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1 Bseaenue

HccnenoBaHne XUMHYECKHX CHCTEM SIBIISICTCS BAKHOW TeMOW B 00JACTH KOMITBIOTEPHOTO
MOJIETTUPOBAHUA. OnHako, TOCKOJBKY 3TO CBSI3aHO C KBAaHTOBOM MEXaHUKOH, C IOMOIIbIO
TPaJULIMOHHBIX KOMITBIOTEPOB €r0 MOKa OYEHb CJIOXKHO MOACIMPOBATH. TPYIHOCTH 3aKIHOYACTCA B
TOM, YTO HYXXHO XPaHUTh COCTOSHHUE CYTEPIIO3UIIUUA BCEH CHCTEMBI. A KOJIMYECTBO BO3MOXKHBIX
COCTOSIHMM pPAcTET HKCHOHEHIMATBHO IO CTENEHH CBOOOIBI CHUCTEMBI.  3HAYHWT, YTO TOKA BBI
MOJICTUPOBAHUE YYTh CIIOKHBIX CHCTEM TpeOyeT YK€ OTPOMHYIO NaMATh Ha KJIACCHYECKOM
KOMITBIOTEPE.

C KBaHTOBBIM KOMITBIOTEPOM, MBI HAJIEEMCSI, YTO CMOXEM 3Ty Mpobiemy pemuthb. [lockonbky
KBaHTOBBIN KOMIIBIOTEP MCIIOJIb3YET KBAHTOBYIO MaMsTh. 3aTpaT MaMsITH PACTET TOJIBKO JIMHEWHO IO
CTeNeHU CBOOOBI CUCTEMBbI. B Tekyliee BpeMs Jake YKe CyIIeCTBYIOT HEKOTOPhIE pealn30BaHHbBIC
KBaHTOBBIE KOMIBIOTEPHI. OHAKO, /TaKe ¢ KBAHTOBBIM KOMITHIOTEPOM MOACIUPOBAHUE XUMUYECKHUX
CUCTEM BCE €IIE€ HE IPOCTO M3-3a CIOKHOCTH CaMOM XMMHMYECKOW CUCTEMBL. Bo-mepBbIX, 4TO
KacaeTcs HbIHEITHEH TeOprH, XUMUYECKasi CHCTeMa HenpepbiBHa. Hampumep, monoxeHne cBOOOTHOTO
JJIEKTpOHA — HaOIOmaemMas Mepa B HENPEPHIBHOM IMPOCTpPAHCTBE. MonaenupoBaHue CBOOOIHOTO
3JIEKTPOHA TPEOyeT MHOTO KyOUTOB, UTOOBI pa3feIuTh MPOCTPAHCTBO HA IOCTATOYHO MEJIKHE KyCOUYKH.
Bo-BTOpBIX, B KaueCTBE aNlpOKCUMALIUH, HATPUMEDP, [IJI aTOMa BOAOPOAA, MBI MOXKEM CUUTATH TOJIBKO
HEKOTOpbIE CTAOMIIbHBIE OPOUTHI AIIEKTPOHOB BOKPYT siipa. Ho make B 3TOM cilydae TEOPETHUECKH
ecTb eni¢ OeckoHeuHble opOut. [[s rpyboro MomenupoBaHMs JOJKHO YYHTHIBATh KaK MUHUMYM
JECATKH U3 HUX. /ISl TEKYIIMX KBAaHTOBBIX KOMIIBIOTEPOB MOKa €Ll OYE€Hb TPYAHO CMOJEIUPOBATH
JlaXke TPOCTEUIITYI0O XUMHUECKYIO CUCTEMY.

B nmannoit pabore, mpencTaBieH croco0 i UCCIENOBAaHUS XUMHUYECKUX CHCTEM C TOMOIIBIO
ONTUYECKUX MOJOCTU U 3aXBAYEHHBIX B HEM aTOMOB — ONITUYECKast HHTEpIpeTaursa. MOKHO CKa3aTh,
YTO 3TO CHENHMANBHBIA Ui XUMHUH (HE YHHMBEpCAJIbHBINA) KBAHTOBBIN KOMMbIOTep. [TaBHas upjes
— HCIOJIb30BAaHUE TPYAHO MOIECIMPYEMOIO CaMOIrO BEIIECTBA JJISI MOJICIMPOBAHUS XUMUYECKOU
CHUCTEMBI. JTO TOXO0XK Ha IKCIIEPUMEHT, HO KOHTPOJIMPYEMBbIE B CUCTEME MOJIOCTEH aTOMBI HAM JAr0T
00JIbIIIe BO3MOXKHOCTh pa30UpaThCsi B COCTOSIHUH aTOMOB B PEATbHOCTH.

OnTuyeckas HHTEpIIpETaIUs He IpeIHa3HauYeHa YTOOBI BOCIIPOM3BOAUTD TUHAMUKY XUMUYECKHUX
PEeaKIHnii, a KAUECTBEHHO MPEICKa3bIBATh JIOJITOCPOUYHBIE PE3YJIbTAaThl. BO MHOTHX clTy4yasix UMEHHO 3TH
JIOJITOCPOYHBIE PE3YJBTAThl ONPEAEIAET CBOMCTBA MaTepHUaia, a JMHaAMUKa HaM HE TaK UHTEPECYET.

B ontudeckoii mHTEpIpeTannu, 3apsabl He MOTYT IepeMeIaThCsi Ha OONbIINE PACCTOSHUS, TOIBKO
(dhotonbl MoryT. Tak nemaem, 9ToObl OHA TMpoIe PU3NIECKH pPeaTn3yeTcs, MOCKOIbKY TTOKa HaM eIé
TPYAHO MEPEMEIATH 3aPSAI0B U MPUUEM COXPAHUTh UX KOT€PEHTHOCTh. JTO CEpbE3HASI TEXHUYECKAs
npobiema. A y Hac yXe eCTb HaAEKHbBIE ONTUYECKHE CPEACTBA I MEPEMEIICHHS] KOT€PEHTHBIX
(hOoTOHOB.

B nanHoii pabote, mpencTaBieHbl HEKOTOPHIE NPUMEPHI ONTHYECKON HWHTEpPIpETalud Ha

HpOCTCI\/’IIIII/IX MOI[CJ'ICfI. HpOBeI[eHI)I BBIYUCJIUTCIIBHBIC OKCIICPUMCHTEI, NPOBEPCHO COOTBCTCTBHC



PE3YJIbTATOB MW HUCCICAOBAHBI BJIWAHHA HCKOTOPBIX IMAPaAaMCTPOB HaA TOYHOCTD. OHHn 1ML
ABIIAIOTCA OYCHb IMPOCTBIMU IMPOTOTHUIIHBIMHU IIPUMEpPaMH, HO B HGKOTOI)OP’I CTCIICHU IIOKAa3bIBAKOT

OCYHIECTBUMOCTD TAaKOI'0 IMoAXoaa.

2 XuMuuyeckas MOJIeJIb

2.1 Mogesb AByXypPOBHEBOI0 aTOMA

CHauasna pacCMOTPHM MPOCTYIO MOZEIN OAHOTO JIByXYpPOBHEBOTO aTOMa.

Mp1 onpeaenuinu 4 6a3UCHBIX COCTOSHUS AJIS TAKOTO aTOMa I10 3JIEKTPOHHON KOHPUTypaluu, KaK
BuaHO Ha puc. 1. Ilpeamonoxum, 310 atoM Bogopona. Korma BOKpyT sipa HET DIEKTPOHA, 3TO
WOH BOJIOPOJIA, U 3TO ecTh coctostHre (. A eciii BOKpPYT siipa €CTh OJUH AJIEKTPOH, CHOpMUpPYETCS
arom Bomopona. CuuraeM, 4TO 3TO JBYXYPOBHEBBI aToM, T. €. y aroMa BO30yXIEHHOE U OCHOBOM
ypoBeHb. COOTBETCTBEHHO, 3TO COCTOSIHHE | M cocTosiHME 2. A MOXKHO emi€ J100aBUThH AJIEKTPOH.
Torma cpopmupyercst annon Bonopoaa. M 3to coctosinue Homep 3. bosbiiie 31eKTpoHOB BOKPYT sipa
He ynepxkurcs. [loaToMy y Hac Bcero 4 COCTOSHUS aToMa.

3amuiieM COCTOSHUS aToMa B HoTauuu J{upaka:

10)ar = ’O>ob0 |O>ob1
1) = 10) 1y |1,
12) 4 = ’1>ob0 |0>ob1
13)ar = ’1>ob0 |1>ob1
CornacHo mpuHnumy 3anpeta [laymu, B omHON opOuTe, MOXXHO CaaUThCA HE OOJBIIE OITHOTO

anekTpoHa. Kpome 3Toro, 4To0b! ympoCTUTH MPOTOTUITHYIO MOZIEIh, B JAHHOW pab0Te MBI YUUTHIBAEM,
YTO BCE NIEKTPOHBI UMEIOT OAMHAKOBBIN CIIMH. OJTO BpsJ COOTBETCTBYET peasbHOCTh. HoO miaBHBIE

CBOICTBa MojieNy (Harpumep, TEMHOE COCTOSIHUE, CM. maparpad 2.4) coXpaHsioTcs.

