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OnwTa ynyTcTBa: eKcnepuMeHTanHu TecT
12. jynun, 2016

EkcnepumeHTanHu Tect ce pagn 5 catm n Hocn 20 noeHa.

MNMpe TecTa

* He cmeTe Aa oTBapaTe KOBepTe ca 3ajaLMa rnpe 3ByYHOr CUrHaa Koju 03HayaBa noyeTak TakMu-
yetba.

* MNoueTak v kpaj Tecta he 6UTK 03HaUeH 3BYYHUM CMrHanoMm. Takohe, buhe obaBeluTera Ha CBaku
caT 0 BpemeHy Koje je NpeocTano 3a paj, Kao 1 neTHaecT MUHYTa MNpe Kpaja TecTa (npe 3ByYHOr
CUrHana).

Tokom TecTa

+ ObesbeheHn cy NnocebHW nnucToBM NpeasuheHn 3a Nncake oAroBopa. YHecuTe pesyntaTe nNpoy-
yaBakba y ogrosapajyhe Tabene, nosba unu rpadpurke Ha ogrosapajyhem nncty 3a ogrosope (03Ha-
yeHoOM ca A). 3a cBakW 3aZaTak MaTe rnocebaH nNpasaH nanup 3a geTabHNjn paj (o3HadeH ca W).
Boaute pauyHa fa yBek KOpUCTUTE Manup 3a paj Koju npunaja 3ajaTky Koju TpeHYyTHO pajute
(npoBepuTe 6poj 3ajaTka Yy 3arnaemy). AKO CTe Ha 610 KOM NanuMpy Hanucanu HewwTo LWTO He
Xenute Aa byfe npernegaHo, npeupTrajte To.

 TpyauTe ce aa byaeTe WTO je Moryhe caxeTnju y o4roBoprMa: KOPUCTUTE jeHauMHe, I0TUYKE one-
paumje 1 cku1Le Aa NpeAcTaBMTe Balla pa3MuLLbakba, Kag rog je To moryhe. M36eragajTe gyrauke
peyeHuLe.

* Huje noTpe6HO oapehrBaTN ekxcnepuMeHTanHe rpeLlke OCUM ako Ce TO eKCMINLUTHO He TPaXxu.
Minak, Tpaxu ce Aa AaTe NprXBaT/bUB 6p0j 3HaUajHUX Ldapa Kaja HaBoAnUTe 6pojHe BpegHOCTU.
Takohe, Tpeba camu Aa OANyUNTE O NPUXBAT/LUBOM 6POjy MEPEHMX Tauaka UM NMOHOB/LEHUX Me-
pekba, ako 3a TO He MocToje nocebHa ynyTcTBa.

« Tpebano 61 fa cTe y CTakby fa YeCTo pelunTe KacHWje AenoBe 3a4aTka Mako NPeTXOAHN AenoBu
HWNCY peLUeHn.

* Hnje go3BO/LEHO HanyLLTake paZHoOr MecTa 6e3 03Bo/1e. AKO BaM je noTpebHa busio kakea noMmoh
(aonywaBame 6oLe ca BOAOM, MOKBapeHW Kajnkynatop, norpeba 3a toanetoMm UTA.), NpmsyumuTe
naxkky BOAMYY TMMa Tako WwTo heTe NocTaBUTK jefHyY Of TPW 3acTaBuLe Y ApXXay, KOju ce Hanasmn
Ha BalleM oferbemy ("AonyHuTe My 6ouy, MmonuMm Bac”, "Mopam ga naem y Toanet, MoanMm Bac” nam
"Tpeba M1 Nnomoh, MonuM Bac”y CBUM OCTanuM cUTyalmjama).

Ha kpajy Tecta

* Ha kpajy Tecta Moparte fa npectaHeTe ca NUCakeM.

+ 3a cBaku 3ajaTak, cnoxumTte ogroapajyhe nucrose y cnegehem pegocnegy: oMot (C), nutama (Q),
oarosopwu (A), paaHn nuctosun (W).

+ CTraBuTe CBe INCTOBE Be3aHe 3a jeflaH 3a4aTtak y uctm kosepat. CtaBuTe onwita ynyTtcrsa (G) y npe-
ocTanu nocebaH KosepaT. byanTe curypHu a ce Bawia Wndpa BUAN KPO3 Npo3opymh Ha CBakoMm
KoBepTy. Mpeaajte 1 npasHe nncrose. Huje 403BO/BEHO fa U3HeceTe 6UI0 KOjW NNCT ca TecTa.
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+ CraBuTe Bal Npmbop 3a nucame (2 xemunjcke onoske, 1 pnomactep, 1 onosky, 1 Makase, 1 nerwup,
2 napa 4YernoBa 3a yLin) Kao 1 obesbeheHn KankynaTtop 1 Ball AMYHU Kankynatop (ako ra nmare)
Hasaj y NpoBuAHY TopbuLly.

+ CayekajTe 3a BalIMM CTONOM JOK He Mokyrne Bale koBepTe. Kaga ce cBM KOBepTM cakyne Balwl
BoAnY he Bac 13BecTM 13 cane 3a TecT. [oHecuTe Npr6op 3a NMcakbe ca CO60M 1 Npejajte ra Ha
n3nasy. NoHecnTe, Takohe, 1 6oLy ca BOAOM.
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CtaBke
EkcnepunmeHT E-I: EnekTpmnyHa npoBOAHOCT y ABe ANMEH3Vje 10 noeHa
ExcnepumeHT E-II:  TMepnnue koje ckady - Mogen da3Hmx npenasa v HectabmnHo- 10 noeHa

cTn

Jeo npnbopa 3a ekcnepumeHT E-I n E-1I je nctu. Mopeg octanux, N3Bop 1 reHepaTop CUrHana ce Kopucre
y 06a eKcrepyMeHTa, ann y pasanymTiM nocraBkama.

Yno3opere: [lok pacnakyjeTte KyTujy He nogmxute ypehaj ca 3By4HUKOM gpxxehu ra 3a n1acTUYHN Ln-
JIVHAAP Koju je npuuyBpLlUhieH 3a MeMbpaHy.

Mpu6op Koju ce KOPUCTN y 06a eKCrepMeHTa

(3) (2)

BRHEE 5

Cnunka 1: 3ajeaHnukm Nnpmbop 3a oba ekcneprmeHTa.

1. BaTepwnja ca USB kabnom

2. Noaecneun reHepaTop CMrHana Koju Hanaja 6atepuja
3. Manu wpaduwnrep

4. leceT kabnoBa ca KPOKOAWICKAM LUTUMAa/bKamMa

5. WecT kabnoBa ca 4 mm NPUK/BYYLMMA

6. [lBa gurntanHa yHumepa

Takohe MoxeTe fa KOpPUCTMTe BUNO LUTa 04 NPUIOXKEHOr Npubopa Aa 6ucTe ypaguauv 3agaTtak.
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FeHepaTop curHana

\ (1)

(4)

Cnwuka 2.

. USB KOHeKTOp 3a Hanajake reHepaTopa cMrHana

. Mpuk/byyum 3ByUYHMKa (KopucTe ce camo y E-II)

. [MoTeHUMOMeTap 3a nojellaBare KOHCTAHTHOT HanoHa (KopucTu ce camo y E-I)
. [oTeHuMomeTap 3a nojeLlaBare aMnaAnTyae curHana (kopuctu ce camo y E-II)
. Mpuksbyyak 3a jeHOCMePHN HaNOH (KopucTK ce camo y E-I)

. Mpuk/byyak 3a nogellasare aMnAnTyae ocLmIoBaHa (Kopuctu ce camo y E-II)

N OO o AN -

. 3ajeAHNYKM NPUK/bYYaK 3a Y3eM/beHE
8. MpeknAaay 3a ykbyurBake 3ByUYHMNKA

Ja bucte NpuK/BYHNNN Hanajakbe Ha reHepaTop CMrHana, NpukbyynTe batepujy kopmucrtehu USB kabn,
Ha USB npuk/by4yak Ha reHepaTopy curHana (1).

YouuTe Aa je HEKONMKO KpyroBa noTeHuMomMeTpa notTpe6Ho Aa ce npefe ca jegHor Kkpaja oncera Ha Apyri.
MoTeHLMOMeTap MexaHMuKe rpaHuLe 3a Kpaj oncera.

AurutanHm yHumepm

AnrnTanHm yHMMepun ce KOpUCTe 3a Meperse jaulriHe CTpyje 1 HamoHa. YBeK npuk/byuunTe ABa kabna
y NpuK/byyKe o3HaveHe ca "VmAQ" n "GND" n nsabepute current/voltage (cTpyja/HanoH) kao 1 oncer
Mepera.



Experiment 1 [ 1
Serbian (Serbia)

EneKkTpunyHa NnpoBOAHOCT Yy ABe AnMeH3unje (10 noeHa)

Mpe Hero LITO KpeHeTe ca pellaBarbeM nNpobiemMa MOVMMO Bac Aa NpoymTaTe onLiTa ynyTCTBa Koja ce
Hanase y noce6Hoj KOBEpPTHU.

YBop,

Y noTpasu 3a pa3BojeM HOBe reHepaLmje ypehaja Koju ce 3acHMBajy Ha NOYNPOBOAHUYKOj TEXHONOT NI,
Kao LUTO Cy KOMMjyTepCKM YMMoBU UK conapHe henuvje, UCTpaxmpBaun Tpaxe HoBe MaTepujane Koju
NoKasyjy UCTakHyTe TPaHCMOPTHe 0CObMHe (HNP. Mana enekTpuyHa cneymdumnyHa oTnopHocT). Mepemne
OBVIX 0COBMHA Ce BpLUEe Ha Y30pL/Ma KOHaYHUX ANMEH3M]ja, Ca KOHTaKTMMa KOHayYHe OTNOPHOCTU 1 Npun
cneumjanHum reomeTtpujama. OBu epekTn ce MOpajy y3eTn y 063mp Kako 6u ce JOHenn 3ak/by4um o
npaBuM KapakTepucTukama matepujana. Mopeg Tora, TaHKM GUAMOBMKM MOTY MoKasmeaTu pasanumuTe
0cobuHe y ogHocy Ha 3D maTtepujane.

Y 0BOM 3agaTtky, uctpaxmhemo enektpnyHe ocobunHe ogpeheHunx matepujana. Kopucrthemo cnegehe
febnHnunje:

+ OTnopHOCT R: OTNOPHOCT je efleKTp1YHa ocobrHa y3opka nnum ypehaja. Mpeactas/ba BeANUNHY
KOjy MepnMO Ha oapefheHOM y30pKy ca 4aTUM AMMeH3Mjama.

* CneundunyHa oTNOPHOCT p: CneyndryHa OTNOPHOCT je 0COBMHA MaTepujana koja oapehyje eHy
oTnopHocT. OBa BeMUMHA 3aBUCK Of BPCTE MaTepujana 1 of CnosballkbyX NapaMeTapa Kao LWTo
Cy TeMnepaTypa, anu He 3aBUCK O reoMepuje (1 BeINUMHe) y30pKa.

Y oBOM 3azaTky, MeprhemMo Tako3BaHy creundUUHy OTNOPHOCT TaHKor ¢dunma (sheet resistivity). Oa
BE/IMYMHA MpeACcTaB/ba crneumdunyHy oTNOPHOCT NojesbeHy ca Ae6/bUHOM BeOMa TaHKOr InCTa (coja).

Nctpaxuhemo yTuuaj cnegehmx napameTapa Ha enekTpuYHy OTIOPHOCT TaHKUX GUIMOBaA:
* HauMHa NoBe3uBakba eNeKTPUYHOT KONa,
* reomMeTpuje y3opaka,
* 1 AUMEH3Mje y30paka.

JNlvcT npoBoAHOr Nanunpa v CUANKOH 06/10KeH MeTanioM he ce KOPUCTUTU Kao y30pLu.
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AnapaTtypa

Cnvika 1: loaaTHa onpema 3a OBaj EKCNEePUMEHT.

1. Nanunp obnoxeH rpadmnTom (Tako Aa NOCTaje NPOBOAAH)

2. Cunnumjym o610keH TaHKMM GUIMOM XpoMa (Hansm ce y NocebHoj Nocyam)
3. ApXay o4 nsiekcmurnaca ca 8 CTpyjHUxX Npuk/byyaka

4. OMCKM OTMOPHUK

5. O6ojeHe HanenHuue

Ba)xHe HanomeHe

* Cnanupnjym obnoxeH TaHKUM GUIMOM XPOMa Ce JIako MOXe OLUTETUTY YKONKO BaMm ncnagHe. He
nunaTn 1 He rpebatu cjajHy MeTanHy MOBPLUNHY.

ynyTcTBa

* Y OBOM ekcrnepuMeHTy, reHepaTtop curHana he 6utn kopuwheH Kao N3BOP HaMoHa jejHOCMepHe
CTpyje. Y oBOM MOAy, CMrHan reHepaTop Aaje KOHCTaHTaH HanoH n3mehy HamoHcke yTu4yHuue (vol-
tage socket) (5) n y3emmerna (GND socket) (7).

(BpojeBu ce ogHoce Ha dpoTorpadujy y onwTM ynyTcTBUMA.)

« HanoH (oncer: 0- 5 V) ce moxe MeraTu nomohy noTeHUMoMeTpa (03HaYeHor ca nodewasare Ha-
noHa (adjust voltage)) nomohy wipaduunrepa (3).

* Mpwn BpLLEKY ekcnepuMeHTa, byanTe curypHu ga cte 3By4HUK (loudspeaker drive section) curHan
reHepatopa noby4mnnm nomohy npekmgava (8). OBO ce MOXe NMPOBEPUTU MepeHeM HaroHa 13-
MeRy yTnuHuLe 3a 3By4HUK (speaker amplitude monitor socket) (6) n ysemmera (GND socket) (7).
YKONNKO je 3BYYHUK UCK/byYeH HanoH nsmehy oBa ABa nsnasa he 6uUtn jegHak Hyniu.



Experiment 1 [ 3
Serbian (Serbia)




Experiment [
Serbian (Serbia)

[eo A. Mepera meTog0M YeTUpuU Tauke (M4T) (Four-point-probe (4PP)) (1.2 noeHa)

Kako 61 npeunsHo nsmepunn cneumduyHy NpoBOAHOCT, KOHTAKTM 3a MepeHse HarnoHa 1 cTpyje 6u Tpe-
6ano aa 6yay pas3aBojeHu.

OBa TexHMKa ce Ha3MBa MeToZ yeTnpu Tavke (M4T). YeTupun KOHTaKTa cy pacnopeheHa cMMeTpuU4HO
Tako aa bopmupajy HajjegHocTaBHM]y Moryhy koHurypaumjy: Ctpyja I Tede Kpo3 y30pak Kpo3 jesaH of
CNoJballikb VX KOHTaKaTa, 3aTiM Teye no cBMM MoryhM nyTeBrMa KpPO3 y30pak 1 3aTUM 13/1a3u U3 y30pKa
KPO3 ApYyru KOHTaKT. Mi3mehy wuix, HarnoH V je mepeH Ay ogpeheHor nyTa s Ha y30pKy.

CvMeTpUYHa NocTaBka Koja he ce KOpUCTUTL Y OBOM Aenly 3aaTka je npeacTaB/beHa Ha cnegehoj camum
(pacTojambe s je NCTO M3MeRy cBaka ABa y3acTOMHa KOHTaKTa):

@ R orras

S
baTepwuja |, / V@« > .
T >
S Y3opak
>

KOHTaKT

KpwvBa 3aBMcHOCTU cTpyje I o4 HanoHa V npeactas/ba [ — V-kKapakTepucTuKy y3opka n omoryhaea ogpe-
ArBare OTMOPHOCTY OBOT Aena y30pka. Y HacTaBky hemMo KkopucTuTtn camo M4T TexHuKy. Y oBoM geny
3agaTka heMo KOpUCTUTK YeTupKn (YHyTpaLlHa) 0 AaTUX 0CaM KOHTaKaTa NpuKasaHux Ha cauuu.

\;\ﬂ" J[
A T
\, -

Cnvka 2: Apxad 3a M4T mMepera ca YeTUpu ryMeHe HoOXuLLe N 0ocaM KOHTakaTa (MecTa 3a
NPUK/bYYNBaHE COHAM).

-

3a cnegeha Mepera, KOPUCTUTY LLEO INCT MPOBOAHOT Nanupa.
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Ba>xHe HarnomeHe 3a cBa HapeAHa Mepema:

« KopuctuTu fy>xy cTpaHy McTa nanvpa kao pedpepeHTHy cTpaHy. YeTrpu KoHTakTa Tpeba aa byay
rnopaBHaTV NapasnesiHo ca Ay>KOM CTpaHOM nanupa.

« OBpaTuUTe Naxtby Aa KOPUCTUTE 0610XeHyY (LpHY) CTpaHy nanupa, a He 6paoH cTpaHy (nonefuHy
nanvpa). MoxeTe 03Ha4YMTV Ta4Hy opujeHTaLmjy momohy 060jeHMX HanenHuua.

« MNMpoBepnTK Aa y Nanupy Hema pyna v Aa nanup Huje nceyeH.
* 3a 0Ba Mepetba NOCTaBUTW KOHTaKTe LUTO 6AMXKe LLeHTPY Y30pKa.

* MPUTUCHYTN KOHTaKTe JOBOJLHO jakoOM CU/IOM Kako 61 ce 06e36ear0 fo6ap KOHTAKT Ca Yy30PKOM.
[Jl0BO/baH MPUTKCAK je OHaj MPU YeMy NAaCTUUYHE HOXKLIE CAMO AO0TakKHY MOBPLLHY.

A1 Meperbe nomohy metoge 4 Tauke (M4T): NamepnTn nag HanoHa Vayx cpegn-  0.6pt
LHber cermMeHTa AyXunHe s kao QyHKLUMjy jaurHe cTpyje I KOja Nponasu oBaj cer-
MeHT. ¥Y3eTu 6ap 4 BpefHOCTW, HaNpaBuTK Tabeny 1 HaupTaTy rpadpuk 3asu-
CHOCTM Naja HamoHa V og jaunHe ctpyje I Ha Mpadumky A.1.

A.2 OapeanTy epeKTUBHY eNeKTPUUYHY OTMOPHOCT R = ¥ uesior ninucTa nanupa ca  0.2pt
Mpajduka A.1.

A3 Kopuctehu Fpadpuk A.1 ogpeanTu rpeLlky ogpenmearsa OTNOPHOCTU AR . 0.4pt
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Oeo B. CneuyndmnyHa oTNOopHOCT iMcTa nanuvpa (0.3 noeHa)

CneunduryHa OTNOPHOCT p NpeACTaB/ba KapakTepucTKy MaTepujana, noMmohy Koje ce oTnopHocT 3D
NPOBOAHMKA AATUX AUMEH3Mja MOXe 13padvyHaTu. OBge pasmaTpamo Matepujan obavka napanonenu-
neja AyXviHe [, LUINPVIHE w, U AebIbrHE ¢

, ) |

EnekTnYHa OTNOPHOCT R NPOBOAHMKA NPeACTaB/bEHON Ha FOPH0j CINLM je AaTa jeAHAaYMHOM:

l
R=Ri—=p  —— 1
3D =P (1)
NcTrm pe3oHoBarbeM Moxe ce gePpuHNCaT! OTNOPHOCT 2D NpoBOAHMKA Aeb/bUHe ¢, Npu Yemy je t < w
nt<li:

l
R=DRyp=po )

kopuctehu cneunduryHy oTNOPHOCT NNCTa (Sheet resistivity) pn = p/t ("rho box"). JeanHnua oBako gedu-
HuCaHe BennyunHe je OM: [pg] =1 Q.

