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AcjlauacbeB r.H. 11 ap. P4 • ll319 

BnHSIHHe HeaaHa6aTH'IHOCTH ua ynpyroe pacceSI!me, ceqeHHSI 

peaKUHH H CnHSIHHSI TSI:>Kenh!X HOHOB 

fipOB€1l€H BH8IlH3 BnKSIHHSI CBSI3H BHyTpeHUIIX CTeiieHeli CB060ilbl llllep 

C OTHOCHTellbHblM llBH:>K€HH€M Ha a4J4JeKTHBHblH raMHilbTOHI!aH, OIII!Cb!Ba!OWI!li 

isaaaMoaelicTBHe Raep H aaBKCHWKli TOilbKO oT paaKyca-BeKTopa R , coeaHHH­

~mero U€HTpb! MaCe. C 3TOH Uenb!O IIplt IIOMOIUH rrpeo6pa30BaHHSI Hall KOOp­

PHHBTBMH, OIIHCblBBIOIUHMH KBK OTHOCHT€IlbHOe llBKlK€Hii€, TBK H BHyTpeHHiie 

~
one6aHKH B Hapax, llOCTKraeTCH npH6nKJKeHaoe paaaeneaue nepeMeHHbiX B 

paBHeHKH lllpeaunrepa. B HTore nony'leHo paauanbHoe ypaBHeuue lllpenuurepa 

rrepeHOpMHpOBaHHblMH IIpiiB€1l€HHOH M8CCOH I! KOnneKTIIBHbiMK napaMeTpaMII 

Aep. 3TO ll8€T B03MO:>KHOCTb HCC!l€1l0B8Tb Blli!HHHe H€81lHa6aTH'IHOCTII rrpo­

ecca CTOI1KHOB€HKH HB C€'1€HHH peaKUHH, ClliiHHIIH H ynpyroro pacceHHHH. 

Pa6oTa Bb!IIOnHeHa B na6opaTopHH TeopeTU'IeCKOH cjJH3HKH 011.HI1. 

OpenpHHT 06bellKHeHHoro HHCTHTyTa smept!biX eccnenoBaHeil. lly6Ha 1978 

Afanasiev G.N. P4 • 11319 

The Influence of Nonadiahatic on Elastic, Reaction 
and Fusion Cross Sections in Heavy Ion Reactions 

The influence of connection of intrinsic degrees of freedom 
for nuclei with relative motion upon the effective Hamiltonian which 
describes nuclear interaction and depends on the radius-vector R 
connecting centers of masses is analysed. With this aim using the 
transformation over coordinates which describes both the relative 
motion and intrinsic nuclear oscillations an approximate separation 
of variables in Schrooinger equation was achieved. As a result, 
radial Schrooinger equation with a renormalized reduced mass and 
nuclear collective parameters was obtained. This permits to inves­
tigate the influence of nonadiabatics of collision process on elas­
tic, reaction and fusion cross sections. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 

Preprint of the Joint lnsti tute for Nuclear Research. Dubna 1978 

© 1978 06!>etlBHeHHbl/l BHCTBTYT H!lepHblX HCCnetlOBBHBil /ly6Ha 

I. BBEJ(EHHE 

)l.m1 peaKJ.J.HH C 3HeprHeH HOHOB, npeBbiWaiOIJ.J.eH KynOHOB· 

CKHH 6apbep, o6pa30BaHHe KOMnayH.IJ;•CHCTeMbl CODpOBQ)I(· 

,IJ;aeTCB 3HaqHTenbHOH DOTepeH KHHeTHqeCKOH 3HeprHH OT· 

HOCHTenbHOrO .D;BH)I(eHHB Ha BHyTpeHHHe B036y)I(.IJ;eHHB co· 

CTaBHOH CHCTeMbl. Ilo3TOMY B pacqeTaX ceqeHHH o6pa3o· 

BaHHJl KOMnayH.D; • JI,IJ;ep a c He06XO.D;HMO yqHTbiBaTb 3TH 3cP· 

.PeKTbl. Ilo·BH.UHMOMY, uau6onee npueMneMbiM nyTeM pewe • 

HHJI npo6neMbl BblqucneHHJI a c 6blno 6bl nonyqeHue H3 

KBaHTOBO·MeXaHHqecKOrO MHOroqaCTHqHorO ypaBHeHHJI .D;BH· 

)l(eHHJI KnaccuqecKoro ypaBHeHHJI, BKnroqaroiJ.J.ero .D;Hccuna­

THBHble cunbi I cunbi TpeuuJI/. P JIA nonbiTOK 11-5/ 6bln y)l(e 

npe.D;npHHJIT, O,IJ;HaKO npo6neMa JIBnJieTCJI CnO)I(HQH H He 

HMeeT .D;O CHX DOp y6e.D;HTenbHOrO peweHHJI. 

