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1. 3KcnepHMeHThl no pacceHHHIO qaCTHI.( BhICOKHX 3HeprHH IlOKa3bI

BaIOT, "l:To .IJ.H<W>epeHuHanhHhie ce"l:eHHH 06na.n.a10T HpKo Bhipa:lKeHHhIM 

IlHKOM enepe.n., a B PH.IJ.e cnyqaee - H ITHKOM e6nH3H (J"' 17 ·3HKOHanbHbie 

aMnnHTY.IJ.hl, xoporno nepe,IJ,aIOll.(He OCHOBHhie 3aKOHOMepHOCTH B o6nacTH 

ManhIX t ' o6na,IJ,aIOT TeM CBOHCTBOM, 1.J:TO OHH ,IJ,aIOT 3KCilOHeHl.(HanbHO 

ManhIH BKna.n. B o6nacTH ManhIX u . 

KaK 6brno OTMe"l:eHO B pa6oTax /1-3! , B paMKax KBa3HilOTeHl.(Hanb

HOro ypaeHeHHH JioryHosa -TaexenH,IJ,3e I 4/ .n.nH nonyqeHHH HeHc"l:e 3a10-

ll.(HX BKna.n.oe e6nH3H pacceHHHH Ha3a,IJ, Heo6xo,nHM yqeT o6MeHHhIX CHn. 

B HaCTOHll.(eH 3aMeTKe Mhl npoee.n.eM yqeT o6MeHHhIX CHn B CHCTeMe 

.IJ.BYX qacTHI.( H nony"l:HM Bbipa:lKeHHe .nnH aMnnHTY.IJ.hl pacceHHHH B cnyqae 

pacceHHHH 6eccnHHOBhIX qacTHI.(, a TaK:lKe .nnH pacceHHHH CKanHpHOH 

qacTHUhI Ha cnHHOpHoii npH BhICOKHX 3HeprHHX. 

PaccMoTpHM KBa3HnoTeHl.(HanhHOe ypaeHeHHe .nnH .n.eyx 6eccnHHo

BhIX "l:aCTHI.( 

/1/ 

H BbI6epeM KBa3HilOTeHl.(Han B ee.ne: 

A 

/2/ 

r,IJ,e p - onepaTOp nepecTaHOBKH KOOp,nHHaT Vd H V., 6y.IJ.eM Ha-

3bIBaTb npHMOH H o6MeHHOH qacTHMH KBa3HITOTeHl.(Hana, COOTBeTCTBeH

HO . .6y,IJ,eMC1.J:HTaTb vd,e (£;7) rna,nKHMH<i>YHKl.(HHMH.IlycTh Vd(E;i)-
<l>YHKl.(HH, pacTyll.(aH KaK p 2 npH p ... 00 H BhIITOnHHeTCH ycnoeHe: 

... ... 
V (E;r)/Vd(E;r) « 1. 

" p-> 00 
/3/ 

.6y,IJ,eM HCKaTb perneHHe ypaBHeHHH /1/ c KBa3HilOTeHl.(HanoM /2/ 
B cne .IJ.YIOll.(e M BH.IJ.e : 
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t/l( i) = e 
ipz -ipz 

F+(r)+e F_(i), /4/ 

F - ( -;) z .... oo o. /5/ 

lfcnonh3Y.H pa3no:>1<.eHH.H 

.... 2 .... 2 ± ipz ±ipz a 
(p + V ) e 2ip e 

% 
p-+oo 

/6a/ 

1 ± i p % 1 
± i p % 

±-ioz), e - e (1 
"I/-:+ 2 .... 2 p-+oo p p 

m -V 

/66/ 

MmKHO BH,IJ,eTh, qTO B OCHOBHOM npH6JIH:>KeHHH no MaJIOMY napaMeTpy 

1 Ip cl>YHKUHH F + H F _ y.noaneTBOp.HIOT CHCTeMe ypaarieHHH: 

.... 1 .... .... 
2ipazF+(r} =--p Vd(E;r}F+(r) 

.... 1 .... • 
2ipa F (r} = -[Vd (E; r)F(r} 

% - p -

.... .... 
+ V (E;r}F (-r}]. 

e + 

/7a/ 

/76/ 

PeweHHe cHcTeMhI ypaaHeHHH /7 / c rpaHHqHhIMH ycnoBH.HMH /5/ HMeeT 

BH,IJ,: 

e 

-1 % , , 

2;pI f Vd(E:p.z )dz 
--00 /8a/ 

.... 
F (r} 

-1 C"O , , 

~ f v ( E; P· % ) dz 
-1 2ip z d 

00 

= ~ e f V (E;p, z')dz'. 
2ip z e /86/ 

Ilo,IJ,CTaBJI.H.H peweHHe /4/' /8/ B aMilJIHTY.Il.Y pacce.HHH.H 

-+ -+ 1 -+ ilr-+ -+ -+ 
T ( p, k) = (

2
rr) 