Ba>kHO: JefHauMHa 2 BaXW CaMO 3@ KOHCTAHTHY MYCTUHY CTPYyje M KOHCTaHTaH NoTeHUMjan Ha nornpeuy-
HMM npeceLmMa NPoBOAHMKA. Y C/ly4dajy TauKacTUX KOHTaKaTa ca MoBPLUMHOM, OBa jejHaulHa He BaXW.
YmecTo Tora, Moxe ce nokasaTu Aa je cneymduryHa oTNOPHOCT INCTa NoBe3aHa ca OTNopHoLhy npeko
jefHaunHe

po=rr R 3)

3al,w >t
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B.1 N3pauyHaTu cneumduyHy oTNOPHOCT NUCTa Nanupa po nomohy mepersa n3sp-  0.3pt

weHux y aeny A. lobnjeHy BpegHocT heMo 03HauunTK ca p., (@ U3MepeHy oT-
nopHocTy geny A ca R_) jep cy AVMeH3nje Lienor nanupa Lenor nanmpa MHoro
Behe og pactojara s u3Mehy koHTakaTa : [, w > s.
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[eo C. Mepera Ha y30pLUUMa pasiINUNTUX gUMeH3Mja (3.2 noeHa)

[lo caga Huje y3MaHO Aa Ccy AMMeH3uje nanvupa w 1 [ KOHaYHe. YKOAVKO ce y30pakK CMaksl, OH MoXe
Ja npeHece Makse CTpyje 3@ UCTU HaMoH: YKOAMKO NPUMEHMMO HamnoH n3mMehy ABa KOHTakTa (6enn Kpy-
Xuhn Ha canum), ctpyja he Tehun gyx cemx moryhux He npeceuajyhux nyteBa Kpo3 y30pak (Kao WwTo je
npeAcTaB/beHO IMHMjaMa). LUTO je AyXa AnHWja, Makba je cTpyja (LWTOo je NprKasaHo Ae6/bUHOM ANHN-
je). 3a MmarK y30pak (6) M UCTU HAMOH, YKyMHa CTpyja ce CMakbyje MOoLITO NOCToju Maku 6poj Moryhinx
nytesa. 36or Tora he ce n3mepeHa oTNOpHOCT nosehatu:

(a) (b)

N

CneundryHa OTMOPHOCT AnCTa ce Hehe MeraTn Kao dyHKUMja BennumHe y3opka. CTora, Kako 6u no-
MORy M3MepeHe OTAOPHOCTN MOMU Aa U3padvyHamMmo cneunduyHy oTNopHOCT NoMoRy jegHaumHe 3, no-
TPebHO je yBecTu KopekunoHu dakTop f(w/s):

7 R(w/s)

P57 @) Flw/s)

3a y3o0pak gyxuHe I > s, pakTop f 3aBMUCKN CaMO Of OAHOCA w/s U YBeK je Behn nau je jegHak jeANHNLM:
f(w/s) > 1. 360r jeaHOCTaBHOCTU, MU hemMo ce $pOoKycMpaTh Ha 3aBCHOCT O/ LLUMPVHE w NPUTOM Bogehn
payvyHa Ja je y30paK AOBOJbLHO Ayr 3a CBa Mepema. [lpeTnoctaBuhemMo fa ce BpPeAHOCT OTNOPHOCTU
npubnmxasa BpegHOCTN R_ 3a BenuKe AMMeH3uje:

4)

R(w/s) = Ry, - f(w/s) fw/s = o0) = 1.0. (5)

C1 Kopuctehn M4T meTog, nsmeputn otnop R(w, s) 3a 4 Bpe4HOCTN w/s y HTep-  3.0pt

Bany o4 0.3 g0 5.0 1 mepersa ynucatn y Taéeny C.1. Bogntn padyHa aa gyxumHa

y30pKa byae BuLLEe Hero neT nyTa AyXa of pactojarba U3Mehy KoHTakaTa: | > 5s

M fa y30pak yBeK nMa UCTYy opujeHTauujy (4a je fyxa cTpaHuua nanvpa ysek
napasnesiHa ca JIMHWjOM KOjy 06pasyjy YeTupu KOHTaKTa).

3a cBaKky oJ, BpeAHOCTU w/s USMEPUTW HAMoH 3a 4 pasnnuuTe jadymHe cTpyja u
n3payvyHaTu cpefry OTNOPHOCT R(w/s) OBa YeTUpu Meperna. PesynTaTe ynu-

catn y Tabeny C.1.

C.2 W3pauyHaTn R = f(w/s) 3a cBa Mepekba. 0.2pt

[eo D. FleomeTpujcn KopeKLUMNOHU PpaKTop: 3aKOH CKanmpama (1.9 noeHa)

Bugenn cmo y geny C ga namepeHa cneumduryHa oTNOPHOCT 3aBMCK Of OAHOCA LUMPUHE 1 pacTojakba
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n3mehy koHTakaTa w/s. OBa 3aBUCHOCT je gata nomohy cneaehe popmyne:

O6paTnTn Naxmy Aa 3a Beoma Bevke BpefHOCTUN w/s, f(w/s) MOpa BUTK jefHaKa jeANHULIN.

w

flw/s) = 1.0+a- (;)b

(6)

D.1 Kako 6u ¢utoBann namepeHe nogatke y geny C oBom 3aBucHwohy, ogabpa-  1.0pt
TV ogrosapajyhmn nanup (nmHeapHn Fpaduk D.1a, nony-noraputamckum Fpa-
¢uk D.1b, nan geoctpyko-noraputamckm Fpaduk D1.c) 3a yptame rpaduika
(f(w/s) — 1) y 3aBUCHOCTU 04, oaroBapajyhe BennynHe.

D.2 OgpeanTtn napametTpe anb. 0.9pt
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[eo E. Y30pak xpoma ca cMnmumjyMmckomMm ocHoBom 1 van der Pauw-oB meTtog (3.4 noeHa)

Y nonynpoBOAHUNYKO] MHAYCTPUjU, MO3HaBaH-e eNeKTpuYHe OTNOPHOCTY (TaHKor ¢uama) nonynpoBoj-
HMKa 1 TaHKMX MeTanHMX C/iojeBa je BeOMa BaXKHO jep cy TMMe ogpeheHe ocTane KapakTepuctmke ype-
haja. Y oBom feny ekcnepmmeTHa he ce KOPUCTUTY NOAYNPOBOAHA "0CHOBA" 04 CUAMLMjyMa KOja je npe-
CBy4YeHa TaHKVM cJ10jeM MeTasia XpoMa (CjajHa cTpaHa y30pKa).

OTBOPUTU KYTUjy Ca CUANLIMJYMOM OBJTIOXXEHVM TaHKMM C/iojeM MeTana (poTmpaTtu y npasuy cTpenuue
"RELEASE") n nseagutn y3opak. byanTte naxsbVBn ga He UCNYCTUTe, He oLuTeTUTe 1N He NUMNHeTe CjajHy
NOBPLUMHY. Y TOKY MepeHa NocTaBuUTX y30pak Ha CTO Ca CjajHOM MOBPLUMHOM OKPEHYTOM Ha rope.

E.1 Kopuctntn ncty M4T noctaBky anapaTtype 3a Mepekwe HanoHa V' y ¢yHkumju  0.4pt
jaumHe cTpyje I.
3anuncaTn pepepeHTHU BPOj y30pKa Ha cTpaHuLUM 3a ogrosope. OBaj 6poj ce
MoXe Hahu Ha KyTuju y3opKa.

E.2 HaupTtatn rpa¢uk (Fpa¢dumk E.2) Ha ocHoBY nogaTtaka u3 gena E.1 n ogpegutnn  0.4pt
OTMNOPHOCT R,pp.

E.3 Kako 61 ogpeannn KopekLnjy KpPYy>KHOT y30pKa, anpokcuMmupahemo epektme-  0.2pt
HY AYXVHY y30pKa w NpeyHnKoMm y3opka D = 100 mm. Kopuctehu oy npert-
NMocTaBKy M3padyHaTu ogHoc w/s. Kopuctehn ¢yHKUMjy AaTy jeAHaYMHOM 6 1
napameTpe a N b ogpeAnTn KopekLmMoHu $akTop f(w/s) 3a oBaj y30pak.

E.4 N3pauyHaTn cneumdunyHy oTNnOpHOCT NncTa pg (M4T) HanpaemweHor og cioja  0.1pt
Xpoma kopuctehu jegHaumHy 4.

Kako 6v nsmepuro cneumpuyHy oTnopPHOCT NUCTa, 6e3 NoTpebe 3a reoMeTPUjCKMM KopeKLnjama, NHXe-
tep L.J. van der Pauw je passuo ciegehu meTo: YeTnpun KoHTakTa cy pacnopeheHa Ha 061My y3opka
Ca NPOn3BOJbHNM OB6IMKOM Kao LUTO je MPMKa3aHo Ha CInum (03HadeHo o3Hakama o4 1 go 4). Crpyja
Teye KpO3 ABa CycefHa KOHTaKTa, HMp. KPO3 KOHTakTe 1 1 2, AOK ce HamoH Mepu n3Mehy KoHTakaTa 3 n
4. OBMM NOCTYNKOM Ce A06Wja BPEAHOCT OTNOPHOCTU Ry, = Ry 34.

]
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360r cumeTpuje Cean Aaje Ry 34 = Ry 01 W Ry 93 = Ro3 14. Van der Pauw je nokasao Aa 3a Npov3Bo/baH
anv jegHocTaBaH 0bAuK (6e3 pyna Ha Yy30pKy) M €a TaukacTUM KOHTaKTMMa BaxXu ciegeha jegHavmHa:

6*7"321,34/PD + 6*77314,23/PD = 1.

Cnvka 3: M4T ypeRaj Ha y30pKy (Cuanumjymcka ocHoBa 0610XeHa MeTanom xpoma). ObpaTu-
TV NaXKHy Ha yCeK Ha AeCcHOj CTpaHW Kpy>XHor y3opka. OBaj ycek ce Hasmea "flat”.

(7)

Y oBOM geny KOpUCTUTU YeTUPU KOHTaKTa Koju UnHe kBaapaT. MoBesaTn ABa cycefHa KOHTaKTa Ha CTpYj-
HW 13BOP Ca aMMepMeTpOM, a NpeocTana /Ba KOHTaKTa ca BONTMETpOM. PoTupaTtu KBajpaT oK jeaHa
0/, VBMLIA He MOCTaHe napanesHa ca "flat"-om.

E.5

CknumpaTtu opujeHTauujy KOHTakTaTa Kpo3 Koje npoTuye CTpyja y o4HOCYy Ha
"flat”. MepuTn HanoH V 3a 6ap LWecT pasnnunTux BpegHocCTu cTpyja I (otnpu-
nnke jeagHako pasgBojeHunx), PesynTtate ynucatm y Ta6eny E.5.

0.6pt

E.6

MoHOBUTM NOCTYNAK HAaKOH LUTO Cy KOHTaKTW ca CTPYjOM npemMeLUTeHn HopMan-
HO y OZHOCY Ha NPeTXoAHO Mepense. YnuncaTu pesyntate y Tabeny E.6.

0.6pt

E.7

MpeacTaBuTK pesynTtate U3 NOCNeAHa ABa ceTa Mepera Ha rpaduky Npapuk
E.7 kopuctehu pasnununte 6oje/cnumbone. M3pavyHaTu cpefhy BpegHOCT OT-
nopHocTtu (R) 3a oBe jBe npase.

0.5pt

E.8

3aMeHOM CBUX OTMNOPHOCTU Ry, ., €A (), PELUNTU jefHAYUMHY 7 1 U3padyHaTu
cneumdryHy oTAOPHOCT INCTA p €a C/10jeM XpoMa.

0.4pt

E.9

YnopeanTn pesyntate Mepera f06ujeHnX nomohy finHeapHe KoHduUrypaumje
KoHTakaTa E.4 n pesyntate gobnjeHe nomohy van der Pauw meTtoza E.8. N3pa-
YyHaTW penaTnBHY rpeLLKy OBa ABa Mepera Yy NPOoLEeHTMMA.

0.1pt

E.10

Cnoj xpoma (Cr) nma aebsbuHy o 8 nm. Kopuctehn oy BpegHOCT 1 KOHa4vaH
pesynTat fobujeH van der Pauw-0BMM MeTOAOM M3padyHaTu cneunduyHy oT-
nopHoCT Xpoma kopuctehu jegHaumHe 1 n 2.

0.1pt
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3agaTak 1: EnekrtpmyHa npoBOAHOCT Yy ABe anmeH3unje (10
noeHa)

Hanunwwute 6pojese oa 0 g0 9y cneaehy Tabeny:

Aeo A. Meperwa meToA0M YeTUpU Tauke (M4T) (1.2 noeHa)

A.1(0.6 pt)

S =

HaupTajte nogaTtke Ha Fpadunk A.1.
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Mpadpunk A.1: Iy 3aBUCHOCTM of V

A.2 (0.2 pt)

R:

A.3 (0.4 pt)

AR =

Aeo B. CneuyndmnyHa oTnopHoOCT nncTta nanvpa (0.3 noeHa)

B.1 (0.3 pt)

PO =P =
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[eo C. Mepewe Ha y30puMMa pasIMuUTUX auMeH3uja (3,2 noeHa)

C.1(3 pt)

S =

Poo =

Mpa3He KONOHEe MOXeTe Aa KOpUCTUTe 3a MefypesynTare.

w/s

=

C.2(0.2 pt)
Kopuctute Tabeny C.1 3a pesynrare.
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[eo D. FleomeTpujckm KkopekumoHu pakTtop (1,9)

D.1 (1.0 pt)
YupTajTe nogatke Ha ogrosapajyhu nanup: nnmHeapHu (Fpaduk D.1 a), nony-norapmutamcku (D. 1b)
nnwn ABOCTpyKM noraputamcku (D. 1¢) Ha cnegehurm cTpaHama.

D.2 (0.9 pt)
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1-

Fpa¢puk D.1a: JinHeapHa ckana:
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Fpa¢uk D.1b: nony-noraputamcka ckana:
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Fpaduk D1c: gBOCTpYKO-NOraputTamMmcka ckana:
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[eo E. Y30pak xpoma ca cMnmumjyMmckomMm ocHoBom 1 van der Pauw-oB meTtog (3.4 noeHa)

3anuwunTe 6poj y3opka:

E.1(0.4 pt)

E.2 (0.4 pt)

Mpadpunk E.2: I y 3aBucHoCTM o4 V

Rypp =




Experiment 1 -
Serbian (Serbia)

E.3 (0.2 pt)

w= — w/s = fw/s) =

E.4 (0.1 pt)

po(4PP)

E.5 (0.6 pt)

Ckuua (opjeHTauuja cTpyje): I 4
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E.6 (0.6 pt)
I v

Ckuua (opjeHTaumja cTpyje):
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A1-11

E.7 (0.5 pt)

Fpa¢puk E.7: [y 3aBucHOCTMN o4 V
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A1-12

E.8 (0.4 pt)
VM3padvyHaBame:

E.9 (0.1 pt)

A/}D
PO (vaP)

%

E.10 (0.1 pt)

CneunduryHa oTnopHoCT TaHKor Cr ¢unma p =
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Mepnuuye Koje ckauy - Moagen ¢pasHUX npenasa n Hectabu-
HocTu (10 noeHa)

MonvMo Bac Aa npoymnTaTe onLiTa yrnyTcTBa U3 Noce6HOr KOBEPTA MPe HEro LUTO MOYHETe ca 3a4aTKOM.

YBoOpg,

®as3HM npenasu cy 4o6po No3HaTK y CBaKOAHEBHOM XWBOTY, Ha NpuMep, Boga MoXe Ja byae y pasnu-
UATVIM CTakMMa: YBPCTOM, TEUHOM U racoBuTOM. OBa CTaka Cy pa3zaBojeHa ¢pasHMM npenasvma npu
KOjMa ce KONeKTUBHO MOHallake MOJIeKy/a y MaTepujany Mera. TakBMM GpasHUM Mpenasnma je yBek
NpUApPYyXeHa TemrepaTypa Npenasa, Ha Kojoj ce cTarbe Mekba. [pumep TemnepaType npenasa je Temne-
paTypa MpXHeHa 1 TemnepaTypa kibydarsa Boge.

®a3HKM npenasu cy nnak MHOro pacrnpocTpakbeHuju 1 jaB/bajy ce Takohe y ApYyrM CMCTEMIMMA, Kao LUTO
Cy MarHeTu UK CyneprnpoBOAHMLM, TAE CE NCMNOZ TeMmepaType npenasa Makpockoncko CTakbe Mekba 04
napamarHeTay pepomMarHeT 1 04 HOPMaNHOr MeTana y CyneprnpoBOAHUNK, PECMEKTUBHO.

CBM NapameTpu ce MOry OMMcaTW Ha UCTU HaUuMH Kaja ce yBeZe Tako3BaHW napamMeTtap nopeTka. Ha
npvMep, y MarHeT13My napameTap nopeTka je npuapy>xeH ypehuBary MarHeTHMX MOMeHaTa aToma y
npaBLy MakKpOCKomcke MarHetumsauuje.

Y cnyyajy Tako3BaHOr KOHTUHYyanHor ¢asHor rnpeJsiasa napameTap rnopeTtka je yBek jeiHaK HyNu N3Haj,
KpUTUYHe TemnepaType 1 HeNpeknAHO pacTe UCMOoA He, Kao LUTO je cXeMaTCKM MPrKa3aHo Ha camum 1
ncnog. TemnepaTypa npenasa KOHTUHyanHor ¢asHor npenasa ce HasMBa KpUTUYHa TemnepaTtypa. Can-
Ka Takohe cagp>Ku 1 CXeMaTCKu NprKa3 MUKPOCKOMCKOTr ypehera nan HeypeheHocTn y ciydajy MarHeTa,
rae ce nojeAAIHa4YHM MarHeTHY MoMeHTU ypehyjy y pepomarHeTHoj pasm ytrnuyhu Tako Ha nosehasame
MaKpOCKOrcKe MarHeTu3auuje, 40K cy y napaMmarHeTHoj ¢pasu ciy4ajHo opjeHTUCcaHu gajyhm Hyny 3a Ma-
KPOCKOMCKY MarHeTusauujy.

T v’ LS

Tcrit T
Cnmka 1: CxemaTcku nNpuKas TemrepaTypcke 3aBUCHOCTW NapameTpa nopeTtka M npuankom
dasHor npenasa. Vicnog KputndHe Temnepatype 1., NapaMeTap nopeTka pacTte 1 pasnnuyuT

je oa Hyne, AOK je jeAHaK HYW Ha TemnepaTypama usHag 7.,

AN
7

Tit*

3a KOHTUHYyanHe pasHe Npenase, y onwTeM C1y4ajy Baxu ga ce napameTtap nopetka 6113y npenasa no-
HaLlla Mo CTeNeHOM 3aKOHY, Ha MPUMep Y MarHeTU3My MarHeTnsauuja M Ucrnoj KpUTUYHe TemMnepaTtype
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T..., je faTa ca:

Tit (1)

Tit

M ~ (Tcrit - T)b’ M < Tc
= 07 M > Tc

rae je T temnepatypa. OHo WTO je 3aguBsbyjyhe je Aa je 0BakBO NOHaLLaHe YHNBEP3a/HO: eKCMOHEHT Y
0BOj CTENeHOoj 3aBNUCHOCTU je UCTW 3@ MHOore pasnnynTe dasHe npenase.

3apaartak

Mpoy4yaBahemMo jeaHOCTaBaH NpUYMep y KOMe Heke 0CO6UHe KOHTUHYyanHux ¢asHKX npenasa mMory ja
ce UCnUTYjy, Kao Ha NpUMep Kako HeCcTabuIHOCT BOAM Ka KOMEKTVBHOM MOHLLAKY YecTuLa 1 jasbe Ka
¢$a3HoM npenasy, Kao 1 Kako MaKkpoCKoncka NpoMeHa 3aBrcK o4 nobyhera yectmua.

Y 06UUYHNM Pa3HUM Npenasrma oBo nNobyhere je Npoy3poKoBaHO NPOMEHOM TemnepaType. Y HalleMm
npumepy nobyhere ce cacToju 04 KMHETUUKE eHeprije YyecTnua ybp3aHe 3By4HNKOM. Makpockoricke
npomMeHe Koje oaroBapajy ¢asHoM npenasy Koju oBAe Mpoy4aBaMo Ce cacToje of rpynuvicarba nepavy
jeiHOj MONOBUHW LNAVHAPA, KOjU je node/beH ManauM 3UL0M.

