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Pa3BHThli B pa6oTax I 1 
- ~. KBA3HnoTeHu.aanbHhli no,I\XOA 

K OnHCAHBIO BhiCOK03HepreTH'IeCKOrO pacceJIHHJI A,l\pOHOB 

OKA3ARCJI BeCbMA 3clxlleKTHBHhiM npH OnHCAHHH 3KCnepa

MeHTARbHhiX ,1\AHHhiX no nHOH·HyKROHHOMY pacceJIHHIO /:!, 1/ 
HA MARble yrnbl. Jle)KAUUie B OCHOBe 3TOrO nO,I\XO,I\a KBA3H

noTeHU.HARbHOe ypaBHeHae .1\RJI aMnnHTYAhl pacceJIHHJI I.-,; a 

-~ WB3H'IecKoe ,1\onymeHHe o rna,I\KOCTH noKanbHoro KBA3H

noTeHu.aana npa BhiCOKHX 3HepraJix IJ, 2, (>-Y I npaBO.I\JIT 

K PJIAY KA'IeCTBeHHhiX I2,J01a KORH'IeCTBeHHhlxf1/ npe,I\CKa-

3AHHB, nO,I\TBep)K,I\AIOUUIXCJI 3KCnepHMeHTAMH no pacceJIHHIO 

A,l\pOHOB Ha MARble yrnw. 

C 3KCnepHMeHTARbHOB TO'IKH 3peHHJI 0,1\HHM H3 HAH60-

nee H3y'leHHhiX npou.eccoa JIBnJieTCJI ynpyroe pp -pacceJI

HHe. H3y'leHae 3Toro npou.ecca B paMKax KBa3anoTeHu.aanb

Horo nO,I\XO,I\A CBO.I\HTCJI K peWeHHIO H AHAnB3Y KBA3HnOTeH

D.HARbHhiX ypaaHeHHi MJI ABYX cnHHOBhiX 'IACTHU. I I J- I :1/a 

npe,l\ene BhiCOKHX 3Heprai. Mw 3,1\ecb acnonb3yeM aapaaHT 

KBA3HnOTeHU.HARbHOrO ypaBHeHHJI .1\RJI 'IACTBU. paBHhiX MACC 

B npe,l\cTaaneHHH «<»OMH- BoTxoi3eHa /1 :ll 

f E-2W(-i yJ i'V(rl ~ -\( E,;) IJI('r J /1/ 

3,1\ecb E - nonHaJI 3HeprHJI CHCTeMw ABYX 'IACTBU. B c.u..M., 

\11( . • ) . '·12 .~2 
'--1 v -oyJ' -v. 

HMeJI B BHAY ManocTb cnaHoawx 3clxlleKTOB B ynpyroM 

p p -pacceJIHBH Ha Manwe yrnw /eM., HanpaMep, 116/ /, 
aw6epeM noKanLHhli KBA3HnoTeHu.Han V ( E .I· ) B cne,l\yJO

ID.eM BH,I\e: 
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( 0) 1 , 
V o + -.- VI = VI , 

2Ip 

v = _!__v, 
~ 2i 2 

va 
1 

T2iT2 ~, 
~ 

/106/ 

/lOB/ 

/lOr/ 

HaQeM peweaRe ypaBHeHRJI /6/ c rpaHR'IHWM ycnoBReM 

/7/ B BRAe 
,.. ( 0) -> 1 (I) ... 

¢ (r ) ,0 ¢ ( r ) + -.-- ¢ ( r) . / / 
2lp 11 

( 0) ( I) 
llonyqaeM CRCTeMy ypaBHeHRi AnJI c)yHKURi ¢ R ¢ 

2 i a ¢ < 0 \ ~ ) = - V 0 l ( E ; ... r ) «V 0 l (r) , 
z 

/12a/ 

2 i az ¢< 1l (-;) =- v< 0 \ E ;r) <I>< ll(r) - v< I l ( E;_.r) J 0 l (r) -

-2i V 2 <f>(O )(-+) l .. r 

C rpaHR'IH.biMR ycnOBRJIMR 

¢<
0 h) I =1 , 

z-to-oo 

(1) 
<I> ( r) I =0. 