DTU COCTOSTHUSL UMEIOT pa3Hble MoTeHIHanbl. [Ipu nepexoge Mexay HUMHU aTOM MOIVIOIIAET WU
ucryckaeT GOTOH C onpeaenéHHon sneprueii. Beero 3 tuma GpoToHOB:

* ®OTOH wy; — POTOH, CBSI3aHHBIN C Mepexo Mexay cocTostHUsIMU O U 1, ¢ sHEeprueit fiwg;

* DOTOH w15 — POTOH, CBSI3aHHBIN C TIepexo]] MeKAy cocTostHuUsIME O 1 1, ¢ SHEpTHeH hw, o

* DOTOH w3 — (HOTOH, CBSI3aHHBIN ¢ Mepexon Mexay coctosHUsIMU O 1 1, ¢ sHEeprueit fiwss

DD

|0)at |1>at |2)at |3)at

opbutal ———

opbuta ) —+—

Puc. 1. Cxema XuMHU4YeCKOH MOIETHU



2.2 JIByxaroMHasi MOJeJb

B nannoit paGote uccieqoBaHa XUMHUECKasi MOJIETb C JBYMSI TaKMX aToMa JBYMsI 3JIEKTPOHA U

TPAHCIIOPTHBIM YPOBEHB, KaK BUAHO Ha pPHC. 2.

TPaHCMOPTHbIN \
ypOBeHb

Wo1 Wo1
W33 W33
W12 W12
-9 —@-
atom 0 aTom 1

K NnoaoCTb

Puc. 2. Cxema XUMHYECKOH MOIETHU

DNEeKTPOHBI MOTYT MEPEMEIIATHCS MEXKAY aTOMaMU Yyepe3 TPAaHCIOPTHBIN ypoBeHb. CunuTaem, 4To
HEPEXO]l ANIEKTPOHOB MIPOU3BOAUTCS TOJIBKO MEXAY TPAHCIIOPTHBIM ypOBHEH M opObuToil 1 aTomoOB.
Korga atom mepexomut mexay coctossHusiMA O u 1, 2 u 3, ecTh 3JIEKTPOH BXOAUT WM MOKHUJIAET
TPAHCTIOPTHBIN YPOBEHb.

B peanbHbIX Marepuanax TpaHCIOPTHBIH YPOBEHb — DHEpPreTHYecKas 1oJioca U3 O4€Hb MHOIO
opoutr. Ilostomy, He cMoTps Ha mnpuHuun 3amnpera [laynm, cumTaem, 4To Ha HEM MOXKHO
HAXOJUTHCSI CKOJIBKO YTOAHO AIIEKTPOHOB. Torma 0003HAYMM COCTOSIHHE TPAHCIOPTHOTO YPOBHSA
YHCIIOM 3JIEKTPOHOB:

* |0),, — Ha TPAHCTIOPTHOM YPOBHE HET BNEKTPOHA.

* |1),, — Ha TPAHCIIOPTHOM yPOBHE €CTh | JIEKTPOH.

. |2>tp — Ha TPAHCTIIOPTHOM YPOBHE €CTh 2 3JIEKTPOHA.

UT I
CrnenyeTr OTMETUTB, YTO 3TO HAa CAMOM JIeJIe alllPOKCUMAIIHsI TPAaHCTIOPTHOTO ypoBHs. loapo6HO

cMoTpuTe Ha maparpadg 6.1.

Bcs cucrema HaxoAUTCS B OHOM MHOTOMOJIOBOM ONTUYECKOM MOJIOCTH, KOTOPasi yAEPKUBAET BCE
THITBL (POTOHOB. 3alMIIEM COCTOSHHS TIOJIS B TIOJOCTH B HOTanuu J{upaka:
* |no1)y,, [M12),,, [723),,, — COCTOSHHE, MpH KOTOPOM €CTb B MOJOCTH 791 (OTOHOB Wi,

n12 GOTOHOB W13, No3 (HOTOHOB Wa3, COOTBETCTBEHHO.

2.3 DBoJOUIHA CHCTEMbI

YTtoOBl OIKUCHIBATE OBOJIIOIIMIO CHUCTEMBI, IJIA YHO6HOCTH, CHadaJla OoIpeaAcimM JICCTHUYHBIC

OIepaTophI:

Poxnienne/yHuuToxkeHre (POTOHOB:



* apn =Y g Vk+1]k) (k+1]|, — ynmaroxenne oqHOro GoTOHA W
* a}, — poxaenne ogHOro GoTOHA Wy

(aHAJIOTMYHO JJI IPYTUX TUIIOB (DOTOHOB: (12 U G23)

[Tpuxon/yxo 3MeKTPOHOB HA/U3 TPAHCIIOPTHOTO YPOBHS:
* 01 =D _p_oVk+ 1|k) (k+ 1|, — IpuX0n OAHOTO MEKTPOHA HA TPAHCTIOPTHBIH YPOBEHb.

. atTp — YXOJ1 OJTHOTO 3JIEKTPOHA U3 TPAHCIOPTHOTO YPOBHSL.

IToTomM MoxkeM OonpeacinM CICAYIOIINEC OIICPATOPHI:

3H€pFI/I$I (1)OTOHOB PAa3JIMYHBIX THUIIOB:
_ H,T
— H,T

* Elg = hCL126L12

° E23 = haggagg

[ToreHuMan TpaHCIOPTHOTO YPOBHS:

e P,=0 HOJIb IS JIFOOBIX KOJIMYECTBO DJIEKTPOHOB
tp

IToTenmman aToMOB:
* Put, = 00) (0], — hiwor |1) (1], — (hwor + hwnz) [2) (21, — (Awor + fiwra + hwss) [3) (3]
. Pat1 =0 |O> <0|at1 — hwm |1> <]‘|at1 — (thI + hwlg) |2> <2|at1 - (hWOI + hwlg + hw23) ‘3> <3|

ato

aty

Hepexoz[LI 3J'I€KTpOHOB 1 COOTBCTCTBCHHBIC r[epexonbl COCTO?IHI/II\/II aTroMa.
* Toraty = aly ® 04y @ [1) (0], + aor @ o, @ [0) (1]
* Thzaty = aly ® Iy @ |2) (1], + a12 @ Iy @ 1) (2],
o Thsaty = by @ 01 @ [3) (2, + 023 @ 7, ® [2) (3]
¢ Torar, = aby @ 04y @ [1) (0], + ao1 ® o}, @ |0) (1]
(
(

ato ato
ato
ato

aty aty

o Tioar, = aly ® Iy ® |2) (1], + a12 ® Ly ® 1) (2,
o Togar, = Ay ® 04 @ |3) 2, + ag ® o, ® [2) (3]

aty

atqy

I[JISI OIMMUCAHUA 3BOJIOLOHUN CUCTCMBI UCITIOJIb3YCM I'aMUJIbTOHUAH

H =P, + Py, + Py + Eog + Eig + Eas
+901 010ty + 91211201, + 9231234t
+901T01at; + g12T124t, + G23123a1,

A€ goi, gi12, Y23 — MHTCHCUBHOCTD IICPEXOaa JICKTPOHOB.



B kauecTBe (hpakTOpHI JEKOTEPEHIINHN, YIUTHIBAEM YTEUKY (DOTOHOB BCEX THIIOB.

Ag1 = ap1  (C MFHTEHCUBHOCTBIO 7Yo1)
A12 = Q19 (C HMHTCHCUBHOCTBIO ’}/12)

Aoz = as3  (C MHTEHCHUBHOCTBIO 7Y23)

Brruucium 3BoIONIKIO CHCTEMBI TIO ypaBHeHuto JInnaonana:

. . 1
ihp = (Hp—pH)+iy _7;(A;pAl — §(A}Aj,0 +pAl4;))

J

2.4 TémHoe coCcTOSTHME

Ora Monmenb HUMEeT Takoe crenuanbHoe TéMHoe cocrosHue ¢ RWA (Rotating Wave
Approximation), Kak 1mokazaHo Ha puc. 3. OHO SBISICTCS TMHEHHOW KOMOMHAIIMH JIByX COOCTBEHHBIX
COCTOSTHUH.

3anumem B HoTauuu Jlupaka (COCTOSIHUE IPYTUX KOMIIOHEHTOB OMYIIEHO):

|S>at0at1 = ’1>at0 |2>at1 - |2>at0 ‘1>at1

----]

X [ B —

[Dat, |2)at, 12)at, 1 Dat,

Puc. 3. CxeMa onTuyeckoil UHTEpIpETAIIUN

[Ipu 3TOM X071 B CUCTEME €CTh aTOM Ha BO30YKIEHHOM COCTOSIHUY, W3-3a UHTEP(EPEHIINN BOTHBI

BEPOSITHOCTH, CUCTEMA HE MOXKET UCITyCKaTh ()OTOHA, TOCKOJIBKY

(Th2at, + Tho2at,) |8>at0at1 =0

Torna 370 cocTOsIHME B KAKOH-TO CTENIEHU CTAOUIIBHO, HO C BBICOKOM HEPTUEH.