MoeehaBatbeM aMMNANTYAE OZ OHe MNP KOjoj Cy YeCTULE Y jefHOj MONOBMHU LMANHAPA, Hahn heTe Ko-
HaUHO OHY MpPW KOjoj Cy YecTunLEe NoajeaHako pacnopeheHe y o6e nonoBuHe. OBO o0AroBapa 3arpeBaksy
NpeKko KpUTUYHE TemnepaType.

Balu 3agaTak je fa oApeanTe KPUTUYHIN EKCMOHEHT 3a MoZen $a3Hor npenasa Koju ce oBAe npoy4asa.

Cnuncak npn6opa

o o

Cnuka 2: logaTHM Npmnbop 3a 0Baj eKCnepuMeHT.
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1. Ypehaj ca 3By4HMKOM Ha vnjeM je Bpxy npuuspLuheH naacTMyHm uuanHaap.
2. Oko 100 nepanua (y nnacTMYHoOj nocyan).
3. PykaBunua

4. Nler/bmBa Tpaka

Mepe npepocTpo>XXHOCTU

* HemojTe genoBat NpekoMepHOM 60YHOM CUJIOM Ha MAACTUUYHU LWWANHAAP KOju je npuyBpheH
Ha 3BYy4HWK. Hehe 6uTK omoryheHa 3amMeHa y ciydajy owTeherwa MmembpaHa 3ByUHMKA UAN OTKU-
Aarba MNacTUYHOT LMAMHAPA.

* VickbyunTe ypehaj ca 3ByYHUKOM Kaj, roj ra He KOpucTuTe, Aa 6u cte nsberny HenotpebHoO Tpo-
wekre baTepuje.

* Y 0BOM eKCMepuMeHTY TecTepacTu curHan og 4 Hz je Ha n3nasy KpajeBa 3By4YHMKa KOju ce Hanase
ca CTpaHe reHepaTopa CUrHana.

« AMNMTyfa TecTepacTor CcurHana ce nogewasa kopuwherwem ogrosapajyher noteHumomeTpa
03HauyeHor ca aMnaumyada cuzHanAa (4). JeAHOCMepHX HanoH NponopumnoHanaH aMnanTyan CUrHa-
Nla je Ha NpUK/bYUKY (6) KOHTpOsIA amnaumyode cuzHaAa (NPUK/bYYak 3a y3eM/berse je (7). bpojeBu
0O3Ha4aBajy aenose Ha ¢oTorpadmjm (Cavika 2) NprkasaHoj y onwTnM ynyTcTBmMa.

* MembpaHa 3By4YHMKa je HexXHa. BoguTte pauyHa fa je He npuTuckate HenoTpebHO y 61no KoM
npasLy.
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Oeo A. KputnuHa amnnuntyga no6byhema (3.3 noeHa)

Mpe Hero LWITO NoYHeTe ca OCHOBHWM 3aJaTKOM, MOBeXMTE 3BYyYHUK Ca KpajeBrMa Ha CTpaHu reHepa-
TOpa curHana (BoAguTe payvyHa o nonaputety). Cunajte (oko 50) nepavite y uanHAAP Ha 3BYYHUKY Y
nceumTe feo pykasuLe Kojum heTe 3aTBOPUTY BPX LUANHAPA, KaKo BUCTe cnpevnin ncnagame nepam-
ua. YkmyunTte ypehaj ca 3By4HNKOM U1 NojeLlaBajTe aMnanTyay okpeTakwbeM ogrosapajyher gyrmeHueTa
O3Ha4yeHor ca amnaumyoda cueHana (4) y3 nomoh npunoxeHor wpadunrepa. MNocmatpajte pacnogeny
nepsavua 3a pasnnumte aMnanTyse curHana.

MpBwn 3agaTak je fa ogpesuTte KpUTUYUHY amnanTygy nobyhera 3a oBaj npenas. [la 6ucrte oBo ypagunn
noTpebHo je fa oApeanTe 6poj nepanua N; U N, Yy ABa Aena unmanHapa (Heka BaM Ha nprMep ysek byze
N, < N,)y3aBUCHOCTW Of aMnanTyge Ap, LUTO OAroBapa HamoHy 3MepeHOM Ha NPUK/bYYKY aMnaumyoa
cueHasa (6). HanoH je nponopumMoHanaH amnanTyan TecTepactor CUrHana Koju NponsBoam 3ByYHMK. 3a
CBaKy BpeAHOCT HanoHa 13BpLUNTe HajMake 5 Mepemsa.

Momoh:

+ [la 611 ce nepanLe yBEK KpeTasie MepUTe 3a aMIINTYZe Koje 0AroBapajy HanoHMa BehiM 04 0.7 V.
Mo4YHMTE ca MOCMaTpakeM CUCTEMA Tako LWTo heTe laraHO MeraTh HamnoH, 6e3 6pojakba Nepau-
ua. Moxe Aa ce gecu Aa Heka nepnuvLa ocTaHe 3anern/beHa 3a Nnoasiory, 360r efekKTPOCTaTUUKNX
pasnora. HemojTe 6pojaTu Te nepavue.

A1 YnuwmnTe BpegHOCTU Mepetba 6pojeBa nepavua N; n N, y obe nonosuHe um-  1.2pt
NNHAPA 3a pa3inymTe BPeAHOCTV amnanTyae A,y Taéeny A. 1.

A.2 N3pauyHajTe cTaHApaAHO OACTyNake 3a Mepera N, n N, 1 pesyntateynuuwun-  1.1pt
Te y Tabeny A. 1. Hauptajte N; 1 N, y 3aBUCHOCTW OA aMNAnTyae Ap y nomwy
rpadpuk A. 2., ykbydyjyhiu v rpeLuke.

A3 Kopucrtehu rpaduik ogpesnte KpUTUUHY aMnanTyay Ap i, 3@ Kojy he Ny = N,,  1pt
nocne Zl0BO/bLHO BpeMeHa Yekakba Jja ce yCrocTaBum CTaLoHapHO CTake.

Aeo B. Kann6pauuija (3,2 noeHa)

OunTaHa amnanTyga A, , OAroBapa HarmoHy Ha KOMe je 3BYYHUK. Mnak, 3aHUM/bMBA je U BenYMHa
aMnNInTyAe OCLMIOBaHa 3BYYHMKA, MOLLUTO je MoBe3aHa ca TUM KO/IMKO jako cy nepavue nobyheHe. Mo-
TPebHo je Aa KanmbpuLleTe oUMTaHe aMIIUTyge. 3a OBY CBPXYy MOXETe Aa UCKOpUCTe 6U10 WTa of
MPWIOXeHOr MaTepujana 1 npuéopa.

B.1 CknuppajTe Wwemy Kojy CTe MICKOPUCTUAN Ja bucte ogpeannn amnanTyay ocum- — 0.5pt
noBara A (y mm) 3By4HMKa TOKOM jeJHOT Nepmnoja oCLMI0BaHsa.

B.2 OgpeanTte aMNANTyAy oCcLUMN0BaKka Ay OBO/BHO Tavaka, 0g4HOCHO rnpukaxute  0.8pt
Ay dyHKUMjK amnauTyge curHanaAp, y Taéenm B. 2., npoueHnTe 1 objacHuTe
rpeLuKy Mepema.

B.3 MpukaxuTe nogaTke Ha rpaduky y nomwy rpaduk B. 3., ykbyuyjyhu n rpewke  1.0pt
Mepema.
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B.4 OgpeanTe napameTpe gobuvjeHe KpuBe, kKopuctehu ogrosapajyhm ¢ut gaogpe-  0.8pt
AnTe KanubpaunoHy dyHKumjy A(Ap).
B.5 OapeauTte KPUTUYHY aMNANTyay nobyhewa A ;, nepavua. 0.1pt

Jeo C. KpuTnYHM eKcnoHeHT (3.5 noeHa)

Y HalleM cucTeMy, TemrnepaTypa oAroBapa KMHETUYKOj eHepruju Kojy yectuue aobujajy nobyhrBarsem.
OBa eHepruja je NponopunoHanHa KBagpaTy 6p3nHe fobujeHe 04 3ByUHMKA, OAHOCHO v? = A2 f?, rae je
1 dpekBeHumja ocumnaumja. Caga hete nposepuTY OBY 3aBUCHOCT U OAPEANTN @KCMOHEHT b 13 cTeneHor
3aKOHa KOju onucyje NoHallare napaMeTtpa nopeTka (jegHaunHa 1).

C1

HeypaBHOTeXeHOCT 6poja nepanua je 4obap KaHANAAT 3a NapameTtap nopetka  1.1pt
Haller CMCTeMa, OHa je jefHaKa HyM U3Haj KPUTUYHE aMMINTYAe CMrHana, a
jeaHaka 1 3a mana nobyhera. OgpeanTe oBaj NapameTap NopeTka y 3aBUCHO-

CTV O, aMNANTYAE OCLMN0Baka 3ByUHMKA A. Npukaxnte pesyntate y Tabenm
C.1.

C.2

HaupTajTe 3aBMCHOCT HeypPaBHOTEXEHOCTH ‘%1;%2 , Ha nanupy 1pt
1

ca obe norapuTamcke ckase (4BOCTPYKO NOrapmTaMmckom) y nosy rpapuk C. 2.
MoxeTe aa kopuctute Tabeny C.1. 3a pauyH. YupTaHe Tauke MOry ia OACTynajy
O/, INHEepHe 3aBNUCHOCTK, aNn Aa bucTe JO06UAN N3Pa3 3a KPUTUYHU eKCOHEHT
nrak yamuTe JIMHePHO onajame.

oA |AZ;, — A2

crit

c3

OgpeanTe eKCNOHEHT b 1 NPOLIEHUTE rpeLuky. 1.4pt
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Mepnwvuye Koje ckauy (10 noeHa)

Oeo A. KputnyHa amnnuntypa nobyhema (3.3 noeHa)

A.1(1.2 pt)

Ap Ny Ny
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A.2 (1.1 pt)
Mpaduk A. 2: N;, N, y 3aBUCHOCTUN OA A,

A.3 (1.0 pt)

AD, crit. —
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Aeo B. Kanné6pauwmja (3.2 noeHa)

B.1 (0.5 pt)
CkuLa rnocraBke 3a MepeHse:
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A2-4

B.2 (0.8 pt)
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B.3 (1.0 pt)
Mpa¢dunk B. 3.: Ay 3aBucHoCcTM o4 Ap
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B.4 (0.8 pt)
3aBucHocT A(Ap):

MapameTpu KpuBe:

B.5 (0.1 pt)

A

crit. 7
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Aeo C. KpuTnyHM eKCcnoHeHT (3.5 noeHa)

C.1(1.1pt)

C.2(1.0 pt)
Hauprajte

N,—N,
N TN,

y 3aBUCHOCTYW 04 | A% — A2| y jeaHoM o nosba Mpaduk C. 2a v Mpaduk C.26.
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Fpadpuk C.2a ABOCTPYKM NorapmutTamcku nanup
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Mpa¢dunk C.26 nnHepHN nanup
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A2-10

C.3 (1.4 pt)
b =

Ab =
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OnwiTa ynyTcTBa: TeOpUjCcKU 3agaTak

14,

jynn 2016.

Teopwujckun TecT Tpaje 5 catu 1 Hocw 30 noeHa.

Mpe TecTa

* He cmeTe pa OTBapaTe KoBepTe Ca 3ajallMMa npe 3By4YHOTr CUrHana KOjI/I O3Ha4YaBa no4yeTak TakKMn-
YeHa.

* MNoueTak 1 Kpaj Tecta he 6UTK O03HaYeH 3ByYHUM curHanoM. Takohe, 6uhe obaBellTera Ha CBakKn
CaT O BpeMeHy Koje je mpeocTano 3a pajd, Kao 1 NeTHaecT MUHYTa npe Kpaja Tecta (Npe 3By4HOr
cUrHana).

Tokom TecTa

Ha

+ ObesbeheHn cy nocebHW NUCTOBM NpeaBrheHn 3a Nncakse 0A4roBopa. YHecuTe KOHa4yHe OAroBo-
pe y ogrosapajyha nosbka Ha ogrosapajyhem nucty 3a ogrosope (03HadeHOM ca A). 3a cBaku 3a-
AaTak nMaTte nocebaH npasaH nanup 3a geTtabHUjn paj (o3HaueH ca W). BoguTte pauyHa aa ysek
KOPWCTUTE Manuvp 3a pag Koju npunaja 3ajatky Koju TpeHyTHO paauTe (MpoBepuTe 6poj 3agaTtkay
3arnassby). AKO CTe Ha 6110 KOM NanMpy HanMcanu HewwTo LWTO He XenuTe Aa byae npernejaHo,
npewupTajTe TO.

* TpyauTe ce ga 6yaeTe WTo je Moryhe caxeTunjuy oAroBoprMa: KOPUCTUATE jeHauUMHe, TornyUKe one-
pauvje 1 ckuLe Aa NpeAcTaBUTE Balla pa3MuLLbakba, Kaj rog je To moryhe. 136eraBajte gyrayke
peyeHuLie.

* Monmmo Bac fa faTe NpuxBaT/bMB 6poj 3HaUajHUX Lmdapa kaja HaBoauTe BpojHe BpegHOCTH.

« Tpebano 61 fa cTe y CTakby fa YeCTo pelunTe KacHWje AenoBe 3a4aTka Mako NPeTXOAHN AenoBu
HWNCY peLueHn.

* Cnncak pUsNYKNX KOHCTaHTW je aaTt Ha cnegehoj ctpaHu.

* Huije f03BO/BEHO HanyLLTakwe pagHor mecTta 6e3 fo3BoJie. AKO BaM je noTpebHa 6110 kakBa nomMoh
(aonyr-aBarbe 6oLie ca BOAOM, MOKBapeHW KankynaTtop, notpeba 3a ToanetoMm UTA.), Npusyumute
naxHy BOAMYY TVMa Tako LWTo heTe NOCTaBUTY jefHY OA TP 3acTaBuLe y ApXKay, KOju ce Hanasm
Ha BalleM ofesbery (“AonyHuTe My 6ouy, MonnMm Bac”, "Mopam ga naem y Toanet, MonM Bac” Nam
"Tpeba M1 Nnomoh, MonnM Bac” y CBUM OCTanuM CUTyaLmjama).

Kpajy Tecta

* Ha Kkpajy Tecta MopaTe fa npectaHeTe ca NUcakeM.

* 3a cBakM 3ajaTak, cnoxute ogroeapajyhe nuctose y cnegehem pegocneay: omot (C), nuTtama (Q),
oarosopwu (A), pagHn nuctosu (W).

+ CTaBuWTe CBe IMCTOBE Be3aHe 3a jejaH 3ajaTtak y UcTu koBepaT. CTaBuTe onwiTa ynyTcTea (G) y npe-
ocTanun nocebaH KoBepart. byaute curypHu aa ce Bawa wndpa BUAN Kpo3 Npo3opymnh Ha cBakoM
KoBepTy. MpegajTe 1 Npa3He n1McToBe. Huje 403BO/LEHO Aa U3HeceTe 6M10 KOjU JINCT ca TecTa.

+ OcTaBuTe NJ1aBU KaJIKyaTop, Koju cy 06e36ea11m opraHn3aTtopu, Ha CTony.
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* Y3muTe Ball Nprbop 3a nucame (2 xemujcke onoske, 1 ¢pnomactep, 1 onosky, 1 makase, 1 nerwup,

2 napa 4enoBa 3a YLUM) Kao W1 BaLl INYHW KanKynaTop (ako ra umarte) n noHecuTe ca coboMm. MoHe-
cuTe, Takohe, 1 6oLy ca BOAOM.

. Cal-IeKajTe 3a BaWMM CTOJIOM JOK He rokyre Balle KosepTe. Kaja ce CBM KOBEpPTU cakyre Ball
Boguu he Bac n3BecTu 13 case 3a TecT.
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bp3uHa cBeTnoCTN y Bakyymy c = 299792458 m-s!
MarHeTHa nepmeabunHOCT Bakyyma (Mar- p, = 4rx107kg-m-A % .52
HeTHa KOHCTaHTa)
[lnenekTpnuHa KOHCTaHTa Bakyyma (mpony- ¢, = 8.854187817 x 10712 A% . % . kg™ ' . m ™3
CT/bVBOCT BakyyMa)
EnemeHTapHO HaenekTpucare e = 1.602 176 620 8(98) x 10719 A - s
Maca efnekTpoHa m, 9.109 383 56(11) x 1073 kg

= 0.510 998 946 1(31) MgV
Maca NpoToHa m, = 1.672621898(21) x 10 2T kg

= 938.272081 3(58) ¥
Maca HeyTpoHa m, = 1.674927471(21) x 10—27 kg

= 939.565 413 3(58) MgV
ATOMCKa jeanHNLA Mace uw = 1.660 539 040(20) x 10 e kg
PnabeproBa KOHCTaHTa R, = 10973 731.568 508(65) m~
YHvBep3anHa rpaBuUTaLMoHa KOHCTaHTa G = 6.67408(31) x 107" m? kg .52
lpaBuTaLMOHO yop3amse (y Lumpuxy) g = 98lm-s?
MnaHKoBa KOHCTaHTa h = 6.626070040 (81) x 10 3* kg - m? - s !
ABoraapos 6poj Ny = 6.022140 857 (74) x 10* mol !
YHMBeEp3aHa racHa KOHCTaHTa R = 83144598(48) kg-m?-s 2 -mol ' - K!
KoHcTaHTa MonapHe Mace M, = 1x103kg- mol ™!
BonumaHoBa KOHCTaHTa kg = 1.38064852(79) x 1073 kg-m? -2 - K *
LtedaH-bonumaHoBa KOHCTaHTa o = 5670367 (13) x 10 % kg -s3 - K*
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ABa npo6nema ns MexaHuke

Monnmo Bac Aa npoumTaTe OnLITa yNyTCTBa KOja Ce Hanase y noce6HOoj KOBEepPTY Mpe Hero LWTOo NMoYHeTe
Ca peluaBarbeM 3ajaraka.

Aeo A. CKkpnBeHM AnCK (3.5 noeHa)

Y oBOM feny 3ajataTka pasmaTpamMo KpyTu APBeHU LUANHAAP paavjyca r, 1 gebmunHe h,. Herge yHytap
APBEHOTr UWAVHAPA, 4PBO je 3aMeHeHO MeTanHUM AUCKOM pagujyca ro 1 gebmsuHe hy,. MeTanHm gnck
je cmewTeH Tako Ja je HberoBa oca cMMeTpuje B napanefHa ocu cCUMeTpuje ApBEHOr LMaAnHApa S, v
Hafnasn ce Ha CpeAnHN y O4HOCY Ha H6asmnce gpBeHOr LuanHApa (cavka 16). Pactojarbe nsmehy oca S v
B n3Ho d. TycTnHa apBeTa je p,, a rycTuHa meTtana p, (py > p;). YKynHa maca oBOr cuctema (4pBeHun
[leo 1 MeTanHn Anck) je M.

Y 0BOM ey 3a4aTKa, APBEHU LUIVHAAP je NOCTaB/beH Ha NOAJ/IOTY TaKo 4a Ce MOXe C/I0604H0 KOTp/ba-
TW. BugeTtn canky 1. 3a U3rnea Ancka ca ctpaHe 1 0403ro.

Lv/b oBOr 3azaTKa je OAPeanTN BEMYNHY 1 MNO3MLNjY MeTaNHOT AMcKa.

3a cBe fasbe payyHe y Aeny A 0BOr 3a4aTka, pesyntaTe U3pasmnTi npeko cnegehix No3HaTUX BeNMYMHa:

1 by prs py, M (1)

Uwn/b je oapeanTtu o, hy U d, NOMORY NHAVNPEKTHUX MepeHsa.

. N

r : 'r,,
—l I
o
LT ]]h.

