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1. BBe,n;eHHe 

8cpcpeRT IllrapRa JIBJIHeTCH O,!l;HOlt H3,RJiaccnqec1mx 3a,n;aq _RBaHTOBOlt MexaHIIRII (cu., Ha, 
: J ' ' ' ' ' 

IIpHMep, [l]- [5]). B TO JKe apeMJI, B rnyqae CIIJihHOro 3JieRTpn:qernoro IIOJIH, 3TOT 3<p<peRT 

a IIOJII!Olt Mepe ~e HCCJie,n;oaaH. 8cjJ<peRT IIIrapRa a aTOMe ao,n;opo,n;a a o6JiaCTH CHJihHh!X 

I!OJielt paccMaTpHBaJICJI B pa6oTaX [2)-[5] maBHh!M o6pa30M ,!l;JIH OCHOBHOro COCTOJIHHJI, ,[(JIH ' 

BLiqHCJieHIIJI a11eprnn E H umpn:_Hhl r HCllOJih30BaJICH,MeT0,11; BeltJIH [2], qHcJieHHOe pemeHne 

ypaaHeHHJI Illpe.n;Hnrepa [3], MO,!l;Hq>HllHPOBaHirnJI TeOpHJI B03MyllleHn:lt [4] ll 6opeJieBCROe 

cyMMHpoaa11He p!I,n;oa TeopHH B03Myme11n:lt (TB) ,n;JIH ROHCTaHT pa3){e~eHHJI /31, /32 . [5]. Ilpn: 

HarrpHJKeHHOCTH anemnero ITO~ F -:5:. 0.1 ~e3yJII,TaTh! acex aBTOpOB rroqTH COBlla){alOT. 

B rrocJie,n;11ee apeMJI y~rremno n:crroJih30BaJICH Mero,n; 1/N-pa:iJioJKeHHJI (6], [7]. O.z{IIilRo 

1 / N-pa3JIOJKe11n:e nerrpn:uenn:Mo rrpn: F ~ F., r,n;e F. -RJiaccn:qecRn:tt rropor n:onn:3aJlHH. 

YpaanenHe Illpe,n;Hnrepa ,n;JIH aroua ao,n;opo,n;a B o,n;nopo,n;noM sJieRTpn:qecROM IIOJie HMeer 
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1-fl2
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·+ eFz] 'll(r) = E'll(r) , 
2m0 r 

(1.1) 

!le F - 0,!l;HOpo,n;uoe &JieRTpn:qecRoe ll0Jie, narrpaBJieHH0e B,!l;Olth OCH Z. B nameM BhlqHCJieHHH 

6y,n;eM ttcrroJih3oBaTh rne,n;yromyro cn:creMy e,n;HHH!l: a 2m 0 c2-sneprHJI Xaprpn:, w = F/F0 , -

narrpJilKeHHOCTh 3JieRTpn:qernoro IIOJIH (Fo = a3m;c3 /( en) = 5.142-109 b/cm),.ab "'.' n/o..m:.• 
-pa){Hyc Bopa. 8neprH!I yp0BHJI aTOMa BO,!l;Opo,n;a C rrapa60JIHlJeCRIIMH RBaHTOBhlMH qn:cJiaMH 

n1 , n2 'm MOJKeT 6h!Th pa3JIOJKena B p!I){ TeOpHH B03Mymenn:lt 

(L2) 

r,n;e n = 1 + n 1 + n2 + 1ml - maanoe RBanroaoe qn:cJio, k - rropJI){OR TB. 

Ilepah!e TPH rropJI){Ra TB H3BeCTHhl ,n;aano [l]. OCieTBepThltt-nopJI,n;oR ,n;JIH cocTOJIHHlt c 

1IpOH3BOJII,HhlMH n1 , n2 , m BhllJHCJieH B pa6ore [8] C HCIIOJih30Ba.I1;HeM rpyIIllhl ){HHaMn:qe

CROlt CHMMerpn:n: aroMa ao.nopo,n;a. Ranh!e Bhlpa.JI<eHHJI .n;JIH RO&<pq>H!lHeHTOB TB BllJIOTh ){O 

k = 1 n k = 10 rroJiyqenhl B pa6orax [9], [10]. O,n;na.Ro rrpn: k '-+ oo Bhlcmn:e rropJI){RII TB 

cjJaRropttamno pacryT (cjJenoMeH .[(altcona [ll]). TaRHM o6pa3oM, pH,n;LI TB HMeroT nyneaott 

pa){Hyc CXO,!l;HMOCTH, II03TOMY HCllOJih30Banne TB ,!l;JIH Bh!qHCJieHJIJI iurapROBCI{HX c,n;anroB H 



mHpHHLI ypoBHeli B CHJThHOM IIOJie Tpe6yeT cyMMHpOBaHHH acHMIITOTHqeCRHX pH.l(OB (rro.l(

po6HO CM. B [7] II (12]). 

B ,l(aHHOH pa6oTe MeTO,l( OCIUIJIJIHTOpHoro rrpe.l(CTaBJieHHH ([13], (14]) rrpHMeHeH R BI,IqH

CJieHHIO 3HepreTJiqecRoro crreKTpa aTOMa BO.l(Opo.l(a BO BHemHeM 0.l(HOpO.l(HOM 3JieKTpHqecuoM 

IIOJie. Pa60Ta IIOCTpoeHa CJie,l(JIOII{IIM o6p1130M. Bo BTOpOM pa3.l(eJie IIOJiyqeHa OCHOBHM 

q>OpMyJia ,l(JIH crreKTpa B CJia6oM 3JieKTpaqecKOM IIOJie. TpeTJIH pa3,l(eJI IIOCBHil.{eH n3yqeIJHIO 

aTOMa BO.l(Opo.l{a B CHJII,IJOM 3JieKTpnqecKOM IIOJie KaK B OCHOBHOM, TaK II B B036ym.l(eHHOM 

COCTOHHIIHX. B qeTBepTOM pa3,l(eJie IIO,l(LITOHle!ILI OCHOBHLie pe3yJir,TaTLI. 