Z-+-oo 

6 

/126/ 

/13a/ 

/136/ 

.}\' 
,!~ 

~ 
:.~ 

PemeHRe CRCTeMW /12/ MO>KHO npeACT&BRTJ. B BRAe 

(0)-+ 1 z (0) .. .. ... 
<I> ( r) = exp [ - -.- f V ( E; p , z' ) d z' ] ; r = ( p , z) I 14a/ 

21 -oo 

J ll ( ~) = <I>( 0 l (r) [ - -1- f V Il ( E ; ~ , z' ) d z' -
2i -oo 

-zf[ «l>(Ol("p,z') rl Vl2 «l>(Ol(p,z') dz']. 

-oo 

/146/ 

3aYeTRM 0 'ITO C TO'IHOCTJ.IO AO 'lneHOB llOPJIAK& 1/p 
cnpaBe,[lJIRBO cneAYJOIQee COOTHOWeHRe: 

rAe 

-+ 1 z_ _. 
<I> ( r) = T exp [ - - J V ( E; p , z ') d z' J -

Z 2 i -oo 

--1- f("p,z) +0 ( l/p
2

) , 
2ip 

/15/ 

_( 0) z .( 0 ) .. , -1 .. 2 ( 0).. ') .J , 
f( p,z) =<r (r) J [ <r ( p,z') J v~ <!J {p,z uz. /16/ 

-oo 

lloACTaBnJIJI 3TO swpa>KeHRe B c)opuyny ,[lJIJI aMnnRTYAW 

pacceJIHRJI 

T ( -+ 1) = E- +( I) ( k) X +< 2) ( -k) M ( .. -+k) ( I) ( .. ) X 
p ' 2 XI /2 XI /2 p ' X I /2 p 

TT • mi z • m2z • ~ z 

( 2) ( -p) 
X)(1/2,m2z /17/ 
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-> -> 1 -> -> (I)-> ( 2) 
V(E;r) =V{ (E;r) +--Vi(E;r) ( (o L) xI + 

( 2 i p )2 
/2/ 

(I) ..,(24 1 ... ..,(I).., ..,(2)... 
+I x ( o L ) ) + ----.. V3' ( E; r ) ( ( o L ) x ( o L ) ) + 

(2i p) ,) 

1 ... -> ( 1) -> ( 2) 1 ... ... ( I)-> ... ( 2) -> 
+ -2. v4 ( E; r) ( 0 X 0 ) + -.- Vs ( E; r) ( ( 0 r) X ( 0 r ) ) , 

1 p 21 p 

____i 

l 
...... 

n~e , __ - i [ r x v J , 

•I l) .... ( :!) 
d B o • CnBHOBhle YaTpB~hl IJayJIB ,!J.JIJI nepBOi B BTOpOi 

'laCTB~ COOTBeTCTBeHHO. Vi • Vi • v3 • v 4 • v,, npe,D.nonara
IOTCJI rJia,D.KBYB cllYH~BJIYB r2 , YOr~YB napaMeTpB'IeCKB 
3aBBCeTh OT 3HeprBB. 

Ey.D.eY acxaTJ. peweHae ypasHeHBJI /1/ c KBa3anoTeH
~anou /2/, OTBe'laiOIIlee pacceJIHBIO npa swcoxax 3HepraJix 

Ha uanwe yrnw, B BB.D.e* 

'I' Ci- ) ~, ei P z F ( ... r) . 
/3/ 

Mw oy,D.eM BHTepecosaTJ.C.a a:unJIBTY.D.OB pacceJIHBJI c 
TO'IBOCTJ.IO .D.O 'IJieHOB nop.a,D.Ka 1 I p no cpasHeBBIO c oc
HOBHhiY BKJia,D.OM npB BhiCOKBX 3HeprBJIX, B B CB.a3B C 3TBM 
see ,D.an~aaeiiwae onep~BB c xsa3anoTeH~Bano:u a a:u
nnBTY.D.Oi pacceJIHBJI oy,D.eY OpOB3BO,!J.BTh C lTOi TO'f• 
HOCTJ.IO.H3 paccuoTpeHB.a OY.D.YT, O.D.Haxp, BCKJIIO'IeHw 'IJie
Hhl aYnJIBTY.D.hl, He npBBO,D..allllleCJI K BB.D.Y ,D.ByMepaoro npe,D.· 
cTaBJieHBJI no npa~eJIJ.Ho:uy napaueTpy. 3aueTHM, 'ITO yqey 
TaKBX 'IJieHOB CBO,!J.BTC.a lcllclleKTBBHO K HeKOTOpOMY Oepe· 
oope,D.eJieHBIO xsa3aooTea~aana, He BJIBJIIOIIleMy aa o611l
HOCTh paCCYOTpeHB.a B BeCYIIleCTBeHHOYY C TO'IKB 3peHBJI 
clleaoueHonoraqecxoro aHa.JIB3a ,D.aaawx lKcnepa:ueaTa. 