O

Cnuka 1: a) nornep ca cTpaHe b) nornes oaosro

BennuunHa b npeacTaB/ba pacTtojare nsmehy LeHTpa mace C Lenor cuctemMa v oce cumeTpuje S gpseHor
umMnmHAapa. Kako 6u ogpeanan oBo pacTojake, NOCTaB/beH je cnefehu ekcnepmMeHT: ipBeHn LAnHAAP
je nocTaB/beH Ha XOPM30HTAaHY NOANOrY Tako Aa Ce Hanasn y cTabuiHoj paBHOTEXMW. JefaH Kpaj noasno-
re ce 3aT/M MOAaKo MoAmxe, Tako Aa HacTaje CTpMa paBaH HarnmbHor yrna O (cavka 2.) Kao pesyntar
CTaTUYKOr TPeHa, APBEHU LMINHAAP Ce MOXe CNoboaHO okpeTaTu 6e3 kim3aka. OH he ce OTKOTp/baTK
Maso HM3 CTPMY paBaH M 3aTUM OCTaTU Y CTakby MUPOBAaHa, HAKOH poTaLmje 3a No3HaTW yrao ¢.
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Cnvka 2. UnnmnHaap Ha CTPMOj paBHWU.

A1 Hahu n3pas 3a pactojame b kao PyHKUMjy BenndmHa (1), yrna ¢ nHarmbHoryrna  0.8pt
CTpMe paBHU O.

Of casia Hajabe, BeNMYMHY b cMaTpaTy MO3HATOM.

Cnuka 3: Cuctem Koju ocuunyje.

Cnegeha BenUMHa KOjy XXeIMMO a N3MEPKMO je MOMEHT MHepumje Ig UMANHAPa Y O4HOCY Ha ocy Cu-
meTpuje S. OBo hemo ypaguTi Tako wTo heMo unanHaap nycTmTn Aa ocumayje oko oce cumeTpuje S.
OBO je ypaheHo Tako LITO je umnanHaap (cavka 3.) n3sefeH 13 paBHOTEXHON M0Ji0Xaja 3a Manu yrao .
LUunnHpap he y oBoM ciiyyajy onmcmeaT NepuoguyHoO KpeTare ca nepunogom T
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A.2 Hahw jegHaunHy kpeTaka 3a ¢. V3pasnty MoMeHT nHepumnje Ig cnctema oko  0.5pt
oce cumeTpuje S npeko BenndmnHa T, b 1 octanmx nosHaTnx sennymHa (1). Mo-
Xe ce NpeTnocTaBUTn Aa je LManHAap U3BeeH U3 paBHOTEXHOr MNoJioXaja 3a
MaJsly BpeAHOCT yrna, Tako Aa je yrao OTK/N0HA ¢ y CBAKOM TPEHYTKY Manwu.

NMomohy mepera 13 genoBa A.1 1 A.2 caga Xenvmo Aa oApeAnMO pajujyc U Nosioxaj MeTanHor Ancka
YHYTap ApBEHOT LWUAVNHAPA.

A3 Hahu n3pa3s 3a pactojarbe d kao dyHKUWjy BeanvmHe b 1 no3HaTux sennymHa  0.4pt
(1). Y KoHayHOM M3pasy 3a 0Baj feo 3ajaTKa KOPUCTUTN N BESINYUHE 1y U h,
(nowTo he oHe 6UTK n3padyHaTte y geny A.5).

A4 Hahw n3pas 3a MOMeHT nHepuuje Ig Npeko BennynHe b 1 No3HaTux BennumHa  0.7pt
(1). Y KoHa4yHOM uM3pasy 3a OBaj €0 3ajaTka KOPUCTUTU U BEJINUYNHE 75 U hy
(nowTo he oHe 6UTK n3pauyHaTte y geny A.5).

A.5 Kopuctehu cBe npeTxofHe pesynTtaTte, HanmMcaTy U3pas 3a hy U r, Npeko Benn-  1.1pt
UYmHa b, T' 1 oCcTannx rnosHatamx sennuviHa (1). Bennuumny h, y Kkpajwbem nspasy
MOXeTe OCTaBUTU Kao QYHKLM]Y 5 (YKOAVKO je 1n3pas 3a 7, AaT eKCAANLUTHO
NpeKko No3HaTUX BeINYNHA).

Oeo B. PoTupajyha cBemmnpcka ctaHuua (6.5 noeHa)

AHa je acTpOHayT Koja XUBM Ha CBEMUPCKOj CTaHMLM. CBEMUPCKA CTaHWULLA je OrpoMaH Touak paaujyca R
KOju pOTMpa OKO CBOje oce 1 Tako o6e36efyje BeLLTauky rpaBuTaLMjy acTpoHayTMa. ACTPOHayTH XKBe
Ha yHYTpaLlk0j CTpaHW o604a Touka. CMaTpaTu Aa je CBeMMPCKa CTaHKMLA JOBO/bHO Masie Mace, Tako Aa
Ce HeHO rpaBUTaLIMIOHO NpUB/IaYeHe MoXe 3aHeMapuTL. Takofje, 3aHeMapUTX 1 3aKPUB/LEHOCT NoAa.

B.1 Kojom yraoHom ¢pekBeHUOM w,, ce okpehe cBemmpcka CTaHuua ykonuko  0.5pt
acTpoHayTu ocehajy NCTo rpaBUTALIMOHO YOp3are g, Kao N Ha MOBPLUMNHMK 3e-
M/be?

AHa 1 HeH apyr, acTpoHayT bojaH nMajy cnegehy anckycnjy. bojaH He Bepyje Aa OHM 3anpaBo XVBe Ha
CBEMWPCKOj CTAHULN 1 TBPAW Aa Ce OHM Hanase Ha 3eM/bn. AHa Xenun fa fokaxe bojaHy Aa OHUM 3amncTa
XUMBe Ha poTupajyhoj cBeMUpCKoj cTaHuum kopuctehn 3akoHe ¢umsmke. 360r Tora, OHa Kauum Ter mace
m Ha ONpyry KOHCTaHTe enacTUYHOCTM k 1 NywTa ra ga ocuunyje. Ter ocumiyje camo y BepTUKAIHOM
npasLy, 1 He MoXe Aa ce Kpehe y XOp1U30oHTaHOM NpasLly.

B.2 MpeTnocTtaemajyhu ga je Ha 3eM/by rPaBMUTALLNOHO Yop3ake KOHCTaHTHO nn3-  0.2pt
HOCW g, KOjy yraoHy ¢ppekBeHLy 61 Ter UMao Ha 3eM/bu?

B.3 Kojy yraoHy ¢ppekBeHLUy ocLMi0Baka w 61 AHa n3Mepuna Ha ceemmpckoj cta-  0.6pt
HULMN?

AHa je ybehjeHa fa HeH eKCnepuMeHT AoKa3yje Aa Ce OHUW Hanase Ha poTupajyhoj CBEMUPCKOj CTaHNLN.
BojaH 1 aasbe He Bepyje. OH TBPAM Aa YKONMKO Ce y3Me Ja rpaBMTaLMoHO y6p3ake Ha 3eM/bU HUje KOH-
CTaHTHO, Beh ce ypauyHa NpoMeHa rpaBMTaLoHOr ybp3aka ca MPOMEHOM BUCKHE, fobuhe ce cnyaH
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edekaT. Y cnegehem geny 3ajatka NCnnTyjeMo aa v je bojaH y npasy.

AN

Cnvka 4: CBeMupcKa cTaHumua

B.4 N3BecTn n3pa3s 3a rpaBUTaLMOHO yop3ame gg(h) y dyHKUNjM BUCKUHE h (3a Ma-  0.8pt
Ne BpeAHOCTU BUCKHE N3HaA 3eM/blHe NOBPLUVHE) N U3payyHaTu yraoHy ¢pe-
KBeHLYy ocuMioBaka Tera (IMHeapHa anpokcvmaumja je A0Bo/bHA)). Paanjyc
3em/be Ry CMaTpaTtu No3HaATUM. 3aHEMapUTU YyTULAj poTauuje 3emsbe.

3ancTa, AHa je casa ybeheHa fa Ter ocuunyje ca ppekBeHLOM KOjy je bojaH npeaBuaeo.

B.5 3a Kojy BpeAHOCT pagujyca R cBeMmpcke cTaHuue ce dpekBeHLa ocumnaumja  0.3pt
w Ha CBEMUPCKOj CTaHWLM rnokana ca ¢ppekBeHLMjoM ocunnauuja @, Ha nosp-
LWVHW 3emsbe? Pellere 13pasnty Npeko Ry.

OropueHa bojaHoBom TBpgornasowhy, AHa je gowna ao cnegehe naeje 3a ekcneprMmeHT. MNokywahe
4a nckopuct Koprnonmcosy cuny Kako 61 gokasana fa je oHa y npasy. Kako 6u To ypaguna, nonena
ce Ha Kyny BUCMHe H M3Haj OCHOBe CBEMUPCKe cTaHuLe 1 6auuna Ter. OBaj eKCNepuMEHT ce MoXe
pa3mMaTpaTi Kako y poTupajyhem cuctemy pedepeHue, Tako Uy MHEpPLMjaiHOM cucTeMy pedepeHLie.

Y cnctemy pedepeHLie Koju poTrpa KOHCTaHTHOM YraoHOM 6p3MHOM, Ha acTpoHayTa genyje Kopnonnco-
Ba cuna. Kopuonucosa cuna F, fenyje Ha Ter mace m, Koju ce kpehe 6p3vHoOM ¢y poTupajyhem cucremy

pedepeHLe. YKOANKO cucTeM pedepeHLie poTrpa KOHCTAHTHOM YyraoHOM 6p3nHOM w,,, Kopronucosa
cuna je gata cnegehm nspasom
Fro=2mi x &, . )
NHTeH3nTeT oBe cune ce Moxe N3pasnTu Ha cnegehvt HaurH
Fe =2muw,, Sing , (3)

rae je ¢ yrao nsmehy Bektopa 6p3nHe Tera 1 oce potayuje. Cuna he 6UTK HopmanHa Ha BeKTOp bp3nHe
v U Ha ocy poTaunje. CMep cune ce MOXe OApeanTN NPaBUIOM AecHe pyke (Maja y OBOM 3aAaTKy ce
MOXe n3abpat NPON3BO/bHO).
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B.6 N3payvyHaT XOpN30HTaNHY KOMMOHEHTY 6p3nHe v, 1 XOpM30oHTanHM nomepaj 1.1pt
d, (y o4HOCY Ha NojHOXje Kyne y npasLly HOPMaJIHOM Ha Ky/y) Tera y TpeHyTKy
Kaja Ter nagHe Ha noj. Moxe ce NpeTnocTaBuUTK Ja je BUCUHa Kyne H mana,
Tako Ja je ybp3arbe Tera ka nojy TOKOM nafja KoHcTaHTHo. Takohe, moxe ce
npernocrasutn jajed, <« H.

Kako 61 npoBepuna pesyntaT, AHa og/lydyje Aa NOHOBW eKCNePUMEHT anm OBOT MyTa ca MHOrO BuLUe
Kyne. Ha eHo n3HeHaheme, Ter je mao Ha noj Ha UCTOM MeCTy rae je MOAHOXje Kyne, Tj. Tako Aa je
d, =0.

x

B.7 Hahwn HajMaky BUCKHY Ky/e 3a KOjy ce MOXe JoroanTn ga je d, = 0. 1.3pt

AHa je cnpemHa fa nokyLula jow jegHoM Aa y6eam bojaHa. Osora nyTta he KOpUCTUTK Ter Ha onpys3u Aa
61 nokasana ytuuaj Kopronncose cune. locTaBka ekcnepMMeHTa caja ce mewa. Onpyra je y OBOM
C/ly4yajy 3akadeHa 3a NpCTeH Koju Modxe c/I060AHO Aa KM3M MO XOPU3OHTANHO] XMLUW Y NpaBLn x oce.
Onpyra cBe BpemMe oCTaje XOpPU30oHTa/Ha 1 ocuunyje y npasuy y oce. XKuua Ha Kojoj je 3aKkayeH rnpcTeH
je napanenHa nNognosn n HopMasaHa y o4HOCY Ha OCy poTauuje cBeMUPCKe CTaHuLe. Ty PaBaH je Tako
HOpMasHa Ha ocy poTauuje, NPy YeMy je cMep y OCe Ka LeHTPY poTaumje cTaHuULe.

A

Ckuka 5. locTaBka ekcriepriMeHTa.

B.8 AHa ncrexe Ter 3a AyXUWHY d y O4HOCY Ha Tauky paBHoTexe z = 0, y = 0, 1 1.7pt
nywTa ra ga cnobogHo ocumnyje (Camka 5.).
* Hahw nspase 3a z(t) n y(t). MoxeTe NpeTnocTaBUTU A4 je w, . d Mana Benu-
yrHa. 3aHemapuTy Kopronncosy CUNy Koja yTrue Ha KpeTakse Ay y-oce.
+ CknumpaTu TpajekTopujy Tera (x(t), y(t)) U 03HaYNTU CBe peneBaHTHe Tay-
Ke 1 pacTojara Ha cInLUM (Kao LITO Cy aMruInTyaa UTA.).
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AHa 1 bojaH HacTaB/bajy AUCKYCUjy...
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A1-1

ABa npo6nema ns mexaHuke (10 noeHa)

Jeo A. CkpuBeHUn ancK (3.5 noeHa)

A.1 (0.8 pt)

b:

A.2 (0.5 pt)

JeaHauvHa KpeTara 3a ¢ =

Ty =
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A1-2

Aeo b. PoTupajyha ceBemupcka ctaHmua (6.5 noeHa)

B.1 (0.5 pt)

SS

B.2 (0.2 pt)

OJE:

B.3 (0.6 pt)

B.4 (0.8 pt)




Theory
Serbian (Serbia)

A1-3

B.7 (1.3 pt)
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HenviHeapHa AMHaMUuKa eneKTPUYHUX KoJsia (10 noeHa)

Monumo Bac Aa NpBo NpoyMTaTe ONLLUTa YNyTCTBa KOja Ce Hanase y nocebHoj KOBEPTU Npe Hero novHeTe
Aa peluaBaTe 3ajaTak.

YBop

BuctabuaHm (3Haum 1Ma ABa CTabuNHa-PaBHOTEXHA CTakba) MONYNPOBOAHNYKN eNeMeHTU (HMp. TUpK-
CTOpW) Ce KOPUCTE Yy eNeKTPOHULIM Kao Npekmgayun Unm Kao reHepaTopy enekTpoMarHeTHUX ocumnaum-
ja. FnaBHa 061acT NpnMeHe TUPUCTOPA je KOHTPOAa HaU3MeHNYHWNX CTPYja y eHepreTckoj eNeKTPoOHMLN,
Ha NpyMep Kao MCMpaB/bay Han3MeHNYHe y jeAHOCMepHY CTPYjy NpW CHarama Koje cy peja merasara.
BuctabuaHn enemMeHTV MOry fa NocayXKe 1 Kao NprMep CamoopraHn3oBaHuX nojaea y ¢pmsmuyn (oBaj
npumMep he 6uTN pasmatpaH y geny b osor 3agaTka), y bronormju (nornegaj geo L), kao 1y apyrum
06/1aCTMa CaBpeMeHe HejlmHeapHe Hayke.

UunmeBn

Lnmb je ga aHanM3Mpamo HecTabuIHOCTU 1 HETPUBWMjaNHY AMHAMUKY eNeKTPUYHUX KONa Koja cagpe
eNneMeHTe KOju UMajy HennHeapHy I —V KapakTepuctuky. pyrv U je aa oTkpujemo moryhy nprmeHy
TaKBUX KONa Y UHXEHEPCTBY 1 MOAE/I0BakbY 6MOMOLLIKMX CUCTEMA.

[eo A. CTaumoHapHa CTakba N HeCTabnHOCTU (3 NnoeHa)

Ha cnvym 1. je nprkasaHa [ — V KapakTepucTka HellMHeapHor efeMeHTa X, Koja 1M4yn Ha NaTUHNYHO
cnoBo S. Y oncery HanoHa nsmehy U, = 4.00 V (Ha3zosumo ra holding HanoH) n U, = 10.0 V (Ha3oBMMO
ra treshold HanoH) I — V kapakTepucTuKa je BULLe3HaYHa, MMa BULLe BPeAHOCTU CTPYje 38 UCTU HaroH.
Paan jegHocTtaBHOCTU rpaduk Ha Camum 1. je npeAcTaB/beH Kao M310M/beHa NMHKja (CBaka rpaHa rpa-
¢dvKa je npaBa MHKWja). Bpean NoMeHyTW Ja ropa MHWja Npoaasun Kpo3 KOOPANHATHM NoveTak, ako
ce npoayxu. OBakBa anpokcrmMaLmja Ha gobap Ha4MH onucyje CTBapHO NMoHalLake TUpUCTopa.
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U [V]

Cnuka 1. I —V KapaKkTepucTrka HeiHeapHor efnemeHTa X.

A1 Kopuctehn ce rpadpukom ogpegute otnop R,, eneMeHTa X Ha ropwoj rpaHun  0.4pt
I —V KapakTepucTuke, Kao 1 otnop R ; Ha AOoH0j rpaHn. Cpedmwa rpaHa I —V
KapakTepucTvke je gaTa jeHauYMHOM

U
I=l— 72— (1)
int

HahwuTe BpegHocTu napameTtapa [, U R

int*

EnemeHT X je noBe3saH pegHo (nornegaj Cnvky 2) ca oTNnopoMm R, KaleMOM NHAYKTUBHOCTU L v njeanHnum
N3BOPOM HaroHa &. Kaxe ce Aa je KOJIO y CTaLlMOHApPHOM CTaky ako CTpyja He 3aBWCK Of, BpemMeHa
I(t) = const.

Cnuka 2. Kono Koje cagpxu enemMeHT X, oTnop R, Kanem NHAYKTUBHOCTU L, N N3BOP HaMoHa
é.
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A.2 Koju je 6poj Moryhux ctaumoHapHuX ctama kona ca Cavke 2. npu pukcmpanoj  1pt
BpeAHOCTM & 1 3a oTnop R = 3.00 Q? Kako he ce npoMeHUTM OAroBOpP YKOSIMKO
cTaBuTe faje R = 1.00 Q?

A3 Heka je 3a kosio ca Cinke 2. R = 3.00 Q,L = 1.00 uH, n & = 15.0 V. Ogpegute  0.6pt
BPEAHOCT CTPYje Lyiionary V1 HAMOHA Vi iy, HA HEIMIHEAPHOM €1eMeHTYy Xy
CTaLMOHApPHOM CTahby.

Kono ca Crnke 2. je y cTauMOHapHOM cTakby Npu vemy je I(t) = I, iionary- CTALMOHAPHO CTak:€ je cTabun-
HO aKo ce nocJie Masior oAcTynana (nosehaBama NN CMakVBaka CTPyje), CTpyja Bpahay cTauoHapHoO
cTarbe. AKO CMCTeM HacTas/ba Aa ce Kpehe 0/ CTaLMoHapHOr CTaka, Kaxe ce /a je OHO HecTabuiHo.

A4 Kopuctehu 6pojHe BpeaHOCTM 13 NnUTakba A.3 aHanmsmpajte ctabunHocT cta-  1pt
UMoHapHor cTamwa Npu I(t) = Loy 42 W j€ OHO CTABWIHO NN HecTabun-
HO?

Aeo B. BUCTabUIHM HENIHEapPHU eNleMeHTN Y GU3NLU: paauo ogallnbad (5 noeHa)

AHannsnpajMo caga gpyraymje enekTpmyHo kono (Bnam Cnuky 3.). OBora nyta HeMHeapHW efieMeHT X
je nosesaH napanenHo ca KoHge3aTopoM Kanauuteta C = 1.00 pF. Taj 610K ce 3aTUM pejHO BexXe ca
oTnopoM R = 3.00 Q 1 ca ngeanHnm n3sopom HarnoHa & = 15.0 V. Mcnoctassba ce ja caja efieKTpUYHO
KOJ10 OCLiM/Tyje TaKo LUTO HeIMHeapHW enemMeHTX Havu3MeHWYHO npefiasu ca jeaHe Ha Apyry rpany [ —V
KapakTepucTrke TOKOM jefHOr LMKyCca ocuunaumje.

T

Cnnka 3. Kono koje cagpxu enemeHT X, koHae3atop C, oTnop R, 1 M3BOp HarnoHa &.

