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1. BBO.llHblE 3AMEtIAHIDI 

IloA6apbepHoe TYHHenHpoBaHHe - HaH6onee apKoe npoaBneHHe cneUHWHKH 

KBaHTOBOtl MeXaHHKH. OHO npHHUHnHanbHO Ball'.HO Ana HAepHoro AeneHHH H 
CHHTe3a, Ana 60nbWHHCTBa aAepHblX peaKUHtl. C HHM CBH3aHN 3~KT 

.lIJ:03e~oHa H C03AaHHe TYHHenbHoro MHKpOcKona. li XOTH TYHHenHpOBaHHe 
H3y'<aDT C caMoro C03AaHHH KBaHTOBOtl TeopHH, B HeM OCTae·rca e~e MHOro 

HHTepecHoro H HenoHaToro. 3To oco6eHHO KacaeTca MHoro'<aCTH'<HblX 

acneKTOB aBneHHH, HO H B npocTetlweM OAHOMepHOM cnyqae ABH:Z:eHHH OAHOA 
qacTHUN BO BHewHeM none HMeDTCH 3araAO'<HNe MOMeHTN. TaK, B pa6oTe 

~neT'iepa111 6NnO o6Hapy:z:eHo (CM. pHc.1), '<TO B 3aBHCHMOCTH OT WHPHHN 

6apbepa A BpeMa tA npe6NBaHHH BOnHOBoro naKeTa IlOA 6apbepoM CHa-.ana 

nHHetlHO B03pacTaeT, a 3aTeM BblXOAHT Ha Hac~eHHe. IlonyqaeTCH KaK 6N 
ycKopeHHe BOnH npH npoxo;EAeHHH AnHHHblX _6apbepoB: cpeAHHH CKOpOCTb 

ABHJICeHHH B o6naCTH 6apbepa B03pacTaeT C ero AnHHOtl. Ho ~neTqep He 

HCcneAOBan BpeMeHHVD 3BOnDUHD BOnHoBoro naKeTa BHITPH non6apbepHotl 

o6naCTH. IlpOHCXOAHT nH ABHJICeHHe B pa3HblX ee TO'iKaX C OAHHaKOBOtl 
CKOPOCTblO, HnH OTAenbHNe Y'laCTKII rrpeo,QoJleBaIOTCll 6NCTpee (MeAneHHee)? 

OnpeAeneHHe "noA6apbepHotl cKopocTH" KaK WYHKUHH paccTollHllll x, HanpHMep 

OT Ha'iana 6apbepa, Morna 6N nponHTb AOnonHHTenbHNtl CBeT Ha HHTpHryD~YD 

npo6neMy o6~acHeHHH npHpOAN HatlAeHHoro 3~KTa. 

B AaHHOtl pa6oTe CAenaHN oueHKH MOMeHTOB BpeMeHH, KOrAa "ueHTP 

Mace" naKeTa HnH ero MaKCHMYM HaxOAHTCH B pa3HblX TO-.Kax noA6apbepHOtl 

o6JiaCTH. 0Ka3aJIOCb, '<TO ABHJICeHHe 3KCilOHeHuHaJibHO 3aMeAnHeTCH B 

HanpaBJieHHH OT Ha'iaJia K KOHUY 6apbepa, TaK '<TO BpeMa Ha npOXOJtCAeHHe 

noA6apbepHOtl o6JiaCTH TpaTHTCH B OCHOBHOM B KOHUe 6apbepa. 

2. CTAW10HAPHOE PElllEHliE YPABHEHIDI IIIPE.lllffiI'EPA 

PaccMoTpHM cHa'<aJia npocTetlwHtl cny-.aa npaMoyroJibHoro 6apbepa. 

