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YnyrcrBo 3a paj

N3pana Teopuckux 3anataka Tpaje 5 yacona. [locroje 3 3agaTka KOju YKYIHO
Bpeze 30 6omoBa. Youute na 6poj 6010Ba 1o 3anarky Huje uctu. [locroju
camo jenan JIMCT CA BPOJHUM BPEJIHOCTUMA 3a cBa Tpu 3ajarka.

He cmere oTBapaTu OpaoH KOBEPTY ca 3aJallMa MPe HEro IITO 3BYyYHU
CUTHAJ O3HAYU MOYETAK TAKMUYECHA (3BUKIYK).

3a cBaku 3ajaTak 1moctoju oarosapajyhu Jluct 3a ogrosope (morsuenajte 0poj
u 00jy y 3ariaBspy). Hanummre cBoja pemiema y 3a To npeasuleHa nopa y
onroapajyhem JIucTy 3a OATOBOPE.

3a netaspbHE MpopauyHe kopuctute 3BanndHe IPhO nanupe 3a nucame
(writing paper) wiu IPhO nammpe 3a rpaduxe (graph paper). IOITYHUTE
CBA 110JbA Y 3ATJIABJBY u HIUIIUTE CAMO HA ITIPEAKBOJ
CTPAHU NNAIINPA (3anma ctpana Hehe Outu ckenupana). Kopucurure
mTo je Moryhe Mame TeKcTa: MOKyIIajTe Aa 00jaCHUTE CBOJ€ pPEUCH:E
kopucrehu jegHauune, 6pojese, cumOoIie u Aujarpame. AKo cTe Ha HEKOM
JIMCTY HAIMCAJIM HEUITO IITO He JKeNuTe Aa Oyie mperjieaano, npeupTajTe To.

Huje no3BosbeHO J1a HAMyIITaTe CBOj€ pajHO MecTo 0e3 103BoJie. AKO BaMm je
noTpeOHa OMJI0 KakBa BpcTa MoMohu (KajKyiaTop KOju HE paau, IOTPEHO
BaM j€ BUIIIE Manupa, Tpeda 1a ujaere y ToajneT UTA.) IOAUTHUTE PYKY U
APKUTE je TIOJUTHYTY JOK BOAWY HE Jiohe.

Kpaj uzpane 3agaraka he Outu Ha3HAYEH 3BYYHUM CUTHAJIOM (3BUKIYKOM) U
TajJia MOpaTe 0JMax Jia MpecTaHeTe ca MUcambM. AKO 3aBpPIIUTE ca U3PaIOM
3aJlaTaka mpe 3By4YHOT CUTHAJIA, TOAUTHUTE PYKY.

Crnoxwure cBoje manupe cienehum penom, TAKO JJA UM ITPEJBA
CTPAHA BYJIE OKPEHYTA HA I'OPE, u craBute ux y cBojy OpaoH
KOBEPTY.

1. Jluct 3a ogrosope T1 u3a kojera ciene AeT/bU U3pauyyHaBama 3a T1

2. Jluct 3a ogrosope T2 u3a kojera cieqe A€T/bU U3pauyyHaBama 3a T2

3. JIuct 3a ogroBope T3 u3a kojera ciene ASTJbH U3padyyHaBama 3a 13

Huje 1o3BoJbeHO J1a M3HECETE hje/IaH JIUCT Manupa BaH MPOCTOpHUje
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JIucr ca Opojuum BpeanoctuMma: Tabesia ca KOHCTaAaHTAMA M OTPEOHUM
Gu3nYKUM BeJIMYUHAMA

bp3uHa cBeTI0CTH y BaKyyMy c =2998 x 108 ms~?
[TnaHkoBa KOHCTaHTA MOJIEJbeHa ca 27T A =1.055x%x10"3*]s
['paBUTaLMOHA KOHCTAHTA G = 6.67 x 107 m3kg~1s72
I'paBuUTALOHO YOp3ame g =9.82ms™2
EJleMEHTapHO HAeIeKTPHCAR:E e =1.602x107°C
JlvenexTpuyHa mponyCT/bUBOCT BaKyyMa g =8.854x10712C2 ] I1m™!
Maca enekrpona m, = 9.109 x 1073 kg
ABorapos 6poj Nj = 6.022 X 1023 mol ™!
BosiManoBa KOHCTAHTA kg = 1.381 x 10723 JK?
Kamenu MeTeoput, cenuduyuHa Tomiora Csm = 1.2 x 103 Jkg™'K~?*
KameHn MeTeopuT, TOILIOTHA TPOBOTHOCT kg =2.0Wm™1K™?
KameHun MeTeopuT, rycTHHA Psm = 3.3 x103kgm™3
Kamenn MeTeopHT, TeMItepaTypa TOTIbCHha Tem = 1.7 X 103 K

Kamenu MeTeopur, 1aTeHTHa TOILUIOTA TOIJBEHHA Lgy = 2.6 X 10° ] kg_1
Cpebpo, MonapHa Maca My, = 1.079 x 10~ kg mol™*
Cpebpo, ryctuHa pag = 1.049 x 10* kgm™3
Cpebpo, crienduyHa TOmIoTa Cag = 2.40 X 10?2 J kg *K?
Bona, monapna maca M,,, = 1.801 x 1072 kg mol ™!
Bona, rycruna Pwa = 0.998 x 103 kgm™3
Bona, crienupuyHa TOMI0Ta Cwa = 4.181 x 103 J kg™ 1K™?
Bopna, nateHtan Tomiora ucnpaBamwa Ly, = 2.260 X 10° ] kg"1
Bona, remenparypa kibyyama Ti00 = 100°C = 373.15K
Jlen, TycTuHA Tieuepa Pice = 0.917 X 103 kg m™3
Bozena napa, cnequpu4Ha TOIIoTa cst = 2.080 X 103 J kg1 K™?
3emiba, Maca mg = 5.97 x 10** kg
3eMJba, TOTYIIPEUHUK Rg = 6.38x10°m

Cym1e, Maca mg = 1.99 x 1030 kg

CyHI1€e, TIOJTyTIPEYHHK Rs = 6.96 X 108 m

Cpenme pacrojame CyHie-3emiba ag = 1.50x 10 m
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YBoa
Merteop je Manu aeo (oOuyHO Mamu o1 1 M) KomeTe uiu actepouaa. Mereop Koju yaapu y TJIO ce
Ha3MBa METCOPHT.

VY nvohu, 17. janyapa 2009. mHOTO JHYIH Yy ONM3uHU banTudkor Mopa je Buaeno ceetiiehu tpar uim
y)KapeHy JIONTY HacTalxy OJ MeTeopa Koju je magao kpo3 armocdepy 3emibe. Kamepa 3a Hagzop y
[IIBenckoj je 3abenexwmia oBaj norahaj, Buaure cnuky 1.1(a). Ha ocHOBY oBHMX ciuka W W3jaBa
CBeoka Omiio je Moryhe cy3uTH Mmojpy4je yaapa u 1mect Hejle/ba KacHuje Meteoput mace 0,025 kg
je mpoHahen y Onmsuum mecta Mapubo (Maribo) y jyxuoj Jlanckoj. Mepema H3BpIIECHa Ha
METOpHUTY, KOju ce cana 30Be Mapubo, U HeroBoj opoutu Ha HeOy Cy IMOKa3ala MHTepECaHTHE
pesynarare. theroBa Op3uHa mpuiMKOM yiacka y arMmocdepy je Omma Bpio Benuka. CtapocT of
4,567 x 10° roxuna mokasyje 1a je Meteop opopMIbEH YOP30 HakoH HacraHka CyHUYEBOT CHCTEMA.
Moryhe je na je meteoput Mapu6o neo komere Enke (Encke).

bp3una mereopa Mapuodo

VYokapeHa JonTa ce Kperaja 3amaaHo, 3akianajyhu yrao on 285° ca mpaBmem jyr ceBep, mpema
MECTY TJI€ j€ METEOpUT KacHHje O1o mpoHalheH, kao mro je ckunupano Ha Ciunu 1.1. Meteopur je
npoHalien Ha pactojamy 195 Km ox xamepe 3a Haa30p y mpaBiy Koju 3akiama yrao ox 230° ca
MpaBIIEM JyT CEBEP.

Hckopucutute nate momarke u nojparke ca Ciouke 1.1 ma m3pauyHare cpeamy Op3uHY
mereopa Mapubo y BpeMmeHCKOM wuHTepBany u3mely chumaka 155 u 161.
3akpuB/LEHOCT 3€MJb€ M TpaBUTALIMOHA CHJIA KOja Jellyje Ha METeop ce MOry
3aHEMApUTH.

11 1.3

Kperame kpo3 atmocdepy u Tonbeme?

Cura otmopa Ba3ayxa Koja Jellyje Ha MeTeop NMPUIMKOM KpeTama Kpo3 ropme ciaojeBe atMocdepe
3aBHCH Ha CJIOXEH HAuWH OJ O0NMKa W Op3MHE MeTeopa, Kao M O] TemIepaType U TYCTHHE
atmocdepe. Crmita otropa Bazayxa F y ropmum ciojeBuMa arMocdepe ce MOxe anpoOKCUMHPATH
mspaszoM F = kpa Av?, e cy k KOHCTaHTa, P,y TYCTHHA Bas3ayxa, A MOBPLIMHA IIOHPEYHOT
Ipeceka MeTeopa y paBHU HOPMaJIHOj Ha IIpaBall KpeTama U v Op3uHa.

Hampasisene cy crnenehe mpermnoctaBke a Ou ce MOjeIHOCTaBHIIA aHAIN3a: MPUINKOM yacKa y
atMoctepy objekar je Omo cdepnor obmuka mace my = 30 kg, momynpeunuka Ry = 0,13 m,
temneparype To = 200 K u 6p3une vy = 2,91 X 10* m/s. I'yctuna armocdepe je KOHCTaHTHA U
MPETIIOCTaBJba Ce JIa je jeaHaka meHoj Bpeanoctu Ha 40 Km usHam nospinmuHe 3eMibe Paiy = 4,1 X
1073 kg/m3, nok je k = 0,60.

1.2a | [IporieHuTE KOIMKO je BepeMeHa MOTPeOHO /1a ce HAKOH yllacka y atMocdepy Op3uHa 0.7
meTeopa cmamu 3a 10 %, on vy 10 0,90 vy. Moxkere 3aHeMapuTH yTHUIA]
IpaBUTAIIMOHE CUJIC HA METEOP U MPETIOCTABUTH J1a CE Maca U OOJIMK HE MCHajy.

1.2b| U3pauyHajre KOIUKO IyTa je KHHETHYKA eHepruja Eyj, MeTopa Koju yiasu y 0.3
atmocdepy Beha ox enepruje Ey, e HEONXOIHE 1a O ce OH Y TOTIYHOCTH UCTOIHO
(mornenajte TUCT ca OPOjHUM BPEIHOCTHMA).
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(b) VYraona

CHumak| Bpeme | Asumyr | BucuHa
155 | 1.46s | 215° 19.2°
161 | 2.28s | 221° 14.7°

[Ipuzemibeme y
tayku M 230° 0.0°

Cauka 1.1 (a) A3umyT je yrao y XOpU30HTaJIHO] paBHH KOJU HEKHU IpaBall 3aKjama ca mpaBIeM jyT
ceBep TJIe/laHO Y CMEepY CKaszaJbKe Ha caTy, a yraoHa BUCHHA j€ yrao MoJ KOjUM ce HEKO TeJI0 BUAU
y omHocy Ha xopu3oHT. Cepuja cHMMaka 3a0elexeHnX kKamepom 3a Hajgzop y IlIBenckoj xoju
MOKa3yjy Kperambe Mereopa Mapubo Kao yxapeHe JIONTe Ha CBOM MIyTy Kpo3 atmocdepy. (D)
[Togamm naBa cCHMMKa KOjU TOKa3yjy BpeMe, MpaBall (a3MMyT) y CTEIIEHUMa W BHUCHHY H3HA]
XOpu30HTa (yraona BucuHa) y creneHuma. (¢) Ckuia mpasara MapuboBe myrame (po3a cTpeuia)
y omHocy Ha mpasail jyr ceBep (N) u mecra npuszemiberba (M) y Jlanckoj Buheno kamepom (C).

3arpeBame MmeTeopa Mapu00 NpuanKOM HEeroBOT MPoJIacKa Kpo3 arMocdepy

Kanma je xamenu mereop Mapubo ymao y armocdepy HaA3BYYHOM Op3WHOM H3TIENA0 je Kao
y)KapeHa JIOTITa jep jeé OKOJIHU Ba3ayX cBeTsieo. be3 003upa Ha TO, caMO CHOJbAIIIBH 10 METeopa je
ouo 3arpejas. [IpernocraBute ga je Mapnu6o xoMmorena cepa ryCTHHE gy, CTIEU(DUIHE TOIIIOTE
Csm ¥ TOIUIOTHE TPOBOJHOCTH K¢, (mornematu juct ca OpojHUM Bpeanoctuma). Ocum Tora, y
TPEHYTKY yJjlacka y arMocdepy mwerona temreparypa je omna Ty = 200 K. 3a Bpeme mpostacka kpo3
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aTMocdepy TemernpaTypa Ha MOBPIIMHUA MeTeopa je Omia koHcrtanTHa Ty = 1000 K 360r ormopa
Bazayxa. Y CIlie[ OBOra ce YHYTPAIIKBOCT METeopa IMOCTEIIEHO 3arpeBaia.

Hakon mTo je magao kpo3 arMochepy TOKOM BpeMeHa t, CIoJballlbi CJI0j MeTeopa AcOJbIHE X Ce
3arpejao J0 TeMIepaType Koja je 3HadajHo Buia of Ty. OBa ne0JbHHA ce MOKE MPOIEHUTH TToMohy
IVMMEH3MOHE aHalM3e Kao JETHOCTaBaH TIIPOM3BOJ CTEIEHA TEPMOJUHAMHUYKUX I1apaMerapa:

~ta B Y 1.5
x=t Psm Csm ksm

1.3a|Ha ocHoBy numeH3noHe aHanu3e (JeUHUIA) OJIPEAUTH BPEIHOCTH YeThpu ekcrioneHTa | 0.6
a, B,yud.

1.3b|OnpenuTu 1e0/bMHY X HAKOH BpEMEHA Majama t = 5 S U OAPEIUTH OAHOC X /Ry. 0.4

CrapocTt MmeTeopura

XeMujcke OCOOMHE paJMOAKTUBHUX €JieMeHaTa MOTy OWTH pa3jnuuTe Tako Ja he 3a Bpeme
KpUCTaJIM3aIje y METCOPHUTY JeTH MUHEPaId UMaTH BHUCOK caqpkaj oapeheHnx paarnoakTHBHUX
enemeHara, a Apyrm Hu3ak. OBa pa3iumka ce MOXe HCKOPHUCTHTH 3a onpehuBambe CTapocTh
METEOpHUTA.

Kao moceGan mpumMep, pasmortpuhemo msorom °'Rb (pemnm 6poj 37 y HEpPHOTHOM CHCTEMy
elleMeHara), KOju ce paciaja y CTaOWIHH H30TOI 87gr (pemuu 6poj 38 y mEpHOTHOM CHCTEMY
eneMHaTta) ca BpeMeHoM mnomypacnaga Ti, = 4,9 X 1019 romuma, mpu uemy je wuszoron 8ogy
crabuan. Y TpeHyTKy KprcTantusarmje omHoc o Sr/*°Sr je Guo wcth 3a cBe MUHepale, 10K je OJIHOC
8" Rb/*°Sr 6o pasimuut. Kako BpeMe mponasu, konuunHa o Rb ce cMambyje yene paciaga i yeues
Tora ce xoxmunHa o' Sr yeehasa. Kao pesynrar, ognoc 2 Sr/%°Sr je mpyraunju nanac Hero wmiro je
ono y BBpeMe kpuctanuzanuje. Ha Cimmm 1.2 (a), Tauyke Ha XOPU30HTAIHO] JIMHUJH OJIFOBApajy
OJIHOCY "Rb/*®sr y Pa3NUYUTUM MUHEpaUMa y TPEHYTKY KpHCTalIu3aluje.

(a) (h) 0.712
875r(t)
-7 87 0.708 r
5630 (t) ' 5r(t)
86Sr(t)

0.704
87
L(O) 0.700
86Sr(0)

0.696

7 Rb (1) 018700 1) 2 03

865r(t) 865r(t)
Canka 1.2 (a) Oxguoc ¥'Sr/*°Sr y pasmuantum Munepanmuma y Tpenytky t = 0 KpuCTaTH3aIje
(mpa3uu kpyxuhu) u y camammem TpeHYTKy (myHu kpyxkuhm). (D) M3oxpona nuHHja 3a Tpu
pa3IUuuTa y30pKa MUHEpasa y3eTa U3 METOPHUTA Y CalallibeM TPEHYTKY.

1.4a|Hanucatu memy pacnana 5,Rb y 82Sr 0.3
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Tokasatu ma ogHoC ' SH/*°ST y cajammeM TpeHyTKY HALPTaH y 3aBUCHOCTH O OJHOCA
"Rb/*Sr y canammem TpeHyTKY 3a pasIMUmUTE Y30pKe MUHEpAa U3 HCTOT METOPHTA
1.4b| o6pasyje mpaBy JIMHHU]y, TAKO3BaHY H30XPOHY JUHH]Y, Haruba a(t) = (e’“ — 1). Osnme | 0.7
je t Bpeme mpoTekIIo o1l (hopMupama MUHEpalia, a A je KOHCTaHTa pacmaaa OOpHYTO
Cpa3MepHa BpeMeHY MOITyKUBOTa Ti,.

1.4c |Oppenutu crapoct Ty MeTeopuTa Kopuctehu usoxpony smaHjy ca Cimke 1.2(b). 0.4

Komera Enke (Encke), ox koje Mapu60o Mok1a moTuye
Y opbutu komere Enke oko CyHia, HajMame U Hajpehe pactojame m3mel)y komere u CyHia cy
Amin = 4.95 X 101 m u ay,, = 6.16 X 1011 m, pemom.

1.5 |M3pauyHatu nepuoy tgy, ke POTaIMje komere Enke oko Cynia. 0.6

Iocaennue ynapa acrepousa Ha 3eMiby

IIpe 65 MHUIHOHA TOAMHA 3eMJbY j& yNApHO BENHKU acTEPOU] 'YCTHHE Pusr = 3.0 X 103 kg m™3,
nonaynpeunnka R, = 5,0 km u xonaune 6p3uHe v, = 2.5 X 10* m/s. Osaj ynap je uza3pao
uctpedibebe Behuue >xkuBux Owmha Ha 3emsbu W Hactanak orpomuor Ywkcynayo (Chicxulub)
Kparepa. IIpernocTaBure na ce MACHTUYAH acTEPOM] MOTIYHO HEETACTUYHO Cydapu ca 3eMIbOM
JaHAC M Y3MHTE Ja je MOMEHT uHepije 3emibe 0,83 01 MOMEHTa MHEPIIM]je XOMOTEHE JIONTE UCTE

. .2
Mace U nojynpeyHuka. MOMEHT MHEpIIHje XOMOTeHe jonTe Mace M u mosrynpeyHuka R je EM R?,
3aHeMapuTH OMIIO KaKBE TPOMEHE Y OPOUTH 3eMJbE.

Hexka je acrepoun ymapuo y ceBepHu nos. Hahu najehy mpomeny yria 3a xoju ce

1.6a
MIPOMEHHO MpaBal 3eMJbUHE OCE HAKOH yJapa.

0.7

Hexka je actepous ynapuo y ekBarop y IpaBiy moiynpeunuka 3emisbe. Hahu npomeny

1.6b . )
At BpeMeHa Tpajama meproia 00pTama 3eMJbe OKO CBOjE OCE HAKOH yAapa.

0.7

Hexka je acrepoun ymapuo y 3emJby y mpaBily TaHreHTe Ha ekBaTop. Hahu mpomeny

1.6¢ . .
Aty BpeMeHa Tpajama nepruoia oopTama 3eMIbe OKO CBOjE OCe HAKOH yaapa.

0.7

Hajseha 6p3una ynapa

[TocmaTpajmMo HeOECKO Teno, BE3aHO I'PAaBUTAIMOHOM CHJIOM y COJApHOM CHCTEMY, KOje yaapa y
NOBPIIMHY 3eMJbE OP3UHOM Vimp. Y TOYETKY YTHIA] TPABUTALMOHOT IMOJba 3EMJbE Ha TENO CE
MoKe 3aHeMapuTH. Huje moTpeOHO ypauyHaBaTu CUIy OTIOpA Ba3AyXa, YTHIIA] OCTAMX HEOECKUX
Tea ¥ poTaIrjy 3eMibe.

