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Metafacelg cvvtoviopod 6tig padtocuyvotntes: [Mopnvikog poyvnri-

Kk0g ovvtoviepog (NMR)

Metafdoelg cuvtoviopob pmopovue, PBePaiwg, vo €xOLHE KAl ©& TEPLOYEG

GLYVOTHT®V TOAD KAT® TOL 0pUTO POTOS, LTLO TOV HPO OTL LTAPYOLY AVIIGTOLY

Kovtivég otdbuec. Tétoleg otdbueg dnpiovpyobvtar moAD €VKOAO HE TNV

tomofétnon tov delypotdg pog oe Eva oTaTtikd poyvnTikd medio —€0Tm KaTd

Tov 4fovo z— OmMOTE TWPOKVTTOLV Ol YVWOTEG ardlues Zeeman €ite ToV

NAEKTPOVIOV €iT€ TOL 1810V TOL TLPNVE, O OTOI0G PEPEL, PBePaimg, Kol aVTOG

otpogopun (to mupnvikd omv) mov umopel vo cvlevyBel pe to eEmtepikd

poyvnTikd medio Kal va dmoel avticToly o evepyelokd enineda. Maiioto —Ady®

NG TOAD PKPOTEPNG HOYVITIKNG POTTNG TOL TUPNVA EVAVTL TOV NAEKTPOVIOV— Ta

TupNVIKG eminedo Zeeman am€yovv moAy Alydtepo petafd Tovg (Evavil tov

OTOHIK®V) Kl £T01 O HeTaPAoelg HETUED aVT®V Uropolv vo TpokAinfodv pe HM

nedlo GTNV TEPLOYN TOV PASLOPOVIKAOV GLYVOTHTOV, TO OTOld TAPAYOVTUL TOAD

g0UKOAO KOl €lval 18101TEPA EVTPOCAPUOCTA GE TELPUUATIKOVG YXEIPLOUOVS. Ev

OYEL TOV TAPATAVED, KAVTE Ta EENG:

o) Av p = s glval 1 HayvnTiKn ponn €vOg TUPTHVA UE CTLV § KO YUPOUOYVITIKO
AOY0 v —oLVNBOG v > 0— Y PNOCLLOTOINGTE TOV VOUO TNG Y POVIKNG HETABOANG
TOV PESOV TIHOV (Zupninpope 3 Kepaiaiov 4) yia va deifete 11 katd TNV
TomofETNo™ TOoL dElYaTOC GE éva oTaTIKO payvntikd medio evidoeng By, Ta
TUPNVIKG oTY peTafailoviol cOpuemvo. pe tnv eEicmon

d(s)

dt

amod TNV 0mola EMETUL AUESMS —OEIETE TO OUMG— OTL TO SLAVLGHL (S) TOL LEGOV
OTV €KTEAEL pETAMTWTIKY Kivian YOp® Oomd To oT1ubepod didvvopa By pe
oVYVOTNTO wy = vBy. Av (0mwg cvvnbog yio mupnveg) eivar v >0 n
neptotpodn Bo yivetar avtibeta pe tnv @poloylokn @opd, kat av v < 0
oOpP®Ve. e avtnVv. Agi&te emiong 0tt, LIO TV TO.PoLGia ToL Tediov By —Kal
€0t Yo amAoTNTO 60Tt By = Bpi— €évag mupnvog pe s = 1/2 amoktd Vo
otdOuec Zeeman pe evépyeieg By = —hwy/2 ka1 Ey = hwy/2 kot avtictolyn
ouyvotnta Bohr w = (Ey — E1)/h = wy. Elvar tuyaio Ot1 avtn n cuyvotnta
GUUTITTEL PE TT] GLYVOTNTO TNG UETATTOTIKNG KIVIGTG TOL TUPNVIKOD GTLV;
B) Av topa to Topandve deiypo (VIO TNV TOPOVGLC TOL GTATIKOD HOYVNTIKO
nediov By = Byz) extebel kol og éva eyrdpaio ypovoueTaBarildpevo payvn-
T1Kd medio B(t) = B(t)i (i L Z) pe cuyvotnto w mov TelveL TNV wy, TOTE Elval
€OMOYO VO avapévovtal 1oy LPEC UeTaPacels cuvToviopod petald Tev dVo
TapATave oTodumv. Mdiota —yie Adyovg mov KoAeiote va eEnynoete— o

= 7(s) x B,
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GLVTOVIOMHOGC avtdg Oa givol mApne av T0 €YKAPOLO HayvnTiKd medio
GTPEPETUL GTO EMIMEDO T-y HE GLYVOTNTO w = wy KOl UE TNV 1510 QOPd OGS
TO GTPEPOUEVO OLAVLGHO TOV HEGOL GTLY GTO TPOTYOVUEVO EPMOTNHA. ANAadn
avtifeta pe TNV @poAoyLlaKn eopd av y > 0. Agi&te 0Tt £va TETOL0 GTPEPOLEVO
poyvnTiko medio (pe oy dv w Kot apyasg) YPAOETUL ®C
B(t) = xBcoswt — pBsinwt

