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Finite Element Method

Stages:

o BVP — minimization of quadratic functional problem

Finite Element Mesh

Construction of shape functions
> Interpolation Polynomials

* Lagrange Interpolation Polynomials
* Hermite Interpolation Polynomials

> ooo

Construction of piecewise polynomial functions by joining the shape functions

Calculations of the integrals
» Gaussian quadratures
> .
Solving of Algebraic (Eigenvalue) Problem

» Continuous Analog of Newton Method
> e




Problem statement

Self-adjoint system of N second-order ODEs for unknowns ®(z) = {&")(z )}, o

o)(z) = (¢5")(Z), ')(Z))T by z in the region z € Q, = (z™", z™>)
1 fa(2) 1 dfa(2)Q(2) _
< B dzfA(Z)f—l—V(Z) 7 (Z)Q( )E oz )AT—EI> ®(z) =0.

fs(z) > 0 fa(z) > 0, | is unit matrix; V(z) and Q(z) are a symmetric and an
antisymmetric N x N matrices, with real or complex-valued coefficients from the
Sobolev space H3='(Q).

All coefficients are continuous (or piecewise continuous) functions that have
derivatives up to the order of K™ —1 > 1 in the domain z € Q.

The boundary conditions:

(I) : »(z')=0
(I1) : lim fa(2) (I% - Q(z)) ®(z)=0

(I :  lim <'E - Q(z)) ®(2) = G(z')d(2).

z—zt




Problem 1. For bound or metastable states

Case of the real potentials and real eigenvalues E: E1 < E; < ... < Ep,

Zmax

(®|®py) = / (2™ (2)' 0 (2)0z = b

Case of the complex potentials and complex eigenvalues E = RE + 1SE:

RE, < RE; < ... < REp,,

The eigenfunctions ®,(z) obey the normalization and orthogonality conditions

max

(@nl®n) = [ a(2)(®7(2) 0" (2o = .

J.G. Muga, J.P. Palao, B. Navarro, I.L. Egusquiza Complex absorbing potentials
Physics Reports 395 (2004) 357-426

A A. Gusev et al,Symbolic-numeric solution of boundary-value problems for the
Schrodinger equation using the finite element method: scattering problem and
resonance states, Lecture Notes in Computer Science 9301 (2015) 182-197.




Problem 2. The scattering problem

“incident wave + outgoing waves” asymptotic form

D, (z )
XM®(z
) ; tb_,(z — £00)
_ mln (Z) + Xmm ( )R‘> + Xfri)n(z)R:a Z— —Q
XO@)R, | XV ()T, - XS (2)To + X (2)TS,, 2 +o00
O, _(z—>1w)
XO(2) o (z = +00)
< > _ G @Te + XD (AT, 72— —c0
XO)T, | XO()R, X5 (2) + xmax( JRe + X9 (2)R, z— +oo

¢_>(z), ®, (2) are the matrix solutions by dimension N x N%, N x Nf
N N are the numbers of open channels,

Xiin (z) Xmln (2) are open channel asymptotic solutions at z — —oo, dim. N x N5,
x(2) (2), X S (z) are open channel asymptotic solutions at z — o0, dim. N x N,
XE:IL(Z), X, (2) are closed channel solutions, dim. N x (N — N5), N x (N — N&),

R_,, R_ are the reflection amplitude square matrices of dimension N5 x N5, NF x N5,
T, T. are the transmission amplitude rectangular mat. of dim. N x N5, N5 x NF,

RS, T°,, T°, RS are auxiliary matrices.




Problem 2. The scattering problem

Wronskian conditions

Wr(Q(z); XF)(2), XH)(2)) = +2u00, Wr(Q(2); XF)(2),XH)(2)) = 0
a(z

)
Wr(Q(2) a(2),b(2) =o' (2) (2 ~ a(b(a)) - (2 - aa(a)) b2)

For real-valued potentials

TLT. +RLRL =1, TLTo +RLRL = o,
T,R_+RLT_. =0, RLT,+TLR, =0,
T.=T., RL=R,, R_=R..

For real-valued potentials the scattering matrix is symmetric and unitary,

complex potentials it is only symmetric

_( Ry T g _ ggf —
S_<T_> R<_>’ S'S§ =8S' =1.




