH 3 MEEEMERT. 0.8pt
C3 EHEBRARUTAZERRAED? 0.2pt
1,1 1
b * c f

I REMITE 1/0 4 1/c KEZ,

D Z49. FR.EBA2E (3.0 %)

LFEEEVREZERNN, HNBRRRIFEBEHEN, Eirt, TEAFTEERN, HARRR—HERE,
BE—1MERIER C. AEMBORNTEoTXMEBREN L. (REIEFEUTRS:

dz cosz +1
[

n N ‘—i—const
Sinx Sinx

il
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m =ln ‘x—!— V1 —|—a:2’ + const.
D.1 HEERFHNES C, ZEEEFE—NERZEE 20, BidfFa < R. 2.0pt

HEFIZ YEHXT B, ERERI-—MEERV, £ (B3), HBFEd TEK” G, BEFE, i
BN Ry, EIfESRIEHERLZE,

C
Vo

I||—I RO

3. B BRI

D.2 MWHENRLBESHERIXR o), ABHIMKBXANTEE, Ri&t=0%NTF 1.0pt
BFERFEENNZ, HIF EBE o) EIERABIIF LB ¢ %%9‘7 2NN
BARN C (MR, (REBEWER D1 FERES C BWEFRER).
AR B 3R MHSE, MZRIELREFEMMIIEFESBERRES.

E &8B%3. iIEEIBERAVERIE: EBRRYTEE (2.0 73)

TEAXESD, BITREEXERELBHENTN. BITEBRZRIANEE 20, RANBXRIGEFIE &K
H'J:Fﬁ:_': zZ- EEHLTJJ, ?)(ﬁ'ﬁ, I$EIJ?EEETE'ZEH%ETEIJO

E.1 KIBHEEE f. RI% f/v > R,C, B2 d/v UK R,C BIEENEHESR. A B &S 1.7pt
HEES g EEEHER T

E2 fREXRMLEFH f ’3 C B RITHVEMIN, RFWE CHBDE ¢ A ¢ NE. BB 0.3pt
EF'éﬁT‘EE’JE;E%%L qeff




Theory

IPhO ;ggrqniq Chinese simplified (China)

RF5K (10 53)

BRI —R%E, IS MHFEAI USRI —NK, RZTFA, BREFHFOROERZ— EXRFIPRITEF
ARX—ISMEETLTNERRIRZ, RERRHAERPRERERF-BERNBEEF-N—RINEFRAR.

A 5. FEPMEFHRIF (1.4 9)
EEE—HEBMIPIEINT, RFREN m, HBEE V(e) RERA:

V(@:{Q 0<z<L: R

oo, x<0orzx > L.

FEBHAEZHENFOMERUAERE, BEFNFRERRIATR—EREND INIESE, EE—XM
EFSH, NFAIRERREEEMTINERT R, BHINARAKTR (Node),

Al HEBMPEFHNFINNRKERE E,. Am L NEERER LW REKT. 0.4pt

N FHRIEEESHITAES, HEERNRESRESHMITNRAS. BrEneEERARHY (k) B E, &
™, B, ARES.

A.2 B E, N&REX (XBn=1,23,..) . 0.6pt

A3  RFREIRBHEF— A FEAUBREBM - EESRKIISZ -, &HF  04pt
MBS TRAERENEEE, SHUFME—HES (B,) RIFES (£) B
FRRSBIREFBIRK Xy, BRI

B 8853. BFHIKFMR (2.1 43)

EX—E5, BITBEARES Cy5 2 FHLMAES Y, Cys5 HFB—Mr ZEANERSF, EREERLE
la. ENAFUREEBEHMBERE, SR LMNRETFZENCERAZEHIINEBMIGEMA, WE 1b,
D FRIHIIFA EHE R WHEFEMEREMIER N BRFPEN CEF (BEENEFEF) F84 MBEFHRY
3PMEBEFRAREMRUERE, MRANBFH “H=" NMaEENMER LBH8E. 81 “HE B8FRZE
28 (net potential energy) FE 1c FEZHALTT, RIESXKTF CEFHN BRFHIUE,
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V(x) A
3 L=10.5/ _
ANVANNANNANNANMVANNAWNAY
LS S S8 | b
N Cc Cc ¢ N NCCGCGCCCCN x
(b) (c)

1. (a) €5 Cy5 B FHUFLEN (hEKER, SRFRED, RAREMEHRE), (b)Cy5 DF
&R, HRFEIIFIIEERN 1. (o) BREETFHEE (AL) MBEFNEMAZIN (L), Zia
EHEAR 1 LA AP ERERER

AEEEL, FMNBAN PR IEREFRIFEEE, BMEEAN L = 1050(LE 1c FRIEL), X8
[ =140 pm BRFEINTYER (ZRE 1b). EMEZ, HITEF 10 MEBEF (7 PKB CREF, 2 TKEN
BRF, 1 PRENT BF) B “BFSE", EII7EAAP—HEBMRIEE, EiHHERE LRI B FErIE
BfEA; B2, ¥ AZEIBFRERT, BEBENFHEETRE, RITEBEEEBFMRFIZSEHIFME.

B.1  IHEAIEK Cy5 D FRIRAIAEFHEKKEK A\ BERFZTHNEFHIIBLTEES, Al 0.8pt
MIEEBNEERRFEHRELL, AIHERESER.

B2 % Cy3 nFEMMNEY, BENERELT 21 CEF. ENRILIES  0.4pt
Cy5 7F1atk, SABERERE? HBEIIEBT) AN BB, RARERZMR 2 T CR
FARD FRZAM R B/ KEE RPN RF 8B,

ERASEH, fFi@EdEREN A FMRKIERS. XMEFHFIERE K (B EiE dt A, SERAL
SO FHOEIDALA dN/N, K = L9 BTFIERRAE: BHEAFHRK )\ REEBIRE AL
d=~el, X8 ¢ BEFRHBM), BZNEER ¢ MEMRER L.

B3 EIBMNN, Fe, b Al d RBEERBHEENTAR, TARPHERET  0.7pt
ATEY k= 107,

B4 WFCYS5AF, d~24el AR Cy5 D FRINBESHFIYRAFS, s, HAMR  0.2pt
ESENTIERREE,

C &f%. IWE-ZREEHERE (1.5 53)

ED5 A, BEDEX, BHNXERARBEFHIERITH. HEFAEREBHNFERRE, HAERENS
BET, 2HNEIENIKE-ZEETHERE (BEC) R, XRE—MBEIBTA—HEBNEFEES, KEN
2ENF BE F-ITEFSHRANE—NRF. SMBTH—FARFEEREEHENLFLRNER
FREZT. RUL, MALBIEERE, tHEEBIIRAEELEMEE,

BIARRABENEESHREEZEINX R, 210KRA, GiHtiIMIEFREEDED TR ENN: L5
REFFIRERNERT TR KSR FEIFIFIEEEARELET, BECMERE,
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C1  WFEMEFAN Rb SARFEATHE, SHENMENIE p MEHRT K 0.4pt
K Mg KRR, BRFRE m, BE T MYPEBEHRT.

C2 HESEPRFZEINARERE, (, SNFREE » ZENREXR, #MESFE  0.5pt
IRFURE T, FER, BRFRE, BBENYERHERT.