1.7 |M3pauynatn viy Y, Hajeehy MOTyhy BPETHOCT Vipp,. 1.6

imp »
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Jncr 3a Kon 3emibe (2 ciora) Crynent 0poj (1-5)
0JIrOBOpE
1.1 |Cpenma Op3uHa v = 1.3
1.2a|Bpeme tq4, 3a Koje ce Op3uHa cMamy 3a 10 %: t;g, = 0.7
12b Ekin/Emelt = 03
1.3a |[Tpoctupame Toruiore: (a, f,y,8) = 0.6
1.3b|x(5s) = X/Ry = 0.4
1.4a|Rb-Sr mema pacnana: 0.3
Jlokas na je naru6 a(t) = (e?* — 1):
1.4b 0.7
1.4c | Crapoct meTeopuTa, Ty = 0.4
15 tEane = 06
1.6a|max A8 = 0.7
1.6b| Aty = 0.7
1.6¢c| Ateyp = 0.7
1.7 |Hajseha 6p3una ynapa vip = 16
YKynHo 9.0
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YBoa

VY oBoMm 3amatky hemo pa3marpatu eduKacaH Mpollec IMPOU3BOMAIE BOJICHE MMape KOju je H
CKCIICPUMCHTAIHO pean30BaH. BoJeHH pacTBOpP CPEpUYHHX YECTHIA Cpedpa HAHOMETAPCKUX
nuMeHsHja (HaHodecTHIe), Kojux uma oko 103 mo nmTpu, ce ocBersbaBa ycMEpEeHHM CHOIOM
cBemioctd. Hanouectuiie ancopOyjy 1€0 CBETJIOCTH, TUME CE IPEjy U CTBapa ce BOJCHA mapa camo
Yy BbUXOBO] OKOJIMHU TIPHU Y€MY C€ He Tpeje 1eo BojeHu pacTBop. Ilapa ce ociobaha u3 cucrema y
00Ky Mexypuha. ®u3uKa 1eIor mpolieca e joil YBeK y MOTIHYHOCTH HE pa3yme, alld 3Ha ce J1a je
OCHOBA IIpolieca arcopIiifja CBETIOCTH KPO3 TAaKO3BaHE KOJCKTUBHE CIICKTPOHCKE OCILUJIAIM]E
MeTalHuX HaHouectuila. Onucanu ypehaj ce 30Be mIa3MOHCKH TeHepaTop mape.

=3 e
o = —Eycos(w,t)e, >

Cauka 2.1 (a) CdepuuHa eJCKTpOHEYTpalHa HAHOYECTHIIA TOJNYIpPEYHMKAa R 4YHjU je LEHTap Yy
KoopauHaTHOM moueTky. (b) JlonTta ca MO3UTHBHOM XOMOTEHOM I'YCTHHOM HaeleKTpucama p (1pBeHa 60ja)
yHyTap Koje ce Haja3u Mama cheprdHa enekTpoHeyTpainHa obmact (0, xyra 60ja) momynpeynnka R, 9uju je
LIEHTap MOMEPEH 3a Xq = Xq €, . (¢) Cdepa ca MO3UTUBHOM T'YCTHHOM HaeJICKTpUCama P jOHA cpedpa Yuju
je IeHTap y KOOPIUHATHOM Mo4eTKy. [leHTap cepHe 00MacTy ca HEraTHBHOM T'YCTHHOM HAeleKTPUCAha — P
(nmnaBa 60ja) je MOMEpeH 32 Xy, Ta€ je Xp K R. (d) Crosbanimbe XOMOTEHO €NEKTPUYHO nosbe Eg = —Ege, .
Y ciy4ajy BpeMeHCKH 3aBUCHOT E, enekTpoHcku obnak ce kpehe Opsunom v = dxp/dt. (¢) Cyn obmuka
kBazapa (h X h X a) Koju caip>kKu BOJCHU PAacTBOP HAHOYECTHIIA OCBET/bEH MOHOXPOMATCKOM CBETJIOIINY
KOja C€ IPOCTUPE JIykK Z-0CE U UMa KPYXHY Y4ECTAHOCT Wy, U MHTEH3UTET S.

Cdepuuna cpeOpHa HAHOUYECTHLIA

VY oBom 3anatky hemo pazmarparu chepuyHy cpeOpHy HaHodecTully nonynpednuka R = 10,0 nm
YHjU CE LIEHTAp HaJla3u Yy KOOPJMHATHOM TOUYETKY, BUAETH cluky 2.1(a). CBu momepaju, Op3uHe U
Cuie Cy mapajenHe x-ocu (YMju je jeAMHUYHH BEKTop e,). HaHouectuma campxxu cioOomHe
(IpoBOIHE) €NEKTPOHE KOjU ce Kpehy mo 3ampeMuHr HaHOYECTHUIlE TIPH YeMy HUCY BE3aHH HU 3a
jenan atoM cpebpa. CBaku aToM cpedpa Tako M0CTaje MO3UTUBHU JOH KOjH je OTILYCTHO je/laH TaKaB
CIIO0O/THH €JIEKTPOH.

Hahu crnenehe Benmuune: 3anpemuny V u macy M jenHe Hanodectuie, 6poj N u
TYCTUHY HaeJIeKTPUCamka P CPeOPHUX JOHA Y JeTHO] HAHOYECTHIIN, KA0 M KOIICHTPAIIN]y
N cJI000HUX €JEKTPOHA, BUXOBO YKYITHO HaeJeKTpucame @, U BbUXOBY YKYIIHY Macy
my.

2.1 0.7
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EnexkTpu4HO moJ/be y eJEeKTPOHEYTPAJIHOj 00JIACTH YHYTApP HAaeJeKTpPUCaHe
chepe

Y ocTarky OBOr 3aJiaTKa MPETIOCTAaBUTE Ja je pejaTHBHA TUCIICKTPUYHA MPOIYCT/BUBOCT CBHX
Matepujana € = 1. YHyrap HaelekTpucaHe cdepe MoynpedyHuka R ca XOMOI'€HOM T'yCTHHOM
HaeJIeKTpUcama p ce Hamazu chepudHa eleKTpoHEeyTpaslHa o0JacT modynmpedyHuka R; Kkoja je
HacTaJla TaKo IITO je JI0JIaTO HEraTMBHO HACJECKTPHCAmE I'YCTHHE —p, YHjH j& IICHTAp MOMEPEH 3a
X4 = Xq €, on1eHTpa chepe noaynpeununka R, BUAETH ciuky 2.1(b).

[TokaszaTu &1a je eJIeKTPUYHO TO0JbE YHYTAp €JICKTPOHEYTpalHe O0JIaCTH XOMOTCHO H

nato uzpazoM E = A (p/¢gy) x4. Onpenutu npedaxrop A. 1.2

2.2

Cuna xoja Bpaha ejieKTpOHCKH 00JI1aK y PABHOTEKHU IOJI0KA]

Hanamme hemo pa3marpaTé KOJEKTHBHO KpeTame CI000JHHX €JeKTpOHAa Hpu deMy hemMo ux
MOJICJIOBATH Kao jeJHy HEraTHBHO HACIEKTPUCAHY JIONTY XOMOICHE I'YCTHHE HaelleKTpHUCama — p.
Lentap Te yonTe je HA MO3MLMJU X, M OHA MOXKE Ja ce Kpehe qyx x-oce, MOK je€ MO3UTHBHO
HaeneKkTpucana jonta (jouu cpebpa) yuspirheHa y KOOpIMHATHOM IMOYETKY, BUACTH CIHKY 2.1(c).
[IpernocraButn fna crojbammba cuia Feye TOMepa eNeKTpOHCKH O0JaK Ha HOBY PaBHOTEKHY
NO3UIH]Y Xp = X, €y, Ipu uemy je |xp| < R. Ilpurom HajBehn 1€0 yHYTPAIImHOCTH HAHOYECTULIE
OCTaje OCTaje eJEeKTPOHEyTpaJlaH, OCHM MAJIMX HAaelIeKTpUCamba Ha CYINPOTHUM KpajeBUMa
HAaHOYECTHUIIC.

W3pasuTy y 3aBUCHOCTH OJ1 X, U 1 crieniehe Be Benuuune: cuity F Koja nenyje Ha

2.3 | enekTpoHCKHU 00NMK U Bpaha ra y paBHOTEXHH 1osoxaj u pan Wy koju ce u3Bpmu Hag | 1.0
€JIEKTPOHCKMM O0JIAKOM MPHIIMKOM MOMEpPama 110 T0JI0kKaja Xp.

Cdepuuna cpeOpHA HAHOYECTHLA Y KOHCTAHTHOM CIOJbAILIEEM €JIEKTPUYHOM

noJby
Hanovectuiia ce Hamasu y BakyyMy U Ha Yy Jelyje crojballma cuila Foye KOja MOTHYE Of1
INPUMEHBEHOI CTAaTUYKOI' XOMOT€HOI' eNleKTpu4yHor nojba Eq = —Eje,, Koje momepa eJIeKTPOHCKU

00yak Ha MaJo pactojame |xp|, rae je |xp| K R.

Hahu nomepaj x,, enekrpoHckor obnaka y 3aBucHoctd oi Ey u n. Hahu u xonuunny
2.4 | —AQ eneKTpOHCKOI HaeleKTpHcama Koja HmpUToM mnpolhe kpo3 yz-paBaH y ueHtpy| 0.6
HAaHOYECTHIIC Y 3aBUCHOCTH O 1, R U X,.

ExBuBajieHTHH KananuTeT 1 HHAYKTHBHOCT cpeﬁpan HaHO4YeCTHI A
VY citydajy BpeMEHCKH HEMPOMEHJBUBOT, Kao U Y CIy4ajy BPEMEHCKU 3aBUCHOT €JIEKTPUYHOT M0Jba
E,, HaHOYeCTHIIa CE MOYKE MOJEJIOBATH E€KBUBAJICHTHUM EJIEKTPUYHMM KOJIOM. EKMBaBajIeHTHU
KarauuTeT ce Moxke Hahu nmoBe3nBameM paga W KOju ce U3BpIIM Ja ce pa3/iBoje HaeleKTpHucama
AQ ca eHeprujoM KOHJEH3aTOpa KOjU MMa HaenekTpucama +AQ. Pa3nBajame HaenekTpucama
JIOBOJIM U IO U3BECHOT €KBUBAJIEHTHOT HaloHa V) Ha eKBUBAJIEHTHOM KOHJIEH3aTODY.
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M3pa3uT eKBUBAJIECHTHY KamalUTHBHOCT cucreMa C y 3aBUCHOCTH O & H R, u 0.7
U3pavyHATH HKEHY BPEIHOCT. ’

2.5a

Kopucrtehu oBaj pesynrar, oapeauTu y 3aBUcHOCTH 01 Ey 1 R eKBUBaJeHTHH HaroH V
2.5b|koju Tpeba JOBeCTH HA €KBHUBAJCHTHH KOHJIEH3ATOp Ja Ou ce Ha mweMy akymyiupaino| 0.4
HaenekTpucame AQ.

VY ciydajy BpeMeHCKH 3aBUCHOT 1oJba E ), enekTpoHcku obnak ce kpehe Op3uHOM vV = v e, , cliuka
2.1(d). EnextpoHcku obnak nMa KHHETHYKY eHeprujy Wy, 1 dopmupa enekrpuuny crpyjy I xoja
Tede Kpo3 QUKCHpaHy yz-paBaH. KMHeTHYKa €Hepruja eIeKTPOHCKOT 00Jlaka ce MOXKE IPUITUCATH
SHEePIUjy CKBUBAJICHTHE 3aBOjHUIIC MHAYKTHBHOCTH L Kpo3 KOjy Teue cTpyja .

2.6a|Uzpazut Wy, u [ y 3aBUCHOCTH 011 Op3UHE V. 0.7

W3pa3uTu €eKBUBAJICHTHY HHAYKTUBHOCT L y 3aBUCHOCT OJ1 ITOJIYIIPEYHUKA HAHOYECTULIE
2.6b| R, HaenekTpucama CICKTPOHA e, Mace eJIEKTPOHAa M, M KOHIIEHTpaIuje enektpona n.| 0.5
W3pauyHaTy B5eHY OpOjHY BPEIIHOCT.

Il1a3MoHCcKa pe30HaHIA cpeOpHe HAHOYECTHIIe

W3 nperxoaHe aHaU3e CIEAM J1a Ce KPEeTame KOoje HACTaje ako ce JICKTPOHCKH O0JIaK MOMEpH U3
CBOT' PABHOTEKHOT' T10JI0%kaja M 3aTHM ITyCTH, MOYKE MOJICJIOBAaTH CKBUBAJICHTHUM HjaeanHum LC-
KOJIOM KOje OCIHIyje Ha pe30HaHTHO] (pekBeHnUju. OBO JAMHAMHUYKO KPETAWHE EICKTPOHCKOT
o0ylaka ce Ha3MBa IUIA3MOHCKa pPE30HAHIIA, a KpyKHa (pPEKBEHIA OCIWIAllMja je TaKo3BaHA
IJIa3MOHCKA KPYXKHA (PPEKBEHIA Wp,.

Hahu wu3pas 3a KpykHy IUIa3MOHCKY (pEKBEHIly wp €JIEKTPOHCKOr objaka y
2.7a|3aBUCHOCTH O]l HAeJEKTpUCama €JIEKTPOHA e, HeroBe Mace m,, Kouuenrpauuje| 0.5
€JIEKTPOHA N ¥ IEPMUTHUBHOCTH BaKyyMa &g.

Uspauynaru wy, (y rad/s) u tanacHy nyxuny A, (y nm) y Bakyymy CBETJIIOCTH KOja UMa

0.3
KPYKHY QPEKBEHILY W = Wp,.

2.7b

CpeOpHa HaHOYECTHIIA OCBET/beHA cBeT Iomhy m1a3sMoHCKe ppeKkBeHMje
VYV ocratky 3amaTka, pa3maTpaheMO HAHOYECTHIly OCBET/bEHY MOHOXPOMATCKOM CBETJOmNy

. 1 -
IJTa3MOHCKE KPY)KHE (PEKBEHIHM]E W, W YNAJIHOT HMHTEH3MUTETA S =Ece0Eg = 1.00 MW m™2.

[TowTo je TanmacHa Jy)XKMHa BENMKa, A, >> R, MOXKe Ce cMaTpaTd Jia C€ HaHOYECTHIA Halaszh y
MPOCTOPHO XOMOTEHOM II0JbY KOj€ C€ XapMOHHM]CKH Mema ca BpEeMEHOM 10 3akoHy E, =
—E, cos(wpt) ey. Ilon nejcteom mosba Ey, nentap X, (t) enekTpoHCKor 06s1aKka OCUUIyje Ha HCTO]
¢pexBennuju, kpehe ce 6psuHoM v = dx,/dt, a aMmIMTy @ ocUMIalMja jeé KOHCTaHTa Xo. OBO
OCLMJIATOPHO KpEeTame eJIEeKTpOHa JOBOJAM JI0 arcopIiuje cBeTyiocTu. Enepruja kojy 3apoOu
YeCcTHIa Ce WK MpeTBopH y [IynoBy rpejame yHyTap 4eCTHIC WM j€ YeCTUIIa PEEMUTY]E Y BUIY
pacejaHe CBETJIOCTH.

[lynoBo rpejame je y3pOKOBAaHO CIy4ajHUM HEETACTHYHHM Cy/lapuMa Tie CI000JHH €IeKTPOH
yJaapu joH cpebpa M u3ryOu CBY CBOjy KMHETHYKY €HEprHjy, Koja ce MpeTBapa y BUOpalyje joHa
cpebpa (TO]‘IJ‘IOTyg. Cpenme Bpeme usmely cynapa je 7 >> 1/wp, r1e je 3a cpeOpHy HaHOYECTHILY
T=524%x10"1s5,
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Hahu u3pa3 3a BpemeHCKH ycpeameHy cHary [lymoBor rpejama Ppe,r Y HAHOYESCTHIIH,
Ka0 M 3a BPEMEHCKH YCPEIm-CHU KBajpar crpyje (/?). Y Tum mspasuma Tpeba aa ce 1.0
eKCIUIMLMTHO jaBJba BPEMEHCKM YCPEIHEHH KBaiparT OpsuHe (V2) eNeKTpOHCKOr|
obsaka.

Hahu u3pa3 3a eKBUBaJICHTHY OMCKY OTIIOPHOCT Rpe,¢ KaJl C€ HAHOUECTHIIA MOJIEIY]C
2.8b|exBuBaIcHTHUM OTHOPHUKOM cHare LlymoBor rpejama Ppear yciien crpyje| 1.0
€JIEKTPOHCKOT obiaka /. 3pauyHaTtu OpojHY BPeTHOCT Ry eat-

NaJHU CHON CBETJIOCTH T'yOM U BPEMEHCKH YCpEAmEeHY CHar cien pacejamba Ha
v 0 e ebe Pgcat e
EJIEKTPOHCKOM 00JIaky Koju ocuuiyje (peemucuja). Pgeyr 3aBUCH O] aMIUTUTYIE X, H3BOpA
pacejama, HaeleKkTpucama (@, KpykHe (QPEKBEHLHMJE W, W OCHOBHMM I1apaMeTapa CBETIOCTH
(Op3uHa CBETJIIOCTH C U NMEPMHUTHBHOCT BaKyyMa &,). Y 3aBUCHOCTH OJ] T¢ 4 BennuuHe P,y j€ AaTO
sz(%wp4

ca Pscar = 12megc3”

Kopuctehu uzpa3z 3a Pgc,e, HahM u3pa3 3a eKBUBIEHTHY OTIIOPHOCT YCIIEJ pacejarba
2.9 |Rgcar (aHanorny ca Ryeat) Y MOAENTY €KBHBAJICHTHOT OTHOPHHMKA M M3padyHaTH mweHy| 1.0
OpojHY BPEIHOCT.

On mperxonHO ojapeheHnX eKBHBAJICHTHUX eJIeMEHaTa Kojia (pOpMHpaHO je eKBUBAJICHTHO PEIHO
LCR-xo01n0 Koje mMomenyje cpeOpHy HaHodecTHily. Kosio je mpHKJbydeHO Ha €KBMBAJICHTHH HAIOH
V =V, cos(wpt) Koju XapMOHMjCKU ocumiyje, a oapehen je enekrpuunum mosbem E, ynamne
CBETJIOCTH.

OpnpenuTy u3pase 3a BpEMEHCKU YCPEIheHe CHare ryoutaka Phear U Pscar Y KOjUMa ce
2.10a|jaBjpa ammuTyna E, eNeKTpUYHOr IoJba YNAJHE CBETJIIOCTH 4YHMja je KpykHa| 1.2
(pexBennmja jenHaka GPEKBEHIMH TTA3MOHCKE PE3OHAHIIE, W = Wp.

2.10b| U3pauynaTn HymMepuuke BpeTHOCTH Ej, Pheat U Pscat- 0.3

I'enepaunuja nmape nomohy cBetJiocTu

KoHueHTpauja cpeOpHIX HAHOYECTHIA Y BOACHOM PacTBOpY je Mp, = 7.3 X 101> m™3. Pactsop
Cce Hamas¥ y MNpo3padHoM Cyay oOnMKa KBajapa auMensHja h X h X a =10x 10 X 1.0 cm® u
OCBETJbEH je cBemIomhy uMja je (peKkBeHIMja jeAHaKa IUIa3MOHCKO] (DpeKBeHIMjU, MUMa HUCTU
unTen3uTeT 071 S = 1.00 MW m™2 u ynaja noj npaBuM yriom, Buetu ciuky 2.1(e). Temnepatypa
Bozie je Ty, = 20 °C u mpernocTaB/baMo J1a, Y CarjacHOCTH ca olcepBalijama, y CTallMOHapHOM
cTamy cBo LlynoBo rpejame HaHOYECTHIIA JTOBOJAU JI0 CTBapama mnape remmneparype Tg = 110 °C,
IIPU YeMY He JI0JIa3H JI0 IopacTa TeMIepaType BoJIe.