2 . ATOM Bo.n;opo.n;a B CJia6oM 3JieRTplPieCl{OM ITOJie 

YpaBnem1.e llipe,l(HHrepa (I.I) B rrapa60JIHqecKofi CIICTeMe KOOp.l(IIHaT 3aIIIICLIBaeTCfl B CJie

.l(YIOil.leM BH.l(e [I]: 

[ 
1({)

2 
I{) m

2
) E (31 w] 

-2 ae + Z · ae - 4(2 - 4 - 2e + e · s it,1 CO = 0 , (2.1) 

[
. I ( {)

2 
I {) m

2
) E (32 w] 

-2 a112+-;;·a11-4112 -4-211-11·s 1P2(11)=0. 

3.l(eCI, /Ji - rrapaMCTpLI p113.l(eJieHHH rrepeMeHHLIX 

/J1+/J2=l. (2.2) 

BoJIHOBM q>YHKQIIH IICXO.l(HOH CIICTeMLI (I.I) rrpe.l(CTaBJIHeTCH B CTaH.l(apTHOM BII,l(e 

eim</> 
it,(r) = v"fir · ¢1(0 · 1P2(11) • (2.3) 

CqiopMyJiapyeM 3a.l(aqy cJie.l(JIOil.lIIM o6p1130M. McrroJih3YH MeTO.l( ocQHJIJIHTOpHoro rrpe.1(

craBJieHHH (OJI) II3 (2.1), orrpe.l(eJIHeM rrapaMeTpLI pa3,l(eJie!IHH /Ji II COOTBeTCTBYIOil.lIIe BOJI

HOBLie q>yHICQHII 1Pi· 8HeprIIH E IICXO,l(HOH CHCTeMLI (I.I) orrpe.l(eJIHeTCH H3 (2.2). 

Ey.l(eM cqIITaTh, qTo 3JieRTpHqecKoe rrone cna6o. B ·aTOM rrpn6JIIIH{eHHH .D.HHaMJIUa CH

CTeMLI orrpe.l(eJIHeTCH RJJIO!IOBCKHM B3aHMO.l(eficTBHeM, T.e. acIIMIITOTl!.'leCKoe IIOBe,l(eirne BOJJ

HOBLIX q>yHKQHJi lpj HBJIHeTCH RYJIOHOBCKHM. 

lf'AeH MeTO,l(a OJI 3aRJI!oqaeTCH B CJie,l(JIOil.{eM [13]: IIpOBO.l(HTCJI 3aMena nepeMeHHLIX ,l(JIH 

(11, 0 B ypaBHeHHI!. (2.1) TaKHM o6pa30M, qrn6LI rroJiyqHTh OCQIIJIJIHTopuoe aCHMIITOTHqecRoe 

2 

J 
,1 

noue;1c·111ie Hoirnoeoli tjiy111mm1 npeo6pa30Ba1111oro ypaene1mn. Tai;oe 11peo6pa3oaam1e mm 

(2.J) HMt'PT BH.l{ 

e =l. i!•i(O -+ li'd</) = qlmlcpi(q2) . (2.-1) 

~-•111r1,rna11 (LI). 11oc:1c· m·1wrnpwx ynpomem1ii 110;1y•1ae11 113 (2.1) i10ruHjm1111poBan11oe ypa

u11em1e Illpe.LUrnrepa eo ecnoMorare11hH0M nporrpaunee Rd 

<O [ I ( 82 d - I ;j) . , 2 . . I -1] . 2 . ·. 
H cf>1 = -:- -. -. + -- · ~- - Eq - 2/31 + :- · wq cf> 1(q) = 0. 

2 8q2 q iJq 2 
(2.5) 

12, [ 1 ( a2 
c1 - J ;-J ) , -i • . 1 -1] · 2 • II <l>2= -- -+-_-·- -AQ -232--·ll'(J <l>2(Q )=0. 

2 iJq2 Q nq · 2 

1-;ie ,/ = 2 + 2111,J. l!Ppe111e1111ue (</j, (Jj) 11pe.nc·rnu1u110T co6oH ee1.-ropu H fl". O1wparop 

(
iP d-1 8) 

~,I= i)q2 + -q-. {}q 

MOHO!O fHlCCMaT(lHRilTh lial; JlilJ[l-la;Ihll,\'10 •JaCTb d-MPJJIIOI'O 1ia11J1ac11ai1;1, II0CJH>;u,r;y uo;111011ai1 

cjl_vlll{l(HJI <Pi- :!ilHHC'llT TOJlbH0 OT paJ!ll,VC'cl '"'· 

J:,fa (2.!i) BII.IJ.110, •rro a3II!llyTam,11oe HHilllT0B0e 'IHC'JI0 111 0lia3ilJIOCh 11orno11ie110 ll pa:i~1ep

H0CTh BC'II0M0raTeJihH0ro rrpocTpaJ!CTBil R". EyJ1eM c•rnTaTb, 'ITO rrapa60Jlll'l('('J;(l(' 1rnairroawe 

•mcJia n 1 n n2 orrpe.l(eJIJIIOT pa.l(IIaJIJ,llhlP Ro36yir;.nemrn. T.e. 

I ) _ c ( + +)""IO) ,. _ 1 •) c,-2 _ •)211 ,f(d/2 + 11) (') G) 
Ilk - ·n• aiai . h- ·-·.,, -- 11. I'(d/2) --l 

r.ne aj - onepa-rop pom.nemrn, a jO) - BaHyy11111oe cocrnimne, T.e. lljjO) = 0 11 (OJO) = I. 
8 JIH3HIPM 1I0JJHJIHt' OTT [13] Cllelnp (Jil.lJ.llctnblll,IX RO:lfij'il{)IC'HHli 0llfll','{('JIJl('T!'JI c;l(',l~·ron\llM 

o6pa:mM: 

cl"•1uhl = (ndlllnk). (2.7) 

Cornac110 (2.5) napaMeTp fJk C y<IeT0!II m1pa60JIH'IC'Cl{OI'O llBil!IT0H0l'O •111c;1a. llH<'i(('IIII0J'() 

ll (2.6), onpeJIPJIJIC"rCH H3 ypaauemrn 

ct••1(1h) = O . 

.LJ.11H pememrn ypauuemrn (2.5) npe.nnanuM 11a110111p1enrne nep«'Al<'llllhH' (p. 'I)· 

JIJfTopa 'IPJJP:l onepilTO()LI pom,lleJIHJI 11 YIIH'ITOlllC'IIIHI aj II llj 

I 
'Ii= -- ( + r.,-.· a- +a·) 

y.c,w J J ' 

Jli = [Iw a;_ 11+ •). ~ __ J. 