NTERBEPLI BEC, KEEIFERFIABNRERE T,= 100 nK.

C3 ABEIREALYE BEC, Rb SEMNEE n, %17 AAELLE, HitEEEERS  0.6pt
FERERENSENNREE n,, BT, =300 K# p, = 10° Pa. ZBIANEE
ny & n, Z0ME? A UVRERFHIREFT 87 MNRFHRERM (ngm)o

D #53. =HRNF RS (5.0 9)

BEC F 1995 EWBEAREM. HiF, KRMRAES N HRALE, EXMBAREAR—TRRFEENGR: K
BSENB/LMETFRCR TR ENAREE TR, AT T IERNEAREREE, BRITARFERES. &
AFREPEHNERFREZ IR V() SBIEFRAIEL, HERAHIGERERNN:

V(#) = —a(|EF t)?). (2)
Hep o HIEMEL; RIESKRTNEITY, NEDERT SRS, 185 | REL=ENETH
B, = B, ,;&;cos(k; - 7 — wt), (3)

Hep By, JIRIE, & RREKE, & ARIRAENETIRE,

k1
—
1
Z X
(@) (b)
B2, (a) SHEHFEIE: SREREN |y, , WFERERSEBFROKENT S, (b) EAL
ROt SAMBATTRANITH, (O Ba: NREEN— S, ERAR N ERARNRE

HAZE, BEFEREREHBERE KREFMRAEE—MRUNRIME. WERR) AKDE
EMMENE R, ERNEEENAR (BIEZ) #ITHNIH

EEINESERR=RBREENETHATERTENZ AR AR RN, BARRENE 2a Fin, Hp=
RABRIRFTEIIN 2 5@, #IE oy FEPERE, HLL120° WESAERR, & « MFTTRXE,.
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D.1 B (2) XM 3) XKREBEE V(7)) RIEXN, RERAXRFAEFEE 7 = (v, y) BRI 1.4pt
BT SRAUEFHA—NERIN=NRZREZN (RZRBIESRAD, - 7
FiK) RKEKT. BEERERIMER, HSHAE ), WRER,

D.2  FARFBEERA/NENREXIMH, BIFHEED MR RIE 60° NEMMERE, Wik  0.5pt
R E— T REIENILIE

(5L%) MENENH R (BL). Hit, AXMERT, HFAFEEH _ENBTHFE, MEBRIHAR «
y i (EN2HENTHMEY) MMERHRZLEE,

D.3 SRS V() 9%, BIRE Vi (r) = V(z,0) M Vi (y) = V(0,y) 9K  1.2pt
KXo RETERE Vy(z) M Vi (y) OIRENME. HTFXENREEEREN, 3¢
FRPEEENRMERMRAENLE, SRNXETE—TRRMNERNE,

BINRERERTNRERNMUE, B4 V() R NMENNTE, AEFRNRTERE Vv, MV, B
NRRAENTEAEIUE, ENIKNEHFEE R WE 2c Fir, HAR—BELAMRN, &RrsehEK
RN RMSEFRAR R

D.4 (IR LEDNLER, BEAXREALRNRNR: EHFIMEREBEIRS (FESFR 0.8pt
=) BEREIR R, B NR ZERER « hZ)D, REZ, KEEHNEEE
BRZD? BBERK Ny TIEER,

BRREFEEFMURN, EREENZENERREARMHULNRFSIER— M tRRETEE, B, K
WYEFELRRAEFRFREIKIZEEERIERE, —MAgENG A2 BERERF (Rydberg atoms), EF]
FERAHBHESKNMER., EBERTERFRENLAS, EN—THEFRAKIEEFER » RRNETF
So BREERFHANEIEZHER - BNENFEREE, RN ETEFRACHEERAEE nh, h 2
AERRER.

D.5  HE . HHE, SN R EEERFHFREEHICKEK \,s=380 nm 8%, B 1.1pt
Aas THEEEERT n, HHEHEHBE.
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JEEEERE (10 53)
AR E AR RB B

HARNER (EFKEFLRENIESR) JAESHA R, HENER FTHESHNFEMZ U KBE. R
IEFrFARYREER, FENELRFSNRTERERSEENKXR I(U) HRATHERR:

_dg Idt  I(U)

~du T du " dujdt (1)

c)

ZANSEIORYEBERANE 1.1 Fiimo EBERMR LBIFFX ST AIA RS (1 M C2 Zjat)ft, FXpyFEiEgBE

FIER, AT BER.
R1
h ‘ \IOOMQ
w2

_T_ GND e

+
O
<

l(L;
1SS

7\

Voltmeter

Bl 1.1. SR ERRE

AR AR EFSTFESAENER, ENMEERKRTEERLER, AT EBERUERRAEFRETR
E, EMNEEBETREEN, KILBIBRTEEIOV, ABETER-VESEFHITIE; MAENEHB
ETRVERIER, STitEARRREE-IV, ARTELAT OVHIEFHITINE, NENEFESTBERUA
RSHEM, FRL, ENEZR], BASNIZEEIBBEEDRE 10

AZ9. ZEETHETEE (4.0 9)
Mg, HEIHEEETERE C1 M Q2 WESEBEENXR (FrEM&EER—KE L, FRERRALIRHE),

A1 WE, HE-7VE7VHBEECERSFEL C,(U)F Cy(U)e EEBRLLETOV, 2.3pt
3VHMe6VERHC, M C, EH, BHARBUEHIETEBENAN. FE TEBER
S (board ID) M= B¥{E.

A2 SREBE Upoy chonges TEVXFBERY, ERASSRUIERIRRZSRERBETML (SCU)) Bk, % 0.5pt
ETA L, STHBES (C1HC2) WERSR, URMEHRRTAEE

Umax change©°
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A3 A C1 M C27E 6 VISEIET ¢, ¢, BF7? 1.2pt

B 8853, BUESUREREN (NTC) sk (1453)

MEFENERT NTC ABBMENSBEE (BEHENEZZIEET LR, BABEEZELHNAN (1) Uk
EREREE “SLEER-4ERE G617 Fo

B.1 K NTC ABKEMEEL Ryo 1.0pt

C &% FRIRETRIRER (359)

c.1 73 57E 40°C. 65°C #1 85°C BHilE, H4&AH-7VE 7V BEEEARN C,(U) M  1.3pt
Cy (U)o

C2 HRxFoVvHeV, LHIMERE 85°CH C (1) F C,(T) FEEE T (LAILL, 0.5pt

C3 7HEEALLETRARCOMBIRC2 7717E0VM6VE, 85°C THEAMEXF 1.2pt
40°C BYRYEB B BILL{E C(85°C)/C(40°C)s

D #3453, MEBIREHFRE (2.0 3)

EARLWZEINESS, NEFERNEERNEMNTE, LEBFTENEREN (0.1 E 10s) AJREaEZHIR
EXR:

1. R,
2. BRBHENFRARLEFE, T UAKHTIENBREN BEHEERT.
AR RAMHATESIRIRE SRS MR, EHTRENEREEE,

HMENE C1 1 C2 WEBRERFR, RANBRFFEMBERMARREKMTEE, FrAEBERE 9V G
HXEIRE, AT HEIRERFHGINRE, BHERMPLERENE, AREEFAFAE THITXENE, [
% D1 M D.2 @AY, AIZE TR 2 MIFHRN, BHANESRSE. NEMLEEULRENES LT AEL,

AR TRAZWAERARENENGF; MEZRITHEMNENBXFF.
Rz alfAI-BE [a#R D.1 #1 D.2 HEZRRMRH:
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il 1.