B.1 HaupTtajTe jegan umknyc ocumnayuja Ha I — V rpaduky, ykbydyjyhu n cmep (ga 1.8pt
NV ocumnnyje y cMepy Kasasbke Ha caTy uam cyrnpoTHo). ObpasnoxuTe oArosop
y3 nomoh jegHauunHa n ckmua.

B.2 Hahute n3pase 3a BpemeHa t; 1 t, KOja cMCTeM NPOBOAM Ha CBakoj oA rpaHa  1.9pt
I—V rpaduka TOKOM jefHOT LmKayca ocumnaumja. iapadyHajte n hrxose 6poj-
He BpeAHOCTU. VM3pauyHajTe 6pojHyY BpeAHOCT Nnepuoga ocumnaumja I' nperno-
cTaBs/bajyhu Aa je Bpeme HeOMNXO4HO CUCTEMY Jla CKOYM Ca jefiHe Ha ApYry rpaHy
I —V rpaduka 3aHeMap/bUBO.
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B.3 MpoueHnTe cHary P Koja ce ocnobaha Ha HelMHeapHOM eflieMeHTy TokoM jeg-  0.7pt
HOr LuMKnyca ocumnauyja. loBo/bLHO je fa faTe pej BeNnynHe.

Kono ca Crivke 3. ce KOPUCTY 38 KOHCTPYKLMjY paAno ojallnbada. Y Ty CBpXy efieMeHT X ce npukayun 3a
jefaH Kpaj MMHeapHe aHTeHe (NpaBa Ayrayka Xuua) gy>KuHe s. [pyrv Kpaj xuue je cnobogaH. Y aHTeHu
ce dopmumpajy ctojehn enekTpoMarHeTHM Tanacu. bp3vHa enekTpoMarHeTHWX Tanaca AyX aHTeHe je
ncTa Kao y Bakyymy. Ogalln/bay KOPUCTM OCHOBHU XapMOHUK CUCTEMA, KOju UMa nepuod T U3 nuTama
b.2.

B.4 Koja je onTumanHa gyxxmnHa s npetnoctasmajyhm aa Ta gyxmHa He moxe 6utn  0.6pt
ayxa o 1 km?

Aeo L. BuctabunHm HennHeapHW enemMeHTU y 6monormju: Heypuctop (2 noeHa)

Y oBOM geny 3agatka pasMoTpuhemo NnprMeHy 61CTabUNHNX HeNVHeaPHNX e/leMeHaTa 3a MoJe/IoBake
6ronoLwkmMx npoueca. HeypoH y /jbyAckoM MO3ry nma cnegehe ocobuHe: kaga ce nobyam HeKUM Cnosba-
LWHMM CUFHANOM, OH HanpaBK CaMo jeHy ocumaaLmjy 1 3aTUM ce BpaTh Y NOYETHO CTake. TakBy 0Co-
61HY Ha3MBaMO eKCUTabNHOCT. 360r oBe 0COBVHE NMNYACKU MOTY Aa NYTyjy (Nponarnpajy) ayx mpexe
NnoBe3aHMX HeypoHa KOoju YMHe HepBHU cucTeM. [onynpoBOAHNYKM YN KOjU je AM3ajHMpaH Tako Aa
NMUTMPA eKCUTabUNHOCT 1 Nponaraumjy MMmysca ce Hasnea Heypucmop (KoMbMHaLmja peyn HeypoH v
TpaH3ncTop).

Mokywahemo ga moaenyjeMo jeJHOCTaBHW HeYypUCTop KopucTehn KOO0 ca HeNMHeapHUM efleMeHTOM
X Koje cMO NpeTxXoAHO aHanM3upanu. Y ToM uwmby HanoH &£ ca Chvke 3. CMO CMawbUAN Ha BPeAHOCT
&’ =12.0 V. Taga ocumnaumje npecrajy 1 cMcTeM ce Hanasu y ctauuoHapHOM cTaky. OHAa HanoH Hario
nosehamo Ha BpegHoCT £ = 15.0 V, @ HAaKOH HeKOr BpeMeHCKOr HTepBana 7 (Npu yemy je 7 < T') HAaNoH
Harno nagHe Ha epegHocT &’ (Buamn Cnuky 4.). icnoctas/ba ce ga NocToju ogpeheHa KpUTUYHa BpegHOCT
T.it.» TAKBA Jla Ce CUCTeM KBaNUTaTUBHO Pa3NNYNTO MNOHaLLAa 38 7 < T, M3a T > 7,

it

N

16

15

E[V] 14

13

12

to to+T

11

v

t

Cnuka 4. HanoH koju aaje n3sop HarnoHa kao ¢dyHKLja BpeMeHa.
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C1 Ckunumpajte rpaduk BpeMeHcKe 3aBUCHOCTU CTpyje I (¢) Koja nponasn kpo3 He-  1.2pt
JINHEAPHW enemMeHT X 38 7 < Ty M 3a T > T .

C.2 HaRhuTe n3pas un n3paudyHajte 6pojHy BpegHOCT 3a KPUTUYHO BpeMe 7, 3a koje  0.6pt
A0Na3n f0 NPOMeHe NnoHallaka cucTema.

c3 [Ja nv je kono ca 7 = 1.00 x 1075 s HeypucTop? 0.2pt
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HenviHeapHa AuHaMuKa y efieKTPUYHUM KosimMma (10 noeHa)

Oeo A. CTaumoHapHa cTaka N HecTabnnHocTu (3 noeHa)

A.1 (0.4 pt)
R

on ~—

Roff =

A.2 (1 pt)
Moryhun 6poj cTauMoHapHUX CcTaka 3a R = 3.00

Moryhu 6poj cTaumoHapHUX cTara 3a R = 1.00

A.3 (0.6 pt)

1

stationary —

V.

stationary =
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A.4 (1 pt)

MNMoHaware y cnyvajy I(t =0) > I,

stationary *

MoHaware y cnyvajy I(t =0) < I,

stationary*

[Ja nwn je ctaumoHapHo cTawe : O cTabunHo? [ HecTabunHo?
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A2-3

Aeo B. BUCTabWUNIHM HENTHEeapHU eNleMeHTN Y GU3NLU: paauo ogallnbad (5 noeHa)

B.1 (1.8 pt)

I [A]

Obpasnoxeme:

v
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B.2 (1.9 pt)

M3pas3at, =

BpojHa BpeaHOCT t; =

M3pas3at, =

BpojHa BpegHoOCT t, =

BpojHa BpeaHocT T’ =

B.3 (0.7 pt)
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Oeo L. BuctabunHm HennHeapHW enemMeHTU y 6monormju: Heypuctop (2 noeHa)

C.1 (1.2 pt)
Cknuasar < 7 ! Cknuasart > 7. !
Iy Ix
t, £+ T t t, £+ T t
C.2 (0.6 pt)
M3pas3a 7, =

BpojHa BpeAHOCT 7, =

C.3 (0.2 pt)

[a nu je kono Heypuctop? O Ja O He
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Benukun xagpoHcku cygapay (10 noeHa)

Monnmo Bac ga npo4yunTaTe onwTa ynyTcrBa KOja Ceé Hanasey noce6Hom KOBEPTY, Npe HEro WwTo no4vHeTe
Ca pajom.

Tema oBor 3agaTka je ¢umsuka koja onucyje npouece y JIXL, (LHC -Large Hadron Collider) akuenepatopy
(ybp3mBauy) vectmua Koju ce Hanasu y LLIEPH-y. LIEPH je Hajseha nabopaTtopuja 3a dbmsnky enemeHTap-
HUX YecTnua Ha ceeTy. OCHOBHMW Liv/b OBe nabopaTopuje je NOTAYHW YBUJA Y OCHOBHE 3aKOHe Npupogje.
JlBa cHoMa yecTuLa BUCOKNX eHeprija ce Kpehy yHyTap npcreHa akuenepatopa BofjeHa jakum MarHeT-
HUM noJsbeM, Aa 61 ce KOHaUYHO CyAapwuna, jefaH ca ApyriuM. MPOTOHM HUCY XOMOreHo pacnopeheHun y
CHOMy, Hero cy rpynmncaHn y Tako3saHe rpo3jose. YecTuue Koje HacTaHy y OBakBUM CyAapuma ce Buje
y3 nomoh Benvkunx getektopa. Hekn oa napameTtapa J1XU-a cy gatmn y Tabenn 1.

NXU, npcTeH

O6uvM npcTeHa 26659 m
Bbpoj rposgoBa vectuua y cHomny npotoHa 2808

Bpoj npoToHa y rpo3ay 1.15 x 101!
CHOMoOBY NPOTOHA

EHeprunja npoToHa 7.00 TeV
EHepruvja y cncremy LeHTpa mace 14.0 TeV

Tabena 1: TnuyHe 6poOjHe BpeAHOCTM 3HaYajHUX napameTtapa JIXL-a.

Y dmsnum eneMeHTapHMX YecTnLa ce KOpPUCTe NoAeCHe jeHNLLE 3a eHeprujy, UMMyAC 1 Macy: eHepruja
ce n3paxaeay enekTpoH-sonTuMa [eV]. Mo gepuHumjn, 1 eV je KoNMUMHa eHepruje Kojy Aobunja yectnua
efleMeHTapHOr HaenekTpucama, e, Koja ce Kpehe Kpo3 pa3nuky noTeHumjana og jegHor BonTta (1 eV =
1.602 - 107 kg m?s2).

Nmnync ce nspaxasa y jeanHnLama eV/c a Maca 'y eV/c?, rae je c 6p3viHa CBETNIOCTM y BakyyMy. MowTo
je 1 eV BeoMa Mana KonmumHa eHepruje, kopucre ce yewwhe MeV (1 MeV = 106 eV), GeV (1 GeV = 10 eV)
nnn TeV (1 TeV = 1012 eV).

[Jleo A ce 6aBu ybp3aBartbeM NPOTOHa UK enekTpoHa. [eo B je nocBeheH nHageHTUdMKaumjm yectnua
HacTanux npuankom cygapay LIEPH-y.

Aeo A. IXL, akuenepaTtop (6 noeHa)

Y6p3ame:

MpeTnocTaBuTe Aa Cy NPOTOHM YBP3aHN HAaNoHOM V Tako Aa UM je 6p3unHa Bp/io 6amncka 6p3nHM cBeTo-
CTW. 3aHemapuTe CBe rybuTKe eHepruje ycnes 3paderba Uav cyAapa ca ocTaanum Yyectmuama.

A1 N3BeanTe M3pas 3a KOHaYHy O6pP3MHY v MPOTOHA Y 3aBUCHOCTK 04 HanoHa V' 1 0.7pt
OUBNUKNX KOHCTAHTW.

MnaH 3a 6yayhu ekcnepumeHT y LIEPH-y je Aa ce npoToHu fobujeHn u3 JIXL-a cyaapajy ca enekTpoHuMa
eHepruja oa 60.0 GeV.
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A.2 3a yecTuLe BUCOKMX eHepruja n Maamx Maca MrUpoBarsa penatmeHo oactyna-  0.8pt
He KOHayHe 6p3nHe oj 6p3nHe cBeTnocTn A = (¢ — v)/¢, je Bpno mano. Ha-
hute norogHy anpokcnmaunjy 3a A 1 n3padyHajte A 3a efleKTpoHe eHepruja
60.0 GeV, kopuctehn HanoH 1 dr3nuKe KOHCTaHTe.

Bpatumo ce Ha npoToHe y JIXLl-y. MpeTnocTaBuTe Aa je N3BOP CHOMa KPYXHOr 06auKa.

A3 N3BeanTe n3pas 3a ryctnHy $aykca XoMoreHor MarHeTHor nosba B Koje je He-  1.0pt
ONXOAHO Aa oAp>KaBa NPOTOHE Ha KPYXHOj NyTawn. M3pas Tpeba aa cagpxu
CaMo eHepruvjy NpoToHa E, 061M L, OCHOBHe KOHCTaHTe 1 bpojeBe. MoxeTe ga
KOpUCTUTE NpuUKNagHe anpokcruMaLmje ako je hnxos epekaT Maky 04 Ta4HO-
T ogpeheHe HajMakUM Bpojem 3HauajHuX uudapa.
WN3pauyHajTe rycTvHy MarHeTHor ¢ykca B 3a NpoToHe eHepruje E = 7.00 TeV,
3aHemapyjyhun nHTepakumjy namehy nportoHa.

MN3payeHa cHara:

HaenekTpucaHe yectuue Koje ce kpehy ybp3aHo 3pave eHeprujy y obnnky enekTpomarHeTHUx Tanaca.
M3paueHa cHara P,,, HaenekTprcaHe YecTuLe Koja KPy>K KOHCTAaHTHOM YyraoHOM 6p3VHOM 3aBUCU CaMO

rad

of ybp3atba a, HaenekTpurcaka q, 6p3viHe CBETNIOCTU ¢, KAao U Of ANeNeKTPUYHE KOHCTAaHTe Bakyyma .

A4 Kopuctehn gnmeH3noHy aHannsy HahuTe n3pas 3a uspadeHy cHary P, ;. 1.0pt

MpaBu n3pa3s 3a n3payeHy cHary cagpxu ¢akrop 1/(67); Takohe n3Bohere Koje y MOTNYHOCTUN KOPUCTU

penaTuBmCTUYKe epekTe Aaje A0AATHU MyNTUNAMKATUBHU GakTop v4, rae je v = (1 —v?/c?) 3.

A.5 M3pauyHajTe ykynHy mspdeHy cHary P, J/IXU-a 3a npotoHe eHeprmnje £ = 1.0pt
7.00 TeV (nornegajte Tabeny 1). MoxeTe ga KopucTtuTe NpuKIagHe anpokcum-
Mauuje.

NuHeapHo y6p3aBatse:

Y LIEPH-y npoToHu ce ybp3aBajy y nMHeapHoOM akuenepatopy ayxuHe d = 30.0 m. Kpehy n3 mmpoBara
KPO3 pasnnky noteHumjana vV = 500 MV. lpeTnocraBuTe Aa je eNeKTPUYHO Nojbe XoMoreHo. JinHeapHu
akLenepaTop ce cacToju o4 ABe Maoye Kao LTO je NpuKasaHo Ha cavum 1.

A.6 OapeguTte Bpeme T Koje je NOTpebHO NpoToOHMMA Aa npohy Kpo3 enekTpuyHo  1.5pt
nose.
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F

A

Cnuka 1: Cknua akuenepartopa
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Oeo b. peHTUdunkaumja yectuua (4 noeHa)

Bpeme nerta:

BaxHO je ngeHTMPUKOBaTM YecTuLie BUCOKMX eHeprunja Koje ce cTBapajy npuankom cypapa aa bu ce
NpOTYMauylo NpoLec HTepakumje. JeAHOCTaBaH Ha4MH je Aa ce 3Mepy Bpeme ¢ MoTpebHOo YecTmLm no-
3HaTor umnysnca Aa npehe nyT [, Tako3BaHUM AeTeKTopoM BpemeHa neTa (Time-of-Flight (ToF) detector).
TunnyHe yvectrue naeHTNdMKOBaHe y AeTeKTopy Cy NprKasaHe y Tabenn 2., y Kojoj cy AaTte v buxoBe
Mace.

Yectuya Maca [MeV/c?]
JeyTepoH 1876
MpoToH 938

HaenekTpucaHun KaoH | 494

HaenekTpucaHu MuroH | 140

EnekTpoH 0.511

Tabena 2. YecTrye u H1XOBe Mace.

MaCa m

UMNync p

y
L)X Bpeme t; nyT / Bpeme b

CxemaTcku NpuMKas AETEKTOPA BpeMeHa JieTa.

B.1 N3pa3snTu macy m y 3aBUCHOCTW O UMMynca p Ay>KUHe neta [ n spemeHa ne-  0.8pt
Ta t npeTnocTae/mbajyhn fa ce yecTuue eneMeHTapHOr HaenekTpucama e kpehy
6pP31HOM BAMCKOM BP3VHN CBETNOCTY, MPaBUM NMyTakama yHyTap AeTekTopa,

1 ga ce kpehy HopManHo Ha /Be rniaoye geTekTopa (c/vka 2).
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B.2 N3pauyHajTe HajMakby AYXMHY AeTeKTopa BpeMeHa neTa [ Koja omoryhasa no-  0.7pt
y3£aHO pPa3nMKoBaH-e HaenekTPUCaHOr KAaOHa 0J HaeneKTpMcaHor NMoHa, Npu
yemy obe yectmue nmajy nmnync og 1.00 GeV/c. 3a fobpo pa3gBajaree je no-
TpebHO fa panvka y BpemeHy neta byae Tpu nyTta Beha of BpeMeHcKke pe-
3onyumje getektopa. CraHaapfHa pesonyunja AeTekTopa BpeMeHa feTa je
150 ps (1 ps = 10712 s).

YecTtuue HacTane y ctaHgapaHom JIXL, aeTekTopy ce naeHTUdUKYjy y ABOCTENEHOM AeTeKTopy Koju ce
cacTojun of, feTeKkTopa Tparosa v AeTekTopa BpeMeHa neta. Ha camum 3 je nprkasaHa noctaska y Ase
PaBHW, TPAHCBEP3aJHOj N NOHTUTYANHANHO] Y O4HOCY Ha CHOM NpoToHa. O6a geTekTopa cy y 06amnky
LieBM KOoje OKpYXyjy obnact nHTepakuuje, n cHon Nponaasun no cpeanHn Lesn. [letekTop Tparosa mepu
nyTaky HaenekTpMcaHux YecTmLa Koje npoJsase Kpo3 MarHeTHO rnosbe Koje je rnapanesiHo CHomny npo-
TOHa. AKO Ce 3Ha MonyrnpeyHnK nyTarwe r MOXe Ja ce ojpeAn TpaHCBep3asHa KOMMNOHEHTa UMMyca
ppyectuue. Moo ce 3Ha Bpeme CyAapa, 3a AeTeKTop BpemeHa ieta je notpebHa camo jegHa ues aa 6u
ce 3Mepuo Bpeme neta (Bpeme NpoTekso 04 cyjapa Ao AeTekunje y Lesu getekTopa). OBakaB geTek-
TOp BpeMeHa JieTa je NocTaB/beH O4MaxX [0 AeTeKTopa TparoBsa. Y OBOM 3a4aTky npetrnocraBuTe ja ce
CBe YecTuLe HacTane y cysapy kpehy HOpManHoO Ha NPOTOHCKM CHOM, LUTO 3HayuM Ja HacTane Jyectumue
Hemajy KOMMOHEeHTY MMMyJica Ay>X npasLa cHorna NpoToHa.
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(2)

T_)X 0% (2) LZ (1)

(1)

(1)
TpaHCcBep3a/iHa paBaH nonpeYyHn npecek
6oyHe cTpaHe
LeBU Oy>XX CHOMa

(1) - LleB seTekTOpa BpemMeHa feTta

(2) - Tpar

(3) - mecTo cypapa

(4) - peTekTOp TParosa

(5) - cHon npoToHa

® - MarHeTHo nosbe

Cnuka 3 : MNocTaBka ekcrneprMeHTa 3a ugeHTrnduKaumjy yectmua, ca KOMOPoOM 3a Tparose 1
JeTeKTopoM BpeMeHa ieTa. Oba feTekTopa Cy LieBU Koje OKPYXXYjy MecTo cyfapa y CpeanHN.
Cnvka neBo: norfes Ha TpaHcBep3anHy paBaH HOpPMasHy Ha cHon npoTtoHa. Cavka fecHo:
norneg Ha NOHrUTYAVHAHY paBaH NapanenHy cHony. Yectmua ce kpehe HOPManHoO Ha CHon.

B.3 M3pa3nTe macy yectmua y 3aBUCHOCTU Of rycTUHe MarHeTHor éaykca B, mo-  1.7pt
JlynpeyHuKa LieBu ca JeTeKTOPOM BpeMeHa JieTa R 1 N3MepeHnX BenymnHa:
nonynpeyHnka r nytawe (Tpara) U BpeMeHa nera t.