- I 

j = I. 2 .... d . 

3 

(2.8) 

0Cl(HJI-

(2.!J) 



IToJICTaB,lR/1 (2.9) B (2.-5) ll npoBOM HOpMaJ!hHOe ynopHJioqeuue oneparnpoB pOH(JICIIHR 11 

y1111qro;Kelll!li, Il[>eJICTaBH~I ra~IH,lhT0HHaH B BHJ~e 

me 

H (k) - H{k) + H(k) + )k)(J·' ·ik)' '· = 1 •) - 0 I '-0 _,, 1 • , h., • - • 

11' 1
' + · u =...:(ajaj), llPJ=fl(A+4·) u J • J • 

.::i1'(E. ;3i) = ~. w _':!.di_ dE + wd(d +'2) 
4 '1.w 8w2 

c~2'(E,(3
2

) =~.fl_ 2/32 _ dE _ wd(d + 2) 
4 2fl 8fl2 

) 1 4 
H{I = - . U' : q . 

/ 2 H{2) __ ! . 
11

, . Q4 • 
I - 2 . . 

(2.10) 

(2.ll) 

3JieCh : * : - CHMBOJI HOpMaJJhHOro ynopHJI0'Jemrn. lfa YCJJOBl!li OCQHJIJIRTOJ)H0f0 npeJICTa1rne-

111111, r.e. 

f) 
fJv.: co(/31 ) = 0 , 

f) 
anco(/32) = 0 , (2.12) 

II0JJY'Jaf'M ypaBHf'IIHfl lIJlfl qacT0Thl 0CllHJIJIR'fOPa 

d dE wd(d+2) 
-·w+------'-=0, 
4 2w 4w2 (2.13) 

~. fl dE wd(d + 2) _ O 
4 + 2fl + 4fl2. - . 

OrpaunqueaHCh Hl13UIIIM IIOPfllIKOM now, 113 ycJJOBl!fl 0Cl{IIJ!JlflT0pHoro npe,nCTaBJ!eHl!/1 (2.13) 

HaX0JIHM 

d+2 3 (d+2)2 
2 3 W = V + W • -- - - ' --- • W + 0( W ) 

2v 2 8 11'5 ' 
(2.14) 

d+2 3 (d+2) 2 
2 3 fl = U - W • -- - - • --- • W + 0( W ) , 

2u 2 8 us 

1-;11• 11c110;11,:10Ba110 060311aqc1111e v = J-2E. 

Bropan nonpaa1ia, 110Topa11 can3a11a c raMHJJhTOHHaIJOM B3aHMo,neli:cTBH/I HY>, orrpe,ne

JIJJeTCH CJl!'l(Y[OUIHM o6pa30M [13]: 

.::[;;1( E, /:h) = clk)(E, J3k) + 2nkw(E,fh) + (nk/HY'lnk) (2.15) 

I ( (k) ( (k)I ) 1 ( (k) ( / (k)I )) I ) -(nk 111 - nk/H1 nk) (k) H1 - nk H1 nk nk , 
H0 - 2nkw(E,f3k) 

4 

l 
I 
f 

l 
} 

t 

r 
I 

r,ue nk (k = _1, 2) - pa,zi:.11aJihHOe IIBa.HTOBOe ,'.I.IIC/10 B rrapa60JI.IIqecKoli: C.IICT~Me Koop,n1maT. 

~•mTh!Ban (2.10) H (2.15), lI/1/1 rrap,rneTpa /31 nonyqaeir .II3 (2.8) 

. d dE wd(d+2) .. . . 1 (ll. . · 
'11 = 8 · w - 4w + 

16
w2 -+ n1w(E,f3i) + 2(n1/H1 jn1) (2.16) 

1 ( I (H(l) ( I (l)I )) · 1 . . . ( (l) { I (l)I )) I ) -:j' n1 1 - n1 H1 n1 · (l) HI - n1 HI n1 n1 . 
- H0 - 2n1w(E, /31) 

1leTan11 ah!q11cne11.1In MaTp11q11oro 3nei.:i~11ra (n; /HJ1>/n1) ~p~Be,neHLI B np.lIJIOJKeHH.II. Pacqer 

BTOJ)OH rrorrpaBHH MOJKHO nali:T.II a pa6oTe [13]. · 

· ITapaMerp fh BhlqncJIRercn ananornqiILIM o6paaciM. B·Hrore HaXQlIHM 

· · 3(n1 _:_•n2)n · w· 
1 = /31 + /32 = nu + 

2
u 2 (2.17) 

2 . - . 

w · n [ 2 )2 2 ] · 3 -
16

,u5 • 17n. +51(n1 -n2 -9m +19 +O(w), 

r,ne n == 1 + n1 + n2 + ,~,. vb (2.17) nonyqaeM 3Heprmo En .IICXO,!UJOH CH°CTeMLI 

En .. 
1 3 = --+ -wn(n1 - n2) 

2n2 ·2 · 
(2.18) 

w
2
n

4 
2 2 2 · · 3 

~- [17n - 3(n1 - n2) - 9m + 19] + O(w ) . 
l '•' '•S 

Ypas11e~11e (2.18) BO~I!p0H3B;;.IIT H~~ecTHh!li: peayJihTaT lI/1/1 cneKTpa aToMa BO,Aopo,na B CJia-
' '. . .: " . 

6oM 3;1eKTpw1ec110M none. ITpn 3TOM 3nepr.1In En Be~ecTBenna. O6h!qno lI/1/1 11axo)l{lieHH11 

UI.IIf)HHhl yposuell: HCn0/lh3YIOT KBa3HKJiacc.1IqecRoe np.1I6JI.1IJKeH11:e. HHJKe Mhl Il0KaJKeM, KaK 

nmp.1Ina yposuefi MOJK{!T 6LITh paccq.lITaHa _6ea TaKoro np.1I6JI.1IJKeHH11 •• 

3. ATOM BO,n:opo.n:a B CHJILHOM 3JieRTpHqecROM n:on:e 

PaccMOTf).IIM raM.II/lhTOH.IIaH 

1 ~ 
H = -P2 + V(r) . · 

2 

ITycri. rroTenqJiaJI V ( r') npe,ncTaB/1/leTCR ii cne.n:.yIOil{eM BH,Ae: 

V(r)_ = Vi(r) + g · ½(r) , 

(3,1) 

(3.~) 

r,ne g - HeKOTOJ)a/1.KOHCTaHTa. Kor,na g lI0CTaT0'{HO MaJia, 'TO BKJia,n BTOporo cnaraeMOfO 

paccMaTpHBaeTC/1 KaK MaJioe B03My~eH.1Ie, Hanp.lIMep, aHrapMOHJiqecKJili: OCrui:JIJI/ITOp 1
'. 