B o6JiaCTH. AO 6apbepa ( x < O ) npH WHKCHpOBaHHOtl ::rnepr1m E 

BonHoBaa WYHKUHH npeAcTaBnaeT co6oa CYMMY naAaD~ea H oTpa:z:eHHotl BOnH 

C h = m = 1 ): 

'll(x) = exp (ikx) + R exp (-ikx) ; x < 0 ; k = (2E) 1 / 2 • (1) 

IlOA 6apbepoM oHa- HMeeT BHA nHHetlHOtl KOM6HHaUHH 3KCnoHeHUHaJibHO 
pacTy~ero H.y6i,ma1>~ero pewem 
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PHc.1 3a.BHCHMOCTb BpeMeHH 3a,nepmcH naKeTa no.n dapbepoM tA 
OT IIIHPHHbl dapbepa A . ropH30HTaJibHbtl! y'laCTOK KPHB0:0 
CBH,neTeJibCTByeT O TOM, 'lTO npH .nocTaTO'lHO ,nJIHHHOM dapbepe 
.nonOJIHHTeJibHOe ero y,nJIHHeHHe He npHBO,llHT K JIHIIIHe:R 3aTpaTe 
BpeMeHH Ha TYHHeJIHpOBaHHe CKB03b Hero. HaKJIOHHaSI IIITPHXOBasr 
JIHHHSI COOTBeTCTByeT IlOCTOHHH0:0 KOHe'lH0:0 CKOpOCTH naKeTa. 

llr(x) = a exp (-aex) + (3 exp (aex) ; 0 < x <A; at= {2(V -E)}1 / 2 • 

3a dapbepoM HMeeTCSI TOJibKO npo111e,n111aH BOJIHa 

llr(x) = T exp (ikx). 

IlOTOK 

*' * , J = i/2m [W(x) 11' (x) - W (x) W (x)] 

(2) 

(3) 

(4) 

B COOTBeTCTBHH c 3aKOHOM ere coxpaHeHHSI, HMeeT IlOCTOSIHHYD BeJIH'lHHY .no, 
BHYTPH dapbepa H 3a HHM. no dapbepa OH npe,ncTaBnsreT codo:R CYMMY IlOTOKOB 
na.navw.e:R H OTpaJteHH0:0 BOJIH - ,nByx KOMnOHeHT JIHHe:RHo:R KOMdHHauHH ( 1 ) . 

MeHee H3BeCTHO, 'lTO BHyTpH dapbepa IlOTOKH AJISI OTneJibHblX KOMnOHeHT 
pellleHHSI CpacTymeil: H ydb!Bavmeil:) paBHbl HYJID, H J!Hlllb HX HHTepd>epeHUHSI 
odecne'lHBaeT coxpaHeHHe J. 

YCJIOBHO MODIC OblJIO dbl CKa3aTb O IlOTOKax, H.llYlll.liX B npoTHBOilOJIODlble 
CTOpOHbl no,n dapbepoM B npOH3BOJibHOil: TO'lKe x,. YKopOTHM dapbep, OTdpOCHB 
Ty ero 'laCTb, KOTopasr pacnOJIOJ(eHa npaBee x, • HO OCTaBHM HeTpOHYTb!M 
peweHHe C 1, 2) cneBa OT x, . 'tJTOdbl ere npo,noJIDTb rna.nKo BnpaBo, 3a 
odpe3aHHbl:0 dapbep, Heodxo,nHMO BBeCTH npH X > X 1 BOJ!Hbl, derylll.He B ode 
CTOPOHbl CnOTOK J_ HaJieBO ,llOJI!:eH dh!Tb MeHbllle IIOTOKa J+HarrpaBO. 'lTOdbl 
coxpaHSIJICSI IlOJIHbl:0 IlOTOIC J ) . C.nBHrasr TO'l!CY X 1 odpe3aHHSI dapbepa H 
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ClllHBaSI Ka:ac,ubl:0 pa3 co CBOdo,nHblMH peweHHSIM¥ cnpaBa, Mb! nonyqaeM 
HH!pOpMaum, 0 BeJIH'lHHe noTOKOB . J + , J _ B 3aBHCHMOCTH OT IlOJIOJteHHSI X 

1 

C:mcnoHeHUHam,Hoe ydblBaHHe C pOCTOM x ) . ECJIH HHTepnpeTHpOBaTb 3TH 
. 1 

pacqeTbl KaK onpe.neneHHe noTOKOB J+ , J_ no.n dapbepo~. TO MODIC CKa3aTb, 
'lTO, no Mepe npo,nBHJteHHSI no.n dapbepoM, Bee dOJiblllaSI 'laCTb noTOKa CJieBa 
noBopa'lHBaeT Ha3a,n, a B TOtjKe x = A nOTOK J+ npona,naeT COBCeM. 