Kat M 4pdom Tov TAVe GTOV TVPN VO O TEPLY PAPETAL HE TNV TPOGHNKN oTNnV
APYLKN YOUIATOVIOV

—hw0/2 0
Hy=—p-By =

0 hu)g / 2

TOL VEOL OPOL

’th 0 eiwt
V(t) = —p-B(t) = ——— ( it
e™ 0

omdTE N OALKN YL AMATOVIAVT TOV TUPN VA Ba EXEL TN LOPPT TOL TPOTYOVUEVOL

TPOPANHOTOG
E Ueit
H(t)=Hy+V(t) = ,
Uefzwl E2
ue
~ hwo _ hwo _ 7Bh
El - 9 E2 - 9 U= 9

Ipayte v mbavotnta petdfacng Pioo(t) kot avelvote, 660 KoAOTEPQ
umopeite, v €£ApTnon g onod TIG TUPAUETPOVS w, wy, B Kot By Tov
npoPAnuotog. IToteg vopilete OTL pmopel vo ival ot ePapRoOYEG GLTOD TOL
GLVTOVIGLOV);

v) Tt 6tV Tapandve TEPLYPOPT TOL TLPMVIKOV GLVTOVIGHOL dgv culntn-
GOE KAV TO EVOEYOUEVO VA EQUPUOGOVUE TOV Kavova tov Fermi;

Aveny

@)

TOUOOVE HE TOV VOUO TNG YPOVIKNG HETAPOANG TOV UECHOV TIUDV, Y10
H=Hy=—p-B=—vs-B kol y10. po 1030060 GLVIOTOOCH S; TOL TLPTVIKOL
omv, 0o glvot

 d(si)

th——= (81, H]) = ([si: —vs;B)]) (1)

omov viobetnoape ™ YvooT abupfacy dbpoions tov Einstein va punv ypaeetal
pnta to obpPoro Y. g GOpolong Kot va gvvoeitar 0Tt ot emavolopfavopevol
delkteg og éva yrvduevo abpoilovtat. Eivatl, dniadn, otnv nepintoon pHog,
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3
s;B; = ZS]'B]' =s-B.

J=1

Emniéov, o ypnowomooovpe €d® —yio POMGM TOL OVOYVAOOTN G &va
ovppoiro mov Ba cuvaviioet oe apketd Piila— kot to cOUPORO € TOL TA PG
AVTIGOUUETPIIOY TAVVOTH

1 av ijk aptia petébeon tov 1,2,3
€ijr = § —1 av ijk nepurth petdbeon tov 1,2,3 (2)
0 av dvo 1N teprocOTEPOL deikteg elvar 19101

oL elvar TOAL ypnotpo ot a) Ot cvVIoTOoEG TOL TVYOVTOS €EMTEPIKOD
ywopévov C = A X B ypaoovtat og

Ci = (A X B)7 = E,jjkAjBk (3)

Kot B) Ot petabeTikég o EGELS TOV GUVIGTOGAY TNG GTPOPOPUNG [£y, 4] = iRl +
KUKAKEG petafecelc, Ypaeovtal 6€ GUUTOYT HOPPT O

omov, BéPata, maviov oTo TAPATAVE £xEl €puppoctel 1 cbuPacn dOpoiong
Einstein. Apob BePaimbeite, fdoel Tov opiopot (2), 61t ot (3) Kat (4) elval 6OoTES,
N ovvéyela ¢ anodeEng Ba cog eavel mold anki. O petabétng tov devtepov
pérovg g (1) ypaeetor mg

[Si7 H] = *’}/[Si, Sj}B]' = *’y(lh €ijk Sk)Bj
= —Z‘h’y(ei‘/k SkBj) = —’L‘h’y(ei‘jkBjSk)
= —ihy(B x s); = ihy(s x B),,

omdte M (1) Ba dwoet

d(si)

ih
M

= ihy((s x B);) = ihy((s) x B),

d<8,>
dt

= =7((s) x B),

N, G& JLUVUGHATIKT Ypaon,

d
% = ~(s) x By, (5)
7ov givatl n {NTovHEVN OYECN, GTNV OTTO10 ETAVAPEPULE KL TOV SEIKTN « (o » GTO
HayvnTIKO TESIO MOV TOV ElYAUE CQULIPEGEL OTO TPOTNYOVHUEVO Yid AOYOLG
oVUPOALGTIKNG amAdTNTAG.