V(r) = r 2 + A· r 4 (3.3) 

5 



BJIH aTOM B«mOPO/la BO BHemneM ,meKTpHqecKOM rrone orrpe/(eJIJIIOTCH IIOTeHltHaJiaMH THHa 

npe/lCTaBJieHHoro B (3.2). Ilpe/lllOJIOJKlIM, qro npu g << 1 HJIH g >> 1 acHMHTOTHqeci;oe 

IIOBe/(eHHe BOJIHOBOil q>YHKilHU, COOTBeTCTByIOmeil raMUJlbTOHHaHy (3.1 ), HMeeT BH/l 

limlJ/~exp{-r0
'}, rrpH g<<l, 

r-oo 

lim W ~ exp {-r02
} , 1IpH g >> 1. 

r-oo 

TamtM o6pa3oM, IIPH B03pacTaHUH J(OHCTaHTLI g aCHMIITOTHKa BOJIHOBOli <j>yHKUHH raMHJibTO

BHaHa (3.1) MeHHeTCH. EcJIH MLI npe/lllOJIOJKHM, qTo aCHMUTOTHqecKoe UOBe/(eHHe BOJIHOBOli 

q>yHKJtllll MOJKeT 6LITb npe/lCTaBJieHo rrpu JII06LIX g B BH/(e 

lim W ~ exp {-r0
} , (3.4) 

r-oo 

TO napaMeTP O rrpu B03pacTaBHH KOHCTaHTLI g 6y/leT H3MeHHTbCH B llJITepBaJie [01, 02]- 8 

qacTHOCTH, llJIJI anrapMonuqecKoro noTennuana (3.3) I :5 o :5 3. 

OcHOBBM H/(eH MeTO/la OCJtHJIJIHTOpHoro npe/lCTaBJieBHH COCTOHT B TOM, qro B llCXO/lHOM 

ypasnenuu IIJpe.zumrepa neo6x~Mo nposecn1 3aMeHy nepeMeBHLIX TaKHM o6pa3oM, qTo6LI 

npeo6pa30BaHHOe ypaBHeHHe o6Jia/(aJIO pemeHUHMH, HMe!Oll.{HMH rayccoucKy!O acHMIITOTHKy. 

CornacHO (3.4) TaKM 3aMeHa rrepeMeBHLIX llMeeT Bll/l 

r"' = q2' r = q2P' 
I 

p=--;; · 
Ilpe/lllOJiaraeTCH, qTo napaMeTp p HBJIJleTCH <l>YHKUHeil KOHCTaHTLI CBH3H g. 8Ta 3aBHCHMOCTJ, 

/(aeT B03MOJKHOCTb rrepexo/(a OT 0/lHOfO peJKHMa B3aHMO/(ei!CTBHH K llPYf.OMY rrpH H3MeHeHHH 

KOHCTaHTLI B3aHMO/(ei!cTBHH_. B MeTO/le OCJtllJIJIJITOpHoro rrpe.ztCTaBJieHHR 3TOT rrpHeM 6L1JI 

anpo6HpOBaH B cnyqae aHrapMOHHqecKoro HOTeHnuana [15]. IlpuMeHHM 3TOT MeTO/l /(JIJI 

BLiqucneHHH cneKTpa H IIIHpHH ypoBHeli aToMa BO/lOpO/la B CHJlbHOM 3JieKTpnqecKm,1 IIOJie. 

B cnyqae cna6oro IIOJIJI /lHHaMHKa CHCTeMLI onpe/(eJ!JleTCH KYJIOHOBCKHM B3aHl\,10,zteliCTBHeM, 

a npn 11anuqHH CHJlbHOfO llOJIJI /lHHaMHKY onpe/(eJIJIIOT Te cnaraeMLie llOTeHnHaJia, KOTOpLie 

nponopnHoHaJlbHLI HanpHJKeHHOCTH BHemHero IIOJIJI. TaKHM o6pa30M, H3 (2. I) BH,!tHO, qTo 

npH B03pacTaHHH BHenrnero IIOJIJI acHMIITOTHKa BOJIHOBOli q>yHKitHH nepeXO/(HT OT uynoHO

BCKOli K aCHMIITOTHKe COOTBeTCTBYIOil.{eil JIHHeliHoMy IIOTeHnuany. Ilepexo,n K MO,'(Hq>HUIIpo

BaHHOMY ypaBHeHllJO Illpe/lHHrepa ocymecTBJIReTCH cneeyIOil.{l!MH 3aMeHaMH rrepeMeHHLIX: 

e = q2P' 1P1(()-+ 1P1(q2) = qplml<1>1(q2)' (3.5) 
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~-
L 

\ 
j 

rill' }.j:3 :s: fl :s: I: no/lCTaBJIHR (:J.5) 8 (2.1) H npoH:180/lH UeliOTO()hle yupowemrn. HaXO/llHI 

u . - u . p ~PIP wp 2(3p-l) ,.. _ 0 
[ 

I 
( 

~12 d I "' ) E' l •J ,J 2 2 . ] --'-- -+--- ------+-( '<'1- • . 2 i)q2 q Dq q2(1-2p) q'l(l-p'. 2 _ 7 .. , 
(:3.6) 

[ 
l ( {)2 d - I 8 ) Ep

2 
2!i2p

2 wp2 2(Jp-1J] cf, _ 0 
2 i)Ql + Q {JQ. - Q2(1-2p) Q2Jl-p) 2 Q 2 - . 

r.a,· d = 2 + 2pJmJ. AcmmTOTH'teCKoc:' noBe/leHHc:' co6crnemmx BOJIIIOBhlX cp~:mmm1 npeo6-

pa:msa11~oro ypaunemrn IIJpe/lHHrepa RBmit'TCJI rayccoBhlM /li!R mo6ux w. 