* Hecxon~axo BHo-1: ueTO.D. pewea&JI KBa3BDOTea~aaJIJ.Hhlx 
ypasHeH&i opa swcoKBx 3HeprBJIX MOlKHO aaiTB s/1 7 I. 

4 

... , 

Ilpe,D.cTaBBM :w:e,D.JieHHO :w:ea.aiOIIlYIOCJI cllyax~BIO F (r) 
B BB,D.e 

(l) .. (2) ( ... ) 
FCf) ~-¢(f) Xr 1 2m ( p) x X112 m2. -p ' 

I ' } z ' Z /4/ 
( i) 

r,D.e XJ/2, m - OOhi'IHhle .D.BYXKOMnOHeHTHhle cn&Hopw. Ilo,D.-
CTaBJI.aJI /l/ B /4/ B ypaBHeHBe /2/ B BCnOJih3YJI onepa
TOpHOe pa3JIO)I(eHBe 

. . i dz ,.. 2 
. -lp z w ( ..... ) lp z ( 1 v ) e -1 e "'p ------ ---- + ... 

p->oo p 2p2 

npBXO,!J.BY K ypaBHeHBIO 

( 2i a + U- ) ciJ ( n = - v ( E ; ; ) ciJ ( ~ ) 
z p 

c rpaHB'IHhiM ycnosaeu 

¢(1) I =1. 

l.D.eCJ. 

v ( E; r) 

z -+·-00 

-ipz 
e V(E;~) 

ipz 
(' 

/5/ 

/6/ 

/7/ 

/8/ 

C TO'IHOCThiO .J!.O 'IJieHOB nopJI,D.Ka 1lp DO cpaBHeHBIO 
C rJiaBHhiM 'IJieHOY V BYeeT BB,D.: 

- ,-> (0) ... 1 -::{1)( ... ) 
V ( E; r) = V ~ E; r) + -.-- V . E ; r , /9/ 

21 p ' 

r.D.e 

';',{})( ... ... ... ->(1l ... (2l /10 I v· E; r) = V ( E; r) + V ( E ·, r) ( [ o x r] xI + a 
1 2 ~ z 

1(1 l [ ... ( 2l ... ] ) V. ( F ... ) ( [ .... ( ll ... ] [ ... ( 2l ... ] ) + x o xr z + 3 ~;r o xr z x o xr z + 

.... ..,( 1) .... ( 2) -> ) l) -> -> ( 2) ... 
+ v4 ( E; r ) ( 0 X 0 ) + v 5 ( E; r ) ( ( 0 r ) X ( 0 r) ) 
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I 

B OT6paCWBaJI B DOpJI,AKe 1/p 'IJieHW, He DpBBO.AJIUUieCJI 
B OKOH'IaTeJibHOM OTBeTe K ,AByMepHOMY WYP&e-npe,ACTas
JieHBIO, nony'IBM AJIJI M: 

......... 
-> 7 __. i ( p -k ) r - -> -> 

M(p,k) =fdr e V( E;r) <I>( r) - /18/ 

->-> 
. 2 ip~1 1oo- ' = ( -2t} I d p e [ Tz exp ( - -

2
. I V ( E; p, z' ) dz ) -1 ] . 
1--

Y'IBTWBaJI l)opuyny /9/, swpa:>Kesse .AJIJI M uo:>KHo Jans
CaT& B BB,Ae 

M = M(o)+ _! __ M( 1>. 
2ip 

3.Aec& 

__.__. --> 

M( 0 ) =-2i J d2 p e i P ~ l I e Xo ( E; P) -11 ; 

M(l ~- 2i I d 2 p e i P ~l e Xo ( E ; P \p ( E ; p ) 