JeTeKToBaHe Cy 4UeTUpW YecTurLe 1 Tpeba UX NAEHTUOMKOBATU. MyCTHA MarHeTHOr Gaykca y AeTekTopy
Tparaje 6una B = 0.500 T. MonynpeyHnk R LeBW ca AeTEKTOPOM BpeMeHa fieTa je 61na 3.70 m. PesyntaTtu
Mepera cy (1 ns = 107 s):

Yectnua | MonynpeyHunk TpajekTopuje r [m] | Bpeme neta ¢ [ns]
A 5.10 20

B 2.94 14
C 6.06 18
D 2.31 25
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B.4 NaeHTndurKyjTe oBe YeTUpU YecTuLLe Ha OCHOBY M3padyHaTe Mace. 0.8pt
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Benukun xagpoHcku cygapay (10 noeHa)

Aeo A. IXL, akuenepaTtop (6 noeHa)

A.1 (0.7 pt)

A.2 (0.8 pt)

anNpPoOKCUMUpPaHM 13pas: A =

6pojHa BpeAHOCT: A =

A.3 (1.0 pt)

n3pas: B =

6pojHa BpeAHOCT: B =

A.4 (1.0 pt)

})rad X

A.5 (1.0 pt)

Ptot =
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A3-2

A.6 (1.5 pt)
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Oeo b. peHTUdunkaumja yectuua (4 noeHa)

B.1 (0.8 pt)

B.4 (0.8 pt)

YecTtnua

N3mepeHa Maca; jeanHLUA 3a Macy |

]:

NaeHTrdmnKosaHa
Kao:
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General instructions: Experimental Examination (20 points)
July 12, 2016

The experimental examination lasts for 5 hours and is worth a total of 20 points.

Before the exam

* You must not open the envelopes containing the problems before the sound signal indicating the
beginning of the competition.

* The beginning and end of the examination will be indicated by a sound signal. There will be an-
nouncements every hour indicating the elapsed time, as well as fifteen minutes before the end of
the examination (before the final sound signal).

During the exam

+ Dedicated answer sheets are provided for writing your answers. Enter the observations into the
appropriate tables, boxes or graphs in the corresponding answer sheet (marked A). For every prob-
lem, there are extra blank work sheets for carrying out detailed work (marked W). Be sure to always
use the work sheets that belong to the problem you are currently working on (check the problem
number in the header). If you have written something on any sheet which you do not want to be
graded, cross it out. Only use to front side of every page.

+ In your answers, try to be as concise as possible: use equations, logical operators and sketches to
illustrate your thoughts whenever possible. Avoid the use of long sentences.

* Explicit error calculation is not required unless explicitly asked for. However, you are asked to give
an appropriate number of significant digits when stating numbers. Also, you should decide on
the appropriate number of data points or measurement repetitions unless specific instructions are
given.

* You may often be able to solve later parts of a problem without having solved the previous ones.

* You are not allowed to leave your working place without permission. If you need any assistance
(need to refill your drinking water bottle, broken calculator, need to visit a restroom, etc), please
draw the attention of a team guide by putting one of the three flags into the holder attached to
your cubicle ("Refill my water bottle, please", "I need to go to the toilet, please", or "I need help,
please" in all other cases).

At the end of the exam

+ At the end of the examination you must stop writing immediately.

* For every problem, sort the corresponding sheets in the following order: cover sheet (C), questions
(Q), answer sheets (A), work sheets (W).

+ Put all the sheets belonging to one problem into the same envelope. Also put the general instruc-
tions (G) into the remaining separate envelope. Make sure your student code is visible in the viewing
window of each envelope. Also hand in empty sheets. You are not allowed to take any sheets of
paper out of the examination area.
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+ Put your writing equipment (2 ball point pens, 1 felt tip pen, 1 pencil, 1 pair of scissors, 1 ruler, 2
pairs of earplugs) as well as the provided calculator and your personal calculator (if applicable) back
into the transparent zip bag.

* Wait at your table until your envelopes are collected. Once all envelopes are collected your guide
will escort you out of the examination area. Take your writing equipment bag with you and hand it
in at the exit. Also take your water bottle with you.
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Topics
Experiment E-I: Electrical conductivity in two dimensions 10 marks
Experiment E-II: Jumping beads - A model for phase transitions and instabilities 10 marks

Experiments E-I and E-II share some of the same equipment. Among others, the same power supply and
signal generator are used for both experiments, but with different settings.

Attention: when unpacking the box, do not lift the loudspeaker assembly by the plastic cylinder attached
to the membrane.

Material used in both experiments

=]

S Ot
1
I

POER [

(2)

RREREESE 5 T

Figure 1: Common material for both experiments.

1. Battery pack with USB cable

2. Adjustable signal generator powered by the battery pack
3. Small screwdriver

4. Ten cables with crocodile clips

5. Six cables with 4 mm plugs

6. Two digital multimeters

You may also use any of the supplied stationary items to conduct the practical tasks.
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Signal generator

\ (1)

(4)

Figure 2.

—_

. USB connector for powering the signal generator

. Loudspeaker terminals (only used in E-II)

. Potentiometer for adjusting the constant voltage (only used in E-I)

. Potentiometer for adjusting the speaker amplitude (only used in E-II)

. DC voltage output socket (only used in E-I)

. Monitor output socket for the loudspeaker drive amplitude (only used in E-II)

. Common ground socket

0o N oo 1 A WN

. Switch to turn the loudspeaker terminals and monitor output for the loudspeaker amplitude on
/ off

To power the signal generator, plug the battery pack using the USB cable to the USB connector of the
signal generator (1).

Note that several turns of the potentiometer are required to go from one end of the range to the other.
The potentiometers do not have mechanical stops at the end of their range.

Digital multimeters

The digital multimeters can be used for current and voltage measurements. Always connect the two
leads to the sockets labeled "VmAQ" and "GND" and choose current/voltage and the measurement range
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by means of the selector.
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Electrical conductivity in two dimensions (10 points)

Please read the general instructions in the separate envelope before you start this problem.

Introduction

Inthe quest to develop next generation devices based on semi-conductor technology like computer chips
or solar cells, researchers are looking for materials which exhibit outstanding transport properties, e.qg.
low electrical resistivity. Measurements of these properties are carried out using samples of finite size,
contacts with finite contact resistance and in a special geometry. These effects have to be taken into
account in order to extract the true material properties. Moreover, a thin film of the material may behave
differently than bulk material.

In this task, we will investigate the measurement of electrical properties. We will use two different defi-
nitions:

* Resistance R: Theresistance is the electrical property of a sample or device. Itis the quantity which
we actually measure on a specific sample with given dimensions.

* Resistivity p: The resistivity is the material property which determines the resistance. It depends
on the material itself and on external parameters like the temperature, but it does not depend on
the geometry of the sample.

In particular, we will measure the so-called sheet resistivity. This is the resistivity divided by the thickness
of the very thin sheet.

We will explore the influence of the following parameters on the measurement of the electrical resistance
of thin layers of material:

* the measurement circuitry,
+ the measurement geometry,
+ and the sample dimensions.

A sheet of conductive paper and a metal coated silicon wafer will serve as samples.
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List of materials

)(4) (3)

Figure 1: Additional equipment for this experiment.

(2)

1. Graphite coated conductive paper

2. A silicon wafer coated with a thin chromium film (stored in a wafer holder)
3. Plexiglas plate with 8 spring-loaded pins

4. An ohmic resistor

5. Color stickers

Important precautions

* The silicon wafer provided can easily be broken if dropped or bent. Do not touch or scratch the
shiny metallic surface.

Instructions

+ In the experiment, the signal generator will be used as a DC voltage source. In this mode, the signal
generator outputs a constant voltage between the voltage socket (5) and the GND socket (7). The
numbers refer to the photograph shown in the general instructions.

* The voltage (range: 0- 5 V) can be adjusted on the left potentiometer labeled adjust voltage (3) using
the screwdriver.

* When performing this experiment, make sure that the loudspeaker drive section of the signal gen-
erator is turned off using the toggle switch (8). This can be checked by measuring the voltage
between the speaker amplitude monitor socket (6) and the GND socket (7). If the loudspeaker drive
section is off, the voltage between these two terminals is zero.
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Part A. Four-point-probe (4PP) measurements (1.2 points)

In order to measure the resistivity of a sample precisely, the contacts used for the voltage measurement
and the contacts used for current injection should be separated.

This technique is called four-point-probe technique (4PP). The four contacts are arranged into a symmet-
ric geometry that is as simple as possible: The current I flows into the sample through one of the outer
contacts (called source), then on all possible paths through the sample and out of the sample through
the other contact (drain). In between, the voltage V is measured over a certain path length s on the
sample.

Everything becomes quite simple if we have a symmetric setup, i.e. the same distance s between all
contacts and the contacts in the center of the sample as shown in following sketch:

Rcontact
@( T
S
/
Batter >
Y1t % @' s
>
S Sample
L >
contact

The curve I versus V represents the I — V-characteristics of the sample and allows the resistance of
this sample segment to be determined. In the following we will only use the 4PP technique. To start,
we will use the linear equidistant arrangement of four out of the eight probes (contacts) shown in the
photograph.

\;\ﬁ" J[
.}J |

s b

—

Figure 2: Acrylic glass plate for 4PP measurements, with the four rubber feet and the eight
contacts or probes.

For the following measurement, use the whole sheet of conducting paper.
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Important hints for all following measurements:
* The long side of the sheet of paper is the reference side. The four probes should be aligned parallel
to this side.

+ Be careful to use the coated side (black), not the brown back side of the paper! You may mark the
correct orientation with color stickers.

* Check that there are no holes or cuts in the paper.
+ For these measurements, place the contacts as close to the center of the sample as possible.

* Press the contacts with enough force to ensure good contact for each of them. The plastic feet
should just touch the surface.

A1 Four-point-probe (4PP) measurement: Measure the potential drop V overaseg-  0.6pt
ment of length s as function of current I passing through this segment. Take
in total at least 4 values, make a table and plot the voltage drop V versus the
current I in Graph A.1.

A.2  Determine the effective electrical resistance R = ¥ that you obtained from  0.2pt
Graph A.1.

A3 Use Graph A.1 to determine the uncertainty AR on the resistance R for the 4PP  0.4pt
measurement.
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Part B. Sheet resistivity (0.3 points)

The resistivity p represents a material property, by means of which the resistance of a 3D conductor of
given dimensions and geometry is calculated. Here we consider a bar of dimensions length , width w,
and thickness ¢:

The electrical resistance R of the upper, thick conductor is given by:

l

On the same basis we may define the resistance of the 2D conductor of thickness t « wand ¢t < [

- ’ .
Y
«
l
R:RZD:/)D'E’ (2)

using the sheet resistivity pq = p/t ("rho box"). Its unit is given in Ohms: [pg] =1 Q.

Important: Eq. 2 is only valid for a homogeneous current density and constant potential in the cross-
sectional plane of the conductor. In the case of point-like contacts on the surface this does not hold.
Instead one can show that the sheet resistivity is related to the resistance in that case by

po= o R 3)

forl,w > t.

B.1 Calculate the sheet resistivity p of the paper from the 4PP measurement in  0.3pt
part A. We will call this particular value p_, (and the measured resistance from
part A R_) because the sample dimensions of the whole sheet are much larger
than the spacing of the contacts s: [, w > s.
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Part C. Measurements for different sample dimensions (3.2 points)

Up to now, the finite sample dimensions w and [ were not taken into account. If the sample becomes
smaller, it can carry less current if the voltage is kept constant: If we apply a voltage between the two
point contacts (white circles), current will flow on all possible, non-crossing paths through the sample
as visualized by the lines: the longer the line, the smaller the current as indicated by the line thickness.
For a small sample (b) and the same applied voltage, the total current decreases because there are less
possible pathways. Thus, the measured resistance will increase:

(a) (b)

N

The (sheet) resistivity will not change as function of sample size. Thus, in order to convert the measured
resistance into a resistivity using Eq. 3, we need to introduce a correction factor f(w/s):

™ R(w/s)

PO n2) flw/s)

For a sample of length I > s the factor f only depends on the ratio w/s and is larger than 1: f(w/s) > 1.
For the sake of simplicity we will focus on the dependence on the width w and only ensure that the sample
is long enough for our measurements. We assume that the value approaches the correct result po for
large dimensions:

4)

R(w/s) =R, - f(w/s) with f(w/s — oc0) — 1.0. (5)

C.1 Using the 4PP-method, measure the resistance R(w, s) for 4 values w/s within ~ 3.0pt
therange 0.3to 5.0 and record your results in Table C.1. Ensure that the sample
length is larger than five times the probe spacing: | > 5s and that the length |
of the samples is always taken along the same (long) side of the sheet of paper.
For each value of w/s measure the voltage for 4 different current values and
calculate the average resistance R(w/s) out of the 4 measurements. Enter your
results in Table C.1.

C.2 Compute f(w/s) for each of these measurements. 0.2pt

Part D. Geometrical correction factor: scaling law (1.9 points)

You have seen in part C that the measured resistivity scales with the ratio of width to probe distance w/s.
Starting from the data acquired in part C we choose the following generic function to describe the data
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in the range of the measurements:

b
Generic fit function:  f(w/s) = 1.0+ a - (g> (6)
S

Note that for very large w/s, f(w/s) must be 1.0.

D.1 In order to fit a model curve using Eq. 6 and the data f(w/s), taken in part C,  1.0pt
choose the most appropriate graph paper (linear Graph D.1a, semi-logarithmic
Graph D.1b, or double-logarithmic Graph D1.c) to plot the data.

D.2 Deduce the parameters a and b from your fit. 0.9pt
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Part E. The silicon wafer and the van der Pauw-method (3.4 points)

In the semi-conductor industry, knowledge of the electrical (sheet) resistance of semi-conductors and
thin metal layers is very important because it determines the properties of devices. In the following you
will work with the silicon wafer. The semi-conducting wafer is coated with a very thin layer of chromium
metal (on the shiny side).

Open the wafer container (rotate in the sense of the arrow RELEASE) and take the wafer out. Be careful
not to drop or to break it nor to scratch or touch the shiny surface. For the measurements place it on the
table with the shiny side point up towards you.

E.1 Use the same 4PP setup as previously to measure the voltage V as function of  0.4pt
current 1.
Write down the reference number of your wafer in the Answer Sheet. You find
this number on the plastic wafer holder.

E.2 Plot the data in Graph E.2 and determine the resistance R pp. 0.4pt

E.3 In order to determine the correction for a circular sample like the wafer, we will ~ 0.2pt
approximate the effective width w of the sample by the diameter D = 100 mm of
the wafer. Under this assumption calculate the ratio w/s. Use the fit function in
Egn. 6 and your parameters a and b to determine the correction factor f(w/s)
for the wafer measurement.

E.4 Calculate the sheet resistivity p of the chromium layer using Eq. 4. 0.1pt

In order to measure the sheet resistivity precisely without need for geometrical corrections, Philips en-
gineer L.J. van der Pauw developed a simple measurement scheme: The four probes are mounted at
the circumference of a sample of arbitrary shape as shown in the figure (humbered 1 through 4). The
current flows through two adjacent probes, e.g. probes 1 and 2, and the voltage is measured between
probes 3 and 4. This yields a resistance value R,y = Ry, 3.

]

21
Battery— 1y ?
Sample
4 3
Vis

For symmetry reasons Ry, 34 = R34 51 @and Ry, 53 = Ry3 14. Van der Pauw showed that for an arbitrary but
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simply connected shape (no holes) of the sample and point-like contacts the following equation holds:

e~ Ra134/pP00 + e~ TRia2s/P0 = 1,

Figure 3: 4PP device on the metal coated silicon wafer. Note the cut on the right-hand-side of
the circular wafer. This cut is called flat.

(7)

Connect the four spring contacts such that the measurement probes form a square. Connect two adja-
cent contacts to the current source with the amperemeter, and connect the two remaining spring con-
tacts with the voltmeter. Rotate the square until one of its edges is parallel to the flat of the wafer.

E.5

Sketch the orientation of the current carrying contacts and the orientation of
the flat of the wafer. Measure the voltage V for at least in total 6 different
values of current I, roughly equally spaced. Enter the results into Table E.5.

0.6pt

E.6

Repeat the procedure arranging the current carrying contacts perpendicular to
those used in the first step. Enter the results into Table E.6.

0.6pt

E.7

Plot all the data together in a single graph Graph E.7 using different colors
and/or symbols. Determine the mean value (R) from the two curves.

0.5pt

E.8

Replacing all resistances Ry, ,,,, by (R), solve Eqn. 7 for p; and calculate the
sheet resistivity p of the chromium layer.

0.4pt

E.9

Compare the result of the measurement taken with the linear arrangement (E.4)
and the result of the van der Pauw method (E.8). Give the difference of the two
measurements as relative error in percent.

0.1pt

E.10

The chromium (Cr) layers have a nominal thickness of 8 nm. Use this value and
the final results of the van der Pauw method to calculate the resistivity of Cr
using Eqns. 1 and 2.

0.1pt
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Problem 1: Electrical conductivity in two dimensions (10
points)

Write the numbers from 0 to 9 in the following table:

Part A. Four-point-probe (4PP) measurements (1.2 points)

A.1(0.6 pt)

S =

Plot your data into Graph A.1.
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Graph A1: Ivs. V

A.2 (0.2 pt)

R:

A.3 (0.4 pt)

AR =

Part B. Sheet resistivity (0.3 points)

B.1 (0.3 pt)

PO =P =
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Part C. Measurements for different sample dimensions (3.2 points)

C.1(3 pt)

S =

Poo =

The empty columns can be used for intermediate results.

=

w/s

C.2(0.2 pt)
Use Table C.1 for your results.




Experiment -
English (Official)

Part D. Geometrical correction factor (1.9 points)

D.1 (1.0 pt)
Plot your data on the appropriate graph paper: linear (Graph D.1a), semi-logarithmic (D.1b) or
double-logarithmic (D.1c) on the following pages.

D.2 (0.9 pt)
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Graph D.1a: linear scale:
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Graph D.1b: semi-log scale:
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Graph D1c: double-log scale:
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Part E. The silicon wafer and the van der Pauw-method (3.4 points)

Note the number of your wafer here:

E.1(0.4 pt)

E.2 (0.4 pt)

Graph E.2: TvsV

Rypp =
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E.3 (0.2 pt)

w= —w/s =

fw/s)

E.4 (0.1 pt)

po(4PP)

E.5 (0.6 pt)

Sketch (orientation of the current):
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A1-10

E.6 (0.6 pt)

Sketch (orientation of the current):
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A1-11

E.7 (0.5 pt)

GraphE.7: I vs. V
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A1-12

E.8 (0.4 pt)
Calculation:

po(vdP) =

E.9 (0.1 pt)

Apg
po(vdP)

%

E.10 (0.1 pt)

Resistivity of the Cr thin film p =
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Jumping beads - A model for phase transitions and instabili-
ties (10 points)

Please read the general instructions in the separate envelope before you start this problem.

Introduction

Phase transitions are well known from every day life, e.g. water takes different states like solid, liquid
and gaseous. These different states are separated by phase transitions, where the collective behaviour
of the molecules in the material changes. Such a phase transition is always associated with a transition
temperature, where the state changes, i.e. the freezing and boiling temperatures of water in the above
examples.

Phase transitions are however even more wide-spread and also occur in other systems, such as mag-
nets or superconductors, where below a transition temperature the macroscopic state changes from a
paramagnet to a ferromagnet and a normal conductor to a superconductor, respectively.

All of these transitions can be described in a common framework when introducing a so-called order-
parameter. For instance, in magnetism the order parameter is associated with the alignment of the
magnetic moments of the atoms with a macroscopic magnetisation.

In the so-called continuous phase transitions, the order parameter will always be zero above the critical
temperature and then grow continuously below it, as shown in the schematic for a magnet in figure 1
below. The transition temperature of a continuous phase transition is called the critical temperature.
The figure also contains a schematic representation of the microscopic order or disorder in the case
of a magnet, where the individual magnetic moments align in the ferromagnetic state to give rise to a
macroscopic magnetization, whereas they are randomly oriented in the paramagnetic phase yielding a
macroscopic magnetization of zero.

