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EKEMHE (zero-length springs) M1IE £ (slinky coils)

SERKE®E (zero effective length spring, ZLS) BEMNIELL FRENKE, BIH L > L, B, #M4H
F=kL, H¥ L, BHRENTNKE, H#’@mﬂ%@kﬁﬂ@ﬂﬁk)ﬁo B 1ERT—REERKESREN®RMES
FHI#EKE L WXR, BRELNREEHRENHMRE L.

F

(090) LO L

1: BN FANRERE LBXAR

SHEUKERE (ZLS) mEZHREM, IR EWNEENINEE ¢ NEK. EXE, HNEE—R
BHEM ZLS, EMNER Mg KT kLje BHEEENEX T —PEEMLE o = kL /Mg < 1 RRAFEERIEF
ME., —MIAESI#E (slinky) BITAMAIER (BER—E) XHEHN—F ZLS,

Part A: %1% (3.0 13)

A1 SFFERKME ZLS , ZEEPKEN AH—E, BXEHZXGTHAO FH#E  0.5pt
BY, ZERKE Ay B% "‘7 WA F, A FIEEERSEL (parameters) KR o

A2 XNF—EREKEHNAHES, REMREK ACAREIKE Ay, HEFEMOIL  0.5pt
AW

FedF, RTAMERT LSS FRY—SAEXEERIRRIERE 0 < ¢ < L) KIF2ER, FES, SF#
BLNE IR, HEEMHKE, 7 RERE.

A3  RIRITFEENTURSEER, BER T‘E%Eﬁﬂ’]ﬂfﬁﬁ?ﬁ{%, LR, % 2.0pt
RERENSKE HZ2ZD? A L) o RRSFNER.

Part B: zhh%¥ (5.5 49)

SKIOEREA, H—iRERIEBENHE MR IDIREEREY, E2ZFMMINERSE, T FEpRIFELE (WE 2), BER
BRI, TNEWAEERD B—IREARE TiEs), HE% (turns) HBlskE%, mMTHERERLLE Do HRHME, #E
ENBPTRABYEHE D EANA FiaEa, JSEHEETLEE—{ (fully collapsed) , BLAEIHIEMHK
KE L, B, MERREA FFIR1E50, ML, WEREERSETER TR, WNNEEENERTE—#.
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E2: EE: BAHREEH TEIERREN—RIIBE, A8 TEEEHTEIEDEHNIED
| F0E2 LEAIER S 1o

AEAFNERED, ERIRELRERAEM ERER, RRIUBR=SME, BERERRERK Lo

B.1 iIEBEMAUBRHRIEIT2BEERNKE L) NBEEMNE t .o ERMA Ly, g, M 2.5pt
o RiTo
YIEN k= 1.02 N/m, L, = 0.055m, LUK M = 0.201 kg B, EEAMEE ¢ A
9.80 m/s* BY, & ¢, WEUE,

B2 EANER, BRTES | (B2 rEthEs) MES I (B2 Pagkis) B8 2.5pt
RELAR. EXTNZ, BENBDDAFE, HREN m() = £ M, MBSEHED
UFAE—HIBREARE v, (0) T80, KIE: LAY (KAFERLED) SoHEPNRER
v;(0) =VAl+ B, B Ly, 9, la RREH A B

B.3 ETFB2MEAR, RRETEHIER EIRERKRZEMNEMZA) BEEED  0.5pt
E"JEE'E/J\EE}_E._ VUmin » 2 Lo) a, A *n B 5’%%5‘\%5"]%%0

PartC: BEEX¥ (1.5 %)
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c1 MEER RSN 2 At B BT EAREMBRIIMNEE Q, B L, M, g 1.5pt
*ﬂ « *%1&1’]’5’] |:l7|<o




[PhL(e) Q2-1

Chinese (China)

MR PRI
SRR X TFRORPRRRI S, REMARNNAE, BRRE— BN “HEE" (magnetron) B
SERFELN, Part A RETHASENEE, Part B RERMTRIEEIRIL,

d=1mm
l=6mm
R =7 mm
h=17.5mm

E1

Part A: iz ERSMSIRIE (6.6 53)

HIEERARTEMNENIERE, ekt (BTEX) SES: (bERRPT) BK. MizEa—M
BRARRHRN. WHIZEMERHS GFR) BEARRMBAX—RN. FENFKESBMEIZER
tHo

AR P E BRI OEFRERAR (FE58 o) MFSERIRER (FE80) A. FARARENEESH
TR, HFHEEZITEFRETRR, XETE®MTA EiRkeE . HP—MBIRSIEZIIRE, IBRUREEL SR
H, T TTENAESRIEXRLE. FMEASTEHEET. £EE 1(a) ERMW—FMARKNASR 8 MEIRITHVHLIT
B, B 1(b) I ABEMEIRIEN =441, NEMR, /\TNEFNE—IMHRIABR—ES (LC) HiRSSE,
HIEIRMZE N f = 2.45 GHzo

BEHEERREN— N ESHYSH, smiEmst (B 1(a)). EFERMARZEEEN—MEEBE. M
&SRV FIRRIPAREE FHE, EMMAH—MRZIRI, ZRP, SHMETERSEZENERNGTS
R, EHREE R LUR AR X7,

LRSI EBRRABAR Z B E T — MR EWEG (B 1(a) FEL; #EHEEEY), EXTHMEREIR

B f = 2.45 GHzo XNMREMBIHEMEIEEEESEENERED L. FRRFABRZENRT BN RIZL

RERBIN L, BFERRMMARZENEHZHEFBISRTBIGNERIER. XEFIIAMRRNETEE

Qikﬁfgﬁ%ﬂ’ﬂké’ﬂ 80% MREBFIRA R T, LA FHNBFROZIBIRERRESHNBETF, #—PK
TR,
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SNMERSBOOANEBEMBRE, WE 1(b) Fim. ZBATERBIERBRENWTEIS, MERREEFR
il 1E“E1%¢JE%§¢E’\J$,;.J’J’M A& B EIRIERERE, BiZBRrEni7 e E SERTRKIEL
B 0.6 5. B 1(b) LA TiEIRSBN/LAISHNREEE, ETHSEMNBERD 5N, = 8.85- 10712E ]

TH m
Mo = 47 - 10~ me

A1 BERYIETBEIERSBFERDE . RITRERAEISEBLLE f = 0.4pt
2.45 GHz BISRFMETREL 7£ TEBYRZ A= B 4 HBY5RPRE. )

B A2 DS REEERS, BRMTEMBREXNYE, ZREBHTEPEMNET, Z2—NEEy i
AEBYSNEG E = —F,j 1—ASB1E - M5 m9450S B = B,2 ER. (E, M B, 2FH, 7,j,2 28
IRE, EEMEE). HNBu(t) RABFE NZIERE, BFINERRE U, HENXH I:E’J:Fi’]JEl;o ESA ]
B mfl —e DRRTBFHRESBER,

A2 FEUTAMERT, Ritii,, AEERRFELE0<t < L HINESCEREFA  1.5pt
i
1. t = 0 BYEBFHNERE R 4(0) = (3E,/B,)z,
2. t =0 BNEBFENRERN ©(0) = —(3E,/B,)z.

HENMUERRNCHIZTENE R, BRFAAKRZENEER 15 mm. BTIHRNEENHEL, RIEENBEFH
BRANEEREE K, = 800V, BRHIAMEERN B, = 0.3T. BFHNREMBERHI m =9.1- 1073 kg F0
—e=—-1.6-107C,

A3 AT ERAFHEGEBFEHNTNSAFRE, ZERAFBFHEEMAN  0.4pt
B, BSRRETMARER.

&2

A4 E2FmAR—EZIFRARR Z BRI T B 4% (*%Eﬁi%%i%iiﬂiutlj)o TE 1.2pt
RPFSH LR ZI7E A, B, C, DI ERIEF, HEBFSMAER, ﬂﬂl‘%%?ﬂﬂl‘ﬁ
&, MEBFRREESATEEETHREAME,
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B 3 Frm AR —BZIFRLAMIBIR 2 BRI BB (BREI7BH4REH). AL B C. D. EF F 4% 6
BFHE, PRABEFIERRINESHER.

ZEE3IFNER, XF 6 MNEFITAB. AC. BC, DE. DF. EF RIS NEFIT, £
ZEHRPIEHZNZENNEEEESHENSHEERA O O NELNFE AL K
/) [whether their drift will cause the angle between their positions (measured

from the cathode’ s center O) to increase or decrease at that moment]o

A5 1.2pt

= 4
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TERE A5 PR EME—MERENS, KARMBRZBNBEFRBBIEFRTR. B 4#BET —PXFRESR,
A S trtho

A6 EEFTRRPLHIRZINEEREFR]. AFKMRHelInE%Am, HItEelln  0.8pt
FHARE w,.

BRIRFARFNFAMR Z [BIFY A = AR 2 BB 17 E T MBI ZIBER BV R M ER R IAITFI9E, HEREZPSNEEZ AN
ZARMEM, FERFMFAKNFE («Fb) WE 4,

A7 TSHEEZENLARTERFNEBEV, FIEMRIER [Find an approximate  1.1pt
expression for the static voltage V, required for operating the magnetron in the
manner descrlbed]o (R BERINBEERHMIEE TR E/IVE, &NIE
BESES—,

Part B: WMikiES Sk FRI1ERA (3.4 53)

Bﬁ%&ﬂ]ﬂﬁﬁbﬁzimﬁ‘f (MEITERNRLEFNHMRIFNERE) KIE, MEBMA—MERAEN BT,
tl:!ll]i%%k‘i #HK (FEKETUEEZRRE),

BERFREZR— W AX/NMIRNERRER ¢ 5 —¢ BR—/NEER d, BEREXEN A BEEMERSR, K
yg p = qdo

BEBSIEI LN E (1) — E(1)7 EEIEBNBEIRT (1) L, ZE@RTFAGEEMRE: p, = (1)) B8
RTS8 52 BRI o).

B.1 SHTHIRER: BEREEERF LONEHIAR/N (1), UNBHEREABMEER  0.5pt
FRITHRBKR/N H,(t)o BB py, E(1), 6(t) NENBSEEKERT.

KD FRBERM, EILAT LS R B R F R IE, @EEI?E%&%??R%?Z[E‘H%?(E’J%%E, AT EER KD F
MAEBMIBIRTF . EMENLZSERUEE P(t), CRBETE (BAAERKKS FHTYRER
E)o RUKE P(t) FATFEREZANBERTRY (BMKSE), Et), HHENEIRS, IRHBEELT
BB LR EBHIIRE, EREHE .