TepMmonnHaMuuka ehUKacHOCT 7] MJIA3MOHCKOT IeHepaTopa mape ce JneduHHUIIe Kao OJHOC 1) =
Pst/Piot » TIE je Pgy cHara xoja ce TPOIIHM Ha MPOU3BO/IY Hape y LEeNOM Cyay, 0K je Py YKyIHA

CHara yrajgHe CBETJIOCTH KOja yla3u y CY/.

Hanouectuia je mpeTexHO OKpy)KeHa IapoM, a He BOJOM M 3aTO C€ MOXKE cMaTpaTH Ja je
OKpPY’KE€Ha BAKYYMOM.
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W3pauyHaTu yKynHy Macy y jeIMHUIN BPEMEHA [ig; TTApe KOjy MPOU3BOIU TIA3MOHCKH

2.12a|reHepaTop nape TOKOM OCBETJbaBama cBemIowmhy miaasMoHcke (pekBeHnuje u| 0.6
MHTECH3UTETA S.
2 12b W3pauyHaTu HyMepHUKy BpEIHOCT TE€PMOJMHAMHUKE €()UKACHOCTH 7] IUIA3MOHCKOI 02

reHepaTopa mape.
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JIucr 3a
0JITOBOPE

Kon 3emsbe (2 cioBa)

Cryaent 6poj (1-5)

3anpemuna V =
bpoj N =

Maca M =

['ycTuna HaenekTpucama p =

21 Konnenrpamuja n = Haenekrpucame Q = 0.7
Maca eneKkTpoHCKOT o0aka my =
2.2 |Yuzpazy E = A (p/eg) x4, mpedaxrop je A = 1.2
23 | F= We = 1.0
2.4 |Tlomepaj x, = Haenekrpucame —AQ = 0.6
2.5a|U3pa3 C = Bpojua Bpeanoct C = 0.7
2.5b|Uzpa3 V, = 0.4
2.6a|Uzpaz Wy, = N3pa3 [ = 0.7
2.6b|U3pa3 L = Bbpojna Bpeanoct L = 0.5
2.7a|U3pa3 Wy = 0.5
2.7b | bpojna BpenHoCT W, = Bpojua Bpennocr 4, = 0.4
2.8a|U3spas Pyear = Uspas ([?) = 1.0
2.8b|M3pa3 Ryeat = BbpojHa BpenHOCT Ryeat = 1.0
2.9 |U3pa3 Rgear = bpojna BpeaHOCT Rgcar = 1.0
2.10a|U3zpa3 Pheat = N3paz Pscar= 1.2
2.10b|bpojua Bpeanoct: E, = , Pheat = , Pscat= 0.3
2.11a|bpojHa BpeaHOCT gt = 0.6
2.11b|bpojua BpenHocT ) = Pg/Piot = 0.2
YKynHo 12.0
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I'peHJIaHACKH JieleH: MOKpUuBaY [ 3

YBoa

OBaj 3agaTak TOBOpHU O (PM3MIIM TPEHIIAHJICKOT JIeIeHOT OKpUBaya, KOju je Apyru HajBehu riedep
Ha cBery, Cnuka 3.1 (a). Jla Om ce mojemHOCTABHO MOJEN, MPETHOCTaBUTH 1a je [ 'peHnmany
MIPABOYTa0HO OCTPBO MUpPHHE 2L W Jy)KuHe 5L Yrja je MoBpIIMHA Ha HUBOY Mopa. CMarparu ja je
ErOBa MOBPIIMHA Y MOTIYHOCTH MOKPUBEHA HECTHII/BUBUM Jie0M (KOHCTaHTHE T'YCTHHE Pjce),
sugetn Ciuky 3.1(b). IIpodun Bucuue H(x) JieaeHOTr MOKpUBaYa HE 3aBUCH O Y KOOpAMHATE M
yBehaBa ce oj1 Hyie Ha obanama x = L no HajBehe Bucune Hy, Ha cpeauity octpsa (y oca), Koje
je TI03HAaTO Kao pas3jenaHuma jeaa, suaeru Ciuky. 3.1(C).

(b)

5L

(©

Cauxa 3.1 (a) Mana I'pennanaa koja mokasyje MpOCTHpame JIEACHOT MOKpruBaua (0eno) mpuodaiHe
obylacTi Ha KojuMa Hema Jiena (3eeH0) U okoiaHu okeaH (miaBo). (b) Ymomhen Monen rpeHaaHackor
JIEJICHOT TIOKPUBaYa KOjU MPEICTBJbA TPAaBOYraoHy o0aacT y xy paBHu ca crpanuunama 2L u 5L.
Pasnennuiia jiesia, JUHUjA TJIE je BUCHHA JIEAEHOT NMOKpHBaya jeanaka Hy,, mpoctupe ce ayx y oce. (C)
BeptukamHu momnpedHu mpecek (xz paBaH) Kpo3 J€ACHH MOKpUBaY rie ce Buau npodun sucube H (x)
(tamuo taBa nuuauja). H (X) je He3aBUCHO off y koopaunare 3a 0 < y < 5L, a HAario maja Ha HyJy Kajaa
je y=0wu y=5L. Oca z o3nauaBa Toioxaj pazaennuie jiena. Ja 0u cBe Omwio 6oJbe yOUIBHBO,
BepTUKAIHE IMMEH3Wje Ha Ciulu cy yBehaHe y OJHOCY Ha XOpH3OHTanHe. ['ycTHHA pijce Jena je
KOHCTaHTHa.
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I'peHJIaHACKH JieleH: MOKpUuBaY [ 3

/IBe kopucHe popmy.ie
Y 0BOM 3a7aTKy MOKETE 1a KOPUCTUTE UHTETPAIL:

1 2
Jo J1—xdx =3

U anpoxcumarujy (1 + x)® = 1 + ax xoja Baxu kaja je |ax| «< 1.

IIpodui BUCHHE JIeeHOT MOKPHUBaYya
Ha xpaTkoj BpeMEHCKO] CKaJii TJieuep j€ HECTUIIJBMBH XHUAPOCTATUYKHA CHUCTEM Ca CTaTHUM
npodwmiom BucuHe H (x).

Hanumure n3pa3 3a nputucak p(x, z) yHyTap JeISHOT MOKprUBava y QYHKIUjU O]
3.1 | BHCHHE Z y OJHOCY Ha 3eMJbY U pacTOjama X 0] pa3AeIHHUIIe Iea. 3aHeMapuTu 0.3
aTMOC(hepCKH MPUTHCAK.

Pasmatpati naTe BepTHKAIHH CJ0j JIGACHOT TIOKPHBAada Yy paBHOTEXKH , YWja je MOBPIIMHA OCHOBE
AxAy wn nokpuBa obnact usmel)y x u x + Ax, norneaatu UpBeHe HcNpekugaHe JTuHuje Ha Caunm
3.1(c). dumensuja Ay je mputom HeOuTHA. AF je yKylHa XOpU30HTaJIHA KOMITOHEHTA Pa3lIuKe CHia
KOje JIeNyjy Ha JIB€ BEpTHKAJIHE CTpaHe clioja. Pa3iuka y OBUM cuiiaMa HacTaje ycled paTuduTHX
BHCHHA JIBE BEPTUKAIHE CTpaHe cjioja. Ta cuja je ypaBHOTEKEHA CHIIOM Tpewma u3Mel)y jeaeHor
MOKpYBaYa W MOJIore Koja HacTtaje Ha moBpmuHU AxAy, ma je AF = S, AxAy rae je S, =
100 kPa.

3.2a|3a ngary BpeIHOCT X, MmoKa3atu na kaaa Ax — 0 Baxu Sy, = kH dH /dx u onpenutu K. 0.9

Onpenuru uspas 3a npodua Bucure H(Xx) y 3aBUCHOCTH OJ Pjce, g, L, Sp, ¥ pacTojama x

3.2b
on pasnennutie. Mcnocrasuhe ce na Hy, 3aBucu ox L xao Hy,, & L1/2,

0.8

Onpenutu ekcrioHeHT Yy penanuju Vice X AY rne je Vi yKynHa 3anpeMuHa JeJjeHor

3.2¢C
NOKpHBaya, a A MOBPILINHA IPAaBOYTraHOT OCTPBA.

0.5

JAnHaMuKa JieIeHOT MOKPUuBa4a

Ha ngyxkoj BpemMeHCKO] CKajld, Jien j€ BHUCKO3HU HECTHUIUBMBU (IyHI, KOJU ycled JejcTBa
rpaBHUTAIlMje TeYe OJ IICHTPAIHOT Jiesia Ka obanama.yY OBOM MOJENy, JISICHH MOKpHBay 3aJpiKaBa
cBoj npoun H(x) y cTaliOHapHOM CTamy, IIPH YEMY CE TOIUbCH:E Jieaa Ha obanama HajokHalyje
HOBHMM JIEIOM KOJU HacTaje ycjen Majama CHera y LeHTpayiHoj obnactu. Ilopen mpermocraBku
Be3anux 3a reomerpujy ca Ciuka 3.1(b) u (C) uckopucruru cinenehe nmpermnocraBke y MOJCIY:

1) Jlen teue y xz paBHM yaasbaBajyhu ce o pasaenuuiie jeaa (y oca).

2) bp3una ¢ (M/roanHm) HaKyIUbamka Jea y CPSAUIIBUM JISIOBUMA j€ CTalIHA.

3) Jlem MoXe HECTajaTH ca TJieuepa jeIMHO TOTUbEHeM Y OJTM3uHN 00ana Ha X = +L.

4) XopwusoHTanHa (X) KOMIOHEHTa Uy (X) = dx/dt Op3uHe Tedyewa jeia He 3aBUCH Of Z.
5) BeprukanHa (z) komnonenTa v,(z) = dz/dt Op3uHe Tedewa jea He 3aBHCH O X.

Pasmotputu camo cpenumimu feo |x| <« L jgeneHor nmokpuBaya rje ¢y IpoMeHe y BUCHUHU JIeIEHOT
MOKpYBaya BEOMa MaJie ¥ MOTY ce€ Y OTIYHOCTH 3aHeMapHTH, oqHocHO H (x) = Hy,.

Kopucrehu 3akoH onpkama mace Hahm HW3pa3 3a XOPHU3OHTATHY KOMIIOHEHTY Uy (X)

3.3
Op3uHE Teuema Jela y 3aBUCHOCTH Of €, X ¥ Hy,.

0.6
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I'peHJIaHACKH JieleH: MOKpUuBaY [ 3

W3 mpernocraBke HECTUIIUBUBOCTH, OTHOCHO KOHCTAHTHOCTH T'YCTHHE Pjce JI€TA M 3aKOHA OJPXKamba
Mace CJIe/IH J1a KOMIIOHEHTe Op3uHe Teuera 3a70B0JbaBajy cienehy penamnujy:

dv, dv,
—+ =0.
dx dz
3.4 |Hanumcatn wm3pa3s 3a 3aBUCHOCT BEPTUKAITHE KOMIIOHEHTE V, (Z) Op3uHe Teuewma Jie/a. 0.6

Mana yecTuma fiea 4Ydja je MmodeTHa mo3uija Ha moBpmmwmHH (X;, Hy,) he xao meo nemenor
MOKpYBaya, Mhu 1o TpajekTopuju Z(X) y BEpTHKAIHO] XZ PaBHH.

3.5 |U3Bectn u3pas 3a Tpajekropujy z(x). 0.9

I/IHIII/IKaTOPI/I CTApPOCTH JICACHOI IOKPHUBA4Ya U KJIUME U3 IHbE€roBc IMHAMHUKE
Ha ocHOBY xomrioHeHaTa Op3uHe Tedewa Jiefa Uy (Xx) u v,(z), MOXKe ce MPOIEHUTH CTapocT T(Z2)
nena Ha oapehenoj nyounu (Hy, — Z) UCIOJ MOBPIIMHE JIEICHOT TOKPHBAYa.

36 Hahm wm3pa3 3a crapoct 7(z) nema y 3aBHCHOCTHM O BHCHHE Z H3HAJX 3eMJbE, Ha

1.0
paznennunu jgena x = 0.

HampagibeHa je OymoTHHa Koja mpoJia3u Kpo3 CBE CJI0jeBe HAIa alor CHera U3 MPOILIOCTH U U3 e
Cy U3BYYCHU y30DIIH JIe/Ia ca Pa3IMIUTUX TyOrMHA. AHAIN3a TUX y30paka MOJKE JIa HaM Jia MO/IaTKe
0 KJIMMAaTCKUM HpOMEHaMa y TIPOILIOCTH. Jean o Haj00/bUX MHAUKATOpA je Tako3Banu & 180, koju
ce nenduHUIIe KA0

Rice - Rref

———— 1000 %o,

ref

8180 =

rae R = [180]/[*°0] npencrassba Mel)ycobHM 0nHOC MPHCYCTBA JBa CTAOUIHA M30TONA KMCEOHHMKA
180 u 160. PeepentHa BpeqHOCT Ryqf CE OMHOCH HA M30TOICKH CACTAB KHCEOHHMKA y OKEAaHHUMA Yy
OKOJIMHH €KBaTopa. Mepema Ha TPeHJIaHICKOM JIEJEHOM NOKpUBady Mokasyjy nokasyjy aa 6 180 y
CHETY MeHha MPHOJIMKHO JTHHeapHo ca TemreparypoM, Ciuka 3.2(a). [IpernocraBibajyhu ma je To
omyBek 6uo ciyuaj, BpemHoct 880 3a nem ca nybune (H,, —z) omoryhaBa na ce mpolieHH
temneparypa T y Onu3unu ['pernanna y TpeHyTKy T(Z) y IpoIIocTH.
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Figure 3.2 (a) Usmepena Besa u3mehy 8180 y cHery u cpenme romumme Temneparype T Ha nopmuau. (D)
Mepema 3aBucHoctH 8180 o my6bune (Hp, — z) McHos NoBpiuuHe, JoOUjeHa U3 y30pKa Jieia u3BaheHor us
OyLIOTHHE, KOja ce MPOCTUpPE O] TOBPIIMHE JICACHOT TOKpWBaya 10 3eMJbe, Ha ojapeheHOM MecTy Ha
IPEHJIaHJICKO] pa3aenuui rae je Hy, = 3060 m.

Mepema 680 na 3060 M xy60K0j OYNIOTHHM y TPEHNAHICKOM Jely TOKa3yjy Harly HpOMeHY
spenHoctn 5180 ma ny6uHm ox 1492 m, Cmuxa 3.2(b), koja o3Ha4yaBa Kpaj MOCHEIHEr JeeHOT
no6a. Jleneno no6a je moueno npe 120 000 roguna, mro oarosapa nyounu ox 3040 m, a tekyhe
Mehyneaeno (mHTepriaanyjanHo) nqoo6a je modeno npe 11 700 roxuna, mTo oaroBapa TyOWHH O
1492 m. IlpermocraBuTH Ja ce Ta JBa IMEpPHOJa MOTY OIKMCATH ca JBEC pa3IMYUTe Op3uHE
HaKymJbama Jiela Cj, (JeneHo noba) u cig (Mehynemeno noba). IIpernocrasure ga je Hy, Ouio
koHcTaHTHO TokoM oBux 120 000 roguna.

3.7a|Onpenutu Op3MHE HAKYIIBAA Ci M Cig. 0.8

3.7b|Kopucrehu nonarke ca Ciuke 3.2, Hahu npoMeHy Temneparype Ha npenasy u3 jgenesor | 0.2
y Mehyneneno gooa.

l'[ozm3aH>e HHUBOA MOpa ydiIel TOIbECHhA 'PCHJIAHACKOT JICACHOI IIOKPpHUBa4ia
[ToTmyHO TOIJBEH-E TPEHJAHICKOT JIEAEHOT MOKpMBaua he y3pOKOBaTH MOpacT HHUBOA BOJE Yy
IO0ATHOM OKeaHy. 3a TpyOy NpOIIEHYy OBOI TOpacTa HHUBOA BOJAE, MOXKE C€ JETHOCTaBHO
npernoctaBuTH 1a he mpohm 10 yHH(pOpMHOr mopacTa HMBOA BOJE y IEJIOM IJIa0aIHOM OKEaHy
nospmmHe Ag = 3.61 X 10* m?2.

W3pagynatu mopacT HHMBOA BOJAE Yy TJI0OATHOM OKeaHy KOju OM HAcTao MOTIYHUM
3.8 |oTomspaBameM TPEHJAHACKOr JIEGHOI TOKpHUBaya, 4Mja je TpeHyTHa mnoBpimuHa| 0.6
Ag = 1.71 X 102m? u Sy, = 100 kPa.

MacuBHM TpEeHIAHACKM JICICHH TOKPHWBAad BPIIM TPABUTAIMOHO TIOBJIAYEHE€ OKOJHOT OKeaHa.
I'paBuTanmoHo moBnaveme je edekar JOKATHOT MOoJM3ama HUBOA BOJE Yy OKEaHy yCIiel JIejCTBa
rpaBUTAIIMOHE CHIe. AKO OM Ce JIeNeH! MOKPUBad OTOIHO, OBO JIOKAJTHO IMOJU3ake HUBOA BOJIC Y
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omu3unn ['pennanga 6u ce cmamuio. Taj edekar aenyjy CynpoTHO OJ1 IOJH3amha HUBOA BOJIE yCIIe
edekTa u3pauyHaror y aeny 3.8.

Jla 6ucMo TPOIIEHWIIN jaYylHY OBOT TPaBUTALMOHOT MOBJIaYeha BOJE, MOIeI0BaheMO TPeHIIaHICKH
JIEJICHU MTOKPUBAY KA0 TAYKACTy Macy Koja ce Halla3W Ha HUBOY 3€MJbE U MMa YKYITHY Macy jeJHaKy
MacH TPEHJIaHICKOT JIeJeHOr MoKpuBaya. KomenxareH ce Hamasu Ha pactojamy ox 3500 km on
MIOMEHYTE TauykacTe Mace, Mepehw pacTojame MO 3aKpUBJHEHO] MOBPIIMHU 3emibe. Moxere
cMaTpartH ja je 3eMJba, He pauyHajyhu OBy TaykacTy Macy, chepHO CHMETpHUYHA U J1a C€ TJI00ATHA
OKeaH mpocTupe 1o 1esoj noppmman Ag = 5.10 X 10*m? 3emme. Cu edektn poTanuje 3emibe
MOTy C€ 3aHEMapHUTH.

Y OKBHpY OBOT MOJIENIa OJIPETUTH PA3IUKy hcpy — hopp M3Mel)y HUBOA Mopa y

39 Konenxareny (hcpy) ¥y Tauku AujaMeHTpaiHo cynpotHoj ['pennanny (hopp).

1.8
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Jlucr 3a Kon 3emsbe (2 croBa) Crynenr 6poj (1-5)
0/ITOBOPE
31lip(x,z) = 0.3
3.2alk = 0.9
32b|H(x) = 0.8
3.2c|ly = 0.5
3.3 |ve(x) = 0.6
34 v,(2) = 0.6
3.5 |z(x) = 0.9
3.6 | Crapocr Jiesia Ha TaTOM pacTojamy U3HAI 3eMibe: T(Z) = 1.0
3.7a|ciy = Cig = 0.8
3.7b|AT = 0.2
3.8 |[Tonu3ame rI00aTHOT HUBOA BOJIC 300T TOIJbEHha IPEHIIAHICKOT JIeIa = 0.6
3.9 |Paznuka HuBoa Boae. hcpy — hopp = 1.8
YKynHO 9.0
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W3pana excriepuMeHTaIHUX 3a7aTaka Tpaje 5 yacosa. [TocToje 2 3ay1aTka KOju YKYITHO
Bpene 20 6ogoBa. Youure j1a Opoj 60/10Ba 10 33J1aTKy HUJE UCTH.

He cmeTe oTBapaTu HU OpaoH KOBEPTY ca 3ajaliiMa HU KyTH]y ca MpUOOpPOM U
MaTepHjajioM Ipe HETo IITO 3BYYHU CUTHAII 03HAYU NOYETAK TAKMUYEHA (3BIKIYK).

3a cBaku 3a/1aTak moctoju oaroapajyhu Jlucrt 3a oaroBope (mornenajre 6poj u 60jy y
3arnaBJby). Hanummre cBoja pemema y 3a To npeasuleHa mospa y oarorapajyhem
JIMCTY 32 OJITOBOPE.