Ba dei&ovpe TOPO OTL OO U0 OYEST TNG LOPONG
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—=wXr (6)

—omwg M (5)— émetal apuécmg OTL TO JLAVLCUN F TEPLGTPEPETAL GE EVAV KMVO
otabepng yoviag yOpo® ard 1o S1AVUoHE w HE YOVIEKN TaxbtNnte w = |w.

Anooeitn: Oa amodeifovpe kot apydg OTL TOGO TO HETPO TOL OLOVUCUATOC F
—r = (,,,,,)1/27 000 Kal 1 yovia Tov pe to didvuopo w —mov kabopiletal and to
£0MTEPLKO TOLG YIVOUEVO F+w— dlotnpolvtal otabepd pe tov xpovo. Oa gival

r dr
—Fer=—¢F+7r-

p p dt:(wxr)-r—i—r-(wxr):O

d dw dr
%(w-;)_ = ! Jr<.a-%—<,‘.v-(u.:><r)_O7
—

0

OTOL X PNOIHOTOINCAE, BEPai®e, TN YVOOTN 1010TNTA TOL EMTEPIKOV YIVOUEVOL
vo, glvat KaBeto og kKobéva and ta Stovicprotd Tov. AnAadn €06

wxrlr = (wxr)r=0, wxrlw= (wxr).w=0.

O cvpforopog mov vioBetnoape otnv (6) dev givar, BEPara, Toyaiog. AviicTot-
el oV mepinTwon —maciyvootn and TNV KAAGIKN UNYOVIKN— TNG TEPLOTPO-
QNG EVOC GTEPEOL GMUOTOG YOP® amtd €vav otabepd dEova pe katebBvvon A, pe
YOVIOKY ToXOLTNTA w —OTOTE w = wn— KAl OTOL r TO dtavvoua Béong evog
TUYOVTOG OMUEIOL TOL COUOTOS. Ag Tovicovpe OU®G TOLTOYPOVE OTL €00
avtipeTonifovpe v (6) ©g po uadnuatikiy eCicwon (Le GLVETELES HOVO EKELVEG
nov e€AyovTol podnuaTiKd) Kot }pNoLoTolo0UE TOV GUUBOMGUO TNG UNYOVIKNG
povo yia vo. pog vrevvpilet éva moAd yvowoto TpoTuTo. ATOPEVEL va amodeifovpe
TOV 1OYLPIOUO OTL 1 YOVIOKT TAXVLTINTO TEPLGTPOPNG TOL SLAVOGUATOS F Elval
Tpaypott w = |w|. To omoio yivetor moAd gbkola pe Bdon to Zynua 1 6to onoio
napatifeviol Kal ol oyeTIkEG TPAEELG.

Ar
S wxr = Ar=|wxrl At
At
= wrsin At = wp At
N Ar
vV=—=Ww:-
At p

= W= YOVWKN To)OTNTe

YXHMA 1: H oyéon dr/dt = w X r GuVERAYETAL OTL TO JIAVLOUA F TEPLOTPEPETAL UE GTUOEPT
YOVIOKN Tox0TNTe w = |w| og évav kdvo otabepng yoviag yopo amd to otubepd
didvuopa w.
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B

Inueldote akopa O0TL yia T dobgica popen g oyxéong (6) —omiadn

dr/dl = w X r— M TEPLOTPOPT] TOL SLOVOGUATOS F G TPOG TO w Yivetal KoTd
™mv 0pHn ®poroylakn Qopd, evd av 1 oxéon £xel dobel g

dr

dt

0LTO GLVETAYETAL OTL T TEPLGTPOPT YIVETAL KOTA TNV 0pON ®POAOYLAKT) POPE MG

TPOG TO SIAVLGHO —w, SNAAST KATA TNV AVTIGTPOPN OPOAOYLOKT QPOPE O TPOG
10 w. Emotpépovtag otn oyxéon (5) Kat ypapovtdag v og

d(s)

dt

FXWwW=-wxr=(—w) xXr,

= (s) x (yBo) = (—vBy) x (s)
= (s) —r, —vBy — w

GUUTEPUIVOLHE CUECOG OTL: TO HECO SLAVUGHE (S) TOL OTLV MEPLOTPEPETUL KOTE
NV avTioTpoPn ®POAOYLOKN ®opd, YOpm and to didvucua By Tov poyvnTikov
nediov (av v > 0) Kal pe otobepn yoviakn taydTNTo 161 HE

w = v|By| = vBy.