KA BRI BT RGN E() — E, sin(wh)d, £ w = 21 f, EEIRIRLEE P(t) — ey E, Sin(wi—
5)3, Heh g ERIEKEMERH—NTRNH S,

B.2  EHSUMAIRFIKIRIINERBYEYETISE (H (1)) BIFRER. 0.5pt
BRBIEHRRREL f (1) E—NEH T AR ETIENENX !

to+T

-7 / f(t)dt. (1)

IAEZEHRARSTEKPREE. KEEN T EEH EBEIMERT) Ne,, HRBIKBFEED = /o
FBIZRIBREIREEBBEN le o E% WiH5BIZMNETIYEEREHES,

B3 HI(x) RRTIEEFHEEEEZE (energy flux density) BIBTEFYY (BBAMIEFR LR  1.1pt
IR IHER (power ﬂOW))o XE  BHNKRE, BHE » ARfERE. BHiZ
BETE I(2) X WEBIXAN, ZBEZETKKRANE 1(0) FUHIESERF.

fIEE ¢ RRT KD FENBEEFRSENER, HEZEBRTEENN T BIRFERE , MERTEES .,
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(ATBHEMEWRBERNNANR w BEEEX), BEBUTXR: tand =¢,/c,0 =0 BB/, EKPRE
VIR (N:NEsh7/pa

E(z,t) = Eje~tmko=tand gin (nk 2z — wt) (2)

Hih iy =w/c, ¢c=3.0-1082 BETHE,

B4  TEtand~sindifXRT, MBHESHEW B.2 AP R g HRER. 0.6pt

90 1000 100 10 245 10  °C
T T T T T T T T ||x|! T rHJ__L:IIOH:
! / ,
80 4= 20 1
87' o |/ . J%?|
- 1 —t+ 40:
701 1T LN
| rimdmy shii
o NP duii i camwaabia
i / /
50 i—=%=1003
CJE;C _/'f?f 1V £
40 . oy Ayoviiid LR
. 100°c/ 7 SN WIeiR A
gp 30 ‘}\, N
- 100°C 2T
201 N7 S 1N 'w.\
10} ! > \\\ h N
gr] » "“'-- ~
: \'**--:%N"‘~;\EE\":? ~d
0 ] aC - —

Alem)

& 5

SEH T4k (£48) MiEHK (BR) Be, (BEB) 5 (468), E/IMNFRNEET, BERKHMENT
o FikIiIETRTM0°C B 100°C IR BILE, AT =27-2.45-10%s ! EEPBE—FHNRELFY, TER
12 E B ES E LR AIE .

B.5  FIAESEIZET5IRH: 0.7pt
1 X4F 20°C 4K, HEHENRE 2, ), BB, 2, BREEX—RENBAFR
HIThER » = 0 RELH—¥,

2. AEARPIEATUKIRITAKEY, REAS, #NREREM, BOERRF
AR,

3. EEBAPIEARKIRTZ Rk B, BEEEAS, ENREZEM,
DIERRFAE,
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e ZThil
S B T B — AR S R A S AT, GEMES I~ SRR ST

RELLH, FABRRKARMLERRMAE, ST AESHERYEMIEZNRE. SIFSHMAN
AR, BT IEREES, RELZKEEAERE .

AENSNMRBE L EMERNSIZER, BCRBERE (setup) MAEFRAME, XNTBERRNALE
M=, BISNIKFAREARRB MERFBF, RITNDITRERERARNTLESERE, BIRAIMNIIREHEBIRINE
i,

PartA: HAERER (3.749)

ZE—MKERN L AEEERN S WERE, HiE0 2 BR. ENRRENUT « =0/ = Lo EMHEE, H
ARARERSE, ETEN, KRB RE 1), E3Rp, MRERE p). RISTAKER IR, SUKEE)
REEE« AA. (EEEMN ¢ M 2 AM, [SEEEHMEREZHS8.)

&1

A1 SR AETREY, SR (gas elements) BUAME w B » ARAIRE. RBEURTFT  0.3pt
SN ETAENTEMAE 2o STRARRTENEHEGME « WARUBBETRAE
u(z,t) = asin(kz) cos(wt) = u, (z) cos(wt) (1)

(FEEX ?mﬁ’—ﬁﬁk%ﬁﬁ’\]fﬁﬁ)
EEF' @<L %IE y k=2m/N BRIKEL, A BRK. EXMRFRRAFLENK

BIMRISEFRERNEF—EE A = A, BIRHER. .

WME, EE—1EFENSETT (parcel of gas), FRIERIMUTF « M 2 + Az ZI8] (Az < L) EA A1 FEYUTERK
MR, SETE « HRHHERERT U UREMA S FE M RINT K,

EUTFRERER, BRIRFIERNFERNEMALLSZNEIREERZ .

A2  SETER V(2 t) EEHEEE )V, = SAz BHER7, HEER 0.5pt
V(x,t) =V, + Vi(x) cos(wt). (2)

j‘ﬁllill ‘G(l’) Egﬁﬁﬁy ﬁﬁ VO’ a, k *[] T 1%%/—]_70

A3 BIRRMAZERE, HTFEENER, EMEFER 0.7pt
p(z,t) = pg — py(z) cos(wt). (3)

BEEBERTRETNG, REERIKHAVRE p, () (REXED), BEMUE =,
TERE p,, UBHRIE o IKNSE Lo XK.

FEREBIRRT, ABRSEHAER. FATESETTHR AU S (FARRILRGIIE, HRXHR pV" = const,
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Hep y BERER

A4 FERERXFMICRIPEIER, RIEEFFRIEEREN c = w/k, B—RIM.  0.3pt
B po, po TNAERELR v RRIREIE SR,

A5 EFERHIEET, BTEAEKNEESENEREEZNL, BRUTER: 0.7pt

T(x,t) =Ty — Ty (x) cOS(wt). (4)
KREBERHIVIRIE 7, (z), B T,,,a, kMl x Rixo

A.6 BINBIRES|HRZEE BB EER (ZBRIRNBETREAG AH), HERZ 1.2pt
HEENFREFAT, BESEAUSEREIVENAE, AN AR LZ E%
Rito

NFE 2 FNET = (A, CEBRLG, BEFL), TENEER, FIMELRER
:t UD, /UZ’I‘, l_ﬂE'f%*%Z_Ro

A B c
T 0 ’]
1 x
t — t
0 L
= 2

Part B: SMEIp#ERSEMFKBKA (6.3 5)

RBEREZMENEFRELSRENE TEN, BERNIRESEMARTT, UWERERAENSR. Hikikpy
FIMITF 2y = L/4, EORBHAIERRE ( < L, FHETEMEEE (REERTRIERS), HRIRNEHAL
W%, RIFREE 7o WRIEMNEDSENT 2f = 2, — (/2 8, BIINPREFRFIRE Ty =T, +7/2, SItHE
ETJ’ ﬁEijlf%, 7_ .TI')C = Iy + 5/23 5EIFE{%¢% TC = TO - 7/20

HERARAATFE BRI ARZRURSEEAMIASREIEENRERE, 15 1), (v) =T, — =27

4

L/A—0/2  L/4  L/A+£/2

b

{ TH ’ Te ’

E 3. 2%EE, (A) M (B) #AERTEEMEERE. (D) RRHEHR
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T DITERAR S B AR KR FRIRIRMBA, MU TRIL:
- SEEREM, FrERNFERIE MRS RILEBER ).
- RGEEFAERVRKIKKHEME KRN T I, ©REHTHERIRFEMIEMIIE

- ERIRIEEKERERS ( < A0 Etﬂﬁ&%?ﬂ%%ﬂ%@%_m%ﬁ’\]nﬁ@%ﬂ%@%l_\ﬁiﬁ’\]*ﬁ,#\%, LAfE
BRURLE u(w,t) ~ u(zg, t) FER p(,t) ~ p(zg, t) TEMERROKES®B (o #75R) JUKIANZE
58,

- TV LUBBS B TSR TR NS AR T S BV EIA SR

- EBRAERZEREE, EENMEREZRNEEES, BLLTFHEER/N: 7 < T

- B AR, B SARGEEENRESRLUZERT, B—EENATREREAZHTSEEM5IEN
SR SUE SRR Z [BIHE S

B.1  EEMMIRXEABFESEIT, BRI 2 = L/40 BRATIEMILRAZEEY, | 0.4pt
RTTPRE LB ERIREVEE, B TEK:

T, (t) =Ty — T, cOS(wt). (5)

env

Ha,7MIRR Ty

B2 CREESTENMRE, Y, SEBMNSEREDDEREEER. BT, k¢ 1.0pt
%H__\ Tero

B.3 RHARNNSETHRR 12 (EARREUEMERTURNAMERBEI—/LM  0.8pt
TiE. BTN ER 4 %Dl_éi e ‘j;’, RZM A A TR E R A TR
&18 p, MV, LXZ’Z*%*.*H Wy RN ER. (REIUERSSERARTERER
Cy = Rls /\EPR MS F&o)

ETHBERR Z BN ERARESE T BT ERMAERNRDEUSEER. BIBERXNMNER~E
o

MIERHRRFNBSETHRBEIELL FRETMBDERRBETZEREEE, EME Q2 = -4V (T, —
T,)cos(wt) £ iHo X2 T, M T, 3= A5 # B.1 FEYUATABBERIRBCEERIE, HE 5> 025
o RISENSEZITIHR, BFXMPARE5ENFRREZ WAL T, A 7, MEFHFEEH.

B4  ATIHEL, BPEEEETSHERRNMZMMSBEHIETHEIRNRZE. 1.9pt
FAHER BBEHRAR MBI E RN AR E R

P =Dpo + P, SiN(wt) — p,, COS(wt), (6)
V =V, + V,sin(wt) 4+ V, cos(wt).

E%u Pq *u Py> S-RH:II Va *D ‘/bO % Pas Py Pos VO) Y Ty Ters ﬂ; w, a *D l %ﬁfﬁ\'ﬂ@%%o

B.5 KHE—IMEABABHSETEENSRUARNEZI (acoustic work)w, XTIt  0.8pt
W BV ATRFR 2 LR B — NN SR A= ERNEII W0
FH Vs Ts Ters By w, a, k*” S?E/T Wtot°




Theory

[ph(e) 3-4

ISRAEL 2019 Chinese (China)

B.6  REE—NAHAMz =z, EMBEEFRIEMNHR Q. BHEMRER. A, 7., 0.8pt
B,w, a, S, RN E SR,
(2R: (RET BRI R T A j=Qdu,)

B.7  KHRAEZRIMHEIEEK o MEEXAFTENEFINSEMNERAERIAEZLL, 0.6pt
FHE/E?*W?DTEE/E#LF‘ZEHE’\J*}EFE% 7 BFREE 7, MRERE ), =1-1,/Ty
RRMPESR,
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NFNE
EAKREH, HNFBANEIRER A EMEHNEF MY FIER.
AR AIFNEFRTERAMK, XBLE-FEN, FEBE,

AR, FNBEARMRENGERNESHFRBOFHER, F—MEECRGTE ME_MERETTE,
A LLURRIE SR,

£ BE o, FITPENEBICRK A STT5CMBIMEL  ZBLHE, EEXEIRSHEKT.
£ CEB, BANNBNERFR, XRB=AWZRERL, BIHEXERSHEKF.

SRIEIRFIR 20 DePfE, ERATRHEE 100 Dt (FENITUEAS). XERAREALSD, BIFEIN
WEF, SAE Hy‘c"F’&_h_1Tjt9§5MJzo

A LA TRRMEEFARR, et URESE b, EXERRd, RERTIRERNEILR.
A LUERTRaEEFARS, REtAUREEE L,
EXLESOR, (RMERIRERIIELR.
BNKRLIHA:
- YINEMHKER!

