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OnwTa ynyTcTBa: eKcnepumMeHTanHu TecT
12. jynun, 2016

EkcnepuimeHTanHu Tect ce pagn 5 catm n Hocn 20 noeHa.

MNMpe TecTa

* He cmeTe pa OTBapaTe KoBepTe Ca 3ajallMa npe 3By4HOr C1MrHana KOjVI O3Ha4YaBa NoYyeTak TakKMn-
YeHsa.

* MoueTtak 1 Kpaj Tecta he 6UTK 03HaYeH 3BYYHUM CUIHaNoM. Takofe, buhe obaseLLTeHa Ha CBakK
CaT 0 BpemeHy Koje je MpeocTano 3a paj, Kao 1 NeTHaecT MUHYTa MNpe Kpaja TecTa (npe 3ByYHOr
CUrHana).

Tokom TecTa

+ ObesbeheHn cy NnocebHW nnucToBM NpeasuheHn 3a Nncake oAroBopa. YHecuTe pesyntaTe npoy-
yaBakba y ogrosapajyhe Tabene, nosba unu rpapurke Ha ogrosapajyhem nncty 3a ogrosope (03Ha-
yeHOM ca A). 3a cBakW 3aZaTak UMaTe nocebaH NpasaH Nanup 3a geTabHNUjn paj (o3HadeH ca W).
Boaute pauyHa fa yBek KOpPUCTUTE Manup 3a paj Koju npunaja 3afaTky Koju TPeHYyTHO paauTe
(npoBepuTe 6poj 3ajaTKka y 3arnaemy). AKO CTe Ha 610 KOM NanuMpy Hanucaan HewwTo LWTO He
XenuTe Aa byfe npernegaHo, npeupTajte To.

« TpyauTe ce aa 6yaeTe WTO je Moryhe caxeTuju y OAroBOprMa: KOPUCTUTE jefHAuMHE, I0TNYKeE one-
paumje 1 cku1Le Aa NpeAcTaBMTe Balla pa3MuLLbakba, Kag rog je To moryhe. M36eragajTe gyrauke
peyeHuLe.

* Huje noTpe6HO oapehrBaTN ekcnepuMeHTanHe rpeLlke OCUM ako Ce TO eKCMINLUTHO He TPaXxu.
Mnak, Tpaxwu ce Aa AaTe NpUXBaT/bUB 6p0j 3HaUajHUX Ldapa Kaja HaBoanUTe 6pojHe BpegHOCTU.
Takohe, Tpeba caMun a oAny4mMTe 0 NPUXBAT/LUBOM BPOjy MEPEHMX Tayaka UaN NOHOB/bLEHMX Me-
petba, ako 3a TO He MocToje nocebHa ynyTcTBa.

+ Tpeb6ano 6u Aa CTe y CTakby Aa YeCTo peLunTe KacHuje AeoBe 3a4aTka Nako NMPeTXOAHU AenoBu
HNCY peLUeHN.

* Hnje go3BO/LEHO HanyLLTake pajHoOr MecTa 6e3 f03Bo/e. AKO BaM je NoTpebHa buio kakea nomoh
(nonywaBame 6oLe ca BOAOM, MOKBapeHW Kajnkynatop, notpeba 3a ToanetoMm UTA.), NpmsyumuTe
naXKwy BOAMYY TMMa Tako WwTo heTe NocTaBUTK jefHY Of TPW 3acTaBuLe Y ApXKay, KOju ce Hanasun
Ha BalLeM ofesbeny ("AonyHuTe My 6ouy, Mmonum Bac”, "Mopam ga naem y Toanet, MonMm Bac” nam
"Tpeba M1 Nnomoh, MonuMm Bac”y CBUM OCTanuM cUTyaumjama).

Ha kpajy Tecta

* Ha kpajy Tecta Mmopare fia npecraHeTe ca nMcamem.

+ 3a cBaku 3ajaTak, cnoxmTte ogroBapajyhe nucrose y cnegehem pegocnegy: oMot (C), nutama (Q),
ogrosopwu (A), pagHn nuctosu (W).

+ CTaBuTe CBe INCTOBE Be3aHe 3a je/laH 3aJlaTak y UcTu kosepat. CTaBuTe onwita ynyTcrea (G) y npe-
ocTanu nocebaH koBepat. byanTe curypHum ga ce Balia Wndpa BUAN Kpo3 Npo3opymh Ha CBakoMm
KoBepTy. Mpeaajte 1 NpasHe nuctose. Huje 403BO/BEHO fa U3HeceTe 6UI0 KOju NNCT ca TecTa.
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» CtaBuTe Ball Npubop 3a nucame (2 xemmnjcke onoske, 1 paomactep, 1 onoeky, 1 makase, 1 newup,
2 napa 4YernoBa 3a yLun) Kao 1 obezbeheHn Kankynatop 1 Ball IVYHW Kankynatop (ako ra nmare)
Hasaj y NpoBuaHy TopbuLy.

+ CayekajTe 3a BaWMM CTOIOM JOK He MoOKyrne Balle koBepTe. Kaja ce CBW KOBepTU cakyne Balu
BoAnY he Bac U3BeCTM 13 cane 3a TecT. MNoHecuTe NpM6OpP 3a N1cakbe ca CO6OM 1 NpejajTe ra Ha
n3na3sy. NMoHecuTe, Takohe, 1 6oLy ca BOAOM.
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CtaBke
EkcnepmmeHT E-I: EnexkTpryHa NpoBOAHOCT Y /BE ANMEH3Mje 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 octanumx, N3Bop 1 reHepaTop CUrHasna ce Kopucre
y 06a eKcnepmMeHTa, aaun y pasanynTiM noctaBkama.

Yno3opere: [lok pacnakyjeTte KyTujy He nogmxute ypehaj ca 3By4HnKoM gpxxehu ra 3a n1acTUYHN Ln-
JIVHAAP Koju je npuuyBpLUfieH 3a MeMbpaHy.

Mpur6op Koju ce KOPUCTM y 06a eKCrepuMeHTa

(5) 3 @

Cnunka 1: 3ajeaHnukm npmbop 3a oba ekcneprmeHTa.

1. Batepunja ca USB kabsiom

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

4. leceT kabnoBsa ca KPOKOAMICKAM LUTUMAbKaMa

5. WecT kabnoBa ca 4 mm NpUK/bYYLMMA

6. [lBa gurntanHa yHmnmepa

Takohe mMoxeTe fa KopUCTUTe 6U10 LITa 04 NPUIOXEHOT Nprbopa Aa 61cTe ypaanam 3agaTak.
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FeHepaTop cMrHana

\ (1)

(4)

L 1y

(5) (6) (8) (7)

Cnwuka 2.

. USB KOHeKTOp 3a Hanajake reHepaTopa cMrHana

. MpuK/YYLM 3BYUYHKKa (KopucTe ce camo y E-II)

. [NloTeHUMoOMeTap 3a NojeLlaBaH-e KOHCTAHTHON HanoHa (KopwucTtu ce camo y E-I)
. [MoTeHuMomeTap 3a nojeLlaBare aMnanTyae curHana (kopuctum ce camo y E-II)
. Mpuksbyyak 3a jeJHOCMepPHU HaNOoH (KopuCTK ce camo y E-I)

. Mpuk/byyak 3a nogelasare aMnNAnTyae ocumioBaHa (Kopuctu ce camo y E-II)

N OO o A WOWN -

. 3ajeAHNYKV NPUK/bYYAK 33 Y3eM/bene
8. MNpekungay 3a ykibyUrBake 3ByYHVKA

Ja bucte NpuK/bYHNNN Hanajake Ha reHepaTop CUrHana, Npukby4vnTe batepujy kopmuctehu USB kabn,
Ha USB npuk/by4yak Ha reHepaTopy curHana (1).

YouuTe za je HEKONMKO KpyroBa NoTeHLoMeTpa NoTpebHo Aa ce npehe ca jeAHOr Kpaja orncera Ha Apyru.
MoTeHUMOMETap MexaHuuKe rpaHnLe 3a Kpaj oncera.

AurutanHm yHumepm

AnrnTanHn yHMMepun ce KOpuUCTe 3a Meperse jaulriHe CTpyje 1 HamoHa. YBeK Mpuk/byyunTe ABa kabna
y NpUK/byYKe 03HadeHe ca "VmAQ" n "GND" n nsabepute current/voltage (cTpyja/HanoH) kao 1 oncer
Mepera.
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EnekTpnyHa NnpoBOAHOCT Yy ABe aAnMeH3unje (10 noeHa)

Mpe Hero LITO KpeHeTe ca pellaBareM npobiemMa MOMMO Bac Aa NpoymTaTe onLiTa ynyTCTBa Koja ce
Hanase y noce6Hoj KOBepTU.

YBopg,

Y noTpasu 3a pasBojeM HOBe reHepaLmje ypehaja koju ce 3acHMBajy Ha NOAYNPOBOAHUYKOj TEXHONOT NI,
Kao LUTO Cy KOMMjyTepPCKM YMMOBU WX conapHe henuvje, UCTpaxmBaun Tpaxe HoBe MaTepujane Koju
MokKasyjy UCTakHyTe TPaHCNOPTHE 0CObMHe (HNp. Masia efleKTpUYHa cneumnduruyHa oTnopHocT). Mepere
OBVIX 0COBMHA Ce BpLLEe Ha Y30pLIMa KOHAYHUX ANMEH3Mja, Ca KOHTaKTMMa KOHayYHe OTNOPHOCTM 1 Npr
cneumjanHuUM reomeTtpurjama. OBy edekTy ce MOpajy y3eTu y 063up Kako 6u1 ce AoHeNn 3ak/byudum o
npaBuM KapakTepucTukama matepujana. lMopeg Tora, TaHKM GUAMOBK MOTYy MokKasmeaTu pasanuuTe
0cobuHe y ogHocy Ha 3D maTtepujane.

Y 0BOM 3a4aTKy, UcTpaxmhemo enektpuyHe ocobuHe ogpeheHnx maTepujana. Kopucthemo cnegehe
deduHMUNMje:

+ OTnopHOCT R: OTNOPHOCT je efleKTpMYHa ocobrHa y3opka unum ypehaja. Mpeactas/ba BeANUNHY
KOjy MepnMo Ha ogpeheHOM y30pKy ca faTuM AVMeH3njama.

+ CneuymduyHa oTNOPHOCT p: CneundryHa OTMOPHOCT je 0cObMHa MaTepujana Koja ogpehyje keHy
oTnopHocT. OBa BeMUMHA 3aBUCK Of BPCTe MaTepujana 1 of CnosballkblX NapaMeTapa Kao LWTo
Cy TeMnepaTypa, anv He 3aBUCK O reomMepuije (V BeJIMYMHE) y30pKa.

Y oBOM 3ajaTky, MeprhemMo Tako3BaHy creumdpuyHy OTNOPHOCT TaHKor dunama (sheet resistivity). OBa
BeNMYMHA NpeacTaB/ba cneundryHy OTNOPHOCT NojesbeHy ca Aeb/bMHOM BeoMa TaHKOr ncTa (cnoja).

WNcTpaxunhemo yTuuaj cnegehmx napaMmeTapa Ha eNekTpUYHy OTIOPHOCT TaHKMX dUAMOoBa:
* HaumMHa NoBe3VBaHa eneKTPUYHOr Kona,
* reomMeTpuje y3opaka,
* 1 ANMeEH3Kje y30opaka.

Jlnct npoBoAHOT Nanupa 1 CUAMKOH 06710kKeH MeTanoM hie ce KOPUCTUTK Kao y30pLin.
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AnapaTtypa

Cnuka 1: loaaTHa onpema 3a 0Baj eKCNepuMEHT.

1. Manvip obnoxeH rpadumToM (Tako Ja NocTaje NPOBOAAH)

2. Cunnumjym 06n0xeH TaHKUM GUAMOM XpoMa (Hansm ce y nocebHoj nocyam)
3. ApXay o4 nnekcuraaca ca 8 CTpyjHUX Npuk/byyaka

4. OMCKM OTMOPHUK

5. O6ojeHe HanenHuue

Ba)xHe HanomeHe

* Cunrumjym o610XKeH TaHKUM GUIMOM XPOMa Ce 1aKo MOXKe OLLITETUTW YKOANKO BaM ncnagHe. He
nunaTn 1 He rpebatu cjajHy MeTasHy MOBPLUMHY.

ynyTtcTBa

* Y OBOM eKkcnepuMeHTy, reHepaTtop curHana he 6utn kopuwheH Kao N3BOp HanoHa jejHoCMepHe
CTpyje. Y 0BOM MOJY, CUTHa reHepaTop Aaje KOHCTaHTaH HanoH n3mehy HanoHcke yTuyHuue (vol-
tage socket) (5) n y3emmera (GND socket) (7).

(BpojeBu ce ogHoce Ha dpoTorpadujy y onwTM ynyTcTBUMA.)

* HanoH (oncer: 0- 5 V) ce Moxe MewaT Nomohy noteHUMomeTpa (03HayYeHOor ca nodewasarbe Ha-
noHa (adjust voltage)) nomohy wipadumrepa (3).