Q¢ TPOG TIG EVEPYELOKES GTAOLEG TOL TLPN VA HEGO GTO POYVNTIKO medio By —pe
pn=n~s,v>0,s=1/2, By = ByZ— 0Ba givar

h
H=—-p-By=—s-By=—vBys. = =By <i§> = Fhwy/2

= FE; = —hwy/2 (ywo omv ndvw) ka1 By = hwy/2 (ylo omv kdtm)

pe avtiotolyn cvyvotnta Bohr, wg,

_Ez—El_(th/Q)—(—hwU/Q)_
T h h -

TOL 1GOVTUL [E TN CLYVOTNTA, Wy TNG UETATTWTIKAG KIVHGNS TOV 0TIV, OTMOG £XEL
kaBlepwbel vo ovopdletar n kivnon mov meptypayope tpv. H iodtta avtn dev
glvat, BePaimg, Tuyaia. Exepalel 1o avapevopevo yeyovog 0Tt 1 LY VOTNTA TOV
(POTOVIOL TOV EKTEUTETOL KATA TN MeETAPacn and TV TAveo 6TV KOt oTdiun
Zeeman 0o TPEMEL VO GUUTITTEL UE TN CLYVOTNTA TNG KAUCIKNG NAEKTPOUAYVN -
TIKNG aKTIVOBOALNG TOV EKTEUTEL O TLPNVAG WG TEPITTPEPOUEVO —IUE GLYVOTNTA
wo— uayvyTiKe dimolo yOp® omd TNV KatebOLVET TOL HAYVNTIKOL TESIOV.
(Enueidote OTL €MEWON TA dlAVOCHOTA f KAl § glvol mapdriinia, Oa extedobv
™V 1010 akp1POS HETUTTMOTIKY KivIGM GTOV Y ®PO.)

WB

AV TOpo —OTOG EITANUE GTO KEIPUEVO— GTO GTUTIKO payvntikd medio By = Byz,
npootebel kat éva gykapolo ypovopetafariropevo medio B(t) L 2 kot edikdtepa
£VO OTPEPOUEVO HOYVNTIKO TEDIO e oLYVOTNTA TEPLOTPOPNG w, TOTE TO TL Oa
ovpPel TepLypheeTol TANP®S 610 ZYNKO 2 TOGO G EMINESO NUIKAUGIKNG ELKOVOG
(Zyx. 20) 660 ka1 kabapd kPavrounyavikd (Xyx. 2p). Kat o1 800 ikdveg ival ToAw
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V4

hw
2 i :
a2

w : 2

[AVAVS

s
how
1 t

@ (B)

IXHMA 2: To pavopevo NMR ae nuiciacicy kai oe kabapd Kfavticy mepiypagy.

a) H nuuclaoucy eicova. YO TNV TAVTOY POV TOPOVGLO EVOG GTPEPOUEVOL EYKAPGLOV
poyvnTikov medlov B to didvvopa (s) tov pécov omv Bo «koAeitawy emiong vo
MEPLOTPUPEL Kl YOp® and To B, 13lwg av T0 TEAELTAIO TMEPLOTPEPETUL UE YOVIOKT
Tay0TNTA wy, OmOTE Ppioketal dropkdg dimha oto didvvopa (s). Kato and éva tétoto
GUVEYEG «QPAEPTAPIGHOY, TO OTLY «EVOLdE Kal apyilel Vo TEPLOTPEPETAL YOP® ATO TO
payvntiko nedio B, omdte aAldlel kat 1 KATAGTACT TPOGUVOTOALGHOD TOL OG TPOG TO
otafepd poyvnTikd medio By. AmO oMV «TAvVe» UETOMIMTEL GTNV KOTAGTOCT CTLV
«KATON.

B) H xabapd rfavtiry eucova: Ed® 10 £yKAPG10 ¥ pOVOUETAPBUAALOUEVO (LE GLYVOTNTA W)
payvnTiko nedio B aviiotolyel otnv npdonteon evOg POTOVIOL —oLYVOTNTOG W Kal
gvépyetag hw— 10 omolo (av w = wy) Ba Tpokoiécet pio petdfacn cuvioviopov petald
TV 300 emmEd®V Zeeman TOL TLPNVO TOL SMNHULOVPYOVLVTOL AT TO GTAdEPO PAYVNTIKO
nedio By.

LPNOES KU TPOGPEPOLV L0 AAAT|AOGUUTAT POOUEVT] TEPLY PAPT) TOV PAIVOUEVOD
NMR.

TOUQOVO PE T OLUVOGHOTIKT E1KOVE, Y10, VO VTAPEEL GLVTOVIOUOG TO EYKAPGLO
poyvnTikd medio B Ba mpémel va mePLoTPEPETUL YOP® 0md 1O Bj, OT®G Kal TO
dtavuopa (s) Tov pécov omiv, dNAadN avtifeto TPOG TN POPE TV SEIKTOV TOL
poAoylov. Oa gival eropévog (eEnynote)

B(t) = xBcoswt — yBsin wt,
omdTE 0 VEOG 0pog ToL Bo Tpootedel otV apYIKN LAMATOVIAVT
_hUJ()/2 0
Hy=—-p-By=—7Bys, =
0 hw0/2