. EFEEQ‘EB@EP, BRBK TR, HNEFNREXTELUEN, BRIFHLBBREAFTTRARNE

- AERHARNELE T RERFFOL,

- AHITNER, ERAFRIXEAMI,
REFR
TEAENER DR REARS 1-918&, 75 10-12 REAEXNENELES . TRIRESHLFEE, T
EfRR I EEE CCFE) URBIFERE,

1. R¥, K60 EX

2. AJLURERRIBEHETEIR

3. BOtIR, REEBRLE, MARUEAUBEERNSE: EABD, BIEEERRL (Bd3A);
R CEHS, BABERERSMUE (Ed3B), Bt XIME IR 3C Fim.

4, 1222 AAF 4B BISK TR B e 1AZ R B DRIz HE BRI E S, BHITAREEAENHE, 7
BRREREENERFR 4C, R 4C hetk 180 ErJLIMBHANBE. FNESH I RMIELHIE, BN
Bk Fs i 8o

F&: R UEATRafE, MAANASEEREER.
—ERH, IRTHREEEERF L.

R

BEMRF

=¥4}

10. H#229 20.00 EXEEREE, BIEEERS L, ERSMEARKEL (BT ASD). R IZBERH
T*iﬁfﬁtﬂﬁ4A/J\7kEi9&o

11. AILRAEERESNE, Mo BFIREHSRKEREZNME, XA OIS S "R RFF A E
BRE (WFAZD). MEFR, IRFERLEFELZ, VEXARBNRSEERH.

£ ®©® N oo
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12. =P AR (12A) M—MEESAEERMEENEDESE (12B), BFRESTH M (120) R=AKE
(12D).
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AZB5: ERBVRGIE (5.55)
EXEOH, HMPFEIME—RAERZ AT REHRERNEEAEZEHFHE,

Diode Lase

EXHMFFS:
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o N HREBRERBINGF B

20 | NFIANAERE, ANANAEE —TERETE, X—TEENRE,

B2 NAITET A

= 180° — 23

RSz SN O DS

HEMEREF TSP ZAHTHEEAR LFORE (EREEF, N =3)
IREEHMEANF KRR AAESEFRRAAZENAE (AESEN =3NEATRRER)
206 | SNARRTR

S|zl |2 ™

BE o, [ 6 ZEIKNKFRN:

§=2a+ (N —1)(180° —283) . (1)

R EEMAX XA, THES.

AT EITHCENERNNG A, BSIARTEEARE L, BINERATESNLRR, EREZNER
ARENEZHING A, AEAREREENARRENIANRFiHERER, FREEEIRTFL. AERE
F 4C FIHAT R BB MR E.

R LUISENR N TRANSE: Part A B{&{i; Part B. PartC B&1i.

A RIRIRERIER S ik (ERFIBERRER) . FERBENFARNMmR (FEDICRMIEZL) !
A1 SHENERSGNTEE, ERSVER. BENBEVOCRIERZ. EHAFA oo 1.0pt

HIT—RINFBE 15° <o <75, ZENVE, HEXRIIERT o, Aa,d, Ado
AR WTFNES, EEAERLZENE /2 EHE.

A2 ERE—THINEE, LHEHNER, MPRILISERFFTER  MIRE An. SRR 1.0pt
FEITEHME, FIHRENERER 1B=E5IF. XRE» M An

A3 SHTFTEAL RTRBINE, 26 6 15N o RBHE, BRESNMNERMIREHFIRIC A 0.5pt
M Ac B. HATTINNE LUERILE 0 WER/IMEMX R o o B 6, M o, KER
TEfl .

AT REWIRGIR/NSR, (RA] B IRERIEEEN LSRN ES.

BIMNEIRS NS X

EATR, REXRBRZ—MAERSTESERONE, REMRERSIRAESIFE, ERFREMIR
EitE. A, MEEFMATILATREERNVESIRE, BENSEEER L.

A4 IRIEMRTE A3 PRENIBIEENES, ERSRENASBEHITNERSEINSER, 5  0.7pt
MERI S EZRFREIT RS2,
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A.5 HF N =3, R ALBPFENGZE, THRHENNE (measurements) RKEiEEIT  0.8pt
Birgt=R
- SRS RBENTEE, HEEPIEHIMNENBLE,
- IERIREYMEE (measurements),
© SNEEHITAMHRUESEEMTERENITHNE ., IRFE, R
FERFIMR LR E T

A.6 ﬁ?g:4ﬂN:5%%R,EEHE%IWEE(%%%H%%Wﬁﬁﬁﬁ%ﬁ 1.5pt
2B,
- IBRIRTE N = 4 B #HITHNE,
- 3N =4 BME(E (measurements) H1THH, FHERAXLNEERAEMS
BEITERHEE
- IBRIRTE N = 5 i HITHNE,
- XN =5 WNEERITON, FERXLENZEE (measurements) RAJEEM
BEITEITEE no
- MN=3, N=4F N =5REINTFRER, iTEIFFERNTHE (n) o

mt

it

B #853: fradiinsE (2.5%5)

X—EBR R BHITIRESI Mo

EATR, RATEKREILLE N/d, HP A BHILHRK, d2XMER (EMBIREZEIRIER).
HHACRSFITHAM, NFALRANKEAERE (n RERK) NHEZENBE-,, HTFRAH:

d- (sin a+sin(6,, — a)) =m\ (2)

TR

NGRS HH 2 BIEINGT

HRVEBNGI B @S m RETHERKRFEZERNAEE
FeHE 2R - SRR R4 RO 2 B RIRE RS

&.SCDQ 3
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ST RMBIN A UEFHK D R EIR KBS, B, ERBTTHERNICRERNE \/d, BNERBETIRE,

FAFFAZET 4B HA LR BN EESE, BALSRREE T OCRAKFHMER 180 B (OEERBL) 238
FRRBVIATS, XEREETS#TT B B3 C 8890, EAEREHK 4C AN R RH#ITHIE, FEXERARANSESTT
SR BNEENT, WANKREHEEFWNFE. s R =e HBMﬁ¢om%
FEMBYEX E MG TE S —MIBIAREE R RN, BREERZACMIEARACEE, FEFEMLT MRS, &
MHMEE—PE—BYID, BEMRE L, EEBERNIIRERS T ID,

TEN BERD, RARe=AEIS A BB EHERD BRI %,

B.1 - EEER EEEEREE, FEPIRESEF LR, T8 JRBIERZE, J 0.7pt
RITEMNENE R, URAENENSE,
- MA1RGTHE m = 1 #HTNE, B MRUENE, HEHEE N/ do
- FA 2 RETHIE m = 2 #HTNE, B TRUENE, HEHIE N/ d

B.2 FAESMITHE (n>2) KELE N/d 1.8pt
- EEERL, BEHENEEE, SN m =3 m =4 N0IER. EERPIRHE
Jt, IS eMl, JERAVERER, FERITEMNEMNE S, URFEEINENEE,
© BRI m = 3,4 HITNE, B TRNENE. FFENm, HHNENEE
M/ do

CE%: =HERIVAHE (2.0 R)

—MEMFBN =R, RENRERT. BeE. RRNAETRRSE 60 EFRSBI 0.7 RARAN
ERBNEAE, FATNHNENSNERZFIAMREITER, NEEFSRRE, JLUBIERNAERIN
(sinz ~z, cosz~ 1, z BUNEARM) KEERBAENMIMEE. E4ATH, MRBWIRETHE. TES
HT —FitBd — M EHRNRIEREMS — T E SR Fo
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RBYBAERFLEENNUE, FRAMKILRINERIRSHEE, FEFERERERNRS 12B F,

CA1 T_X'J'HEIJ TEIR—F’ = Qg » Xj%l-—%ﬁ%ﬂﬁ?ﬁﬂ?%.?ﬁ n = len bym/Q + 30° ) 04pt
Fﬂi A EUR AT RESIE E LN ER BRI ST =
- BEERA L, [EATEIRSRIIFMATE,

c.2 - EEELAL, ERIFFIMENEREKE (BFEIRE). 1.6pt
- BRSBTS R, RiZENRE,
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WES FXZZTERE (Wiedemann-Franz Law)
EE2EFR, HETEBREIHEFES. Alt, ASENBESEKZRXN, XHEFFHN Wiedemann-Franz B,

ELBHWENZUSENSHRENZIMESBHNAFZMBEZFS, 7 PartAf, NEX (Copper). EiH
(Brass) #1£8 (Aluminum) BB S ZE, 7£ Part B #1, MEXFHREE, 7 PartCH, NMEXFNABTE, &
Part D H, NEHAMENHRSE, 8fF, 7 PartEd, BRIFSENXLEYIBYRZBINEIEXER,

FEEFHHEFHERE.
7AS7E Part Bl Part D R&EHE—1 15 FHEIFRETEl, IR HIFIRAYET 8,
RERT

BN ASLTRE IR E BIFEEET 220V/25A BIRIRRE, RAVFRIRHAEIRERZERET 220V 8B
TR

IRERE

W= OEE, K200.02K, AFLER 6.0 =X, JMERE 20.0 2K,
BMP=EE, K200.0 2K, AFLER6.02=X, S ER 19.0 FXK,
AT OEE, K200.02K, AFLER 6.0 =X, SMER 20.0 =X,
FRER 1.2 RV Nk,

7k B ——TS Rt B THRIMELL BT S R BV, MERBAIREE, SINERT]. BIHHA 4 A4
Ak QX2 F/HR) , BT ERMEKE,

6. T #1: B 20.0 mm BRI, HEZSMREFRS (BERINIRED) M—NNHAes (EEFTE
S$%), UE 2., I6SEATEIRREZERER (TH 155), HIBEERBLEIER,

o bk w e
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1.

9.
10.
11.
12.
13.
14.
15.

=L

F#2: BE20.0mm WESHT, HEZMREEMGRR (BEEINIRED) f—NNHiS (EEITes
%), WE2.b, IESEATEIRRERERER (TH LS5 S5), HINBSEREEIER,

. B,
HFIRMEN 12V EREIR.
HFIEHE, 2FUER/\MEEERRSEBAIEHMNNE, SR TERRA. XM FBaBFEDR.
BEERINNEG, BTFERT LNEELRSNEF NG,

BER-THRERIEE N 20 REREE (B 3),
RBMKR-THRENIRE N 10 RIBERER (B 3).
S,
IFAEEH OV EREIR, AERIELEE.
L REERRMR IR (FinEiEk) ERFHERIREE, MAESAHEAtSEREETRER

HhEE, ERREsIRmENHE.
2. REBRENIKH,

2.a- 1 #1 RER.

Efﬁyg mm, '%Ergﬁ 0.1mmo,

(A) Mg, EERLESH. (B) £WiF. (CO) 8 MEERRSE, STHEEUONT,
HAp— Mg ETkFiE.