0 v’ LS

Tcrit T
Figure 1: Schematic representation of the temperature dependence of an order parameterM

at a phase transition. Below the critical temperature T, the order parameter grows and is
non-zero, whereas it is equal to zero at temperatures above 7,

AN
7

Tit*

For continuous phase transitions, one generally finds that the order parameter close to a transition fol-
lows a power-law, e.g. in magnetism the magnetization M below the critical temperature, 7., is given
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by:

M ~ (Tcrit - T)b’ T < Tcrit (1)
= 07 T> Tcrit

where T is temperature. What is even more stunning is that this behaviour is universal: the exponent of
this power-law is the same for many different kinds of phase transition.

Task

We will study a simple example where some of the features of continuous phase transitions can be in-
vestigated, such as how an instability leads to the collective behaviour of the particles and thus to the
phase transition as well as how the macroscopic change depends on an excitation of the particles.

In common phase transitions this excitation is usually driven by temperature. In our example, the ex-
citation consists of the kinetic energy of the particles accelerated by the loudspeaker. The macroscopic
change corresponding to the phase transition that we study here consists of the sorting of beads into
one half of a cylinder, which is separated by a small wall.

Increasing the amplitude from where particles have sorted into one half of the cylinder, you will find that
eventually the particles distribute equally between the two halves. This corresponds to having heated
past the critical temperature.

Your objective is to determine the critical exponent for the model phase transition studied here.

List of material

0w

Figure 2: Additional equipment for this experiment.
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1. Loudspeaker assembly with plastic cylinder mounted on top
2. About 100 poppy seeds (in a plastic container)

3. Aglove

4, Sticky tape

Important precautions

+ Do not apply an excessive lateral force to the plastic cylinder mounted on the loudspeaker. Note
that no replacements will be provided in case of torn loudspeaker membranes or torn off plastic
cylinder.

* Turn off the loudspeaker assembly whenever not in use, in order to avoid unnecessary drain of the
battery.

+ In this experiment, a 4 Hz saw-tooth signal is output on the loudspeaker terminals located at the
side of the signal generator.

* The amplitude of the saw-tooth signal can be adjusted using the right potentiometer labeled
speaker amplitude (4). A DC voltage proportional to the signal amplitude is output on the speaker
amplitude monitor socket (6) (with respect to the GND socket (7)). The numbers refer to the
photograph (Figure 2) shown in the general instructions.

* The speaker membrane is delicate. Make sure that you do not apply unnecessary pressure on it by
any means either vertically or laterally.
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Part A. Critical excitation amplitude (3.3 points)

Before you start the actual tasks of this problem, wire up the loudspeaker to the terminals on the side
of the signal generator (make sure you use the correct polarity). Put some (e.g. 50) poppy seeds into the
cylinder mounted on the loudspeaker and use a piece cut from the glove provided to close the cylinder at
the top in order to keep the poppy seeds in the cylinder. Switch on the excitation using the toggle switch
and adjust the amplitude by turning the right potentiometer labeled speaker amplitude (4) by means of
the screwdriver provided. Observe the sorting of the beads by testing different amplitudes.

The first task is to determine the critical excitation amplitude of this transition. In order to do this, you
have to determine the number of beads N, and N, in the two compartments (choosing the compartment
labels such that V; < N,) as a function of the displayed amplitude A, which is the voltage measured at
the speaker amplitude socket (6). This voltage is proportional to the amplitude of the saw-tooth waveform
driving the loudspeaker. Make at least 5 measurements per voltage.

Hint:

+ In order to always have a motion in the particles you study, only investigate amplitudes correspond-
ing to speaker amplitude voltages exceeding 0.7 V. Start with watching the behaviour of the system
just by varying the voltage slowly without any counting of he beads. It can be that some of the
beads stick to the ground due to electrostatic reasons. Don't count these beads.

A1 Record your measurements of the number of particles N; and N, in each half  1.2pt
of the container for various amplitudes A, in Table A.1.

A2 Calculate the standard deviation of your measurements of N, and N, and list  1.1pt
your results in Table A.1. Plot N, and N, as a function of the displayed ampli-
tude A, in Graph A.2, including their uncertainties.

A3 Based on your graph, determine the critical displayed amplitude Ap, .;; atwhich  1pt
N, = N,, after waiting until a stationary state is reached.

Part B. Calibration (3.2 points)

The displayed amplitude A, corresponds to a voltage applied to the loudspeaker. However, the physi-
cally interesting quantity is the maximum displacement A of the oscillation of the loudspeaker, since this
relates to how strongly the beads are excited. Therefore, you need to calibrate the displayed amplitude.
For this purpose, you can use any of the provided material and tools.

B.1 Sketch the setup you use to measure the excitation amplitude, i.e. the maxi- 0.5pt
mum travel distance A (in mm) of the loudspeaker in one period of oscillation.

B.2 Determine the amplitude A in mm for a suitable number of points, i.e. record 0.8pt
the amplitude A as a function of displayed amplitude A, in Table B.2 and indi-
cate the uncertainties of your measurements.

B.3 Plot your data in Graph B.3, including the uncertainties. 1.0pt
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B.4 Determine the parameters of the resulting curve, using an appropriate fit to  0.8pt
determine the calibration function A(Ap).
B.5 Determine the critical excitation amplitude A_; of the poppy seeds. 0.1pt

Part C. Critical exponent (3.5 points)

In our system, the temperature corresponds to the input kinetic energy of the excitation. This energy is
proportional to the speed squared of the loudspeaker, i.e. to v? = A2 f2, where f is the frequency of the
oscillation. We will now test this dependence and determine the exponent b of the power-law governing
the behavior of the order parameter (see Eq. 1).

C1

The imbalance ‘%;%ﬁ is a good candidate for an order parameter for our sys-  1.1pt

tem in thatitis zero above the critical amplitude and equal to 1 at low excitation.
Determine this order parameter as a function of the amplitude A. Record your
results in the Table C.1.

C.2

Plot the imbalance ‘%;%3 as a function of A2, — A?|, in Graph C.2, where both  1pt

axes have logarithmic scales (double-logarithmic plot). You can use the Table
C.1 for your calculations. The points on the plot may seem not to obey a linear
relation, but a linear regression should be made nevertheless, to match the
critical exponent formula.

Cc3

Determine the exponent b and estimate the error. 1.4pt
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Jumping Beads (10 points)

Part A. Critical excitation amplitude (3.3 points)

A1 (1.2 pt)

Ap Ny Ny
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A.2 (1.1 pt)
Graph A.2: N;,N, vs. Aj

A.3 (1.0 pt)

AD, crit. —
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Part B. Calibration (3.2 points)

B.1 (0.5 pt)
Sketch of the setup:
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A2-4

B.2 (0.8 pt)
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B.3 (1.0 pt)
Graph B.3: Avs. A,
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B.4 (0.8 pt)
Function A(Ap):

Parameters of the curve:

B.5 (0.1 pt)

A

crit. 7




Experiment
English (Official)

Part C. Critical exponent (3.5 points)

C.1(1.1pt)

C.2(1.0 pt)

Plot %;%ﬁ vs. |A%2 — A2| in either Graph C.2a or Graph C.2b.
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Graph C.2a double logarithmic paper
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Graph C.2b linear paper
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A2-10

C.3 (1.4 pt)
b =

Ab =




Problem 1 : Electrical conductivity in two dimensions - Answer Sheet (10 points)

Part A. Four-point-probe (4PP) measurements (1.2 points)

A1l (0.6 pts)

s=2cm

I (pA) V (mV) I (pA) V (mV)
251 276 -148 -162
516 566 -256 -281
388 426 -363 -398
147 161 -507 -557

Plot your data in the graph B1

Graph B1: I vs V
600

400

| - Current (MA)

-600 -400 -200

V - Voltage (mV)

A2 (0.2 pts)

R =1.08 kQ

A3 (0.4 pts)

AR=+1Q




Part B. Sheet resistivity (0.3 points)

B1 (0.3 pts)

PO = Poo = 4.89 kO




Part C. Measurements for different sample dimensions (3.2 points)

C1 (3 pts) and C2 (0.2 pts)

s = 20 mm

Poo = 4.89 k)
w/s I (pA) V (mV) R(w/s) (kQ) | Raverage (k) R
0.3 92 1477 16.1 15.9 14.7
0.3 74 1184 16
0.3 57 914 16
0.3 41 651 15.9
0.3 23 358 15.6
0.5 154 1306 8.5 8.5 7.8
0.5 127 1079 8.5
0.5 97 824 8.5
0.5 67 567 8.5
0.5 38 321 8.4
1 233 1071 4.6 4.6 4.3
1 174 799 4.6
1 135 621 4.6
1 101 465 4.6
1 59 271 4.6
2.5 389 749 1.9 1.9 1.8
2.5 319 635 2
2.5 237 457 1.9
2.5 151 291 1.9
2.5 74 143 1.9
5 467 648 1.4 1.4 1.3
5 419 577 1.4
5 363 499 1.4
5 289 398 1.4
5 185 254 1.4




Part D. Geometrical correction factor (1.9 points)
D1 (1.0 pts)

Plot your data on the appropriate graph paper: linear (Graph Ela), semi-logarithmic (D1b) or double-logarithmic
(D1c) on the following pages.

D2 (0.9 pts)
a=27
b=-14




Graph D1la: linear scale: [ vs V

Wrong. The usage of linear scale does not allow for deduction of the parameters.

14

12

10

f(w/s - 1) or R/Rs - 1
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e




Graph D1b: semi-log scale: I vs V'

Wrong. The usage of semi-log scale does not allow for deduction of the parameters.
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Graph D1lc: double-log scale: I vs V

Correct. The parameters can be deduced by fitting a line.
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Part E. van der Pauw-method (3.4 points)

Note the number of your wafer here: 99 (between 1 - 450)

E1 (0.4 pts)

I (mA)

V (mV)

I (mA)

V (mV)

0.98

50

2.94

150

1.46

75

3.42

175

1.96

100

3.92

200

2.43

125

4.38

224

E2 (0.4 pts)

Graph F2: I vs V

4.5

4.0

3.5

3.0

2.5

Current (1 O'SA)

2.0

1.5

1.0 &

0.05

Rypp = 51.1Q2

0.10 0.15
Voltage (V)

0.20

E3 (0.2 pts)

w =10 cm

- w/s=5

flw/s) =1.284

E4 (0.1 pts)

po = 180 Q




E5 (0.6 pts)

V mV I mA
Sketch (orientation of the current): 140 3.71
120 3.18
100 2.66
80 2.12
60 1.58
40 1.06
20 0.53
-20 -0.54
-40 -1.06
-60 -1.61
-80 -2.13
-100 -2.68
-120 -3.2
-136 -3.62
E6 (0.6 pts)
I Vv
Sketch (orientation of the current): 140 3.92
120 3.35
100 2.8
80 2.23
60 1.67
40 1.11
20 0.54
-20 -0.59
-40 -1.16
-60 -1.72
-80 -2.29
-100 -2.86
-120 -3.42
-140 -3.95




ET7 (0.5 pts)

Graph F6: [ vs V

(R) = 36.5 Q

Voltage (V)

10




E8 (0.4 pts) Calculation:

2. ™(R)/ro =1 e~ (R)/po = 1/2

B e ™ AR )
PO PO
T (R)

PO~ Tn(2)

po = 165 Q

E9 (0.1 pts)

Ben 0.091 = 91 %

PO

E10 (0.1 pts)

Resistivity of the Cr thin film p = 1.32-1075Q-m

11




Problem 2 : Solution — Jumping Beads - a model for phase transitions and instabilities (10 points)

Part A. Critical driving amplitude (3.3 points)

A1l (1.2 pts)
Total number of seeds: Ny = 50.
Number of readings: n = 6.

Ap, [V] N Ny=1yn Ni|Ny=No— Ny | o= \/%A‘NV SE = =
1.00 | 1 |5 [2]1]|2]2 2.2 47.8 1.5 0.6
1.05 | 1|0 [2]3|1]2 1.5 48.5 1.1 0.5
110 | 4 |4 |1 |7|3]5 4.0 46.0 2.0 0.8
1.15 | 26| 5 [18| 7 |18 7 13.5 36.5 8.4 3.4
1.20 | 13|16 [ 27|12 |17 |13 16.4 33.7 5.6 2.3
1.25 | 26|28 22|22 |14 23 22.5 27.5 4.8 2.0
1.30 |27 |24| 8 | 222221 20.7 29.3 6.6 2.7
1.40 | 22|18 [17(23 /23|25 21.4 28.7 3.2 1.3
1.50 |19 |27 |27 |24 |19 |21 22.8 27.2 3.7 1.5
1.60 |27 |15 [23(23 |23 30 23.5 26.5 5.1 2.1

Plot the data in the graph A2.

A2 (1.1 pts)

401 |
- ™ ]

z: 30; \‘ $8

< 20: (,:2*“4;**
- % .
10 .

0 02 04 06 08 1 12 14 16

Ap [V]

Error bars represent either standard deviation (o) or standard error (SE).

A3 (1.0 pts)
Ap et = (1.25 £ 0.05) V






Part B. Calibration (3.2 points)

B1 (0.5 pts)
pencil tape
\ ]D>
. i)
)] o
g 8
%) o}
©
£
loudspeaker =
\ \
table
B2 (0.8 pts)
Ap V] |03 [04|05|06(07][0809]10|11|12[13|14|15]16|17|18|19]|20]|21
Almm| [ 1.0 152022 |26(30(32|34]40/|41 |42 |45|48|50|50]|51]|51]52]52

Instrumental error £0.5 mm.

B3 (1.0 pts)

(2]

AN
AN

A [mm]
AN
N

N
N

A1

B4

063 64 68

B4 (0.8 pts)

A=ko+Fk xAp,

where:

ko = 0.2 [mm|, k; = 3.1 [mm/V]|

B5 (0.1 pts)
Agrit = (44+0.1) mm




Part C. Critical exponent (3.5 points)

C1 (1.1 pts)

Ap, [VI | A, [mm] | |FR2] | 142 — AF]
1.00 3.5 0.91 6.8
1.05 3.6 0.94 5.7
1.10 3.8 0.84 4.6
1.15 3.9 0.46 3.5
1.20 4.1 0.35 2.2
1.25 4.2 0.10 1.0
1.30 4.4 0.17 0.3
1.40 4.7 0.15
1.50 5.0 0.09
1.60 5.3 0.06
Plot the data in the graph C2.
C2 (1.0 pts)
1 ,J;éw—w*;i"
i pe
— ]
AR
;101:/7§/
=
10* 1 10
|A%-AZ], [mm?]
C3 (1.4 pts)
y=a-x° where z = |A2 — A2|, y = ]%i;%ﬁ :

Critical exponent b = 0.6 &= 0.2.
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General instructions: Theoretical Examination (30 points)
July 14, 2016

The theoretical examination lasts for 5 hours and is worth a total of 30 points.

Before the exam

* You must not open the envelopes containing the problems before the sound signal indicating the
beginning of the examination.

* The beginning and end of the examination will be indicated by a sound signal. There will be an-
nouncements every hour indicating the elapsed time, as well as fifteen minutes before the end of
the examination (before the final sound signal).

During the exam

+ Dedicated answer sheets are provided for writing your answers. Enter the final answers into the
appropriate boxes in the corresponding answer sheet (marked A). For every problem, there are
extra blank work sheets for carrying out detailed work (marked W). Always use the work sheets that
belong to the problem you are currently working on (check the problem number in the header). If
you have written something on any sheet which you do not want to be graded, cross it out. Only
use the front side of every page.

+ In your answers, try to be as concise as possible: use equations, logical operators and sketches to
illustrate your thoughts whenever possible. Avoid the use of long sentences.

* Please give an appropriate number of significant digits when stating numbers.
* You may often be able to solve later parts of a problem without having solved the previous ones.
+ Alist of physical constants is given on the next page.

* You are not allowed to leave your working place without permission. If you need any assistance
(need to refill your drinking water bottle, broken calculator, need to visit a restroom, etc), please
draw the attention of a team guide by putting one of the three flags into the holder attached to
your cubicle ("Refill my water bottle, please", "I need to go to the toilet, please", or "I need help,
please" in all other cases).

At the end of the exam

+ At the end of the examination you must stop writing immediately.

* For every problem, sort the corresponding sheets in the following order: cover sheet (C), questions
(Q), answer sheets (A), work sheets (W).

* Put all the sheets belonging to one problem into the same envelope. Also put the general instruc-
tions (G) into the remaining separate envelope. Make sure your student code is visible in the viewing
window of each envelope. Also hand in empty sheets. You are not allowed to take any sheets of
paper out of the examination area.

* Leave the blue calculator provided by the organizers on the table.
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+ Take the writing equipment (2 ball point pens, 1 felt tip pen, 1 pencil, 1 pair of scissors, 1 ruler,

2 pairs of earplugs) as well your personal calculator (if applicable) with you. Also take your water
bottle with you.

* Wait at your table until your envelopes are collected. Once all envelopes are collected your guide
will escort you out of the examination area.
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General Data Sheet

Speed of light in vacuum

Vacuum permeability (magnetic constant)
Vacuum permittivity (electrical constant)
Elementary charge

Mass of the electron

Mass of the proton

Mass of the neutron

Unified atomic mass unit

Rydberg constant

Universal constant of gravitation
Acceleration due to gravity (in Zurich)
Planck’s constant

Avogadro number

Molar gas constant

Molar mass constant

Boltzmann constant
Stefan-Boltzmann constant

Ho =
EU -

>e Qs
|

> 2
|

M, =

299 792 458 m - 571
4rx 1077 kg -m- A% .52

8.854 187 817 x 10712 A% . ¢* . kg 1.

1.602 176 620 8(98) x 1079 A -5
9.109 383 56(11) x 103! kg
0.510 998 946 1(31) MeV

1.672 621 898(21) x 10 27 kg
938.272 081 3(58) MV
(21)
(58) =

1.674 927 471(21
939.565 413 3(58
1.660 539 040(20) x 10727 kg
10 973 731.568 508(65) m !

6.67408(31) x 107" m3 - kg™ ! -2

9.81m-s 2
6.626 070 040 (81
6.022 140 857 (74) x 10?3 mol !
8.314 4598(48) kg - m? - s~
1 x 1073 kg - mol

1.380 648 52(79) x 10-23 kg - m? -
5.670 367 (13) x 10 8 kg-s 3 - K*

2. mol ™!

) x 10734 kg - m? - s~

1

KT

s2. K1
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Two Problems in Mechanics (10 points)

Please read the general instructions in the separate envelope before you start this problem.

Part A. The Hidden Disk (3.5 points)

We consider a solid wooden cylinder of radius r, and thickness ;. Somewhere inside the wooden cylin-
der, the wood has been replaced by a metal disk of radius r, and thickness h,. The metal disk is placed
in such a way that its symmetry axis B is parallel to the symmetry axis S of the wooden cylinder, and
is placed at the same distance from the top and bottom face of the wooden cylinder. We denote the
distance between S and B by d. The density of wood is p,, the density of the metal is p, > p;. The total
mass of the wooden cylinder and the metal disk inside is M.

In this task, we place the wooden cylinder on the ground so that it can freely roll to the left and right.
See Fig. 1 for a side view and a view from the top of the setup.

The goal of this task is to determine the size and the position of the metal disk.

In what follows, when asked to express the result in terms of known quantities, you may always assume
that the following are known:

715 hla P1s p27M' (1)

The goal is to determine r,, h, and d, through indirect measurements.

a) b) ‘-IS ?
r : 'ry,
— lé—x
.
LR I

O :

Figure 1: a) side view b) view from above

We denote b as the distance between the centre of mass C of the whole system and the symmetry axis
S of the wooden cylinder. In order to determine this distance, we design the following experiment: We
place the wooden cylinder on a horizontal base in such a way that it is in a stable equilibrium. Let us now
slowly incline the base by an angle © (see Fig. 2). As a result of the static friction, the wooden cylinder
can roll freely without sliding. It will roll down the incline a little bit, but then come to rest in a stable
equilibrium after rotating by an angle ¢ which we measure.
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S WO

©

S)

Figure 2: Cylinder on an inclined base.

Find an expression for b as a function of the quantities (1), the angle ¢ and the  0.8pt

tilting angle © of the base.

A1

From now on, we can assume that the value of b is known.