npyrHM HHTepeCHblM ~aKTOM SIBJISieTCSI TO, 'lTO pacTyw.ee peweHHe 
cpaBHHBaeTCSI no MO.llYJID co cna.naDW.HM B KOHUe dapbepa. Kos~HUHeHT a B 
exp (2aea) pa3 donowe (3: 

a = 2ik ( ik it) exp [A ( at ik) ]/D, 

(5) 

(3 ~ - 2ik ~ik + it) exp [A( it - ik)]/D, 

r.ne 
D = (ik - it) 2 exp(2itAl - (ik +it) 2 exp(-2aeAl. 

TaK 'lTO ~KTH'leCKH pacTymee peweHHe 31CCilOHeHUHaJibHO cnanaeT B CTOPOHY 
Ha'lana dapbepa OT BeJIH'lHHbl, AO KOTOpo:R yMeHblllHJIOCb cnanavmee peweHHe B 
KOHUe noAdapoepHo:0 odnacTH. 

3. IIOCTPOEH£1E BOJIHOBOfO IIAKETA 

By,neM COCTaBJISITb 
HHTerpHpysr HX C BeCOM= 

naKeT H3 CTaUHOHapHblX pe111eHHH w H3 (1 - 3), 

W (t x) = f dk g(k) W(k,x) exp(-iEt). 
pack • 

(6) 

lt3BeCTHO, 'lTO eCJIH Bb!dpaTb BeCOBOil: MHODTeJib g (kl B BH.ne rayccoBOil: 
~YHKUHH C exp[ -(k-kol2), TO H B KOH~HrypaUHOHHOM npocTpaHCTBe 'laCTb 
naKeTa, OTBe'laDw.asr na,naDlll.HM BOJIHaM, dy,neT HMeTb rayccOBY• lpOPMY· 
Vll!Terpan B (6) OT OTpa!:eHHblX H npo111e.nwHX CTaUHOHapHblX BOJIH .nonJteH .naTb 
COOTBeTCTBeHHO 6TpaJteHHbl:0 H npoTyHHeJIHpOBaBWHil: IlaKeTbl. Ho B03HHKaeT 
BOnpoc: He npHBe.neT JIH 3HepreTH'lecKaSI 3aBHCHMOCTb K03~HUHe~TOBR(k) H 

T(k) K IlOSIBJieHHD HenpeHedpeDMblX KOMilOHeHT naKeTa, HanpHMep 3a 
dapoepoM, ew.e .no Toro, KaK na,naDIII.Hil: naKeT ,nocTHrHeT dapoepa? 3To 
IlOMe111ano dbl ~H3H'leCKOil: HHTepnpeTaUHH pac'leTOB. nnsr npoBepKH db!JIH 
Bb!IlOJIHeHbl pac'leTbl ipOpMbl naKeTa B KOH~HrypauHOHHOM .. npocTpaHCTBe npH 
pa3Hb!X BeCOBblX ~YHKUHSIX · g ( k) B MOMeHTbl BpeMeHH, Kor.na naKeT, 
IlOCTpoeHHbl:0 H3 IlJIOCKHX BOJIH exp(ikx), ew.e He ,nOCTHr dapbepa. Ha pnc.2a 
npe,ncTaBJieH o,nHH TaKOil: cny'la:R. IIpn'leM .nnsr donoweil: Harnsr,nHOCTH 'laCTb 
naKeTa, pacnonoJteHHasr no.n dapbepoM, yMHoJtanacb Ha pacTyw.yv .sKcnoHeHTY 
exp [(V-k2 /2) 1

/
2 x], a 3a dapoepoM - Ha MHODTeJib exp [(V-k2 /2) 1

/
2 a], 

0 0 
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PHc.2 ~pMa naKeTa B cnyttae BeCOBOa ~YHK!l,HH, BbldpaHHOa B 
BH.ne g ( k) = exp E-,b ( k - k )