(D) #BLusl, AT EREfE/KARE LRVIRET
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E 2.b- 7 #2 WREAE.
BIA mm, BERO.Imm,

(A) mHiR, EEFELABSHL. (B) KiFMF. (O 8 MEERRR, STHEEYIORSR,
HA—PMRFIkFfE. (D) $B4rfl, BT EEMEkSEE LB, () =T, (F) B

3-ERKRMBER
(1) SRIEPERR 10A ThEEERILE, (2) BRIhAERIELSL.
(3) SRISFRfERRY 20V INRERBINIE, (4) BEINEERIIZLZ L.

BFIRBEERIHA

R F R EERE 12V DC BiR,

HrEBEAMT IR DRNEE R, SANRLERESRSNEFERN, 2 FRETHIRELR
BEIRHIR. SERENXLMNFR, SFEEMIRIMNERRN, BEER “Timer mode”,

ERERT!
- R 3 e EERE,
- FEERTAGIRIARS (hold) METR (2FMEIE, BFRER).
- BRI TOeRE R REREMER KL R
EMRIRILT!
- BTASRHE R,
- BRRELTE,
- KIEBPRES
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HFEHEERINSRTRSATRERNR, SRPEANEEEFREFFTEEE. EHit, FEHTRE,
EFATAFERSHTNFEREL RRREER. RESREA. BAEREEL RSN AN—InEEE
L5 AR, BEDEKHANEENRANS —RERIEF. HFSFIRRINAEATIIRFRELSR.

BE PMEHITRE, AT EFTERIMKSEIRE LRNMAFEREBR. URIERENTHRED
5o
MRMARMENBIEMRE, (REXRAFRRAGBEEMEREREEAN. RBERIEE LRI
#R,

B 4558
(A) 12VEFEBEL, (B) LSRR,
(C) REFBSURL, (18) —T—THREEY, SUNBRE. BETHEREITT,

PartA: K51, SBMBEAEANESE (1.59)

[F12

YRS EZORERN TN, SBRNEAR, BHRIREER . EHit, BRAT—TRERERE. T
XFRIRE, WERERRTR:

8tmga? (1)
2( 02 2 dy’
pg(mr2, M) owf (<)

Vterminal =

XEm BHEHGHRE, c REMNBSE, « EENAER, r, M d NEHENERNSE, M SHENFR
6221’t§§rg7 w %%EEE@EE) f(%) IEE*Ij_‘Elzlé o Ezkgggﬁq:) a =~ Tm’ d = 27"m ~ 2@: 7F|] f (2) ~ 1.750 .l.l:t)
ZHAER TSR Ed B FRr R R E e |

Tgn(MOMfUJLo
R — O N

t =027 (2)

mg

XE Ly =02m2ENKE, HMNRIQEHKBFEREILAZABERE,
HEMENEMEKR SN
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tioM = 0.65 T, waluminum = Weopper = 7-0X 107 M, wprae = 6.5x 1072 M,m = 1.2x107° kg , 7, = 3.0x 107 m
g=9.8m/s?
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o

I8

A1 FERARFEHENHRER, NERBEZFIE (Aluminum). K58 (Copper) &  1.0pt
(Brass) EFfERIATE, 7R Al PiCRITMBRLENEE,

A2 FIAEERARHEX S HAEIESE oyyminum: Ccopper Terasso 0.5pt

Part B: EHHRIARFE (3.045)
ATHEBENERNEZERESNEBNASE,

[FiE

REXrAAR P(z) = —rd- 210 FE X, 12’AT¥”LT/mF7f§EF‘iuuiﬁﬁ—i’f%%zﬁﬁ’ﬂbzzﬂﬂ'ﬁiE?é%,
XE, P(z )zEmLfiHE'JLL?xLE’Jﬁ%zEE’JIJJ$, AZHHBEER, AT (2)/Az 2z DEEERE.

e

B.1 BT 1 RERF LERNIIREE, 0.1pt

B SATRER, AR, B 1 REIRmE L, FURLEMEREH L, NE SR, EER
EHEINARBIFIE,

& 5

B.2  EHAMARHEHNENRNBRE, MNERENESLUTRAS: OVEIR, i1 0.5pt
#L%é Eg(E‘ﬁEE%EIJHJ:), BER, BRARNSEK. MALUESEENFXRITHNX
Zila<ki=:
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A LOXBERMERTER, BIFETN—IRMA, ERTRNZ—HERFSEKSE/LFEERRE,
BN BRI ERE S RBMTMBORERTS, B B.2/NEEE, AINASEE,

B3 HITEIHANELUTELEABMEBHIIR P, EEEIL L, 0.1pt

WBEBFER 15 2% (fRA] LR AX ERBY iE) sk i RIfREYSEEE) o

B4  TERMHRRET, B TAE/N\NEERRBERIUTHEREE: 152, 175 0.5pt
%0, 20 2.

B.5 F—RKEFER L, BE=7"FENENENEESUENXRZE, XEEHWRKEAF 1.0pt
Part Do

B.6  FIFLEL 17.5 DHITAOMIEE, RIBKMOASE vy EXBHAMFIERRER  0.5pt
o (58 17.5 HHNOBNTIGRETLE AT,

B.7 5xHKFMEMELE, FH <, BERET, KT, EEMHEE? 0.3pt

Part C: fEREFANAREHREMNATE (4.059)
[REE
MEE C THUTARRIE—REX:

AQ = CAT, %:c(%). (3

-~

HAF, AQ/At BILAGMRBIFERER, AT/At BRETUER, b, RRURENATE. KRENRE
79 0.58 kgo

=
XAMASBR, W, HT L, RERT E. EAMERRFEER0ME, BERERERN L,

EERINASBR, FRTEMERIIRFTINE L.
EE. BERBOFR, B7EREREEENER T ILMAS K EFE,

FI AL EI-INA-BR XN —NEE, RN USEMENREBRENATE, TMAME, FHRERIN
LTEBNNE 2.5°Co NTRBIARERDSEWFAHRIERE, NELA-MNA-F/LAEENSHKA 10-15 5%,

X8, HNNBREE Part B AR TNERNFIYEEEMHEMINLK,
AT ZEAPEENFRERE, BNFERFNERL YRR, FIPREN—MFHNUEEMENROME
BYRE,

C1  ERALE-MAR-LENIRER, ERCIPRERVELER, HFIHEFNTIEE, 1.0pt
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C.2 EFESRLESTHTYRERENELE, 1.0pt

C3  FALEMHELH o, MBAMNERNARENRME B, (7 Part BNTIREMNL). AR 1.0pt
EEM S R IR T %o

A TIRBTE Part B PIREINATRIEE, TEZEMTEENH:
- BEEASEANRERNRATESBHAESE.
- ENERARFHRARERS.
ER—FEL, RATLURIZHE TFXENG], BEFNRUKENNRRNENL, AP (2)/Az, BIEEHN.

C4 [EREELARANG, 5 Part B ARASREEE—FEMBIFTIAT /A Part  1.0pt
B CHEY kg, P,c,ym, B, 3T RRTREERBIRAFE ficopperr HITHRERIE,

Part D: EHAFBIARSE (1.0 9)

REAT 2 EEFIMFRBE £, Hi% Part B FFKRIHBARUEZITPRUREL R (R TAEREMNERN, A
MR RE L RBRERTIRME L) o

D.1 EHHERTFL, ETENIREE, 0.1pt

B E, AT 2 7EkBE L, WE 5 Fim. FUIR&AEMERTIRHE L

EEBHATNTR, MAEERERS,

MR ME, EOERF 15 FUHBHTIE,
E;ﬁﬂ%%ﬁﬁ%*%%g,Wﬂﬂﬁ&ﬁ%?%iﬁﬁo%%,Wﬂuﬁ&ﬂtﬁﬁﬁgﬁﬂiﬁﬁﬁﬁ
.

D.2 B 2HRE/N\TEERRSBIVEERY, HFiiES—KRNAT/Az 0.2pt

ER—Fobl M, REJRUERS C.4/NEERRIE, B, AP (z)/Az ZIEEM.
D.3  FIAZAIRINELER, B rpass M cauminum FRER, HIHEENRRE, 0.7pt

Part E: Wiedemann-Franz % (0.5 %)

Wiedemann-Franz E2ig, T&EY, AESHBEFES, HASEKNBEESXRZILS5EITEERZKIEXR.
Sk, ZERIBHXFHEMXRNNE L= £ (A “Lorenz#”) WAZHEERIZZHEREN, NEAFE
RANZEEE, EfrL, WTFEETHERE, ZERMNREKRAYN 10%.

E.1 IR E1 FIETIRREBAZSE, X (ko). WEMMHE, HE LHE, HEHE  0.5pt
BEANE—1MRELF, HERRIGE—RIEMTARASERMRI T EE,
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Zero-length springs and slinky coils — Solution
Part A: Statics

A.1 The force F causes the spring to change its length from L to L. Since equal parts of the

. A
spring are extended to equal lengths, we get: A_jl/ = Li - Ay = LiAl.
0 0

Since L = max {%, LO}, we get Ay = max{k%Al,Al}. From this result we see that any piece of
0

length Al the spring behaves as a ZLS with spring constant k* = k %

A.2 Let us compute the work of the force. From Task A.1: dW = F(x)dx = %xdx.

24y
Hence, AW = fAykLO xdx kALloxz N ’;z‘; (Ay? — Al?) .

A.3. At every point along the statically hanging spring the weight of the mass below is balanced
by the tension from above. This implies that at the bottom of the spring there is a section of
length [, whose turns are still touching each other, as their weight is insufficient to exceed the

threshold force kL to pull them apart. The length [, can be derived from the equation:
2

Lo _ _ k1§ _
aMg = kL, hence [, = g aLg.

For l > l,, a segment of the unstretched spring between [ and [ + dl feels a weight ofLng
0

from beneath, which causes its length to stretch from dl to dy = %dl —Mg E =
0 0 0

MIjar=Ldi.
kL3 lo

Integration of the last expression over the stretched region, up to the point L, gives its height
when the spring is stretched

L
0 2 LO

!
H=1 dl =1y +—
°+fl0 zzol0

lo

1 2 1, L 1
— o4 ([2 —[2) = 2O _0:_0( _>
ot o=l =g +5=5(at
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Part B: Dynamics

2
B.1. From Task A.3 we have H(l) = le + %" We now calculate the position of the center of
0

mass of the suspended spring. The contribution of the unstretched section of height [, at the

. l . l - . .
bottom, having a mass ofL—OM =aM, is aM ;0 The position of the center of mass is obtained by
0

summing the contributions of its elements:

L
Hop = = |2 M+fOH(l)d = aM + f - l" pdl
m =y |2 e 272 ) I,
lo
a?ly, 1[1B 1 a?L 313 1
= °y— —+—0 = S+ — Lo =+ 0 — o)
2 " Lolel, T2 2 LO 6L,

Where we have used dm = ‘Li—lM. Substituting [y = aL, yields

0

1 a® «
6a 6 2

Hcm:LO[___+_

I . . . L
When the spring is contracted to its free length L, its center of mass is located at ?0 From the

falling of the center of mass at acceleration g we get:

9o_py _Lo_ [L_ @ a 1] Lo .
yte = Hem 2_L0[6a 6t “ a1

2 2
Hence, t, = / Lo (1 - @)3.
re 3ga

Fork = 1.02 N/m, L, = 0.055 m, M = 0.201 kg, and g = 9.80 m/s?, we have a = 0.0285, and
t. = 0.245s.