3a ferasbHe npopauyHe kopuctute 38annune |PhO manupe 3a mucame (Writing paper)
win IPhO nanupe 3a rpaduke (graph paper). 1 HA IIAIIMPUMA 3A IIUCAIBE U
HA ITAITUPUM 3A T'PA®UKE ITOITYHUTE CBA IIOJbA Y 3ATJIAB/bY u
IMUIIUTE CAMO HA ITPEJIIOJ CTPAHMU ITAIIUPA (3anma ctpana Hehe Outu
ckennpana). Kopucurure mro je Mmoryhe Mame TeKCTa: MOKylIajTe Aa 00jaCHUTE CBOje
peuiewe kopuctehu jenHaurHe, OpojeBe, cuMOo0JIe U/WiIK TujarpaMe. AKO CT€ Ha HEKOM
JIMCTY HAIMUCAJIA HEIIITO IITO HE JKEJIUTE J1a Oyae mperiie/laHo, IperpTajTe To.

Huje no3BosbeHO 1a HamyITaTe CBOje paaHo MecTo 0e3 103Bojie. AKO BaM je MoTpedOHa
OuJI0 KakBa BpCTa MOMONM (KaJIKyJIaTOp KOJU HE paJu, IOTPEHO BaM j€ BUIIIE MANupa,
Tpeba J1a uaeTe y ToaseT UT/.) MOAUTHUTE PYKY U JPKUTE j€ MOJAUTHYTY JIOK BOAUY HE
nohe. Ako Bac ciy4dajHO 3a00JIM pyKa CJI000/IHO j€ CITYCTUTE U MOJUTHUTE j€ TIOHOBO
Kaja 001 mpecTaHe.

Kpaj uzpane 3agataka he 6utu HaznaueH 3BYUHUM CUT'HAJIOM (3BUAKAYyKOM) U
TaJla MopaTe oamax ja npecranete ca nucamwm, AJIM OCTAHUTE HA CBOJUM
MECTHUMA. AKo 3aBpIIMTE Ca U3Paa0OM 3aJaTaka Mpe 3BYYHOI CUTHAJIA, TOJAUTHUATE

PYKY.

HYMEPHUIIUTE U CJOXKHUTE cBoje nanupe, TAKO JTA UM ITPEJIHA
CTPAHA BYJIE OKPEHYTA HA I'OPE, u ctaBute ux y CBOjy OpaoH KOBEPTY
cienehum perom:

1. JIuct 3a onroBope E1 u3a kojera cieje nanupu ca JeTabuMa u3padyyHaBamba U
rpadunmma 3a E1l

2. Jluct 3a ogrosope E2 u3a kojera cieie nanupu ca JieTaJbiMa u3padyHaBama u
rpadunuma 3a E2

3. CBe ocrasie nmanupe ykby4uyjyhul v pernpraHe JUCTOBE.

» Kana uyjere CJIEAERU 3BYUYHU CUT'HAJI (3Bmxiayk) MOJKETE
HAITYCTUTHU ITPOCTOPUJY.

» Huje 103B0JbEHO J1a U3HECETE MjCIaH JIUCT Manupa BaH MPOCTOPH]E.



bp3uHa cBeT/I0CTH
aan 1]~ T |

openhagen Denmark 7-15 July 2013

Basxcno obasemimerwe: Cea mepera u uspauyname 6peOHOCMU (QPU3UUKUX GETUYUHA MOPAjy
oumu nanucanu y jeounuuama SI cucmema ca oozoeapajyhum oOpojem 3nauajuux yugapa.
I'pewixe mperwa mpeba npoyersugamu camo mamo 20e ce Mo U3pPasumo mpaxcu.

1.0 YBoa

Excnepumenmu ca nacepckum oavunomepom (LDM)

Cauka 1.1 [leo npubopa u marepujana 3a eKCIIEPUMEHT

A: Jlacepcku 1aJbUHOMED

B: Ontruku kaban (cBeTyioBox) (MprOIMmKHO 1 m)

C: CamosieniuBY LPHU (PHUIIIIAHK [TOIMETAYH Ca OTBOPOM

D: MepHna tpaka

E: JlensbuBa Tpaka

F: Makaze

G: Iloknomnan upHe KyTuje

Jlacepcku naseunap (LDM, Buau Cmuky 1.2 u Cnuky 1.3) ce cactoju o ojammbada H
npujeMHuka. Ofammsbay je AMOAHU Jlacep YUjH je JJACEPCKU CHOM MOJYJIUCAH, OJHOCHO JIACEPCKU
CHOTI YMjH C€ MHTEH3UTET MEHa y BpeMeHy ca ojapeheHom ydectanomhy. Kaga macepcku cHom
MOTOJIM Y HEKU TPEIMET, CBETJIOCT c€ 0/10Mja y CBHM IpaBIMMa M3 Tayke y KOJy je€ MOTOUO0 CHOII.
Jeo oBe cBeryocTH A0ja3u A0 NPUjEeMHHUKA WHCTPYMEHTAa KOJU C€ Hajla3d HEMOCPEeNHO MOopen
oJamubada. TeIeCKONCKH ONTUYKNA CUCTEM MPHjEeMHHKA je (POKYCHpaH Ha TauKy MpeaMeTa y KOjy
je moroauo nacep. EXeKTpoHCKH cucTeM MHCTpyMeHTa Mepu (aszHy pa3iuky u3Mmel)y olia3HOT U
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onoujeHor cuoma. OBa (a3Ha pasziMKa je yrmpaBo cpa3MepHa BpeMeHY t Koje je je moTpeOHOo na
cBemiocT npehe myT on ojammibada 10 mpujeMHUKA. M3MepeHo Bpeme ce KOpUCTH Ja Oum ce
u3payvyHasa BeJIHYruHa

y=§ct+k

KOja ce NpuKasyje Ha eKpaHy MHCTpyMeHTa, rae je ¢ = 2.998 - 108ms~! 6psumna ceernocrw.
Koncranra k 3aBucH oI mojeniaBamba HHCTPYMEHTA; HA HHCTPYMEHTY MOXETE W3a0paTH Mepeme
JaJbUHE O] IpeIhe CTpaHe WM Of 3a[Iike CTpaHe MHCTpyMeHTa. Kama ce nacepcku jpasbHHAp
YKJbY4YH HOJICUIEH j€ TaKo Jia MepHu o]l 3aame uBnne. OBo mojaenmaBame He Tpeda MeHaTH TOKOM
CBHX Mepemba.

300r napanakce, LDM He Moxe Aa Mepu JajbuHE Mame o011 5 cm. MakcuMmanHa JlajbuHa KOja MOXe
Jla ce u3Mepu je npubmpkHo 25 m. OOGNIHMK UHCTPYMEHTA je TakaB Jla Cy U Mpe/imba U 3amba CTpaHa
HOpMallHe Ha Jlacepcku cHom. Kajna ce MHCTpYMEHT IOCTaBM XOPH3OHTAHO, IOJIapHu3aluja
JIACEPCKOT CHOIIA j€ Y BEPTUKAIHO] paBHU (HOpPMAJIHO HAa paBaH €KpaHa)

Juonnu nacep je kiaace 2, cHare < 1 mW u tanacne ayxuse 635 nm. I'pemika mepema mo
cnennpukanuju nponssohaya je +/- 2mm.

Yno3opemwe: /IHoaHu jacep Koju ce Hajda3m y HHCTPYMEHTY Moxke aa omrern ouum. He
rjiefajTe TUPEKTHO Y JIACEPCKH CHOII U He YNepyjTe CHONl Y HEKOr apyror!

Tooewasarwa na LDM

VY npeTxoHOj jeTHAYNHHU 32 pa3JajbuHy Y y3UMa ce Ja je Op3ruHa cBeTJIOCTH €. Ha HuBOy TauHOCTH
OBOI' €KETICPUMEHTA, HHje MOTPEOHO MPaBUTH pa3nuKy uisMely Op3uHE CBETIOCTH y BaKyyMy O
Op3WHE CBETJIOCTH y Ba3AyXy ¢ OO3MpOM Ja je WUHAEKC IpeliaMama Ba3lyXxa y aTMOC(EpCKUM
ycinosuma 1.000 29 = 1.000

Cauka 1.2 Illlect HeoOenexxeHUX AYTMajH Cy HEOWTHH 3a EKCIIEPUMEHT (KOpPHCTE CE 3a HM3padyyHaBambe
MOBPIIMHE U 3anpeMuHe). JlyrMa ol ”HTepeca y OBOM €KCIIEPUMEHTY CY:
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A: YrJbyunBame U HCKIbyurBame (On/off)

B: IIpenasak ca Mepema 0] 3a/Ii€ CTpaHe HHCTPYMEHTA Ha MEPEH-E 01 IIPeJIkhe CTPaHe U OOPHYTO.
C: NunukaTop 3a npeTxoaHy QyHKIH]jy

D: YxibyunBame jacepa U OTIOUHIbAbE MEPEHha

E: KontunyanHo Mepeme

F: naukaTop 3a yKIJby4eHO KOHTUHYAITHO MEPEHHE.

Cauka 1.3 Usrnen npenme cTpaHe JaCePCKOr JabUHOMEPA:
A: Ilpujemuuk: [Ipenme counBo Teneckomna

B: Onammssau: He rnenajre y nacepcku cHom!

1.1 Mepeme J1acepCKUM Ja/bUHOMEPOM
WuctpymenT he n3Bpmmtu Mepeme kafa nputucHere gyrme D, Bugute Ciuky 1.2.

Wsmepure pactojame H ox Bpxa cToma a0 moaa momohy iacepckor najbHHOMEpA. 0.4

1.1a ) )
Hanwumure rpemky meperma. CKUIMPajTe HAYHH HA KOJU CTE YpaJuid OBO MEpPEIhE.
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1.2 EkcnepuMeHT ca ONTHYKHAM Ka0JI0M

Cauka 1.4 TIpuka3 cnojeBa ONTHYKOT Kada.

JoOunu cre onTHUky Kaban qykuHe mpuOmmkHo 1 m u npeynuka npubmmkao 2 mm. Kaban ce
cacToju ol JBa ONTHUYKa Marepujana. Jesrpo (mpeuyHuka mpuOIMkHO 1 mm) je HampaBJ/bEHO O]
IUTACTUKE BEJMKOT HMHJIEKCAa IpejlaMama. Je3rpo je OKPY)KEHO OMOTadeM HaIllpaBJbEHUM OJ
IUIACTHUKE HEUITO HUXKET MHACKCA TpellaMara U CBE TO j& OKPY)KCHO 3aIITHTHOM KOITYJHHIIOM O]l
[[PHE TUTACTUKE. Je3rpo U OMOTay CIIy’ke Kao CBETJIOBOJ 3a CBETJIOCT KOja yJla3d y Kaball momTo Ha
rpaHuny u3Mely \BHUX 0JuIa3u A0 MOTIIYHOT YHYTPAlIkher oJ0ujama. 300T Tora CBETIOCT HE MOXE
Jla HaITyCTH je3rpo Kabia CBe JIOK je yIaJH! yrao Ha OMOTa4 MamU O/ TPAaHUYHOT yIJIa 33 MOTIIYHO
yHyTpalme oaoujame. [IpaBal npocTupama CBETI0CTH he JaKkie caeIuTH ocy je3rpa 4ak v ako ce
KabaJl caBHje, ajld HE IIPEBUIIIE.

LDM Ttpeba caga nonecutu na Mepu koHtunyanHo (E, sumetn Cnuky 1.2). ¥V Tom ciyyajy he
BPEIHOCT Y Ha €KpaHy Jla ce 0OHaBJba MPUOIIIKHO CBAaKOT ceKyHa. LDM ynasu y pexkum criaBama
(sleep mode) HakOH HEKOJIMKO MUHYTa. MOXKE CE TIOHOBO AKTHUBHPATH PUTHUCKOM Ha LIPBEHO TyTMe
32 OTIIOYUIHAE MEpPEmha.

[TaxxJpMBO ¥ HEXKHO CTABHUTE jeIaH MaH IPpHU (PHUIIaHU ToaMeTad (JPYTH MOJAMETad je pe3epBa)
MPEeKO COYMBa TPHjEMHHKA JaJbHHOMEpa Tako Jia OTBOP o1 2mm Oyae MpHOIMKHO HAa CPEeAMHU
counBa (coumBo je obenmexeHo ca A Ha Coumm 1.3). OkpeHUTe JISTJBUBY CTpPaHy MOaMeTada Ka
COYMBY W JIaraHO MPUTETHUTE jep he KacHuje y eKCIIepIMEHTY MOPATH Ja c€ YKIOHH.

YMeTHUTEe ONTHYKM Kaban AyKUHE X Y OTBOp Ha MOAMETady Tako Ja JOAUPHE COYHBO, BUIHUTE
Cnuxky 1.5.

Cauka 1.5 (a) Gunnanu noamerad u ontudku kabdan. (b) [locraBpame onTHykor Kaodua.
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CynpoTHu Kpaj ONTHYKOr Kabja Tpeba Ip’KaTH PYKOM TakKo Ja JOJMPHE 3allTUTHO CTaKJO
ojammsbada u aa ce Hahe y cpenuHu yacepckor cHona. Caga MOXKeTe Ja O4YuTaTe BPeaHOCT Y ca
ekpana. Kopucture Makase a CKpaTuTe ONTHYKY Kabajl Ha pa3IMuUTE KEJbCHE TY)KUHE X.

Jo0po pa3mucanTe CBaKH NYT Ipe Hero MWTO Npecedere ONTHYKH Kaldaja jep He MokeTe
Ao0uTH foaaTHH Kadan!!

Boaute pauyHa na ce 300r mperpeBamba HAaKOH JIy’Ker pajla y KOHTUHYAJIHOM PEXHUMY Ha €KpaHy
JaJbUHOMEpa MOXKE I0JaBUTH CIIMKAa TepMOMeTpa. AKO Ce OBO J€CH, UCKJbYYUTE€ UHCTPYMEHT U
OCTaBHUTE I'a TAKO HEKO BpEMeE Jla ce MaJlo OXJIaIu.

3a paznumumre Ay)XWHE X Kabia m3Mepute oaromapajyhe Bpeanoctu y. HampaBute
1.2a|tabeny ca wmepeHuM BpemHocThMa. Harprajre Tpaduk 3aBHCHOCTH TIOKa3uBama| 1.8
JTaJbUHOMEpa Y OJ1 IY>KHHE ONITHYKOT Kabia x.

[lomohy rpaduka onxpenuTe HHAEKC MpelaMama N, MaTepujaja oja Kojer je
1.2b | HampaBibeHO je3rpo onTHYKOr Kabdia. M3pauyHajte Op3uHy v, IpocTHpama ceerioctu| 1.2
KPO3 ONTHYKH Kaba.
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1.3 Jlacepcku Ja/bHHOMEP KOjH Ce HAJIA3H MO/ YIJIOM Y OJHOCY HA BEPTHKAJLY
VY oBoMm neny excriepuMenTa 6uhe Bam norpedan npuOop u MaTepujai npukaszas Ha Ciuiu 1.6.

Cauxka 1.6 [IpuGop 1 MaTepujas mpuka3aH Ha CIIULM:
A: TlpaBoyraoHa nocyza ca BOJIOM U MEpHa Tpaka

B: Marner 3a npuuspimihuBame TBO3JEHOI yraoHHMKa Ha Bpx upHe kyrtuje. (Kama orBopure KyTHjy ca
npubOpoM U Matepujaiom, MarHet hiere Halin Ha yraoHHKY).

C: I'Boznenu YraoHHK Ca ABOCTPYKO JICIJbUBUM TpaKamMa

D: /IBocTpyKo JembuBa Tpaka

VYkiaoHuTe upHu (uianaHum mogeMtad ca coumBa. LDM cama Tpeba mocTaBUTH Ha cienachu
Ha4YWH: 3QJICTIUTE IBE JBOCTPYKO JICTIJBUBE TpaKe Ha TBO3JICHU yraoHUK kao Ha Crmmm 1.7.
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Cauka 1.7 IIpaBuiHo nocTaB/be€HE JBOCTPYKO JICIJBUBE TPAKE HA TBO3ACHOM YIaOHHKY.

Cana Tpeba naxxspruBo nmocraButu LDM Ha rBO3/IEHH YTaOHUK KaKo je mpuka3aHo Ha 1.8.

Cauka 1.8 IIpaBuiHO MOCTaBIJbEH JACEPCKU AaJbUHOMED HA T'BO3JICHOM yTaOHHKY.

I'BO3/IeHN yraoHHWK 3ajeJHO ca JaJbMHOMEpOM caja Tpeba CTaBUTH Ha LPHY KYTH]y Kako je
npukazano Ha Crunu 1.9. [IpuuBpcTuTe rBO3ACHN YraOHUK 3a KYyTH]y TOMOhy MarHeTa Koju Tpeba
MOCTaBUTH HA 3WJ KyTHje ca YHYTpallllhe CTpaHe y TIpeaeny ucroj yraoHuka (Manu marHeT ce
Haja3W Ha caMOM YTaoHHKY mpe Kopuirhema). Baxxno je ma ce LDM mocrtaBu Oamn kao mro je
MPUKa3aHO Ha CIIMIIM jep je CTpaHa KyTHje Koja IJie/ia HaBHIIe M Ha KOjy Tpeba CTaBUTH JaJbUHOMED
Oyiaro HarHyTta, MpuOIKHO 3a 4 cTeneHa. Jlacepcku CHOIM caja Tpeba HEOMETaHO JIa CE MPOCTUPE
Ha ji0J1e o1 oapehenum yriaom.
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-
h @4 Bpsuna ceerioctn

Cuauka 1.9 IlocraBka excriepumenTa. (L[pHa KyTHja ciry>xu camo kao mocroibe. [Ipubop Koju ce BUIU n3a
TUTACTHYHE OOIEe Ha CIIWIIM C€ HE KOPUCTH Yy OBOM JIENTy EKCIICPUMEHTA)

A: Baxuno: Jlacepcku ga/sMHApP MOpa OMTH NMOCTAaB/bEH Ca CTPaHe IJie je THO LpHe KYTHje KaKo je
npuka3zaHo. CTpaHa KyTHje Koja je OKpeHyTa HaBMILEe M Ha KOjoj je nabMHap je 0J1aro HarLyra,
NpUOJIMKHO 32 4 cTelleHA NMpeMa XOPU30HTAJM. AKO U3 Hekor pasjora LDM ornagHe wiu ce moMepu
U MopaTe MOHOBO /1a I'a IPUYBPCTHTE HA YTAOHUK U KYTHjy TO ce MOpa ypaIuTH TaKo Aa yrao 6, oyae

HCTH K0 LITO je U0 Mpe moMepama JabHHOMepA.

Kana je LDM nocTaBibeH Kao IITO je 00jallkbeHo U YKJbYYEH, JJAaCEPCKU CHOM he 3akjianaTtu yrao

0, ca BeptukasioMm. OBaj yrao, Koju Mopa OUTH UCTH Y TOKY €KCIIepUMEHTa, Tpeba J1a ce oApeu.
[TpaBoyraoHa mocya y OBOM ety HHje MOTpeOHa M MOXKETE je CTABUTH ca CTpaHe.

W3meputu pactojame y; 10 MecTa I/ie JJACepCKU CHON yzaapa y cto. [lomeputu KyTtHjy
ca JaJbMHOMEPOM XOPU30HTAJIHO IPEMA NBHIIM CTOJIA CBE JJOK JACEPCKU CHOI HE yJapH

1.3a ) 0.2
y nox. M3mepuTH pacrojame Yy, 10 MECTa I'Jie JIaCepCKU CHOIl yaapa y noa. Haseaure
IpelIKe Mepema.

13b W3pauynartu yrao 8, kopuctehu camo pesynrare mepemwa 3a yq, y, 1 H (u3 nena 1.1a). 0.4

Onpenutu A6, .