Ecnu BhllIecKka3aHHas XUMUYECKas cucTeMa (CM. raJjiB. 2) 3BOJIOLUOHUPYET C yTeUKoil pOTOHOB
Bcex TunoB. [locne mocTaroyHO OJITOro BPEMEHH, Mbl IMOJIYYUMM B KOHIIE KOHIIOB TOJIBKO T€
CTaOUJIbHBIE COCTOSIHUU.

Hampumep (cMm. puc. 4), HaUHEM C TAKOTO COCTOSIHMSI, YTO BCE€ DJIEKTPOHBI Y OJHOTO aToMa.
Emé nobaBien ¢GpoToH, 4TOOBI SJEKTPOH CMOT BO3OYIUTHCS HA TPAHCIOPTHBIA ypoBeHb. Cucrema
SBOJIIOLIMOHUPYET € yTeukoil (oToHOB. B pesynmprare momyuum cyneprno3uuuio 4-€x KOHEUHbIE

cocTostHui. Y BUIHO, YUTO CPEIIU UX, €CTh COCTOSIHUE ]s)atoatl.



¥ T ¥ : T
|3>at0|0>at1 |0)at0|3)at1 |2)at0|2)at1
aBoJirounAa

<= C yTeuKol GOTOHOB
Y (T
—'—.—I L \
Haya/bHOe COCTOsAHME Fe— T
13Yat,10}at, [ 1)w,, ¥y LR
- J

|1)at0|2)at1 - |2)at0|1)at1
(TéMHOe cocTosHue)

Puc. 4. Cxema 3BOJTIOIUH CUCTEMBI C YTEUKOH (POTOHOB

Ha camom ACJIC, OHU BCEC ABJIAIOTCA TEMHBIMH COCTOSIHHUAMMU, ITOCKOJIBKY OHHU HE MOT'YT UCITyCKAaTbh

(bOTOH. Ho Ccpeau HUX, COCTOSIHUC |S> ABIIACTCA OYCHB CIICHHUAJIBHBIM. HOTOMy YTO, OYCBHUJIHO

atoaty
ApPpYyTrue COCTOAHUS HE Tpe6YIOT HU KaKyIO CBA3b MCXKAY ABYMs arOMaMH, T. €. OHH BO3MOXHO

CYILIECTBYIOT C OTACNIBHBIMU AByMsi atoMamu. OJHAKO, COCTOSIHHE |S) BO3MOXKHO CYILIECTBYET

atoaty
B I1apax aroma.

CyliecTBOBaHHE COCTOSTHHS |S) TECHO CBS3aHO CO CBOMCTBOM Marepuana. OHO MOXeT

atoaty
COOTBETCTBOBAaTh KAKOM-TO CTPYKTYpEC Marcpuajia. Wnu Takoe cocTosHHE CYHICCTBYCT B KaUCCTBC
MMPOMECIKYTOYHOI'O COCTOAHUSA XHUMHYECKON pcaKknuu. A APYTU€ COCTOSIHHA, IMOCKOJIBKY CTa6I/IJIBHbI,
OHH MOT'YT O0JIT'OC BpEMA CYLICCTBOBATDH, IIOOTOMY TAKIKC UI'PAI0 BAXKHYIO POJIb.

ILJ'I?I ONITHYECKOH HHTCPIIpETAlN XUMHYECKON MOJZCIIN, I'TaBHAsA II€JIb 3aKJI0YAacTCA B TOM, YTOOBI

OpeaACKa3biBaTh CYIIECCTBOBAHUEC TAKUX TEMHBIX COCTOSTHHI.

3 Onruyeckasi MHTEPIPETANUA

3.1 CucreMbl 1J151 ONITHYECKON HHTEPIPETALMA

B puc. 5 mokazana cxema CUCTEMBI IS ONTHYECKOW HHTeprpeTanuu. CTpyKTypa Mmoxoxka Ha
XMMHUYECKYIO — /1B IByXypPOBHEBBIX aTOMa B MHOTOMOJIOBOM ONTHYECKOH MOJIOCTH.

OTH aTOMBI TaKUE KC, KaK B XUMHUYECKOU MOICIIN. Ho pa3Hula B TOM, 4TO aTOMbI U30JIMPOBAHLL
JUTS TIepeXo/ia SIIEKTPOHOB, T. €. Y HUX TPAHCIOPTHBINA YPOBEHb Pa3IeIeHHbIN.

Tor):[a COCTOSIHHE IBYX TPAHCIIOPTHEIX YPOBHA 3alIUChIBACTCS KaK:

* |Mup)ip, |Ttp1)y,, — Ha TPAHCIIOPTHOM YPOBHE JCBOIO aTOMa Ty, OICKTPOHOB, a Ha

TpaHCIIOPTHOM YPOBHC IIPABOI'0 aTOMa 7i¢y,, JICKTPOHOB.

Kpome 3toro, emé ucKyCCTBEHHO CO37aH TaK Ha3bIBA€MbIN ‘‘aHOMHBIA YPOBEHB € IMOTEHIHAJIOM



TPaHCMNOPTHbIN
ypOBeHb

Wo1 Wo1
W33 W33
Q Q
W12 W12
atom 0 atom 1
aHoj ——e—+— L S—

K NMONOCTb /

Puc. 5. CxeMa ontudeckoil HHTEpIpETaLUN

—h$). AHOmHBIN ypOBEHb, TAKKE SBJISICTCS YHEPrETHUECKOM MOIOCOM, COCTOSIIECH U3 0YCHb MHOTO
OpOUT, KaK TPAHCIIOPTHEIM YPOBEHb. M BUIHO, YTO aHOAHBINA YPOBEHD TOXKE Pa3/IeIICHHBIH.

Torma cocrosiHUe ABYX aHOIHBIX YPOBHS 3aIMCHIBAETCS KaK:

. |”ano>an0 [an; ) gy, — HA AHOJTHOM YPOBHE JIEBOTO ATOMA 72,47, DTIEKTPOHOB, & HA AHOIHOM YPOBHE

I[IPpaBoOro aroMa 7qy, JICKTPOHOB.

Mexy TpaHCIIOPTHBIM YPOBHEM W aHOJHBIM MOYKHO IEPEXOIsT AEKTpoHbl. [lpu mepexone,
crcTeMa UCIyCKaTh Wi noriomars GoToHsl ¢ 3Heprueit 7). Ilomocts gomkHa Takoil Tun GoroHa
TOXKE yAEPKUBAThCsA. Toraa B CHCTEME JIOTIOTHUTEIbHBIA THIT POTOHA — POTOH ().

CocrostHue nois B OJOCTH:

. |n01>w01 n12)., |7123>w23 |nq)q — COCTOSHUE, IPU KOTOPOM €CTh B IOJIOCTH 791 (POTOHOB Woj,

n12 POTOHOB W12, No3 (HOTOHOB wWa3, N HOTOHOB {2, COOTBETCTBEHHO.

3.2 Hurepnperauus nepexona 3JeKTpoHa

C Mozenu onTHYeCKO HHTEPIPETALINH, IEPEXO]] IITEKTPOHA HHTEPIIPETUPYETCS POTOHOM 2.

HamomuuM nporiecc nepexona 371eKTpoHa B XUMHUECKON MoJienH (cM. pHc. 6):

1. Dnextpon Ha opoute 1 y neBoro aroma, MoriaoTuB GOTOH wy; (MM (HOTOH Wo3), TTOMHUMAETCS
Ha TPaHCIIOPTHBIA YPOBEHb.

2. DTOT 3IEKTPOH U3 TPAHCIIOPTHOTO YPOBHS CITyCKaeTCsl Ha opOHTy | y Apyroro aroma, CIycKas
¢$hoToH wy; (M POTOH wo3).

A B cucTeMe ONTHYECKOW UHTepIpeTauu: (cM. puc. 7):

1. Dnekrpon Ha opOuTe 1 IeBOro aroma, MOrIOTHB POTOH wy; (WK (POTOH wWoa3), MOTHUMACTCS HA
JIEBBIN TPAHCIIOPTHBINA YPOBEHb.

2. DTOT AIEKTPOH U3 TPAHCIIOPTHOTO YPOBHS CITyCKAaeTCsl HA aHOIHBINA YpOBEHbB, HCITycKasi (HOTOH
Q.

3. Drot (oToH ) MOXKET B3aUMO/ICHCTBOBATH C 3JIEKTPOHOM Ha aHOJTHOM YPOBHE B IPYTOif CTOpPOHE,

noaHruMas TOT SJICKTPOH Ha HpaBBIfI TpaHCHOpTHHﬁ YPOBCHbL.



4. ToT AJIEKTPOH U3 TPAHCIIOPTHOTO YPOBHSI CITyCKaeTCsl Ha opouTy 1 y mpaBoro atoma, HCITycKast
($hoTOoH wy; (MK POTOH wo3).