Oa givat o
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V(t) = —p+B(t) = —ys+ B = —yB(s, coswt — s, sin wt)

Bh
=— ’YT (05 coswt — oy sinwt)

0 1 0 —2
=-U coswt — sin wt
1 0 i 0

0 coswt + 7 sin wt 0 et
= —U = —U ] s
coswt — isinwt 0 et

omov U n mocotta

_ yBh

V=5

'Etot, yio v oAkn youtAtoviavy H = Hy + V, Ba €xovpe

0o —hw()/Q —Uet ’
~Ue ™ huwy/2

oL £xel aKPLPADOS TN HOPON TNG YUUIATOVIOVAS TOV TPOTNYOUUEVOL GUUTANP®-

HaTtog
E1 U@wt
H= . )
Ue ™ By

pe By = —hwy/2, Ey = hwy/2 kot pe to —U otn Béon tov U.
Enopévag, epappdlovtag tig mponyovueves Avcelg, Oo €yovps yia v
mhavotnta g petdfaong 1 — 2 to anotélecpa

2

Plﬂg(t) = —281H2 WRt,
WR

OToLv

0=

_ 2
KOl HE YPOQPIKEG TAPUGTAGEL; OMMG GTO GYETIKO OYNUA TOL TPOTYOUUEVOL
oVUTANPpOUOTOS. Eviehdg avaloya glval kot ta uoIKa cvunepdopato. Otav n
GLYVOTNTO W TOL EYKAPGLOL HaryvnTIKoL Tediov B(t) GLUTEGEL PLe TNV 1OLOGLYVO-
NTO Wy TNG METATTOTIKNG KIVIIGNG TOL TUPMVIKOD 6TV YOp® amd 10 oTabepd
poyvntikd nedio By, t0te T0 mAdtog TG mbavotntog petdfoaong Pioa(t) yivetat
péyloto. Anplovpyeitor dNAad” govrovicuss mov ekdniovetal ToAd kabapd g
pio amdToun aAdayn oIV 1ox0 TOL GNUATOS GTO TPOPOSOTIKO TOL TNVIOL TOL
dnpovpyel 10 poyvntikd medio B(t). Inpewdote em’ evkaipio. OTL Yo va
dnprovpynbel éva otpe@dpevo payvnTikd medio oto emimedo x-y yperdloviot
dvo téton mnvia kabeto peta&d Tovg Kat pe dtapopd eaons /2. O GLVTOVIGHOG
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EMITLUYYAVETAL OM®MG KoL pE TO €ve mmvio 10Tt TO HAYVNTIKO Tedio Tov
dnprovpyeitol t0te —mov givarl otadepng dlebBuvenc— PTOPEl TAVTO VO, YPaPEL
WG enaiiniia ovo avtileta oTpepOuEV@V HAYVHTIKOYV TEJIMY €K TOV OMOI®MV
ovvtoviletal Pe TN HETANTOTIKN KIVGT TOL GTLV HOVO TO €VO KOl ETOUEVOS
ROVO avTod Umopel va TpokarEcel HETAPAGELG GLVTOVIGHOD EVD TO GALO 0dLVOTEL
VO GLVTOVIOTEL, OTOTE 1 EMIOPOCT TOL €ival aUEANTEN KOL UTOPEL GVETO va
ayvonOel. H Avon tov evog mnviov gival €Kelvn Tov TpoTipdtal otV Tpaén.

H npoovig epappoyn tov mapandve eivor BePoing o mpocdloptopds tomv
1310GLYVOTHT®V GLVTOVIGHOL Wy d10QOPOV TUPNVOV Y1d £VO, SEGOUEVO LAYV TIKO
nedio By. O mpocdiopiopds yivetar modd anid, petapdiioviag Tn cuyvotnta w
TOL PEVHOTOG TOL TNVIOL WHEYPL TNV TIUN TOL TAPUTNPEITOL MO OTOTOWN
petafoin oty oyl mov to Tpopodotel. H tiun avtod tov w eivar n {ntovpevn
131oevyvoTNTo. Mée YVvoOoTtd 10 wy Kot T0 By, N 6xéon wy = yBy pog Sivel Tnv Tiun
TOVL YUPOUOYVNTIKOD AOYOL TOL TLPNVA TOL EIVAL EVA GTUOVIIKO TELPAUOTIKO
dedopévo 10 omoio mepLEyel TOAVTIUN TANpOPOPia yia TN SOUN TOL TLPNVE KOl
€101KOTEPO TOVG GYETIKOVG TPOCAVAUTOAIGUOVE TMV GTLV TOV VOUKAEOVI®OV TOV.
'Et61, 0 TUPNVIKOC HoyvnTiKOG cuvtoviopndg —to NMR— éxel eEelybel oe pio
ano TG UMOTEAEGUUTIKOTEPEG TEYVIKEG TELPALOTIKNG HEAETNG TOVL TLPN V.