B ,IJ;auuoH: pa6oTe npoBe.D;eH aHanH3 BnHJIHHJI CBJI3H 

BHyTpeHHHX CTeneHeH CB060.D;bl JI,IJ;ep C OTHOCHTenbHblM .D;BH· 

)l(eHHeM Ha 3cPcPeKTHBHbiH raMHnbTOHHaH, OllHCbiBaiOIJ.J.HH 

B3aHM()..D;eHCTBHe JI,IJ;ep H 3aBHCJIIJ.J.HH TOnbKO OT pa.D;Hyca·BeK· 

Topa R, coe.D;HHJIIOwero ueuTpbl Mace. C 3TOH uenLIO npu 

llOMOIJ.J.H npeo6pa30BaHHJ1 KOOp.D;HHa T, OllHCbiBaiOIJ.J.HX KaK 

OTHOCHTenLHOe .D;BH)I(eHHe, TaK H BHyTpeHHHe KOne6aHHJ1 

B JI.D;pax, .D;OcTuraeTCB npu6nu)l(eHuoe pa3.D;eneHue nepeMeH­

HbiX B ypaBueuuu lllpe.D;HHrepa. B uTore nonyqeuo pa­

.D;Hanbuoe ypaBueuue lllpe.D;HHrepa c nepeuopMupoBaHHLIMH 

npuBe.D;eHHOH MaccoH:, noTeuuuanoM u KonneKTHBHbiMH na­

paMeTpaMu JI.D;ep. B .D;anbueH:weM ypaBHeHHe lllpe.D;nHreya 

pemaeTCJI B paMKaX MO,IJ;enH, npe.D;nO)I(eHHOH B pa6oTe / 6. • 

IlpH 3TOM 3clt41eKTHBHbiH raMHnbTOHHaH y)l(e BKnroqaeT B ce6JI 

3clt41eKTbl .D;HCCHUaJ.J.HH 3HeprHH Ha BHyTpeHHHe KOnneKTHBHble 
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/KBa~pynonLuoro Tuna/ cTeneuu cso6o~LI B3auMo~e:HcTBy­
IOI.Qux H~ep. 

II. FAMHJlhTOHHAH 

raMUJlhTOHUaH, OllUCLIBaiOIQUH CUCTeMy U3 ~BYX B3au­
MO~eHCTBYIOIQUX CJIO)I(HLJX H~ep, onpe~eJIUM cne~yiOIQUM 
o6pa3oM: 

A A 

H=T +H +H , 
Kl1H, 0 B3, /1/ 

.. 
r~e T - onepaTop KuueTuqecKo:H :mepruu oTuocuTenL-Kl1H. A 

uoro ~Bu)l(eHuH, H0 onucLJsaeT BHyTpeuuee ~BH)I(euue 

B H~pax, H B3 • - raMuJILTouuau B3auMo~eilcTBUH ~syx 
H~ep. 

liy~eM llpUHUMaTL BO BHUMaHue nUWh B036y)l(~euue 
HU3KOJie)l(aiQUX H~epHLJX COCTOHHUH, npu onucaHUU KOTOpLJX 
MO)I(HO orpauuquTLCH rapMOHuqeCKUM npu6JIU)I(eHueM. llyCTh 
a i - ~uHaMuqecKue nepeMeHHLie, onucLisaiOIQHe BHyTpeu­
uee ~BU)I(eHue B H~pax. J~eCL j - COBOKynHOCTh KBaHTC­
BhJX queen, BKniOqaiOI.QaH u uu~eKc H~pa. Tor~a ~JIB 11

0 UMeeM 

h a 2 h 
H = - --:£ w. +-I. w. a. a 'l:'. 

0 2 . J aa aa * 2 j J J J 
J j j 

/2/ 

raMUJILTOHUaH B3aUMO~CHCTBUH 3anuweM Cne~YJOI.QUM o6-
pa30M: 

... .... .... (1) .... (2) ... .... ... 
H =fV(R+r -r )p (r )p (r )dr dr 

83. 1 2 1 1 2 2 1 2 /3/ 
... 

B 3TOM BLipa)l(euuu R - paccToHuue Me)I(~Y u,euTpaMu ... ... 
MaCe CTanKuBaiOIQUXCH H~ep; r l , r 

2 
- BeKTOphl, OTKna-

~LJBaeMLJe U3 l.I,CHTpOB COOTBCTCTBYIOIQUX H~ep; V - HyKnou-
..... 4\4 A-+ 

uyKJIOUHblu noTeuu,uan; p 
1 
(r 

1 
), p 

2 
(r 

2 
) - o~uoqacTuquble 

MaTpUU,bl nJIOTHOCTU ~BYX H~ep, KOTOpble MO)I(HO npe~cTa­
BUTh B BU~e PH~a no CTeneHHM a . 