* [Npw BpLUEekY ekcnepuMeHTa, byanTe curypHu aa cte 3ByyHUK (loudspeaker drive section) curHan
reHepatopa noby4nnm nomohy npekmgada (8). OBO ce MOXe NMPOBEPUTU MepPeHeM HaroHa 13-
Mehy yTruuHMLe 3a 3By4HUK (speaker amplitude monitor socket) (6) n y3embena (GND socket) (7).
YKONNKO je 3BYYHUK UCK/byYeH HanoH n3mehy oBa ABa nsnasa he 6UTK jegHaK HyIun.
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[eo A. Mepera meTog0M vUeTUpKU 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 pasaBojeHu.

OBa TexHMKa ce Ha3MBa MeToZ yeTnpu Tadvke (M4T). YeTnpun KOHTaKTa cy pacnopeheHa cMMeTpU4HO
Tako aa bopmupajy HajjegHocTaBHM]y Moryhy kKoHurypaumjy: Ctpyja I Tede Kpo3 y30pak Kpo3 jesaH of
CNo/ballkbVIX KOHTaKaTa, 3aTVM Teye rno MM Moryhm nyTeBriMa Kpo3 y3opak 1 3aT1M 131a3um 13 y30pKa
KpO3 ApYyru KOHTaKT. i3mehy wux, HanoH V je mepeH Ay ogpeheHor nyTa s Ha Y30pKy.

CMeTpUYHa NocTaBka Koja he ce KOpUCTUTM Y OBOM Aeny 3ajaTka je npeacTaB/beHa Ha cnegehoj cimum
(pacTojarbe s je cTO M3MeRy cBaka ABa y3acTOMHa KOHTaKTa):

@« R orrac

BaTepwuja |, V@« > .
T >

S Y3o0pak

>

KOHTaKT

KpuBa 3aBncHOCTU cTpyje I o4 HanoHa V npeactaB/ba [ — V-kKapakTepucTuKy y3opka n omoryhasa ogpe-
ArBare 0TNOPHOCTM OBOT Aena y3opka. Y HacTaBky hemMo Kopuctutn camo M4T TexHUKy. Y 0BOM Aeny
3asaTka heMo KOpUCTUTK YeTupwn (YHyTpaLlHa) O AaTUX OCaM KOHTaKaTa NpuKasaHux Ha cauuu.

J

|4

;‘“\ 7 J

p—

Cnuka 2: [lp>xad 3a MAT Mepera ca YeTVpu rymeHe HoOXuLe U ocaM KOHTakaTa (MecTta 3a
NPUK/bYYNBaHE COHAM).

3a cnegeha Mmepeta, KOPUCTUTA LLeO INCT MPOBOAHOT Nanupa.
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Ba)kHe HanomMmeHe 3a cBa HapefHa Mepema:

+ KopuctuTu gyxy cTpaHy nncta nanvpa kao pedepeHTHy CTpaHy. YeTnpu KoHTakTa Tpeba aa byay
nopaBHaTV NapasneaHo ca Ay>KOM CTPaHOM nanupa.

+ ObpaTuTe Naxty Aa KOpPUCTUTEe 06/10XeHY (LpHY) CTpaHy nanupa, a He 6paoH cTpaHy (nonefuHy
nanupa). MoxeTe 03Ha4YnTX Ta4Hy opumjeHTauujy nomohy obojeHVX HanenHmua.

* MNMpoBepnTK Aa y Nanupy Hema pyna v Aa nanvp Huje nceyeH.
* 3a OBa Mepetrba NOCTaBUTU KOHTaKTe LUTO 6AMXKe LIeHTPY y30pKa.

* MPUTUCHYTN KOHTaKTe J0BOJ/LHO jakoM CUAOM Kako 6u ce 0be3besno fobap KOHTaKT Ca Y30pKOM.
[loBO/baH NpUTUCAK je OHaj NpY YeMy NNaCTUYHE HOXMLLE CaMO AOTaKHY MOBPLUMHY.

A1 Mepere nomohy meToge 4 Tauke (M4T): N3mepuTn Nag HanoHa Vayx cpean-  0.6pt
LIHber cermMeHTa y>XkunHe s kao QyHKLUMjy jaurHe cTpyje I KOoja Nponasu oBaj cer-
MeHT. ¥Y3eTu 6ap 4 BpesHOCTW, HaNnpaBuTK Tabeny 1 HaupTaTy rpaduk 3asu-
CHOCTW Naja HamnoHa V o4 jaunHe cTpyje I Ha Mpadpuky A.1.

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

A3 Kopuctehu Fpapuk A.1 ogpeanTu rpellky ogpefmBarsa OTNOPHOCTU AR . 0.4pt
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Aeo B. CneuyndmnyHa oTNOpHOCT IMcTa nanuvpa (0.3 noeHa)

CrneumduryHa OTMOPHOCT p NpeacTaB/ba KapakTepucTUKy Matepujana, noMmohy koje ce oTnopHocT 3D
NPOBOAHMKA AATUX AMMEH3Mja MOoXe n3padvyHatn. OBae pasmaTpamo MaTepujan obnvka napanonenu-
nega AyXvHe [, LWMpUHe w, U gebbuHe t:

, ) |

EnekTnyHa oTNOPHOCT R NPOBOAHMKA NpeACTaB/beHOr Ha FOPHOj CANLN je AaTa jeHaUYMHOM:

l
R=R;py=p - —— 1
3D =P (1)
NcTrM pe3oHoBakeM Moxe ce geduHncaT oTnopHocT 2D NnpoBoAHMKa AebrbuHe ¢, NpU YeMy je t < w
net<<li:

l
R=Ry,=pg-— 2
2 = PO (2)
kopuctehu cneundryHy oTNOPHOCT NNCTa (sheet resistivity) po = p/t ("rho box"). JeanHnua oBako gedu-

HuCaHe Benn4yunHe je OM: [pg] =1 Q.

Ba)kHO: JefHaumMHa 2 BaXXW CaMO 3@ KOHCTaHTHY MyCTUHY CTPYje U KOHCTaHTaH noTeHumjan Ha nonpeuy-
HMM npeceLmnMa NPoBOAHMKA. Y C/ly4vajy TaUKacTUX KOHTaKaTa ca MoBPLUMHOM, OBa jeHaulMHa He BaXW.
YMecTo Tora, Moxe ce rnokasatu Aa je cneuymduryHa oTNOPHOCT NCTa NoBe3aHa ca OTNopHoOLLAy nNpeko
jefHaunHe

po=1—= "R 3)

3al,w >t
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B.1 N3pauyHaTu cneumduryHy oTNOPHOCT AUCTa Nanupa pg Nomohy mepera nsesp-  0.3pt

weHux y aeny A. lobnjeHy BpegHocT hemMo 03HauunTK ca p., (@ U3MepeHy oT-
nopHocTy geny Aca R_) jep cy AVMeH3Mje Lienor nanupa Lenor nanmpa MHoro
Behe og pactojarba s u3Mehy KoHTakaTa : [, w > s.
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[eo C. Mepewa Ha y30pLUMMa pasIMuYUTUX AUMeEH3Uja (3.2 noeHa)

Jlo capa Huje y3MaHo Aa cy AMMeH3uje nanvupa w 1 [ KOHaYHe. YKOAVKO ce y30pak CMaksl, OH MoXe
[la npeHece Makse CTpyje 3@ UCTU HamMoH: YKOAMKO MPUMEHMMO HamnoH n3mMehy ABa KOHTaKTa (6enu kpy-
Xuhn Ha canum), ctpyja he Tehu gyx ceux moryhux He npeceuajyhux nyteBa Kpo3 y3opak (kao WwTo je
npeAcTaB/beHO IMHMjaMa). LUTO je AyXa AnHWja, Maksa je cTpyja (LUTO je NpUKasaHo Aeb6/bUHOM INHN-
je). 3a marbu y3opak (6) 1 NCTK HANOH, YKyMHa CTPYyja ce CMakbyje MoLITO NOCTOoju Makbu 6poj moryhumx
nytesa. 36or Tora he ce nsmepeHa oTnopHocT nosehatu:

(@) (b)

CneuynduryHa OTNOPHOCT NKUCTa ce Hehe MewaTn Kao PpyHKLUMja BennumnHe ysopka. CTora, kako 6u no-
MoRhy n3mMepeHe OTMNOPHOCTM MOIIN Aa U3padvyHamo crneundmnyHy oTnopHocT nomohy jegHaumHe 3, no-
TPebHO je yBeCTun KopekLMoHU dakTop f(w/s):

™ R(w/s)

PE 7 n2) flw/s)

3a y30pak AyxunHe [ > s, GakTop f 3aBUCK Camo 0f OAHOCA w/s N YBEK je Behn 1K je jeaHak jeanHnuw:
f(w/s) > 1. 360r jeaHoCTaBHOCTU, MU hemMo ce $oKycMpaTh Ha 3aBCHOCT O/ LLUMPUVHE w NPUTOM Bogehn
payvyHa fJa je y3opak JOBO/bLHO Ayr 3a CBa Mepema. [lpeTnoctaBuhemo ja ce BpefHOCT OTNOPHOCTU
npuéamxasa BpefHOCTUN R, 3a Be/VKe AVIMeH3Nje:

4)

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

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

Bany o4 0.3 g0 5.0 1 mepersa ynucatn y Tabeny C.1. Boagntm padyHa aa gy>xumHa

y30pKa byJe BuLLe Hero rnet nyTa AyXa oj pactojara nsmMehy KkoHTakaTa: [ > 5s

M Aa y30pakK yBeK MMa UCTY opujeHTauujy (4a je AyXa cTpaHuua nanmpa ysek
napanesiHa ca MHNjOM Kojy 06pasyjy YeTUpU KOHTaKTa).

3a cBaKky oJ, BpeAHOCTU w/s USMEPUTI HaMoH 3a 4 pasnnuuTe jadymHe cTpyja u
n3padyHaTu cpefry OTNOPHOCT R(w/s) 0OBa YeTUpu Mepena. PesynTtarte ynu-

catny Tabeny C.1.

C.2 W3pauyHaTu R = f(w/s) 3a CBa Mepekba. 0.2pt

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

Buaenn cmo y geny C aa namepeHa cneuyndryHa OTNOPHOCT 3aBMCK Of OAHOCA LUMPUHE N PacTojakba
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n3mehy KoHTakaTta w/s. OBa 3aBUCHOCT je AaTa nomohy cnegehe popmyne:

w

fw/s) = 1.0+a- (;)b (6)

O6paTtnTh Naxmy /a 3a BeOMa Bennke BpejHoCcTu w/s, f(w/s) Mopa buTtun jegHaka jeanHuLn.

D.1 Kako 6u ¢dutoBann namepeHe nogatke y aeny C oBom 3aBucHwWwohy, ogabpa-  1.0pt
TV ogrosapajyhmn nanup (nmHeapHn Fpaduk D.1a, nony-noraputamckum Fpa-
¢uk D.1b, nan asoctpyko-noraputamckn Fpadpuk D1.c) 3a upTarse rpaduka
(f(w/s) — 1) y 3aBUCHOCTN Of oAroBapajyhe BennunHe.

D.2 Oppeaut napametTpea b . 0.9pt
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Aeo E. Y30pak xpoma ca CUAnLMjyMCKOM OCHOBOM M van der Pauw-oB meTtog, (3.4 noeHa)

Y nonynpoBOAHUNYKO] MHAYCTPUjU, MO3HaBaHe eNeKTpUYHe OTNOPHOCTY (TaHKor ¢uama) nonynpoBoj-
HMKa 1 TaHKMX MeTanHMX C/iojeBa je BeoOMa BaXKHO jep Cy TuMe oapeheHe ocTane KapakTepucTuke ype-
haja. Y oBom feny ekcnepmmeTHa he ce KOPUCTUTK NOAYNPOBOAHA "OCHOBA" 04 CUAVLMjyMa KOja je npe-
CBy4YeHa TaHKV/M c/1ojeM MeTasia XpoMa (CjajHa cTpaHa y30pKa).

OTBOPUTU KYTUjy Ca CUANLIMJYMOM OBJIOXXEHVM TaHKMM C/iojeM MeTasna (poTmpaTtu y npaBuy cTpenuue
"RELEASE") n n3Bagnt y3opak. byaute naxswnsn fa He NCNYCTUTE, He OLUTETUTE U He MUMNHeTe cjajHy
NOBPLUMHY. Y TOKY MepeHa NocTaBUTY y30pakK Ha CTO Ca CjajHOM MOBPLUMHOM OKPEHYTOM Ha rope.

E.1 Kopuctntn ncty M4T noctaeky anapaTtype 3a Mepere HanoHa V' y ¢yHkumjm  0.4pt
jaumHe cTpyje I.
3anucatn pedbepeHTHU 6pOj y30pKa Ha CTpaHMuM 3a oaroope. OBaj 6poj ce
MOXe Hahu Ha KyTnju y30pKa.

E.2 HaupTtaTtu rpaduk (FTpadpumk E.2) Ha ocHOBY nogaTtaka un3 gena E.1 n ogpegntn  0.4pt
OTNOPHOCT R pp.