3 
f d re V ( E; r} t/J ( r} , /9/ 

.... .... 
IlOJiyqHM, qTO Tf p , k) npe,IJ,CTaBHMO B BH,IJ,e 
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-+ -+ -+ -+ -+ .-...+ 

T (p, k) Td(p,k)+ Te(p,k), /10/ 

r .ne T d (;' k) BHOCHT cyme CTBeHHhIH BKJia,Il; B Ce'leHHe B o6JiaCTH 

MaJihIX H 3KCIIOHeHUHaJihHO MaJIO B 06JiaCTH MaJihIX U , a T., 3a -

MeTHo OTJIH'IHO OT HYJI.H JIHWL B o6JiaCTH MaJILIX u . BLIIIHWeM 3.necL 

TOJILKO BLipa)l(eHHe )];JI.II T., : 

-+-> -ip2 00 Xd(E:p! 
T (p,k} = -

2 2 
J pdp! (p'l/-u)e X (E;p), 

f! 7T 0 0 f! /11/ 

r.ne 

-1 
x ( E; p) = -. - 2- J V ( E; 7) dz 

d 2ip -oo d /12a/ 

-1 00 -+ 

x ( E; p) = -.-2 J V ( E; r) dz 
f! 2ip -oo f! 

/126/ 

B T u 

6 
I 1/ 

hipa)l(eHHe )];JI.II d MO)l(HO HaHTH B pa OTe . 

2. PaCCMOTPHM Terreph pacce.HHHe CKaJI.HpHoii qaCTHI.lhl Ha CIIHHop

HOH . .liy.neM HCXO,Il;HTh H3 KBa3HIIOTeHUHaJihHOro ypaBHeHH.11 B rrpe.ncTaB

JieHHH <l>OJI,Il;H-BOTXOH3eHa B KOH$HrypaUHOHHOM rrpe.ncTaBJieHHH /5/ 

-+ -+ -1 -+ -+ 
[ E y - w (-i V } - W(-i V )] t/J ( r} = . -+ V ( E; r) t/J ( r) . 

o w(-i V ) /13/ 

3.ne~__: IIOJIHa.113He1>rH.11 B c.u.M., Yo -MaTpHua,!J;HpaKa, w(-iV)= 
== y'µ2-v 2 , W(-i v )=yM 2--ij; µ H M - MaCChl CKaJI.HpHOH HCITHHop

HOH qacTHI.l, COOTBeTCTBeHHO. .liy.neM C'IHTaTh, 'ITO KBa3HilOTeHUHaJI 

V ( E; 1) : KOTOPLiii npe.ncTaBJI.HeT co6oii Ma TPHllY 4x4, npe.ncTaBJieH 

B BH,Il;e ( V11. ~ ) ' r.ne v 11 H v 22 - ,Il;BYXP.11.nHhie MaTpHI.lhl. B 
u 0 . \ 22 

.naJILHeHWeM HaM IIOHa.no6HTC.ll TOJihKO Vu -qacThITOTeHuHaJia.Onyc-

THM y Hero HH)J;eKChl H BhI6epeM ero B BH,Il;e /2/. HmeM peweHHe ypaB

HeHH.11 /13/ npH BhICOKHX 3HeprH.HX B CJie.nyromeM BH.ne: 

-+ 
t/J(r) = e 

i p z -+ - i p z -· 
F (r)+ e F (r). + - /13 'I 

IlyCTb $ypbe-o6pa3hl KBa3HITOTeHUHaJIOB vd H v., Y,Il;OBJieTBOp.HIOT 

YCJIOBHIO: 
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Ve ( E; u =OJ I V d ( E ; t = o) « 1 , /14/ 
p-> 00 

npHtieM V d ( E; 7) - JIHHeHHO pacTyma.H <l>YHKUH.H p . IIo,n;cTaBJI.H.H /13 '/ 
s ypaeHeHHe /13/, HCilOJih3Y.H onepaTopHble pa3Jio:>KeHH.H: 

-> 

w ( -i V ) e 
± ipz -> ± ip z 

W ( -i V) e 

±ipz i()z 
(l+-p-) /15a/ = p e 

p -> 00 

± ipz 

-:; (-iv~') e p-.oo 

I ±ipz iiJ 
-e (1±--z) 
p p 

/156/ 

H npHpaBHHBaH HYJIIO qJieHhI, pacTymHe KaK p , nonytIHM, '-ITO qeThipex -

KOMilOHeHTHble CilHHOpbI "± H F npe,n;cTaBJIHIOTC.H B BH,D;e: 