J 

pO>(;.) = p ~>(r~) +I. p <.i)(;. )a.+ I. p ~~(;.)a. a k+ ... 
1 1 j J 1 J jk J 1 J /4/ 

4 

3~ecL p ~\r i ) - cpe~HHH nnoTHOCTL pacnpe~eneuuH uyK-
nO HOB B H~pe. 

llo~cTaBnHH I 4/ B /3/, nonyqaeM: 

... ... .... 

H = U
0
(R)+ I. U .(R)a. +I. U .k(R)a. a k+ .•. 

B3. j J J jk J J 
/5/ 

r~e 

... - .... ... .... (1) .... ( 2) .... . ... .... 
U 

0 
(R) - JV(R + r 

1
- r 

2
) p 

0 
(r 

1 
)p 0 (r 2 )dr 1 dr 2 , 

... . ... ... ... (1) ... ( 2) .... 
U i (R) = J V (R + r 1- r 2 )(p 0 (r 1) p j (r 2) + 

+ p <2>cr' )p (1)(; ))d; d; 
0 2 i 1 1 2 

U T.~. 
OTMeTuM, qTo npucyTCTBue B raMuJILTouuaue /1/ 

qneuos Tuna U J. (R )a . o 3uaqaeT, qTo napaMeTphl a . 
~ J J 
~JiyKTyupyiOT He OTHOCUTCJILHO HyJICBOrO 3HaqeuuH, KaK 
B CB060~HOM H~pe, a OTHOCUTCnhHO KOHequoro 3HaqeHUH, 
onpe~enHeMoro <lJyuKu,ueil U i (R ) . 3To oTpa)l(aeT TOT <lJaKT, 
qTo OCHOBHOC COCTOHHUC CHCTCMLI, OnUChiBaeMOH ~UHaMH­
qeCKUMU nepeMCHHLIMH a. , BO BHCWHCM none UHOe, qeM 

J 
B ero OTCYTCTBUC. 

Ill. flPEOEPA30BAHHE KOOPAHHAT 

HMeH B su~y B ~aJILHeilweM 3a~aqy npu6JIH)I(euuoro 
pa3~eneHHH nepeMeHHLIX B ypasueuuu lllpe~uurepa, c~enaeM 
cne~yiDIQHe npeo6pa3osauuH Koop~uuaT: 

R = <ll (?, {1) = r + I. <ll . (;) f3 . , 
1/ 1/ 1/ 1/ VJ J 

v=O,±l 

... (1)-> (2)-> 
a . = F . (r, {1) = F . (r) + I. F .k(r )(:3 k • 

J J J k J 
/6/ 

J~eCL R - c<lJepuqecKue KOMnoueHTbl pa~uyca-seKTopa. 
1/ 
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B COOTHOIIIeHH.HX /6/ r , r~. - HOBbie J].HHaMH'leCKHe nepe-v ~-'J 
MeHHhle, OnHChlBaromue COOTBeTCTBeHHO paJ].HanbHOe J].BH-

)I(eHHe H BHyTpeHHHe Kone6aHH.H o .s.n.pax. Ha acuMnTOTHKe 

R -. 0(), r11 -. R u - pa.n.uyc-oeKTop OTHOCHTenbHoro pac­

CTO.HHH.H Me)I(J].y IJ,eHTpaMH MaCe CTanKHBaiOmHXC.H .HJ].ep, 
f-3 . _. a . 

J J" -> (1) -> (2) -> 
cl>yHKu.p:H ¢ vj ( r) , F 11 (r) , F f.lk (r) onpe.n.enHM TaK, 

'IT06bi B H OTCYTCTBOBanH: 

a/ nepeKpecTHbie qneHbl ou.n.a 
a 2 

·------, 
Jr v J{3 k 

-> 

6/ nHHeHHhle no {3 j cnaraeMbie THna {3 j X j (r) · 
B peJynbTaTe raMHnbTOHHaH /1/ npHMeT BH~: 

" h2 a -1 a --. h a2 
H = - --- ~ --- M ,--- + U ( r ) - -- :2: w . -------- + 

2 vv, ar vv ar , 2 j J a {3 a {3 * 
v v j j 

+ .!1_ :2: n . (;)f3. f3 + 
2 jk jk J k 

/7/ 

Ma Tpuu.a M vv • I o6pa THa.s M ~~~, , urparoma.s B I 7 I ponb 

TeH30pa MaCChi/ CTaHOBHTC.H 3aBHC.Hme:H OT f H BHYT­
peHHHX J].HHaMH'leCKHX nepeMeHHbiX (-3. H HMeeT BHJ]. 