E.3 Kako 61 oapeannu kopekumjy Kpy>KHOr y30pka, anpokcummpahemo edektme-  0.2pt
HY AY>XXMHY y30pKa w NPeYHnKoM ysopka D = 100 mm. Kopwucrtehu oBy npet-
NOCTaBKy M3padvyHatu ogHoc w/s. Kopuctehun byHKUMjy faTy jeAHaYNHOM 6 n
napameTpe a N b ogpeAnTn KopekLmoHu dakTop f(w/s) 3a oBaj y30pak.

E.4 N3pauyHaT cneunduryHy oTNOPHOCT NnCTa pg (M4AT) HanpasmeHor o cnoja  0.1pt
Xpoma kopuctehu jegHaumHy 4.

Kako 61 nsmepuo cneundumyHy oTNOpPHOCT NMCTa, 6e3 noTpebe 3a reoMeTPUjCKUM KopeKuujama, nHxe-
tep LJ. van der Pauw je pa3Buno cnegehun meToa: YeTnpum KoHTakTa cy pacrnopeheHa Ha ob6uMy y3opka
Ca NPOU3BO/LHMM O6IMKOM Kao LUTO je MpMKasaHo Ha canum (03HauyeHo o3HakaMa og 1 go 4). CTpyja
Teue KpO3 ABa CyceJHa KOHTaKTa, HMp. KPO3 KOHTakTe 1 1 2, 0K ce HanoH Mepu n3mMehy KoHTakaTa 3 u
4. OBUM NOCTYNKOM ce A06Vja BPEAHOCT OTMOPHOCTU R} iy = Ry 3.

]
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360r cumeTpuje cneam Aaje Ry 54 = Ry 01 W Ry 03 = Rog14. Van der Pauw je Nokasao Aa 3a Npov3B0O/baH
anu jegHocTaBaH 0bAuK (6e3 pyna Ha y30pKy) 1 €a TaukacTUM KOHTaKTMMa Baxu ciegeha jegHavmHa:

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

Cnuka 3: M4T ypehaj Ha y30pKy (cunmyujymcka ocHoBa 0610xeHa MeTanom xpoma). Obpatu-
TU Naxkkwby Ha YCeK Ha JeCHOj CTpaHM KPYXXHOT y3opka. OBaj ycek ce Ha3umBa "flat”.

(7)

Y oBOM gieny KOpUCTUTU YeTUPU KOHTaKTa Koju UnHe kBagpaT. MoBesaTn ABa cycefHa KOHTaKTa Ha CTpYj-
HW N3BOpP Ca amMnepMeTpOoM, a NpeocTasna fBa KOHTaKTa ca BOATMETPOM. PoTupaTtuh KBagpaT AOK jeaHa
0/, MBMLa He NocTaHe napanenHa ca “flat”-om.

E.5

CknumpaTtn opujeHTauUmjy KOHTakTaTa Kpo3 Koje npoTuye CTpyja y o4HOCY Ha
"flat”. MepuTn HanoH V' 3a 6ap LWecT pa3nnunTnx BpeaHoCTn cTpyja I (oTnpu-
NnKe jeaHaKo pasgBojeHunx), PesyntaTe ynucaTtn y Ta6eny E.5.

0.6pt

E.6

MoHOBUTM NOCTYNAK HAaKOH LUTO Cy KOHTaKTW ca CTPYjOM nNpemeLUTeHn HopMan-
HO y OZHOCY Ha NPeTX0AHO Mepense. YnuncaTu pesyntate y Tabeny E.6.

0.6pt

E.7

MpeacTaBUTK pe3ynTaTte 13 NociejHa fBa ceTa Mepena Ha rpaduky Mpadpuk
E.7 xopuctehun pasnnuunte 60je/cumbone. M3padyHaTn cpeamwy BpeAHOCT OT-
nopHocTu (R) 3a oBe JBe npase.

0.5pt

E.8

3aMeHOM CBUX OTMOPHOCTA Ry, .., €A (), PELUINTU jefHAYUMHY 7 1 U3padyHaTu
cneyn$ryHy OTNOPHOCT INCTA p Ca C10jeM XPoMa.

0.4pt

E.9

YnopeanTn pesynrtate Mepera fo6uvjeHnX nomohy finHeapHe KoHdurypaumje
KoHTakaTta E.4 n pesyntate fobunjeHe nomohy van der Pauw meTtoga E.8. U3pa-
UyHaTW penaTuBHY rpeLLKy OBa ABa Mepersa Yy NpoLeHTMMa.

0.1pt

E.10

Cnoj xpoma (Cr) nma gebsmsuHy o 8 nm. Kopucrtehn oy BpeAHOCT 1 KOHayaH
pe3ynTtaTt fobujeH van der Pauw-oB/M MeTO40M U3payvyHaTu cneumnpuyHy oT-
nopHocT Xpoma kopuctehu jegHaumnHe 1 n 2.

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

Hannwwute 6pojese oa 0 g0 9y cnegehy Tabeny:

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

A.1(0.6 pt)

S =

HaupTajte nogaTtke Ha Mpadpunk A.1.
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Mpadpunk A.1: I y 3aBucHoCTM o4 V/

A.2 (0.2 pt)

R:

A.3 (0.4 pt)

AR =

Oeo B. CneyndmnyHa oTnopHoOCT nncTa nanvpa (0.3 noeHa)

B.1 (0.3 pt)

O =P =
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Aeo C. Mepewe Ha y30puMMa pasINunUTUX 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. FleomeTpunjckum kopekumoHu paktop (1,9)

D.1(1.0 pt)
YupTajTe nogaTke Ha ogroBapajyhu nanup: nuHeapHu (Mpadwuk D.1 a), nony-noraputamcku (D. 1b)
nnwn ABocTpykm noraputamcku (D. 1¢) Ha cnegehurm cTpaHama.

D.2 (0.9 pt)
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1-

Mpa¢duk D.1a: JinuHeapHa ckana:
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Fpa¢uk D.1b: nony-noraputamcka ckana:
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Fpaduk D1c: gBOCTpYKO-NnOoraputTamMmcka ckana:
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[eo E. Y30pak xpoma ca cMnmumjymckom ocHoBom 1 van der Pauw-oB meTtog (3.4 noeHa)

3anuwmnTe 6poj y3opKa:

E.1(0.4 pt)

E.2 (0.4 pt)

Mpaduk E.2: [y 3aBnCHOCTM o4 V

R4PP =




Experiment 1 [
Serbian (Serbia)

E.3 (0.2 pt)

w— S wfs = Flw/s) =

E.4 (0.1 pt)

po(4PP)

E.5 (0.6 pt)

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

Ckuua (opjeHTauuja cTpyje): I 4
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E.7 (0.5 pt)

Fpa¢puk E.7: Ty 3aBnCHOCTMN o4 V
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A1-12

E.8 (0.4 pt)
Vi3pauyHaBamse:

E.9 (0.1 pt)

Apg
po(vdP)

%

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)

Monvnmo Bac ga npo4ynTaTe onwTa ynyTcrteBa 13 noce6bHor KOBE€pPTa npe Hero WwTo noYyHeTe Ca 3a4aTKOM.

YBoOp,

®a3HuM npenasn cy 406po NO3HATU y CBaKOAHEBHOM XMBOTY, Ha NpMMep, BOAa MoXe Aa byae y pa3nu-
YMTMM CTakbMMa: UBPCTOM, TEYHOM M racoBuTOM. OBa CTama Cy pa3jBojeHa da3HMM npenasnma npu
KOjMa ce KONeKTUBHO NoHallake Mosiekyna y MaTtepujany Merwa. TakBuM $as3HUM npenasnma je yesek
npuapy>xeHa TeMrnepaTtypa rnpenasa, Ha Kojoj ce cTawe Mera. [prmep TemnepaType rnpenasa je remne-
paTypa MpXHeHba 1 TEMMepaTypa K/byyaka BoJe.

®asHM Npenasu cy nnak MHOro PacnpocTpakeHnju 1 jaBsbajy ce Takohe y ApyrMM CUCTEMUMA, Kao LUTO
Cy MarHeTV UK CyneprnpoBOAHMLM, FAe Ce NCNoZ TemnepaType rnpenasa Makpockorncko CTake Mekba O/
napamarHeTay ¢epomMarHeT 1 04 HOPMasHOT MeTana y CyneprnpoBOAHUK, PECMEKTUBHO.

CBM MapameTpu ce MOry OMMcaTV Ha UCTU HaUuMH Kaja ce yBeZe Tako3BaHW napameTtap nopeTka. Ha
npvMep, y MarHeTU3My napameTap nopeTka je npuapyxeH ypefjuBary MarHeTHMX MOMeHaTa aToma y
npaBLy MakpOCKOMcke MarHetumsauuje.

Y cnyyajy Tako3BaHOT KOHTUHYyanHor ¢pasHor npesasa napameTap NopeTka je yBeK jefHaK Hy/n NU3Haj
KPUTUYHE TeMMepaType 1 HEMPEKMAHO pacTe UCMOA He, Kao LUTO je CXeMaTCKU MprKa3aHo Ha camum 1
ncnog. Temnepatypa npenasa KOHTUHyanHor ¢pasHor npenasa ce HasvBa KpUTUYHa TemnepaTtypa. Cnu-
Ka Takofe cagp>u 1 cxemaTCku NPrKas MUKPOCKOMNCKOT ypehera nnm HeypeheHocTn y ciyyajy MarHeTa,
rae ce nojeAMHa4YHU MarHeTHN MoMeHTH ypehyjy y depomarHeTHoj dasm yTnuuyhu Tako Ha noeehaBare
MaKpOCKOMCKe MarHeTr3aLuje, 40K Cy y napaMarHeTHoj ¢asu clyyajHo opjeHTrCaHu gajyhn Hyny 3a Ma-
KPOCKOMCKY MarHeTnsauujy.

0 Y ML

Tcrit T
Cnvka 1: CxemaTcku NpurKas TemMnepaTypcke 3aBUCHOCTY rNapamMeTpa nopetka M npuankom
dasHor npenasa. Vicnog KputnyHe Temnepatype 7., MapaMeTap nopeTka pacTte 1 pasnnymT
je o4 Hyne, JOK je jeaHaK HY/IM Ha TeMnepaTtypama nsHag 7.,

it

AN
7

3a KOHTMHYyasHe $a3He npenase, y onwTeM Cy4ajy Baxu Aa ce napameTap nopertka 6113y npenasa no-
Halla Mo CcTeneHOM 3aKOHY, Ha MpYMep y MarHeTU3My MarHetmsaumja M UCNog KpUTUYHE TemnepaTtype
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T, je AaTa ca:

~ (T —T), M<T,,
M{ <cr1t ) crit (1)

=0, M >T.
rae je T TemnepaTypa. OHO WTO je 3aamB/byjyhe je fa je 0BakBO NOHAaLLaHe YHMBEP3aaHO: eKCNOHEeHT Y
0BOj CTEMeHOj 3aBMCHOCTY je UCTW 38 MHOre pa3nnyunTe $pasHe npenase.

3apartak

MpoyyaBahemo jegHOCTaBaH MprMep Yy KOMe Heke 0CObUHEe KOHTUHYanHUX $pasHMX npenasa mMory Aa
ce UCnuTYjy, Kao Ha NpUMep Kako HecTabuIHOCT BOAM Ka KOMEKTMBHOM MOHLLAKY YecTuLa 1 jasbe Ka
¢da3HoM npenasy, Kao 1 Kako MaKkpoCKorcka MpoMeHa 3aBrcK o4 nobyhera yectumua.

Y 06nyHMM dasHUM npenasrmMa oBo Nobyhere je Npoy3poKoBaHO NPOMEHOM TeMnepaType. Y Hallem
npuMepy nobyhere ce cacToju o4 KMHeTUYKe eHepruje YyecTmua yop3aHe 3By4YHNKOM. Makpockoncke
npomMeHe Koje oaroBapajy ¢asHoOM npenasy Koju oBAe Mpoy4aBaMo Ce cacToje of rpynvicarba nepavy
jeHOoj NONOBUHU LINANHAPA, KOjU je NoAe/beH ManuM 3UA0M.

MoBehaBatbeM aMNANTYAE OZ OHe NP KOjOj Cy YecTULE Y jefHOj MONOBMHU LMANHAPA, Hahu heTe Ko-
HaUHO OHY MpPW KOjoj Cy YecTuLEe NoajeaHako pacnopeheHe y o6e nonoBuHe. OBO 0AroBapa 3arpeBaksy
MPeKo KPUTUYHe TeMnepaType.

Balu 3agaTak je fa oApeanTe KPUTUYHKN EKCMOHEHT 3a MoZen $a3Hor npenasa Koju ce oBZe Npoy4asa.

Cnuncak npn6opa

Cnuka 2: logaTHM Npmnbop 3a 0Baj eKCNepuMeHT.



Experiment -
Serbian (Serbia)

1. Ypehaj ca 3By4HMKOM Ha vnjem je Bpxy npunuspLuheH naacTMyHmn uuanHaap.
2. Oko 100 nepnuua (y N1acTMyHoj Nocyam).
3. PykaBunua

4. Jlen/bmBa Tpaka

Mepe npepocTpo>XXKHOCTU

* HemojTe genoBat NpekoMepHOM 6OYHOM CMIOM Ha MAACTUYHW LMAVHAAP KOju je npuyBpLuheH
Ha 3By4HVK. Hehe 61T oMmoryheHa 3ameHa y ciyyajy owTeherba MeMbpaHa 3ByUHMKA NN OTKU-
Aakba NIacTUYHOT LWANHAPA.