X (E;p) 
0 

--> 

1 00 (0) -> --JV (E;r)dz; 
2i -oo 

¢(E;p) 
1 00 -< 1) -> 

=--IV (E;r)dz 
2i--

/19/ 

/20a/ 

/206/ 

/21/ 

/22/ 

... --> ->( 1) -> ( 2) ( 1) ..,( 2) -> 

= x
1 

( E ; p ) + x 
2 

( E ; p ) ( [ a x r ] z x I + I x [ a x r ] z ) + 

( E 
->) ( [ ... < 1) -->1 + x

3 
; p a X r 

... < 2) -> ) ( -> ) ( -0 ) 
x[ a xr]z +x 4 E;p a 

_,( 2) ) 
xa + 

8 

~ 

( 
--> ) ( ( --> ( l) -+ ) ( -+ ( 2) -+ ) -+ (1 ) ( 2) +x

5 
E;p alp x a-1. p )+x;(E;p)(az xaz), 

o=(a,a ,a )=(o1,a) 
X y Z Z 

00 

x.<E;~) 
I 

1 
=--IV. (E;1)dz, 

2 • I 
1 -oo 

i = 1, ... , 5 ; /23a/ 

x'(E;p) =--1-j z2 V5 (E;r)dz. 
5 2" 1 -oo 

/236/ 

Docne secno:>Kswx, so AOBOJI&Ho rpoM03AKBX npeo6pa3o-
:aassl: uaTpsuy pacce.IIHBJI M uo:>KHO npssecTB x BRAY 
/3.AeCb MW BCDOJib3yeu 0603Ha'leHBJI, DpBHJITWe s/18/j 

( 1) ( 2) 
M =a.+f3(ay xay ) + 

. ( o > I< 2) I< u < 2> ) 
+ly a x + xa + 

y y /24/ 

~ ( { l) ( 2 )) ( ( l) ( 2) ) 
+u a x a +£ a x a 

X X Z Z 

r,Ae 

(0) 1 (1) 
a=a +--a 

/25a/ 

2ip 

f3 = _1 f3 < n. 1 < n 1 _0 >. 1 o > • 

2i ' y = IT"!- y ' 0 = n.- b~ ' l =cr.- f ' 
p ~~ ~~ ~~ 

/256/ 

-+ 

( o ) oo X o< E ; P ) 
a = -4 TT i f pdp J 0 ( p ~ l ) I e -1 l ; 

0 

/26a/ 
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< 1 l oo xo< E ; P l 
a =-41Ti fpdp J (p11l) e X (E;p) 

0 0 1 
/266/ 

( I) oo X 0 ( F:; P ) p 2 -+ 

{3 =-rl11i I fpdpJ 0 (ptJl) e [- x (E;p) + 
0 2 3 

p2 
t- 2 Xs ( E ; P ) ] - /26B/ 

00 xo< r; P l 2 _. 2 _. 
- f p d p J ----( p 11 I ) e [ p_ x ( E ; p ) - ..£. x

5 
( E ; p ) ] I ; 

0 
2 

- 2 3 2 

y< I ) = r1. 11 i f p d p J I ( p 111 ) 
0 -

e 
x0< E; pl 

rx(E;p) 
2 

/26r/ 

( l) 00 2 
o =- rl11 i I J pdp J 0 ( p i\1 ) [ _!_ x ( E; p) +X 

4 
( E; p ) + 

0 ...l ') 3 

p2 ' -> 
+--x (E;p)] + 

2 5 

( i\ ) xo< F:; pl [ L ( E · _,) -..e.'!_ ( F · _,) ] I· p 1 e X , P Xs , , P , 
2 3 2 

00 

+fpdp]2 

0 
-> /26A/ 

"" xo< E; P l 
c(Il=-41Ti Jp'dpJ 0 (pl'll) e [ X 4 ( E; p) +X ' ( E; p) ]. 

5 

TionyqeHHWe J~ecb 

/26e/ 
I 

peJyllbTaTW MOryT 6WTb HCDOllbJO· 
BaHW ~ll.ll aHallB3a 3KCDepBMeHTallbHWX ~aHHWX DO ynpyrBM 
B KBaJBynpyrBM HYKllOH- HYKllOHHWM npoueccaM DpH BW
COKBX 3HeprB.IIX. 

ABTopw Bhlpa>KaiOT rny6oKyiO 6naro~apHoCTb B.A.MaT
Beesy, A.H.Tasxena~Je Ja BHTepec K pa6oTe B noneJHwe 
JaMeqaHBJI, IO.M.KaJapBHOBy, C.TI.Kynewosy, A.H.Caca
K.IIHY, JI.A.CnenqeHKO, M.A.CMoH~wpesy Ja nno~oTBOpHwe 
~HCKYCCHB. 
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