B.2. The moving top section of the spring is pulled down by its own weight, m;,,g = Mg (Lz—_l)
0
and also by the tension in the spring below, which is equal to the weight Mgl/L of the
stationary section of the spring. Thus, the moving top section experiences a constant force F =
M g throughout its whole fall. Another way to see that, is that a total force of Mg is exerted on
the spring, but only the moving part experiences it. Let’s calculate the position of the center of

mass at equilibrium of the upper part, i.e., all points with I’ > [ for some [ > [,. From part A,
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s . (- . [ 12 l
the position of a small portion Al" with coordinate |"is: H(l") = T ;0 and the center of
0

mass of this part is:
1"
Hom-upper—i = m— M(LO 5 f H(dm = ——2— M(LO 5 f <Zlo )dm

j 12 l0 Mdl' J l'2 b\ 1y
M(L0 ) 210 Lo (Ly=1D zzo

1 l’3+ll’L0 L2+Lol+12 Lo

+
6l, 2
The position of the upper part of CM when it contracts to a length Lo — L is Hepp—ypper—5 =

2
leo + %O + % (Lo — D). The change in the CM during the contraction process is: AH ey _ypper =

_ L3+Lol-212

(Lo—D(Lo+21) 1
Hcm—upper—i - Hcm—upper—f - 6—l0 - E (LO - l) =0 _ E (LO - l)

6lo
FLO _ gLO
M(Lo=1) ~ Lo—l
From the work energy theorem we get the equation v,ipper_f = 2acmAH cm—upper, hence

[ bal, 2o~ b|= 2‘9[

The acceleration of the CM of the upper partis acy =

2
v
2 0

upper—f =

—2‘gz+(1 1) L
" 3a 3a gro

-2 — (L _
Therefore, A = o~ and B = (3a 1) gLo.

Note that for [ = L,, we have v?2 Log —Zandforl = l, = aL,, we get v2

upper—f — upper— f

Log g , hence, the moment we release the spring its velocity is finite (not zero, the meaning is
that it accumulate this velocity in time that is much shorter than the contracting time 1) and it

decreases to % of the initial value when [ = [,,.

B.3. Note that even though the center of mass of the spring accelerates downwards constantly,
the moving top section actually decelerates, while the position of the center of mass moves
down the spring. The speed of the top section v(l), calculated in Task B2, decreases and



Theory IPhO 2019

Ipt, S1-4

ISRAEL 2018
—

approaches the value /AalLy, + B immediately before it attaches to the bottom section of
height [, = aL,, which was unstretched and at rest. Once the moving top section attaches to
the resting bottom section, its momentum is shared between both sections, so the speed
further decreases just before the whole spring starts accelerating downwards as a single mass.
Thus, the minimum speed is that of the whole spring immediately after its full collapse. From
momentum conservation, we have

[
Mvpin = mtopv(lo) =M (1 - L—O) JAalLy + B

0

Vpin = (1 — a)/Aaly, + B
Part C: Energetics

C.1. From the moment the spring is released, the acceleration of its center of mass is governed
by the external force Mg and therefore the gravitational potential energy of the spring is fully

converted into the kinetic energy of the center of mass of the spring, which just before hitting

the ground is equal to the kinetic energy of the spring.

All that is left is the elastic energy stored in the spring, which is converted into heat, sound, etc.

To calculate it, we consider the elastic energy stored in a segment dh of the stretched spring,

which when unstretched lies between [ and [ + dl, using the result of Task A.2, AW =

I;—E(Al% — Al?), by choosing Al = dl and Al, = dy, and using dy = lidl (which was obtained
0

in Task A.3), we get:

2
dW = % (l— — 1) dl. Integrating from [, to L, we find

1

L
W—kaO AV 7Y N R Y el
) 2 \z T2 |32 T2\ 32 0
lo Lo
kL3 (1— a3 kL3 )
_T 3(12 —(1—0:) =@(1—a) (2a+1)
1-a)’Qa+1
=MgL0( a)*(2a+1)

6a



Theory IPhO 2019

[p1 S2-1

ISRAEL 2018
—

The Physics of a Microwave Oven — Solution
Part A: The structure and operation of a magnetron

A.1. The frequency of an LC circuit is f = w/2m = 1/(2mV/LC). If the total electric current
flowing along the boundary of the cavity is I, it generates a magnetic field whose magnitude (by
the assumptions of the question) is 0.6u,1/h, and a total magnetic flux equal to TR? X

0.6 /h, hence the inductance of the resonator is L = 0.6muyR? /h. Approximating the
capacitor as a plate capacitor, its capacitance is C = g3lh/d. Putting everything together, we
find

1 1 1 h 1 310° | 1 9
1:est ~ A 2 3 =2.0-10
27 JLC " 27\ 067R o golh 27[ RV 067l 677 “ 277107\ 367

Hz

A.2. Denoting the electron velocity by #(t), in this case the total force applied on it is
F = —e(—Ey9 + 1(t) X By2).

Let us write U(t) = Up + U'(t), with i, = (—E,/By)% being the drift velocity of a charged
particle in the crossed electric and magnetic fields (the velocity at which the electric and
magnetic forces cancel each other exactly). Then F= —el'(t) X ByZ. Thus, in a frame moving
at the drift velocity i, the electron trajectory is a circle with constant-magnitude velocity u’ =
|1’ (t)|, and radius r = mu'/eB,. In the lab frame this circular motion is superimposed upon
the drift at the constant velocity 1ij,. Hence:

1. For(0) = (3E,/By)x we findu' = 4E,/B, and r = 4mE,/eB2.
2. Foru(0) = —(3Ey/By)x we findu' = 2E,/B, andr = 2mE,/eB2.

This information, together with the independence of the period of the circular motion on u’
allows us to plot the electron trajectory in both cases (green and red, for cases 1 and 2,
respectively):

.
| mE, |
v
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A.3. The velocity of the electron in a frame of reference where the motion is approximately
circularisu'. From A.2 we get that u, +u'=v,_, and u,—u'=v_,, hence

)/2<v,,,

min /

ul = (Vmax

mln

The radius of the circular motion of the electron in this frameis r=mu'/eB, <mv,_, /eB,. The

maximal velocity is that corresponding to a kinetic energy, K., = mv2,,/2, of 800 eV.

31
Substituting we find r<— /ZeV ‘/ZmV \/2 9.1-10° 19800 =3.18-10*m~0.3mm.
e 0.3 1.6-10"

Since this maximal radlus is much smaIIer than the distance between the anode and the
cathode, we may ignore the circular component of the electronic motion, and approximate it as
pure drift.

A.4. As just explained, we may approximate the electron motion as pure drift. In task A.2 we
have found that the direction of the drift
velocity 1, is in the direction of the vector E x
B. Since we are interested in radial component
of the drift velocity, the only contribution is from
the azimuthal component of the electric field.
The static electric field has no azimuthal
component, hence the drift in the radial
direction results solely from the azimuthal
component of the alternating electric field.
What we have to check is if the azimuthal
component points clockwise or
counterclockwise. From the direction of the field F
lines it is easy to see (attached figure) that in -1- !

points A and B the azimuthal component

pointing clockwise therefore the electrons there drift towards the cathode, while for points C, D
and E the azimuthal component points counterclockwise and the electrons there drift toward
the anode.

Point | toward the toward the cathode perpendicular to the
anode radius

A X

B X




Theory IPhO 2019

Ipt, -

ISRAEL 2019
C X
X
E X

A.5. In this task we need to consider the azimuthal component of the drift velocity, which
results from the radial component of the electric field. Since all points are at the same distance
from the anode, all electrons experience the same static electric field. Hence only the radial
component of the alternating field determines whether the angle between the electrons’
position vectors would increase or decrease: If the radial component of the alternating field
points inwards (towards the cathode), the azimuthal drift velocity will be positive
(counterclockwise) and vice versa. Hence the electrons at A, B and C drift closer to each other in
terms of angles, while those at D, E and F drift away from each other.

points angle decreases angle increases indeterminate
AB X
BC X
CA X
DE X
EF
DF

A.6. Spokes will be created only in the regions
where focusing occurs. By the result of the
previous task, there are four spokes, as indicated
in the attached Figure.

The electron drift sets the spokes in a
counterclockwise rotation. The frequency of the
alternating field is f = 2.45 GHz. By the time the
alternating field flipped its sign (half a period),
each spoke moves to the next cavity,
corresponding to an angle of /4. Therefore, the
angular velocity of each spoke is

w = %/2 = gf = 3.85 - 10%rad/s. Each spoke
performs a full rotation around the magnetron
after four periods of the alternating field.
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A.7. The magnitude of the electric field in the region considered, r = (b + a)/2, is the
magnitude of the static field, that is, E = V,,/(b — a), giving rise to an azimuthal drift velocity of
magnitude up = E/By = Vy/[Bo(b — a)]. Equating up /T with the angular velocity found in the
previous task we find V, = 7 fB,(b* —a*)/ 4

Part B: The interaction of microwave radiation with water molecules

B.1. The torque at time t is given by 7(t) = —qdsin[0(t)]E(t) = —posin[6(t)]E(t), hence the
instantaneous power delivered to the dipole by the electric field is

H, (t) = z(t)8(t) = —p,E (t)sin (t)A(t) = E(t) %( p,C0s6(t)) = E(t) dpox| t(t)

B.2. Since the average dipole density (hence the average of each molecular dipole) is parallel to
the field, the absorbed power density is (angular brackets, (:-+ ), denote average over time)

(H(t) = <Eosin(a)ft) ddF:X> = <Eosin(coft)%(ﬁgoE0 sin(e,t —5))> =

E; Beyo; (sin(@;t) cos(at - 5)) = 0.5E; Be,w; (sin S +sin(2m;t - 5)) = 0.5E; Bz, sin 6

B.3. The energy density of the electromagnetic field at penetration depth z, which is twice the
electric energy density, is 2 X £,.60(E?(2,t))/2 = &,£0E2(2)(sin?(wt)) = &.60E2(2) /2.
Therefore, the time-averaged flux density at depth z is:

1 c 1
I(z) = EfrfoEg(Z) X = E\/S—rfoCEg (2),

where c is the speed of light in vacuum. I decreases with z due to the absorbed power
calculated in the previous task we find
dl(z) 1 _ Bwsind
5 = —E,BeowEg(z)sm6 =— e
hence I(z) = I(0) exp[—zBwsind/(c+/€,)].

B.4. Similarly to the previous task, the energy flux corresponding to the given field is

I(2),

1
1(2) = Jereoc(E* (2,0)) = 5 \JeregcEg e *Vertand/e,

Equating the argument of the exponent in the last expression with the result of the previous
task, and using the given approximation tan § = siné leads to f§ = ¢,..
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B.5.

1. Using previous results, the radiation power per unit area is reduced to half of its z = 0 value
atzy/, = cIn2 /(w+/e, tan §) = /&, In 2 /(we;). From the given graph, at the given
frequency &, = 78 and ¢; = 10, hence z;,, = 12 mm.