1.4 ExcriepuMeHT ca MpaBOYraoHOM MOCYA0M
[TocTaBuTe NMpaBOyraoHy mocyJy Tako Ja JacepcKd CHON yJapa y THO IMOCyAe MpHOIMKHO Ha
cpenunn, Buaetu Crnuky 1.10. Cumajre Boay y mocyay. Jlyouna Bozae je x. Ounrajre y ca ekpaHa

JlaJbUHOMeEpa.
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Cimka 1.10 Cxuna npasara JJacepcKHUX CHOIIOBA y €KCIIEPUMEHTY ca [IPaBOyTraoHOM HOCYAOM Y K0joj je
nyOuHa BOJE X.

| 4a Wsmeputn oxarosapajyhe BpemHocTu AyOMHE BOJE X M TOKa3HMBama JaJbHHOMEpA . 16
" | YHeru Mepema y Tabney. Hanprartu rpaduk 3aBUCHOCTH Y O X. '
1.4b Yrnorpebutu jeqHaunHe 1a OM ce Hallla 3aBUCHOCT MPETXOJHE IBE BEIIMYUHE U Ja Ou 12
" 7| ce mpeaBuaeno kako Tpebda Aa usriena rpaduk. ’
| 4¢ OppenuTu WHIEKC Tpenamama BOJAe N,, nomohy rpaduka HanpraHOT OJf MEPEHUX 12
* 7 | BeIMUMHA. )
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JIucr 3a oarosope Kon 3emibe (2 ciosa) Taxmuuap 6poj (1-5)
Bpennoct H = BpenHoct AH =

I.1a 0.4
[Ipunoxutu ckuily Ha MOCEOHOM JIUCTY.
Tabena:

1.2a 1.8
[Tpunoxutu rpaguk 3aBUCHOCTH Y O]l X Ha TOCEOHOM JIUCTY.
Bpennocrt ne, = BPEIHOCT V¢o =

1.2b 1.2

[Ipunoxutu npopaduyHe Ha TOCEOHOM JIUCTY.
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JIucr 3a oarosope Kon 3emibe (2 ciosa) Taxmuuap 6poj (1-5)

13a Bpennoct y; + Ay, = BpEIHOCT V, + Ay, = 02
Bpennoct 60; = BpeaHoct Af; =

1.3b 0.4
[Mpunoxxutn npopadyHe Ha TIOCEOHOM JIUCTY.
Tabena:

l.4a 1.6
[Tpunoxutn rpaduk 3aBUCHOCTH Y OJ X Ha MOCEOHOM JIUCTY.

1.4b [MpunoxuTH jenHaunHe Ha TOCEOHOM JIUCTY 12
Bpennoct n,, =

l.4c 1.2
[MpunoxuT npopayyHe Ha TOCEOHOM JIUCTY.
YKynHo 8.0
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2.0 YBoa

Amnapatypa koja he 6utu kopumrheHa y 0BoM eKCIiepuMEHTY je npuka3zana Ha Counu 2.1.

Cuauka 2.1 Anaparypa koja he outu kopumhena y ekciepumenty E2.

Cniucax npubopa u Matepujana (Bugetu Cnuxy 2.1):

A: Conapna henmja

B: Conapna henuja

C: Kyrnja ca nperpagama y Koje ce MOT'Y IIOCTaBUTH U3BOP CBETIIOCTH, coslapHe henuje uta.
D: lnona xoja emutyje cBerioct (LED) (u3BOp cBETIIOCTH) ¥y oAroBapajyhem mpxkaqy
E: Hamajame 3a u3zBop cetsoctu D

F: OrnopHuK NpOMEHJbHBE OTIIOPHOCTH

G: JIpxad KojuM ce MOKe ITOCTaBUTH jeJiHa coapHa henuja y kytujy C

H: Ilperpana ca Kpy>KHUM OTBOPOM KOja c€ MOK€ IOCTaBUTH y KyTHjy C

I: JIp>kad KOjuM ce MOTY TIOCTaBUTH JiBe cosiapHe henmje y kytujy C

J: TIperpana 3a 3aknamame Koja ce MOXe IMOCTaBUTH Y KyTHjy C

K: Jlururaiau myiarumerap
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L: urutanau MyaTaMeTap

M: XKune ca “KpoKoIuICKUM” CIIOjeBUMa

N: IIpaBoyraona nocyzaa

O: Tpaka 3a Mepeme qyK1UHE

P: Makaze

Q: JlerspuBa Tpaka

R: Bona xojom ce myHu npaBoyraoHa nocyjaa N

S: INanmpHa cajiBeTa KOjoM ce MOKe oOprcaTu Boaa

T: Ilnactuyna yama 3a Boay u3 nocyzae N (Huje npukazana Ha Cruiu 2.1)
U: [Inactuyna nunera (Huje npukazana Ha Ciuru 2.1)

V: Ioknoman 3a kytujy C (Huje npuka3ad Ha Cimnu 2.1)

Ta0esa ca pu3HIKNM KOHCTAHTaMa

Bp31Ha CBETIOCTH Y BAKYyMYy c=2998x108ms?!
HaenexTpucame eJ1eKTpoHa e =1.602x1071°C
BosiMaHoBa KOHCTaHTA kg = 1.381 x 10723 J K1

Conapna henmuja mperBapa €0 €IEKTPOMAarHETHE CHEPrHje YIAIHE CBETIOCTH Yy EJIEKTPUYHY
SHEeprujy Tako IITO pa3/iBaja HOCHOIIE HaeIeKTpUCamha KOjU Cy HacTalu y cosiapHoj hemuju. Ha oBaj
HauuH ce (GopMupa eleKkTpuyuHa crpyja. Y excnepumenty E2 Bpmumhere mcnuTHBama COJIapHHUX
henmja xopunihemeM amapaType Kojy UMaTe Ha pacrojaramy. Amaparypa ce cacToju oJ KyTHje ca
nmperpagaMa y Koje ce MOTY NOCTaBUTH HM3BOP CBETJIOCTH M COJIapHE henuje Ha pa3induTuM
MectuMa yHyTap Kytuje. Kyrwja ce moxe 3aTBoputh mokjonueM. OTHOPHHUK TNPOMEHJbUBE
OTHOpPHOCTH Tpeba aa ce mocTaBu y Kyrujy, Buaure Cnuky 2.2. JemaH ox TpH TPHUKIbYYKa
OTIHOPHUKA j€ YKIIOEEH jep caMo IpeocTana JBa Npukbydka Tpeba na ce kopucre. Takohe cy Bam
Ha pacrnojaramby XHIEe ca “KPOKOAWJICKUM™ CIIOjeBUMa M JiBe cojapHe henuje (oOenexeHe
cepHjcKuM OpojeM u cioBoM A uiu B) ca npukspydnnMa ca 3aame cTpane. JBe conapue henuje cy
CIIMYHE, alli Ce MHUXOBE KapaKTePUCTHKE MOry Oyaro pasnukoBartd. [IBa wmynTtumerpa cy
oTpeMJbeHa NMPUKJbYUIIMa KOji oMoryhaBajy /1a ce KOpHCTe Kao aMIiepMeTap U BOJITMETap, BUACTH
Cmuky 2.3. V ekcrnepuMeHTy he ce KOPUCTUTH M TOCyAa KOja Ce MOXE HAIyHUTH BOJOM U3
dnammure.
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Cauka 2.2 (a) Kyrtuja ca m3BOpOM CBETIIOCTH W OTIIOPHUKOM Koju Tpeba moctaButu. (b) OTmopHHUK
MOCTaBJbeH y KyTHju. OTHOpHHUK Tpeba MOCTaBUTH y OAroBapajyhu oTBOp W MPUYBPCTUTH MATUIIOM ca
noaomikoM. [lputom mana n3bourHa y 00IuKy 3y0a Tpeba Ja cTaHe y MarmHi OTBOP KOjU C€ Haja3u Mmopes
TJIABHOT OTBOPA Y KOjH CE CTaBJba OTIOPHHUK.

2286 canim
9.9

A

Cauka 2.3 MyntuMmeTpu ca NpUKJbydliuMa Koju oMoryhaBajy J1a ce KOpUCTe peloM Kao ammnepmerap (J1eBo)
U BoiTMeTap (mecHo). Mynrtumerap ce ykibydyje nputuckameM ayrmera “POWER” y ropmem jeBoM yriy.
WHCTpyMEHT ce ayTOMaTCKH MCKJbydyje ako T'a HEKO BpeMe He Kopucture. Moxke 1a Mepu jeJHOCMEPHY
CTpYjy M HamoH (=), Ka0 M HAaU3MEHUYHY CTPYjy W HamoH (~). YHyTpaima OTHOpPHOCT BoinTMmerpa je 10
MQ y cBakoMm MepHOM oricery. Hamon Ha ammnepmerpy je jeanak 200 mV kaga ammepMerap O4YMTaBa
MaKCUMAaJHy CTPYjy HaTtor MepHor omcera. OBO BaXH 3a CBaKd MEpPHH OICer. Y cCiydajy ImpeKopauema

MaKCHMaJIHEe BPEIHOCTH JaTOI MEPHOT oIicera, Ha eKkpaHy he ce mojaButu “1” u Tazna je moTpeOHO u3adparu
Behu mepuu omcer. Jlyrme “HOLD” (ropwmu aecHu yrao) He Tpeba mpuTHCKaTd jep he y ToMm ciiydajy Ha

CKpaHy OCTaTHu BPpCAHOCT MEPCHa U3 TPCHYTKA KaJ CTC IPUTUCHYJIU OyTMEC.
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YIO3O0OPEIbE: Hemojme kopucmumu mynmumemap Kao ommemap oOa Oucme mepuiu
omnopuocm coaapuux henuja jep maoa conapua henuja moxce oa ce ommemu. Kaoa merwame
MEpHU Oncez HA MyIMUMEMPUMA, NANHCHUBO OKpehume npeknonHuk jep moyxce oa 0yoe
Hecmaounan u oa ce noxkeapu. Ilpoeepume oa n1u nocmoju 6poj uza oeyumanne mauke Kaoa
eépuiume meperbe — aKo NPeKJIONHUK HUje HaA C6OM mecmy, myamumemap nehe epuiumu meperse
0e3 003upa wimo Ha eKpany nocmoje Heke yugpe.

OobaBemrerse: HemojTe MemaTn HanmoH Ha Hanajawy. Taj HanoH Tpeda aa Oyae 12 V tokom
neJior ekcnepumenTa. (Hamajame 3a n3Bop cBetiocTy Tpeba a ce crapu y yruunauiy (230 V ~) Ha
BalIlleM CTOJIY.)

ObaBemreme: OapehuBame rpemaxka mMepema Tpeda jJa BpPIIMTE caMO Kajaa ce TO 0] Bac
eKCIJIMIIUTHO TPAXKH.
ObaBemteme: CBe MepeHe U M3paYyHaTe BPpeAHOCTH Tpeda na npeacrasure y SI jenmaunama.

OobaBemtewse: Ilpy cBMM MepewnMMa cTpyje W HamoHa y oBoM ekcnepumenty, LED u3Bop
CBeTJIOCTH Tpeda 1a Oy/e yK/by4eH.

2.1 3aBucHoOCT cTpyje Kpo3 cosapHy heujy o1 pacTojama 01 U3BOPa CBETJIOCTH

VY oBoMm 3angatky here meputu cTpyjy / Koja ce jaBiba y cosapHoj henuju Kaja je oHa IoBe3aHa y
KOJIO Ca aMIepMETpOM M OJPEIUTH KaKo OHa 3aBHCH OJI PacTojama T JI0 CBETIIOCTHOT H3BOPA.
CeemsiocT HacTaje ywymap NOjeIUHAYHMX JIMOJA, TaKO Ja pacTojame 1 Tpeba MEpUTH Ha HauuH
npukaszad Ha Ciounu 2.4.

A

Cauxka 2.4 Tlornen ono3ro nocraBke y 3agatky 2.1. OOpaTurte naxmy Ja ce KPyXKHH OTOBp (ameprypa) a
HaJIa3W HerocpenHo ucrpel cojapHe henuje. Pactojame ce Mepu oJ1 YHYTPAIIFbOCTH JIUOJIE IO TTOBPIIHHE
conapHe henuje.
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Y OBOM EKCHEpUMEHTY HEMOjTE€ MEHaTH MEPHHU OICeT aMIIepMEeTpa: YHYTpallkha OTIIOPHOCT
amMIepMeTpa 3aBUCH OJf MEPHOT OICera U yTH4e Ha CTPYjy Kpo3 conapHy henujy.

VY nwmcr 3a OAroBOpe YIMILKUTE CEpUjcKe OpojeBe CBETIOCHOI HM3BOpa U cojapHe henmje A.
ITocTraBuTe M3BOP CBETIOCTH Yy JipKad 00JMKa JaTUHUYHOT cioBa U (M3BOP CBETJIOCTH HE ynajaa
JIaKo y Jipkady, ma Tpeba aa Oynere CTpIUBMBH Kaj ra noctassbate) [loctaBure conapuy henujy A 'y
Ipxad 3a jenny conapHy henujy (G Ha Cnunum 2.1) U cTaBUTe Nperpaay ca KpyKHHM OTBOPOM
HerocpenHo ucipen cosapHe henuje. Ctpyja I y 3aBHCHOCTH Off pacTojama 7 10 CBETJIOCHOT
M3BOPA, Ka/1 T HUj€ CYBHILE MaJIO, CE MOXKE allpOKCUMHUPATH Kao

I(r) =
"=—7
a2
rjae cy I, 1 a KOHCTaHTe.
2.1a|W3mepurtu [ y 3aBUCHOCTH OJ1 7, ¥ TIOITYHUTH Ta0CITy pe3y/ITaTiMa BalllnX MEpeba. 1.0
2.1b|Onpeautu BpeaHOCTH I, ¥ a KopuithemeM MPUKIAAHOT TpadMuKOr METoA. 1.0
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2.2 Kapakrepucruka cojiapHe heamnje

CKJIOHUTH TIperpaay ca Kpy>XHUM OTBOpOM. [lOoCTaBUTH OTIOPHUK NMPOMEHJBHBE OTIOPHOCTH Y
KyTH]y Kao WTo je npukazaHo Ha Ciunu 2.2. [locraButy u3Bop cBetiocty y nperpany 0 xoja je
Hajaasba ol oTnopHuka. IlocraButu conapny henujy A y apxkau 3a jeaHy conaphy hennjy (G Ha
Cmumn 2.1) y mperpany 10, mpu yemy y OBOM ciydajy He mpeba Kopucmumu npezpaody ca
Kpyoichum omeopom. IloBezatn koso mpukazano Ha Cnumm 2.5, momohy kojer here usmeputu
KapaKTEepUCTUKY conapHe henwmje, Tj. 3aBHCHOCT HamoHa Ha coyiapHoj henuju U on crpyje 1 y Koy
KOje ce cacToju of] conapHe henuje, OTIOpHUKA U aMIIepMeTpa.

[/ +o—

Cauka 2.5 EnextpuyHa 1ieMa Koja ce KOpPUCTH 33 MEPEHE KapaKTEpPUCTHUKE Y 3a1aTKy 2.2.

2.2a |llomynure Tabeny ca oarosapajyhum mepemsuma U u 1. 0.6

2.2b |HampraTtu kapakTepucTKy coiapHe henmuje - rpaduk 3aBucHoct U of [. 0.8

2.3 Teopujcka kapakTepucTuKa cojiapHe hemnuje

Kapakrepuctuky conapaux hemmja y oBom ekcriepumeHTy hemo mosenoBatu hopmMyiaom

elU
I = Inax — Ip(exp (W) -1

re cy mapamerpH Iy .y, [p ¥ 1) KOHCTaHTe IpU JaTOM OCBET/hemY. Y3ehemo na je Ttemmeparypa
jemnaka T = 300 K. Koncranre e u kg Cy HaeJleKTpUCame eIEKTPOHA U BoJIMaHOBa KOHCTAHTA.

2.3a|KopunihemeM kapakTepUCTHKe U3 3a7aTka 2.2b ofpeauTH [ ay - 0.4

MoskeTe peTnoCTaBUTH Ja mapaMeTap 1) MOXe UMaTH BPEIHOCT U3 uHTepBaia oa 1 mo 4. 3a Heke
BpeHOCTH HanoHa U, hopMyIia ce MOXKe almpoOKCUMUPATH ca

eU
I' = Iyax — Io exp <77kBT)

[Ipouenure oncer BpeanocT U 3a Koju je mMoMeHyTa anpokcumaiuja noopa. Oapeautu

2.3b .
rpaduuKy BpeIHOCTH [ ¥ 7] 3a Bamly cosapHy hemujy.

1.2
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2.4 Makcumasna cHara cosiapHe hesnmnje

O3naunheMo MakcHUMaJHy CHary Kojy cojlapHa henuja Mo)ke Aa Ipela CIOJballllbeM
CJIEKTPUYHOM KOy ca P .. Onpenute Py, 32 Bauly conapHy henujy kopuinhemem
onrosapajyher Opoja mepema. (MoxkeTe KOPUCTUTH HEKa O]l BalIMX MPETXOAHHUX
Mepemwa U3 3a1aTka 2.2)

2.4a 0.5

[IpouenuTe ONTHMAIHYy OTHOPHOCT MOTPOIIaYa Rope, Tj. CIOJBbALIBE OTHOPHOCTH
MoBe3aHe Ha cojlapHy henujy mpu Kojoj conapHa henuja mpenaje MakCUMallHy CHary
norpomady Rope. [lpukaxure 1o0ujenn pesyarar u oarosapajyhy rpemky pesynrara u
IPUKAXUTE IpopadyHe KOjUMa CTe JOLUIN 10 pe3yJiTaTta u oAroBapajyhe rpemike.

2.4b 0.5

2.5 Ilopehemwe conapuux heaunja

[TocraBute 06e comapue hemuje (A u B) y npxau 3a ae conapue hemuje (I ma Cimnm 2.1), xoju
here nocrasutu y nperpany 0poj 15, Bugern Cnuky Fig. 2.6.

Cauxka 2.6 Ilories 0103ro u3Bopa CBETJIOCTH U CojlapHuX henuja y 3aaatky 2.5.

W3mepuTu npu AaTOM OCBETIHEHY:
- Makcumanan HaroH U, Koju ce MOKe U3MEPHUTH Ha cojlapHoj henuju A.

2.5a . ; . 0.5
- Makcumanny ctpyjy Ip Koja ce MOxe U3MEepUTH Kpo3 costapHy henujy A.
VYpagure ucto u 3a conapny henujy B.

7 5h HanpraTtu enexTpuuHy memy KoJjia KOje cT€ IPUTOM KOPUCTHIIM Ha KOME je HazHaueH 0.3

HAYMH [MOBE3MBamba COJAPHUX hesnja 1 MEpHUX MHCTPYMEHTATA.
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2.6 IloBe3uBame Bulle cojapHux henuja

[Be conapne henuje ce MOry moBe3aTH peHO Ha JBa pa3jIMyuTa HauMHa rpukazana Ha Cnunu 2.7.
Takohe ce Ha ABa paznuyUTa MOTY IOBE3aTH MapalenHo (Koja HUCY MPUKa3aHa Ha CIIULIHN).

0
-

b)

Cauxka 2.7 /IBa HaunHa J1a ce JaBe cojiapHe helrje MoBexy peaHo y 3a1aTky 2.6. JIBa HauuHa /1a ce MOBEXKY

napaesHo HUCY MTPpHUKa3aHa.

Opnpenutu Koje o yetnpu Moryha moBe3nBama JiBe conapHe henmje naje Hajpehy cHary
y CHOJballllbeM KOy KaJ ce jefHa coylapHa henuja 3akjOHH MPErpajioM 3a 3aKiIambame
(koja je osmaueHa ca J ma Cmumum 2.1). YmoyrcrBo: MakcHManHy CHary MOKeTe 10
NPWIMYHO T0OPO MPOLEHUTH TaKo IITO here je M3pauyHaTH U3 MaKCHUMATHOT HAaloHa M|
MaKCHMallHe CTpyje U3MepeHe TMpH JaTOM HAuyuHy TOBe3uBama. Harpratu
oJiroBapajyhu enexKTpuyHu Jujarpam.

2.6

2.7 Edexar nocyjae Ha cTPyjy Kpo3 coiapHy heaujy

[ToctaBuTe M3BOP CBETIIOCTH Y KYTHU]Y M MIOCTaBUTE colapHy henujy A y npkau 3a jefHy CONapHy
henujy, nmpu yemy je mperpaga ca Kpy>KHUM OTBOPOM HETIOCPETHO MCIPEN e TaKO J1a PacTojame
n3melyy conmapse henuje u cBersocHOr u3Bopa Oyne oko 50 mm. [locraBuTe mpa3Hy MpaBOyraoHy
MOCY/y HEMOCPETHO UCTIPE]] Iperpajie ca KPy>KHH OTBOPOM, Kao MTO je mpuka3zano Ha Ciuru 2.8.
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Cauka 2.8 ExcniepuMeHTamHa ocTaBKa y 3a1atky 2.7.