-> ( f ± ( f) 
F+(r}= ), 

0 

r.n;e f + - ,D;BYXKOMilOHeHTHbie CilHHOpbI. 
Onpe.n;enHM Teneph seJIH'IHHhI ¢ + cne,n;yromHM o6pa3oM: 

3a.n;asa.H KBa3HilOTeHUHaJihI 

v 
d, e 

( E; r) 
(+) 

V (E;r)+ 
d,e 

v d 
H Ve B BH,D;e: 

1 (-) -> -> -> 
V (E;r)(aL), 

2 i p d, e -> -> -> 

L =-i(rxv l, 

/16/ 
I 

/18/ 

nerKO BH,D;eTh, 'ITO B OCHOBHOM npH6JIH:>KeHHH no MaJIOMY napaMeTpy 

J / p <l> + H <l> y ,n;osneTsop.HIOT cne,n;yromeH: cHcTeMe ypasHeHHH: 

2ipiJ <I> (;}=-V (E;r}<l>+(7}, 
z + d,+ 

~ ~ ....... 4 

2 i p a z <I>_ ( r) = U d, _ ( E; r) <ti_ ( r) + T/ ( r) , 

/19a/ 

/196/ 

--+ -~ ....... 

ri(r} = Ue,-(E; r}<l>+(-r}, 
/20a/ 
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(+) 1 (-) .'_. -+ -+ 

U d. ± ( E; -;) = V d. e ( E ; r) ± Ti V d, e ( E; r) [ a x r ] z 

(+) 1 (-) -+ -+ -+ 

Ue,-(E;r)= Ve (E;r)- 2T Ve (E;r}[axr]z. 

PerneHHe cucTeMbI /19/ c rpaHH'iHblMH ycnoBHJIMH 

<l> r 7J I ~ o 
- . z-.oo 

HMeeT BB)],: 

-+ 
<l> fr) 

+ 
e 

z 
JU (E:p.z')dz' 

2 i p - 00 d, + 

/206/ 

/20B/ 

/2la/ 

/216/ 

/22/ 

1 z , , 1 z ,, ,, 
-.- f U (E;p, z )dz oo --. { Ud- (E:p.z )dz 

-+ 
<l> (r) 

-1 
2ip 

2 'p d, - 2 'p . • 
e J e -oo x 

z 

xri(p,z')dz'. 

AMnJIHTYJJ.a pacceJIHHJI, nonyqeHHaJI B peJyJILTaTe perneHHJI nocTaBJieH· 
HOH 3a)],a1.fH, npeJ],cTaBJIJieTCJI B BH)],e /10/' r)],e Td H Te HMelOT 
npe)l(HHH CMbICJI. 3)],eCb Mbl 6yJJ.eM HHTepecoBaTbCJI aMHJIHTYJJ.OH Te . 
0Ha Bbipa)l(aeTCJI qepe3 perneHHe CHCTeMbl /19/ B CJie)],ylO~eM BHJ],e: 

-+ -+ -+ 

-+ -+ 1 + -+ -+ -i(p+lr.)r -+ -+ 

( k ) J d r e [ U d, _ ( E ; r) <l> _ ( r) + re (p,k)= 411 x Y?, m 
% 

-+ -+ -+ 

+ U ., _ ( E; r) <l> + ( - r)] X 11 ( r) · 
• 12, mz /24/ 

IlOJJ.CTaBJIJIJI /20/ H /23/ B /24/' IlOJIY'iHM OKOH'.faTeJibHO: 
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J 

/26a/ 

(+) 

(-) 

T (p,k)=p 
" 

oo X d (E;p) 

f p d p J ( p v - u ) e x <-> ( E; p), 
1 /266/ 

0 

rJJ,e 

1 00 (+) 

x <:> ( E; p) = - ~ f V d ( E; r) dz 
i p -oo 

/27a/ 

(+) 1 00 (+) --+ 

x ( E; p) = - -.- f V ( E; r) d z 
" 2ip " 

/276/ 
-oo 

- 1 00 (-) --> x <-> ( E; p) = J!.. -.- f V ( E; r) dz . 
" 2 2ip -00 " 

/27B/ 

IloJiy'leHHLie 3,lJ,eCL pe3YJILTaTLI MoryT 6LITh HCilOJlh30BaHLI )J.Jljf aHaJIH3a 
3KcnepHMeHTaJILHLIX JJ,aHHLIX no rrN H KN -pacceHHHJO npH BLICOKHX 
3HeprHHX B o6nacTH MaJILIX u . 
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