FRHIETREZTNEERN C1 WEETHERE OV BILLTE 0 V BTER,
FFx S1 ATRERIIE: C1. C2

IN 3ZLLIR A RERYIERE . +9V. -9V. & (GND). T & (Free)

VRIRE:

| FX 1B | INWOEE
| C1 | 9v |

SB[ FESIME | INKOEE | BENEG) | NENE |

1 C1 Free |[duC'(t)|/dt
2 C1 GND
3 C1 Free |duC'(t)|/dt

EEIBTIRIE: |duC(t)|/dt], > [duC(t)]/dt|s

il 2.

ARBIER C11E 9V BT EBETWERE KT M 0V FIEEFEE 1000 FOEYFIYBEETHIERE,
BIRERYFF X S1 & : C1. C2

BIRERY IN BRERE: +9V. -9V. 1 (GND). =& (Free)

MsigE :

| FXS1uE | INWOEE
| C1 | 9V |

SE | FXSIME | INKOEE | BeNEs) | WEME |

1 C1 Free |duC'(t)|/dt
2 C1 GND

3 C1 Free uC

4 C1 Free 1000

5 C1 Free uC

BEIEAIE: |duC(t)|/dt], > (uC|; — uC|s)/1000

D.1 BEINEWE C,(9V) WEBIRERFERAA? AREFE TUENT R, 1.0pt
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D.2 BIMEWHE C,(9V) NEBRERFERMAA? AREFETUENT R, 1.0pt
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EF=1RE (LEDs) (10 9)

ASLR SRS LED BVEBZFMMAFS M, NEEDRILERR PCB FRERN, REEMEMARKLE 1 89B.1 2132
R, AKIVEIERINE 2.1 FiR. XEEREIESRENNA 1 BEA.

o M
<T Iheat <T ILED ULED Rheat [] 6
Py M
LED

Thermal equlibrium
of the thermostat (PCB)

B 2.1. RIOHEER, LED HIBERM (ELERMPET) K&, ERBEHSATNEERUE. i
AFEENERD 55 18R, ENRIEEEIR (PCB) _ERIFTESBAERL FHRTE,

58RI THRIEEBEWREIARRE, LED @ERIEE BRI, LED LNEMEBEES TIEERUN LED ¥ SH
HBEE X, LED WAL HEREIRNEESR, BUVATYIEN T Z8% (BERRMMN) . Ak, ALK
B LED BB 5 LED BBRLAK LED S HRE 7, ZEHIXR !

U.ep = function(f gp, T)).
FEETERT (), LED FSAEGHS5S PCB ZERARSHBINE P HX!
AT _ (Ty —Tpcp)
P P '

AR LED AJHOESRRRSERAMKPRE, ER—FERT, ARG EIEI55E, MBS LED &Y
B (BIINRKAIFSATIELA 1ms. MERIEFRETEIJ 100ms UE) HARIGEXFMIRIERT 1) = Tpcgo M
TEESHERT T > Tpeg, ARUTEHAR 55

A 85 : FRIRETFIAREE (5.059)
K39 2 FISEEE 1 SPINFARIYIEENGI R —F8Y. Eit, fRATLUASET 1 PR EIRE R AEIEEES HIREEX
Rk, HEMIUATENEMXAR:
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Planetary Physics (10 points)

Part A. Mid-ocean ridge (5.0 points)

A.1 (0.8 points)

w (normal to the
page)
i
air
water n ——>
B |h
Poil
oyl — 1
. Po
Figure 1

Let 4’ be the height of the column of oil (see Fig. 1). Then pressure at depth h below the water surface
must be pp, = poilgh = poilgh’, from where b’ = /%h. Horizontal force on the plate F, = F; — Fy, where

the force due to new fluid is F; = % - W'w and the force due to water is Fy = # - hw.
Combining all the equation above, we get

h2
Fx:(ﬂ_l)/?og w

Poil 2

A.1 (0.8 pt)

x =

h2
F _(&_1)/?09 w
Poil

A.2 (0.6 points)

Consider a rectangular mass element of the crust. Since relation [(T) =, [1 - k; (T; - T) /(Ty — To)]
holds for all three dimensions of the solid, its volume V satisfies

Tl—T)3

V=Vi|1-k
=T,

where V; is the volume at T = T;. If the mass of the element is m, density is then

m m T,-T\ T,-T\
= 1_k = l—k .
% Vl( lTl—TO) pl( lTl—TO)

p(T) =




'.‘
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Since k; < 1, this can be approximated as

Tl—T)

T) ~ 1+ 3k
p(1) > (143 g =1

so that k = 3k;.

A2 (0.6 pt)

k = 3k;.

Tl—T)

T) ~ 1+ 3k
R

A.3 (1.1 points)

Since mantle behaves like a fluid in hydrostatic equilibrium, pressure p (x,z) at z = h + D must be
the same for all x. Therefore,

p(0,h+D)=p(co,h+D).
Similarly, we must have
p(0,0) =p (,0).
Hence, the change in pressure between z = 0 and z = co must be the same at both x = 0 and x = co.
At the ridge axis

p(0,h+D) = p(0,0) = p1g(h+ D),

while far away
h+D
p(oo,h+D)—p(oo,0):pogh+/h p (T (00,2)) gdz.

Far away from the ridge axis the two surfaces of the crust are effectively horizontal, meaning that
the law of heat conduction can be written as

dT
dz
Hence, after applying the relevant temperature boundary conditions,

h

= const.

T(00,2) = Ty+ (T, — Tp) =

D
From all the equations above and by using the density formula given in the problem text,

~Ty— (T - T)) 52
gdz,

h+D Tl
plg(h+D)=pogh+/ pi|l+k
h T - Tg

from where we straightforwardly obtain
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A.4 (1.6 points)

The net horizontal force on the half of the ridge is the difference between the pressure forces acting
at x =0 and x = co:

h+D
Fei [ (02 -p(e) b
From considerations of the previous question, pressure at x = 0 is
p(0,2) = p(0,0) + p1gz,
while very far away

p (00,0) + pogz if0<z<h,

TI_TO_(TI_TO)Z’T_h

pleez)= p(oo,0)+pogh+fthl(1+’<T)9dz' Thsz<h+D.