We have just found that the penetration depth is proportional to v/€,./&;. From the given graph
we thus find that:

2. Heating up pure water (continuous lines) decreases £, much more significantly than the
corresponding decrease of /€, at the given frequency. Thus, the penetration depth of pure
water increases with temperature, allowing deeper penetration of the microwave radiation and
heating up the water inner regions.

3. On the contrary, for a soup (dilute salt solution, dashed lines) g; at the given frequency
increases with temperature while &, decreases. Thus, the absorption rate increases with
temperature, the penetration depth decreases, and less microwave radiation reaches its inner

regions.
material Zy jpincreases with Zy/, decreases with Z1/,remains the same
temp. temp.
water X
soup X
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Thermoacoustic engine — Solution

Part A: Sound wave in a closed tube
A.1. The boundary conditions are: u(0,t) = u(L,t) = 0. As a result, sin (ZTEL) = 0, so we get
Amax = 2L.
A.2. We get

V(ix,t)=S- (Ax +ulx + Ax, t) —u(x,t)) = SAx - (1 + ') = Vo + Vou'.
Thus,

V(x,t) =V, + akV,cos(kx) cos(wt) = Vi(x) = akV, cos(kx).

A.3. We use Newton’s Second Law pyii = —p' to deduce p’ = —pyii = pyaw? sin(kx)cos(wt),
so that

p(x,t) =py — a%zpocos(kx)cos(a)t) = px)= a%zpocos(kx).

2
A.4. Using a < L, we obtain P _ yw. As a result, Po®” — y-k,andc = YPo
Po Yo pPo k Po

A.5. The relative change in T(x, t) is the sum of the relative changes in V(x, t) and p(x,t). As a
result,

1) = 2p1 (1) = 2Va(0) = ( = D2 Vi () = ak(y — DT, cos (k).

A.6. The movement of the gas parcels inside the tube conveys heat along its boundary. To
determine the direction of the convection, we combining the result of Task A.5 and the

expression (1) for u(x, t). We see that when 0 < x < %, the gas is colder when the displacement

u(x, t) is positive. Likewise, when % < x < L, the gas is colder when the displacement u(x, t) is

negative. Hence, heat flows into the gas near the point B, cooling it down, and out of the gas near
the points A and C, heating them up.

Part B: Sound wave amplification induced by external thermal contact

B.1. We get

Tenv(t) = Tplate(xo + u(xo' t)) = TO - % : u(xo, t),
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so that:

Ty = %sin(kxo) = ;72.

B.2. The gas will convey heat from the hot reservoir to the cold one if the parcels are colder than
the environment when u(x,, t) < 0, and hotter when u(x,, t) > 0. This occurs precisely if

Ty > T,

Plugging in the results of Tasks A.5 and B.1, we get

— DTy cos(kxy) = 1, =ké(y—1DT,.

B.3. Using the first law of thermodynamics, we get

dQ _ dE av
dt ~ dt w TP at’

Plugging in the relation E = y%lpV, we see that:

o _ 1 4d __L o, v y o, &
dt yldt(p )+p y—1V

at | y-1 dt~ﬁ Odt y—-100 gt
. dQ . .
B.4. We plug the expression for d—f into the result of Task B.3. This gives:

1, d
Evod_f + yyl 0=, = BVo(Ty = T1) - cos(wt).

We now plug in the data given in equation (6), and get (by considering terms with cos(wt) and
sin(wt) separately):

|4
1 /oPa® + yTlPoVaw = pVo(Tss — T1)

|4
— Voppw — yTlPowa =0

and thus, we can already express 1/}, as

Vo

1
Vy =-pp - 2.
bV Po
B.2

For V,, we plug in the results of Tasks B.1 and

Tst - Tl = = (T - Tcr)r
w2
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giving:

(-1, _y1B a . _ Y
a_< ypa y w{’\/E(T Tcr)) po.

B.5. We want to integrate the mechanical work generated, f pdV, and averaging the result over
a long time. To do this, we substitute our expressions (6) for the perturbed p and V. Since the

average of cos(wt)sin(wt) is 0, and that of sin?(wt) and cos?(wt) is % we get:
v
S_;Mzwt = —1 - (aVp + PpVa)-

Using the result of B.4, we get

Yo T ylpa Pp
S#MOt_w y B{,\/E(T Tcr) VOPO-

2
To leading order, p, is the unperturbed wave p, = p;(xy) = a%po cos(kxy) = akypy %

Simplifying, we get
-1
Wi =78 Ef (T - 1) 22 = 7= (y — DB(T — 1o)ka’s.

B.6. We want to compute the amount of heat convection over one cycle. This means that we
need to take the amount of heat moving in or out of the parcel, and weigh it by the position of
the parcel at that time. Thus, the total heat conveyed by the parcel, integrated along a cycle, is:

_ 1 rae .
QtOt_Axfdtu dt.

This expression can be computed to leading order using Z—f = BV (T — Ty) - cos(wt) and the

a

unperturbed displacement u(x,,t) = 5

cos(wt). This gives

a

2s
Qtot = %.BVO(Tst - Tl)ﬁ = E.BVO ' %(T - Tcr) '\7_5 = %,B(T - 7:cr)aT-

w

B.7. Dividing the results of Tasks B.5 and B.6, we obtain the expression:

Whot Ter Ter T Ter
r’ Qtot (y ) TO T TO T nC
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Optical Measurements — Solution

Part A: The refractive index of a disk

A.1: A sketch of the experimental setup for N = 3

A.1: table of measured and calculated values

ale) | Aa(e) | §/2(c) | A§/2(c) | () | AS(c) | B(e) | sina | sinf
15 0.25 | 1745 0.25 349 0.5 10.25 | 0.259 | 0.178
20 025 | 173 0.25 346 0.5 13.5 0342 |0.233
25 025 | 172 0.25 344 0.5 16.5 | 0.423 |0.284
30 025 |171 0.25 342 0.5 19.5 | 0.500 | 0.334
35 0.5 170 0.25 340 0.5 225 | 0574 |0.383
40 1 169.5 0.25 339 0.5 25.25 | 0.643 | 0.427
45 1 169 0.25 338 0.5 28 0.707 | 0.469
50 1 169 0.25 338 0.5 30.5 | 0.766 | 0.508
55 1 169 0.25 338 0.5 33 0.819 | 0.545
60 1.5 170 0.25 340 0.5 35 0.866 | 0.574
65 1.5 171 0.5 342 1 37 0.906 | 0.602
70 1.5 173.5 1 347 2 38.25 | 0.940 |0.619
75 2 176.5 1.5 353 3 39.25 | 0.966 | 0.633
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A.2:
/\ _g L n o< {
{
S
0¢
AL :
0( NdElirai g
0,0
oy
0.3
0.1
|
SmP
>
0,1 ( a./
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A.3:

y |
0 -
jtu + *-f‘ﬂf—-w
i b
+ | | {
-

By observing the remote screen, it is possible to identify the point in which § is minimal at the

highest accuracy.

The values we find are

a=49°+£0.25° and 6 =338°+0.5°
A4:

When § is minimal, % =0.
Differentiating the relation § = 2a + (N — 1)(180° — 28) by a we get:

2—-2(N —1)j—§=0 and therefore g—i=ﬁ_
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d,B:ncosﬂ

By differentiating Snell’s law SIn@ =NSIiN f we get COS =NCOS S -

daa N-1
Squaring this result, as well as Snell’s law and summing the expressions we get:
2 2
. i n® cos
1=sin’ a+cos’ a = n23|n2,8+—2ﬂ
(N-1)
1 . cos’
Hence: — =sin® ﬂ+—’82
n (N-1)

We got an explicit relation between the refraction angle § and the refraction index of the
material. Due to the multiple reflections inside the disk it is possible, by following all the point
in which the beam hits the disk-air interface, to measure the angle 8 at very high accuracy.

A.5: asketch showing all the measured quantities:

Define the angle y = 180° — 23, as shown in the sketch. In fact, after two reflections inside the
disk the beam exits at a point very close to the entering point. We will measure the angular
location of the points where the beam hits the interface after k reflection, for as many values of
k as we can:

a+ ky
49

168.5

288.5
409

WIN|R|O|X

Note: for the case of N = 3 it is not possible to measure for k > 3 as in this case, starting from
k = 3 the impact points co-inside with previous points.

Next we draw a graph of y = a + ky vs. k and find the linear regression slope, y:

aty
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900
800
700
600
500
400
300 .
200

100

y=120x+48.75
RZ=1

Fromy = 120° we get B = 30°, and using the equation we derived in A.4 we get:

1.512

NGB T Ccos PN - D2

A.6: We will identify the beam exiting the disk after 4 refractions/reflections (N = 4) and we
will change the incident angle until we get §,,;, for N = 4. We will measure a + ky as a
function of the number of times the beams hits the disk-air interface, k:

k a+ky
0 67

1 172
2 278

3 383
4 488

5 593
6 698.5
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200 y =105.23x + 67.089 ,
600 R2 = 1 s

200

100

1
T TG BE + (cos /(N - 1

We'll repeat this process for N = 5:

= 1.511

We will identify the beam exiting the disk after hitting the disk-air interface 5 times (N = 5)
and measure a + ky as a function of the number of hits, k:

k a+ ky
72.5

174.5
276.5
379.5
480.5
582.5

685

AN WINIFR|O
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800

700 Y= 102.05x + 72.554

..
R2=1 '
600 -
.
500
R
400 .
K3
300 .
s
200 .
.
100 | .
.
0
0 1 2 3 4 5 6 7
1
n= = 1.519
V(sin )2 + (cos B2/ (N — 1)2
Averaging the three results we get: N = 1.519 +1'211+1'512 =1.514+0.004

Section B — parameters of a diffraction grating
B.1: We will mark on the table a point Q, at a distance of about H = 70cm from the screen —

the wall of the experimental chamber - and at an equal distance from the chamber’s side walls.
Using the given measuring tape we will mark on the

screen two points P; and P,, at an equal distance of about ( \

100cm from the left and form the right of the marked

point Q. On the screen, we will mark a point P, placed in m=-

the middle of the interval P, P,. Then, we will aim a laser

to go through the points QP. This beam will be grating

perpendicular to the wall that will be used as a screen. Laser
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Standard method:

We will place the grating such that the beam passes through it. By gently rotating the grating
we will make sure that diffraction ordered 1 and —1 as well as 2 and —2 will appear in
symmetrically around the zero order point. Note that the position of the zero order on the
screen does not depend on the angle a. In this situation it ok to assume that the incident angle
of the beam on the gratingis ¢ = 0.

As in the sketch, we will measure H, L; and L, and use the relation d sin 8,,, = mA.

The measured values are 2L, =53.3cm, 2L, =163.5cm and H =60.8cm.

A A
For the first order we get q =0.4015. For the second order we get q =0.4012.

B.2: A second method
Getting higher orders is not possible at an incident angle of @ = 0. Thus we will change a and
as a result the angle 8,,, will change. There is an angle in which 6,,, is minimal. By differentiating

. . do
the relation d (sm a +sin(@, — a)) =MA by a we get that at the minimum ( r ™ =0)one
o

0 . 0
gets COSax—C0S(0, —a)=0=a = 7’“ From this we get 2d sm(;’“) =mA.
Note that there is no need to measure the angle «, but rather to identify, by changing «, the
minimum of 6,,,.