* NawbyunTe ypehaj ca 3By4HMKOM Kaj oA ra He KopucTuTe, Aa bu cTe nsbernm HenoTpebHo Tpo-
wekre baTepuje.

* Y 0BOM eKCMepuMEeHTY TecTepacTu curHan og 4 Hz je Ha n3nasy KpajeBa 3By4YHMKA KOju ce Hanase
ca CTpaHe reHepaTopa CUrHana.

* AMNANTyja TecTepacTor CMrHana ce nogellaBa kopuwheweMm ogrosapajyher noteHuMomeTpa
03HayeHor ca amnaumyoa cuzHana (4). JeAHOCMepHW HanNoH NPONOPLMOHaNaH aMnaNTYAMN CUTHa-
Na je Ha NpuK/bYUKY (6) KOHTpONa amnaumyode cuzHaAa (NPUK/bYYak 3a y3eMsberse je (7). bpojeBu
0O3Ha4aBajy agenose Ha doTorpadmjm (Cavika 2) NnprKasaHoj y onwTnM ynyTcTBmMa.

* Mem6paHa 3By4HMKa je HexHa. BopuTte pauvyHa fa je He npuTuckaTe HenoTpebHo y 61UNo0 KoM
rnpasLy.
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Aeo A. KputunuHa amnantyaa nobyhemwa (3.3 noeHa)

Mpe Hero WTO NoYHeTe ca OCHOBHVM 3aJaTKOM, MOBEXMUTE 3BYYHUK Ca KpajeBrMa Ha CTpaHu reHepa-
TOpa curHana (BoaguTe payvyHa o nonaputety). Cunajte (oko 50) nepavibe y uMaNHAAP Ha 3BYYHUKY Y
nceumTe feo pykasuLe Kojum hete 3aTBOPUTU BPX LUANHAPA, KaKo BUCTe cnpeunin ncnagame nepam-
ua. YmyunTte ypehaj ca 3By4HUKOM 1 NojeLlaBajTe aMnanTyay okpeTakbeM ogroBapajyher gyrmeHueTa
03HaueHor ca amnaumyda cuzHana (4) y3 nomoh npunoxeHor wpadumrepa. MNocmatpajte pacnogeny
nepavita 3a pasinumte amrnanTyjae curHana.

MpBW 3ajaTak je Aa ogpeanTe KPUTUYHY amMnanTyay nobyhemna 3a oBaj npenas. Ja 6ucrte oBo ypagnunu
noTpebHo je aa ogpeanTe 6poj nepanua N; U N, y ABa Aena UMAnHApa (Heka BaM Ha npuMep yBek byae
N, < N,)y3aBUCHOCTW Of aMNanTyge Ap, LUTO OAroBapa HamoHy N3MepeHOoM Ha NPUK/bYYKY aMnaumyoa
cuz2Hana (6). HanoH je nponopuvoHanaH aMnanTyAu TeCTepacTor CrHana Koju npoun3Boamn 3By4HMK. 3a
CBaKy BPeAHOCT HanoHa U3BpLUNTE HajMake 5 mepemsa.

Momoh:

+ [la 6u ce nepnnLe yBek KpeTasie MepuTe 3a aMMAnUTYAe Koje ogrosapajy HanoHnma sehum 04,0.7 V.
MNMo4YHWTe ca NnocMaTpakeM cMcTeMa Tako WTo heTe naraHoO MewaTy HaMnoH, 6e3 6pojara nepnu-
ua. Moxe aa ce gecn Aa Heka nepnvLa ocTaHe 3a/er/beHa 3a NoAnory, 36or enekTpocTaTuyKmX
pasnora. Hemojte 6pojat Te nepaue.

A.1 Ynuwute BpefHoOCTU Mepersa bpojeBa nepavua N; n N, y obe nonosuHe un-  1.2pt
NIVHAPA 3a pasnuunTe BpeAHOCTN amnauTyae A, y Tabeny A. 1.

A.2 M3pauyHajTe cTaHApaAHO OACTYMake 3a Meperwa N, U N, v pesyntate ynuwu-  1.1pt
Te y Tabeny A. 1. Hauptajte N, n N, y 3aBUCHOCTW OZ aMnAuTyAe A, y nomy
rpadpuk A. 2., ykbyuyjyhiu v rpeLuke.

A3 Kopucrtehu rpaduik ogpesnte KpUTUUHY aMnanTyay Ap i, 3a Kojy he Ny = N, 1pt
nocsie A0BO/bHO BPeMeHa YeKarba Ja ce YCrocTaBm CTaLoHapHO CTake.

Aeo B. Kanné6pauwmja (3,2 noeHa)

OunTaHa amnanTyza A, , OAroBapa HarmoHy Ha KOMe je 3BYYHUK. Mnak, 3aHUM/bMBA je 1 BenYnHa
aMnNInTyAe OCLMNOBaHa 3BYYHMNKA, MOLLUTO je MoBEe3aHa ca TUM KO/IMKO jako cy nepavue nobyheHe. Mo-
Tpe6Ho je Aa KannbpuLLeTe oUMTaHe amnANTyze. 3a OBy CBPXY MOXETe Aa MCKopUcTe 6110 LITa O4
npuaoXeHor MaTepujana 1 npubéopa.

B.1 CknuppajTe Wwemy Kojy CTe MCKOPUCTUAN Ja bucte ogpeannn amnanTyay ocum- — 0.5pt
noBara A (y mm) 3By4HVKa TOKOM jeHOT Neprosa OCLMI0BaHa.

B.2 OapeanTte aMNANTYAy oCcLUMN0Baka Ay OBO/bHO Tavaka, og4HOCHO npukaxute  0.8pt
Ay dyHKUMjM amnnuTyAe curHanad, y Taéenn B. 2., npoueHuTe 1 objacHuTe
rpeLuKy Mepema.

B.3 MpukaxnTte nogatke Ha rpaduky y nosmwy rpadumk B. 3., ykbyuyjyhn v rpewike  1.0pt
MepeHsa.
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B.4 OgapeanTe napameTpe gobuvjeHe KpuBe, kopuctehu ogrosapajyhm ¢ut gaogpe-  0.8pt
AnTe KanmbpauunoHy ¢yHKUnjy A(Ap).
B.5 OgpeanTe KPUTUYHY aMOAUTYyAy nobyhera A, nepavua. 0.1pt

Aeo C. KpuTUYHM eKCnoHeHT (3.5 noeHa)

Y Hallem cucTemy, TemnepaTtypa ofroBapa KMHETUYKOj eHepruju Kojy vyectuue fobujajy nobyhrsamem.
OBa eHepruja je npornopuMoHanHa kBagpaTy 6p3vHe AobrjeHe 04 3ByYHMKA, OAHOCHO v? = A% f2, rae je
f PpekBeHumja ocumnaumja. Caga hete npoBepuTY OBY 3aBUCHOCT U OAPEANTN €KCMOHEHT b 13 cTeneHor
3aKOHa Koju onucyje NoHallake napameTpa nopetka (jegHaudunHa 1).

CA1

HeypaBHOTeXxeHOCT 6poja nepnvua je fobap KaHAMAAT 3a NapaMeTap nopetka  1.1pt
Hawler cncrema, OHa je jep,HaKa HYIN N3Ha KPpUTN4YHE aMnantyae CMrHania, a
jeaHaka 1 3a mana nobyhera. OgpeanTe oBaj NapameTap nopeTtka y 3aBMCHO-

CTW 04 aMMNANTYAe OCLMN0Baka 3ByUYHMKa A. MNpukaxunTte pesyntate y Tabenmn

C.1.

C.2

HaupTajTe 3aBUCHOCT HeypaBHOTEXEHOCTM ‘%1;%2 , Ha nanvpy 1pt
1 2

ca obe norapuTamcke ckasne (4BOCTPYKO Slorapmtamckom) y nosmy rpadumk C. 2.
MoxeTe aa kopuctute Tabeny C.1. 3a payyH. YupTaHe Tauke MOry fa 04CTynajy
O/, INHEpHe 3aBUCHOCTW, ann Aa bucTe 406U N3pas 3a KPUTUYHU eKCMOHEHT
nrak yamuTe JIMHepHO onajame.

oA |AZ;, — A2

crit

c3

OApeanTe eKCroHEHT b 1 NPOLLEHNTE FPeLLKy. 1.4pt
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Mepnwvuye Koje ckauy (10 noeHa)

Aeo A. KputnuHa amnautyaa nobyhewa (3.3 noeHa)

A.1(1.2 pt)

Ap Ny Ny
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A.2 (1.1 pt)
Mpadpunk A. 2: N,, N, y 3aBUCHOCTU o A,

A.3 (1.0 pt)

AD, crit. —
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[eo B. Kanné6pauwmja (3.2 noeHa)

B.1 (0.5 pt)
Ckuua nocTtaBke 3a Mepemse:
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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 o Ap
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B.4 (0.8 pt)
3aBucHoCT A(Ap):

MapameTpu KpuBe:

B.5 (0.1 pt)

A

crit. =
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Aeo C. KpuTnyHM eKcnoHeHT (3.5 noeHa)

C.1(1.1pt)

C.2 (1.0 pt)
Hauprajte

N;—N,
N{+Ny

y 3aBUCHOCTW 04 |A% — A2| y jeaHoM oj nosba Mpaduk C. 2a nnv Mpaduk C.26.
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Fpadpuk C.2a ABOCTPYKM NorapmtTamcku 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 Hock 30 noeHa.

Mpe TecTa

* He cmeTe pa OoTBapaTe KOBepPTeE Ca 3ajallMMa npe 3By4YHOr CUrHana KOjI/l O3Ha4YaBa no4yeTak TakKMn-
YeHa.

* MNoueTak 1 Kpaj Tecta he 6UTK O3HaYeH 3ByYHUM CUrHanoM. Takohe, buhe obaBellTera Ha CBaku
CaT O BpemeHy Koje je npeocTasno 3a paj, Kao M NeTHaecT MUHYTa rnpe Kpaja Tecta (rnpe 3By4Hor
curHana).

Tokom TecTa

+ Obe3beneHn cy nocebHM NMCTOBY NpeaBuijeHN 3a N1care OAroBopa. YHecuTe KOHa4yHe OAroBo-
pe y ogrosapajyha nosba Ha ogrosapajyhem nucty 3a ogrosope (03HadeHOM ca A). 3a cBaku 3a-
JaTak nmate nocebaH npasaH Nanup 3a geTa/bHUjK pag (03HaveH ca W). BoamnTe pauyHa ga yBek
KOPUCTMTE Nanup 3a paj Koju npunaja 3ajaTky Koju TpeHyTHO paauTe (NnposepuTe 6poj 3ajaTkay
3arnassy). AKO CTe Ha 6110 KOM Manupy Hanucaam HeLWTo LWTO He XenuTe Aa byae nperneaaHo,
rnpeuprajte TO.

« TpyauTe ce aa byzeTe WITO je Moryhe caxxeTuju y OAroBoprMa: KOPUCTUTE jefHauMHe, IormnyKe one-
paumje 1 ckmLe Aa NpeAcTaBuTe Balla pa3MuLLbakba, Kag rog je To Mmoryhe. M3berasajte gyrauke
peyeHuLe.

+ Monnmo Bac fa faTe NpuXBaT/bMB 6POj 3HaUajHUX undapa Kaja HaBoAnTe 6pojHE BPEAHOCTN.

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

* Cnrcak GU3MUKNX KOHCTAHTW je AaT Ha cnegehoj cTpaHu.

* Huje fo3BO/bEHO HanyLLTake pagHor MecTta 6e3 fo3BoJsie. AKO BaM je noTpebHa 6110 Kaksa nomoh
(aonyraBarbe 6oLie ca BOAOM, MOKBapeHW KajakynaTtop, notpeba 3a ToanetoMm UTA.), Npusyuute
naxry BOAMYY TVMa Tako WTo heTe NOCTaBUTY jefHY OZ TPUY 3acTaBuLe y ApXKay, KOju ce Hanasm
Ha BalleM ofesbery (“AonyHuTe My 6ouy, MmonnMm Bac”, "Mopam ga ngem y Toanet, MoAnM Bac” nam
"Tpeba mn noMmoh, MoAMMm Bac” y CBMM OCTa/INM CUTyaLjama).

Ha kpajy Tecta

* Ha Kkpajy Tecta MoparTe ja npectaHeTe ca Nucakem.

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

+ CTaBuTe CBe INCTOBE Be3aHe 3a jeAaH 3a4aTtak y uctm kosepaTt. CtaBuTe onwita ynyTcrea (G) y npe-
ocTanu nocebaH Kosepat. byanTe curypHu ja ce Balua Wndpa BUAN Kpo3 Npos3opyumh Ha CBakKoMm
KoBepTy. [peaajte 1 npasHe nncrose. Huje 03BO/BEHO Ja U3HeceTe 610 KOju NNCT ca TecTa.