J 

6 

v v h JF <.1) aF .<0 
(-) M , = M o !-) + -- :2: ----l-- ___ .J __ 

v -v -vv w j ar v ar v, 

-;.. a 2 F 0 ) 
_ _!~I(-) ____ ...=H__ <ll "Ak f3 k + 

w ,.\ arv arv' 

. aF (2) 

+ M :2: (-i ___l!i 
ar v 

aF (2) 
-ik 

ar f-3k f-3k, + 
v' 

h A a<DAk a<D_Ak' n r~ 
+-I(-) --- ---~-'k ~-'k' 

w ,.\ ar ar , 
v v 

3.n.ecb M - npuoe.n.eHHa.ll Macca. 

/8/ 

cl>yHKIJ,H.H n .k (r), onpe.n.en.HIOIIJ,a.H nepeHOpMHPOBKY no-
~ J 

TeHIJ,HanbHOH 3HeprHH BHyTpeHHero raMHnbTOHHaHa, onpe-

J].en.seTC.H COOTHOIIIeHHeM 
2 2 

_. 1 , a uo a ue (2) 
H. (r) =- ~ --<D .Ill k+ ~ --<D . F ok + 

jk 2 J 2 VJ V o a VJ I v r r vr r 
v v 

a2u 
+ .!_ ~ --¢ ¢ F (1) + ~ U , F (2) F <;) + 

2 Jr 2 v j vk e ee, ee e j e k 

1 
+- ~ 

2 vee, 

J! 

a2u~ <ll <D F<OF<}> + 
v j vk e e 

rJr 2 
v 

+ 2 ~ 
vee' 

i!U ee '_ ¢ F( l)F (2~ .!!..._ :2: (d (-/' F (2)F (2) , 
vk e' ej 2 "A "A "Aj "Ak 

rJrv 

IV. OllPE,l(EJIEHHE 4>YHKUHH 
llPEOEPA30BAHH.R <ll,,j , F~) , F ~~~) 

/9/ 

KaK y)l(e 
<ll . F(l) 

I' J , I' 

OTMe'lanoCb Bbiiiie, cPYHKIJ,HH npeo6pa30BaHH.H 

F ~~~) onpe.n.en.HIOTC.H H3 ycnOBHH OTCYTCTBH.H 

a2 
H B raMHnbTOHHaHe nepeKpeCTHhlX 'lneHOB BHJ].a 

ar viJ{1 k 

qneHOB, nuHeHHhlX no 11. 113 nepooro ycnoBH.II cne.n.yeT 

<I> jp. =- _h_(_) j I (-)A F (2) aF ~~) 
Mw A Ap. --a;-: -J 

i h A (2) (2) h f1 
M I(-) <I>. <I> . +- ~ (-) F :~. .. F-Av = -(-) o _,w. /10/ 

i 11'- -w w A ''#'" w r 

113 oToporo ycnoBH.II nonyqaeM 
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U' 
hwF (1) _ ..!.y 15 R --..!2· _ 

2 2rr 0 r 

_ _g__v'.!Q_ hRo U' F(l)(F (1)+ r2F(1)') == O. 
3 2rr Mw B3. 

1111 

T v "' v 6 ,.., F ( 1) F (2) OqHLIH BH~ 'I'YHKUHH npeo pa30BaHHR 'l' vj , ll , Jlk 

MO)KHO onpe~enHTL, 3a~aB RBHLIH BH~ llOTeHUHana B3aHMO· 

~eHCTBHR H KOHKpeTH3HpOBaB ~HHaMHqecKHe rrepeMeHHLie, 

OllHCLIBaiOIUHe BHyTpeHHHe KOne6aHHR B R~pax. 

fiyCTL ~HHaMHqeCKHe nepeMeHHLie aj OITHCLIBaiOT 

KBa~pynonLHLie Kone6aHHR B R~pax, a B KaqeCTBe llOTeHUHa· 

na H83 • Me)K~y cnO)I(HblMH s~paMH npHMeM KynoHoBcKoe 

B3aHMO~eHCTBHe B nHHeHHOM no napaMeTpy KBa~pynonLHOH 
~e~opMaUHH npH6nH)KeHHH I s~epHyro qacTL rroTeHUHana 

H 83 • llOKa He KOHKpeTH3HpyeMI. 

r~e 

Tor~a. ~ns 3Toro cnyqa.H HMeeM 

Rv == r v + ~ ((3ci> L) lv ; 
L 

- F (1) ~ ((3 F (2) ) - 0 +1 + 2 a- +"'- 2" ,Jl- •-•-' Jl Jl L f r 

.... 2 2 ........ 
ci> (r) == ci> (r ) r , + ci> ( r ) [r r] , + 

LM 1 v li! 2V 

2 ............ 
+ ci> (r )[rrr] 

3 
, , 

3 v 

( 1) .... .... .... ( 1) 2 
FJl (r)==(rr]

2
JlF (r ), 

(2) .... 4 fm (2) 2 .... .... 
F. (r)== ~ C .