310 CcIoXKHBIH poriecc. Ho BaskHO, YTO MpH 3TOM 3apsKEHHBIC YACTHIIBI JITTHHHBIC PACCTOSIHUS HE

UAyT. JIMITHAE 3TIEKTPOHBI, KOTOPBIE YK€ BHE XUMHUECKOW CUCTEMBI, XPAHSATCS Ha aHOAHBIN YPOBEHb.

Jlaneko nmepeMeniarbesi TOIbKO POTOHBI. Tak MBI CMOXKEM XOPOIIO COXPAHUTh KOT€PEHTHOCTb.

TpaHCI'lOpTHblVI

ypOBEHb
w01/w23 ‘4)01/‘“23

atom 0 atom 1
NMoJIoCTb

Puc. 6. Ilepexon 251eKTpOHA B XUMUYECKOW MOZIENIN

TPaHCMNOPTHbIN
ypoBeHb
Wo1/Wa3

4. Wo1/Wa3

atom 0
aHoj,

K NMONOCTb /

Puc. 7. Ontuueckas uHTEpIpeTanys Nepexoia MEKTPoHa

3.3 DBOJIOLNA CUCTEMBI

B cucrteme ontuueckoil MHTEPIpPETALUH, JICCTHUYHBIC OMIEPATOPhI TIOXOXKU HA T€ B XMMUYECKON
CHCTEME, TOJIKO y HAac pa3ieieHHbIC TPAHCIOPTHHIE YPOBHHU, JOOABICHBI aHOIHBIE YPOBHH (TOXKE
a3/ieJIeHsbl), 1 emié 100aBieH (GOToH (2.
2
* a1 =Y oo Vk+1]k) (k+ 1|, — yaumaroxenne oqHOro GOTOHa W,
. a(T)l — pOXXIeHHEe OHOTO (POTOHA Wy
(aHAJIOTMYHO JJI IPYTHX TUTIOB (DOTOHOB: 12, (23 U ()
_ o) (v v
* Opy = D peoVk+1]k)(k+ 1|, — IpUXOmL OZHOrO dIEKTPOHA Ha JIEBBIH TPAHCIOPTHbIH
YPOBEHb.
. O'Zpo — YXOJI OTHOTO JIEKTPOHA M3 JIEBOTO TPAHCIIOPTHOTO YPOBHSL.

(aHAJIOTMYHO [UIs IPABOTO: Oyp, )
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* Oany = D _peoVh+1|k) (k+1]|,, — UPUXOT OTHOTO SNEKTPOHA HA JEBBIH TPAHCIOPTHBINH
YPOBEHb.
* 0. — yXOI OJHOTO SIEKTPOHA U3 JIEBOTO TPAHCTIOPTHOTO YPOBHSL.

ang

(aHaJIOTUYHO 715 IPABOTO: T gy, )

OHeprus GOTOHA Wy, Wis U Wa3 OMUHAKOBA KaK B XUMHUECKOW CHCTEMBI.
A sueprus ¢otona €2:

e Fqg = ha}lag

[ToTreHnman TpaHCIOPTHOTO YPOBHS M aHOJHOTO YPOBHSL:

* Py, =0 (HONb 115 10OBIX KOJIMYECTBO IEKTPOHOB)

* B, =0 (HOIB 11151 MHOOBIX KOJTMYECTBO HIEKTPOHOB)

* Pang = 2 o —khQ)azpoatpO (KOJIMYECTBO HIEKTPOHOB YMHOXKHMTH Ha OTCHIINAI)
* Pon, = ZZO:O(_khQ)UT

any Tan, (KOJIMYECTBO DIIEKTPOHOB YMHOXKHUTH Ha MOTEHIMAIT)

HOCKOHLKY aTOMBbI TaKHC XXC, IIOTCHILMAJI aTOMOB OHHHaKOBBIﬁ, KakK IJid XUMHYECKOH MOACIIN.
ITepexompl COCTOSHHUS aTOMa TAKKe, HO TOJILKO C pa3AeleHHBIMU TPAHCIIOPTHEIMU YPOBHIMHU.

Emé nobasieH mepexos 3JCKTPOHOB MEX /1y TPAHCITOPTHBIM U aHOIHBIM YPOBHEM:

* Totaty = afy @ Oy @ |1) (0], + aor @ 0y @ 10) (1],

* Toat, = ah ® [2) <1’at0 + a1 ® 1) <2|at0

o Tosaty = Ay @ Oppy @ |3) (2], + a23 ® ol ®12) (3lat,

* Tow, = a;r) ® Otpy @ alno + aq ® azpo @ Tang

(ananoruuHo Uit mpaBoi 9acTu: Toiat,, Ti2at,> T23at:> Ttp,)

aMUIIBTOHMAH CHCTEMBI OYJIET:
H =Py, + Pu, + Py + Py, + Pang + Pany + Eo1 + Eia + Eas + Eq
+901 1010t + g127112at0 + 92312301, + gl
+901T01at, + g127T12at, + 92312301, + 9T

B kadecTBe (paKTOpHI 1EKOTE€PEHILINH, YUUTHIBAEM YTEUKY (POTOHOB BCEX TUIIOB.

Ao1 = ag1  (C MHTEHCUBHOCTBIO 7o1)
Ao = a1 (C MHTEHCUBHOCTBIO 7Y12)
A23 = a923 (C HMHTCHCHUBHOCTBIO ’}/23)

Ag = aq (¢ HHTCHCHBHOCTBIO ()

Brruucium 3BOIONKIO CHCTEMBI TOXE MO0 ypaBHeHUIo JInnaOnana:

" | |
ihp = (Hp— pH) +1i ) v(A;jpA] — S(AjA;p+ pALA))

J
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4 BpluHcCJAUTEIbHDbIE IKCIICPUMEHTDLI

4.1 DIBOJIOLHUUN CUCTEMBI

[IpoBeneHb! BHIYMCIUTENBHBIE IKCIEPUMEHTBI YTOOBI BOCIIPOU3BOJUTH IBOJIOLUU CUCTEMBI 110
BpEMEHU. Tak Mbl CMOXKEM CPABHMUTH PE3YJbTAaThl 3BOIIOLUM XMMHUUYECKOW MOJAEIU U ONTHUYECKOU
uHTepnperanuu. KoMIblOTEpHOE MOIENIUPOBAHUE M BBIUUCICHHUE BBIIOIHSIIOTCSA C IOMOLIbIO MAKET
BraAndKet (1a s3sike python). CMoTpuTe npuoxeHHsli naparpadg 6.2 1is neranei.

Ml BOCHPOU3IBOANIIN 3BOJIIOIHUU CUCTCMBI Ha HCCKOJIBKO ClIydadX.

4.1.1 Cayuau 1

Oto ciyvail kak npuMmep Ha puc. 4. HadanbHoe COCTOSHHME Takoe, YTO JIEBOE aTOM HMMEET 2
JIEKTPOH, a IPAaBOE aTOM HET UMeeT 31eKTpoH. U emé nodasneH oqHu (POTOH wag, YTOOB! BO3OYIUTH
AJIEKTPOH Ha TapHCHOPTHBIM ypoBeHb. TakuMm 00pa3oM 3JEKTPOHBI CMOTYT AOCTUTATh O JIPYroro
aroma. Jl1s onTHYECKON MHTEPIIPETALIUH, TOCKOJIBKY (POTOH {2 UTpaeT BaXyIO POJIb HA MHTEPIIPETALIH

HEepexo/l HEKTPOHOB MEXKIY aTOMaMH, B 3TOM cllyyae, He yUUThIBaeM yTeduky (GoToH {2, T. €. o = 0.

Konduxypanust 1y1st XuMU4eCcKoil Moiemu:
* Hawanbnoe cocrosmue: [3),, |0}, ®@[0), ®[0), [0), (1),

* go1 = Gi2 = g23 = 0.02 Yo1 = Y12 = 723 = 0.002

Kon¢ukypanms 11 OnTHYECKONH HHTEPIIPETAIIH:

* Hawanenoe cocrosnue: [3),, (0}, 10) .0 @ 10),; 10),, 12)4,, @ 10), 10}, (1), [0)g

* go1 = g12 = g2z = go = 0.02 Yor = Y12 = Y23 = 0.002 Yo =0

Ha pwuc. 8 mokazanbl KpuBblEe M3MEHEHUES BEPOSIHTHOCTEW COCTOSIHUM CHCTEMBI XMMHYECKOMN
MoJenu. A Ha puc. 9 moka3zaHbl TakMe K€ KPUBBIE JUISI CUCTEMbI ONTHYECKON MHTEpPIpPETaLUU.
BuaHo, 4TO KOHEYHBIE COCTOSIHMSI XOPOILIO COOTBETCTBYIOT XMMHUYECKOW. Jlake BepOsSTHOCTH
Oomu3ku. Ho CKOpOCTH CXOAMMOCTH OY€BHJHO pasznnyaroTcs. CKOpPOCTh CXOIUMOCTb ONTHYECKON
MHTEPIPETALMM 3HAYUTEIBHO MEJICHEE. [TosTOMy, onrTHyeckas HHTEpPHpETanys XOpPOIIO
MPEACKA3BIBAET IOJITOCPOUHBIE PE3TYbTAThl XUMHUUECKUX PEAKIIMH, HO HE MOYKET TOYHO BOITPOU3BOAUT

JAUHAMMUKY.