+ OcTaBUTe NiaBuM KaiKyaaTop, Koju cy 06e36eAnnn opraHM3aTopu, Ha CTony.
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* Y3MuTe Ball Npmbop 3a nucarse (2 xemujcke onoske, 1 dnomactep, 1 onoBky, 1 makase, 1 newup,

2 napa 4ernoB.a 3a YLUM) Kao W1 BaLl INYHW KajKynaTop (ako ra umarte) 1 noHecuTe ca cobom. MoHe-
cuTe, Takohe, 1 6oLy ca BOAOM.

. CaquajTe 3a BalluM CTOJIOM AOK HeE nokyne Balle KoBepTe. Kaga ce cBu KOBEPTU CaKyne Ball
Boguu he Bac n3BecTn 13 case 3a TecT.
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OonwTn nogaun

Bp3unHa cBeTn0CTN Y BakyyMy

MarHeTHa nepmeabunHOCT Bakyyma (mar-
HeTHa KOHCTaHTa)

[venekTpryHa KOHCTaHTa BakyyMma (npony-
CT/bVBOCT BakyyMa)

EnemeHTapHo HaenekTpucame
Maca enektpoHa

Maca npoToHa

Maca HeyTpoHa

ATOMCKa jeanHVLA Mace

Pnabeprosa KOHCTaHTa

YHuBep3anHa rpaBUTaLlyoHa KOHCTaHTa
lpaBUTaLMOHO yop3arse (y Lmpuxy)
lMnaHkoBa KOHCTaHTa

ABoragpoB 6poj

YHuBep3anHa racHa KoOHCTaHTa
KoHcTaHTa MmonapHe mace

bonumaHoBa KOHCTaHTa
WredaH-bonymaHoBa KOHCTaHTa

299 792 458 m - 57!
4rx 1077 kg -m- A% .52

8.854 187 817 x 1012 A% . ¢* . kg ! .

1.602 176 620 8(98) x 10712 A - s
9.109 383 56(11) x 103! kg
0.510 998 946 1(31) M¥
1.672 621 898(21)
938.272 081 3(58) MgV
(21)
(58) =,

1.674 927 471(21
939.565 413 3(58
1.660 539 040(20) x 10 27 kg

10 973 731.568 508(65) m™

6.674 08(31) x 107" m3 - kg ' - 52
9.81m-s 2

6.626 070 040 (81) x 10 3* kg - m? - s~

6.022 140 857 (74) x 103 mol !
8.314 4598(48) kg - m? - s
1 %1073 kg - mol™*

1.380 648 52(79) x 10723 kg - m?
5.670 367 (13) x 10 8 kg -s3 - K4

2. mol™?

1

LK1

. 572 . K71




Theory [
Serbian (Serbia)

ABa npo6nema ns MexaHuke

Monvmo Bac fa npouymnTaTe onLiTa yrnyTcTBa KOja ce Hanasey I'IOCE6H0j KOBEPTU Npe Hero To NoYyHeTe
Ca pellaBakbeM 3agaTaka.

Aeo A. CKpyBeHU aunck (3.5 noeHa)

Y oBOM geny 3agaTaTka pasMaTpamo KpyTu ApBeHN UMANHAAP paavjyca r, 1 gebibnHe h,. Herge yHyTap
APBEHOr UWANHAPA, APBO je 3aMeHeHO MeTalHUM ANCKOM pagujyca r, U febbuHe hy,. MeTanHu Anck
je cmewlTeH Tako fa je Herosa oca CMMeTpuje B napanesiHa ocv cMMeTpuje ApBeHOr LuanHapa S, v
Hanasw ce Ha CpeAnHN y O4HOCY Ha ba3unce gpBeHor unanHapa (civka 16). Pactojarbe n3mehy oca S 1
B visHotK d. TycTviHa gpBeTa je py, a rycTrHa MeTtana p, (py > p1). YKynHa maca oBor crctema (4pBeHun
[le0 1 MeTanHn Anck) je M.

Y oBOoM Aeny 3ajaTKa, gpBeHn u,l/lnlep,apje NoCTaB/bEH Ha NOAJ/1I0IY TaKO Aa Ce MOXe C}'|06OAHO KOTp/ba-
™. Bngetn CINKY 1. 3a usrnep gucka ca CTpaHe 1 0403ro.

Lv/b oBOr 3azaTKa je oApeanTn BEIMYNHY 1 MO3MLNjY MEeTaNHOT AMcKa.

3a cBe gasbe payyHe y Aeny A 0BOr 334aTka, pesynTtaTe U3pasunTi npeko cnegehix No3HaTUX BeNMYMHa:

1, h17 P15 927]V[- (1)

Unsb je oapeAnTn ry, hy U d, NOMONY MHANPEKTHUX MEpPeHsa.

a) b) ? ?
r 'r,,
—l I
T ¢

o [ []h

)

Cnuka 1: a) norneg ca ctpaHe b) nornes oaosro

BennunHa b npeacTaB/ba pactojake n3Mehy LeHTpa mace C Lenor cuctema u oce cuMmeTpuje S ApBeHor
uuanHapa. Kako 6v ogpeamnnm 0Bo pactojake, NocTaB/beH je cnegehn ekcnepmmenT: ApBeHn LnanHAap
je nocTaB/beH Ha XOPU30HTasIHY NOANOrY Tako Aa Ce HaNasn y CTabunHoj paBHOTEXN. JeflaH Kpaj noasio-
re ce 3aTuM MoJsiako MoAuvxe, Tako Ja HacTaje CTpMa paBaH HarvmbHor yrnia © (cnvka 2.) Kao pesynrtat
CTaTUYKOT TpeHa, APBEHU LMINHAAP Cce MOXe cnoboAHO okpeTaTy 6e3 kin3ara. OH he ce oTKOTp/BATH
MaJio HU3 CTPMY paBaH 1 3aTUM OCTaTW y CTakby MMPOBaHa, HAKOH poTalnje 3a NO3HATW yrao ¢.
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©

S

S)

Cnuka 2. UnnnHaap Ha CTPMOj paBHN.

A1 Hahu n3pa3s 3a pactojame b kKao PyHKUMjy BenndmHa (1), yrna ¢ nHarmbHoryrna  0.8pt
CTpMe paBHU O.

04 cajia Hajasbe, BENMYMHY b cMaTpaTy MO3HATOM.

Cnuka 3: CucteM Koju ocuunnyje.

Cnegeha BennUMHa KOjy Xennmo ja N3MeprmMo je MOMeHT nHepumje Ig UWAMHAPA Y O4HOCY Ha ocy Cu-
meTpuje S. OBo hemo ypaguTi Tako wTo hemMo unmanHaap nycTuTn Aa ocumayje oko oce cumeTpuje S.
OBo je ypaheHo Tako LUTO je unanHAap (cavka 3.) nsseieH 13 paBHOTEXHON MO0Xaja 3a Manu yrao .
Unnunnaap he y oBoM ciy4ajy onncmBaTii NEPUOANYHO KpeTakbe ca nepmnogom 7.
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A2 Hahw jegHaunHy kpeTaka 3a ¢. V3pa3ntn MomeHT nHepumje Ig cuctema oko  0.5pt
oce cuMmeTpuje S npeko BennydmHa T, b 1 ocTanmx nosHaTnx sennymHa (1). Mo-
Xe ce NpeTnocTaBUTn Aa je LMInHAap U3BeJeH U3 paBHOTEXHOr NoJioXaja 3a
MaJsly BpeAHOCT yrna, Tako Aa je yrao OTKN0HA ¢ y CBAKOM TPEHYTKY ManMu.

MNMomohy mepersa 13 genosa A.1 1 A.2 caja XenrMo fa ogpesrmMo paanjyc 1 nonoxaj MeTaaHor Ancka
YHYTap ApBeHOr LUAHAPA.

A3 Hahu n3pa3s 3a pactojarbe d kao GyHKUMjy BeanvmHe b 1 no3HaTux BennymHa  0.4pt
(1). Y kOHa4YHOM M3pa3y 3a OBaj A4e0 33a4aTKa KOPUCTUTN U BeINYUHE 7y U A,
(nowTo he oHe 6UTK n3pavyHaTte y geny A.5).

A4 Hahw n3pas 3a MOMeHT nHepuuje Ig Npeko BenndnHe b 1 No3HaTnx BennumHa  0.7pt
(1). Y KoHa4yHOM uM3pasy 3a OBaj €0 3ajaTKa KOPUCTUTU U BEJINUMHE 75 U hy
(nowTo he oHe 6UTK n3pavyHaTte y geny A.5).

A5 Kopuctehu cse npeTxogHe pesyntaTe, HanucaTu U3pas 3a h, U r, Npeko senn-  1.1pt
UYMHa b, T' 1 oCcTanunx rnosHatamx sennuviHa (1). Bennuumny h, y kpajwkem nspasy
MOXeTe OCTaBUTU Kao PYyHKUM)Y r4 (YKONNKO je 13pa3s 3a r, AaT eKCrINLMUTHO
MpeKko No3HaTuX BeNn4nHa).

Aeo B. PoTupajyha cBemupcka ctaHuua (6.5 noeHa)

AHa je acTpoHayT Koja XW1BM Ha CBEMUPCKOj CTaHWLKM. CBEMMPCKA CTaHULA je OrpoMaH Toyak pagujyca R
KOju pOTMpa OKO CBOje oce 1 Tako o6e36efyje BelLTauky rpaBuTaLMjy acTpoHayTMa. ACTPOHayTH XKBe
Ha YHYTpaLlk0j CTpaHn o604a Touka. CMaTpaTu Aa je CBEMMPCKa CTaHKMLA JOBO/bHO Masie Mace, Tako Aa
Ce HeHO rpaBUTALIMIOHO NpPUB/IAaYeHe MOXe 3aHeMapuTL. Takofje, 3aHEMapUTU 1 3aKPUB/LEHOCT NOAa.

B.1 Kojom yraoHom ¢pekBeHUOM w,, ce okpehe cBemmpcka CTaHuua ykonuko  0.5pt
acTpoHayTu ocehajy NCTO rpaBUTaLMOHO Yop3ake g, Kao 1 Ha NoBpLUNHYK 3e-
M/be?

AHa 1 HeH Apyr, acTpoHayT bojaH numajy cneaehy anckycunjy. bojaH He Bepyje Aa OHM 3anpaBo XKMBe Ha
CBEMMPCKOj CTaHMLM 1 TBPAM fa Ce OHW Hanase Ha 3eM/bl. AHa Xenu ja fokaxe bojaHy Aa oHM 3ancTa
XnBe Ha poTmpajyhoj cBeMMpckoj cTaHnum kopuctehn 3akoHe ¢ursmke. 360r Tora, OHa Kauwm Ter mace
m Ha OMpyry KOHCTaHTe eNacTUYHOCTY k 1 NyLwTa ra Aa ocumnyje. Ter ocumayje camo y BepTUKaNIHOM
npaBLy, 1 He Moxe Ja ce Kpehe y XOp130HTaHOM NpasLy.

B.2 MpeTnocTaemajyhu aa je Ha 3eM/bU rpaBUTALMOHO YOp3akse KOHCTaHTHO M Kn3-  0.2pt
HOCW g, KOjy yraoHy ¢pekBeHLy 61 Ter UMao Ha 3eM/bu?

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

AHa je ybeheHa fa HeH ekCcnepuMeHT Aokasyje Aa Ce OHM Hanase Ha poTupajyhoj CBEMUPCKOj CTaHULN.
BojaH 1 aasbe He Bepyje. OH TBPAM Aa YKONMKO Ce y3Me Ja FpaBMTaLMoHO y6p3arse Ha 3eM/bU HUje KOH-
CTaHTHO, Beh ce ypauyHa NpoMeHa rpaBuTaLOHOr y6p3aka ca MPOMEHOM BUCKHEe, gobuhe ce canyaH
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edekart. Y cnegehem geny 3agatka ucnvtyjemo aa nv je bojaH y npasy.

L%

Cnvka 4: CBeMupcKa cTaHmua

B.4 N3BecTn n3pa3s 3a rpaBUTaLMOHO yYop3ame gi(h) y dyHKUNjM BUCKUHE h (3a Ma-  0.8pt
Nle BpeAHOCTY BUCMHE N3HAaJ 3eM/blHE MOBPLUNHE) 1 U3padyHaTu yraoHy ¢pe-
KBEeHLY ocumnoBaka Tera (JIMHeapHa anpokcrmaumja je A4oBos/bHA)). Paanjyc
3eM/be Ry cMaTpaty NO3HATUM. 3aHeMapuTh yTnLaj poTauvje 3emibe.

3auncTa, AHa je caga ybeheHa fa Ter ocumnyje ca ppekBeHLOM KOjy je bojaH npeasuaeo.

B.5 3a Kojy BpefHOCT pajujyca R cBemMupcke cTaHULe ce dpekBeHua ocumnanmja  0.3pt
w Ha CBEMUPCKOj CTaHWLM Noknana ca pekBeHLmnjoM ocumnaumja &y Ha nosp-
WWHW 3emsbe? Pellere 13pasnty Npeko R.

OropueHa bojaHoBoM TBpAornasolUhy, AHa je gowna Ao cnegehe nzeje 3a ekcnepuMeHT. Mokyluahe
Aa UCKopucTM KopronmncoBy cuiy Kako 61 gokasana Aa je oHa y npasy. Kako 6u To ypaguna, nonena
Ce Ha Kyny BUCMHe H 13Haj OCHOBEe CBeMUpPCKe CTaHuue 1 6auuna Ter. OBaj eKCNepUMEHT Ce MOXe
pa3maTpaTi Kako y poTupajyhem cuctemy pedepeHLie, Tako 1y MHepumjaiHoM cnucTemy pedepeHLe.