AkOua O OMUAVTIKEG €lval ot gpappoyéc tov NMR otn ynueio kot
edkotepa otV opyavikn 1 tn Proroyikn ynueta. H Baown 18éa eivar mold
anAn. Ag moOue OTL EMAEYOLUE TO TPAOTOVIO WG TOV KGLVTOVILOUEVO» TLPNVO.
Aoviegbovpe dnAadn o€ EKELVN TNV TEPLOYN GLYVOTHTOV w GTNV OTolo PpiokeTal
n ovyxvoétnta NMR tov mpotoviov kot 1 omolo Keltal apketd ynidtepo ond Tig
avtiotolyeg auyvotnteg NMR Baputepov mupnvev —m.y., Tov oEuydvov— AOy®
MG YVOOTNG avTioTpoeng €£APTNONG TG HOYVNTIKNG POTTNG ond ™ pala tov
cOpOTIOloV-PopEa. Opmg —Kkot €6m €lval 1o Kaipto onueio— 1o Kabe npwtdvio
P0G TOAVTAOKNG, O.G TOVHE OPYUVIKNG, £VMOCNG CLUVTOVILETUL OE [0 EAAPPAG
S1aQopeTIKN 18100VYVOTNTA OTO KATOlL0 (GAAO, O10TL €KTOG amd 10 eEmTEPLKO
payvnTiko nedio By ektifetal Kol 6TV EXLOPUGCT] EVOG TOMIKOY UAYVHTIKOU TELOD
TOL OPEIAETUL OTO TEPLPEPOUEVO, NMAEKTPOVIO KOl GTA MAEKTPOVIOKA GTLV TOL
aTOHOL GTO OTOLO0 OVAKEL O GLYKEKPIUEVOS TLPNVAG LIPOYOVOL, dNAMSN TO
GLYKEKPLUEVO TPMTOVIO. ALTN M ahdayn Tov By 6e B = By + Blocal HETUPAAEL
N GUYVOTNTO GLVTOVIGHOL and wy = YBy oe w)y = vBj ka1 N petafoln avtn

/
AUJO = w() — Wo

glVOL YVOOTN O ynuiKy HETATORITN Yo TPoeaveig Adyovug: kabopiletal and to
€KAOGTOTE NAEKTPOVIOKO TEPLBAALOV TOL TPMOTOVIOL, dNAMSN OTO TO EKACTOTE
ANUkd tov mepifdrrov. Av dnhadn avinkel oto éva N 6T0 GALo pdplo 1
AELTOVPYIKN Opade VoG peyalbTepov popiov. Katomiv dAwv avtdv n 100 g
gpappoyng tov NMR ot ynueta gival diaitepo anin. Av yvopiloope —ond
TPONYOVUEVEG GYETIKEG HETPNOEIG— TIG GLYVOTNTEG GLVTOVIGUOD TOV TPMTOVIOV
MG OTOLYEIOL MIAG HEYAANG TOIKIAOG OTADY YNUIKOV EVOGEDV 1] AELTOLPYIKOV
OHAdO®V UEYOAVTEP®Y HOPLOKDY GLYKPOTNUAT®V, TOTE OTOV OLUTIGTMOVETAL T
vrapEn —oto edopa NMR piog ovsloc— kAmolowv amd avtég TG oLYVOTNTEG,
VTOY PEOVUACTE VO GUUTEPAVOLUE KOl TNV VTOPEN TOV OVIIGTOLY®V OTA®V
EVOGEMV 1 AELTOLPYIKOV OpadmV oto e&etalopevo deiypa. AKOua TLo eVOLoQE-
pPOLGO. —OAAG TTLO TEPITAOKT Y10 VO HTOPEGOVUE VAL TNV AVOADGOLLE EdD— elval



YYMITAHPQMA OEQPIAY KE®. 15.2 9

)