Using this method it is possible to measure also ordered m = 1and m = 2. Form = 2 and
m = —2 we can verify that the beam is perpendicular to the screen by making sure the distance
of these two ordered from the zero order is identical.

For m = 3, we will change a to get 65,,,;, and measure the distances L and h;.
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The measured values, as shown in the sketch below, are H =67.0cm, L =100.2cm,
h,=37.8cm.

/ \ / \
=
H H

grating

grating
Laser Laser

L 100.2
Weget 1N Oy = 1 3= 670378

Therefore: & = ESil’l(93—mi" = %sin 73'275 =0.400

=3.432 and hence O,,;,, = 13.75°

Form = 4 we will change a to get 6, .., and measure the distance h,.
The measured values are H =67.0cm, L =100.2cm, h, =96.3cm.

~H 96.3-67.0
L 100.2

o, 1 . 106.3°
sin

Hence 6,,., =106.3°, therefore g = %sin_“g‘i” ==

=0.2924

h
From the sketch we get tan(g, .. —90°) =—

=0.400
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Section C —the refraction index of a triangular prism
C.1: From the sketch showing the path of the laser beam and from

the principle the beam path reversal we get that the deflection
angle § from the direction of in the incoming beam will not change
if we switch the angles a; and a,. Thus we get that § achieves an
extremum value (in fact, a minimal value) when the situation is
perfectly symmetric, that is when a; = a5. In this case,

ﬂ1:ﬂ2:¢

5"
For the symmetric case, the incident angle a holds the relation & = — + — and from Snell’s
. (O .
law we get SIN —+Q = nsmf
2 2 2

If the prism is not exactly equilateral, we will mark the angles of the prism by (Iﬁ; =60°+ 28i .
From the sum of angles in a triangle we get Y_ &, = 0. Additionally 3, = 30+ &; . In this case
Ouin = Oy +2A; where &, is the minimal & when ¢ =60°.

. (0, :
From Snell’s law we get sm(?(’ +30°+A, + gij =nsin(30° + &,) . Making the small angle

approximation: sin(% + 30°j + cos(% + BOOJ(Ai +¢&)=nsin30°+ncos30°- ¢,
From the equation that holds for 60° prism we get COS(% + 30°](Ai +&)=ncos30°-¢,

[ (O
Averaging for all three angles we get <Ai> =0, and therefore N = ZSIHKW + 300]
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C.2. We will use the full length of the table to magnify the distances as much as possible. We
will build the setup, as described in the sketch, so that in the absence of the prism, the laser
beam will hit the screen (the chamber’s L

wall) perpendicularly. We will attach the

prism holder base to the table using the
adhesive tape. On it we will place the

prism holder and the prism itself. We will
rotate the prism to find the minimal h
deflection angle 8,,i,. We will then repeat

the measurement of §,,,;,, for each corner /
of the prism.

Laser

The measured values are given in the
table:

Corner No. L h )

min
1

51.05°+0.1°

141.6+0.2 cm

175.2+0.3cm

2

141.0+0.2cm

167.1+0.3cm

49.84°+0.1°

3

140.7£0.2cm

171.4£0.3cm

50.62°+0.1°

Calculation of the errorin ¢, :

2 2
tan é‘min = E = 21 A5min = (A_hj + ( hAZLj
L cos’s,, L L

2 2
Therefore' Aé‘min = COSZ 5min \/(A_th ’ ( hALj

L2

Substituting the measured values we get

0.3 T +(175.2-0.2

2
A6 LG j =0.0017rad =0.1°

AS,,;, = cos’ 51.050\/(
The error in the average value of the two angles is

A{S,) = 0.l"

min> _ﬁ

=0.06°=1-10"rad
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From the table we get that the average value of 0, is <5min > =50.50°

Therefore the refraction index of the prism is

n= Zsin(@+ 30°j = Zsin[g +30°) =2sin55.25° =1.6433

And the error in n : An =2¢0s55.25°-0.5A (5, ) = €0555.25°-1-10° = 6-10"*

Thus: n=1.6433+0.0006

As the laser wavelength may vary between lasers up to a standard deviation of £10nm, the
value found in the literature is n(4+ A1) =1.6425+0.0007 .
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0.3987
0.3987
0.4094
0.4020
0.3979
0.4093
0.3991
0.4008
0.4028
0.4005
0.3987
0.3982
0.3984
0.3982
0.4080
0.3994
0.3988
0.4065
0.3987
0.4026
0.4002
0.3974
0.4029
0.3987
0.3982
0.4064
0.3999
0.4011
0.4032
0.4022
0.3987
0.4019
0.4019
0.3982
0.3998
0.3998
0.4011
0.3979
0.4028
0.4035

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

0.4008
0.4031
0.3991
0.3982
0.4034
0.4010
0.4001
0.4034
0.3996
0.4002
0.4037
0.4031
0.4019
0.3999
0.4020
0.3991
0.4028
0.4004
0.3999
0.4071
0.4005
0.4078
0.4001
0.3971
0.4077
0.4017
0.4032
0.3991
0.3990
0.4034
0.4002
0.4029
0.4019
0.4028
0.4062
0.4031
0.4010
0.4005
0.3990
0.4007

81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

0.3990
0.4004
0.4011
0.3988
0.3976
0.4004
0.4028
0.3987
0.4058
0.4004
0.4001
0.3987
0.3994
0.3998
0.3994
0.3998
0.4029
0.3987
0.3991
0.3987
0.4043
0.3996
0.3962
0.4062
0.4047
0.4078
0.4047
0.4067
0.4067
0.4002
0.3994
0.3982
0.3967
0.3979
0.3991
0.3998
0.4065
0.4010
0.3967
0.3974

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

0.3967
0.4083
0.4075
0.4072
0.3999
0.4087
0.3988
0.3991
0.3976
0.3976
0.3996
0.4020
0.4062
0.4084
0.3968
0.4046
0.4077
0.3971
0.3967
0.4023
0.4074
0.4065
0.3994
0.3976
0.4075
0.4090
0.3996
0.3999
0.4087
0.3974
0.3965
0.4080
0.4005
0.3971
0.3988
0.4084
0.3973
0.3999
0.3888
0.4191

161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

0.3998
0.3998
0.4084
0.4084
0.3994
0.4191
0.4001
0.4191
0.3991
0.4080
0.4080
0.4005
0.4078
0.4083
0.3976
0.4074
0.4070
0.3984
0.3984
0.4081
0.4072
0.4068
0.3960
0.4058
0.3993
0.4010
0.4077
0.4074
0.4070
0.4089
0.3970
0.3993
0.3981
0.4077
0.4070
0.4080
0.4086
0.4008
0.3964
0.4010



201
202
203
204
205
206
207
208
209
210
21
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240

0.3978
0.3984
0.3994
0.4052
0.4055
0.4047
0.3981
0.3998
0.4010
0.4059
0.3964
0.4047
0.4068
0.4041
0.4072
0.3993
0.4028
0.4025
0.4002
0.3994
0.3990
0.3985
0.3978
0.4080
0.3984
0.4074
0.3993
0.4087
0.3991
0.4083
0.3974
0.4008
0.4019
0.4037
0.3998
0.3981
0.4081
0.4061
0.4077
0.3998

241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

0.3996
0.4056
0.4070
0.3987
0.3974
0.4081
0.3984
0.4083
0.3998
0.4080
0.3967
0.4078
0.3985
0.4077
0.3984
0.3968
0.4080
0.3994
0.4080
0.3973
0.4080
0.4008
0.4087
0.4020
0.3982
0.4061
0.4064
0.4074
0.3999
0.4034
0.3991
0.4084
0.4020
0.4058
0.4086
0.3999
0.3981
0.3973
0.3982
0.4087

281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

0.3996
0.4080
0.3993
0.3981
0.3979
0.3973
0.4077
0.3991
0.3993
0.4077
0.3993
0.3998
0.4071
0.4058
0.4046
0.4043
0.3994
0.3996
0.4072
0.4083
0.4047
0.4020
0.4075
0.4081
0.4083
0.3976
0.3984
0.4059
0.4044
0.4013
0.4089
0.4062
0.4013
0.3979
0.4087
0.4019
0.4022
0.4023
0.4064
0.3981

321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

0.3998
0.3968
0.3974
0.4067
0.3996
0.4070
0.4072
0.3990
0.4046
0.4078
0.4077
0.3993
0.3970
0.3994
0.3981
0.4078
0.4032
0.3968
0.3993
0.4087
0.4026
0.3996
0.3993
0.3985
0.4094
0.3976
0.4007
0.4025
0.4077
0.4065
0.4017
0.3999
0.4090
0.4072
0.4097
0.3988
0.4047
0.3974
0.3998
0.3990

361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391

0.3981
0.4080
0.3991
0.3998
0.3994
0.3976
0.3945
0.4035
0.4025
0.3976
0.4065
0.3999
0.3974
0.3978
0.3979
0.3982
0.4040
0.3994
0.3982
0.4047
0.3994
0.3981
0.4059
0.4011
0.4072
0.4020
0.4078
0.4084
0.3991
0.4089
0.4023
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Wiedemann-Franz Law — Solution

Part A: Electrical conductivity of metals (1.5 points)

A.1 (1.0 points)
Magnet descend time:

Number Copper [s] Aluminum[s] | Brass [s]
1 17.77 9.23 6.1
2 17.96 9.39 5.83
3 18.16 9.22 6.04
4 18.15 9.37 5.86
5 17.76 9.36 6.16
6 18.2 9.44 5.92
7 17.67 9.65 5.9
8 17.9 9.18 6.08
9 17.67 941 5.86
10 18.36 8.96 5.99
Average 17.96 9.32 5.97

A.2 (0.5 points)

Copper Aluminum Brass

. - 1
Electrical conductivity [ﬁ} 597%107 | 298x107 | 1.60 x 107
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Part B: Thermal conductivity of copper (3.0 points)

B.1 (0.1 points)
Rod 1 temperature : 22.76 [C]

B.2 (0.5 points)

793

B.3 (0.1 points)
P=1.V=551]W]

B.4 (0.5 points)

Time[S] |T1[C] |T2[C] |T3[C] |T4[C] |T5[C] |T6[C] |T7[C] |T8IC]
900 26.98 27.96 28.95 29.96 30.98 32.03 33.10 34.20
1050 27.16 28.16 29.17 30.20 31.240 |32.30 33.38 34.48
1200 27.29 28.30 29.33 30.37 31.42 32.49 33.58 34.68

B.5 (1.0 points)

34+

(98
[\
T

N
o2¢]

26

Temperature [C]
(98}
()

e T=15.0 min| |
T=17.5 min
e T=20.0 min

0 0.05 0.1 0.15 0.2
Position [m]




Experiment IPhO 2019

[ph(e) S2-3

B.6 (0.5 points)

. . 5.51[W] B w
o AZAl ) 7-(10% [m])’ -(—41.8[:&] i 420“‘\/'(}
AT _3104[C]-3062[C] _ , . {5}