1
'] C odpe3aHHeM no E BHe HHTepBana: 

0 

0 < E < V; .nm, cne.nyDl!lliX :3HatteHHA napaMeTpOB E c,:, = 0, 5 ; 
A= 5; b = 40; H pa3HblX MOMeHTOB BpeMeHH: a) t = - 30 ; 

b) t = - 5 ; c) t = 3 0 . IIo.n- H 3adapbepHble ttaCTH naKeTOB 

H306palleHbl C 3KCnOHeH!l,HaJibHblM ycHneHHeM { no.n6apbepHaJI 
ttaCTb naKeTa Ha PHC b • OKpylleHHaJI WTpHXOBOA JIHHHea. 

noKa3aHa .nononHHTeJibHO B yBeJIHtteHHOM BH.ne ) . ( 

ttT06bl CKOMneHCHpOBaTb 3KCnoHeHl.l,HaJibHOe 3aTyxaHHe B01H, no.n 6apbepoM: 
" Tor.na BCeM, "<ITO MHOro MeHbWe ttaCTH naKeTa .no 6apbepa, MOllHO 

I 

npeHe6peraTb. fu pHc. 2 cne.nyeT, ttTO na.naDl!lliA naKeT BnonHe .nonycTHMO 
CTpOHTb H3 CTall,HOHapHblX peweHHA {1 - 3). HanHttHe OTpalleHHOa H npowe.nweA 
BOJIH B cTall,HOHapHblX peweHHJIX, H3 KOTOpblX nocTpoeH naKeT, He IlPHBOAHT K 
noJIBJieHHD 3aMeTHblX cne.noB JIHWHHX Cnpe:r,tteBpeMeHHblX) naKeTHblX o6pa3oBaHHa 
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.na1:e npH yKa3aHHOM 3KcnoHeHIJ,HaJibHOM HX ycmieHHH no.n H 3a dapbepoM .. 
3aBHCJIIJllie OT :rneprnH K03~lilJ,HeHTbl OTpa!:eHHJI R ( E) H npoxo:r,tteHHJI T ( E) • 

JIBJIJIDl!llieCJI .nononHHTenbHblMH BeCOBNMH MHO:nnenJIMH npH \POPMHPOBaHHH 
naKeTOB H3 CBOOO.!IHblX BOJIH exp(±ikx) .no H nocne dapbepa, npHBO.!IJIT JIHWb K 
C.!IBHraM naKeTOB no BpeMeHH B COOTBeTCTBHH C npHH!l,HnOM npHttHHHOCTH: 

OTpa!:eHHW H npowe.nwHA naKeTbl IlOJIBJIJIDTCJI TOJlbKO Tor.na, Kor.na na.naDl!lliA 
.nocTHraeT dapbepa. KpoMe Toro, 1:enaTeJibHo, ttTodbl npeHedpenMo Mana db!Jla 

H HandapbepHaJI ttaCTb naKeTa, He yqacTBYIJW,aJI B TYHHenHpOBaHHH, HO 
HCKa!:aDW,aJI KapTHHY no.ndapbepHoro npOHHKHOBeHHJI BOJIH. 3TH BOnpOCbl MN 

odcy.nHM n03.!IHee, Kor.na KOCHeMCJI npe.nenoB, 3a KOTOpb!MH HaWH pactteTbl 
TepJIDT CMblCJI. 

EcTeCTBeHHO onpe.neJIHTb cpe.nHHA MOMeHT npoxo:r,tteHHJI naKeTa 
ttepe3 TOttKY x no \POPMYne121 : 

00 

tx = { J t 
-00 

00 

I~ k(t,x)l 2 dt} / {JI~ k(t,x)l 2 dt }. pac pac 
-00 

(7) 

OcodeHHO npOCTO npOBO.!IHTb BblttHCJieHHJI no 3TOA \POPMYJie .!IJlJI BeCOBOA 
~YHK!l,HH g(k), .nna KOTOpoa 

g(k) 2 = 6(k2 
- k2 ) = 6(E - E ). 