2.7a

W3mepute cTpyjy /, anu caja y 3aBUCHOCT OJ1 BUCHHE A Boje y nocynu, Buaure Ciuky
2.8. Ilonynutu Tabeny ca MepewrUMa U HallpTaTH oAroBapajyhu rpaduxk.

1.0

2.7b

O6jacauTtH 3amTo rpaduk u3rieaa Tako KopuihemeM caMo CKHIIa U CUMOoa.

1.0

ITocTaBuTe CBETIIOCHU M3BOP y KyTHjy M IOCTaBUTE coslapHy henujy A y npkad 3a jeany henujy,
TaKo Ja pacrojame u3mely conmapue henmje u cBeriocHor u3zBopa Oyne makcumanHo. IloctaBure

Iperpaay ca KpyKHUM OTBOPOM HEMOCPeIHO ucmpen cojapHe henuje.

[Tpu oBoj mocTaBiu ypanure cienehe:
- UsmepuTe pactojame 17 u3Mel)y u3Bopa CBETIOCTH U conapHe henuje u ctpyjy I;.

2.7c|- IlocraBuTe mpas3Hy MOCYAy HEMOCPEAHO HUCIpE] IMperpaje ca KpyKHuM oTBopoM H | 0.6
U3MepuTe cTpyjy .
- Hamynute mocyy BOIoM CKOpPO /10 BpXa U U3MepHUTe CTpyjy I3.
Kopumthewem Bammx mepema u3 jaena 2.7¢ OAPEAUTH MHJICKC INpelamMama BOJE M.
2.7d|OGjacHUTH METOA KOjU CT€ KOPUCTHIM OJroBapajyhuMm ckuuama M jeqHauynmHama.| 1.6

[TpuTom MOKeTe Aa U3BPIIUTE U T0JaTHA MEPEHA aKO j€ MOTPEOHO.
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Jlucr 3a ogrosope Ko 3emibe (2 cnoBa) Taxmuuap 6poj (1-5)

Cepwujcku Opoj: H3BOpP CBETIOCTH conapua henuja

Tloenu

Tabena 3aBucHoctH [ o 7

2.1a 1.0
Crpyjal, = BpPEAHOCT A =

2.1b . . 1.0
[ToTpeOHO je mpuIIoKUTH popadyH U oAroapajyhu rpaduk Ha moceOHOM JIHCTY.
TaGesna ca onrosapajyhum mepewuma U u [:

2.2a 0.6

2.2b | [Tpunoxxutu rpaduk 3aBUCHOCTH HAMIOHA O] CTPYj€ Ha TTOCEOHOM JIHCTY. 0.8
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Crpyja Imax =

2.3a . 0.4
JlokyMeHTyjTe Ballle ounTaBame ca rpaduka u3 jaena 2.2b.
Orncer Bpeanoctu U =

2.3b|Crpyja [ = n= 1.2
[Tpunoxxutu rpaduk Ha TOCEOHOM JIHCTY.

2 4a | CHATA Fnax = 0.5
[TpuI0XKUTH TOCTYNAK HAa TOCEOHOM JIUCTY.

2 4b OrnopHOCT Ropt + ARgpe = 0.5
[TpuI0XKUTH TIOCTYNAK HAa TOCEOHOM JIUCTY.
UA = IA =

2.5a Ug = Iy = 0.5

2.5b | [TpuimoxuTH 1pTEXKE TUjarpama Ha MOCCOHOM JIUCTY. 0.3

26 [Mpunoxxute Ha MOCEOHOM JIMCTY TOCTyNaK onxpehuBama KOjU OJ] HaUMHA ITOBE3MBamba 10

" | naje Hajpehy cHary, kao u IPTEX OAroBapajyher eneKTpudHOT Jujarpama. '

TaGena 3aBucHoctu / ox h:

2.7a 1.5
[Tpunoxute rpaduk Ha MOCEOHOM JIUCTY.

2.7b |IIpunoxkute ckuie ca cMMOOIMMa Ha TOCEOHOM JIMCTY. 0.5
Pactojame 11 = Crpyja l; =

>7¢ Capyja I, = Crpyia I = vo
Wunexc npenamama n,, =

2.7d . 1.6
[ToTpebHO je MPUIIOKHUTHU CKUILY M ITOCTYNAK Ha TIOCEOHOM JIHCTY.
YKynHo 12.0

Crpana 2 ox 2
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Introduction
A meteoroid is a small particle (typically smaller than 1 m) from a comet or an asteroid. A
meteoroid that impacts the ground is called a meteorite.

On the night of 17 January 2009 many people near the Baltic Sea saw the glowing trail or fireball of
a meteoroid falling through the atmosphere of the Earth. In Sweden a surveillance camera recorded
a video of the event, see Fig. 1.1(a). From these pictures and eyewitness accounts it was possible to
narrow down the impact area, and six weeks later a meteorite with the mass 0.025 kg was found in
the vicinity of the town Maribo in southern Denmark. Measurements on the meteorite, now named
Maribo, and its orbit in the sky showed interesting results. Its speed when entering the atmosphere
had been exceptionally high. Its age, 4.567 x 10° year, shows that it had been formed shortly after
the birth of the solar system. The Maribo meteorite is possibly a part of Comet Encke.

The speed of Maribo

The fireball was moving in westerly direction, heading 285° relative to north, toward the location
where the meteorite was subsequently found, as sketched in Fig. 1.1. The meteorite was found at a
distance 195 km from the surveillance camera in the direction 230° relative to north.

Use this and the data in Fig. 1.1 to calculate the average speed of Maribo in the time
1.1 |interval between frames 155 and 161. The curvature of the Earth and the gravitational | 1.3
force on the meteoroid can both be neglected.

Through the atmosphere and melting?

The friction from the air on a meteoroid moving in the higher atmosphere depends in a complicated
way on the shape and velocity of the meteoroid, and on the temperature and density of the atmo-
sphere. As a reasonable approximation the friction force F in the upper atmosphere is given by the
expression F = kp,.mAv?, where k is a constant, p,., the density of the atmosphere, A the projec-
ted cross-section area of the meteorite, and v its speed.

The following simplifying assumptions are made to analyze the meteoroid: The object entering the
atmosphere was a sphere of mass my = 30 kg, radius Ry; = 0.13 m, temperature T, = 200 K, and
speed vy = 2.91 x 10* m/s. The density of the atmosphere is constant (its value 40 km above the
surface of the Earth), p,m = 4.1 X 1073 kg/m3, and the friction coefficient is k = 0.60.

1.2a | Estimate how long time after entering the atmosphere it takes the meteoroid to have its | 0.7
speed reduced by 10 % from vy to 0.90 vy. You can neglect the gravitational force on
the meteoroid and assume, that it maintains its mass and shape.

1.2b | Calculate how many times larger the kinetic energy Ey;, of the meteoroid entering the 0.3
atmosphere is than the energy E,,¢;: Necessary for melting it completely (see data sheet).
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(b) | Frame | Time
155 | 1465 215° 19.2°
161 | 2.28s 221° 14.7°

Landing at M 230° 0.0°

285°

Figure 1.1 (a) Azimuth is the clockwise angular position from north in the horizontal plane, and
altitude is the angular position above the horizon. A series of frames recorded by the surveillance
camera in Sweden, showing the motion of Maribo as a fireball on its way down through the
atmosphere. (b) The data from two frames indicating the time, the direction (azimuth) in degrees,
as seen by the camera (C), and the height above the horizon (altitude) in degrees. (c) Sketch of the
directions of the path (magenta arrow) of Maribo relative to north (N) and of the landing site (M)
in Denmark as seen by the camera (C).

Heating of Maribo during its fall in the atmosphere

When the stony meteoroid Maribo entered the atmosphere at supersonic speed it appeared as a fire-
ball because the surrounding air was glowing. Nevertheless, only the outermost layer of Maribo was
heated. Assume that Maribo is a homogenous sphere with density pg.,, specific heat capacity cgp,,
and thermal conductivity kg, (for values see the data sheet). Furthermore, when entering the
atmosphere, it had the temperature T, = 200 K. While falling through the atmosphere its surface
temperature was constant T, = 1000 K due to the air friction, thus gradually heating up the interior.
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After falling a time t in the atmosphere, an outer shell of Maribo of thickness x will have been
heated to a temperature significantly larger than T,. This thickness can be estimated by dimensional

analysis as the simple product of powers of the thermodynamic parameters: x = t"‘pfm cl kS

1.3a | Determine by dimensional (unit) analysis the value of the four powers «a, 5, v, and §. 0.6

1.3b| Calculate the thickness x after a fall time t = 5 s, and determine the ratio x/Ry;. 0.4

The age of a meteorite

The chemical properties of radioactive elements may be different, so during the crystallization of
the minerals in a given meteorite, some minerals will have a high content of a specific radioactive
element and others a low content. This difference can be used to determine the age of a meteorite by
radiometric dating of its radioactive minerals.

As a specific example, we study the isotope ®’Rb (element no. 37), which decays into the stable
isotope ¥Sr (element no. 38) with a half-life of T, = 4.9 x 10'° year, relative to the stable isotope
85y At the time of crystallization the ratio ®/Sr/®Sr was identical for all minerals, while the ratio
¥ Rb/*®Sr was different. As time passes on, the amount of %’Rb decreases by decay, while
consequently the amount of ®’Sr increases. As a result, the ratio 3’Sr/%°Sr will be different today. In
Fig. 1.2(a), the points on the horizontal line refer to the ratio *’Rb/*®Sr in different minerals at the

time, when they are crystallized.

(a) (b) 0.712
875r(t)
-7 87 0.708 r
5630 (t) ' 5r(t)
86Sr(t)
0.704
87
L(O) 0.700
86Sr(0)
0.696
0 0.3

B7Rb (£) 0'137Rb(t)0'2

86Sr(t) 86Sr(t)
Figure 1.2 (a) The ratio ®’Sr/%®Sr in different minerals at the time ¢ = 0 of crystallization (open
circles) and at present time (filled circles). (b) The isochron-line for three different mineral samples
taken from a meteorite at present time.

1.4a | Write down the decay scheme for the transformation of 87Rb to 8%Sr. 0.3

Show that the present-time ratio ®’Sr/*®Sr plotted versus the present-time ratio 8’Rb/*°Sr
in different mineral samples from the same meteorite forms a straight line, the so-called

L4b lisochron-line, with slope a(t) = (e — 1). Here t is the time since the formation of the 07
minerals, while 4 is the decay constant inversely proportional to half-life T.,.
1.4c | Determine the age Ty of the meteorite using the isochron-line of Fig. 1.2(b). 0.4
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Comet Encke, from which Maribo may originate
In its orbit around the Sun, the minimum and maximum distances between comet Encke and the
Sun are api, = 4.95 X 101° m and a, = 6.16 X 1011 m, respectively.

1.5 | Calculate the orbital period tg, ke OF cOmet Encke. 0.6

Consequences of an asteroid impact on Earth

65 million years ago Earth was hit by a huge asteroid with density p,s = 3.0 x 103 kg m~3, radius
R,t = 5.0 km, and final speed of v, = 2.5 x 10* m/s. This impact resulted in the extermination
of most of the life on Earth and the formation of the enormous Chicxulub Crater. Assume that an
identical asteroid would hit Earth today in a completely inelastic collision, and use the fact that the
moment of inertia of Earth is 0.83 times that for a homogeneous sphere of the same mass and

radius. The moment of inertia of a homogeneous sphere with mass M and radius R is %MRZ.
Neglect any changes in the orbit of the Earth.

Let the asteroid hit the North Pole. Find the maximum change in angular orientation of

1.6a . . 0.7
the axis of Earth after the impact.
Let the asteroid hit the Equator in a radial impact. Find the change At in the duration

1.6b : : 0.7
of one revolution of Earth after the impact.

1.6¢ Let the asteroid hit the Equator in a tangential impact in the equatorial plane. Find the 0.7

"7 |change At.,, in the duration of one revolution of Earth after the impact. '

Maximum impact speed

Consider a celestial body, gravitationally bound in the solar system, which impacts the surface of
Earth with a speed vy, Initially the effect of the gravitational field of the Earth on the body can be
neglected. Disregard the friction in the atmosphere, the effect of other celestial bodies, and the
rotation of the Earth.

1.7 |Calculate vy, the largest possible value of viyp. 1.6
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Introduction

In this problem we study an efficient process of steam production that has been demonstrated to
work experimentally. An aqueous solution of spherical nanometer-sized silver spheres
(nanoparticles) with only about 1013 particles per liter is illuminated by a focused light beam. A
fraction of the light is absorbed by the nanoparticles, which are heated up and generate steam
locally around them without heating up the entire water solution. The steam is released from the
system in the form of escaping steam bubbles. Not all details of the process are well understood at
present, but the core process is known to be absorption of light through the so-called collective
electron oscillations of the metallic nanoparticles. The device is known as a plasmonic steam
generator.

Figure 2.1 (a) A spherical charge-neutral nanoparticle of radius R placed at the center of the coordinate
system. (b) A sphere with a positive homogeneous charge density p (red), and containing a smaller spherical
charge-neutral region (0, yellow) of radius R;, with its center displaced by x4 = x4 e, . (¢) The sphere with
positive charge density p of the nanoparticle silver ions is fixed in the center of the coordinate system. The
center of the spherical region with negative spherical charge density —p (blue) of the electron cloud is
displaced by x,, where x, < R. (d) An external homogeneous electric field E, = —Ege, . For time-
dependent E , the electron cloud moves with velocity v = dx,/dt. (e) The rectangular vessel (h X h X a)
containing the aqueous solution of nanoparticles illuminated by monochromatic light propagating along the
z-axis with angular frequency w,, and intensity S.

A single spherical silver nanoparticle

Throughout this problem we consider a spherical silver nanoparticle of radius R = 10,0 nm and
with its center fixed at the origin of the coordinate system, see Fig. 2.1(a). All motions, forces and
driving fields are parallel to the horizontal x-axis (with unit vector e, ). The nanoparticle contains
free (conduction) electrons moving within the whole nanoparticle volume without being bound to
any silver atom. Each silver atom is a positive ion that has donated one such free electron.

Find the following quantities: The volume V' and mass M of the nanoparticle, the
2.1 |number N and charge density p of silver ions in the particle, and for the free electrons 0.7
their concentration n, their total charge @, and their total mass m,.

Page 1 of 4




Copenhagen Denmark 7-15 July 2013

The electric field in a charge-neutral region inside a charged sphere

For the rest of the problem assume that the relative dielectric permittivity of all materials is € = 1.
Inside a charged sphere of homogeneous charge density p and radius R is created a small spherical
charge-neutral region of radius R; by adding the opposite charge density —p, with its center displa-
ced by x4 = x4 e, from the center of the R-sphere, see Fig. 2.1(b).

Show that the electric field inside the charge-neutral region is homogenous of the form

E = A (p/&g) x4, and determine the pre-factor A. 1.2

2.2

The restoring force on the displaced electron cloud

In the following, we study the collective motion of the free electrons, and therefore model them as a
single negatively charged sphere of homogeneous charge density —p with a center position xp,
which can move along the x-axis relative to the center of the positively charged sphere (silver ions)
fixed at the origin of the coordinate system, see Fig. 2.1(c). Assume that an external force Fqy
displaces the electron cloud to a new equilibrium position x,, = x,, €, with |x,| < R. Except for
tiny net charges at opposite ends of the nanoparticle, most of its interior remains charge-neutral.

Express in terms of x, and n the following two quantities: The restoring force F exerted

. . 1.0
on the electron cloud and the work W, done on the electron cloud during displacement.

23

The spherical silver nanoparticle in an external constant electric field
A nanoparticle is placed in vacuum and influenced by an external force Foy; due to an applied static
homogeneous electric field E, = —Eje,, which displaces the electron cloud the small distance |xp],

where |xp| < R.

Find the displacement x,, of the electron cloud in terms of E, and n, and determine the
2.4 |amount —AQ of electron charge displaced through the yz-plane at the center of the| 0.6
nanoparticle in terms of n, R and Xp-

The equivalent capacitance and inductance of the silver nanoparticle

For both a constant and a time-dependent field E, the nanoparticle can be modeled as an equivalent
electric circuit. The equivalent capacitance can be found by relating the work We, done on the
separation of charges AQ, to the energy of a capacitor, carrying charge +AQ. The charge separation
will cause a certain equivalent voltage V;, across the equivalent capacitor.

2.5a|Express the systems equivalent capacitance C in terms of &y and R, and find its value. 0.7

For this capacitance, determine in terms of E, and R the equivalent voltage V, that

. L 0.4
should be connected to the equivalent capacitor in order to accumulate the charge AQ.

2.5b
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For a time-dependent field E, the electron cloud moves with velocity v = v e, , Fig. 2.1(d). It has
the kinetic energy Wy, and forms an electric current I flowing through the fixed yz-plane. The
kinetic energy of the electron cloud can be attributed to the energy of an equivalent inductor of
inductance L carrying the current I.

2.6a|Express both Wy;, and I in terms of the velocity v. 0.7
2.6b Express the equivalent inductance L in terms of particle radius R, the electron charge e 0.5
" |and mass m,, the electron concentration n, and calculate its value. ’

The plasmon resonance of the silver nanoparticle

From the above analysis it follows that the motion, arising from displacing the electron cloud from
its equilibrium position and then releasing it, can be modeled by an ideal LC-circuit oscillating at
resonance. This dynamical mode of the electron cloud is known as the plasmon resonance, which
oscillates at the so-called angular plasmon frequency wy,.

Find an expression for the angular plasmon frequency wy, of the electron cloud in terms

. e 0.5
of the electron charge e and mass m,, the electron density n, and the permittivity &;,.

2.7a

Calculate w,, in rad/s and the wavelength 4, in nm of light in vacuum having angular

0.4
frequency w = w,.

2.7b

The silver nanoparticle illuminated with light at the plasmon frequency

In the rest of the problem, the nanoparticle is illuminated by monochromatic light at the angular
plasmon frequency w,, with the incident intensity S = %ceoEg = 1.00 MW m~2. As the wavelength
is large, A, > R, the nanoparticle can be considered as being placed in a homogeneous harmonical-
ly oscillating field Ey = —E, cos(wpt) e. Driven by E,, the center x,(t) of the electron cloud
oscillates at the same frequency with velocity v = dx,/dt and constant amplitude x,. This
oscillating electron motion leads to absorption of light. The energy captured by the particle is either
converted into Joule heating inside the particle or re-emitted by the particle as scattered light.

Joule heating is caused by random inelastic collisions, where any given free electron once in a
while hits a silver ion and loses its total kinetic energy, which is converted into vibrations of the
silver ions (heat). The average time between the collisions is 7 > 1/w,, where for silver
nanoparticle we use T = 5.24 X 1071 s,

Find an expression for the time-averaged Joule heating power Pye,¢ in the nanoparticle
2.8a|as well as the time-averaged current squared (I?), which includes explicitly the time-| 1.0
averaged velocity squared (v?2) of the electron cloud.

Find an expression for the equivalent ohmic resistance Rye,¢ in an equivalent resistor-
2.8b|model of the nanoparticle having the Joule heating power Py e, due to the electron cloud| 1.0
current /. Calculate the numerical value of Rjey¢.
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The incident light beam loses some time-averaged power P, by scattering on the oscillating elec-
tron cloud (re-emission). Py, depends on the scattering source amplitude x,, charge Q, angular fre-
quency wp, and properties of the light (the speed of light ¢ and permittivity &, in vacuum). In terms

2,2 4
Q°xgwp

of these four variables, Pgc,¢ 1S given by Pgeap = Ime
0

By use of Py, , find an expression of the equivalent scattering resistance Rgc,¢ (in ana-

. . . . . 1.0
logy with Rye,¢) in an equivalent resistor-model, and calculate its value.

2.9

The above equivalent circuit elements are combined into an LCR series circuit model of the silver
nanoparticle, which is driven by a harmonically oscillating equivalent voltage V =V, cos(wpt)
determined by the electric field E, of the incident light.

Derive expressions for the time-averaged power losses Ppear and Pscye involving the
2.10a|amplitude E, of the electric field in the incident light at the plasmon resonance| 1.2
W= Wp,.