flo;~craunnn (2.!)) u (:3.6) 11 npoBO/lJI 11opMa1I~I.10<:' ynopJlllOttenue oneparnpoB po;i;/(emrn 

fl _\'IHI'ITOlhf'IIHH. HM<'PM 

//
(I)_ /-/(I)+ }/(I)+ :(I) 

- o / ~u , 

l'JW 

/1~1
) = ,,.1 (a+a) . (:3.7) 

_(l)_dw Erl 1'(1+2p-1) 2d1/r(1+p-1) 

to - J - w2p-l f'(fr) - ..,,p-1 1"(1) 

wp2 I'( fr + 3p - I) 
+ 2w3p-l . rw 
oo I 

//
(I)= Id. J (!!!!._)'' .-,i'(i+,·). _-2;,r;::;;(q,1) •. 
I .I ylf t : <2 • 

u 

[ 

Ep2.r-2" 2rl1/,r-'' · 1 ll'p2.r-:lp ] 

- w2P- 1I'(I - 2p) - w"-;- 1 I'( I - p) + 2 · w3P- 1 I'( I - ;Ip) 

PaccMOT()HM 'laCTHLiii .CJI)"laii 1/.1 = 0. 112 = 0. Cor.11acno (2.8),c _\"'l('TOM _\TJIORHH O('llllil:IJI~ 

TOpllOl'O IIp<')lCTaHJH'lll1JI (2.12). 1101Iy•Iil<'M ('Jl('"I'('MY ypaHllc:'IIHii )lJIII d, H •1anon1 on1i1Jrnil: 

Topa w. Pememw CHCTeMhl llj)HIIHMac•r Bl!)~ 

,i . [ x I'(2 + Jmlp) 1 I'(2p + JmJp) .f I'(;Jp + JmJp)) 
,v1=l' + --~-+ 

4p f(p + lmlp) .4,r I'(p + JmJp) •Lr2 I'(p + J111Jp) 
(;3.8) 

[)],(' .r JIBJIJI('T('JI ()Plllt'HHeM CJll'/lYIOllll'J'O anre6pa11'l<'CHOI'O ypaBIIC'IHIJI: 

3 2I'(2p+l111Jp) • /1'(:lµ+J111Jp) 
:I' - :i·p ---'---'---~"-- - l,p ' = 0 . 

I'(2 + JmJp) I (2p + lmlp) 
( :UJ) 

l.facTOTa OCI\HJIJIRTOpa onpe;ieJIHPTCJI <flOPMYJiaMH 

WP= ~l"l' 1'.ll<' l' = ✓-·21~• . .r = .!:_ 1,:1. 
(:I.IO) 
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Brnpoi> ypaeHenHe pewaeTCII aHaJIOrH'IIIO. ITapaMeTp /32 HMCeT IIH.11 

di = l' [ Y r(2 + lmlp) + ..!._ r(2p + lmlp) _ .l_ r(:lp + lmlp)] 
. -tp I'(p + lmlp) -ty l'(p + lmlp) 4y2 I'(p + lmlp) ' 

(:I.II) 

r.11e y 1111.1m·1-en pewem1e~1 cJie.11.}'IOll.lHX a,1re6pauqec1<HX ypaenem1li: 

,v _ , 3 _ 2 f(2p + lmlp) + •J 1r(3p + lmlp) _ 0 (3 l'J) 
" - yt . Y YP -P r 

1 1 
- • . -f(2 + jmjp) (2p + mp) 

me fl- 'lanora ocuu,1.w_rnpa. 8neprun 1-1cxo.11noii rncreMLI, oupe.11e,1neMaI1 1-13 (2.2); paeua 

me 

E = min -- = -Eo - -r ( 
I ) i 

P 2A 2 2 ' 

£ 0 = -ReE. I'= -2/mE, 

i·+yf(2+jmjp) I (I I) f(2p+jmjp) 
A = --'---'--"-+- -+-

. 4p f(p + lmlp) 4 :r y f(p + lmlp) 

+ £ (..!... - ..!...) f(:3p + jmjp) . 
4 x 2 y 2 r(p + jmjp) . 

(3. 13) 

(3.14) 

411CJie!I11Lle (JC3YJlhTaTLI np1-1ee.nem,1 B Ta6miue I.. 

Teneph paccMOTJ)IIM cnyqali n 1 'f' 0, n.2 'f' 0. Y1mn111a11 (3. 7), nyTeM npeo6pa3oeaH11lt, 

anaJIOrH'IHLIX:BLIWCIIpHee,neUHI>IM, 1-13 (2.6) nony11aeM 

n . (d ) Ep2 f(4+2p-I) 
£\d(di)= -+2n1 _w--

2
-

1 
2 (d [I+Sn1(1-2p)] (3.15) 

4 wP- f 2 )· 

21J1p2 £'(~ + p- I) wp2 f(~ + 3p- l) 
- wP-1 f(~) [l+.S'n,(l-p)]+2w3p-1 ni) . [l+Sn1(1-3p)] 

me 

q = d 

,, ( ) _ f( 2) J dx -l+r J (!!J_) -~2(1+x)( I . -2iy'°xw(q~) • j ) (3 16) 
,)n T - I'( 1 + T) f( T) x ,fir e n . e2 • n . . 

0 

,lleTaJIH Hbl'IIICJICHl-111 np11ee.11eHLI B rrpHJIOlKeUHH. 8 3TOM CJiy'laC 'laCTOTLI OCUHJIJI/ITO(JOB W 

II fl TaR}l(C .11a10TCII q>OpMyJiaMII {3.10) II (3.12), Ky,na CJIC.11Yef 110,ZlCTaBHTh 

X = Xn 1 • JD(ni), H Y = Yn, • JD(n2), 

a .r,q H .I/ .. , onpe.11eJIIITh 113 ypaBHCHllli 

3 B(ni) = 0 ' 
x,., - Xn 1 - f · [D(ni)J3f2 

B(n2) = o . 
y~2 - Yn2 + f. [D(n2)J3f2 

8 

(3.17) 