Problem 3. The metastable state pr. with complex e.v. E=RE+1SE:

Asymptotic form

(I)M(z — 1)

X ()0, + X9 (2)0%, z— —
xmax (Z)o—> + Xmax(z)o*), Z — +o0

Robin (Siegert) BC

(111) : lim (I% — Q(Z)) ®(z) = G(z")®(z"), t=min and/or max

z—zt

69 = (1m (12 ~a@)) (X2 x0@) ) (X @, x0@)

Orthonormalization conditions

(®nl®r) = [ B@)O(2) O™ @)z = 57

J.G. Muga, J.P. Palao, B. Navarro, I.L. Egusquiza Complex absorbing potentials
Physics Reports 395 (2004) 357-426




o BP for 1 ODE
» Morse potential
> Po&schl-Teller potential
> Scarf complex potential

e BP for N ODE
> system of piecewise constant potentials
o BP for multidimensional PDE
> Helmbholtz eq. for some domains (square, equilateral triangle, ...)

> Coulomb potential
» Harmonic oscillator




Test example (ODE System with Piecewise Constant Potentials)

d2
( Iﬁ + V(Z) = El) ¢(Z) = 0, V(Z) = {V1,Z§Z1,...,Vk_1,ZSZk_1,Vk,Z>Zk_1},

v

Matching the Fundamental Solutions

az2
= Op(2)= Z(, exp( \/Agm)—Ez)lIJ,(-m)ﬁ—B} exp(\/)\ EZ)‘U(m))

Here )\,(-m) and lllgm) are the solutions of the algebraic eigenvalue problems

2
( d +Vn— I>¢m(z):0, z€ (Zm-1,2Zm], m=1,..,Kk,

VL,le(m) _ A’('m)wl('m), (w,(m))Tw](m) _ 5/]'.

B . b 1(2) Pm(2)
im @ni(2) - 0n(2) =0, lim =MRE - ZEE o,

=2N(k—1) linear egs. with 2N(k—1) unknowns.

m=2, ..k




Problem 2. The scattering problem. Example of asymptotic solutions

ODE in asymptotic regions z — foco

2
<—I% + VER E|> ®(z) =0, where V5 are constant matrices.

Asymptotic solutions

The open channel asymptotic solutions: ip = 1, ..., Ng*H:

exp <:l:z E — )\,-LO’F'Z)
LR LR
T AT < E.

X£)(z — £00) =

The closed channels asymptotic solutions iz = Né’H +1,...,N:
X,(.Oc)(z — Fo00) — exp <— Afc'ﬁ = E|z|> v N> E

Here )\;"R and lIJ,-LE’R are the solutions of the algebraic eigenvalue problems

LRy LR _ \L,RysLR LANT LR _ 5.
VoTweT = AT (W )lllj = dj.




Problem 3. The metastable state pr. with complex e.v. E=RE+1SE:

Example of asymptotic solutions

The open channel asymptotic solutions: ip = 1, ..., N5R,
—
X,(.f)(z—mo)—)exp (+Z\/E—)\£)’H|Z|>\Vé’ﬁ, ANF<RE, =1, Ng'",
The closed channels asymptotic solutions i; = Né’R +1,...,N:

X (z—00)— exp <— )\,LC’F'—E|Z|> wER o APRSRE, =N, N.

R(zt) WL AELA (WL R) =1

Fb R—dlag \/TE \/m




The piecewise constant potentials

FA\Sasha\dm\dm2\miea” - Server 3] - Maple 2021
3#n() Mpaeea () Bua(V) Berasurs () Gopuar () Betswcrs (&) Wncrpymentes () Owmo (W) Mowouss (H)

1BEE8R X8&E &2 BT =S EE Ca> N 10%C & QAR @ [uxn ARss
i stertmw X | [ "mie.st X
o] [emammanes varerrs) [Merewewa] | C Mepetput | [Comiertiew <[ 2 ~] [B] U EI=

restart;read "kantbpS5m.mwt";

eqgs:=6;

IHPtype:=[2,2,2,2];
print2:=true;

for i from 1 to egs do
for il from i to egs do
v(i,il,1) ; v(il,i,1):=0; #z<-2

vi(i,i1,2) *int (sin(i*y) *sin(il*y)*y*2/Pi,y=0..Pi); v(il,i,2):=v(i,il,2) ;#z in(-2,2)
Vi(1:31.3) *int(sin(i*y) *sin(il*y)*y*2/Pi,y=0..Pi); v(il,i,3):=v(i,i1,3) ;#z>2
od;

v(i,i,1):=i%2;
v(i,i,2):=v(i,i,2)+ir2;
v(i,i,3):=v(i,i,3)+i"2;
od:

vpot:=proc(il,i2,z) ‘if’(z<-2,v(il,i2,1), if’(z<2,v(il,i2,2),v(il,i2,3))); end;