N gpappoyn tov NMR otnv wtpikn. H yvootn uayvytixii topoypapio. H Bacikn
gvvola €0® elval gkelvn g topoypaeiag. Tomobetobue t0 «delypo» —tov
eketalopevo avlpomo otnv mMEPITTOON HOG— GE €va YOplkd pHeTOBaAldpevo
payvntiko nedio (cuvnbwg o€ éva medio pe otabepri faluida) ®GTE 01 GLYVOTNTEG
GUVTOVIGHOL TOV TPMTOVIOV VO, €lval OlaQOPETIKEG ATO TOUN OE TOWUN TOL
eEetalopevou 10TOV KOL VO TAPOLHE €TCL piG TANPT YOPLKN EKOVO TOL TL
ovpPoivel pe To YNUIKO Kal GUOIKO TEPIPAAAOV TOV TPOTOVIOV, Kol 101mG TOV
TPMTOVI®V TOL VEPOL TTOV ELVHL KUL TO KVPLO GLGTATIKO TOL 16Tov. To gviiapépov
amod WTPIKNG TAELPAS ELval OTL ) GUUTEPLPOPE TOV TEPLTTPEPOUEVOV TUPTVIK®OV
omv ennpedletot Oyl Hovo amd TO GUEGO NAEKTPOVIOKO TOVS TEPLPAAAOV, aAAG
Kot and TG GAANAETLIOPAGELS TOVG UE TO TEPLOTPEPOUEVA OTLV TOV YELTOVIKOV
nopnvov. Kat ot aAinienidpdoeig avtéc emnpedlovtal Gueco ond TNV KoTdoTo-
GT TOL 1OTOV GTN GLYKEKPLUEVN Toun. 'Etol, pio poyvntikn topoypagio —Ko-
TAAANAO ELKOVOTOINUEVT|— UTTOPEL Vo OTOKAADWEL (KOl VO EVTOTIoEL) OKONO KoL
OTELPOEALYLOTEG LIOTOMOYIKEG OAAOIMGELS Y10 TEPULTEPM LATPLKN aEloAdYNON.

Ot petaPaoeic NMR npoceépovial Opms Kat oG pia eE0LPETIKN EVKOLPLA Y10 VO
depevvnoby mocoTikd o1 mpobmobiselc toyvog tov kavova tov Fermi. To
veyovos BéPata 6TL avtd To evdeyopevo dev culnTiEtol kav ot PifAtoypoeia
—KOK®OG KATA TN YVOun pov, 1ot arnotelel Eva eEaipeto oyetikd Topadetypo—
onuaiver 6Tt M avicdtta |Us| < AE (nov aratteitol yio vo .oy el 0 KOVOVaS TOL
Fermi) 6y1 povo dev wkavonotgital €dm, aAld 6Tl PPLoKOUACTE KOl 6TO AKPLPADG
avtifeto dkpo: Eivar dniadn |Us| >> AE xat enopéves 0o 1oy et T0 «KobecTOg
TV Tolaviocemv Rabi», 6twg to epappdcape tponyovuéves. Eival onpavtiko
vo kotaAdfovpe morotikd yiati cvpPaiver avtd. O xoboploTikdg mapdyoviog
glvar oAV pikpn TN tov AFE, GUEST CUVERELN TNG UIKPNG EVEPYELOKNG
Sopopdc tov otadudv Zeeman —tng téEemc tov 1078 eV dmoc 0o Sodpe oe
Alyo— Kot Tov KuPikod vOpoL TV avbopunTmVv anodleyépcemv AOY® TOL 0TOiov
T0 QLOIKO TAGTOC AE TN Taved otdbung Zeeman HELOVETAL EVOVTL EKELVOL ULOG
TUTIKNG OTOUIKNG OTAOUNG KOTA Evay TopdyovTa (106)3 = 10'%. @u sivar Snrady
(AE) ~ (AE), x 107 ~107% eV x 107 ¥ ~ 1072 eV,

Zeeman —

on’ OOV €VAOYO, CUUTEPOIVEL KOVEIG OTL TPOKELTAL TAEOV Yl U10, TOGO OTEVN
ypouun, dote 10 eEmtepikd nedio Oa Tpinel vo elval aviaoTika aceveg yia va
glvalr duvatov va 1oyxvoEL 1 GLVONKN €PAPHOYNS TOL Kavove tov Fermi
|Us| < AE. Znv mpoypotikdtnte ta Tpaypate givol akOpo Xelpotepa yio. Tov
Kavova tov Fermi. Atdtt 10 mapandvo «mthdtoc ypapune» AE dev eivar 10726 eV,
aAlé 10730 eV! Kar o Adyog ofiler va avaeepbel, yiati éxer wo yevikdtepn
onpacio. Ot petafaocelg petald Tov emmedmv Zeeman g 1610G apyikng 6TdOung
dev umopovv va Aafouvv xmpa pe TOV NAEKTPOSITOALKO Unyovioud dtdtt —m.y.,
yio TIG opddeg otabumv Zeeman evog atopov— avtd Oa mopafiale tov kKavova
emhoyng Al = 1. Evo gival eniong mpo@aveg 6Tt uropobv va Loy HEo® TG
OAANAETIOpAON G TOL HayvNTIKOV TEdiov Tov HM KOUATOC HE TN HOyVTIKN pOTN
TOL CLOTNHROTOG (ATOHOL M mWupNva) an’ OTOL KOl 1| OVOHOGIA TOLG MG
payvyrooimolikes uetafdoerg. ‘Oco yua 116 avbopunteg peToPfdoel —otr omoieg
Kat kabopilovv 1o TAGTN AE TOV GYETIK®OV YPAUUU®OV— 0UTEG HETOVTOL ATd TOV
1810 akpLPdG VORO OTMG KOl Ol GVTIOTOUYEG NAEKTPOSITOAIKEG HETOPACELG HE TNV
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€OLOYN AVTIKATAGTACT TOL GTOLYEIOVL UNTPag df IE TO AVTIGTOLY O TOV, fif, Y10 TN
payvntikn pomn w. ‘Etor, M oyetikn mbavotnta MAEKTPOSITOMKAOV Kol
payvnrodimoikov petofdocov 0o xabopiletar and to oyetikd péyebog twv
NAEKTPOSITOALK®DV KAl LOYVITOSITOAKDV POTMV, TOL ELVAL Y OVOPIKE