4.1.2 Cuayuaii 2

DTO ciydaif MOX0XK Ha MPEThIAYIINI, HO B HAaYaJIbHOM COCTOSTHUM J100aBieH emeé aBa poToHa —
($hoToH wp; 1 POTOH wis. Takum 0Opa3oM, cucTeMa UMeeT B Hadasie OoJjblie dHepruro. Torma cucema

CTaHET aKTUBHEe. A A0JI1 BEPOATHOCTH KOHCUHBIX COCTOSIHUI CTAHYT Pa3HbIMHU.

Konduxypanus 1j1st XuMu4ecKkoil Mojienu:

* Hawanbnoe cocrosmue: [3),, |0}, ®@[0), @ [1), (1), (1),
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10)at013)a110)¢p 000 0012005 W
1Dat012)at110)p|000) 0120, W - 0.9
12)at0]1)at110)tp|000) w0505 W
12)at012)a110)¢/000) g0y, W 0.8
13)at0]0)at1/0)tp|000) w105 W
13)at0]0)at110)¢p|001) g5 » T 0-7

0.6

0.5 Iz)atnlz)atl
0.4
/ |3)at0|0)at1
0.3
- 10)at,I3)ac,
OOt
T 1)y D, — 12Dty Ve,

‘o‘ Q02 L\

AN AN 6 > o0
0 500 1000 1500 2000 2500 3000 3500 4000

prob

Puc. 8. DBomonuy cucTeMbl XUMUYECKOM Mozienu (ciry4dait 1)

1.0

100, 2)atytpans |30, 0)at,tpyan; [000, 0)esyywpzwn0 @
110, 1)atytpoane |20, Lat;tpyan, [000, 0)uyunsse @ F 0.9
120, L)atstpoan| 10, L)atytpran; 000, 0) w050 W
120, Datytpoans |20, Datytpan; [000, 0)usgyunzun0 ® 0.8
130, 0)atytpoans |00, 2)atytp1an, 1000, 0)isgywpzwns @
130, 0)atstpoanc| 00, 2)atstpyan: |00, O)ugywrwnsa T 07

0.6
0.5 Iz)atolz)atl
0.4
< 13)aty|Oat,
0.3

|O)at0 | 3>at1

7
‘,}g}.‘, A T Dty Dat, — [2Vaty| Dty

0.0
4000

prob

Puc. 9. DBonronuu cucTeMbl ONTUYECKON HHTEpIIpeTaluy (ciydai 1)

* Jo1 = g12 = g23 = 0.02 Yo1 = Y12 = Y23 = 0.002

Kondukyparus a1 onTHIeCKOM HHTEPIIPETALNH:

* Hawanbnoe cocrosmue: [3),, [0}, 10),,0 @ 10) 4, 10),, 12)0n, @ 110, Dy 1), (000

* Jo1 = g12 = g23 = go = 0.02 Yo1 = Y12 = Y23 = 0.002 Yo =0

Ha pmuec. 10 nokasansl KpUBble U3MEHEHUES BEPOSHTHOCTEH COCTOSHUN CHUCTEMBI XMUMUYECKOU
Moznenu. A Ha puc. 11 noka3aHbl Takue )€ KpHUBBIE JUISI CUCTEMBI ONTHYECKONM HHTEPIPETALNU.
Curyanus noxox Ha ciydaid 1. Koneunsle pe3yiabsraTsl COOTBETCTBYIOTCS OYEHb XOPOLIO, HO CKOPOCTH

CXOOAMMOCTH pa3JIndaroTCs.

4.2 BuusiHue mMapaMeTpPOB HA TOYHOCTh

Kak BUJHO U3 Hpem,mymei/i OKCIICPUMCHTOB, KOHCYHLIC COCTOSAHUSA B OIITHYECKOM HHTCPIIPpETAN
XOpo1mo COOTBETCTBYIOT XUMHYECKOMH MOACIIN. I[ax(e HUX BCPOATHOCTU OUYCHD Onu3KH. A Ha CKOJIBKO

Onn3Ko?
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— 10)ato]3)at1|0)tp|000) .00, W
— |Dat0]2)at1]0)tp|000) 00,0, W T 0-9
— 2)ato|1)at1|0)tp|000) ey, 05,00,, W
— [2)a0]2)ar1|0)tp|000) w00, W
— 13)a10]0)at1| 0)tp|000) 00,0, W
= 13)ar0l0)at1| 0)epl 11 D) oyypz00,, >

r 0.8

ro.7

r0.6

prob

|3)at0|0)at1
: 10)azo|3Var,
(07— 12)at, |2)at,

|1)at0 Iz)at1 - |2)at0|1)at1

3000 3500 4000

Puc. 10. DBodrOIMM cUCTEMBI XUMHUECKOW MoienH (cirydaii 2)

1.0
—— |00, 2)at,tpyan| 30, 0)at,tpyan, 1000, 0)uywoywps0 B
110, Datytpyan,| 20, 1)at;tp,an, 1000, 0,050 @ | 0.9
—— 120, L)atytpoan,| 10, 1) 1000, 0) .
—— 120, 1)atytpyan| 20, 1)atytpyan, 1000, 0)uyusywp0 ®
—— 130, 0)atytpyan,| 00, 2)at;tp,an, 1000, 0)ugsapzuz50 W
—— 130, 0atytpoans |00, 2)at,tp,an, 1111, 0)uyy 00,50 B

ro0.8

ro.7

r0.6

prob

|3)at0|0>at1
|O)at0|3)at1
"0-2\ |2>at0 | z)at1

[Datol2)at, = 12)aty| Daty

0 500 1000 1500 2000 2500 3000 3500 4000

Puc. 11. DBosonuy CHCTEMbl ONITHYECKON WHTEpIpeTauu (ciydai 2)

OHCHI/IBaeM TOYHOCTD IO YPAaBHCHUIO!:

4
Ace = \/pipn
k=1

TJIE P, — BEPOSITHOCTH £-rO KOHEUHOTO COCTOSTHUSI XUMHUYECKOW MOJIEIH.
Dk — BEPOSITHOCTH k-TrO KOHEYHOTO COCTOSIHUS ONITUYECKON MHTEPIPETaIUH.

Acc — TOYHOCTB ONTHYECKOM MHTepHpeTaluu (B quamnasone 0.0 — 1.0)

Oto no cmeican noxox Ha Fidelity. Enununa — coBepiieHHO TOYHO. A HOJIb — COBEPILEHHO HE

touHo. Ho CAC€3b TOYHOCTH TaK CHHUTACTCA, KAK KOHCYHOEC COCTOAHUEC BCC SABJIAIOTCSA YHCTBIMUA.

[TockonmbKy (oTOH {2 WUTHAET BaXKHYIO POJIb B ONTHYECKOH HMHTEPIPETAIIHH.

WCCJICJIOBAHO BIIMSHUE JIByX MApaMeTPOB, CBA3AHHBIX C POTOH ) — g U Yq.

4.2.1 BuausiHue g, HAa TOYHOCTH

Ha ocnoBHOM

[TapameTp g — MHTEHCHUBHOCTbH B3aUMOJEHCTBHS MEXAY TPAHCIIOPTHBIM M aHOJHBIM YPOBHEM,

WU APYTUMHU CJIOBaMU, MPOBOAUMOCTD DJICKTPOHOB MCKAY 3TUMU YPOBIMU.
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I/ICCHGI[OBB.HO BJIIMAHHC g Ha TOUHOCTHU ONITUYECKOM HUHTCPIIPCTALINN. Pe3y.HBTaTBI IIOKa3bIHbI HA

puc. 12. TTapameTopsl (KpoMme gq) HACTPOCHBI Tak, Kak ciayyait 1 (cm. 4.1.1)

1.00

0.95 4

0.90

0.85 4

0.80

0.75 4

To4HOCTb

0.65
0.60

0551 go1 =012 =023 =0.02

0.50

|
|
1
|
|
1
|
|
|
I
|
|
|
|
|
|
|
|
|
|
0.70 4 :
|
1
|
|
|
|
|
|
|
T
|
;
0.00 0.0

2 0.04 006 008 010 012 014 016 018 0.20
Ja

Puc. 12. BausHue g Ha TOYHOCTh
BuaHo, 4T0OBI NOMYYHUTH BBICOKYIO TOYHOCTB, TpeOyeTCsi BHICOKOE 3HAau€HHE (g, XOTSA ObI 10
MacmTaba 3Ha4YeHUS o1, 12, §23 (MHTEHCHBHOCTH IEPEXO]] 3JIEKTPOHOB). ITO OydeT OJHUM U3
TPyAHOCTEH /i HU3HUECKON peann3alnu.
4.2.2 BumusiHHe Y, HA TOYHOCTH