P

2.10b| Calculate the numerical value of Eg, Ppeat, and Pscat. 0.3

Steam generation by light

An aqueous solution of silver nanoparticles is prepared with a concentrationn,, = 7.3 X 101> m3,
It is placed inside a rectangular transparent vessel of size h X h X a = 10 X 10 X 1.0 cm® and
illuminated by light at the plasmon frequency with the same intensity S = 1.00 MW m~2 at normal
incidence as above, see Fig. 2.1(e). The temperature of the water is T,,, = 20 °C and we assume, in
fair agreement with observations, that in steady state all Joule heating of the nanoparticle goes to
the production of steam of temperature Ts; = 110 °C, without raising the temperature of the water.

The thermodynamic efficiency n of the plasmonic steam generator is defined by the power ratio
1N = Ps/Pior » Where Py, 1s the power going into the production of steam in the entire vessel, while
Pt 1s the total power of the incoming light that enters the vessel.

Most of the time any given nanoparticle is surrounded by steam instead of water, and it can thus be
described as being in vacuum.

Calculate the total mass per second pg, of steam produced by the plasmonic steam ge-
2.11a . o i . . 0.6
nerator during illumination by light at the plasmon frequency and intensity S.
211b Calculate the numerical value of the thermodynamic efficiency n of the plasmonic 02
) steam generator. :
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The Greenlandic Ice Sheet

Introduction

This problem deals with the physics of the Greenlandic ice sheet, the second largest glacier in the
world, Fig. 3.1(a). As an idealization, Greenland is modeled as a rectangular island of width 2L and
length 5L with the ground at sea level and completely covered by incompressible ice (constant
density p;ce), see Fig. 3.1(b). The height profile H(x) of the ice sheet does not depend on the y-
coordinate and it increases from zero at the coasts x = +L to a maximum height H,, along the
middle north-south axis (the y-axis), known as the ice divide, see Fig. 3.1(c).

(b)

5L

© R

Figure 3.1 (a) A map of Greenland showing the extent of the ice sheet (white), the ice-free, coastal regions
(green), and the surrounding ocean (blue). (b) The crude model of the Greenlandic ice sheet as covering a
rectangular area in the xy-plane with side lengths 2L and 5L. The ice divide, the line of maximum ice sheet
height Hy, runs along the y-axis. () A vertical cut (xz-plane) through the ice sheet showing the height
profile H(x) (blue line). H(x) is independent of the y-coordinate for 0 < y < 5L, while it drops abruptly
to zero at y =0 and y = 5L. The z-axis marks the position of the ice divide. For clarity, the vertical
dimensions are expanded compared to the horizontal dimensions. The density p;.. Of ice is constant.
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The Greenlandic Ice Sheet

Two useful formulas
In this problem you can make use of the integral:

0
and the approximation (1 + x)* = 1 + ax, valid for |ax| < 1.

The height profile of the ice sheet
On short time scales the glacier is an incompressible hydrostatic system with fixed height profile
H(x).

Write down an expression for the pressure p(x, z) inside the ice sheet as a function of
3.1 | vertical height z above the ground and distance x from the ice divide. Neglect the 0.3
atmospheric pressure.

Consider a given vertical slab of the ice sheet in equilibrium, covering a small horizontal base area
AxAy between x and x + Ax, see the red dashed lines in Fig. 3.1(c). The size of Ay does not matter.
The net horizontal force component AF on the two vertical sides of the slab, arising from the
difference in height on the center-side versus the coastal-side of the slab, is balanced by a friction
force AF = S, AxAy from the ground on the base area AxAy, where S, = 100 kPa.

3.2a|For a given value of x, show that in the limit Ax —» 0, S, = kH dH /dx, and determine k| 0.9

Determine an expression for the height profile H(x) in terms of pjc., g, L, S, and
3.2b |distance x from the divide. The result will show, that the maximum glacier height H,, 0.8
scales with the half-width L as H,,, « L'/2,

Determine the exponent y with which the total volume V;.. of the ice sheet scales with

the area A of the rectangular island, Vj.. o AY. 05

3.2¢c

A dynamical ice sheet

On longer time scale, the ice is a viscous incompressible fluid, which by gravity flows from the
center part to the coast. In this model, the ice maintains its height profile H(x) in a steady state,
where accumulation of ice due to snow fall in the central region is balanced by melting at the coast.
In addition to the ice sheet geometry of Fig. 3.1(b) and (c) make the following model assumptions:

1) Ice flows in the xz-plane away from the ice divide (the y-axis).

2) The accumulation rate ¢ (m/year) in the central region is a constant.

3) Ice can only leave the glacier by melting near the coasts at x = +L.

4) The horizontal (x-)component v, (x) = dx/dt of the ice-flow velocity is independent of z.
5) The vertical (z-)component v,(z) = dz/dt of the ice-flow velocity is independent of x.

Consider only the central region |x| < L close to the middle of the ice sheet, where height
variations of the ice sheet are very small and can be neglected altogether, i.e. H(x) = Hy,.

Use mass conservation to find an expression for the horizontal ice-flow velocity v, (x)

in terms of ¢, x, and Hy,. 0.6

3.3
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The Greenlandic Ice Sheet

From the assumption of incompressibility, i.e. the constant density p;.. Of the ice, it follows that
mass conservation implies the following restriction on the ice flow velocity components
dv, dv,

ax T

Write down an expression for the z dependence of the vertical component v,(z) of the 06

34 ice-flow velocity.

A small ice particle with the initial surface position (x;, Hy,) will, as time passes, flow as part of the
ice sheet along a flow trajectory z(x) in the vertical xz-plane.

3.5 | Derive an expression for such a flow trajectory z(x). 0.9

Age and climate indicators in the dynamical ice sheet
Based on the ice-flow velocity components v, (x) and v,(z), one can estimate the age t(z) of the
ice in a specific depth H,, — z from the surface of the ice sheet.

Find an expression for the age t(z) of the ice as a function of height z above ground, 10

3.6 right at the ice divide x = 0.

An ice core drilled in the interior of the Greenland ice sheet will penetrate through layers of snow
from the past, and the ice core can be analyzed to reveal past climate changes. One of the best
indicators is the so-called §80, defined as
Rice — R
—ice Tl 1000 %o,

ref
where R = [180]/[1°0] denotes the relative abundance of the two stable isotopes 80 and €0 of
oxygen. The reference R,.r is based on the isotopic composition of the oceans around Equator.

5180 =

@ 10— )3T 7 I —
O '327
-34
= -10 5
£ & 36
o . o -38
% 30 P % -40}
o 40 1
-40
: 441
-50 ;.*' 1 46,
-60?*=*"" agl oo b
-60 -40 -20 0 20 0 1000 2000 3000
T [°C] Hy — z [m]

Figure 3.2 (a) Observed relationship between §180 in snow versus the mean annual surface temperature T.
(b) Measurements of § 80 versus depth H,,, — z from the surface, taken from an ice core drilled from surface
to bedrock at a specific place along the Greenlandic ice divide where H,, = 3060 m.
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The Greenlandic Ice Sheet

Observations from the Greenland ice sheet show that 680 in the snow varies approximately
linearly with temperature, Fig. 3.2(a). Assuming that this has always been the case, § 80 retrieved
from an ice core at depth H,, — z leads to an estimate of the temperature T near Greenland at the

age 7(z).

Measurements of §80 in a 3060 m long Greenlandic ice core show an abrupt change in 5§80 at a
depth of 1492 m, Fig. 3.2(b), marking the end of the last ice age. The ice age began 120,000 years
ago, corresponding to a depth of 3040 m, and the current interglacial age began 11,700 years ago,
corresponding to a depth of 1492 m. Assume that these two periods can be described by two
different accumulation rates, c;, (ice age) and c; (interglacial age), respectively. You can assume

H,, to be constant throughout these 120,000 years.

3.7a | Determine the accumulation rates c;, and cjg. 0.8

3.7b | Use the data in Fig. 3.2 to find the temperature change at the transition from the ice age | 0.2
to the interglacial age.

Sea level rise from melting of the Greenland ice sheet

A complete melting of the Greenlandic ice sheet will cause a sea level rise in the global ocean. As a
crude estimate of this sea level rise, one may simply consider a uniform rise throughout a global
ocean with constant area Ag = 3.61 X 1014 m2.

Calculate the average global sea level rise, which would result from a complete melting
3.8 |of the Greenlandic ice sheet, given its present area of Ag = 1.71 x 10?m? and| 0.6
S, = 100 kPa.

The massive Greenland ice sheet exerts a gravitational pull on the surrounding ocean. If the ice
sheet melts, this local high tide is lost and the sea level will drop close to Greenland, an effect
which partially counteracts the sea level rise calculated above.

To estimate the magnitude of this gravitational pull on the water, the Greenlandic ice sheet is now
modeled as a point mass located at the ground level and having the total mass of the Greenlandic ice
sheet. Copenhagen lies at a distance of 3500 km along the Earth surface from the center of the point
mass. One may consider the Earth, without the point mass, to be spherically symmetric and having
a global ocean spread out over the entire surface of the Earth of area Ag = 5.10 x 10**m?. All
effects of rotation of the Earth may be neglected.

Within this model, determine the difference hcpy — hopp between sea levels in

Copenhagen (hcpy) and diametrically opposite to Greenland (hgpp). 18

3.9
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Solutions

1.1

Ao < Topviem Cf,_..

Turned sideview, not to

scale

Top view: Triangle MCB: |CM| = 195 km, £MCB = 230° — 180° = 50°, and
£MBC = 75°, so CMB = 180° — 75° — 50° = 55°.

__|CM|sin(«CMB) __
Then |CB| = TonMBD = 165.4 km.
Triangle DCB: |CB| = 165.4 km, £DCB = 215° — 180° = 35°,and £DBC = 75°,
so £CDB = 180° — 75° — 35° = 70°.
__|CB|sin(«DBC) __
Then |CD| = ~einGZeDE) = 170.0 km.
Triangle ECB: |CB| = 165.4 km, £ECB = 221° — 180° = 41°, and 2EBC = 75°,

so £CEB = 180° — 75° — 41° = 64°.
Then |CE| = [SEINCEBO _ 477 7 km,

sin(«CEB)
Triangle ECD:£ECD = 41° — 35° = 6°. Horisontal distance travelled by
Maribo:|DE| = 2SISINECD) _ 49 77 km

sin(«CED)

Side view: Triangle CFD: |FD| = |CD| tan(£FCD) = 59.20 km
Triangle CGE: |GE| = |CE|tan(£GCE) = 46.62 km
Thus vertical distance travelled by Maribo: |FD| — |GE| = 12.57 km.
Total distance travelled by Maribo from frame 155 to 161:

|FG| = \/|DE|2 + (JFD| — |GE|)2 = 23.43 km.

23.43 km
= =128.6km/s
2.28s-1.46s

The speed of Maribo is v =

1.2

1.2a

_ kpatmnRi dt

dv . 1
Newton's second law: my; e —kpammREV? yields v—zdv = -
M

By integration t =

kpatmTRy \0.9

L(i— 1)i= 0.88s.

UM

0.7

1.2b

Exin __

1.2
=V
2 M

__ 4.2x108

Emelt

- ¢sm (Tsm=To) + Lsm T 2.1x106

=2.1x10%>» 1.

0.3
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The Maribo Meteorite

[x] = [£]*[psm]P[csm]” [Ksm]® = [s]%[kg m™3]#[m? s72K~*]¥ [kg m s 3K *]°,
SO [m] — [kg]ﬁ+8[m]—3ﬁ+2y+5[S]a—Zy—36[K]—y—6.
Thusf+86=0, =36+2y+6=1, a—2y—36=0,and —y—6=0.

From which ((X,B,'y’ 6) = (+%,_%,_%’+%) and x(t) ~ ’pksr:t .

0.6

1.3b

x(5s) = 1.6 mm x/Ry = 1.6 mm/130 mm = 0.012.

0.4

1.4a

Rb-Sr decay scheme: §7Rb — 82Sr + _fe + ¥,

0.3

1.4b

Ng7rp (t) = Ng7rp(0)e **and Rb—Sr: Ngysr(t) = Ngzs(0) + [Ng7rp (0) — Nezro (1)1
Thus Ng;s,(t) = Ng;5:(0) + (et — 1)Ngyrp (t), and dividing by Ngegr we obtain the
equation of a straight line:
Ng7sr(t) — Ng75r(0) + (e’“ -1) N87Rb(t).
Ngesr Ngesr Ngesr

0.7

1.4c

_0.712-0.700 In(2)

Calt 1 — - -
Slope: e l=a=——"—"= 0.050 and T, =

= 4.9 x 1010 year.

_ 1 _ In(1+a) _ 9
So 1ty =In(1+ a)/1 = D Ty, = 3.4 X 10° year .

0.4

1.5

Kepler's 3rd law on comet Encke and Earth, with the orbital semi-major axis of Encke
3

given by a = %(amin + Amax)- Thus tgpeke = ( )E tg = 3.30 year = 1.04 X 10%s.

a
ag

0.6

1.6a

For Earth around its rotation axis: Angular velocity wg = 224—”h =7.27%x107°s71,
Moment of inertia Iy = 0.83 ngRﬁ =8.07 X 1037 kg m?.

Angular momentum Lg = Igwg = 5.87 X 1033 kg m?s™1.

Astroid myg = 4{Rgstpast = 1.57 x 101% kg and angular momentum L,s =
MastVastRE = 2.51 X 1026 kg m2s™1. L, is perpendicular to Lg, so by conservation
angular momentum: tan(A@) = L,g/Lg = 4.27 X 1078,

The axis tilt AG = 4.27 X 1078 rad (so the north pole move Rg A8 = 0.27 m).

0.7

1.6b

At vertical impact ALy = 0 so A(I[gwg) = 0. Thus Awg = —wg(Alg)/Ig, and since
Alg/Ig = MagRE Iz = 7.9 X 10710 we obtain Awg = —5.76 x 1071* s, The change

in rotation period is ATg = Zn( L i) ~ —Zn% = 6.84 X 107°s.

wWg+Awg WE E

0.7

1.6¢

At tangential impact L, is parallel to Lg so Lg + L, = (Ig + Alg)(wg + Awg) and
thus ATy = Zn( L —i) =21 (w—i) = —3.62x1073s.

wWg+Awg WE Lg+Last WE

0.7
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The Maribo Meteorite

Copenhagen Denmark 7-15 July 2013

1.7a | Minimum impact speed is the escape velocity from Earth: vimmig = /Ziﬂ =11.2km/s | 0.5
E

Maximum impact speed vir;‘napx arises from three contributions:

(D) The velocity v}, of the body at distance ag (Earth orbit radius) from the Sun,

v, = ’ZZ?S = 42.1 km/s.

176 | () The orbital velocity of the Earth, vg =

2mag

Tyear = 29.8 km/s 1.2
(IIT) Gravitational attraction from the Earth and kinetic energy seen from the Earth:

1 2 Gmg | 1/ max)2
~(vp tvg)° = — =(v;
2( b + E) RE + 2 \Yimp

2Gmg

In conclusion: vjp’* = \/(vb +vg)? + — = 72.8km/s.
E

Total 9.0
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Solutions

A single spherical silver nanoparticle

2.1

Volume of the nanoparticle: V = §HR3 =4.19 X 1072* m3.
Mass of nanoparticles: M =V py, = 4.39 x 107%% kg

Number of ions: N = NAMi = 2.45 x 10°.
Ag

Charge density p = > = 9.38 x 10° Cm™

Electron concentration n = % = 5.85 X 1028 m~3, so charge density p = en
Total charge of free electrons Q = eN = 3.93 x 10714 C,

Total mass of free electrons mg = m,N = 2.23 x 10725 kg.

0.7

The

electric field in a charge-neutral region inside a charged sphere

2.2

For a sphere with radius R and constant charge density p, for any point inside the sphere
designated by radius-vector r = re, (r < R) Gauss's law yields directly 4nr?eE, =

4 . . ) _

Em‘?’p e,., where e, is the unit radial vector pointing away from the center of the
sphere. Thus, E, = %r.

0

Likewise, inside another sphere of radius R; and charge density —p the field is E_ =
%r’ , where r’ is the radius-vector of the point in the coordinate system with the origin
0
in the center of this sphere.
Merging the two charge configurations gives the setup we want with r’ = r —r;. So

inside the charge-free region |r - xp| <R, the field s E=E,+E_= %r +
0

% (r—xg4) or E= ﬁxd with the pre-factor A = %
0 0

1.2

The

restoring force on the displaced electron cloud

23

With x, = x, e, and x,, < R we have from above that approximately the filed induced
inside the particle is Ej,q = ;foxp. The number of electrons that produced Ej,q 1s
negligibly smaller than the number of electrons inside the particle, so F = QEj,q =
(—eN) L x, = —2Z R3¢2n2 x e, (like for a harmonic oscillator).
380 p 950 p

The work done on the electrons to shift the electron cloud is

— _ (% / r_1 (AT 53 2.2 .2
We = — [P F(x") dx —2(980R9n>xp

1.0

The

spherical silver nanoparticle in an external constant electric field

24

Inside the metallic particle in the steady state the electric field must be equal to 0. The
induced field (from 2.2 or 2.3) compensates the external field: Ey + Eiq = 0, so

380 380
x, = —FE, =—E,.
o] p 0 en 0

Charge displaced through the yz-plane is the total charge of electrons in the cylinder of

0.6
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radius R and height x,,: —AQ = —p mR*x, = —R? ne x,,.

equivalent capacitance and inductance of the silver nanoparticle

The electric energy W, of a capacitor with capacitance C holding charges +AQ is

Weq = Azic The energy of such capacrtor is equal to the work (see 2.3) done to separate

2
the charges (see 2.4), thus C = W = ZSOT[R =6.26 x 1071°F.,

0.7

2.5b

Equivalent scheme for a capacitor reads: AQ = CV,. Combining charge from (2.4) and

capacitance from (2.5a) gives V, = ATQ = gR E,.

0.4

2.6a

The kinetic energy of the electron cloud is defined as the kinetic energy of one electron
multiplied by the number of electrons in the cloud

Wiin = %meva = %mev2 GT[R3 n).
The current I is the charge of electrons in the cylinder of area mR? and height vAt
divided by time At, thus I = —e nv wR?2.

0.7

2.6b

The energy carried by current [ in the equivalent circuit with inductance L is W = %L 12
is, in fact, the kinetic energy of electrons Wy;,. Taking the energy and current from

(2.6a) results L = 4mez = 2.57 x 10~ H.
3mRne

0.5

The plasmon resonance of the silver nanoparticle

2.7a

From the LC-circuit analogy we can directly derive w, = (LC )12 = /ne?/3gym, .
Alternatively it is possible to use the harmonic law of motion in (2.3) and get the same
result for the frequency

0.5

276 ¢

= 7.88 x 105 rad/s, for light with angular frequency w = wp wavelength is
Ap = 2mc/wp = 239 nm.

0.4

The

silver nanoparticle illuminated with light at the plasmon frequency

2.8a

. dx . . . . .
The velocity of an electron v = o = —@Xosinwt = v, sinwt. For harmonic motion it

is enough to average over period of oscillations. The time-averaged kinetic energy on

mev?

the electron (W} ) = ( Y = %(vz). During time t, each electron hits the ions t,/T

times. So The energy lost in the Whole nanoparticle during one period of oscillations is

Wheat = N (mev )

nR3 ( ) Time-averaged Joule heating power

Phear = ;Wkin = me<v2>( nR? )
The expression for current is taken from (2.6a), squared and averaged

(12) = (enR?)? (v2) = (29)" (v?) .