The equations above can be combined into

h+D h
Fei [ (p004pign) di-L [ (p(.0)+ prge) do-
0 0

h+D h+D z 72 —h
L[ o mm i1 [ | [Ty (1+k(1— ))gdz’] gz,
h h h D

The double integral can be easily found either directly or by using a substitutionu = z—h,u’ = 2’ —h:

T L E VAR L IR

After a straightforward integration and using p (0,0) = p (o0, 0) as well as the result of the previous
question,

h? kD? h? 1 2 Do
F=gL —+hD—-—|=po|—+hD|| =gLh? (p; - —+—[(1=-21].
g [pl(z + 3 ) Po(2 + )] gLh® (p, Po)(2+3k( pl))

Since k <« 1, the term with % is of the leading order, hence, the required answer is

_ 2gLK* (p1 = po)”

F
3k P1
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A4 (1.6 pt)

£ 2L (p1 = po)”
3k P1 '

A.5 (0.9 points)

The timescale 7 is expected to depend only on density of the crust py, its specific heat ¢, thermal
conductivity k and thickness D. Hence, we can write 7 = Ap‘l"cﬂKYD‘s, where A is a dimensionless
constant. We will obtain the powers ¢-§ via dimensional analysis.

Define the symbols for different dimensions: L for length, M for mass, T for time and © for tem-
perature. Then 7, py, ¢, k and D have dimensions T, ML73, L’T207!, MLT 307! and L, respectively.
The resulting set of linear equations to balance the powers of length, mass, time and temperature,
respectively, is

0=-3a+20+y+9,

0=a+y,
1=-2f- 73y,
0=—-p-y.

This givesa = =1,y = -1, = 2. Hence,

D2
T= Acp1 .
K
A5 (0.9 pt)
N CplDz
] » .

Part B. Seismic waves in a stratified medium (5.0 points)

B.1 (1.5 points)

Seismic waves in this problem can be treated by using ray theory. Namely, their propagation is
described by the Snell’s law of refraction

n (0) sinfy = n(z) sin 6,

where the refractive index is c c

0@ oy (142

20

n(z) =
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7 ~
e A
e AN
/ \
14 \
1 \
1 1
IQO _-"T~s R 1
1 - S~a !
= =1 »
Ll
\ x1(6o) x
\
\
\
\
\
\
\
\
v
Z
Figure 2

and c denotes the seismic wave speed in a material with refractive index n = 1. From the two
equations above we have

Vo (1 + i) sin 6y = vy sin 6.
20
Method 1. Since this describes an arc of a circle, we have that at 0 = %, z = R — Rsin 0, (fig. 2),
giving
R—Rsinf
(1 + ﬁ) sinfy = 1,
20

20
sin 0y

from where the circle radius R = . From simple geometry we get

x1 (6g) = 2R cos b,
ie. A=2zpand b =1.

Method 2. Implicitly differentiating v (1 + %) sin 6y = v sin O gives

% sin 6, = cos 6 d6.
20

An infinitesimal ray path length dl is related to the change in the vertical coordinate via

dz =dl cos b,
giving
20
dl = do.
sin 6,

This is an equation of an arc of a circle of radius R = Sifloeo

Alternatively, instead of considering an infinitesimal ray path length dl, one can obtain the
answer by writing

rgodz _dedd
O T4k T d0dx
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The first derivative can be eliminated via Snell’s law, leading to

which can be integrated to get

20 end 2z cos Oy
X1 = — dcos) = ——,
S

sin 0y Jtart sin 6

where we used Snell’s law again to get that the ray has cos 8 = — cos 6 at the point where it reaches
the surface.

B.1 (1.5 pt)

x1 () = 2z cot 6.

B.2 (1.5 points)

In two dimensions, % d6, is the energy carried by rays that are emitted within interval [6y, 6, + d6y).
On the other hand, the energy carried by rays that arrive at [x, x + dx) is ¢ dx. Therefore,

E |d6,
e=—|—1].
| dx
Using the result of question B.1,
d Ab b (A% +x?
o> _ ———— = -Ab (l + cot? (b@o)) = ——( * )
dé, sin? (b6,) A
Hence,
EA ZEZ()

e(x) =

7b(AZ+x2) 7 (422 +x2)

This function is plotted in Fig. 3.

B.2 (1.5 pt)

EA _ 2EZO
b (A% +x2) g (422 +x2)

e(x) =

Sketch is shown in Fig. 3.

B.3 (2.0 points)

Define x_ = x; (90 - %) and x; = x3 (90 + %). To the leading order in 66, x_ =~ x; = x1 (6)).

With each reflection of the signal, the horizontal distance between the points where the edges of
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e(x),
E
21z,
0 x
Figure 3. Plot of the function &(x).
the signal reflect increases by |x; — x_| = x_ — x;. When moving along the positive x-axis, these
zones get wider until they overlap. If this happens after N reflections, then
x1 (6
N0
X_ — Xy

where the approximate sign tends to equality as 66, — 0.
The position where the zones start to overlap is at xmax = Nx1(6p). Therefore,

361(90)2
X1 (90—%) - x1 (90+%).

Xmax =

Since 60y < 6, we can approximate

86y 60, dx1(0o) Ab
Op——|—-x1|O+—| =~ - 66y = 66,.
x1( 0 2 ) x1(o+ 2 ) 6, 0 sinz(beo) 0

Combining the last two equations and substituting the x; (6y) expression gives

N Ab cos® (by) 2z cos®
e 60, - 50y

B.3 (2.0 pt)

N Ab cos® (b)) 2z cos® by
max 60, Bl 50y
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Part A. Electrostatic potential on the axis of the ring (1 point)
A.1 (0.3 points)

The linear charge density of the ring is A\ = ¢/(27R). All the points of the ring are situated a
distance v/ R? + 22 away from point A. Integrating over the whole ring we readily obtain:

B(z) = 2 .
dmeg / R% + 22
A1 (0.3 pt)
q 1
O (z) = _
=) dmeg \/ R? + 22
A.2 (0.4 points)
Using an expansion in powers of z we obtain:
oy L _ 4 L o9 (-2
dmeg vV R2 + 22 4meoR 14 (3)2 dmeg R 2R? )
Y R
A2 (0.4 pt)
2
q z
~ 1——.
GV~ e ( 2R2>

A.3 (0.2 points)
The potential energy of the electron is V(z) =

dV (z)
dz

—e®d(z). The force acting on the electron is

de
edz N

ge
— Z.
47T€0R3

F(z) =

If this is a restoring force, it should be negative for positive z. Thus, ¢ > 0.

A.3 (0.2 pt)

qe

-z > 0.
47T€0R3Z q

F(z) =
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A.4 (0.1 points)

The equation of motion for an electron is
qge

=0
47T€0R3Z

mz +

(here dots denote time derivatives). We therefore get

qge
W= ,/—.
4rmeoR3

A.4 (0.1 pt)

qe
W=, ——.
4rmegR3

Part B. Electrostatic potential in the plane of the ring (1.7 points)

B.1 (1.5 points)
There are two different ways to solve this problem: (i) using direct integration; (ii) using Gauss's
law and the result of part A.

Figure 1: Calculating electrostatic potential in the plane of the ring through direct integration.

(i) Direct integration. We will follow the notations of Figure 1. Since the potential has
cylindrical symmetry, let the point B, where we calculate the potential, be on the z-axis. Let

|OB| = r;|OC| = R.