Y cuctemy pedepeHue Koju poTipa KOHCTaHTHOM YyraoHOM 6P3MHOM, Ha acTpoHayTa aenyje Kopronumco-
Ba cuna. Kopuonucosa cuna F, genyje Ha Ter mace m, koju ce kpehe 6p3nHoOM 3y poTupajyhem cuctemy

pedepeHLe. YKONNKO cucTeM pedepeHLie poTMpa KOHCTAHTHOM YyraoHOM 6p3nHOM o, ,, Kopronucosa
cuna je gata cnegehurm n3pasom
Fr=2mo x &, . (2)
NHTEH3UTET OBe cu/ie ce Moxe MN3pasnT Ha cnep,ehm Ha4unH
Fr =2muw,, Sing , (3)

rae je ¢ yrao nsmehy Bektopa 6p3viHe Tera 1 oce potauuje. Cuna he 6UTN HOpManHa Ha BEKTOP 6p3nHe
v W Ha ocy poTtaumje. Cmep cuie ce MOXe oApeanTn NPaBuIOM JecHe pyke (Maja y 0BOM 3a4aTKy ce
MOXe 13abpaTvi NPOM3BO/LHO).
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B.6 MN3payvyHaT XOpN30HTaNHY KOMMOHEHTY 6p3nHe v, U XOpM30oHTanHM nomepaj 1.1pt
d, (y 04HOCY Ha NoAHOXje Kyne y npaBLy HOPManHOM Ha Kyny) Teray TpeHyTKy
Kaga Ter nagHe Ha noj. Moxe ce NpeTnocTaBUTK Aa je BUCMHA Kyne H mana,
Tako Ja je ybp3arse Tera ka nojy TOKOM MNaja KOHCTaHTHO. Takohe, Moxe ce
npeTtnoctasutn jajed, <« H.

Kako 61 npoBepuna pesyntaT, AHa og/lydyje Aa NOHOBW eKCNePUMEHT anm OBOr MyTa ca MHOro BuLUe
Kyne. Ha weHo n3HeHahere, Ter je mao Ha Noj Ha UCTOM MecCTy TAe je MoAHOXje Kyne, Tj. Tako Aa je
d, =0.

x

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

AHa je cnpemHa fa nokyLula jow jeagHoMm Aa y6eam bojaHa. Osora nyTta he KOpUCTUTK Ter Ha onpys3u Aa
61 nokasana ytuuaj Kopronncose cune. [ocTaBka ekcnepyMeHTa caja ce mewa. Onpyra je y oBOM
C/lyyajy 3aKkayveHa 3a NnpCcTeH Koju Moxe C10604HO Aa KAM3KM N0 XOPU3OHTANHOj XMNLM Y NpaBuu x oce.
Onpyra cBe BpemMe oCTaje XOpU3OoHTa/Ha 1 ocuunyje y npasuy y oce. XKuua Ha Kojoj je 3aKkayeH rnpcTeH
je napanenHa Nognosn 1 HopMaaHa y o4HOCY Ha OCy poTaLuje cBeMUPCKe CTaHuLe. zy PaBaH je Tako
HOpMasHa Ha ocy poTauuje, NPy YeMy je cMep y 0Ce Ka LeHTPY poTaumje cTaHuLe.

A

Ckuka 5. lMocTaBka ekcriepriMeHTa.

B.8 AHa ncrexe Ter 3a AyXWHY d y O4HOCY Ha Tauky paBHoTexe z = 0, y = 0, n  1.7pt
nywTa ra ga cnobogHo ocumnyje (Camka 5.).
* Hahw nspase 3a z(t) n y(t). MoxeTe NpeTnocTaBUTU Aa je w, . d Mana Benu-
yrHa. 3aHemapuTy Kopronncosy CuUNy Koja yTrue Ha KpeTakse Ay y-oce.
* CknumpaTu TpajekTopujy Tera (z(t), y(t)) N 03HaUMTN CBE peneBaHTHe Tauy-
Ke 1 pacTojara Ha CAnLM (Kao WTo cy aMnanTyaa uta.).
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AHa 1 bojaH HacTaB/bajy AUCKYCUjy...
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A1-1

ABa npo6nema ns mexaHuke (10 noeHa)

Aeo A. CKpyBeHU AnCK (3.5 noeHa)

A.1 (0.8 pt)

b:

A.2 (0.5 pt)

JeaHauvHa KpeTara 3a ¢ =

ry =
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A1-2

[eo b. PoTupajyha cBemupcka ctaHmua (6.5 noeHa)

B.1 (0.5 pt)

SS

B.2 (0.2 pt)

Wgp =

B.3 (0.6 pt)

B.5 (0.3 pt)
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A1-3

B.7 (1.3 pt)

\ 4

N
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HenviHeapHa AMHaMuKa efeKTPUYHUX KoJsia (10 noeHa)

Monunmo Bac Aa NpBo NpoyMTaTe OMNLLUTa YryTCTBa KOja Cce Hanase y nocebHoj KOBEPTU Npe Hero novHeTe
Aa peluaBaTe 3ajaTak.

YBoOpg,

BrctabunHm (3HaUM Ma fBa cTabuHa-paBHOTEXHA CTakba) NONYNPOBOAHUYKM eNIeMeHTU (HNp. TUpK-
CTOpW) Ce KOPUCTE Y eNeKTPOHULM Kao Npekraaym Uam Kao reHepaTopu efekTpoMarHeTHMX ocLumnaum-
ja. TnaBHa o61acT NpUMeHe TMPUCTOPA je KOHTPOIa HAU3MEHWYHUX CTPYja y eHepreTckoj eNekTpoHMLN,
Ha NprIMep Kao MCnpas/bay Hau3MeHVYHe Y jeJHOCMepHY CTPYjy NpW CHarama Koje cy peAa merasaTa.
BrcTabunHn enemMeHT MOry Aa nocaye 1 Kao NpuMep caMoOpraHnU30BaHUX Mojasa y ¢usmum (oBaj
npumMep he 6uTK pa3maTpaH y geny b oBor 3agatka), y 6uonoruju (nornegaj geo L), kao 1y apyrum
obnactMa caBpeMeHe HelnmHeapHe Hayke.

UunmeBn

Lnmb je ga aHann3mMpamo HecTabuIHOCTU U HeTPUBWMjaNHY AMHAMUKY eNeKTPUUYHUX KONa Koja cagpe
eNeMeHTe KOju UMajy HennHeapHy I — V KkapakTepuctuky. pyru U je Aa oTkpujemo moryhy npumeHy
TakKBUX KOMA Y UHXEHEPCTBY M MOAE/N0BakbY 6MOMOLLIKMX CUCTEMA.

Aeo A. CTaumoHapHa cTakba U HecTabusHOCTK (3 noeHa)

Ha cinygm 1. je npukasaHa [ — V KapakTepucTka HellMHeapHor efieMeHTa X, Koja 1M4yn Ha aTUHNYHO
cnoBo S. Y oncery HanoHa nsmehy U, = 4.00 V (HazoBumo ra holding HanoH) n Uy, = 10.0 V (Ha3oBMMO
ra treshold HanoH) I — V kapakTepucTuKa je BULLe3HaYHa, MMa BULLe BPeAHOCTM CTPYje 3@ UCTU HaroH.
Paan jegHocTaBHOCTU rpadurik Ha Cnmum 1. je npeAcTaB/beH Kao M3N0M/beHa IHM]a (CBaka rpaHa rpa-
dvKa je npaBa NMHKWja). Bpean NomMeHyTW Ja ropwa MHWja Npoaasun Kpo3 KOOPANHATHM noveTak, ako
ce npogy>un. OBakBa anpokcrMmMalimja Ha Jobap HauMH onucyje CTBapHO MoHallake TMpUcTopa.
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U [V]

Cnuka 1. I —V KapakTepucTrka HeiHeapHor efnemMeHTa X.

A1

Kopuctehn ce rpadpukom ogpegute otnop R,, eneMeHTa X Ha ropwoj rpaHun  0.4pt
I —V KapakTtepucTunke, kao 1 otnop R ; Ha A0H0j rpaHn. Cpegra rpaHa I —V
KapakTepucTuke je faTa jeAHauiHOM

I=1——. ()

HahwuTe BpegHocTu napameTtapa [, U R

int*

EnemeHT X je noBe3aH pegHo (nornegaj Cnvky 2) ca oTNnopoMm R, KaJleMOM UHAYKTUBHOCTU L U njeanHnum
N3BOPOM HaroHa &. Kaxe ce Aa je KOJIO y CTaLMOHAPHOM CTaky ako CTpyja He 3aBUCK Of, BpemeHa
I(t) = const.

Cnuka 2. Kosio Koje cagpxmu eneMeHT X, oTnop R, Kanem MHAYKTUBHOCTU L, U U3BOP HaroHa

é.
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A.2 Koju je 6poj Moryhux ctaumoHapHUX cTama kona ca Cavike 2. npu pukcmpanoj  1pt
BpeAHoCTM & 1 3a oTnop R = 3.00 Q? Kako he ce NpoMeHnTM OAroBOP YKOJIMKO
cTaBuTe faje R = 1.00 Q?

A.3 Heka je 3a kono ca Cnvke 2. R =3.00Q,L = 1.00 uH, n & = 15.0 V. Ogpeante  0.6pt
BpeAHOCT cTpyje Istationary M HanoHa \/smﬁon,(n.ﬂV Ha HenMHeapHoOM eneMeHTy X y
CTaLMOHAPHOM CTamy.

Kono ca Chnke 2. je y cTauMOHapHOM CTakby Npu vemy je I(t) = I, iionary- CTALMOHAPHO CTaH:€ je cTabun-
HO aKo ce nocJie Masor o4cTynama (nosehaBama NN CMakVBaka CTPYje), cTpyja Bpahay cTaumMoHapHoO
CTake. AKO CUCTeM HacTaB/ba fia ce Kpehe o/ CTauMOHapHOr CTaka, Kaxe ce /1a je OHO HecTabunHo.

A4 Kopuctehn 6pojHe BpegHOCTU U3 NuTama A.3 aHannsmpajte ctabunHoct cta-  1pt

LMOHapHOTr cTakba nNpu I(t) = Lationary- 4@ N je oHo cTabunHo nnn HecTtabun-
HO?

[eo B. BUCTa6UNHWN HETHEeAPHN eNleMeHTU Y PU3NLU: paguo ogaLuusbad (5 noeHa)

AHanmn3npajmMo caga apyraduje enekTpuyHo koso (eugm Camky 3.). OBora nyta HennHeapHu enemMeHT X
je mose3saH napanenHo ca KoHge3aTopoM kanauuteta C = 1.00 pF. Taj 610K ce 3aTMM pejHO Bexe ca
otnopoM R = 3.00 2 n ca ngeanHm n3BopoM HamnoHa & = 15.0 V. NcnoctasB/ba ce Ja cajja enekTpnyHo
KOJ10 OCLM/Tyje TaKo LUTO HeIMHeapHW enemMeHTX Hau3MeHNYHO npefiasu ca jeaHe Ha Apyry rpany [ —V
KapakTepucTnke TOKOM jedHOr LMKIyca ocumnaumje.

}_

C

Cnuika 3. Kono Koje cagpxu eneMeHT X, koHae3aTop C, oTnop R, 1 U3BOP HanoHa &.

B.1 HaupTtajTe jegan umknyc ocumnayuja Ha I — V rpaduky, ykbydyjyhm 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 BpemMeHa t; 1 t, KOja CMCTeM MPOBOAN Ha CBakoj oA rpaHa  1.9pt
I—V rpaduika TOKOM jegHOr LMKayca ocumnagnja. MispadyHajte n brxose 6poj-
He BpeAHOCTU. M3pauyHajTe 6pojHyY BpeAHOCT Nnepuoga ocumnaumja I’ npetno-
cTaB/bajyhn fa je Bpeme HeONXo4HO CUCTEMY Jla CKOYM Ca jefiHe Ha ApYry rpaHy
I —V rpaduka 3aHeMap/bUBO.
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B.3 MNpoueHunTe cHary P Koja ce ocnobaha Ha HenvHeapHOM enemMeHTy TokoM jeg-  0.7pt
HOr uuKyca ocumnaumja. JoBO/bHO je fa faTe pes BennymHe.

Kono ca Cnvike 3. ce KOPUCTU 3@ KOHCTPYKLUMjY P40 ofalunbada. Y Ty CBpXY efleMeHT X ce NpuKkayu 3a
jefiaH Kpaj NMHeapHe aHTeHe (MpaBa Ayrayka Xuua) AyxuHe s. pyrv Kkpaj xuue je cnobogaH. Y aHTeHN
ce dopmupajy ctojehn enekTpoMarHeTHN Tanacu. Bp3nHa enekTpoMarHeTHUX Tasaca AyX aHTeHe je
McTa Kao y Bakyymy. Ogalun/bay KOPUCTU OCHOBHY XapMOHUK CUCTEMA, KOju UMa nepuog T 13 nuTara
b.2.