YVVVVVVVVVVVVVVVVVYVVVVVVVVVVVVVY

—6;zintv (1) :=-2;zintv(2) :=2;zintv(3) : Vii '
zmesh:=[seq(zintv (0) -zstep*3*((2/3.)*ii-1) ,ii=-5..-] V|J o
,zintv (0) —\— i
,seq(seq(zintv(ii-1)+i*(zintv(ii)-zintv(ii-1))/ce: . —
,i=1..ceil((zintv(ii)-zintv(ii-1))/zstep)),ii=1..r | | % 5 ——
kantbp5m() ; 20 SE— z
—_ -3
read "evlproc.dat": 10
ev:=proc(j,y,z) local jc;  E— E |
add (-EIGF1(j,jc,z,0) *sqrt (2/3.14159265358) *sin (jc +
and - - b H i
orceo [ Peascrposarve Mooburns aple o yron-auso F-\Sahalim\ing Nlawsre: 3 16M Bpens: 0215 Macurab: 150% Texcrosettperom

A. Gusev, S. Vinitsky, V. Gerdt, O. Chuluunbaatar, G. Chuluunbaatar, L. Le Hai, E.
Zima, A Maple implementation of the finite element method for solving boundary
problems of the systems of ordinary second order differential equations. Maple



The piecewise constant potentials (eigenvalue problem)

- - P " -
Tpagux ) B roaonc ) E T ¥ Oxio rpagna () - o
ER 1 @ bLHRAR b 8 B- 1 Bl LHRAR b B = - o) =
-2.12846486034129+0.%1 B -.92556529026015+0.41 | B~ BEF m BV b+RAR br B
0.1 I .83512734313781+0.*1 ~
0. 0.4 — - X
- patuc )
op [ B @ ¢e+@aats 5
f =25 =20 -15 -10 5 |[eas = RePsi) 0.
y | : : 25 20 <15 -10 g 5
-25 -20 -15 -10 _‘NZJ/ 5 B
z o | |
> 5 -0.4)
[Psi(D)'2 [Psi(2)2 3
3 [Psi(3)"2
m m g
1o 0 H 1o -5 0 5 r
> > -10 0
S
-20 -10
zmesh == [ —25.78124999, —18.18750000, —13.12500000, —9.750000000, —7.500000000, —6, —5, —4, —3, —2, —1,0, 1,2, 3.4, 5, 6]
/055 et "EIGV(1):=-2.12846486034129+0.*L;" * -
Fpauc ) . B . Tpstue(®)
N- B- [ o9+RAQUs 5 EIGV(2):=-.92556529026015 +0.*L; (% 5 @ ourmaan 3
RePs) VEIGV(3):=83512734313781+0.5L." BE50)
) local jc; add( — EIGFI(}, jc, =, 0) * sqrt(2/3.14159265358) *sin(jc*y),je=1 .4
m 1, —2.12846486034129 + 0.1, —2.128465032, —1.71658714798184 x 10~ — 0.1
R A 15 Ll —0.925565290260150 + 0.1, —0.9255658838, —5.93539849824687 x 1077 — 0.1 -10
2 e rree o 0. 1 0.8351269789 — 1.978378690 x 102 I —3.64237810357437 x 107 — 1.9783 7569000000 % 10" a)
>

o roromo
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The piecewise constant potentials (multichannel scattering problem)

o ) * o =
Tpstux ) &0 ey nO Nowous g _— e k.
Sh> MIOKC & RQARQ O fram e
- 1 BN bARAR ke E
R,EH mwjllm@ BIUISE=112
; i ‘ zstep =1
1.5

"S.S"dag-1"= 0.+ 3.92556789316536 x 107151 |
[R.LRIH ]

Sexact= 0.8314898151 — 0.55553;

—2.16139081821165 x 10™° — 3.23499735654931 x 10 °1 |
NOpenL=1, NOpenR=1

TLR, | RRL, |

0.499513500141065 — 0.7477302144098421 —0.126770241789921 — 0.4187064549681201
—0.126770241789914 — 0.4187064549680951 0.830380604999926 + 0.3450829772743401 ’
0.+0.1 —7.13318293321663 x 10~ 15 2.448041769298|