1.0
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The oscillating current I = I, sin wt = mR?nev, sinwt produces the heat in the
2 8b |resistance Rpeq: €qual to Phear = Rpear(I%), What together with results from (2.8a) leads| 1
_ Wxin _  2me _
t0 Rheat = — 3 = 5——q; = 246 (L.
_ Pscat 2 _1 2. o5 . _ Q*xfw} 16R? _ 8wiR? _
2.9 |Rycar = 02 and (v°) = S WpXg yields Rgcar = Zmec® 502(07) — 27meeed 2.45 Q. 1.0
Ohm’s law for a LCR serious circuit is [ = Yo =. At the resonance
\/(Rheat"'Rscat)z +(wL_&)
frequency time-averaged voltage squared is (V2) = Z3(I?) = (Rpeat + Rscat) *{I?).
And from (2.5b) (V?)= %VOZ = ngEg, so Ohm’s law results in ([?) =
2.10 2g2 .
A_SRE Now time-averaged power loses are| 1.2
9(Rpeat+Rscat)?
8RpeatR?
Pheat = Rneat{l?) = gz =3 —=Ef and
— 8RscatR2 2 Rscat
Pscat - 9(Rneat*Rscat)? o Rpeat <Pheat).
2.10b Starting with the electric field amplitude E, = /2S5 /(goc) = 27.4 kV/m, we calculate 03
Pheat = 6.82 nW and Py, = 6.81 nW.
Steam generation by light
Total number of nanoparticles in the vessel: Ny, = h*a ny, = 7.3 x 10'*. Then the
total time-averaged Joule heating power: Ps = NppPhear = 4.98 kW. This power goes
2.11a|into the steam generation: Ps; = Ui Liot, With Lot = ¢wa(Ti00 — Twa) + Lwa + 0.6
Cst (Tst — T100) = 2.62 x 10° ] kg™t. Thus the mass of steam produced in second pig:
pep = 2 =1.90 x 1073 kg s,
Ltot
The power of light incident on the vessel Pyoy = h2S = 0.01m? X 1 MW m™2 =
2 11b|10.0 kW, and the power directed for steam production by nanoparticles is given in 0.2
2.11a. Thus 7 = =t = 238X _ 498,
Por  10.0 KW
Total 12.0
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The Greenlandic Ice Sheet

Solutions

3.1

The pressure is given by the hydrostatic pressure p(x,z) = pjceg (H(x) — z), which is
zero at the surface.

0.3

3.2a

The outward force on a vertical slice at a distance x from the middle and of a given

width Ay is obtained by integrating up the pressure times the area:
H(x)

1
FOO =0y [ preeg (HG) = 2) dz =5 BY pree g HC?
0

which implies that AF = F(x) — F(x + Ax) = —3_Ax = —Ay pice g H(x) - Ax.
This finally shows that
6 - AF ) dH
Notice the sign, which must be like this, since S;, was defined as positive and H(x) is a
decreasing function of x.

0.9

3.2b

To find the height profile, we solve the differential equation for H (x):

Sh dH 1d
= H(x)— = ——H(x)?
Pice 9 (X) dx 2dx (x)

with the boundary condition that H(L) = 0. This gives the solution:

V1—x/L

2S5, L
H(x) = b

ice
o . . , 2SpL
Which gives the maximum height H,, = P
Alternatively, dimensional analysis could be used in the following manner. First notice
that £ = [Hy] = [pfe Pty L% ]. Using that [p,, | =ML, [g]l=LT72 [1p] =
ML1T72, demands that £ = [Hy] = [p;*gP1,YL°] = M ety L-3a+tB-y+8 g=2p-2y
which again implies a+y =0, —3a+f—y+6 =1, 28+ 2y =0. These three
equations are solved to give « = f = —y = § — 1, which shows that

S 14
H, o<< b ) Ly
ppiceg

Since we were informed that Hp, < +/L , it follows that y = 1/2. With the boundary
condition H(L) = 0, the solution then take the form
1/2

H(x)oc( b ) VL —x

Pice

The proportionality constant of v/2 cannot be determined in this approach.

0.8
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The Greenlandic Ice Sheet

For the rectangular Greenland model, the area is equal to A = 10L? and the volume is
found by integrating up the height profile found in problem 3.2b:

1/2
Vaice = (5L)2 f; H(x) dx = 10L f; (22) " T=x/Ldx = 10H,L? [; VI— % d%

Pice 9
3.2 1 0.5
¢ = 10HL? [-2(1 - 32| =2 H,L? « 152,
3 0 3

where the last line follows from the fact that H,,, « /L. Note that the integral need not

be carried out to find the scaling with L. This implies that V jce AGS/ * and the wanted

exponentis y = 5/4.

According to the assumption of constant accumulation c the total mass accumulation

rate from an area of width Ay between the ice divide at x = 0 and some point at x > 0
33 |must equal the total mass flux through the corresponding vertical cross section at x. 0.6

"~ |Thatis: pcxAy = pAyH, v, (x), from which the velocity is isolated: '
cx
v (%) = E
From the given relation of incompressibility it follows that
dv, dv, ¢
34 dz  dx  Hp 0.6
" |Solving this differential equation with the initial condition v,(0) = 0, shows that: ’
cz
v, (2) = —a
Solving the two differential equations
dz ¢z d dx cx
ac = H, O dt  H,
with the initial conditions that z(0) = Hy,, and x(0) = x; gives
z(t) = Hy, e ¢/Hm  and  x(t) = x; et/Hm

3.5 |This shows that z = H,, x; /x, meaning that flow lines are hyperbolas in the xz-plane. |0.9

Rather than solving the differential equations, one can also use them to show that

d( )_dx N dz  cx CZ_O
a Tt e v, YH,

which again implies that xz = const. Fixing the constant by the initial conditions, again

leads to the result that z = H,x;/x.
16 At the ice divide, x = 0, the flow will be completely vertical, and the t-dependence of z L0

found in 3.5 can be inverted to find 7(z). One finds that t(z) = HT“’ In (H—m)

z
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The Greenlandic Ice Sheet

The present interglacial period extends to a depth of 1492 m, corresponding to 11,700
year. Using the formula for 7(z)from problem 3.6, one finds the following accumulation
rate for the interglacial:

= Him 1( Him )—01749
Sig = 11,700 years " \H,. — 1492.m/ ~ 01749 m/year.

The beginning of the ice age 120,000 years ago is identified as the drop in 6§80 in
figure 3.2b at a depth of 3040 m. Using the vertical flow velocity found in problem 3.4,

on has < = —HLdt, which can be integrated down to a depth of 3040 m, using a
3.7a .7 m : _ 0.8
stepwise constant accumulation rate:
Hm Hp—3040 m 1
i (), [
m M\ H, — 3040 m m z
120,000 year 11,700 year
= J Cia dt + f Cig dt
11,700 year 0
= ¢ia (120,000 year-11,700 year)+c;; 11,700 year
Isolating form this equation leads to c¢;, = 0.1232, i.e. far less precipitation than now.
3.7b Reading off from figure 3.2b: 620 changes from —43,5 %o to —34,5 %o. Reading off 0.2
" |from figure 3.2a, T then changes from —40 °C to —28 °C. This gives AT = 12 °C. .
From the area Ag one finds that L = \/A;/10 = 4.14 X 10° m. Inserting numbers in
the volume formula found in 3.2¢, one finds that:
20 28
Voice = —L%?% |—2 = 3.45 x 105 m3
3.8 3 Piced 0.6

This ice volume must be converted to liquid water volume, by equating the total masses,

i.e. Vowa = Vaice % = 3.17 X 10> m3, which is finally converted to a sea level rise,
v
as hg rise = ‘zwa =8.79 m.

0
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3.9

\

Figure 3.S1 Geometry of the ice ball (white circle) with a test mass m (small gray circle).
The total mass of the ice is

Mice = VG,ice Pice = 3.17 X 1018 kg =5.31x% 10_7mE

The total gravitational potential felt by a test mass m at a certain height h above the
surface of the Earth, and at a polar angle 8 (cf. figure 3.S1), with respect to a rotated
polar axis going straight through the ice sphere is found by adding that from the Earth
with that from the ice:

Gmgm  GMjcem 1 N Mice/mE>

Rg+h r 1+ h/Rg r/Rg
where g = Gmg/R%. Since h/Rg < 1 one may use the approximation given in the
problem, (1 +x)™! » 1 —x, |x| « 1, to approximate this by

h  M../mg
Uror = ~mgRg (1= o=+ —L2E),

= —mgRg (

Utor =

Isolating h now shows that h = hy + M"%émERE, where hg = Ry + Uiot/(mg). Using
E

again that h/Rg «< 1, trigonometry shows that r ~ 2Rg|sin(6/2)|, and one has:
M;ce/mg R 1.69 m
T 2lsin(8/2)] F T |sin(6/2)|

To find the magnitude of the effect in Copenhagen, the distance of 3500 km along the
surface is used to find the angle O¢cpy = (3.5 X 10° m)/Ry ~ 0.549, corresponding to
hcpy — ho = 6.25 m. Directly opposite to Greenland corresponds to 8 = m, which gives
hopp — hy = 1.69 m. The difference is then hcpy — hopp = 4.56 m, where h, has
dropped out.

h(8) — hy

1.6

Total

9.0
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Solution E1 version 3

Solution E1 (Important: In this document decimal comma is used instead of
decimal point in graphs and tables)

1.1

H =907 mm 4+ 2 mm. See the sketch in the figure corresponding to 1.3b. It must appear how the height
is measured with the LDM in the rear mode.

1.2a

| used a 2 m cable but 1 m is sufficient. There should be about 8 lengths evenly distributed in the interval

[0; 1 m].

1.2b

The refractive index is twice the gradient of the linear graph, n., = 2-0.7710 = 1.542.

:; r); Display y as function of cable length x
0,103 0,177 y =0.7710x + 0.1014
0,176 0,232 L5 R*=0.9996
0,348 0,396 e P
0,546 0,517
0,617 | 0,570 14
0,839 | 0,748 E 1(2)
1,025 0,885 >
1,107 | 0,950 2 08 /@//6/8,
1,750 1,459 B 06 /@,U
2,000 1,642 0.4 /g
02 +&
0.0 | | | |
0.0 0.5 1.0 1.5 2.0
cable length x [m]

The reason for that is that the travel time for a light pulse

X XMNeco
t=—=
Vco c

The display will therefore show y = %ct +key= %ncox + k.

The speed of light in the core of the cable is v, = —

m
c 3,00-108?

=1.95-1082
1,542 S




Solution E1 version 3

13a
yi = 312mm+ 2mm, y, = 1273 mm + 2 mm

1.3b

- H
6, = cos 1(

yz—yl) = cos™! (907 mm) = 19.30°, se figure:

961 mm

Measuring the horizontal part of some triangle is very inaccurate because of the size of the laser dot. No
marks will be awarded for that

Using § = 2 mm as the uncertainty of y;, y, and H, one can calculate the uncertainty of 6,

Acosf, =A ( )
Y2 =MW1
Using simple derivative, we get
tan 6, - A6 0 + 20
anf, - =—
! T H Y2—W
1) 26 2 4
-+ — o —_— —_— o
A6, = (H y —yl) .180° (907 +961) J180° .
! tan 6, T tan19,30° 7

Otherwise, using min/max method

AB;y = 61pmax — 01 = cos™! (A) = cos™! (—905 mm) —cos™1 (—907 mm) =1.0°
e Y2max — Yimin 965 mm 961 mm

Also, accept § = 1 mm and A8, = 0.5°.



Solution E1 version 3

1.4a
X y
mm mm
4 450
17 454
27 457
32 459
39 461
51 466
58 467
66 471
76 473
82 476
90 478
96 480

1.4b

Display y as function of the water height x

y =0,3301x + 448,45

a85 R =0,9978

480 — — Q/@—;e—
— 475 — e
£ 470 — — el —

The time it takes the light to reach the water surface is

From the water surface to the bottom the light uses the time

Total travel time forth and back

t:2t1+2t2:

Hence, the display will show (we simply write n = n,,)

which is a linear function of x.

Using a trigonometric identity and Snell’s law,

we get the gradient to be

445 T T T T T T 1 T T 1
0 10 20 30 40 50 60 70 80 S0 100
Water height x [mm)]
_ (h—x)/ cos b,
e c
_x/cosB,
27 v
h —x)/cos@ x/cos @ h—x nx
p LT 0/0sy | ) x/c0she _, +2
c v ccos b, ccosf,
ot + ke = (— ! ) "k
= C = — X
y 2 cosf, cosHO, cos 6,
cosf, =+/1—sin?6, =
n 1 n? 1
1— sin2291 costy /n2—sin2@9, COsb;
n



Solution E1 version 3

1.4c
Knowing the gradient a from the graph, we can find n solving this equation with respect to n.

Introducing a practical parameter,

our equation becomes

n? —sin? 0,
which can be written
n* —p?n? + p?sin?6, =0
and solved

p? +\p* —4p?sin6; V2
nW = =7

2

_)2

From our graph, we get @ = 0.3301. From there we find p = 1.37865 and hence n,, = 1.3437, omitting

negative solutions and solutions less than 1.

The official value of n,, for pure water at normal conditions is n,, = 1.331 for the laser wavelength
A =635 nm.

Just for your interest, we have the following approximations:
For small angles, we have

V2 1/2sin6, z sin 64 z 1 /sin 6, z
oS e HER - () -3

For very small angles, we get

ny~p=a+l
It is much simpler but not recommendable to do the experiment with very small 8; = 0: Reflections in the water
surface will ruin the signal from the bottom.



Solar cells (solutions)
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2.1 The dependence of the solar cell current on the distance to the light source

Iy
1) =—2%;
1+ 2
2.1a|Measure / as a function of », and set up a table of your measurements. 1.0
2.1b|Determine the values of 7, and a by the use of a suitable graphical method. 1.0
slot # r I 1/1 "2
mm mA 1/mA mm”™2 5
3 9.0 5.440 0.184 81 i1+ 1‘_ —
4 14.5 5.290 0.189 210 a? a
5 20.0 5.010 0.200 400 1
6 255 4540  0.220 650 r2=1,a% = — a?
7 31.0 3.840 0.260 961 |
8 36.5 3.230 0.310 1332
9 42.0 2.730 0.366 1764

2 = 1200 mm? + 100 mm?
10 475 2305 0434 2256 a 00 + 100 mm?,

11 53.0 1.985 0.504 2809 a =35mm + +2 mm
12 585 1730  0.578 3422 10870-0  mm?
2 . — 2

13 640 1485 0673 4096 lqa® = =2 - = 8051.85 ...mm“mA
14 69.5 1305  0.766 4830 mm?
15 750 1140 0877 5625 8051.85 =7 67 mA 4+ 0.5 mA

I, = =6.7mA + 0.5m
16 80.5  1.045  0.957 6480 a 1200 mmZ +
17 8613.0 0.930 1.275 7392 L0000 -
8 91.5  0.840 1190 837 0@min = To0 g 74 AT = 78676 . mm’m
19 97.0 0.755  1.325 9409 (loa®)es 78676 mm?mA
20 1025 0.690  1.449 10506 - Iymax = = =7.2mA

a?min 1100 mm?

1ood 4
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2.2 Characteristic of the solar cell

2.2a|Make a table of corresponding measurements of U and /. 0.6
2.2b|Graph voltage as a function of current 0.8
I U ”
mA v :
0.496 0.532
1.451 0.531
5.05 0.526
8.88 0.52
14.05 0.509
31.1 0.395
253 0471 !
216 0.488 |
30.6 0.41 !
31.9 0.364
32.6 0.299
32.6 0.313
33.1 0.239
334 0.085
333 0.138
334 0.096
334 0.058
335 0.046
335 0.045
1.05 0.529
27.8 0.454
15.9 0.503
22.3 0.483
26.8 0.458
29.2 0.435
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2.3 Theoretical characteristic for the solar cell

2.3a|Use the graph from question 2.2b to determine I,y -

0.4

Estimate the range of values of U for which the mentioned approximation is good.

2.3b Determine graphically the values of I, and 1 for your solar cell.

1.2

[ =1, forU=0- I, =33.5mA

nkgT < 4-1.381-10723]/K- 300K = 0.103 eV

I =1 — Io(exp (niZT) —1) & Ly — I €Xp (,7,%)

for U > 0.4 V where exp (nle{—UT) > exp(4) » 1
B

A e I e 4.03—(=7.7)
l ("‘“" )= U-1 (—0) = =20.95V™1
""ma kT \ma nksT 056V 095V
e
ke

I, = e 77mA = 0.45u4 1.85

M= 50051
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2.4 Maximum power for a solar cell

The maximum power that the solar cell can deliver to the external circuit is denoted
2.4a| Py ax- Determine Py, for your solar cell through a few, suitable measurements. (You| 0.5
may use some of your previous measurements from question 2.2)

Estimate the optimal load resistance Ry, i.€. the total external resistance when the

2.4b|solar cell delivers its maximum power to R,p¢. State your result with uncertainty and| 0.5
illustrate your method with suitable calculations.

I U P
Bl mA \Y, mW
i | 268  0.458 12.2744 1
278 0.454 12.6212 2
292 0435 12.7020 3
| 30.6  0.410 12.5460 4
.j 311 0395 12.2845 5
Pt

P = (12.7 + 0.1)mW@(28.8 + 0.2)mA

P 12.71mW
R, =t =(15.3£0.3)Q

I (28.8mA)

opt
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Type equation here.

2.5 Comparing the solar cells

2.5 Comparing the solar cells

Measure, for the given illumination:
254" The maximum potential difference U,that can be measured over solar cell A. 0.5
"7 |- The maximum current [, that can be measured through solar cell A. '
Do the same for solar cell B.
7 5b Draw electrical diagrams for your circuits showing the wiring of the solar cells and the 0.3
7 |meters. ’
2.5a. Up=0.512 V 1,=16.465 mA Us=0.480 V Iy =16.325 mA
2.5b.

9,
®
O
®
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2.6 Couplings of the solar cells

Determine which of the four arrangements of the two solar cells yields the highest
possible power in the external circuit when one of the solar cells is shielded with the
2.6 |shielding plate (J in Fig. 2.1). 1.0

Draw the corresponding electrical diagram.

a.
. Unshielded (adjusting R for reasonalble P)
© 13.10 mA; 0.794 V; 10.4 mW
R
O A shielded: 0.37 mA; 0.022 V
S ér) d) (JB B shielded: 0.83 mA; 0.049Vv
A B
b.
X R like in a.
®
’B/ ! A shielded: 1.47 mA; 0.088V
@ B shielded: -2.82 mA; -0.170 V
o & o <L
A B
C.
) R like in a.
®
% * A shielded: 6.89 mA; 0.415 V
O B shielded: 6.905 mA: 0.4165 V
o & o ®
A B
d.
. R like in a.
—O— A shielded: 7.14 mA; 0.436 V
é I8 S & B shielded: -7.76 mA: -0474 V
A B

Conclusion: Best power: Set-up d with B shielded. (Solar cell A slightly better than B).
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2.7 The effect of the optical vessel (large cuvette) on the solar cell current

Measure the current /, now as a function of the height, 4, of water in the vessel, see Fig.

2.7a 2.8. Make a table of the measurements and draw a graph.

1.0

2.7b| Explain with only sketches and symbols why the graph looks the way it does. 1.0

For this set-up do the following:

- Measure the distance r; between the light source and the solar cell, and the current I;.
2.7c |- Place the empty vessel immediately in front of the circular aperture and measure the| 0.6
current /.

- Fill up the vessel with water, almost to the top, and measure the current /5.

Use your measurements from 2.7c¢ to find a value for the refractive index n,, for water.
2.7d|Mlustrate your method with suitable sketches and equations. You may include additional | 1.6

measurements.
2.7a

h ! 45 4 C

mm mA | Iyma
2 2.54 4 *”* e,

22 2.55 3.5 7 r ‘o0
28 2.56 3 1 A * D
34 2.57 25 1% * + . *

38 2.42 7 - AR 54

42 2.21 15 4 B

45 2.13 L

46 2.08

48 215 057

49 2.54 0 ' ' ' ' ' ' ' '

0 10 20 30 40 50 60 70 B0

50 2.97 w—/

52 3.36 #/mm

53 3.61 aperture

57 3.96

59 3.99

63 3.89

67 3.6

69 3.49

72 3.47

Page 7 of 11



o~
I P h @ Solar cells (solutions)
o ] T

Copenhagen Denmark 7-15 July 2013

2.7b Exemplar drawings for position A, B, C and D on previous graph:

e
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2.7¢ NOTE: The exemplar measurements are from a different lamp than in 2.1. For a
solution to 2.7d using the distance graph you have to refer to the graph below.
r; = 103.5mm; I; = 0.81 mA; I, = 0.705 mA; I3 = 0.85 mA

1 I 1 2
T = 1.024 mA™ " ~r# = 8800 mm*~7, = 93.8 mm
3 11

M ? [t

|()[\Dp ,___ seamdiiiiiiain

OO0 JEahE
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2.7d

b

81
62 61 h
01 ;

\

\

\

\

\

\

\

\

\

\

!

\

|

Ar
— "
b tan @ sin @
h=(b-Ar)tan@, =btan 0, = = ~ L=n,da g, <6 <<1.
b—Ar tan@, sin 0,
b b _ 26.0 mm 16

Wy A T b—(rn—1) 260mm— (1035 —93.8)mm _

NOTE: You may get better results. The uncertainty is rather large in this method because of the
subtraction of two large numbers for Ar

A different method is to determine the shift by actually moving the set-up and perhaps making an
interpolation in directly measured data.
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