2
kF 0 (r )[r. •. r]o 

Jk f == Q 2) L LID 

1121 

1131 

3~eCL KBa~paTHLie CK06KH [ ] fm 03HaqaroT BeKTOpHyiO 

CB.H3L. B pa6oTax /7,8/ npHBe~eHLI ypaaHeHHR ~ns orrpe-

8 

1 
I 

J 
} 

~eneHHR ~YHKUHH npeo6pa30BaHHR KOOp~HHaT. ~ns orrpe· 

~eneHHR 3~eKTOB nepeHOpMHpOBOK B KHHeTHqeCKOH qaCTH 

3HeprHH CTOnKHOBeHHR Heo6XO~HMO 3HaTL MaTPHUY M -l, • 
He 3aBHCRIUaR oT BHyTpeHHHX nepeMeHHLIX M (0)~1 , qWcTL .,., 
3TOH MaTpHULI HMeeT BH~ 

M (0)-1 
TfT/ , == 

1 
----(-)., 0 
(1+ 2r 2.F O(r 2)) -TJTJ' 

r r • 
Tf Tf 

2 
(1+2r 2F(l) )11+~ 

8 

1 + 2r2F (1)2 

( _!__ F ( 1) + r 2 F (1) , ) 2 

2 

V. OECY)J(j:(EHH.R H PE3YJibTATbl 

1141 

OcTaHOBHMC.H Ha p.H~e ~H3HqecKHX cne~CTBHH H3 no­

nyqeHHLIX pe3ynLTaToB. 113 cooTHoweHH.H 17 I cne~yeT, qTo 

nepeMeHHLie ~j ~nyKTYHPYIOT OTHOCHTenLHO Hyneaoro 

3HaqeHH.H H MOryT cqHTaTLCR ManLIMH lecnH C06CTBeHHLie 

3HaqeHH.H MaTpHULI fl jk He CTaHOB.HTCR CnHWKOM He3Ha­

qHTenLHLIMHI. 3TO o:maqaeT, qTo C ITOMOIULIO rrpeo6pa3o· 

aaHHR 161 yqHTLIBaiOTC.H a~Ha6aTHqecKas qacTL npouecca 

CTOnKHOBeHH.H ~BYX CnO)KHLIX KBaHTOBLIX CHCTeM, T.e. Ta 

qacTL npouecca, KOTopa.H He co~ep)KHT peanLHLIX ao36y)K­

~eHHH CHCTeMLI. 

~anee, B pe3ynLTaTe BLIDOnHeHHLIX HM raMHnLTOHHa· 

HOM npeo6pa3oBaHHH rrpHBe~eHHas 3~eKTHBHas Macca M 
rrepeHOPMHpyeTCR H CTaHOBHTCR ~YHKUHeH OT KOOp~HHaT 

OTHOCHTenLHOrO ~BH)KeHHR, yrnoB pacceRHHR H BHyTpeHHHX 

rrepeMeHHLIX, B03pacTarolQeH no Mepe c6nH)KeHHR s~ep /8/ . 
B 3TOH CB.H3H OTMeTHM pe3ynLTaTLI pacqeTa Maccoaoro 

K03~HUHeHTa ~HR KBa~pynonLHOH ~e~OpMaUHH B npouecce 
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,ZJ;eJieHHB 191. MaccoBLIH Ko3clxllu:u.ueuT BAA • KaK lilYHK:U.HB 

KBa,ZJ;pynOJIIoHOH ,ZJ;ellJopMa:U.HH, nepeXO,ll;HT B npHBC,ll;CHHYIO 

Macey M ,ZJ;eJIBIIJ.erocB B,ZJ;pa )];JIB R > R 
01 

+ R
02 

, r,ZJ;e 

R 01 + R 09 - paccTOBHHe MC)I(,ZJ;Y :u.euTpaMH Mace o6pa-

3YJOJ..QHxci ocKoJIKOB ,ZJ;eJieHHB. )].JIB R <ll + R
0 

(f-3 < f:3 Kpl1T ·) 
u .t..t. -u 1 2 11edJ. 