"tests: Eh=",4.
0 44804176929847 x 107141

Smatr=

11132180010 1663 10~

Yo —1.45716771982052
80572427712 x 10”11

TLRt, | RRLt |

RLRt, | TRLY, | }

—0.74772526831 —0.1267662235 — 0.41870517321
Sexact {

—0.1267662235 — 0.41870517311 0.8303802831 + 0.34508678321

—9.49805893468714 x 107° — 4.94610984191901 x 10™°1 —4.01828992074860 x 10~° — 1.28176811953|

—40187R001361541 x 1076 — 1 7R1RARNASNS007 % 106 2 21800076407000 x 107 — 3 RNSAISARNS 16|

>

> | L
[lPeascriponasuie Mpodus Maple no pron-arueo F\Sasha 72 TIFATs? 2981674 B! 1801575 BTG 125% PesmimaTenamncs



The piecewise constant potentials (resonance scattering states)

LR 1. Eh=1.359893156 LR 1, Eh=2.45639 - >
5 ; 2 Bonsowreny A~

LR 1, Eh=6.320157806 LR 2. Eh=6.320157806
1

) A=< 2014122
ninty=3

.3,4.5,6.7.8]

or=| 222y, 20y, 7R,
TR ﬂﬂtl RM“

- 241 + 0.9337250923296641 54363 + 0257170918878231 1 0.0830114323135169 — 0.1035387745452591
Smanr=| —0210198438654342 + 0 2571709188762071  0.894341372121094 — 02585020031136831  —0.0457097289927765 — 0.1446394830078531
0.0830114323135222 — 0.1035387745452601 _ —0.0457097289927916 — 0.1446394830078901  0.790303357202363 — 0.5786185863704" T
“tests: Eh=", 6 320157806
041947249 x 1071 +2.35367281220533 x 1071 _— < smr31saar<zsy
55T =| 2.11775041947: 0.+0.1

RL 1, Eh=¢
1

320157806

15,

5.30131494258512 x 107 - 5.55111512312578 x 107201 —1.51406664983256 x 107 — 3.69704267200177 x 10
9.99200722162641 x 107 + 0.1 —2.48669957516035 % 10 + 1.47451495458029 x 101 o o

8689957516035 x 1071 — 147451495438029 x 107141 — 1.66533453693773 x 10”4 + 0.1 —5.20417042793042 x 107

—6.92501611609941 x 107 4 6.69950206422243 % 1071 —5.20417042793042 % 107 — 3.81916720471054 x 1071 6.66133814775(

*SShdag T =

RERY | AR TRI
RLRn | RLRH , TRLY,
TLRy | TLRt y RRLy g : H
— 001504760849 + 0.93371548931 — 02102204990 + 025717474891 008303386643 — 0.1035510951
Serccr=| —02102204990 + 025717474851 0.8943402399 — 025845795011  —0.04571680956 — 01446340936 1
0.08303386644 — 0.10355105951  —0.04571680987 — 0.14468409361  0.7903301167 — 0.57856490401

000001 x107°1 0 — 3.83002176945757 x 10761 — 00000224341 16483085 + 0.00001228495474006281
0.0000220603456577984 — 3.92992179298602 x 1071 1.13222109354716 x 106 — s 1001 7 %1070+ m
—0.0000224341264777883 + 0.0000122849547401077 1 7.03087720840272 % 10™* + 0.00004461055211022241 —0.0000267594976370855 — 0.00005 368237294067771
> v
< >
o rorese

[APesacrioossi Mootun Mapie o yaonaaseo. F:\Sashalimin2 Nt 100,00 Bpans: 337795 Macuras 100% Texcros pewsmy

Wy




The piecewis
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200 © Mpewea () Bua (0 Berasus )

Oopuan ® _Buwcnin &)

e constant potentials (metastable state problem)

v (W) Mowouss ()

o

x

£ Brons cwrewy A~

IDEE@ <8 & BT = @ N1IOHC @ AAR @ [uwn Atas|
st X | @ minbe X
Tercr] [Marenarcal | C Mepe Input ~ | [Couiertew ~| Gz~ I1U B== 12 «

1.35989398230865-.000162539

TR s 6.32021065434237-.00326071343014734%1

2.43040528320231-.0789059091324214%] 82017903+ 0%
62554690407

771574342+ 0.*L;"
7573295411+0.*L"
138957982640 11
3387021558+0.°L"
3239299891+0.*L"
256203951240 11
3112462072+0.°1"