[TapameTp g — MHTEHCHBHOCTH yTe4KH (hOTOHA ).
HCCHCI{OB&HO BJIMAHUC 7Y HA TOUHOCTU ONTUYECKOU HHTCPIIPETAlNN. P€3YJ'II>T3.TI>I IIOKA3bIHBI HA

puc. 13. ITapameTops! (KpoMe Yq) HACTPOEHBHI TaK, Kak ciydail 1 (cm. 4.1.1)

1.00

0.95 4

0.90 4

0.85 A

0.80

—— npsaMon

0.75 1 o
HOPMasIN30BaHHbI

To4HOCTb

0.70 4

0.60

0551 Yo1 = Y12 = Y23 = 0.002

I
1}
1
1
1
1
1
1
1
1
1
1
1
1
1
0.65 1
:
1
1
1
1
1
]
:
0

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 009 0.10
Ya

Puc. 13. Bnusinue v, Ha TOYHOCTD

BI/IHHO, qTO C YTGLIKOP'I q)OTOHOB Q, IMOABUIINCE HOBBIC COCTOSIHHA, HE COOTBCTCTBYIOIIMC HU
KaKOMY COCTOSIHHUIO B XUMHYECKOM MOJWJIN. OTO CHHU3UT BCPOATHOCTHU OKHUIACMBIX 4 COCTOsAHUA, U

COOTBCTCTBCHHO, 3HAYHUTCIbHO CHU3UT TOYHOCTD (CI/IHHSI J'II/IHI/IH). YT00kI ¢ 3TMU 6apOTBCSI, MbI MOXKEM

15



HOPMUPOBAaTh BEPOSATHOCTEN TeX 4-EX COCTOSHUI, UTHOPUPYS Ipyrue cocTosiHUMA. Toraa Mbl HOIyYUM
BBIIIEE TOUHOCTH (OpaHKeBasi TUHUS).

ITo cpaBHEHHMIO C UHTEHCUBHOCTBIO IPYTHX (POTOHOB (Y01, Y12 U Y23), BUIHO, 4TO yTeuka oToHa §)
Ha rpaduke yKe JOCTAaTOYHO BelIHKa. A TOYHOCTh CHUYKAET HE TaK 3HAYUTEIbHO. 3HAUUT, UTO yTEUKa
(oToHa Y, HAa CAaMOM JIeJie BIMSAET Ha TOYHOCTD HE TaK CHIIbHO. HO BCE-Taku YeM MEHbIIIE yTeuKa, TeM

JydILe.

5 3akaouyeHue

B nanHoil paboTe, mpeAcTaBlieHa ONTHYECKAsh WHTEPIPETalHs Kak CHOCO0 WCCIIeAOBaHUS
XUMHUYECKHUX cucTeM. OHa TMHAMUKY HE BOCIIPOM3BOJUT, HO XOPOIIIO MPEACKA3bIBAET JIOJITOCPOYHBIE
pe3yNbTaThl DBONIOIUN XUMHUYECKHX CHCTEM. TakuM 00pa3oM ¢ TOMOIIBIO ONTHYECKOU
WHTEPIpPETAlMN MOXEM OOHApYXUTh HEKOTOpPHIE CBOMCTBA BEIIECTB, HAMPUMEP CYIIECTBOBAHUE
TEMHOTO COCTOSIHUSI.

[IpoBeneHbl 3KCIEPUMEHTBI C TPOCTOM JABYXaToMHON Mozeneil. Ilomyuunock, 4To onTuyeckas
WHTEpIpEeTalys yCIelHO Mpeacka3al BCe KOHEUHbIE COCTOsHUSA. I make BEpOSTHOCTH XOPOIIO
COOTBETCTBYIOTCA. KpomMe 3TOro, OLEHWIN BIUSHHE MapaMEeTPoB ¢ (MPOBOIMMOCTDH JIEKTPOHOB
MEXIY TPAHCIIOPTHBIMH W aHOIHBIMH YPOBHSIMH) M 7Y (MHTCHCHUBHOCTH yTeukH (OTOHOB (1) Ha
TOYHOCTh. [l0oMydmiock, 4To AJIsl MOTYYEHUST BBICOKYIO TOYHOUTH, TPEOYETCSl BHICOKOE 3HAYCHHE (),
XOTs1 ObI 10 MaciTaba 3HAYEHUS (o1, §12 U Go3 (MHTEHCUBHOCTH MEPEXOJl DJIEKTPOHOB). A 3Hau€HUE
Yq, HE TaK CEPhE3HO BIMSAET HA TOYHOCTh. HO BCE-Taku myuriie ObITh TOMEHBIIE yTeUKa.

[IpacraBienas B 1aHHOW pabOTe MOACIb ONTUYECKON MHTEPIPETAIIMN UMEET eIlé OrpaHuYEHHS.
Bo-miepBbIX, B MOIENIM HE YUUTBHIBACTCSl CIIMH DJEKTPOHOB. ITO BPSI COOTBETCTBYET PEATIbHOCTH.
Bo-BTOpBIX, TPAaHCIIOPTHBIN YPOBEHb U OPOUTHI aTOMa B IAHHON MOJIEIN TOXKE HE TaK COOTBETCTBYET
peanbHOCTH. [IpuHUMANIKM anmpakCUMAaIUI0 TAPHCIIOPTHOTO YPOBHS. TOJIBKO YYUTBIBAIN 2 OpOUTOMN
atoma. Kpome 3TOro, Mozelb ONTUYECKON WHTEPHpETauy €€ TPyaAHO (HU3UYECKUA peaupoBarTh.
TpyaHo peanu3oBaTh BHICOKYIO MPOBOJUMOCTH MEXKIY TPAHCIIOPTHBIM U aHOAHBIM YPOBHEM, TPYIHO
OTIECTICYTh, YTO MPH MEPEXOE MEKTPUIECKas MOTSHIIMAIbHAS YHEPTUs IOTHOCTHIO MPeodpas3yeTcs B
SHEPTHUIO (OTOHOB, TPYAHO 3aAMPETUTH MEPEXO/I ICKTPOHA MEK/TY IBYMSI aTOMaMHU B OJHOW U TOM ke
TOJIOCTH.

XOoTsl 10 MPAKTUYHOCTH €LIE NAJIEKO, ONTHUYECKAST MHTEPIPETALUS BCE-TAKU JAaeT HOBYIO HJICHO
XMMHUYECKOTO KBAHTOHBOTO KOMITBIOTEPA. A BBILIECKA3aHbIE TPYJHOCTU M OTPAHUYCHHS N30aBUTHCS
BO3MOXKHO. B Oymyiiee Bpemsi, MOXKET ObITh, KBAHTOBBI KOMITHIOTED, TIPEIHA3HAYEHHBIHN CIICIIMATIEHO

I XUMUH, 6YI[6T UMETHh BUA, CUJIBHO OTJII/I‘{aIOHII/IfICSI OT YHHUBCPCAJIIbHOT'O KBAHTOBOT'O KOMIIBIOTCPA.
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6 Ilpuaoxenus

6.1 AnnpoxcuManus TPAHCIOPTHOIO YPOBHS

B nanHoii pa0ote, npu onpeaeneHuy XUMHUUECKOM MOJIENN UCIIONb3YETCsI TPAHCIIOPTHOTO YPOBHS.

MOXHO Tak HOHATH TPAHCIOPTHBIA YpPOBHEb: KOHICHCUPOBAHHOE BELIECTBO COCTOMT W3
MHO)KecTBa aToMOB. OOBIYHO BOJIHA Jie Bpoilyis 31eKTpOHOB MMEET OONBILIYI0 aAMIUIUTYRY TOJIBKO
BOKPYT' OJTHOTO M3 aTOMOB. A COINIACHO TEOPUHM CBOOOJHBIN ANIEKTPOHHBIN T'a3, MOXKHO CYIIECTBYIOT
JIEKTPOHBI, BOJHA € BpoMis KOTOPBIX pacnpocTpaHsieTcs IO BCeMy aToMaM. Takue 3JIEKTPOHBI
UMEIOT BbICOKUH moTeHuuan. [lockonbky BosiHa 1e bpoiins pacnpocTpansiercs mo BceMy aromam,
9TH AIIEKTPOHBI MOTYT B3aMMOJICHCTBOBATH C JTFOOBIM M3 aTOMOB, [I03TOMY Ha3BaHbl TPAHCIIOPTHBIMHU.
Bonna ne bpoiing MoxeT MMETh pa3Hble 4acTOT (BOJIHOBOW BEKTOp), COOTBETCTBEHHO AJIETKPOHBI
MOTYT WUMETh pa3Hble MOTEHLIMANbI, WM JPYTMMH CIIOBAMH, CYIIECTBYIOT OpPOUTBHI C Pa3HBIMH
noreHuuansl. (s KpuCTauioB Jake MOXKHO PELIUTh KOHKPETHbIE 3HAU€HMsI MOTEHIIMAJIbI.)
[ToTenmmanu Mexay 3THMH OpOUTaIsIMHU O4YeHBb ONMMCKU. Takum 00pa3oM, 3TH OpOUTHI 0OpasyroT
SHEPreTUUYECKYIO T0JI0Cy. A 3Ta 10JI0Ca Ha3bIBAEM TPAHCIIOPTHBIM YPOBHEM.