MaccoBLIH K03'~"~'H:U.HCHT B ,u cyJ..QecTseuuo npesLiwaei 'Be-

Jiuquuy M. 
H nocJie,ZJ;uee 3aMeqauue. IloTeu:u.uaJILHaB 3HeprHB suyT­

peuuux KOJI~6aHHH nepeHOpMHpyeTCB H CTaHOBHTCB 3aBHCJI· 

J..QCH OT R 4 a HMCHHO: B 3aBHCHMOCTH llOTCH:U.HaJILHOH 

3HeprHH OT R H npHBC,ll;CHHOH MaCCLI OT BHYTPCHHHX nepe­

MCHHLIX {J j CO,ll;Cp)I(HTCB HCTOqHHK peaJILHOrO B036y)I(,ZJ;CHHB 

B,ll;pa B pe3yJILTaTe npo:u.ecca CTOJIKHOBCHHB. 

fipe,ZJ;CTaBJIBCT HHTepec paCCMOTpeuue BOnpoca 0 BJIHB­

HUH uea,ZJ;ua6aTuqecKHX 3clxlleKTOB ua nose,ZJ;euue 4Ju3uqecKH 

ua6mo,ZJ;aeMLIX seJiuquu, TaKux, uanpuMep, KaK ceqeuuB 

llOJIHOrO CJIHBHHB a c H peaK:U.HH a R • Ja OCHOBY pacqeTa 

3THX BCJIHqHH npHMCM MO)l;CJIL, npe,ZJ;JIO)I(CHHYIO B pa6oTe /tl/ . 
B 3TOH MO)l;CJIH BCJ..QCCTBCHHaB qaCTh llOTCH:U.HaJia BLI6u­

paeTCB B BH)l;C 

z z 
__l_ge 2 r > R 

v = I r 

-V r < R. 
/15/ 

0 • 

)J.aJiee npe,ZJ;noJiaraeTcB, qTo npu rs: <i(d~~ R) uMeeT MecTo 

llOJIHOC CJIHBHHC. fiO,ZJ; CJIHBHHCM B ,ZJ;aHHOM CJiyqae llOHHMa­

CTCJI HaJiuque npH r::: a TOJILKO CXO,ZJ;BJ..QCHCB cllJepuqecKOH 

BOJIHLI 

(2) 
'~'cx~r) = Aeh f (Kor). 

r,ZJ;e K 0= (2/1 (E + V 
0

) /h 2 ) ~ , a 4lYHI<:U.R• h (f) CJieA)'IOUlHW 

o6pa30M CBJI3aua c 4lYHI<IlBeH: XaHI<eJIJI: 

h(1.2) = V rrZ H (1,2)(Z). 
f >.. f+"h 
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B npoMe)l(yTKe d < r < R 
MHHMYIO qacTL: 

llOTCH:U.HaJI CO,ZJ;Cp)I(HT Ta~e H 

V(r) =- V0 - iW 0 . /16/ 

PeWCHHe B 3TOH 06JiaCTH HMCCT BH)l; 

( 1) (2). . 2 ~ Be he (K 1r) + Cehe (K 1r), K 1 = [211 (E + V 
0 

-tiW
0
)/h ] . 

Bo uuewueH: o6JiaCTH r> R HMeeM 
' ' 

'I' = f ~2)(Kr') - Se f ~l)(Kr) , K = (211E/h 2 ) V:! 

r,ZJ;e f~1 ' 2 ) (x) BBJIBIOTCB CJIC,ZJ;YIOIIJ.HMH KOMfiHHa:U.HJIMH KyJio­

HOBCKHX llJYHK:U.HH: 

f ~1 • 2>(x) = G e (7]' x) ± iFf (7]' X). 

YCJIOBHB "CWHBaHHB" BOJIHOBLIX llJyHK:U.HH H HX llpOH3BO,ll;HLIX 

npu r =a u r = R onpe,ZJ;eJIBJOT nap:u.uaJILHYJO S- Ma TPH:U.Y, 

a TaK)I(C K03«W!H:U.HCHTLI B r, c e ' A e . JlerKo BH,ll;CTh, 

2 Ko 
qTo BeJiuquua I A p I - noKa3LIBaeT, KaKaB qacTL uaqaJIL-

K 

uoro noToKa /pasuoro 1/ ,ZJ;OCTHraeT o6JiaCTH r< a. T. e. 

o6JiaCTH CJIHBHHB. Tor,ZJ;a ceqeuue peaK:U.HH H ceqeuue 

CJIHBHHB onpe,ZJ;CJIBIOTCB CJIC,ZJ;YIOIIJ.HMH BLipa)I(CHHBMH: 

a = rrA
2 

2 (2P + 1)T n , T n = 1 - ISe 1
2

, ' 
R e L L 

2 Ko 2 
rr>.. 2 (2f + 1) -IAn.l · e K r 

/17/ ae 

qT06LI BOCllOJih30BaTLCB COOTHOWCHHBMH /17/, Heo6-

XO)l;HMO llOJiyqHTh BBHhlH BH,ll; 34xtleKTHBHOrO raMHJILTOHHaHa, 

yqHThlBaiOIIJ.CrO )l;HCCHlla:U.HIO 3HeprHH OTHOCHTCJihHOrO )l;BH­

)I(eHHB Ha KOJIJICKTHBHLIC, KBa,ZJ;pynOJihHOrO TBlla, B036y)l(,ll;C­

HBJI B,ZJ;ep. )].JIB 3TOrO KOHKpeTHOrO CJiyqaB raMHJihTOHHaH 

HMCCT BH)l;/7/: 