Figure 3: Suspended system.

Next we want to measure the moment of inertia I of the system with respect to the symmetry axis S.
To this end, we suspend the wooden cylinder at its symmetry axis from a rigid rod. We then turn it away
from its equilibrium position by a small angle ¢, and let it go. See figure 3 for the setup. We find that ¢

describes a periodic motion with period T.
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A.2 Find the equation of motion for ¢. Express the moment of inertia I of the 0.5pt
system around its symmetry axis S in terms of 7', b and the known quantities
(1). You may assume that we are only disturbing the equilibrium position by a
small amount so that ¢ is always very small.

From the measurements in questions A.1 and A.2, we now want to determine the geometry and the
position of the metal disk inside the wooden cylinder.

A3 Find an expression for the distance d as a function of b and the quantities (1).  0.4pt
You may also include r, and h, as variables in your expression, as they will be
calculated in subtask A.5.

A4 Find an expression for the moment of inertia I¢ in terms of b and the known  0.7pt
quantities (1). You may also include r, and h, as variables in your expression,
as they will be calculated in subtask A.5.

A5 Using all the above results, write down an expression for h, and r, in terms of  1.1pt
b, T and the known quantities (1). You may express h, as a function of r,.

Part B. Rotating Space Station (6.5 points)

Alice is an astronaut living on a space station. The space station is a gigantic wheel of radius R rotating
around its axis, thereby providing artificial gravity for the astronauts. The astronauts live on the inner
side of the rim of the wheel. The gravitational attraction of the space station and the curvature of the
floor can be ignored.

B.1 At what angular frequency w,, does the space station rotate so that the astro-  0.5pt
nauts experience the same gravity g5 as on the Earth's surface?

Alice and her astronaut friend Bob have an argument. Bob does not believe that they are in fact living
in a space station and claims that they are on Earth. Alice wants to prove to Bob that they are living on
a rotating space station by using physics. To this end, she attaches a mass m to a spring with spring
constant k£ and lets it oscillate. The mass oscillates only in the vertical direction, and cannot move in the
horizontal direction.

B.2 Assuming that on Earth gravity is constant with acceleration g, what would be  0.2pt
the angular oscillation frequency w that a person on Earth would measure?

B.3 What angular oscillation frequency w does Alice measure on the space station?  0.6pt

Alice is convinced that her experiment proves that they are on a rotating space station. Bob remains
sceptical. He claims that when taking into account the change in gravity above the surface of the Earth,
one finds a similar effect. In the following tasks we investigate whether Bob is right.
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Figure 4: Space station

B.4 Derive an expression of the gravity g5 (h) for small heights h above the surface  0.8pt
of the Earth and compute the oscillation frequency & of the oscillating mass
(linear approximation is enough). Denote the radius of the Earth by R . Neglect
the rotation of Earth.

Indeed, for this space station, Alice does find that the spring pendulum oscillates with the frequency that
Bob predicted.

B.5 For what radius R of the space station does the oscillation frequency w match  0.3pt
the oscillation frequency &y on the Earth? Express your answer in terms of Rp.

Exasperated with Bob's stubbornness, Alice comes up with an experiment to prove her point. To this end
she climbs on a tower of height H over the floor of the space station and drops a mass. This experiment
can be understood in the rotating reference frame as well as in an inertial reference frame.

In a uniformly rotating reference frame, the astronauts perceive a fictitious force F, called the Coriolis
force. The force F,, acting on an object of mass m moving at velocity @ in a rotating frame with constant
angular frequency w,, is given by

Fr=2mi x &, . (2)

In terms of the scalar quantities you may use

Fo =2muw,, Sing , (3)

where ¢ is the angle between the velocity and the axis of rotation. The force is perpendicular to both the
velocity v and the axis of rotation. The sign of the force can be determined from the right-hand rule, but
in what follows you may choose it freely.
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B.6 Calculate the horizontal velocity v, and the horizontal displacement d,, (relative  1.1pt
to the base of the tower, in the direction perpendicular to the tower) of the
mass at the moment it hits the floor. You may assume that the height H of
the tower is small, so that the acceleration as measured by the astronauts is
constant during the fall. Also, you may assume thatd, <« H.

To get a good result, Alice decides to conduct this experiment from a much taller tower than before. To
her surprise, the mass hits the floor at the base of the tower, so that d, = 0.

B.7 Find a lower bound for the height of the tower for which it can happen that 1.3pt
d, =0.

Alice is willing to make one last attempt at convincing Bob. She wants to use her spring oscillator to show
the effect of the Coriolis force. To this end she changes the original setup: She attaches her spring to
a ring which can slide freely on a horizontal rod in the z direction without any friction. The spring itself
oscillates in the y direction. The rod is parallel to the floor and perpendicular to the axis of rotation of
the space station. The xy plane is thus perpendicular to the axis of rotation, with the y direction pointing
straight towards the center of rotation of the station.

A

Figure 5: Setup.

B.8 Alice pulls the mass a distance d downwards from the equilibrium pointz =0, 1.7pt
y =0, and then lets it go (see figure 5).
* Give an algebraic expression of z(t) and y(¢). You may assume that w,d is
small, and neglect the Coriolis force for motion along the y-axis.

+ Sketch the trajectory (z(t),y(t)), marking all important features such as
amplitude.
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Alice and Bob continue to argue.
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A1-1

Two Problems in Mechanics (10 points)

Part A. The Hidden Disk (3.5 points)

A.1 (0.8 pt)

b:

A.2 (0.5 pt)

Equation of motion for ¢ :

Ty =
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A1-2

Part B. Rotating Space Station (6.5 points)

B.1 (0.5 pt)

SS

B.2 (0.2 pt)

UJE:

B.3 (0.6 pt)
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A1-3

B.7 (1.3 pt)

\ 4

N
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Nonlinear Dynamics in Electric Circuits (10 points)

Please read the general instructions in the separate envelope before you start this problem.

Introduction

Bistable non-linear semiconducting elements (e.g. thyristors) are widely used in electronics as switches
and generators of electromagnetic oscillations. The primary field of applications of thyristors is con-
trolling alternating currents in power electronics, for instance rectification of AC current to DC at the
megawatt scale. Bistable elements may also serve as model systems for self-organization phenomena
in physics (this topic is covered in part B of the problem), biology (see part C) and other fields of modern
nonlinear science.

Goals

To study instabilities and nontrivial dynamics of circuits including elements with non-linear I —V charac-
teristics. To discover possible applications of such circuits in engineering and in modeling of biological
systems.

Part A. Stationary states and instabilities (3 points)

Fig. 1 shows the so-called S-shaped I — V characteristics of a non-linear element X. In the voltage
range between U, = 4.00 V (the holding voltage) and U,;, = 10.0 V (the threshold voltage) this I — V'
characteristics is multivalued. For simplicity, the graph on Fig. 1 is chosen to be piece-wise linear (each
branch is a segment of a straight line). In particular, the line in the upper branch touches the origin if it
is extended. This approximation gives a good description of real thyristors.

U [V]

Figure 1: I — Vcharacteristics of the non-linear element X.
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A1 Using the graph, determine the resistance R, of the element X on the upper 0.4pt
branch of the I — V' characteristics, and R, on the lower branch, respectively.
The middle branch is described by the equation

I=1I— % (1)

int

Find the values of the parameters I, and R

int*

The element X is connected in series (see Fig.2) with a resistor R, an inductor L and an ideal voltage
source &. One says that the circuit is in a stationary state if the current is constant in time, I(¢) = const.

R L

€

Figure 2: Circuit with element X, resistor R, inductor L and voltage source €.

A.2 What are the possible numbers of stationary states that the circuit of Fig. 2 may  1pt
have for a fixed value of £ and for R = 3.00 2? How does the answer change for
R =1.00 Q7

A3 Let R = 3.00 Q,L = 1.00 xH and & = 15.0 V in the circuit shown in Fig. 2. 0.6pt
Determine the values of the current I and the voltage V, on the

stationary

non-linear element X in the stationary state.

tationary

The circuit in Fig. 2 is in the stationary state with I(t) = Lo+ This stationary state is said to be
stable if after a small displacement (increase or decrease in the current), the current returns towards the

stationary state. And if the system keeps moving away from the stationary state, it is said to be unstable.

A4 Use numerical values of the question A.3 and study the stability of the stationary ~ 1pt
state with I(t) = I, Is it stable or unstable?

stationary*

Part B. Bistable non-linear elements in physics: radio transmitter (5 points)

We now investigate a new circuit configuration (see Fig. 3). This time, the non-linear element X is con-
nected in parallel to a capacitor of capacitance C' = 1.00 pF. This block is then connected in series to a
resistor of resistance R = 3.00 2 and an ideal constant voltage source of voltage & = 15.0 V. It turns out
that this circuit undergoes oscillations with the non-linear element X jumping from one branch of the
I — V characteristics to another over the course of one cycle.



Theory [
English (Official)

}_

C €

Figure 3: Circuit with element X, capacitor C, resistor R and voltage source &.

B.1 Draw the oscillation cycle on the I — V graph, including its direction (clockwise  1.8pt
or anticlockwise). Justify your answer with equations and sketches.

B.2 Find expressions for the times ¢; and ¢, that the system spends on each branch  1.9pt
of the I — V graph during the oscillation cycle. Determine their numerical val-
ues. Find the numerical value of the oscillation period 7' assuming that the time
needed for jumps between the branches of the I — V graph is negligible.

B.3 Estimate the average power P dissipated by the non-linear element over the  0.7pt
course of one oscillation. An order of magnitude is sufficient.

The circuit in Fig. 3 is used to build a radio transmitter. For this purpose, the element X is attached to
one end of a linear antenna (a long straight wire) of length s. The other end of the wire is free. In the
antenna, an electromagnetic standing wave is formed. The speed of electromagnetic waves along the
antenna is the same as in vacuum. The transmitter is using the main harmonic of the system, which has
period T of question B.2.

B.4 What is the optimal value of s assuming that it cannot exceed 1 km? 0.6pt

Part C. Bistable non-linear elements in biology: neuristor (2 points)

In this part of the problem, we consider an application of bistable non-linear elements to modeling of
biological processes. A neuron in a human brain has the following property: when excited by an external
signal, it makes one single oscillation and then returns to its initial state. This feature is called excitability.
Due to this property, pulses can propagate in the network of coupled neurons constituting the nerve
systems. A semiconductor chip designed to mimic excitability and pulse propagation is called a neuristor
(from neuron and transistor).

We attempt to model a simple neuristor using a circuit that includes the non-linear element X that we
investigated previously. To this end, the voltage £ in the circuit of Fig. 3 is decreased to the value &’ =
12.0 V. The oscillations stop, and the system reaches its stationary state. Then, the voltage is rapidly
increased back to the value & = 15.0 V, and after a period of time 7 (with 7 < T) is set again to the value
&’ (see Fig. 4). It turns out that there is a certain critical value 7, , and the system shows qualitatively
different behavior for r < 7, and for = > r,

crit crit*
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16

15

E [V] 14

13

12

to to+T

11

v

t

Figure 4: Voltage of the voltage source as a function of time.

CA1 Sketch the graphs of the time dependence of the current I (¢) on the non-linear  1.2pt
element X for 7 < 7, and for 7 > 7.

c.2 Find the expression and the numerical value of the critical time 7;, for which  0.6pt
the scenario switches.

c3 Is the circuit with 7 = 1.00 x 107% s a neuristor? 0.2pt
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Nonlinear Dynamics in Electric Circuits (10 points)

Part A. Stationary states and instabilities (3 points)

A.1 (0.4 pt)
R =

on

Rnff =

A.2 (1pt)

Possible numbers of stationary states for R = 3.00 Q2 :

Possible numbers of stationary states for R =1.00 Q:

A.3 (0.6 pt)

I

stationary =

V.

stationary —
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A.4 (1 pt)

Behaviour for I(t =0) > I,

stationary *

Behaviour for I(t =0) < I,

stationary *

Is the stationary state: O stable? O unstable?
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A2-3

Part B. Bistable non-linear elements in physics: radio transmitter (5 points)

B.1 (1.8 pt)

Justification:

I [A]

v
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B.2 (1.9 pt)

Formula of ¢; =

Numerical value of ¢, =

Formula of ¢, =

Numerical value of ¢, =

Numerical value of T =

B.3 (0.7 pt)
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Part C. Bistable non-linear elements in biology: neuristor (2 points)

C.1 (1.2 pt)
Sketch for = < 7, : Sketch for r > 7, :
I Ix
: o : | =
0 o+ T t, tL+T
C.2 (0.6 pt)

Formula of 7.

crit T

Numerical value of 7_;, =

C

C.3 (0.2 pt)

Is the circuit a neuristor? O Yes OO No
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Large Hadron Collider (10 points)
Please read the general instructions in the separate envelope before you start this problem.

In this task, the physics of the particle accelerator LHC (Large Hadron Collider) at CERN is discussed. CERN
is the world's largest particle physics laboratory. Its main goal is to get insight into the fundamental laws
of nature. Two beams of particles are accelerated to high energies, guided around the accelerator ring by
a strong magnetic field and then made to collide with each other. The protons are not spread uniformly
around the circumference of the accelerator, but they are clustered in so-called bunches. The resulting
particles generated by collisions are observed with large detectors. Some parameters of the LHC can be
found in table 1.

LHC ring

Circumference of ring 26659 m
Number of bunches per proton beam 2808
Number of protons per bunch 1.15 x 101!
Proton beams

Energy of protons 7.00 TeV
Centre of mass energy 14.0 TeV

Table 1: Typical numerical values of relevant LHC parameters.

Particle physicists use convenient units for the energy, momentum and mass: The energy is measured
in electron volts [eV]. By definition, 1 eV is the amount of energy gained by a particle with elementary
charge, e, moved through a potential difference of one volt (1 eV = 1.602 - 107*° kg m?s2).

The momentum is measured in units of eV/c and the mass in units of eV /c2, where cis the speed of light in
vacuum. Since 1 eV is a very small quantity of energy, particle physicists often use MeV (1 MeV = 10° eV),
GeV (1 GeV = 107 eV) or TeV (1 TeV = 102 eV).

Part A deals with the acceleration of protons or electrons. Part B is concerned with the identification of
particles produced in the collisions at CERN.

Part A. LHC accelerator (6 points)

Acceleration:

Assume that the protons have been accelerated by a voltage V such that their velocity is very close to
the speed of light and neglect any energy loss due to radiation or collisions with other particles.

A1 Find the exact expression for the final velocity v of the protons as a function of  0.7pt
the accelerating voltage V, and physical constants.

A design for a future experiment at CERN plans to use the protons from the LHC and to collide them with
electrons which have an energy of 60.0 GeV.
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A2 For particles with high energy and low mass the relative deviation A = (c—v)/c  0.8pt
of the final velocity v from the speed of light is very small. Find a first order ap-
proximation for A and calculate A for electrons with an energy of 60.0 GeVusing
the accelerating voltage V' and physical constants.

We now return to the protons in the LHC. Assume that the beam pipe has a circular shape.

A3 Derive an expression for the uniform magnetic flux density B necessarytokeep  1.0pt
the proton beam on a circular track. The expression should only contain the en-
ergy of the protons E, the circumference L, fundamental constants and num-
bers. You may use suitable approximations if their effect is smaller than preci-
sion given by the least number of significant digits.
Calculate the magnetic flux density B for a proton energy of £ = 7.00 TeV,
neglecting interactions between the protons.

Radiated Power:

An accelerated charged particle radiates energy in the form of electromagnetic waves. The radiated
power P, of a charged particle that circulates with a constant angular velocity depends only on its
acceleration g, its charge g, the speed of light ¢ and the permittivity of free space «,,.

A4 Use dimensional analysis to find an expression for the radiated power P,,,. 1.0pt

The real formula for the radiated power contains a factor 1/(6x); moreover, a full relativistic derivation

gives an additional multiplicative factor 44, with v = (1 —v?/c?)~

’
1
2.

A5 Calculate P, the total radiated power of the LHC, for a proton energy of E =  1.0pt
7.00 TeV (Note table 1). You may use suitable approximations.

Linear Acceleration:

At CERN, protons at rest are accelerated by a linear accelerator of length d = 30.0 m through a potential
difference of V' = 500 MV. Assume that the electrical field is homogeneous. A linear accelerator consists
of two plates as sketched in Figure 1.
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A.6 Determine the time 7' that the protons take to pass through this field. 1.5pt

_l

A
o

Y

Figure 1: Sketch of an accelerator module.
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Part B. Particle Identification (4 points)

Time of flight:

Itisimportant to identify the high energy particles that are generated in the collision in order to interpret
the interaction process. A simple method is to measure the time (¢) that a particle with known momentum
needs to pass a length [ in a so-called Time-of-Flight (ToF) detector. Typical particles which are identified

in the detector, together with their masses, are listed in table 2.

momentum p

Particle Mass [MeV/c?]
Deuteron 1876

Proton 938

charged Kaon | 494

charged Pion | 140

Electron 0.511

Table 2: Particles and their masses.

time t;

length /

Figure 2: Schematic view of a time-of-flight detector.

time t,

B.1

Express the particle mass m in terms of of the momentum p, the flight length
I and the flight time ¢, assuming that particles have elementary charge ¢ and
travel with velocity close to ¢ on straight tracks in the ToF detector and that
they travel perpendicular to the two detection planes (see figure 2).

0.8pt
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B.2 Calculate the minimal length [ of a ToF detector that allows to safely distinguish ~ 0.7pt
a charged kaon from a charged pion, given both their momenta are measured
to be 1.00 GeV/c. For a good separation it is required that the difference in the
time-of-flight is larger than three times the time resolution of the detector. The
typical resolution of a ToF detector is 150 ps (1 ps = 10712 s).

In the following, particles produced in a typical LHC detector are identified in a two stage detector con-
sisting of a tracking detector and a ToF detector. Figure 3 shows the setup in the plane transverse and
longitudinal to the proton beams. Both detectors are tubes surrounding the interaction region with the
beam passing in the middle of the tubes. The tracking detector measures the trajectory of a charged
particle which passes through a magnetic field whose direction is parallel to the proton beams. The ra-
dius r of the trajectory allows one to determine the transverse momentum p.. of the particle. Since the
collision time is known the ToF detector only needs one tube to measure the flight time (time between
the collision and the detection in the ToF tube). This ToF tube is situated just outside the tracking cham-
ber. For this task you may assume that all particles created by the collision travel perpendicular to the
proton beams, which means that the created particles have no momentum along the direction of the
proton beams.
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(2)

T_)X 0% (2) LZ (1)

(1)
transverse plane cross section of the
longitudinal view at the center
of the tube along the beamline

(1) - ToF tube

(2) - track

(3) - collision point
(4) - tracking tube
(5) - proton beams
® - magnetic field

Figure 3 : Experimental setup for particle identification with a tracking chamber and a ToF
detector. Both detectors are tubes surrounding the collision point in the middle. Left : trans-
verse view perpendicular to the beamline. Right : longitudinal view parallel to the beam line.
The particle is travelling perpendicular to the beam line.

B.3 Express the particle mass in terms of the magnetic flux density B, the radius R 1.7pt
of the ToF tube, fundamental constants and the measured quantities: radius r
of the track and time-of-flight ¢.

We detected four particles and want to identify them. The magnetic flux density in the tracking detector
was B = 0.500 T. The radius R of the ToF tube was 3.70 m. Here are the measurements (1 ns = 109 s):

Particle | Radius of the trajectory r [m] | Time of flight ¢ [ns]
A 5.10 20
B 2.94 14
C 6.06 18
D 2.31 25




Theory [
English (Official)
B.4 Identify the four particles by calculating their mass. 0.8pt
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Large Hadron Collider (10 points)

Part A. LHC accelerator (6 points)

A.1 (0.7 pt)

A.2 (0.8 pt)

approximation: A =

numeric: A =

A.3 (1.0 pt)

formula: B =

numeric: B =

A.4 (1.0 pt)

P

rad X
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A3-2

A.6 (1.5 pt)
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Part B. Particle Identification (4 points)

B.1 (0.8 pt)

B.4 (0.8 pt)

Particle Measured mass; mass unit | ]:

Identified as:

A

B