CornacHo mpuHuun 3anpeta [laynu, Ha onHOW OpOTHE MOXXHO HaxXOOUThbCA HEe Oojiee OHOTO
anekTpoHa. Ho Ha TapHCIOPTHOM YpOBHE, KOJMUYECTBO OPOUT OrPOMHO, Jake MOTYTH OE3KOHEUHO.
[loaTomMy cumTeM, 4TO Ha HEM MOXKHO HAXOJUTHCSI CKOJIBKO YTOAHO AJIEKTPOHOB, Kak (DOTOHBI B
nosnie. Ho anektpons! cnenyrot pacnpenenenuto @epmu-/lupaka, a GoToHBI CIEAYIOT pacipeaeieHHIO
boze-OiiHmTeiiHa.

Hanpumep, nmycts y Hac Bcero /N opOUT Ha TpaHCTIOPTHOM ypoBHE (/N — O4€Hb OOJIbILIOE YUCIIO) C

OJHMHAKOBBIM ITOTCHIIMAJIOM. TOFI[a MOXEM ONIPCACINUTL COCTOSAHUC:

10),, = 1000...0)
1
1), = 7(|100...0) +]010...0) +001...0) + ... |001... 1))
2
2) == (|110... 101. .. ...|100...01 11... ...]000...11
12), N(N—l)(’ 0...00) + [101...00) +...|100...01) + [0 00)) + ... |000 )
nl(N —n)!
]n)tp = —( N‘ ) Z ]nlngng .. .TLN>

Do nE=n

ITockonbKy OpOMTBHI BCE OJMHAKOBBI, BEPOSITHOCTH COCTOSHUHU JIOJDKEH OBbITh OJHOPOAHBL. A
€CJIM yYUThIBAa€M pa3Hble MMOTEHLMAIbl Ha OpOMTaX U B3aMMHO TYHEPHUPOBAHUE MEXIy OpOTUTaMH,

cornacHo pacnpenencanio Oepmu-/upaka, nomkeH ObITh enié ko3 dumment. Toraa Oyner:

n), = Z P(ny,na,ng,...ny) [ningng...ny)

Zk ng=n

e P(ny,ng,ns,...ny) ciaenyer pacupeneneHuto Oepmu-/lupaka 1 HAPMHUPOBAHUIO BEPOSTHOCTH.

CJ'IGI[}/GT OTMCTHUTD, UTO B P(nl, Nng, N3, ... HN) COACKACTCA HE TOJIBKO BEPOATHOCTDL U TAKIKC (1)3.3]51.
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B nmanHoi paboTe, oroBapuBaeM, 4To BEIIECTBO, KOTOPOE OMUCHIBAETCS XUMHUYECKOM MOJETEH,
SBIISETCS U30ATOPOM. Torza B TPAHCIIOPTHOM YPOBHE TOJIBKO JJIEKTPOHBI, BO3/IYyICHHBIE U3 aTOMOB.
A JNUIIHUE DJIEKTPOHBI PeaKH. TakuM 00pa3oM, 3HAUEHUE 7. MOKHO NPEICTABIAET aOCOIIOTHOE
YHCIIO HJIEKTPOHOB, & HE YHCIO OTPHUIIATEIBHBIX 3apsA0B OTHOCUTEIBHO K Oanancy. To MBI MOKEM
HCIIOJIB30BATh JIECTHUYHBIE OMEPATOPHI KaK:

* o =D pooVk+ 1|k) (k + 1|, — IpuX01 OAHOTO EKTPOHA HA TPAHCTIOPTHBIH YPOBEHb.

. atTp — YXOJI OJTHOTO 3JIEKTPOHA M3 TPAHCIIOPTHOTO YPOBHSL.

3neck mobausercss kodddunmeHt 'k + 1, MOTOMy dYTO NPOBOAMMOCTH (MHTEHCHBHOCTH
nepexo/ia) MpOIMOPIHOHATbHA KOIHYECTBY SJIEKTPOHOB.

U1 cOOTBETCTBEHHO, OIEPaTOp agpatp = > peok|k) (kl,, cranoBurcs onepatopom Konuyecosa

3JIEKTPOHOB.

6.2 Ilaker BraAndKet

B nanHOl paboTe Ui MOAEIMPOBAHUS KBAHTOBBIX CHCTEM M BBIYUCIEHHMS HX HBOJIOLUU
ucnomnb3yercs naker BraAndKet.

BraAndKet — pazpaGoTanHblil HAMH [TAKET Ha S3bIKE IPOrPaMMHUPOBAHMS python aJsl YHMCIEHHOTO
MOJIEJINPOBAaHUsI KOHEUHOMEPHBIX KBAaHTOBBIX CHUCTEM. VICXOIHBIM KOA 3TOr0 makeTa OTKPBHIT Ha
carite GitHub (https://github.com/ZhengKeli/BraAndKet). DTOT makeT He MNpeHA3HAYCH
JUIsl YHUBEPCAJIbHBIX KBAaHTOBBIX BBIUMCICHUH, a CIEUAIBHO JUIsl MOJEJIMPOBAHUS KOHEUHOMEPHBIX
XMMHYECKUX MOJEIIN.

Hixe KpaTKo IpeACTaBJICHbI BO3MOKHOCTHU U 0COOEHHOCTH 3TOTr0 AKeTa.

6.2.1 KonoBoe npeacraBjieHne KBAHTOBBIX COCTOSTHUI

ImaBHasg 1enp ATOro makeTa 3aKIIOYAaeTcs B TOM, 4YTOOBI NIPEACTaBUTHh YIOOHOE KOJOBOE
IIPEJICTaBICHNE KBAaHTOBBIX COCTOSIHUI (cyneprno3uuueit). Ilpyu BbINOIHEHNN KBaHTOBBIX ONEpanuil
9TOT MAKET IOMOTaTh ABTOMATUYECKHU COIIOCTABIIATH Pa3HbIE Pa3MEPHOCTH TEH30POB.

Caavana ompeaenuM mpencraBieHne [miIb0epToBO MPOCTpaHCTBO. B makere co3maHbl KIacChl
KetSpace u BraSpace s npencrasieHus [ niab0epToBo MpocTpaHCTBO Kak H"™ M €ro CONpsiKEHHOE

kak (H™)*. Ilpumep Koza BEIIVISAUT CIICAYIOIIMM 00pa3oM:

KetSpace(n) # Hilbert space
ket_space.ct # conjugate space

ket_space
bra_space

B nakere He NPSIMO OIPE/IEIEHHO KOMOMHALMOHHOE POCTPaHCTBO Kak My "% = H* @ HEE.
Jlnst onucanus KOMOMHAIMOHHOH CHCTEMBI (HalpuMep, ¢ KOMIIOHEHTOM A U I3), IPOCTO HCTIONb30BaTh

MAacCHB, COCTOSIIINN U3 00beKT Kiacca KetSpace u BraSpace.

Emé co3man kiacc QTensor‘, KOTOpBIﬁ MOXKET OIIMCBhIBATh M YHMCTOC KBAHOBOC COCTOAHHUC KaK

|0) 4 |1) 5, 1 oneparop xax |0) , |1) 5 (1], (0| 5, a TaxoKe GecrapHoe BhIpaxkeHHe Kak |1) 5 (0] 4.
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KetSpace(na)
KetSpace(nb)

ket_space_a
ket_space_b

psi = ket_space_a.eigenstate(0) @ ket_space_b.eigenstate(1)

op = ket_space_a.eigenstate(0) @ ket_space_b.eigenstate(1) \
@ ket_space_a.eigenstate(l).ct @ ket_space_b.eigenstate(0).ct

exp = ket_space_b.eigenstate(1) @ ket_space_a.eigenstate(0).ct

Kaxnpiii o6bekT QTensor JAEp>KUT OJUH MHOTOMEPHBIM TEH30p (Hampumep, numpy.ndarray).

Kaxxnast pazMepHOCTb COOTBETCTBYET OJHOMY IPOCTPAHCTBY WJIN CONPSKEHHOMY IIPOCTPAHCTBY.

# fake code

psi.spaces # [ket_space_a,ket_space_b]
psi.value.shape # [na,nbl]

psi.value[0,1] # 1

psi.valuel[else] # 0

op.spaces # [ket_space_a,ket_space_b,ket_space_a.ct,ket_space_b.ct]
op.values.shape # [na,nb,na,nb]
op.values[0,1,1,0] # 1

op.values[else] # 0

exp.space # [ket_space_b,ket_space_a.ct]
exp.values.shape # [nb,nal

exp.values[1,0] # 1

exp.values[else] # 0

[Ipu BBIMONHEHUU oONEpaluy Kak IUIIOC, MHMHYC W yMHO)XeHue, QTensor aBTOMaTW4ecKu
IIPOBEPSIET COKpPALIAIOIIMECS IPOCTPAHCTBA U UX CONPSHKEHHBIE, KOMOMHUPYET pa3Hble IPOCTPAHCTBA

U paCHIMPSETCS MPU BCTPEUYE HOBBIX MPOCTPAHCTB C €AMHUYHON MaTpuIiei /.