296541232%1

0.1

7703204918+ 0T
27555965354 0T
5204501634+0.°T;"

2458236926+0.°T."
9511443546394+ 0.*T,"

L8059097 — 04615195 o DB o 4GS — 01SSTSLSCBESTTISN e, 0SSEISESDSOOSS

- L3S98ST343TI60 — 0.000977334973116855 1+ muk 5 0. 1"tk
"V iteration=", 3, E=", 1.35981381527116 — 7281 " m 16621 + 0.000895412069094780 L " tauk=", 0.999728754612450
"V iteration=", 4, E=", 1. 11" m 0.0000804575604491332 1" tauk=", 0.999996011982057

E=", 1.35989398233366 — 0.000162539307159344 1 * muk=", —2.12207150193617 x 10 + § 3712840548531 x 10~° 1" tauk=", 0.999999985813878

-o. » 5% 107"+ 1.06181146090507 x 10~ " tauk=", 0.999999796588300
- 601 " tauk=", 0.99515
+0.0224717722950349 L " tak=". 0,
5-0 169421 tauke

"V iteration=", 7, " E=", 2.43040528795843 — 0.0789059163616830 1 * m
*V: iteration=", 8, " E=", zaxoooqxzza»z: — 0.0789039091324214 1 * mn
"V iteration:

10~ 1
278140897687207 x 10”7 — 1.58383007055629 x 10~ 1 * tauke=", 0.999240325744022
475972983062728 x 107 + 7.43490027807039 x 10~° 1 * tauk=", 0.999241592780584
— 0.0961179589376569 L " tauk=", 0.988419874701423
1" tauk=", 0.999860245706580
+ 0.0003807511317735501 * tauk=", 0.998031425301762

0 1° tauk=", 0.99999675784204
— 7.92109424636140 x m” 1" tauk=", 0.999999660929830

-0

*V: iteration=", 3, " E=", 6.32017017943060 —
6321 54699 — 0. 2

"V iteration=", 4, "




Sub-barrier reactions of the fusion of heavy ions

The coupled-channels Schrédinger equation ®Ni+'%Mo (N = 27)

B od® I+ 1)
_77+u+vﬁ’)(,)+

ZpZr€?
2u dr? 2ur? r

N
+5n—E} Yno (1) + Z Vi ()t ng (1) =0,

n’=1

Vo (r) are mat. elem. of Coulomb and the Nuclear (Woods-Saxon, V,S,O)(r)) potentials.

P.W. Wen, O. Chuluunbaatar, A.A. Gusev, R.G. Nazmitdinov, A.K. Nasirov, S.I.
Vinitsky, C.J. Lin, and H.M. Jia, Near-barrier heavy-ion fusion: Role of boundary
conditions in coupling of channels, Phys. Rev. C 101, pp. 014618 (2020).

P. W. Wen , C. J. Lin, R. G. Nazmitdinov , S. I. Vinitsky, O. Chuluunbaatar, A. A.
Gusev, A. K. Nasirov, H. M. Jia, and A. Gé6zdz Potential roots of the deep subbarrier
heavy-ion fusion hindrance phenomenon within the sudden approximation approach,
Physical Review C 103, 054601 (2021)



Sub-barrier reactions of the fusion of heavy ions

M, . N

xp(—iKmr) xp(| Km g —
(1) = 3 Anm=25500 T, + 3 Am=Ze0 A Tngs = Fiin,
H,‘(knr)5n,no —+ H/Jr(knr)lqnno, I = Imax,

r) =
nno( ) {2|kn|1/2rexp(—|kn|r)U(1 +77n7272|kn|r)>

Fl,i(k,,r) are Coulomb functions, U(1 + nn, 2, 2|kn|r) is Whittaker function

as

I = Inax.