11 



5 B , , 
2 " h 2 1 _j}__ 

H=- -(---- ->2 
2M 5 B ·2'1 aR 

--xx 
4rr M a 

5 .... -)+ 

(1+ --~ ,~3 an 1+- -x -, 
4rr M 4rr ~.~x 

5 y·x 5 2 
+ v <x Y R) + v + -- --- + -ex + 

E,LJ,. 211 ' KyJI. 4rr R 3 4rr 

h 2 5 'h 5h 2 2 'h IO 
+ -(-) ~ + --<x ') ~ ~ (21 + 1) c 

2B 4rr 0 8rrM I I 2020 

/18/ 
3.!{ecb 

X (R) = 3y'2 
5 

z2c2 R 2 
0 

C·R 3 

5 'h (BC) 'h 
(-) ~ = --- ( 4 + 

4rr 0 h 

'A Yz 
(~) 2 ~ = ~ (BC)_(1 
28rr 2 7 h 

1 

(1 +5Ji.x·2) 'lz 
M 

1 

(1+5Ji.x·2)'h 
M 

3 Vz 6 
'lz 

(B~-(1 

) ' 

) ' 

1 
(-) ~ =--

70rr 4 35 h (1+5~x'2)
1

/z 
M 

1 B '/(1 5 B ,2) 
= -x +- -x . 

M 4rr M f' 

) ' 

/19/ 

Z - 3apJI.!{ H R
0 

- pa.!{Hyc Ka)K.!{Oro H3 Jl.!{ep, B - Maccosblil 

K034J4lHUHeHT, C - J<W!eKTHBHaJI )KeCTKOCTb. 
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TaKHM o6pa30M, c noMO~biO pJI.!{a YHHTapHbiX npeo6pa-

30BaHHH /7,8/ DOJiy'leH 34J4leKTHBHbiH raMHJibTOHHaH, yqu­

TbiBaiO~HH B036y)K,!{eHHJI CTaJIKHBaiO~HXCJI Jl.!{ep. 

Pe3yJibTaTbi pac'leTa cetfeHHJI a c , u H .!{JIJI peaKUHH 

(4Dca, 40 Ca) s paMKax MO.!{eJIH 16/ npe.!{cTasneHbl Ha puc. 1. 
BH.!{Ho, 'ITO yqeT 34J4leKTOB Bo36y)K.!{eHHJI B3aHMo.!{eHcTBYIO­

IUHX Jl.!{ep DPHBO,!{HT K cy~eCTBeHHOMY yBeJIH'IeHHIO CetfeHHH 

a C, a R. YBeJIH\feHHe CetfeHHJI peaKUHH CBJI3aHO C DOJIBJie­

HHeM HOBOro KaHana peaKUHH /KBa.!{pynOJibHOe B036y)K,!{e­

HHe/. YBeJIH\feHHe CetfeHHJI CJIHJIHHJI CBJI3aHo C TeM, 'ITO 

B036y)K,!{eHHe KonneKTHBHbiX yposHeB: 3HeprHH npHBO.!{HT K 

yMeHbilleHHID OTHOCHTeJibHOH 3HeprHH, 6JiaronpHJITCTByeT 

npoueccy cnHJIHHJI. 

~c.OR 
(m6) · 

220 

200 

180 

160 

120 

60 

~0 

20 

60 

~oCa+4Dca 

(51? 

----6~ --........ ........ - <5c 

80 1-'0 £,M35 

Puc. 1. 3aeucu;wocmb cet.teHuii peaKt~uu u CAUJIHUJI om 3Hep­
zuu cmoAKHoeeHUJI OAJI 40Ca +40Ca. CnAoutHble KPUBble - ce­
t.teHUJI peaKt~uu u CAUJIHUJI I a R , a c - 6e3 yt.tellla KYAOHoe­
cKozo eo36yJKoeHuJI, a' , a' - c yt.teiiiOM 3(x/JeKIIoe nepe-
Hop;wupoeoK/. R c 
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0TMeTHM, qTO ynOM.IIHYTOe paaee npeo6pa30BaHHe npH· 

BO,D;HT K TOMY, qTo nepeaopMHPOBaHHLIH HOH- HOHHLIH no­

TeHUHaJI CTaHOBHTC.II 3HepreTHqecKH 3aBHCHMLIM. 3TH no­

npaBKH MO>KHO HHTepnpeTHpOBaTb KaK nepeHOpMHpOBKY 

3HeprHH, T.e. KaK c6poc 3HeprHH B 3aBHCHMOCTH OT pac­

CTO.IIHH.II Me>K,D;Y UCHTpaMH Mace CTaJIKHBaiOIUHXC.II HOHOB. 