1 
\· 

l 

/~ 
: 1l_, 

;( 

Ta6m1ua 1. 8Heprn11 aTOMa eo,n;opo,na BO BHCIDHCM 3JICKT(JH'ICCROM HOJIC J1.]UI COCTOIIHHll 

m = 0, 1, 2, 9 II n1 = n2 = 0 

w f p -E r 
m = 0 0.04 0.0396 1.00 0.5033 7 • 10-s 

0.5037718 3.9 · 10-6 [2] 
0;08 0.0767 1.00 0.5170 6.8· 10-6 

0.51756 4.54 · 10-3 [2] 
0.12 0.1075 0.99 ·o.5370 0.0117 

0.5372 0.0299.[2] 
0.53557 0.0294 [3] 

0.16 0.1372 0.97 0.554 0.0667 
0.5554 0.0714 [2] 
0.54778 0.07195 [3] 

0.20 0.1625 0.92 0.5744 0.1112 
0.5705 0.1209 [2] 
0.55260 0.12493 (3] 

0.24 0.18925 0.91 0.5858 0.160 
0.5830 0.174 [2] 
0.55082 0.18927 [3] 

0.30 0.22905 0.90 0.5985 0.2224 
m= 1 0.004 0.0315 1.00 0.1261· 4 · 10-s 

0.1263169 4 · 10-1 [16] 
0.1263169 4 · 10-1 [3] 

0.008 0.06 1.00 0.1310 1.05 · 10-5 

0.1312615 1.036 · 10-3 [16] 
0.1311886 1.012 · 10-3 [3] 

0.012 0.083 0.93 0.1378 0.0048 
0.137578 0.0061 [16] 
0.135972 0.0058 {3] 

0.016 0.105 0.88 0.1427 0.0127 
0.1427216 0.01347 [16] 
0.136437 0.013776 [3] 

0.020 0.1127 0.855 0.1460 0.021 
0.146729 0.021853 [16] 
0.13150 0.02594 [3] . 

m = 2 0.002 0.05 0.98 ·0.059 1.16. 10-4 

0.004 0.085 0.93 0.0646 0.0074 
0.008 0.155 0.90 0.0691 0.0179 

m = 9 0:0001 0.06906 1.00 0.00642 0.0038 
0.006426 0.00337 [16] 
0.006426 0.003369 [17] 

0.0002 0.1216 0.85 0.00697 0.0045 
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I 
I 

3.n;ech n:crroJih30Bam.i CJie.n;ywmne o6o3naqenilJI: 

D(n) = 
2

p2 _ r(2p + plml) _ p + (1 - p)Sn(l - 2p) - (1 - 2p)Sn(l - p) 
f(2 + plml) (p + Sn(l - p)) _ 4(1-p)n 

. : . I+plml 

H 

B(n) = 
2 

2. r(3p + plml) . 2p + (1 _;· p)Sn(l - 3p) - (1 - 3p)Sn(l - p) 
P r(2 + Plml) ·· ( + s· (1 - )) - 4(1-p)n p n p l+plml 

Pe3yJihTaThl Bhlq1ICJJeH1Ili rrpnBe,n;eH11 B Ta6nmte 2. 

TafiJilllta 2. 8neprnn aTOMa BO,ll;Opo,n;a BO BHefilHeM 3Jie'KTp1IqeCKOM ITOJ!C ,n;;rn COCTORIIHii 

· m == 0, H n1 = n2 =f 0 

w n1 f p -E r .10s 

1.8. 10-:4 ·2 0.02207 1.00 0.02062 1.28 
. " 

0.020622 2.22 (18] .. 

0.020623 2.282 (3] 

1.0 • 10-5 5 0.0132 1.00 0.004356 2.71 . 0.0043566 2.82 (18] 

0.04377 2.815 (3] 
3.0. 10-5 7 0.0099 1.00 0.00235 . 1.36. 

0.002353 1.35 (18] 

0.002533 1.338 [3] 

PerneHHR. ypaBHeHHli (3.17) MoryT 6hlTh Hali,n;eH11 aHaJIIITHqeCKll H 3aIIIIChlBaIOTCR CJie

.n;ywmm11 o6pa3oM: 

Y1 =a+ b, (3.18) 

1 iy3 • 
Y2,3 = - 2 · ( a + b) ± 2 · ( a - b) , 

r.n;e 

a 
f B(n2 ) 

2 (D(71-2)]3/2 + 
f2 B2(n2) 
4 D~(nz) - 27 '. 

(3.HJ) 

b = f . . B(11-2) 
2 (D(n2)]3/2 

J2 .B2(n2) _ _!_ 
4 D3(n2) 27 ·. 

Pernenne ,ll;JJR Xn, IIOJiyqaercn II3 (3.18) 3aMeHoli f = - f II n1 -+ n2, II OHO ITOJJOlKIITCJihHO 

,n;JJR JI10611x 3HaqeHIIH rrapaMeTpa f 2': 0. EcJIII f = 0, TO H3 (3.18) IIMCCM 

YI = 0 , Y2,3 = =fl . (3.20) 
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B llilllJ(•~· IIOilXOj(t' 'laCTOTa O('Ull,1,1JIH>pa ;10:1ama 6i.in no;io;i;nTP,1bllOl!. :faBIICHllOCTb 

Yi oT f H:m6pame11a 11a pnc.1 11 2 npn 11 1 = 0. Cy111ecrnyeT rni;oe a11a•1r1111P napaMerpa 

f = f ... llf>II liOTOfJOM pell!CHHIJ Yi yxomn B liOMll,1PliCll)'I0 n:iornoc-n. Oepexo.n;11oe :i11a•1e11He 

napa~w.-pa f pan110 

[ JJ( 111 )]311 2 
B(111) . ff, . .f. = (:1.21) 

.-----
f(2p + plml) 1'(2p + plml) 

f.=p II=· · f(3p + plml) f(2 +pm ) v27 npn llz = 0 . 