Tunneling
wave Incident wave
Pt

Potential

h
'
'
'
'
r,

Distance



64Ni+1900\o: Deep sub-barrier fusion
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MNumerov, are the results obtained by
means of CCFULL [K. Hagino, N. Rowley,
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program for coupled-channels calculations
with all order couplings for heavy-ion
fusion reactions; Comput. Phys. Comm
123 (1999) 143 - 152, also CCFULL Home
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5DBVP for the five-dimensional quarupole Hamiltonian(5DQH)

The Schrédinger equation with respect to eigenfunction Wnm = Vom(8, v, 9i) and the
corresponding eigenvalues of energy E, has the form

2 ¢ 5 5 2
ﬁ(H = EnI)WnIM = (Tvib + Trot + ﬁ(v — En/)> Y, =0. (1)
orthogonality and normalization conditions

/ YoV o e Go( B, ) dBdy sin 92091 d¥2093 = Sp S S - (2)
Qs

The eigenfunction W,y in the representation of the angular momentum / and its
projections K and M on the third axes of the intrinsic and laboratory frames

!
Vom(B,7,9) = > D) Pk (B,7), (3)

K>0,even

where D} (¥9;) are the normalized D-functions with the space parity # = +1

e oy 211 (D (9) + #(=1)'Dji_x (9)))
D (Vi) = \/? 201 T o) . (4)




2DBVP for five-dimensional quarupole Hamiltonian(5DQH)

The unknown set of Inax internal components ®px = Ppk(8,7v), where K=0,2,...,/
for even /, or K=2,4,...,(/—1) for odd /, compose the vector eigenfunction ®,
corresponding to the eigenvalue £, (in MeV) of the BVP for a system of //2 + 1 or
(I —1)/2 equations for even or odd /, respectively:

A 2
T + Tix + 7 (V- Enl):| ik + ThrsoPrikrz + Thx_2Prk—_2 = 0,

1

X 0 0
Tin(X1, X2) = *m //2:1 8*)(/90'()(1»)(2)8*)(1,

The= (041 =K (S 2V = (- 6

KK — 2J1 J2 J3 ) KK+2 — 4J1 4J KK+25
Chiio = Chkiok = (1 4+ 6k0)2[(1 = K)(I + K+ 1)(I — K = 1)(I + K + 2)]'/3,
(X1, X2) = Jk(B,7) = 4Bk (B, ~)5° sin(y — 2k /3). (5)

The components ®,x are subject to Neumann or Dirichlet boundary conditions at

the boundary 0 of the domain Q5 and the orhtogonality and normalization
conditions

Bmax Imax
/ / B(B,IBDY S Pc(B,7)Pwc(6,7) = b (6)

K>0,even




Benchmark calculations of '°*Gd in the RMF model
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Spectrum  E,  isolines rsoo —_— 1154Gg
of V(8,7) counted 3000 0 0a
from the minimum s ) .

of V(53=0.3875,v=0)
=—1270.6MeV, 90(B8,7)
and g;(B,7) of ™*Gd
calculated in PC-F1 of
RMF model




Energy spectrum of '%4Gd
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Energy spectrum of '"®*Gd. For each state of the bands A, B, E, C, G, and I, three
short bars correspond to the diagonal approximation (left), nondiagonal one
(middle), and experiment (right)[http://www.nndc.bnl.gov/ensdf/].
Band(A) is the K™ = 0+ ground state band,;
Band(B): the first excited K™ = 0 (B-vibrational) band;
Band(E), Band(J), Band(K): the second, third and forth excited K™ = 0+ bands;
Band(C): the K™ = 2% (y-vibrational) band;
(G):
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Band(G): the second excited K™ = 2" (By-vibrational) band;
Band(I): the K™ = 4 band.
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nging = Mg “Het DNe

2. Theory

The fusion dynamics of two coupled channels involving two binary
‘mass partitions of 2*Mg can be described by solving the time-dependent
‘Schrodinger equation for the radial wav e functions, i (r.1) and y(r.1),
of each channel|

i\ (Ti+Vh+e V2 i
m(w) ( Va fzwzwrm)(w)‘ 0
0 2 4 6 8 10 12 14 where T are the radial kinetic energy operators, ¢ are intrinsic ex-
citation energies, Q) is the relative Q-value of the two-mass partitions,
Vi) = V3 (r) is the real coupling potential between the partitions, and
V,(r) are the total interaction potentials in each partition. The latter
are optical potentials:

T (fm)

Fig. 1. Total real potentials of the two channels problem, induding the Q-value
S (0,2 =462 Mew) of the “He+ ™Nepotenial eave (0 the 12C+ 2C poten
tial of th 1 ¢4 11

7 MeV. Via(=U ()~ iW (). @

aga misg cucrembl OZY

1 d d fa(2) d . 1 dfa(2)Q(2)

— (@) o + V(z)+?@0(z)a fa(z) dz

o) & —El) o(z)=0.