Thus:
IBC|* = R* +r? — 2Rr cos 6.
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Electrostatic potential created by ring element d¢ at the point B:

1 AR d¢ 1 Ado

dd = =
dmeg \/R2 + 12 —2Rrcos¢  4meg \/1_|_

- )
7z — 25 C080

Using the expansion given in the formulation of the problem for ¢ = —1/2 we have:

Ado 1 /7 T 3/r? T 2
P ~ 1—=—=—-2— - = —-—2— )
d po— [ 5 <R2 Rcos<z§) +3 (R2 Rcos¢>

Ignoring the terms of the order r® and r* we get:

Integrating over all angles we finally obtain:

A 2m r r? (3 1
d(r) = 1+ —cos¢+ — [ =cos®p— = || do.
(r) 4#50/0 [ + Rcosqb—l— 7 <2cos o) 2)] o

2

q T
O(r) = 1 .
(r) 47T£OR< +4R2>

From here, comparing with the expression ®(r) = ¢(a + 7?), we obtain

1
6 n 167T80R3.
(i) Gauss’s law.
z
y T

Figure 2: Calculating electrostatic potential in the plane of the ring via Gauss's law.
Let us analyze a small cylinder of radius . The center of the cylinder coincides with the center

of the ring. In part A we analyzed the potential along the z-axis, while in this part we analyze the
potential along the radius r. For any z < R and r < R the potential has an expression:

o) = 1 (12 2 ) 1 qp?
=TT AreoR oRpz ) T
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The lowest order terms are quadratic in 7 and z. Due to reflection symmetry the potential does not
contain terms of the type rz. This, for example, immediately gives us a« = 1/(4mweqR). Thus, for
small 7 and z electric fields in the radial and axial directions are:

g E(z, 1) = —2¢0r.

5; ; = O pa”
(Z T) +47T€0R32

Applying Gauss's law to the cylinder we obtain:

yﬁg.dgzo - /5.d§+/5.d§:o.

side base

The second integral is:

qzr?

_’. _»: 2 _ =
/5 dS =2mr°E,(z,1) e I

base
The first integral is:
/5 dS = 4dnrz&,(z,r) = —8mqfr3=.
side

Gauss's theorem thus gives:
qzrz

2, _
el 8mqfrez = 0.
This immediately yields
g 1
a 167TE()R3,
which agrees with the result obtained via direct integration.
B.1 (15 pt)
1
b= 16meoR3”

B.2 (0.2 points)

The potential of the electron is V(1) = —e®(r). Force acting on the electron in the xy plane is
dV(r) d®(r) qe
F = — = == .
(r) dr ¢ dr 87r50R3T

To have oscilations we need the force to be negative for r > 0. Thus, ¢ < 0.

B.2 (0.2 pt)

qe

F(r)=+——r.
(T> +87T€0R3T

q < 0.
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Part C. The focal length of the idealized electrostatic lens (2.3 points)

C.1 (1.3 points)

Let us consider an electron with the velocity v = /2E/m at a distance r from the “optical” axis
(Figure 2 of the problem). The electron crosses the “active region” of the lens in time

d
t=—.
v

The equation of motion in the r direction:
mi = 2eqfr.
During the time the electron crosses the active region of the lens, the electron acquires radial velocity:

2 d
Uy = eqﬁr_ < 0.
m v

The lens will be focusing if ¢ < 0. The time it takes for an electron to reach the “optical” axis is:

'[;/— T . muv
el 2eqBd

During this time the electron travels in the z-direction a distance

mu? E

 2eqfd - eqdf

Az does not depend on the radial distance r, therefore all electron will cross the “optical” axis (will
be focused) in the same spot. Thus,

Az =tv=

B E
eqdf’

f=

C.1 (1.3pt)

E
eqdf

f=




IPhO Lithuania 52—6
2021 Theoretical Question 2 — Solution ENGLISH

C.2 (0.8 points)

q

Figure 3: Focusing of electrons.

Let us consider an electron emitted an an angle 7 to the optical axis (Figure 3). lIts initial velocity
in the radial direction is: .
Upo = USINY R VY R UE,

where r is the radial distance of the electron when it reaches the plane of the ring. The velocity in

the z-direction is
v, = VCOSY R 0.

For small angles ~ the additional velocity in the r-direction acquired in the “active region” is the
same as in part C.1. Thus, the radial velocity after crossing the active region is
r  2eqpfrd

| 2eqprd

N
b m v

where the first term is positive and the second term is negative, since ¢ < 0. If the electrons are
focused, then v, < 0 (this can be verified after obtaining the final result). The electron will reach
the optical axis in time

o roo T B 1
bl T EEG T EEy
During this time it will travel a distance
c=tv=— ! _ !
- T 2egB d 1~ egBd | 1
m v T b B T
C.2 (0.8 pt)
1
c=— .
eqBd 1
E %
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C.3 (0.2 pt)
From the previous answer we obtain:
1 1  eqpd
b ¢  E
Comparing with the answer of C.1 we immediately obtain
1,11
b ¢ f’

i.e. the equation of a thin optical lens is valid for an electrostatic lens as well.

C.3 (0.2 pt)

The equation of a thin optical lens § + 1 = % is valid for an electrostatic lens.

Part D. The ring as a capacitor (3 points)

D.1 (2.0 points)

2

Figure 4: Calculation of the capacitance of the ring.

Let us sub-divide the entire ring into two parts: a part corresponding to the angle 2a¢ < 1, and the
rest of the ring, as shown in Figure 4. While the angle is small in comparison to 1, let us assume
that the length of the first part, aR, is still large compared to a («R > a). Let us calculate the
electrostatic potential ® at point K. It it a sum of two terms: the first one produced by the cut-out
part with an angle 2« (contribution ®;) and the second one originating from the rest of the ring
(contribution @,).

Contribution ®;. Since @ < 1, we can neglect the curvature of the cylinder that is cut out
from the ring. The linear charge density on the ring is A = 5Z-. The potential at the center of the
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cylinder is then given by an integral:

q o d(z/a) q ofifa qy

1 g /aR dx
! Ameg 2R Jo a2+ a2 4m%eR J, /14 (v/a)? 4120 R J, V142

Using the integral provided in the description of the problem we get:

aR/a q aR aR\”
= In | — 1 —
0 Am2e0 R " * * ( )

b, 71, (y + \/@)

B 47T2€0R

As aR > a,

q 2aR
b, ~ 1 .
' Ar2e0R " ( a )

Figure 5: Calculation of the capacitance of the ring

Contribution ®,. In this case we can neglect the thickness a. Using the cosine theorem we can
derive the distance between points K and L of Figure 5:

IKL| = 2Rsin%5.

The contribution ®, can then be written as an integral:

g, =21 1 /W o _ 4 /” do __q /”d(g): q /“/2 dy
T “omdmey ), 2Rsin?  8m2c0R J, sin? A4r%e0R J, si ¢ AmeR Jop siny

2 2

=

Using the integral from the formulation of the problem, we calculate:
/”/2 dy - cosy + 1 ”/2_111 cosa/2+1 ~lu 4
a2 SINX B sin a/2_ sin o /2 - o

for o <« 1. Therefore A
q
o, ~ Inl—].
> 4m2eR " (a)
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The total potential and capacitance. The total potential is the sum of ®; and ®,:

q 2aR q 4 q SR
O =>; + Py = 1 In(—) = In{— ).
1 4dm2e0R " ( a ) * Am2eg R " (a) Am2eoR " ( a

a drops out from the expression. From here we obtain the capacitance C' = ¢/® :

O — 47T2€0R
In (%7)
C —0asa—0.
D.1 (2.0 pt)
O — 47‘(’280R
I (5F)

D.2 (1.0 point)

Let ¢(t) be the charge on the ring at a time ¢t. Potential of the disk is thus ¢(t)/C. Voltage drop
of the resistor is Rol(t) = Rodg/dt. Therefore for time —& <t < £:

q(t) dg
C +R0dt =W.