eh 1 1
zmec ~c = = ﬁ AAU7

d~eay~1A.U., Hatopov 2 1B =
EVA Y10, ToV TLVpN VO Ba Eyovpe

~ 107 tgropor = 1077 AU ~ 1077 d.

e
Hropiva = UN = 2mpc
Ol TUPNVIKEG PAYVNTIKEG POmEG €lval Aomov Katd mévie Tagelg peyéboug
HKPOTEPES OO TIG ATOUIKEG NAEKTPIKEG SITOMKEG POTEG KU EMOUEVOG —AOY®
™m¢ tetpaywvikhg eEdptnong tov I'sy and 10 d M 10 p— 0 oyeTiKog pLOudS
petdPaonc petald mupnvikdv ctadpumv Zeeman 0o peiwbel mepaltép® KOt EVOV
napdyovio g tééemg tov 10! Ta mAdtn ypapung AE tov Sieyeppévav
TUPNVIKOV 6Tabudv Zeeman Oa €ival AOITOV HELOUEVE EVAVTL TOV OVTIGTOLY®OV
OTOULKOV KATH £VAV TapdyovTo (106)3 —AOY® HELOUEVNC KATH £V EKOTOUUDPLO
QOPEG EVEPYELOKNG OL0POPAG peta&d TOV oTUOU®OV— Kal Kotd £vov Topdyovta
(105)2, Aoy peloong xotd 10° twv porndv mov eivar vredBoveg yia T petdfacn
(TUPMVIKEG HOYVITIKEG POTEG EVAVTL OTOMIKOV NAEKTPOSITOAK®OV pottdv). 'Etot,
Ba elvar Telkd
(AE) ~ (AE), x 107 x 1070 ~ 1075 eV x 107% ~ 107 * eV,

Zeeman nopnve —

am’ OToL €lval Lo TEAEIMG AVEPO OTL O GYETIKEG «YPAUUESY EIVAL KUPLOAEKTIKG
YPOUUES, UE TAATOG TOL pmopel aveta vo BewpnOel undeviko.

INo tov avayvootn mov Ba emibopovce map’ OAa GLTA VO GLYKPIVEL TO
napandve AE pe to ototyeio pitpag

Bh
|Uﬁ‘:U:772uAr‘B

onpeldvovpe 6TL T0 B givar yopw otic 10° éoc 10* popéc pkpdtepo Tov By, mov
glvat pe T oepd Tov g théemg Tov 10° gauss. ‘Etot, pe

py = pup/1000 ~ (1078 eV/gauss) /1000 ~ 107! eV /gauss
kot B~ By/10% ~ 102 gauss, 10 ctotyeio uitpag |Us| = U Bo eivar

U ~ (107" eV/gauss) x 10? gauss ~ 1077 eV,

(%)

Bewpole Tpopavis, Pefaiwg, 0Tt OTaV Evag TELETTNG £XEL NON YPAPEL LTLO LOPPNV UATPAG,
o otolxelo uNTpag Tov Ba elval eKEiva mOL AVAYPAPOVTAL GTIS OYETIKEG OECELC NG
avtiotoyyng untpag. Mapadeiypatog xapv, €80 6mov 0 TEAECTN akknkaniagacng pe 1o
eykapolo poyvnTiko medio B(t) éxer Mdn ypoueel og V(i) = ?’fﬁ{/f ;ﬁ{f/; —Kat ot
Kataotdoelg «i» kat «bH g petdfacng éxovv dNimbel todpo g 1 kot 2— elvar eavepod ott
Oa glvar

U] = |[Vio| = [Vau| = | = Ue™™| = U.
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dAadn| xotd eircoat entd peyébovg (1) pikpotepo and 1o AE ! Kat éva epotnuo yia
cog: [t to B npénet vo emAeyel JKPOTEPO —KUL LAALGTO APKETA HIKPOTEPO—
and to By; T oyxéon €xel avtd pe N dakpitiy ikavotnta G cuvokeung NMR;
Anradn ™V axpifela pe TV omoio UTOopEl Vo TPOGIOPIGEL TIG GLYVOTNTES
GLVTOVIGHOL JLAPOP®Y TLPNVOV;