0 0 
(8) 

neacTBHTeJibHO, B 3TOM CJiyttae, nO.!ICTaBJIJIJI {6) H {8) ·B {7), HMeeM(~r3g•o) 

t = a arg [',ti' 
X 

(t,x)] / 8 E (9) 

IIpH BblBO.!Ie (9) Mb! 3aMeHJIJIH B ttHCJIHTene \POPMYJibl {7) BpeMJI t Ha 

npOH3BO.!IHYD 

t exp(-iEt) - i 8 exp(-iEt) / 8 E 

H HCnOJib30BaJIH .!IH~peH!.1,HpOBaHHe no ttaCTJIM. 
TottHO Ta lle \POPMYJia ( 9) nonyttaeTCJI H no MeTo.ny CTall,HOHapHoa ~bl, 

Kor.na Mbl CJie.!IHM 3a .!IBHlleHHeM MaKCHMYMa naKeTa. 
PactteTbl BpeMeH npoxo:r.iteHHJI naKeTa no \POPMYne c ycpe.nHeHHeM no ao

TOKY 

*' * , j k = i/2 [~ k(x,t) ~ k(x,t) - ~ k(x,t) ~ k(x,t)]; 
pac pac pac pac pac 

00 00 

t = {ft j k(x,t) dt }/{ f j k(x,t) dt} 
x pac pac 

(10) 

-00 -00 

6Y.!IYT BblilOJIHeHbl B cne.nynw.ea pa6oTe. 
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4. IIPEJlE)Ibl IIPHMEID!MOCTH PACCMATPilllAEMoro ITO.UXOJIA 

IlpR nocTpoeHRR naKeTa Mb! RHTerpRpyeM peweHRH C pa3Hb!MR 3HeprRHMR. 
BoJIH& C 3HeprRHMR Bb!We 6apbepa non:.m& 6NTb nR6o B3HTN C npeHe6pemtMO 
ManblM BeCOM, 'IT06& He RCKaJCaTb KapTRHY non6apbepH02 npoHRuaeMOCTR 
naKeTa, nR60 o6pe3aHN nonHOCTbD. 3TO, onHaKO, npRBOnRT K 
npocTpaHCTBeHHOMY pa3Ma3NBaHRD naKeTa, 'ITO MOXeT · noMewaTb qeTKOCTR 
KapTRH& .BpeMeHH02 3BonDURR npouecca. KonRqecTBeHH02 oueHKo2 npenena 
KOppeKTHOCTR nonxona MOXeT cnymtTb 3necb cpaBHeHRe 3KCnoHeHuRanbHO 
Manca aMnnRTyn& npowenwRx BOnH c. aMnnRTynoa Han6apbepH&X KoMnoHeHT 
naKeTa. 

~pyroa npenen CTaBRT HeorpaHRqeHHOe yBenRqeHRe. CKOpOCTR V k pac 
pacnpocTpaHeHRH naKeTa c pOCTOM WRpRH& 6apbepa. 3To orpaHRqRBaeT 
nonycTRMble pa3Mep& 6apbepoB B HepenaTRBRcTcKoM nonxone Cv k< c). pac 

5. PE3YJibTAT~ tIBCJIEHHblX PAC1IBTOB 

Ha pRc. 3 npencTaBneHa 3aBRCRMOCTb tx nna 6apbepoB pa3HOA nnRH& A. 
Bee KPRBMe, H306p~eHH&e Ha 3TOM pHCYHKe, HCXOnHT R3 HyneB02 TQqKR. Ho 
3TO npOHCXOnHT TOilbKO, ecnH OTCqliTNBaTb tx Ht A He OT MOMeHTa, Korna 
Hatrana 6apbepa nocTRraeT ueHTP nanaDw.ea qacTH naKeTa C noCTpoeHH02 H3 
exp(ikx) ), a OT MOMeHTa to , Korna B TOtlKe x = 0 HaxonHTCH ueHTp BCero 
naKeTa Cc nanaDw.ea R oTpaxeHHo2 KOMnOHeHTaMR - nocnenHaa RMeeT 
cyw,eCTBeHHYD 3anepuy BO BpeMeHH). 