B.4 Koja je onTManHa Ay>XnHa s npeTnocTaB/bajyhn ga Ta AyxXunHa He moxe 6utn  0.6pt
ayxa o 1 km?

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

Y oBOM gieny 3agatka pasmoTpuhemMo NnpuMeHy 6UCTabUNHNX HEIMHeapHWX efleMeHaTa 3a MoZe/ioBaHe
6ronoLwkmMx npoueca. HeypoH y /jbyAckoM MO3ry nma ciegehe ocobuHe: kaga ce nobyam HEKUM CMosba-
LWHVM CUTHaNOM, OH HanpaBw camo jeHy ocumMnauujy 1 3aTuM ce BpaTWu Y MOYETHO CTakse. TakBy 0Co-
61HY Ha3MBaMO eKCUTabUAHOCT. 360r 0Be 0COBMHE MMNYNCK MOTY Aa NyTyjy (Nponarnpajy) Ayx mpexe
noBe3aHNX HeypoHa KOoju YMHe HepBHW cucteM. onynpoBOAHNYKM UMM KOjU je AM3ajHMpaH Tako Aa
VMUTMPA eKCUTabMAHOCT 1 Nponaraumjy MMnysca ce Hasmea Heypucmop (KOMBUHauMja peyn HeypoH v
TPaH3nUCTop).

Mokywahemo ga MoaenyjeMo jefHOCTaBHW HeypuUCTop KopucTehn Kono ca HenMHeapHUM efleMeHTOM
X Koje cMO MpPeTXoAHO aHanm3svpaan. Y ToM uuby HarnoH &€ ca Canke 3. CMO CMamwbWAM Ha BPeAHOCT
&' =12.0 V. Taga ocumnaumje npecrajy n CMCTeM ce Hanasu y CTaumoHapHoOM cTary. OHZA HarMoH Harno
nosehamo Ha BpegHOCT & = 15.0 V, @ HAKOH HEKOI BPeMeHCKOr MHTepBana 7 (Npu yemy je < T ) HanoH
Harno najHe Ha BpeaHocT &’ (Buam Cnmky 4.). MicnocTtae/ba ce fa NocToju ogpeheHa KpuTtnyHa BpegHoCT
Toit» TAKBA Jla Ce CUCTeM KBaNUTaTUBHO PAa3NNYNTO MOHALLA 38 T < Ty V1 3a T > To

N

16

15

E[V] 14

13

12

to to+T

11

v

t

Cnuka 4. HanoH Koju aaje n3sop HanoHa kao ¢yHKLMja BpeMeHa.
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C1 Ckunumpajte rpaduk BpeMeHcKe 3aBUCHOCTU CTpyje I (¢) Koja nponasn kpo3 He-  1.2pt
NINHEaPHW eneMeHT X 38 7 < Ty M 3a T > Ty

C.2 HafhwuTte n3pas n nspaudyHajte 6pojHy BpefHOCT 3a KPUTUYHO BpeMe T, 3a koje  0.6pt
£,01a31 0 NPOMeHe NoHalllaka cucTema.

c3 Aa nv je kono ca T = 1.00 x 1075 s HeypucTop? 0.2pt
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HenviHeapHa AuHaMuKa y efieKTPUYHUM KosinMa (10 noeHa)

[eo A. CTaumoHapHa CTakba N HeCTabIHOCTU (3 NoeHa)

A.1 (0.4 pt)

A.2 (1 pt)
Moryhu 6poj cTaumoHapHUX cTakba 3a R = 3.00

Moryhwu 6poj cTaumMoHapHMX cTaka 3a R = 1.00

A.3 (0.6 pt)

1,

stationary —

Vi

stationary —
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A.4 (1pt)

MoHawarse y cnyyajy I(t =0) > I,

stationary *

MoHawakre y cnyyajy I(t =0) < I,

stationary*

Ja nu je ctaumoHapHo ctame : O ctabunHo? O HecTabuaHo?
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A2-3

[eo B. BUCTabUNHN HEeIMHeAPHN eNleMeHTU Yy U3NLU: paguo ogaLuusbad (5 noeHa)

B.1 (1.8 pt)

I [A]

Obpasnoxerse:

WV
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B.2 (1.9 pt)

M3pas3at, =

BpojHa BpeaHOCT t; =

M3pa3z3at, =

BpojHa BpeaHOCT t, =

BpojHa BpeaHocT T' =

B.3 (0.7 pt)
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Aeo L. BuctabunHu HennHeapHu eneMeHTN y 6uonormju: Heypuctop (2 noeHa)

C.1 (1.2 pt)
Cknuasa m < 7y - Cknuasat > 7 -
Ix Ix
t, t, + T t t, t, + T t
C.2 (0.6 pt)

W3pas3a 7, =

BpojHa BpeAHOCT 7.

rit

C.3 (0.2 pt)

[a nu je kono Heypuctop? O Ja O He
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Benuku xagpoHcku cygapau (10 noeHa)

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

Tema oBor 3asgaTka je ¢u3mka koja onucyje npouece y JIXL, (LHC -Large Hadron Collider) akuenepatopy
(ybp3mBauy) Yectmua koju ce Hanasn y LIEPH-y. LIEPH je Hajseha nabopaTtopuja 3a $pu3mky enemeHTap-
HUX YecTnua Ha ceeTy. OCHOBHMW Lin/b OBe NnabopaTopuje je NOTNYHW YBUA Y OCHOBHE 3aKOHe Nnpupogje.
JBa cHOMa yecTuLa BUCOKNX eHeprija ce Kpehy yHyTap npcTeHa akuenepatopa BofjeHa jakum mMarHeT-
HMM Mo/beM, Ja 61 ce KOHaYyHO cyjapwna, jeAaH ca Apyrum. NMpoOTOHM HMUCY XOMOreHo pacnopehenun y
CHOMY, Hero cy rpynmncaHn y Tako3eaHe rpo3gose. YecTuue Koje HacTaHy y OBakBUM CyAapumMa ce Buje
y3 nomoh Bennkunx getektopa. Hekn og napameTtapa J1XU-a cy gatny tabenn 1.

NXU, npcTeH

O6uM npcTeHa 26659 m
Bpoj rpo3gosa vectnua y cHorny npotoHa 2808

Bpoj npoToHa y rpo3ay 1.15 x 101t
CHOMOBMY NPOTOHA

EHeprunja npoToHa 7.00 TeV
EHepruja y cnctemy LeHTpa mace 14.0 TeV

Tabena 1: TunnuHe 6pojHe BpeAHOCTM 3Ha4ajHMX NapamMmeTapa JIXL-a.

Y dnsnum eneMeHTapHMX YecTuLa ce KOPUCTe NoAECHE jeHMLLE 3@ eHepriujy, UMMyAC 1 Macy: eHepruja
ce n3paxasay enleKTpoH-BonTuMa [eV]. Mo gepuHumjun, 1 eV je KoNMUMHa eHepruje Kojy Aobunja yectnua
efleMeHTapHOr HaefleKTpuncama, e, Koja ce Kpehe Kpo3 pasnvky noteHumjana o4 jegHor sonta (1 eV =
1.602 - 107 kg m?s2).

imnync ce n3paxasa y jegnHuLama eV/c a Maca y eV/c?, rae je c 6p3nHa CBETNOCTM y Bakyymy. MoLto
je 1 eV Beoma Mana KonnmumnHa eHepruje, kopucte ce vewwhe MeV (1 MeV = 106 eV), GeV (1 GeV = 107 eV)
nnn TeV (1 TeV = 102 eV).

Jleo A ce 6aBu ybp3aBareM MPOTOHa UK enekTpoHa. [leo B je nocseheH MHAeHTUGMKALMjK YecTmLa
HacTanux npuankom cygapay LIEPH-y.

Jeo A. JIXL akuenepaTtop (6 noeHa)

Y6p3ame:

MpeTnocTaBuTe Aa Cy NPOTOHM YBP3aHN HAaNoHOM V Tako Aa UM je 6p3uHa Bp/o 6ancka 6p3nHM cBeTo-
CTW. 3aHeMapuTe cBe rybrTKe eHepruje ycies 3paderba Uam cyaapa ca octaamm Yectuuama.

A1 N3BeanTe n3pa3 3a KOHAYHY 6P3MHY v MPOTOHA Y 3aBUCHOCTU o4 HanoHa V u  0.7pt
POUBNYKNX KOHCTAHTN.

MnaH 3a 6yayhun ekcnepumeHT y LIEPH-y je aa ce npoToHu gobujeHn u3 JIXU-a cyaapajy ca enekTpoHuMa
eHepruja og 60.0 GeV.
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A.2 3a yecTuLe BUCOKNX eHeprivja n Maamx Maca MMpoBaka penatmsHo oactyna-  0.8pt
He KOHayHe 6p3nHe of 6p3nHe cBeTnocTn A = (¢ — v)/¢, je Bpno mano. Ha-
Aute norogHy anpokcMmaunjy 3a A 1 n3padyHajte A 3a efleKTpoHe eHepruja
60.0 GeV, kopuctehn HanoH 1 dr3nuKe KOHCTaHTe.

BpaTtumo ce Ha npoToHe y JIXL-y. MpeTnocTaBmTe Aa je N3BOP CHOMAa KPY>KHOT 06umKka.

A3 N3BeanTe n3pas 3a ryctnHy $aykca XoMoreHor MarHeTHor nosba B Koje je He-  1.0pt
ONXOAHO Aa oAp>KaBa NPOTOHe Ha KPYXHOj NyTawn. M3pa3 Tpeba aa cagpxm
CaMo eHeprujy NpoToHa E, 061M L, OCHOBHe KOHCTaHTe 1 bpojese. MoxeTe sa
KOpUCTUTE NpUKIagHe anpokcruMaLmje ako je hnuxoB epekaT Makby 04 Ta4HO-
CTn ogpeheHe HajMakUM Bpojem 3HauvajHuX Luudapa.
MN3pauyHajTe rycTMHY MarHeTHor ¢iykca B 3a NpOTOHe eHepruje E = 7.00TeV,
3aHeMapyjyhu nHtepakunjy nsmehy npotoHa.

MN3payeHa cHara:

HaenekTpucaHe yectuue Koje ce kKpehy y6p3aHo 3paue eHeprujy y 0611Kky efekTpoMarHeTHUX Tanaca.
M3paueHa cHara P,,, HaenekTprcaHe YecTuLe Koja KPy>K KOHCTAaHTHOM YyraoHOM 6p3VHOM 3aBUCU CAMO
of ybp3atba a, HaenekTpurcara q, 6p3viHe CBETNIOCTU ¢, KAO 1 O ANENEeKTPUUYHE KOHCTaHTe BakyyMa .

A4 Kopuctehn gnmeH3snoHy aHanm3y HahuTe n3pas 3a uspadeHy cHary P, ;. 1.0pt

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

—1

penatuBmcTUYKe epekTe Aaje A0AATHU MyNTUNAMKATUBHK pakTop +4, rae je v = (1 —v?/c?) 3.

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

NHeapHo y6p3aBate:

Y LIEPH-y npoToHM ce ybp3aBajy y IMHeapHOM akLenepaTopy AyxuHe d = 30.0 m. Kpehy n3 mmpoBama
KPO3 pasnnky noteHumjana vV = 500 MV. lNpeTnoctaBuTe Aa je eNeKTPUYHO Nojbe XoMoreHo. JinHeapHu
akLenepaTop ce cacToju o4 ABe Maoye Kao LTO je NpuKasaHo Ha cavum 1.

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

A

Cnnka 1: Cknua akuenepaTtopa



Theory
Serbian (Serbia)

[eo b. NaeHTPunkaumja yectuua (4 noeHa)

Bpeme neTta:

BaxHO je naeHTMPUKOBaTM YecTuLie BUCOKMX eHeprunja Koje ce cTBapajy Npuankom cyjapa aa bu ce
NpPOTyMauylno npoLec HTepakumje. JeaHOCTaBaH HauuH je ja ce U3Mepu BpeMe t MoTPebHO YecTnum no-
3HaTor umnysnca Aa npehe nyT [, Tako3BaHUM AeTeKTopoM BpemeHa neTa (Time-of-Flight (ToF) detector).
TunnyHe yectmue naeHTNbMKOBaHe y AeTeKTOopy Cy NprkKasaHe y Tabenn 2., y Kojoj Cy AaTte 1 HbuxoBe

mace.
Yectuya Maca [MeV/c?]
[JeyTepoH 1876
MpoToH 938
HaenekTpucaHn KaoH | 494
HaenekTpuvcaHu MuroH | 140
EnekTpoH 0.511
Tabena 2. YecTnye u H1XOBe Mace.
MaCa m l

nmMnync p

y

L)X Bpeme t; nyT |/ Bpeme t,

CxemaTcku npukas AeTeKktopa BpemeHa seta.
B.1 M3pa3nTn macy m y 3aBUCHOCTU OJ UMMYy/ca p Ay>XUHe neTa [ n speMmeHa ne-  0.8pt

Ta t NnpeTnocTaB/bajyhn Aa ce YecTuLie efleMeHTapHOr HaenekTpurcatrba e kpehy
6P3NHOM BANCKOM 6P3MHI CBETIOCTH, NMPaBUM MyTakbaMa yHyTap AeTeKTopa,
1 aa ce kpehy HOpManHo Ha ABe naoye geTekTopa (Cvka 2).
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B.2 N3pauyHajTe HajMakby AY>XMHY AeTeKTopa BpeMeHa neTa [ koja omoryhasa no-  0.7pt
Y34aHO pa3nnKoBaHe HaeneKTPUCaHOr KAaOHa 0f HaefleKTpMcaHor NUoHa, Npu
yemy obe yectmue nmajy umnync og 1.00 GeV/c. 3a f0bpo pa3gBajarbe je no-
TpebHO fa panvka y BpemeHy neta byae Tpu nyta Beha of BpeMeHcKe pe-
3onyumje getektopa. CraHaapAHa pe3osiyumja AeTeKTopa BpeMeHa JeTa je
150 ps (1 ps = 10712 ).