__ C m=0. r-=1) 
___ Cm=1. r-=1> ,,, ____ ( m=2. r-=1) 

0.9 

t'\\ ----- --.... -------- ---~ _,- - ----~ _, 
: I 

, , 
, , 

I I , , 

: I 
I I , 
I , ,,-1,,,, 

f 
0.5 

0.0 0.1 0.2 0.3 0.4 0.5 
f 

Puc.1. 3aBBCHMOCTL y3 OT f npe: n 2 = 0. CynlecTBycT rnxoc :ma•1e-

1rne napaMCTpa / = J., npu ROTOpOM peUICHBJI Y3 yxo,qn.T B ROMDJJeRcnyro 
ITJIOCROCTb 

llpu f s; f. pell!eHIIn Yi - BemecTBCHH11l', a llpH f ~ J. y •1aC"TOTJd 0l"l(IUI/IJITOpa !l H0:lllllliill'T 

MHl!Ma11 •rnCTh, 'ITO ll03BOJ!ReT paCC'IIITil'fl, Ill' T0Jll,110 ("Jl('lll'J>, 110 II IIHIJ>IIIIU _\"(IOHlll'ii. I lpu 

f = _f., 111 = 111 = 0 H p = }, HMC'<·'M 

E• = ,. 2; 
-;Js. (I+ 111,!)1. (:l.:!2) 

211 I u,. = 
;Jll ( I + i111lf1(2 + 1ml) 

),fa (:l.22) Hl-l/lllO, 'ITO IIJ)H H03()ill"TillllHI 111 IIO}l noporonuii ll<'P<'X0/1 ocy11wcrn;11u•1-c11 llpll 

IIPCIIJlhllhlX -~JIC'HTJ>IPIPCIHIX IIOJIRX. 
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-.... 
>=' II) 

P:: 

0.5 

-0.5 

-1.5 
0.0 

I 
I 
I "-
I "-
I ..._ 

I 
I 
I 
I -{m=O, r=l)--_ ~ 

- - m=l , r=l) - _ --'--· m=O , r=0.9) - - __ 

0.1 0.2 · 0.3 0.4 0.5 
f 

PHc.2.MaoqpaJReHa aaBHCHMOCTI, YI H Y2 OT I rrpn n2 0 

8nepren!'leCKHH cneKTJJ tt IIIHJJHHhl ypciBirefi H HaIIIeM IIOJlXO.l(e Bh[qHCJJHIOTCR aaaJJHTHqe

CKH Ka!{ B cna6oM, TaK H B CHJJbHOM BHeIIIHeM 3JJeKTpHqecKOM IIOJJe. Pe3yJJbTaTh! JlJIR ,rneprnfi 

l! llll!J)Hllhl aTOMa BOJIOJ)OJ(a B OCHOBHOM ll B036yll{JleHHOM COCTOJIHHRX IIJJHBe.n;eHhl B ~a6JJHIIaX 
., 

I II 2. I1:1 rn6,rnn Bl!JIIIO, ;!TO B cnyqae .CIIJJbiIOro II cJia6oro IIOJJR HaIIIH pe3Y-:IbTaThl XOJJOIIIO 

cornacymrrn c pe3yJJhTaTaMM .n;pyrnx aBTopoa. 

4 . 06cy~~eH~e 

llo;rnea,·M 11Tor11. 

I. IlapaMerp p, 1mroph!lt cBn3aH c acHMIITOTHqecKHM noae,n;eHHeM Bo1111ciaolt cpyHKIIHH, 

J{OllTJJO,111pyeT nepeXOJ( OT OJlHOro pell{l!Ma B3aMMO.l(eltCTBlfR K .n;pyroMy .. Ifa Ta6Jmn 1 H 2 

HHJ!IJO. 'fl() 11[>11 BmpacTa1111H nanpRll{C!IIIOCTlf. B11enmero 'lJJCl\TpHqeCKoro IIOJIR napaMeTp p 

YM<'llhllJilPTCIJ OT I J(O 0.8.5. Cornacno (:j.5) noee.n;errne BOJIIIOBOfi cpyHI{Illllf IIJ)lf BO3panaHMH 

llilll[llllK('IJIJOCTII ~,'ICICTJ)Mqecrmro IIQJIR nepeXOJll!T OT KYJJOIIOBCKOro K rroee,n;eHHIO JIHHefiHoro 

11m,·11n11a;1a. 

12 

2. 8nepreTH'lf'CKl!fi crreKTp aTOMa BOJlOpo.n;a BLiqHcJJeH amiJJHTHqecKH (q:iopMyJJa (3.13)) 

If HeT 11eo6xo.n;11MOCTH cyMMl!pOBaHl!JI pacXOJlRIIIl!XCR PHJlOB. 

3. J13 (:J.20) BMJlHO, qTo nepexo.n; w -; 0 B HaIIIeM 11O.n;xo.n;e ocymecTBJJReTCR 6e3 rpy

.n;uocreii, II Mhl IIOJJyqaeM 061IqHLifi RYJJOHOBCKII CIIeRTp aToMa BO,n;opo.n;a. RoHeqHOJB 3TOM 

npe.n;e,1e p = 1. ITpn w == w., r.e. oRoJio rroporoaoro 3Haqemrn HanpHJKemrocrn 3JICRTpnqe

rnoro no;rn, ypoBeHb 3Heprun MOll{eT 6h1Tb BLiqncJJeH. qaCTHoe 3HaqeHHe (p == 1) npnae.n;eHo 

Ii (3.22). 

ABTOJJ c<IHTaeT CBOIIM npIIHTHLIM JlOJJroM BLipa3IITb IICRpCHHIOIO 6narOJJ;apHOCTb r.B.EcpnMOBY, 

C.H. He.n;eJibKo, B.C. MeneJKIIKY H P.r. Ha3MHTMHoBy ;a o6cy)KJleIIIIe 11 rroJie3HLie coaerLI. 

Pa6oTa IIOMepJKaHa rpaHTOM P<I><I>I1 No. 96-02-17435-a. 

IIPMJIOJKEHME 
ITpttee.n;eM HeKoropLie .n;eTaJIH Bh!qncJieHHH 11O11paBRH (nrlH1lnr)• ITpell{Jle Bcero npeJ(

CTaBIIM B HOpMaJlbHOH cpopMe rrpoH3BCJlCHHH KaHoHnqecRHX rrepeMeHHb!X q2'", r.n;e T MOJKeT 

npIIHIIMaTb J1I061Ie 3HaqeHIIH. IlycTb T = l ' 2 ' 3 ' .. , ror.n;a, yqnTLIBM (2 .. 9), HMeeM 

2 d 2 
q == -+: q 

2w 
4 d(d+2) d+2 2 4 

q == 2 + -- : q : +q : ' 4w w 
6 d(d+2)(d+4) 3(d+2)(d+4). 2 _ 3(d+4). 4 •• 6 _ 

q == ----~ + ----::--- . q . +--- . q . + . q . 
8w3 4w2 2w 

EcJIII T < 0, TO 6y.n;eM HCIIOJJb3OBaTb CJJe.n;yromee npe.n;cTaBJleHne: 

oo oo d 

q;r == J r~:tr-1e-q
2
x == j r~:)xr-1. J (Ji) 