6.2.2 BplunuciieHue IBOJIOIUI0 KBAHTOBBIX CHCTEM

Kpowme sToro, B makere emé MHCTPYMEHTHI JJISl BHIYHUCICHHS SBOJIIOIIMU KBAHTOBBIX CHUCTEM I10
ypaBHeHuto llpénunrepa u ypasHenuto JIunnomana. YUYToObl YCKOPUTH BBIYHMCIEHHUE, TPUMEHEHBI
pa3IuyYHbIe ONTUMM3ALIH.

Bo-nepBbiX, mockonbky ypaBHeHuto JlunaOmana sensercs — auddepeHnuanibHoe ypoBHEHHE,
OTHCHIBACIOIIIEE IBOJIOLIUIO TI0 BpeMeHH. JIerko mogymMars 00 HCTIoIb30BaHnU MeTosia Ditiiepa. Kpome
3TOro, YTOOBI JOOUTHCS BCIIEE TOYHOCTh, B MAaKETE Takke peann3zoBaH merton Pynre-Kyrra 4-ro
nopsiaKa.

Bo-BTopbIX, 4TOOBI 3(h(h)eKTUBHO BBHIYUCIUTH 3BOMIONMH cucTeMbl. [IpHHsIHA Takas apXUTEKTypa,
Kak MOKa3aHo Ha puc. 14.

Kak cka3aHo Bblllle, IIpU BBINOJHEHUH ONEpPAlMid, BBIINOIHACTCS €IIE aBTOMATUYECKOE
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evolution

matrix = segment segment ... segment - matrix
unwrap check check check check \rap

QTensor matrix matrix matrix matrix QTensor
l wrap l wrap l wrap wrap
‘ QTensor ‘ QTensor ‘ QTensor

Puc. 14. Bnusinue v Ha TOYHOCTD

COOTBETCTBHE, KOMITMHAIIMS M PACHIMPEHUE MPOCTPAHCTB. OTU (PYHKIHMOHAIBI CYIIECTBYET IS
yA0OCTBa MPH OMUCAHUH KBAHTOBBIX CUCTEM, HO OHH CHUJIBHO 3aMEISIOT BBIUKCIICHHUE.

[TosToMy mepen HauamoM IsKETOTO BRIYUCIICHHS, OPraHU3yeM BCE CBsI3aHHBIE 00BEKTH QTensor
U “pacnakoBbIBaeM’ HMX Ha JaHHbIC JJIsl BBIUMUCICHUS, a MPU BBIXOJE B KAuyeCTBE pE3yJbTaTOB,
OMSATh “‘yrmakoBbIBaeM’ JaHHbIE Ha 00beKkThl QTensor. Takum oOpazom, AJis BBIYMCICHUS, MOKHO
MOATOTOBUTH JTAHHBIEC B KAKOM YToJHO (popme, uToOBI JO0CTUTaTh HauBHICIIEE () (HEKTUBHOCTS.

Kpome 31010, MN0CKOIBKY BBIYMCIEHUE MOXKET JI0JITO IIPOBOAUTECSA. B mpouecce enié HacTpoeHsbl
KOHTpOJbHBIE TOukH (checkpoints), mpu KOTOPOM MOXKEM U3BIIEKATh, IPOBEPSTH M KOPPEKTUPOBATH
MIPOMEKYTOUHOE COCTOSIHHE CUCTEMBI. [Ipu 3TOM TOKe MPOM3BOAUTCS “‘yImakoBKa” W ‘“‘pacrakoBKa’.
A MeXIy KOHTPOJBHBIMH TOYKAMH — CETMEHT BBIYMCIICHUS 0€3 BO3MYIIEHUS, B KOTOPOM MOXXHO
MPUMEHHUTh KaKHWe€ YTOIHO aJITOPUTMBI U CPelCTBA YTOOBI 3((EKTHBHO, OBICTPO M TOYHO MOIYYUThH
COCTOSIHHE Ha CIIEAYIOLIEH KOHTPOJIBHOM TOUKE.

Takast apxuTexTypa 1aéT O0JIbLIYI0 BOBMOKHOCTh YCKOPUTH BHIYHCIICHHE.

6.2.3 OOpe3ka KBAaHTOBBIX MojleJIel

B ToM omTMMu3anus CHEHUAIBHO ISl KBAHTOBBIX 33/1ad4 — 00pe3ka KBAHTOBBIX MOJEIEH, MpH
KOTOPOM HEIOCTYITHBIC [IPH BOJOIHSI COOCTBEHHBIC COCTOSIHHS CHCTEMA PACIIO3HAIOTCS U YOUPAETCs.
Ocranach ynpoméHHas KBaHTOBas CHCTEMa, C KOTOPOW BBIYMCICHHE 3aHMMAET TOpas3ao MEHbIIE
MaMsITh U BPEMs.

Hanpumep, nmycts A u B — 3Bs13aHbIe BOJIOKHOM OJIMHAKOBbIC ONITHYECKHE MOJIOCTH. A COCTOSHUE
|na) 4 ¥ |np)p OMUCHIBAIOT KOINYECTBA (JOTOHOB B IOJNOCTAX. [IpH SBONIONMY, yIUTHIBAEM YTCUKY
doronos. Ecmm Hauém ¢ cocrostHuA 1), |0) 5, TO OYEBHIHO, YTO TOCTUTAEMBIE COCTOSHHUS IIPH
spostrormu Jub 3 — 1) , [0) 5, |0) 4 1) 5 1 ]0) 4 |0) 5. A coctosuus kak 1) , [1) 5, |2) 4 [1) 5, [1) 4 12) 5

N T O. HE 10CTUT'aCMBbI. Torz[a MOXEM NEPEUHACKCUPOBATE COCTOSAHUA CUCTCMBI:

‘O>AB = |1>A |O>B ‘1>AB = ‘O>A ’1>B ’2>AB = |O>A |O>B

JUist Takoil IPOCTOM CHCTEMBI TAKOE MEPEUHICCUPOBAHUE JIETKO BPYYHYIO BBIIOJHUTH. A 1A
CJIO)KHEE CUCTEM (HapUMep, T€ UMEIOLINE COTHU JOCTUTAEMBbIX COCTOSIHUI) 3TO OYEHb YTOMHUTEIbHBIN

H IIOABCPIKCH OIIIMOKAM.
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B nannom nakere pa3paboTan HHCTpyMEHT PrunedKetSpace i BBINOIHEHHS TAKyIO OTIEPAIIHIO.
[lomyunB HauaabHOE COCTOSTHHE M OIEPATOP SBOJIIOLIMM, MOXKEM aBTOMATUYECKU OINPENEIUTH BCE
JOCTYIIHBbIE COCTOSIHUSI M MX HepeuHaeKkcupoBarh. [locie 3Toro momyduMm oOpazHyrO CHUCTEMY, C
KOTOpOi1 ropaszio ObicTpee 1 3(h(PeKTUBHEE BEIUNUCISIETCS.

[Tpunun padotel PrunedKetSpace 3akmodaeercs B JeylOHe Iar.

1. CHauana aHanM3HMpyeM HauelbHOE COCTOSHUE, JAHHOE NOJb30BareiaeM. OTMedaeM CBA3aHHbIE

C HUM COOCTBEHHBIE COCTOSIHUSI KaK I0CTUTaeMbIE.

2. IloroM npuHUMaeM OIEpaTop 3BOJMIOLMHU K COCTOSHHUIO , IIOJIYy4aeéM HOBOE COCTOSHUE.
AHanu3upyeM 3TO HOBOE COCTOSHHE M OTMEYaeM CBSA3aHHBIE COOCTBEHHBIE COCTOSIHUS TaKHM
xKe 00pa3oM.

3. Emé npuHuMaem onepaTop U OIsITh aHAIU3UpyeM, U T. 1. [loBropsiem 10 Tex nop, koraa 6oiee
HET HOBBIX JOCTUTAEMbIX COOCTBEHHBIX COCTOSHUM.

4. Ha xoHel NMEpeMHAEKCUPYEM BCE JOCTHraeMble COOCTBEHHBIE COCTOSHHUS U IEPECTPOUM
YIPOILEHHOE HAYAIILHOE COCTOSHUE U OIIEPATOPBI BOIIOLUH.

ITocne oOpe3ky, 3aTpar pacueTa HBOIIOLUU OOBIYHO OFPOMHO coKparuTcs. Hampumep npu ciydas
Ha 4.1.1, pazmep Moaenu oNTUYECKO HHTepHpeTanuu 10 oopasku — 20736, a mocie odpesku — 20.

[ToaTOMy 3TOT HHCTPYMEHT 3HAYUTEIHHO OOJNIerdaeT Halry paboTy.

7  CchbLIKH

(emé mo0aBitO)
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