Integrating this equation and keeping in mind that ¢(t) = 0 at t = —d/(2v), we get:
q(t) =CV (1 — e_ﬁe_ﬁ> :
The charge attains the largest absolute value at t = d/(2v). The value of the charge at this time is:
q = CVy <1 —e_ﬁ> .

When t > £ we get:
q(t) dg
— + Ryp— =0.
c T

From here:

St 4 d 4 ¢
q(t) = qoe RoC T 2Ry — CV() (ezuRoc —e 2uR0C> e RC.
Therefore, we obtain:

0 for t < —2%;

d
q(t) =< CV 1—e72vRoCe7Réic> for—%<t<i'

2v?

d _ da __t
CVp (R —e 2vRoC> e R fort > L.

For a lens to be focusing we require that charge is negative, therefore V; < 0. The dependence
of charge on time is shown in Figure 6.
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R

Figure 6: Charge on the ring as a function of time.

D.2 (1.0 pt)

For _4 <t< 4 q(t)=CV, (1_672“%0067#0)_
20 20’

d d o d ot
For t > 2, 4 (t) = CVj (erRoC —e 2vRoC> e RoC,
v

g = CVy (1 — e_ﬁ) Schematic plot of this function is shown in Figure 6.

Part E. Focal length of a more realistic lens (2 points)

E.1 (1.7 points)

Like in part C, the radial equation of motion of an electron is:
mi = 2eq(t)Pr,

where in this case ¢(t) depends on time. Using the notation 7 = 2¢/3/m, we obtain:
i —nq(t)r = 0.

As f/v > RyC, then during charging—decharging the electron does not substantially change its
radial position r, and we can assume r to be constant during the entire charging—decharging process.
In this case the acquired vertical velocity is

v, = 777"/ q(t) dt.
—d/(2v)
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We can use the derived equations for ¢(¢) and find the integrals. The integral fd/(%)

)2 A(8) At i
(using the notation d/v = tg, RyC =1, CVy = Qo):

/750/2 o) dt /t0/2 O (1 _ e*%e*%> dt = Qo (to -7 [1 - eitO/TD :

—t()/Q —t0/2
The integral fdo/o(%) q(t)dt is
/ Qo (e%2 — e_;%) e rdt = QoT [1 — e_tO/T] .
t0/2
Adding the two integrals we obtain for the final integral:

/ Tt = Qoto.

to/2

Interestingly, it does not depend on 7 = RyC. Therefore, the acquired vertical velocity of the
electron is

Ur =1

CVod  2eBCVydr
r = .
v muv
Following the logic similar to part C, we derive the focal length

fe— E
 eCVydB'
E.1 (1.7 pt)
E
f=- .
eCVodp

E.2 (0.3 points).

Comparing f = —E/(eCVydp) with f = —E/(eqdf) from part C we immediataly obtain g =
V.

E.2 (0.3 pt)

gett = CVp.
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Particles and Waves (10 points)

Part A. Quantum particle in a box (1.4 points)

A.1 (0.4 points)

The width of the potential well (L) should be equal to the half of the wavelength of the de Broglie
standing wave Aqg = h/p, here h is the Planck’s constant and p is the momentum of the particle.
Thus p = h/Aqs = h/(2L), and the minimal possible energy of the particle is

2 h2
Emin = p_ = 5"
2m  8mlL
A1 (04 pt)
h2
Fmin = 17

A.2 (0.6 points)

The potential well should fit an integer number of the de Broglie half-wavelengths: L = %)L(Yl;) - n,

n=12,.... Therefore, particle’s momentum, corresponding to the de Broglie wavelength /1((1'1;) is
o = h  hn
n — (I’l) - ia
AdB

and the corresponding energy is

2 2.2
jos hen
E = — = s :1,2,3,.... 1
" 2m  8mlL? " M
A2 (0.6 pt)
h’n?
"= iz = Ee

A.3 (0.4 points)

The energy of the emitted photon, E = hc/A (here c is the speed of light and A is the photon’s
wavelength) should be equal to the energy difference AE = E, — E, therefore

he  8mcL®

Aoy = -
27, —E 3h
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A.3 (0.4 pt)
8mclL?
Aot =
21 3h

Part B. Optical properties of molecules (2.1 points)

B.1 (0.8 points)

Taking into account the Pauli exclusion principle, each energy level E, is occupied by two electrons
with spins oriented in the opposite directions. As a results, 10 electrons fill the lowest 5 states,
and the absorption of the photon of the longest wavelength corresponds to the transition of one
electron from the occupied Es to the unoccupied E4 energy state:

he E _E

A — L6 5
where E¢ and E5 can be found from Eq. 1, where m is replaced with the electron mass m.. Hence

we obtain:
_c-8mel®  10.5%-8mecl® 882 mecl?

C h(62-52) 11 h 11 h
This result correspond precisely to the experimental value the peak position of the Cy5 absorption
spectrum.

~ 647 nm.

B.1 (0.8 pt)

882 mecl?

— . Numerical value: A = 647 nm.
11 h

Expression: A =

B.2 (0.4 points)

In the similar model for the Cy3 molecule, there are 8 electrons in the box of length L = 8.5I,
thus photon’s absorption corresponds to the E; — Es transition. Taking into account the result of
question B1, we obtain
An 8.52 -8 mecl®
3T (52-42) p

i. e. the absorption spectrum of the Cy3 molecule is shifted by AA =~ 129 nm to the blue comparing

~ 518 nm,

to that of the Cy5 molecule. The experimental value is )L(Ce;?) = 548 nm, so that our model catches
general properties of these dye molecules rather well.
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B.2 (0.4 pt)

Absorption spectrum of Cy3 is shifted to the (check): = bluer O redder

spectral region by AA = 129 nm.

B.3 (0.7 points)

Let us assume

K = keShPAvd°. )
The Sl units of the relevant quantities are:
A2 . gt ko - m2
o] = ———  [=-""  [AJ=m,  [dl=A-s-m  [K]=s"
kg - m S

By plugging these expressions into Eq. 2 we obtain a simple system of linear equations for the
unknown powers «, B, y, and é:

20+6 =0, —a+ =0, da—-f+6=-1, —-B3a+2f+y+6=0.
By solving this system we get:
a=p=-1, Yy = -3, 6=2,

so that the rate of spontaneous emission is

167 d? 3
3 gh)3

B.3 (0.7 pt)

_167r3 d?