KpyTo2 non~eM KPHBNX tx B KOHUe 6apbepa OTBeqaeT 3aTyxaHHD 
"cKopOCTH naKeTa non 6apbepoM" npR ero "nBHXeHHR" OT x =OK x = A. 

HawH pacqeT& cornacyDTCH c pe3ynbTaTaMR ~ne;qepa111 KaK B TOM, qTo 
BpeMH 3anepuR tA nna nocTaToqHo wRpOKHX 6apbepoB nepecTaeT 3aBRceTb OT 
A, TaK R B TOM, tlTO TaKHe npenenbHNe BpeMeHa 3anepuR OKa3NBaDTCH 
MRHHMailbHblMR nna cpenHe2 3HeprHR naKeTa, paBH02 nonoBRHe BMCOT& 
6apbepa. 3TO Mo.mo YBRneTb H3 aHanHTHqecKoro B&paXeHHH nna BpeMeHR 
3anepuH B cnyqae WHPOKHX 6apbepoB111: 

t A = h [ E ( V - E l r 1 
/

2 
• 

6. 3AKJOO~HHE 

Ew.e npencTOHT noHHTb, MOXeT nH paCCMOTpeHHOe HBileHHe.TyHHenbHOro 
ycKopeHHH CB uenoM, HO aaMenneHHH no nnHHe 6apbepa) npHBeCTH K 
CYlll,eCTBeHHblM HaOnDnaeMh!M 3~KTaM ( B CMblcne npaKTHqecKHX npHnoxeHH2). 
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PRc. 3. BpeMeHa \ npoxoxneHHH "ueHTpa Mace" naKeTa qepe3 
ToqKy x B 3aBHCHMOCTH OT nonoxeHHH 3T02 TOqKH non 6apbepoM: 
0 < x :5 A npH pa3HMX 3HaqeHHHX cpenHe2 3HeprHH E naKeTa : 

E0 = 0,1 (---); E
0 

= 0,5 (····); E
0 

= 0,9 (- · - • -i. 

BpeMeHa tA aanepnH naKeTa 6apbepoM B 3aBHCHMOCTH OT WHPHH& 
6apbepa A ( J. 
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J.1HTepeCHO 61,ino 61,1, HanpHMep, Bb1$1CHHTb, He npoHBHTCH 1IH oco6eHHOCTH 
BpeMeHH02 3B01IDUHH TYHH01!HpOBaHH$1 B $1B1l0HH$1X THna 3rW)eKTa bo30g/COHa. 
Ho, BO BC$1KOM c11yqae, H00EHnaHHOe noBeneHHe naKeTOB non noTeHuHa1IbHblMH 
6apbepaMH nenaeT 6011ee nonHblMH HaWH npencTaBneHia o cneuHWHKe KBaHTOBbIX 
3aKOHOM0pHOCTe2. 

J.1HTepecHO 61,1110 61,1 paCCMOTpeTb, K KaKHM HOBblM acneKTaM noBeneHH$1 
KBaHTOBbIX naKeTOB MO~eT npHB0CTH MHOroMepHoe o6o6~eHHt1 naHHoro 
$1B1leHH$1 ("npe1IOM1!0HHe" B 6apbepHOM cnoe?) . 

ABTOpbl npH3HaT01IbHbl H.f.3acTaBeHKO, B.f.KanblWeBCKOMY, 
B.H.HD6owHuy, B.Il.IlepMaKoBy, A.Panowy. H M.H.IIIHpoKoBy 3a no11e3Hble 
o6cyueHHa. 
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PyKonHCb nocTynHna B H3AaTenbCKHH oTnen 

27 anpenH 1989 rona, 

*1 SrW)eKTbl YCH1!0HH$1 (oc11a61IeHH$1) H HapyweHH$1 CHMMeTpHH npOHHuaeMOCTH 
B MHOroKaHa1lbHbIX H MHOroqacTHqHbIX CHCT0Max C TYHH01!HpOBaHH0M 
paccMaTpHBa1IHCb paHbWe aBTOpaMH 13 •41 
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