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Schrodinger equations for local potential

d> I(l+1) 2
i (r2 )—h‘I;V(r)+k2)u,(r)=O . k*=2uE/h’

(T,()+V(r) = E)u,(r) =0 T,(,,)=_h2(d2 _1<z+1>)

2ul dr’ r’
= More in general, accounting for also the spin and isospin d.o.f

(T() = E)ue() + ) Vol e, () =0 5 ¢ = {L,5,),1)
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These equations can be solved using R—matrix theory
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These equations can be solved using R—matrix theory
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These equations can be solved using R—matrix theory

Internal region
V = VN + VC()ul

External region
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Expansion on a basis
(square-integrable)

[uc<r>=2Amfn<r>J

Bound state asymptotic behavior

[ ()= C.W(k.r) j

Scattering state asymptotic behavior

[u (r)——v 5.1 (k. r)' (k.r)] J




Internal region: Lagrange basis functions

Internal region:

(1) = zAcnf;z(r ). N Lagrange basis functions f, (r)

assoclated with a Lagrange mesh of N points ax, €[0,a] ™ = aXn

x ...zero of shifted Legendre polynomials: P, (2x —1)=0

L) ==D)""a"" \/ l=x, 7 Py(&-1)
xl‘l r - axl‘?
f.(ax )= 1)L d,, ... zero atall mesh points except one
a

n

A, ... weights of the Gauss-Legendre quadrature approx. of integral

J ; g(x)dx ~ Y 2,8(x,)



Bloch operator

= R-matrix formalism conveniently expressed with the help of the
Bloch surface operator

72 7 B/ Boundary
LC = (3(r — a)( _ ¢ ) parameters
2u,

dr r

=  System of Bloch-Schrodinger equations:

(Trel(r) + Lc R

for large r

[uc (r)= EAcn f (r)} asymptotic form




Bound states

= \WNe can choose:

<fn|Trel(r) + Lc + VCoul (T)Ifnl>6cw + (fnlvé\é’(r)lfnl)




Bound states

We can choose:

B —ka Wi(k.a)

C C = LCuCeXt (r) = O
Wk .a)

After projection (from the left) on the basis f,(7):

E[CCM.H. -k 56,”,6.”.]Ac,n. =0 Eigenvalue problem

C'I”l'

Start with £ = 0 and solve iteratively (k. depends on the energy!)

Convergence in few iterations
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Matrix elements on Lagrange basis functions

= |Lagrange basis functions orthonormal within the quadrature
approximation

[ f(nfrdr=6,,

= Potential: n, = Xy,

(f,

VI = [ £V f,(rdr =V(ax,)8, ,

2
Lo(B) = L.(0) ‘%5(’" )=

= Kinetic energy (n = n’) r

h? 1 1—-6x,
ZBazxn(l—xn) [4N(N T 1) +3+ xn(l—xn)]

fulTi=o(r) + Lc(0) |fn) =
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Matrix elements on Lagrange basis functions

- A%l + 1)
= Kineticenergy (n #n') | Trea = Ti=o + T
| h? B
Le(B) = Le(0) ——8(r — a) —
(ntTl=O(T) + L.(0) |fnl> (B) (0) 21U (r=a) r
h? (—1)n+tn! X+ Xy —2X0 X 1 1
= — NN +1 1] 4+———- —
2u az\/xnxnl(l_xn)(l_xnl) [ ( ’ ) AT (n—xnr)* 1=xn 1_xn']

= Centrifugal barrier

A21(1+1) _ h? [(1+1) 5
fn 2Ur? Ifn/ C2u a2x:z
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Matrix elements on Lagrange basis functions

R21( + 1)

lrer = Ti—o + 2ur?

h? B
Lc(B) = L.(0) ——46(r—a)—
= B-dependent part of Bloch operator Zp r

hz B( 1)n+nl
2.“ azx/xnxnl(l Xn)(1—Xnr)

(o] =35 8C =@ Z |fu) = -

=  Other useful quantity

(-D)"
\/a\/—xn (1—xp)

fu(a) =
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2)

3)
4)
5)
6)

Bound-—state algorithm

E():O :>k0:O
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lterations: 1,2,3, ... |

—2UE; w'(k;a)
By =Eiq = ki = \/ hz ' Bi= kia W(k;a)

Compute

Cons = (Sl Tret(r) + Le( BY) + Voo (M fudScer + (fn |V )| frwr)

Diagonalize the matrix: C — EI =0
Compute € = |E; — E|
If ¢ < tolerance: stop=» Binding energy = E

Else, repeat until convergence!



Scattering states

We can choose B =0

After projection (from the left) on the basis f,(7):

n’k.
2l Corew = E=Eby o)A =3 =i,

11.0.-S.0

c ci

c'n'

1) Solve for A,

2) Match internal and external solutions at channel radius, a

ka (1. (k.a)d, - S,,0.(k.a)]= : [1.(k.a)5,, - S.0.(k.a)
c \/tuc’vc lucvc
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Scattering states .

* |n the process introduce R-matrix, projection of the Green’s
function operator on the channel-surface functions

h
cn,c'n' \/2“ a

[C-EI fu(a)

h
=2 el

3) Solve for the scattering matrix: S=2"'Z"
with: ZCC’ = (kcfa)_l [Oc (kca)(scc, —_ kc’a Rcc’ 0(’:, (kc,a)]

= Phase shifts are extracted from the scattering matrix elements
A




Scattering—state algorithm N

Energy steps: 1,2,3, ... |

1) E=E >k = /‘Zh‘fi, B;=0

2)

3)
4)
5)
6)
7)

Compute

Ccn,cml — <fn|Trel(r) + LC(O) + VCoul (r)lfnl>6cc1 + (fn‘VCAC,/(T)lfn,>

Compute (C — El)cneny = Cenemr — E8cerOnny

Invert the matrix: C — EI

Compute (real) matrix R.., & (complex) functions 0.(k;a), O/(k;a)
Compute and invert (complex) matrix Z ..,

Compute (complex) matrix S=27"'7"



7% % %9

Ernpt@ 3R A%, EWnpRHFLIUEE
%. & lagrange_mesh.f& %

subroutine T_operator(mu)

use precision
use constants
implicit none
integer ::
realx8 ::
realx8 ::
realx8 ::

if(allocated(kinetic matrix)) deallocate(kineti
allocate(kinet trix(1l:n 1:nr))
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7% % %9

Eranptd 2R A Y, EWnprHLEUEE
%. & lagrange_mesh.f& %

subroutine Bloch_bound(mu,Bc,B_operator)

use precision

use constants

implicit none

integer :: 1ir, 1irj

realx8 :: xi, X]

realx8 :: |

realx8 ::

realx8 ::

realx8,dimension(1l:nr, 1:nr) ::
=0.0_dpreal




7% % %9

Ernpt@ 3R A%, EWnpRHFLIUEE
%. & lagrange_mesh.f& %

subroutine centrifugal_barrier (1,mu)

use constants
use precision
implicit none
integer ::
realx8 ::
if(allocated(1_barrier_matrix)) deallocate(
allocate(1_ ! ier_matrix(1:nr, 1:nr))
' trix=0.0_dpreal
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7% % %9

Ernpt@ 3R A%, EWnpRHFLIUEE
%. & lagrange_mesh.f& %

subroutine lagrange_V(Vpot)

use interpolation
use precision
implicit none

realx8,dimension(@:irmatch),intent(in) ::

integer :: ir,1iri
realx8 ::
logical ::

complexx16, dimension(1l:nr,1l:nr) ::

if(allocated( trix)) deallocate(
allocate( rix(1 1:nr))
=0.0_dpreal
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