B 3 th/p‘

B.4 (0.2 points)

By using the result of question B.2 and expressing transition dipole moment as d = 2.4 el, we obtain

from Eq. 3:
3 th

= — A3 ~ 3.3ns.
1673 2.42]2¢2

TCys

B.4 (0.2 pt)

Numerical value: 7cys ~ 3.3 ns.
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Part C. Bose-Einstein condensation (1.5 points)

C.1 (0.4 points)

At temperature T, the average kinetic energy of translational motion is %kBT. Equating this result
to p?/(2m), we obtain typical momentum p = v/3mkgT and the de Broglie wavelength

S
a5 P V3kaT‘
C.1 (0.4 pt)
p = \3mkgT Aap = ——
B a® V?)kaT‘

C.2 (0.5 points)

The volume per particle V/N is a good estimate for £3. We obtain £ = n™/3, with n = N/V and
equate £ = Agg to express T, = h®n?/3/(3mkg).

C.2 (0.5 pt)

h2n2/3
- 3ka '

£ =n13 T.

C.3 (0.6 points)

Using the answer to the previous question, we express n, = (3mkgT;)/?/h3. Equation of state for the
ideal gas gives ng = p/(kpT). Numerical estimations yield n, ~ 1.59- 10 m™® and ny/n, ~ 1.5 10.

C.3 (0.6 pt)

(3 - 87 mamukBTC)S/2
h3 ’

Numerical value: n, ~ 1.59 - 10" m=3.

Expression: n, =

Expression: ng = p/(kgT). Numerical value: ny/n. = 1.5 - 107.
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Part D. Three-beam optical lattices (5.0 points)
D.1 (1.4 points)
We sum the three electric fields (z components)
3 -
E(F,t) = E, Z cos (ki - a)t) , (4)
i=1
and square the result
33 _
E*(Ft) = E Z Z cos (k, r— a)t) cos (k] r— a)t)
i=1 j=1 5)
B2 5> .-
= - ; JZ:; {cos [(ki - kJ) r] + cos [(kl + kJ) r— Zwt]}
Time averaging gives
E2 3L .-
2 -
(B2(7, 1)) = ?;;cos[(kl—k]) r], ©6)
we analyse the 9 terms and simplify to
3 S -
(E*(F,t)) = E; (§+Zcosbj-?). (7)
j=1

Here 1;1,2,3 = (I_c)z - Eg), (123 — El), (Izl - I:z) or in terms of the Levi-Civita symbol, I;k = g,-jk(l_c),- - I;j).

Incidentally, they are known as the reciprocal lattice vectors.

D.1 (1.4 pt)
3
V(¥) = —aE; ( Z )
j=1
5121_(;2—]_(;3, E—Izg—kl, 532121—]_(;2.

D.2 (0.5 points)

D.2 (0.5 pt)

of —I;’s.

Argument: Observe that rotation by 60° maps the three vectors 51,2,3 into the relabelled triplet
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D.3 (1.2 points)

We find
V(x,y) = —aE? {E + cos (ky\/’g) + cos (S‘k_x + M) + cos (S‘k_x - @)}, (8)
2 2 2 2
and deduce L
Vx(x) = —aE> {g+2005 STX} 9)

The potential has a simple cosine form, and the origin in an obvious minimum. Its replica appear at
multiples of Ax = 47/(3k). In the midpoint between any two minima, e.g. at x = Ax/2 = 2x/(3k),
the function Vx(x) has its maxima.

Concerning the behaviour along the y axis, we have

3
Vy(y) = —aE? {5 + cos 2¢ + 2 cos (p}, Q= \/§ky/2. (10)

Looking for the extrema, we find the equation
sin 2¢ + sin ¢ = 0. (11)
o ¢ =0 is the ‘deep’ minimum — the lattice site;
o ¢ = is the ‘shallow’ minimum (later shown to be a saddle point of V(x,y));

o ¢ =2r/3 and ¢ = 4x/3 are maxima.

D.3 (1.2 pt)

53 3kx
Vx(x) = —aE 2 +ZCOST .

3
Vy(y) = —aE} {5 + cos 2¢ + 2 cos q)} , here ¢ = V3ky/2.
Minimum (-a) of Vx(x): x = 0.
27

Maximum (-a) of Vx(x): x = A

2
Minimum (-a) of Vy(y): y = 0 (‘deep’) and y = Tﬂk (‘shallow’).
3

81

41
Maximum (-a) of Vy(y): y= ——— and y = ———.
y\y):y Y 33k

33k
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D.4 (0.8 points)
We review the minima found in the previous question and eliminate the saddle point at (0, 27/3V3k).
The actual minima of the 2D potential landscape V(x, y) are:

o (0,0) — at the origin;

o (4m/(3k),0) — nearest to the origin in the positive direction along the x axis. On the grounds
of symmetry we argue that there are six equivalent nearest minima in the directions 0°, £60°,
+120°, and 180° with respect to the x axis.

Distance between nearest minima (the lattice constant) a = 4/(3k). Given that the laser wave-
length is Ajps = 271/k, we have a = Ax = 2A1,5/3.

D.4 (0.8 pt)
. . 2
Ratio of the lattice constant to the laser wavelength: a/Aj,s = 3

Positions of all equivalent minima nearest to the origin: in the directions 0°, £60°, £120°,
and 180° with respect to the x axis.

D.5 (1.1 points)

The atom’s core electrons (all but the one promoted to to a state with a high principal quantum
number n) shield the electric field of the nucleus so that the effective potential for the outer electron
resembles that of a hydrogen atom. The attractive force acting on that electron, F = e*/(4meor?),
gives rise to its centripetal acceleration a = v®/r. Equating F = mea and using the expression
for the angular momentum m.or = nfi to eliminate the velocity, we find the quantum number n
corresponding to the orbit with the radius r = Aj,:

met 85. (12)

e
n=—
/] 471'60

D.5 (1.1pt)

e [meld

Expression: n = — Numerical value: n = 85.

4eg




_. -
$1-1

I P h O Lithuania
2021 Experimental Question 1 — Solution ENGLISH

Non-ideal capacitors (10 points)

Capacitance measurement method:

First, measure the highest voltage the capacitor can reach by connecting it to the voltage source
via jumper wire W2. Before each measurement, connect capacitor to starting voltage source with
jumper wire W2 and to a final voltage source (Ur) with jumper wire W1 via the resistor R1.
Capacitor C2 should be prepared that way for at least 10 s, while C1 measurement can be started
immediately by disconnecting jumper wire W2 from the starting voltage source. To determine a
precise value of the final voltage Uy, it should be measured after capacitor has been connected to

final source via R1 for a long time (at least 3 minutes). Then, the capacitance can be calculated
from:

_Uf—U(t) dUu
CW) =71 /E

When measuring C2, to ensure minimal change in charging current, capacitance should only be
calculated in conditions where Ur and U(t) have different polarities. This way, capacitance
dependence on voltage should be symmetrical around 0 V.

Part A: Capacitors at room temperature (4 points)

A.1(2.3 pt)

Graph C; (U) should be constant, C,(U) must be highest at 0 V.
Example results measured at room temperature of 29 °C.