0 0 

f(d/2-r) 
=WT. I'( d/2) 

: q2r: wr+I. I'(d/2 - r) 
f(l + d/2) 

oo d 

+ r J dx -l+r J (!::J...) -~2(1+x) . -Zi,/xw(q~) • 
w I'( T t ,./ir e . e2 • 

0 

e-~2<¼+~) 
xd/2 : e-2iq~ : 

(A.l) 

(A.2) 

Ilpn BLiqncJJeHHlI MaTpH'IHoro 3JJeMeHTa (nrlH1lnr) ncnoJJb3yeM cne.n;yromee TolK.l).ecTBo: 

eikileif!i!+ == eipil+ eikile-(kp) 

eikil ii.+ eikil == a+ + ik ' 
e0ta+aae-0ta+a = ae-a . 
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Y•mn.rnrur (2.8) n (A.3) B (A.I), nonyqaeM cne,AYIOllU!e cooTHO111emrn: 

2 · 2n, 
(n,I : q : In,) = - , 

w 
(AA) 

(n,1 : q4 : In.) = n~ [d + 6n, - 4] 
w 

PaccMoTpHM 

( I 6 2n,( n, - 1) 
n, : q : In,)= w3 [3d + 10n, - 8] . 

oo . d 

S ( ) = f(d/2) 1· dx r-11 (:!!l.) -,r(t+x)( I . -2i,/xw(q71) . I ) n T f(d/2 + r) f(rt y'ir e n . E2 • n . (A . .5) 

0 

Yqnru»rur (A.3), nocne HeKoropLtx ynpomeHnii: nMeeM 

a2n 2n (B2 2 )j ( · I (nl : e;iB(a+71J-iB(a71) : In) = c2 ___ " 77 0 + /3 - 40/3)1 
naonapn 8 j! (1 - 4et/3)i+d/2 '(A.6) 

J c,,{3=0 

r.n;e B - HeKOTOprur KOHCTanra. 

Ilpn B.hlqHc.rreHHH nonpaBKH Bcrpeqaercn cne.ey10mee BLtpameHHe : 

·T, ( ) _ 1 (:!!l.)d -71
2(t+x)( I . -2i,/xw(q71). I ) 

nX- y'ir e n.e2 .. . n. 

Jlerno BH.n;err,, qro To(x) = 0. YqHT.hlBaJI (A.3) H (A.6) B (A.7), HMeeM 

Tn(x) = 
2n n k Xk f(l + n) 22s-k 

8~-(-l) (l+x)k+d/2 f(n+d/2)I'(n-s+I) 

I'(k + n-s+d/2) 
f 2(k-s+l)f(2s-k+l). 

Cornacno (A. 7) 

S ( ) = f(d/2) 1= dx -t+r. T. ( ) 
n T I'(d/2+r) f(Tt n X . 

0 

YqnTLtBaJI (A.8) B (A.9), oKoHqarenr,Ho nonyqaeM 

f(d/2) f(l + n) 
2

n I'(T + k) 
Sn(T) = f(T) f(n + d/2) 8 I'(k + d/2) 

n k 22•-k I'(k+n-s+d/2) 
~(-l) T(n-s+l)f2(k-s+l)f(2s-k+l). 

Jl11TepaTypa 

(A.7) 

(A.8) 

(A.9) 

(A.10) 

[l] Bethe,H.A., Salpeter,E.E.: Quantum Mechanics of one- and two-electron at.oms. 

Springer-Verlag, 1957. 
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llm1efixa11 M. , 
3cjxpeKT llhapKa BCHJlbllQl-,I 3;.leKTpH~ec~O~I nOJie 

t • J I '' ' • , 

B MeTO.rre.OCUHJlJl.51TOp11oro npe.rrcTaBJleHH51 . 

- . ' \"· . \. '. . . ' 

B paMKax MeTo,rra ocumrn51rnp11oro npe.rrcrnn11e111rn paccM0Tpe11 arnM nonbpona 
Ii ::JJWKTptt'leCKOM . none. B c11xlJae · n11eumern c11a6oro, ::i11eKTpH'l~CKoro HO!f51 
Bb1Y11c11eu :foepreT11YeCKHii cneKTp B paMKax Teopii~ ~OJMyiue1ittii, npu HMH'lim' 
c.tt11h11oro 1101151 npea11h)l(eH cnoc66 BbilJHcJle1!H51 yp~n11ei-i. ::ineprn~ H -}ll_11p1iH'.b1. 
Yp0B

0

lill ::i11epnm npH noporOBOM 3llalJelllHf. 3~eKTpw1ec1<.oro nom; _Ha.ii,ne1jb1 
aHaJlllTH'leCKII. noKaJa~o. lJTO npl~i,IKJIIOlJelmU 03JleKfpH~eCKQro fJOJl~ imcnpmb~-

• ' ·, I' - , F 

B0.!lllTC51 TOlJllblH KYJIOIIOBCKHi-i cneinp. 

Pa6orn BblllOJllle11a B J1a6oparnp1lH TeopeTHlJe~KOi\ qm3HKJ{HM.H.H.Eoromo6o-
Ba QJ15JH.. . . . ' . ' . .· ' 

npenp1mT 06ieilllll<!llll0f0 m1cmryra ~llepHl,lX HCCJ1ellOBam1ii. ny611a. 1997 
. ; .. ',.. 
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Dineykhan M. 
Strong Stark Effect in the OsciH_ator. Representation 

_):'4~97-173 

. The . oscillator representat_ion. is applied. io calculate the energy ~pectrum 
and width at' the hydrog~n atom in a~ e,xternal electric _field. F?f, t~e:strong electric 
field, a new approach is suggested for the1 calculation of the energy and width. 
The en(ergy· _level 6f the classical ionization threshold is calculated analytically .. 
The, results of the zeroth ~pproximatiOI) 'of oscillato~ 'representation·. are, in good 
agreemen_t with the exact values. ' · . 

'. The investigation bas been performed · ~t the . B~goliubov Laboratory. 
of The~retical Physics, JINR., ·. 

\· ··\ 
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