Ha puc. 2 npe,D;cTasneHLI nepeuopMHposaHHLiii H HCXO.D;HLiii 

V.~h~f I "
0ca +40ca r+fc•l 

601 I (CM. meKCIO) 
I 

5 

40f I//' 
I '~-- -~1 14 

3 

2or I':{:::_- 3Ec.Lt.tt.= 90 M313 
I '' •., ·-. 

j2 
1 

ol J 'L!I I I I I I ·~ ~" -·~ ... ,_ ~(fm) 

.v+.s r1 
~ 

..... 

-zot -2 
-30 II AV+l15 -3 

Puc. 2. 3a8UCUMOC111b UOH- UOHHOZO no111eHijUQAa 0111 pac­
C1110RHUR r . Kpu8aR 1 - peaAbHaR ~aC111b no111eHl#UaAa 6e3 
y~e111a KYAOH08CK020 8036yJKOeHUR /8 31/IOM CAy~ae peaAb­
HQR ~ac111b no111eH11UaAa 0111 3Hepzuu He 3a8ucu111/. Oc111aAbHbJe 
08e KpU8bJe - nepeHopMupo8aHHbJe peaAbHbJe ~ac111u no-
111eHl#UaAa. L(utftpbl KpU8blX 03HQ~Q10111 3HepZUIO C111QAKU8QIO­
IJIUXCR uoHo8 8 c.ij.M. CAe8a 0111 8ep111UKaAbHOU nyHK111UpHou 
npRMOU HQXOOU111CR o6AaC111b CAURHUR. Ha 31110M JICe pucyHKe 
/no npa8ou wKaAe/ npeoc111a8AeHo U3MeHeHue npu8eOeHHou 
Maccbl 110 8 3a8UCUMOC111U 0111 r . Ha HUJICHeu ~ac111u pu­
cyHKa npeOc111a8AeHo U3MeHeHue :\ V+,\S 8 3a8ucuMoc111u 0111 

r , exoORUiee 8 ypa8HeHue 

2 
I 1 [~- J.ii..:t...!LJ ~ +AV+n~ + 11'1' (r)=O. 

1 + f(r) dr2 r2 E 
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noTeHUHaJILI. KOHCTaTHpyeM, qTo BJIH.IIHHe KBa,D;pynOJibHLIX 

B036y>K,D;eHHH CTaHOBHTC.II 6onee CYIUeCTBeHHLIM no Mepe 

c6JIH>KeHH.II JI,D;ep. Ha puc. 3 noKa3aHLI .D;HtWiepeuuHaJibHLie 

ceqeHH.II ynpyroro pacceJIHH.II 40 Ca +4°Ca npH yqeTe Kyno­

HOBCKoro B036y>K,D;eHH.II H 6e3 Hero. 

Pe3yJibTaTLI pacqeToB, npe,D;cTasneHHLie ua puc. 1-3, 
HOC.IIT MeTO,D;HqecKHH xapaKTep. YqeT B036y>K,D;eHH.II HH3KO· 

Jie>KaiUHX KOJIJieKTHBHLIX COCTO.IIHHH, 6y,D;yqu Ba>KHLIM ,D;JI.II 

ueynpyrux peaKUHH /Tuna KynouoscKoro Bo36y>K,D;eHH.II/, 

.fi. 
OR 
1 

10-1 

10-2 

10-3 

20 40 60 80 100 Sc.u..M. 
Puc. 3. ,l(utPt)epeHl#UaAbHbJe ce~eHUR pacceAHUR 4° Ca Ha 
40Ca C y~eiiiOM KYAOH08CK020 8036YJKOeHUA jnyHKIIIUpHaJi 
KpU8aA/ U 6e3 Hezo /cnAOJUHaR AUHUR/ OAA E C.l.I.M. = 
= 75 M3B. 
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He MO)KeT B TO )Ke BpeMJI 6biTb OCHOBOH ,lJ.nJI aaanHJa 
npoueccoa cnHJIHHJI, conpoBO)K,lJ.aeMbiX JaaqayenbHOH no­
Tepeil KHHeTaqecKOH 3HeprHH /.li.eCJITKH H COTHH M3B/. 
AnJI aaanaJa 3THX npoueccoa aeo6xo,1J.HMO paccMaTpaaaTb 
B036y)K,lJ.eHHJI THna raraHTCKHX peJOHaHCOB, qyo H JIBHTCJI 
npe,li.MeToM ,lJ.anbaeH:wax accne,lJ.oBaHHH. 

ABTOpbi 6naro,1J.apHbi yqaCTHHKaM CeMHHapa no TeOpHH 
Jl,lJ.pa JIT«<> Ja noneJHble JaMeqaHHJI. 
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