] — G

0.5 - c,
0.4
L ]
3 0.3
O 1
0.2 ]

0.1 {W«Q—.—.—.—.—.—H—C—.—.—H—.—.—.—H—.—.ﬂ}w

oo tr——+—+—+7+7vvrn———"1J"""""""
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G G
0V 0.100 pF 0.473 uF
3V 0.100 pF 0.183 uF
6V 0.100 puF 0.086 pF
Us=U(t) ,dU
CU)=—7—7—/ —.
) R1 dt
A.2 (0.5 pt)

Umax change = 4.5 V at capacitor C2

A3 (1.2 pt)
It’s important to calculate foﬁ;j C(U)dU, not just attempt to multiply C(6 V) - 6V

q; = 0.60 uC; g, = 1.3 uC

Part B: Calibrating NCT thermistor (1 point)

B.1(1.0 pt)

Ry = UIofs oo/
U-UTg

where U = 3.3V, Ury — uT at room temperature, T — room temperature in kelvins

R, = 0.0341 Q.
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Part C: Capacitors at different temperatures (3 points)

C.1(1.3 pt)

Graphs C; (U, T) should always stay constant, C,(U) must be highest at 0 V

] ®— (C1 40 °C
0.5 —&— C, 40 °C
0.4 C1 65 °C
] C, 65 °C
503 & (C185°C
© —— C; 85 °C
0.2 1
0.1
0-0 -' T T T T T T T T T
-6 -4 -2 0 2 4 6
u,Vv
C.2 (0.5 pt)

Graph C;(T) should always stay constant

0.5 G0V VvV GC6V
0.4

e

=+ 0.3 1

© :
0.2
0.11 9 - v “
0.0-'|""|""|""|""|""|"'

30 40 50 60 70 80

Iy °G
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C.3(1.2 pt)

€,(85 °C)/C, (40 °C) |oy = 1.00
C1(85 °C)/C;(40 °C) |¢y = 1.00
C,(85 °C) /C,(40 °C) |oy = 0.63

C,(85 °C)/C,(40 °C) |ov = 1.06

Part D: Sources of measurement errors (2 points)

D.1 (1.0 pt)

Initial settings:

S1 position IN connection
C1 -9V or GND
Process:
Step number S1 position IN connection Duration, s Measured variable
1 C1 +9V 0.2 s (any
short time is
good)
2 C1 Free |duC (t)|/dt
3 C1 +9V 5 s (has to be
much longer
than first)
4 C1 Free |duC (t)|/dt

Verification: |duC (t)|/dt|, = |duC(t)|/dt|,

Main source of error: 1 (Leakage current.)
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D.2 (1.0 pt)

Initial settings:

S1 position IN connection
C2 -9V or GND
Process:
Step number S1 position IN connection Duration, s Measured variable
1 C2 +9V 0.2 s (any
short time is
good)
2 C2 Free |duC (t)|/dt
3 C2 +9V 5 s (has to be
much longer
than first)
4 C2 Free |duC (t)|/dt

Alternatively,

|duC(8)|/dtl,

|duC (t)[/dt],

Verification: |duC (t)|/dt|, > |duC(t)|/dt|,

Main source of error: 2 (Polarization properties of the capacitor’s dielectric media)
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Light Emitting Diodes (LEDs)

Volt-Ampere characteristics of the LED have to be measured in two modes: pulsed (part A) and
continuous (part B). Running LED continuously produces a noticeable amount of heat, while
running it in the pulsed mode allows minimizing and neglecting self-heating effect.

Students have to be able to run the automated /Lep(ULep) measurement procedure and extract the
required point by visually interpolating data for required values of I ep.

The temperature of PCB is controlled by changing the current of the heating circuit. The heating
and temperature measurement parts of this Experiment are identical to the Experiment 1.

Part A: Volt-ampere characteristics at different temperatures (5.0 points)

A.1(2.5 pt.)
Graph I gp(ULgp) has to be accurate (in right range) and smooth.
] L 80 60 22
40 °C
} —— 60 °C
40 1 —— 80 °C
< 301
e ]
20 1
10 -
1.6 1.7 1.8 1.9 2.0 2.1 2.2
u,v
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A.2 (1.0 pt.)
Urep ULep, T):
T | “Room” 22 °C 40 °C 60°C 80°C
I gp
3 mA 1.844 V 1.818 1.785 1.754
10 mA 1.954 1.925 1.888 1.855
20 mA 2.048 2.02 1.982 1.945
40 mA 2.186 2.15 2.108 2.07
A3 (1.5 pt.)
Graphed Upgp (I gp, T) from A.2 data. U gp(T) should show clear linear trend and be
approximated graphically. The slope (#) should also be calculated.
2.2 eI
§~‘§*§h‘.-
2.1 T
1 TT=-¢40 mA
JER I e
2.0 e
> T ~@-
S T o 20 MmA
1.9 -
‘q.‘“hm —
| ——_, ‘w? S =
1.8'_ LY W T
- w”““-m»..,A 3 mA
20 30 40 50 60 70 80
T; °C
Liep 3 mA 10 mA 20 mA 40 mA
AU(I,T)
T -1.55 mV/K -1.7 mV/K -1.8 mV/K -2.0 mV/K
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Part B: Measurement of the LED Volt-Ampere characteristics at continuous
driving current (3.5 points)

B.1(1.5 pt.)
Graph I gp(Urgp) has to be accurate (in right range) and smooth.
] — 3 mA
2 10 mA
] 20 mA
407 — 40mA
£
20 1
10 1
0 _: hd B M«vﬁ
T LI T L ) -
1.6 1.7 1.8 1.9 2.0 2.1
u,v
ILep 3 mA 10 mA 20 mA 40 mA
Ugp | 183V 193V 2.00 V 2.08 V
AU 0.014V 0.024 V 0.048 V 0.106 V
T; ~323°C ~43 °C ~49 °C ~76.5 °C
Tpcg | ~25-30°C ~30-35°C ~33-37°C ~35-40 °C
B.2 (0.5 pt.)
The dynamic resistance of the LED has to be calculated as derivative at the asked values of
I Ep.
ILep 3 mA 10 mA 20 mA 40 mA
dI
au 41.6 mA/V 100 mA/V 166.7 mA/V 400 mA/V
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B.3 (1.5 pt.)

Graphed AT (P).
AT for each I gp has to be calculated as AT = U(pm(s;,dg;)lg(cw) — (Tpcg(CW) — Tpcp(pulsed))

AT

from the data of A.2, B.1 and A.3.

Caution: during the measurement of B.1, the temperature of the PCB is not constant and rises
up to 7 °C above the “room’ temperature at higher currents. This has to be taken into account
when calculating AT.

The generated heat is taken as electrical power: P = [ gp X U gp. The energy emitted by the
escaping light is neglected.

The graph should have a clear linear trend and approximated graphically. Thermal resistance is

calculated as linear slope % (AT(P)) =400 K/W.

35 1
30 A

25 _: ‘ ("‘,,

AT, K
|

20
15

10

51 6
10 20 30 40 50 60 70 80
P, mW

) 3 mA 10 mA 20 mA 40 mA
AT 5.0 K 12K 20 K 37 K
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Part C: Calculation of the LED current drift due to the temperature
(1.5 points).

C.1(1.5 pt)

The I gp under constant U gp = Uyoma is calculated:

Ligp (Uzoma, T) = 20 mA — (T — Troom) X <

AU(20mA, T) 9 dI(20 mA, U)
AT dU '

ILED(UZOmAr OOC) S 133 mA, ILED(UZOmAr 400(:) S 257 mA