YecTnue HacTane y ctaHaapaHoMm JIXLL geTekTopy ce naeHTUUKYjY y ABOCTENEHOM AETeKTOopY KOoju ce
cacTojun of, fleTeKkTopa Tparosa v AeTekTopa BpeMeHa neta. Ha camum 3 je nprkasaHa nocraska y Ase
PaBHW, TPAHCBEP3aJHO] N NOHTUTYANHAHO] Y O4HOCY Ha CHOM NpoToHa. O6a geTekTopa cy y 06amnky
LleBW KOje OKpY>Xyjy 061acT MHTepakumje, 1 CHOM Npoaasu no cpeanHn uesun. [letekTop Tparosa Mmepu
nyTaky HaenekTpMcaHux YecTmua Koje npoJsase Kpo3 MarHeTHO nosbe Koje je rnapanesiHo CHomny npo-
TOHa. AKO ce 3Ha MonyrnpeyHuK nNyTare r MOXe Ja ce ojpeAn TpaHCBep3asHa KOMMNOHEHTa UMMyca
ppyectuue. Moo ce 3Ha Bpeme CyAapa, 3a AeTeKTop BpeMeHa jieTa je noTpebHa camo jegHa ues aa bu
ce 3Mepuo BpeMe neta (Bpeme NpoTekso 04 cyjapa Ao AeTekunje y Lesu getekTopa). OBakaB geTek-
TOp BpeMeHa JfieTa je NoCTaB/beH O4MaxX [0 feTeKTopa Tparosa. Y OBOM 3ajaTky npetrnocrtasuTe ja ce
CBe YyecTuue HacTane y cyaapy kpehy HopManHoO Ha NPOTOHCKM CHOM, LUTO 3Hauu ja HacTane yectuue
HeMajy KOMMOHEHTY MMMyJca AyX npasLa CHorMa npoToHa.
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(2)

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

(1)

(1)
TpaHCcBep3aJiHa paBaH NoNpeYHn npecek
6o4yHe cTpaHe
LeBU Oy>XX CHOMa

(1) - LleB peTekTOpa BpemMeHa fneTta

(2) - Tpar

(3) - mecTo cypapa

(4) - peTekTOp TParosa

(5) - cHon npoToHa

® - MarHeTHo noJsse

Cnuka 3 : MNocTaBKa ekcnepyMeHTa 3a naeHTudmKaumjy yectmua, ca KOMOPOM 3a Tparose U1
JeTeKTopoM BpeMeHa neTa. Oba feTekTopa Cy LieBU KOje OKPYXXYjy MeCcTo cyfapa y CpeanHN.,
Cnvka neBo: nornes Ha TpaHcBep3anHy paBaH HOPMasHy Ha cHon npoTtoHa. Cavka fecHo:
norneg Ha NOHrUTYAVHAHY paBaH NapanenHy cHony. Yectmua ce kpehe HOpManHoO Ha CHon.

B.3 N3pa3unTe mMacy yecTmua y 3aBUCHOCTU Of rycTUHe MarHeTHor ¢aykca B, no-  1.7pt
JNiyripeyHvKa UeBu ca AeTeKTOPOM BpemeHa sieTa R N USMepPeHUX BenYnHa:
rnosiyripeyHvika r nytake (Tpara) n BpeMeHa neta t.

[JeTekToBaHe Cy 4eTUpK YecTurLe 1 Tpeba nx NAeHTUOMKoBaTU. MyCTHa MarHeTHor GayKkca y AeTekTopy
Tparaje 6una B = 0.500 T. MonynpeyHnk R LeBu ca AeTeKTOPOM BpeMeHa feTa je 6una 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 NpeHTndunkyjTe oBe YeTMpK YecTunLe Ha OCHOBY MU3padyHaTe Mace. 0.8pt
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Benuku xagpoHcku cygapau (10 noeHa)

Aeo A. IXL, akuenepaTtop (6 noeHa)

A.1 (0.7 pt)

A.2 (0.8 pt)

anpoKcMMKMpaHu n3pas: A =

6pojHa BpegHOCT: A =

A.3 (1.0 pt)

n3pas: B =

6pojHa BpegHOCT: B =

A.4 (1.0 pt)

‘Prad X

A.5 (1.0 pt)

‘Ptot =
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A3-2

A.6 (1.5 pt)
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[eo b. NaeHTPunkaumja yectuua (4 noeHa)

B.1 (0.8 pt)

B.4 (0.8 pt)

Yectnua

M3mepeHa Maca; jefMHLa 3a Macy |

]:

NaeHTdmnKoBaHa
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

(3)

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)

MRTTLL]

(5) (6) (8) (7)
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 M 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

In the 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.g.
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
accountin 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: The resistance 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

Figure 1: Additional equipment for this experiment.

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.

* Thevoltage (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
@( 1>
I S
Batter >
Y1t v@ s
>
s Sample
>
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.

-

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 potentialdrop 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.

A2 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 I, 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 « I

- ’ .
. A
_‘r-ld
3
l
R:RZD:/)I:I'Ea (2)

using the sheet resistivity po = 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 pg 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:

(@) (b)

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)
In@2) " flw/s)’

For a sample of length [ > 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 p5 for
large dimensions:

4)

R(w/s) = Ry, - f(w/s) with f(w/s — o00) — 1.0. (5)

CA1 Using the 4PP-method, measure the resistance R(w, s) for 4 values w/s within ~ 3.0pt
the range 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- (%) (6)

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 pg 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. 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 (numbered 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, 34.

5,

21
Battery— 1y ?
Sample
4 3
Vaa

For symmetry reasons Ry, 34 = R34 1 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~ ™Ria2s/en = 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 py and calculate the
sheet resistivity pg 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: [vs. 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.
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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: [ vsV

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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E.7 (0.5 pt)

Graph E.7: [ 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.

L e’ ML

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

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
4

rit*

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, T,,,, is given
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by:

~ (T —T), T<T,.
M{ (crlt ) crit (1)

=0, T > Ty
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

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 N; < 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.

A.2 Calculate the standard deviation of your measurements of NV, 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 onyour 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 ‘%gﬁz 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 | J1-2| 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)

A.1(1.2 pt)

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

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. =




Experiment
English (Official)

Part C. Critical exponent (3.5 points)

C.1(1.1pt)

C.2(1.0 pt)
Plot 22—z vs. |A2 — A2| in either Graph C.2a or Graph C.2b.

N, FN,
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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 (nA) V (mV) I (nA) 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

200

| - Current (uA)

-200

-400

60QL i
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200

-200 0
V - Voltage (mV)

A2 (0.2 pts)

R =1.08 kQ2

A3 (0.4 pts)

AR=+1Q




Part B. Sheet resistivity (0.3 points)

B1 (0.3 pts)

P00 = 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

Do = 4.89 kO
w/s I (nA) 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=2.7
b=-14




Graph D1la: linear scale: I vs V

Wrong. The usage of linear scale does not allow for deduction of the parameters.
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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
Py
<
30 po
£
g 25 y g
]
O
2.0 -
1.5 > 1
10 &
|
0.05 0.10 0.15 0.20
Voltage (V)
Rypp = 51.1Q
E3 (0.2 pts)
w =10 cm — w/s=5 flw/s) =1.284
E4 (0.1 pts)
po =180 Q2




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: I vs V

(R) = 36.5 Q

Voltage (V)

10




E8 (0.4 pts) Calculation:

2. e~m(R/r0 = 1 e"™ R/ =1/2
_mAR) _ In(1/2) ™ {R) = In(2)
po PO
™ (R)
PO~ Tn(2)
pO = 165 Q2
E9 (0.1 pts)
Apn =
e 0.091 = 91 %

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] Ny Ny =1y Ni| Ny=Ny— Ny a:\/%_;w SE = =
100 | 152|122 2.2 47.8 1.5 0.6
105 |10 2/3|1]|2 1.5 48.5 1.1 0.5
110 | 4417|315 4.0 46.0 2.0 0.8
115 |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 | 22|22 |21 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)

5of _
C ’ ]
40F :
L l\ ]
= 30F A\ dod .
S ‘:> B S
20: {* . ¥ t 1 .
- % .
10F :
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 it = (1.25 +0.05) V




Part B. Calibration (3.2 points)

B1 (0.5 pts)
pencil tape
Il_,,ﬂ-
- @
@ o
= g
%) ®
D
=
loudspeaker %
.. 1
table
B2 (0.8 pts)

Ap[v] |03]04]05[06|07|08]09]|1.0]|1.1]12

Almm| | 1.0 | 1.5 20|22 |26|3.0|32]|34]4.0]4.1

Instrumental error £0.5 mm.

B3 (1.0 pts)
b7 T T T T T T
B ¢ o 0
A :
ar il .

E 35 ,@L/f/ .

< vd :

N
N

A1

1574

02 04 06 08 1 12 14 16 1.8 2 22
Ap [V]

B4 (0.8 pts)

A=ko+ ki xAp,

where:

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

B5 (0.1 pts)
Aqit = (4.4+0.1) mm




Part C. Critical exponent (3.5 points)

C1 (1.1 pts)
Ap, [V] | A, [mm] | [{2532] | [A2 — A3
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)
///
- e
i ol /’ S
p— /"'
o e
ET_ #I?;’F
< e
210
="
2
LY 1 10
|A%-AZ, [mm?]
C3 (1.4 pts)
y=a-x° where xz = |A2 — A2|, y = |%5_%§ .

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 c = 299792458 m-s?
Vacuum permeability (magnetic constant) o = 4rx107kg-m-A?. g2
Vacuum permittivity (electrical constant) gy = 8854187817 x 10712 A% s . kgt - m3
Elementary charge e = 1.602176 620 8(98) x 10719 A -s
Mass of the electron m, = 9.10938356(11) x 1073! kg

= 0.510 998 946 1(31) MV
Mass of the proton m, = 1.672621898(21) x 10 2T kg

= 938272081 3(58) MY
Mass of the neutron m, = 1.674927471(21) x 10 2T kg

= 939.565 413 3(58) Mg¥
Unified atomic mass unit u = 1.660 539 040(20) x 10 kg
Rydberg constant R, = 10973 731.568 508(65) m~*
Universal constant of gravitation G = 6.67408(31)x 107" m3 kg .52
Acceleration due to gravity (in Zurich) g = 98lm-s2
Planck’s constant h = 6.626 070 040 (81) x 103* kg - m? - s~
Avogadro number N, = 6.022140 857 (74) x 10%* mol !
Molar gas constant R = 83144598(48)kg-m?-s2-mol ' K™
Molar mass constant M, = 1x103kg-mol "
Boltzmann constant kg = 1.380648 52(79) x 1073 kg-m?-s2- K !
Stefan-Boltzmann constant o = 5670367 (13) x 10 %kg-s% K™*
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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:

T1s h’la P15 p27M' (1)

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

. v 5o
r : 'ry,
—l I
1 .

L I

) :

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

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.

A.1

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 7.
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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 g (k) for small heights i 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 & 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 @,, is given by

Fr=2mi x &, . 2)

In terms of the scalar quantities you may use

Fe =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 zy 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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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)

B.5 (0.3 pt)
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A1-3

B.7 (1.3 pt)

A\ 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 R4 on the lower branch, respectively.
The middle branch is described by the equation

I=1I,— M

R
Find the values of the parameters I, and R

int

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 =1.009?

A3 Let R = 3.00 Q,L = 1.00 pH 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) = I tonay- 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(¢) = 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 Q 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.
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}_

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 7 > r,

crit crit*
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16

15

& [V] 14

13

12

to to+T

11

v

t

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

C1 Sketch the graphs of the time dependence of the current I (¢) onthe non-linear  1.2pt
element X for r < 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)

A.2 (1 pt)

Possible numbers of stationary states for R = 3.00 Q :

Possible numbers of stationary states for R = 1.00 Q2

A.3 (0.6 pt)

I

stationary —

V.

stationary —
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A.4 (1pt)

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]

WV
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B.2 (1.9 pt)

Formula of ¢; =

Numerical value of ¢, =

Formula of ¢, =

Numerical value of t, =

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 r < .

it - Sketch for r > 7,

crit *

C.2 (0.6 pt)

Formula of 7.

crit =

Numerical value of 7.

crit —

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 101t
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 - 10719 kg m?s72).

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 = 106 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 necessaryto keep  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 q, its charge ¢, 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?/¢?) 3.

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 T 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. Asimple 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 = 1079 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
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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