At 5-60(s] ' S

B.7 (0.3 points)

higher value

We expect a higher value of k, compared with the real «, because of 2 reasons:
1. A part of the supplied heat power is lost through the side walls. Therefore,
the heat transfer through the cross-section of the rod is smaller.
2. Since the system is not in a steady state (5 = 0), the corresponding power
involved should be subtracted from the power supplied by the heater.
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Part C: Heat loss and heat capacity of copper (4.0 points)

C.1 (1.0 points)
Time[s] | T,[C] | T,[C] | T;[C] | T,[C] | T;[C] | Ts[C] | T,[C] | Ts[C] | T.,[C]
20 30.67 | 30.67 30.67
80 30.59 | 30.59 30.59
140 30.50 | 30.50 30.50
200 30.42 | 30.42 30.42
260 30.34 | 30.34 30.34
320 30.26 | 30.26 30.26
380 30.18 | 30.18 30.18
400 30.38 | 30.25 30.31
420 30.87 | 30.56 30.72
440 31.37 | 30.96 31.16
460 31.85 | 31.38 31.61
480 32.32 | 31.82 32.07
500 32.78 | 32.26 32.52
560 32.88 | 32.75 32.81
620 32.73 | 32.70 32.72
680 32.61 | 32.61 32.61
740 32,51 | 32.51 32.51
800 32.40 | 32.40 32.40
860 32.30 | 32.30 32.30
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C.2 (1.0 points)

34

331

32 ¢

31F

< T475 > [C]

301

Cooling Heating

Cooling

29

0 200 400 600 800
Time [s]

C.3 (1.0 points)

The purpose of this part is to correct to first order the result in part B. Hence,
every solution within 10% accuracy is accepted (see marking scheme).

Solution 1 (using slopes): Solution 2 (using jump):
I:)Ioss —¥p ) aTaV P|055 = Cp m .%
Cooling Cooling
oT oT Pm~At=C -m-AT
Pin — Cp . m . av _ av aT
O lucating O loooting is the average of the

aTav Cooling

two cooling slopes, and AT is the
extrapolated jump in temperature half
5.5[W] way though the heating time interval.

C, M= _55[W]-120]s]

P P, -At J
S Y e 1 I . 24|

Is the average of both

Cooling

cooling slopes.
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C ~m:226[i}:>c =390 L
P K P | kg-K

C, = 386{%} which is the correct

g-K
Which is 1% off the corr_ect value. value.
P, =226 [i} 1.4-10° {5 =0.32[W | P = 224{1} 1.4.10° [5} =0.31[W]
K S | K S
C.4 (1.0 points)

The temperature gradient is proportional to the local heat flow.
—_— N — [y
Pin

—

Pin - Plosses
To first order, the average temperature gradient will be proportional to the

average heat flow. Therefore, the temperature gradient will be proportional to
1

I:)in_z Plosses .
1 1 1 AT 1 1 AT 1
P,— =Py — =R ) —~C P,—-c, -
_ in 2 absorb 2 loss _ in 2 p’ At Qloss e in 2 p A Qloss
A-(AT / AX) A-AT [ AX ’ P
W 5.51[W]—;-226[i]1.4-103[K}—;0.32[W] W
K =420 : > =396 —
mK 5.51[W] mK

Which gives an error of 2.5% error compared to expected 385[ﬂ}

. We expect
a 1% systematic error (see appendix).
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Part D: Thermal conductivity of multiple metals (1.0 points)

D.1 (0.1 points)
T =22.65[C]

D.2 (0.2 points)

Time of measurement: 1041[s]

L[C] | TfC] | Wle] | TIC] | W[e] | T[C] | m[C] | T[C]
41.68 | 40.51 | 3851 | 34.65 | 32.47 | 30.71 | 29.63 | 28.62

AT, | Ax AT, | AX AT, | AX

cul

41.79{5} 137.86{5} 62.86{5} 36.07 {5}
m m m m

D.3 (0.7 points)

/ / gz // .\‘ NANOEINGS N
/ / / / s OO NN \ O
/7 % of N\ ™ \ \

Slope Cul Slope Br Slope Al Slope Cu2

\
e
oy ———
/
ERSTEEATRITTIE]
y
e
—
o
77
2r
2
///
///
7oA
/
 ——
/
AT
7
7
7/
‘S s
L
/
CLy

AL

2 1
_ E(ATcul/Ax)+§(ATcu2/Ax) — 115
Kprass = Kcopper * ATy /A% - mK

1 2
§ (ATcul/Ax) + § (ATcuz/Ax)

Katuminum = Kcopper ° ATy, /Ax =239 [m : K]
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Part E: The Wiedemann-Franz law (0.5 points)

E.1 (0.5 points)

Copper

Aluminum

Brass

o [Q 'm™1]
Electric
conductivity

5.97 x 107

2.98 x 107

1.60 x 107

* Jie)

Heat conductivity

396

239

115

waQ
%
Lorenz coefficient

2.21x1078

2.67 x 1078

240 x 1078




Wiedemann-Franz law — Appendix

— - ) - FE i - 5 —{met D5 et DE et 25 -

We will use a simple model to analyze the heat transport through the rod. A heater is suppling power P,

oT
at one end. At any given point P = _KAG_ where P is the heat current at point X . Ideally, PT should
X

be constant along the rod. However, there are two mechanism that modify this: (a) loss of power that is
used to change the temperature of the material; (b) loss of power to the environment, leading to
oP or
8_ =—C, p" AE—(T —TO)- K, where C, isthe specificheat, p the density, K the radial heat
X

loss parameter per unit length, and T, the environment temperature.

34 Temperature as function of time, 5.5 [W] Exponential fit, typical time of 2:30 minutes
' |

| 33

32

26[

0 2000 400 600 800 1000 1200 200 400 600 800
t[s] t[s]

|
|
J =30
|
]
|

The time scale of the heating process is 2:30 minutes, so we get to 95% of final value after 7:30 minutes,
as shown in the figure above. However, this is again only true for an ideal system properly coupled to a
heat reservoir but otherwise insulated. In our system, the connection to the heat reservoir is not ideal,
and we have radial heat loss. We model this system as a rod connected via thermal resistance to a short
aluminum rod (representing the pot and heat sink material in the real setup) that is connected to a
water reservoir. In the figure below we have simulated the realistic heating process, and compared it
with the measured data.



K:389.4 [W/(m*K)], C:373.8 [J/(Kg*K)],
Resistance:9.0e-05 [W/K], Total loss:0.36 [W]

w— [ xperiment
w—Simulation

0 200 400 600 800 1000 1200
t[s]

During the experiment we will see the numbers that are extracted from this simulation match our
experimental results.

PartA

For an ideal system, a rod connected only to an ideal reservoir, we expect to get a constant temperature
gradient:

Ideal system
34 <

o

/

Temperature [C]
/

/

[

=N

/
/

o

0.05 0.1 0.15 0.2
Position [m]

Which gives x = _P = 385L

Slope- A m- K

Let us now analyze the effects of the two mechanisms causing deviation from this ideal behavior. An
important point here is that loss mechanisms affect the heat flux, but there is always a local relation
between the temperature gradient and the local heat. Hence, the temperature gradient close to the
heater is set by input power P, while the gradient close to the reservoir side will be set by power
P-P

oss - FOr this reason, the slope will be corrected by (to first order in the gradient):

P_lpabsorb_laoss P_EC 'm.al_lploss
R M N S-S
VT-A VT-A

The figure below demonstrates that this approximation is very accurate for our system:




Error in result

38 ;
X e T=12.5 min
el T=15.0 min
361 e e T=17.5 min| 1
— e
1= SN
2 el
g 34 NS
< RN
5 AN
=9 NN
3t N
& NN
ENN
AN
30!
\\S\ 1
‘ ‘ ‘ RN
0 0.05 0.1 0.15 0.
Position [m]

10

== No correction

dT/dt

=——=dT/dt and heat loss| |

6 L
X
4 L
2 L
il \
0 1 L I L
5 10 15 20 25 30

Time [min]

We see that with these two correction the accuracy is better than 1%, compared with 8% without
correction, which is an order of magnitude improvement.

Part B: cooling — heating — cooling cycle

The purpose of this section is to obtain the heat loss and heat capacity of the rod in order to correct the
8% error in the previous section result. To do so, we will disconnect the rod from the heat reservoir,
isolate its free end, and heat it up to approximately the temperature of the last section. In this section

we do not aim for a 1% accuracy, because it is a first order correction for our result of the heat
conductance, which is the main point of the experiment.

We will perform a cooling-heating-cooling cycle in order to obtain the heat capacity and the heat loss.

Panel (a) - Simulation

37 Cooling - Heating - Cooling

= Tuverage

0 2 4 6 8 10 12
Time [s]

Panel (b) — A typical measurement

Measurement
32 ! .

‘— Experiment Thyerage

315+
31+
£305"
F
30+

29.5+¢

29

0 5 10 15
Time [ s ]

Panel (a) — a simulation of the cooling-heating-cooling cycle. Panel (b) — a typical cycle as measured in a
real system. The different colors correspond to different thermometers.




The average reading (over all thermometers) is in principle the most suitable quantity for the analysis,
since it approximately accounts for the total energy given to the rod by the heater. Unfortunately, we
believe that it is technically difficult to write the full set of thermometer readings fast enough on paper,
and we do not want the student to invest a lot of effort in this task. To a very good approximation the
temperature in the center of the rod is very close to the average temperature, up to some small time
delay. Hence, we hint that the student should use the temperature in the center (average of readings of
thermometers T4 and T5).

There are a number of ways to use this data in order to extract the two quantities C, P . We propose

0ss *
two approaches: (a) based on the slope of the T(t) measurements during the cooling and heating
process. In the former,

oT
I:)Ioss = _CP -m- afv
Cooling
Hence in the latter:
oT. oT
Pin — Cp -m- av _ av ,
at Heating at Cooling

allowing one to extract ¢, - m.

(b) Alternatively, the total heat input during the heating time interval, Py, - Atyeating iS related to the
ATheating the difference between the vertical shift between the linear cooling T (t) graphs before and
after the heating (see figure below) through Py, Atyeating = ¢pMATHeating- Since the slope during the
relatively short heating time interval is not needed here, this method is slightly more accurate. However,
both approaches will be accepted.

Average over all thermometers: Average over thermometer 4,5
34 : ; — : 34 : ‘ r—
33 33t
O3t O3t
5 531
53! s
b I
! =~ 30
30 / HA ~~~~~~
" , )/ tHeaUng "
0 200 400 600 800 0 200 400 600 800




J
Both methods reproduce the heat conductivity within 1%, 386 {W} .
g .

0Tay
at

Using this heat capacity we can get the total heat loss P,5s = —¢, - m = 0.34 [ﬂ

Cooling

Note that a significant contribution to the heat capacity originates from the insulation and other
components in the system, and for this reason we instruct the students to use an effective mass that is

larger than the real mass. This matters only in order to get properC,,, but it is irrelevant for the rest of

the experiment where we only need C -m .

Depending on the method, the result of C will deviate by 5%. This will produce less than ~ 0.5%
negligible error in the result of the heat conductivity.



