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INTRODUCTION

» HF+BCS using finite range interactions with tensor force
N =82
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INTRODUCTION

» Only for spherical even-even nuclei

» How to extend the model to study deformed even-even and odd
nuclei?

» S.p. wave functions whose radial parts depend on the projection
of the angular momentum on the quantisation axis = m

» For a fixed value of ji, states with smaller value of || are more
bound in case of prolate deformations, and the inverse happens in

oblate nuclei.

» Slater determinant of the odd-even nucleus by adding one single
nucleon on a specific s.p. level = blocking effect.
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Our MEAN-FIELD (HFBCS) APPROXIMATION

(G. Co’, M.A and A.M. Lallena, Phys. Rev. C104 (2021) 014313)

» We considere as effective nucleon-nucleon interaction a
finite-range two-body force of the type:

6
V(A,7) = > V,(,73)0,(1,2) + Vso (i, 73) + Vop(#i, 73) + Veou (71, 73)
p=1
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Our MEAN-FIELD (HFBCS) APPROXIMATION

(G. Co’, M.A and A.M. Lallena, Phys. Rev. C104 (2021) 014313)

» We considere as effective nucleon-nucleon interaction a
finite-range two-body force of the type:

6
V(A 73) = 3 V(7. 3)0p(1,2) + Vso(Fi, 73) + Voo (7, 73) + Veou (7, 73)
p=1

> Op(1,2) indicates 1, ¢i-02, 7i-7, 01-027 T3, Si2, S127i -T2
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6
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Our MEAN-FIELD (HFBCS) APPROXIMATION

(G. Co’, M.A and A.M. Lallena, Phys. Rev. C104 (2021) 014313)

» We considere as effective nucleon-nucleon interaction a
finite-range two-body force of the type:

6
V(A 73) = 3 V(7. 3)0p(1,2) + Vso(Fi, 73) + Voo (7, 73) + Veou (7, 73)
p=1

> Oy(1,2) indicates I, ¢i-03, 7173, 0102773, Si2, S127i T3

» Vso and Vpp, terms of zero-range.
» V,(r1,72), finite range terms: Gaussians, Yukawians, etc.
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OuR MEAN-FIELD APPROXIMATION: HFBCS
» We assume that the s.p. wave functions, ¢ (x), can be factorized:

r(x) = Re(r) k) xs,

x = generalized coordinate, including r, spin and isospin.
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OUR MEAN-FIELD APPROXIMATION: HFBCS

» We assume that the s.p. wave functions, ¢, (x), can be factorized:

de(x) = Rie(r) k) x4,

x = generalized coordinate, including r, spin and isospin.
» The radial part of the s.p. wave function,

) — t /
Ri(r) = erkk/k/k,mk(”’
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OUR MEAN-FIELD APPROXIMATION: HFBCS

» We assume that the s.p. wave functions, ¢, (x), can be factorized:

de(x) = Rie(r) k) x4,

x = generalized coordinate, including r, spin and isospin.
» The radial part of the s.p. wave function,

Re(r) = R;kklkjk, e (r),

» The part of the s.p. wave function depending on the angular
coordinates, () = (0, ¢x), and on the spin third component, sy,

~ 1. 1 .
k) = ‘lki]kmk> = Z<lk/1f/c§5k‘]km/c> Yo, 0 (%) X, »

HkSk
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OUR MEAN-FIELD APPROXIMATION: HFBCS

» We assume that the s.p. wave functions, ¢, (x), can be factorized:

de(x) = Rie(r) k) x4,

x = generalized coordinate, including r, spin and isospin.
» The radial part of the s.p. wave function,

Re(r) = R;kklkjk, e (r),

» The part of the s.p. wave function depending on the angular
coordinates, O = (6, ¢x), and on the spin third component, s,

~ 1, 1
k) = llimfime) = Z<lkﬂk§5k‘]kmk> Y () X,

HkSk

. . . e _ ph "
> Time-reversal invariance = R, . . (r) = Ry i m (1) =

nucleus is an ellipsoid with the z axis as the symmetry axis.
9/30
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OUR MEAN-FIELD APPROXIMATION: HFBCS

» We solve, in coordinate space, a set of equations of the type:

5

~ /2 ~
<k‘ — ﬁv2|k>+ Z/lk(rl) + /C(ﬁ) Rk(}’l)f /d?’z?’%Wk(ﬁ,i’z) Rk(TZ) = €k Rk(rl)
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OUR MEAN-FIELD APPROXIMATION: HFBCS

» We solve, in coordinate space, a set of equations of the type:

-~ 2 -~
(k| - Zh—mVZIkH U(r1) + K(r1) |Ri(r1)— /dTﬂ%Wk(HJZ)Rk(ﬁ) = & Re(r1)

» Hartree (Direct) term

A .
Ue(r) = Y of / dry 3 R2(ry) (ki| V (x1, 1) |ki)
i=1 h
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OUR MEAN-FIELD APPROXIMATION: HFBCS

» We solve, in coordinate space, a set of equations of the type:

- h? .
(k| — %V [kY+ Ui (r1) + K(r1)

Rk(rl)— /drﬂ%Wk(ﬁ,Tz) Rk(rz) = €k Rk(T’l)
» Hartree (Direct) term

A
=> 7 / dry 3 R2(rp) (ki| V (x1, 1) |Ki)

i=1

71 Tz

M>

0?2 { ) Ri(r1) (ki V (x1, 12) [iKk)

i=1
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OUR MEAN FIELD APPROXIMATION: HFBCS

» Density-dependent term:

K = g 3t [[dnard [RI0 R ) 17 S ) R Ry )

ij=1

I, rz)

R () R} (r2) (71 2 G2 ) Ry ) Ri()
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OUR MEAN FIELD APPROXIMATION: HFBCS

» Density-dependent term:

K = 3= 3 oo} [ it [Ri00 R ) G122 ) ) By )
=
=R R7 () @17 ) i) R
» Total energy of an even-even nucleus:
et - ! >ed [ an s ) + 26000 Ri)
+ % Zk:vi /OOC drydra 7 r3 Wi(r1,72) X Re(r1) Ri(r2)
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OUR MEAN FIELD APPROXIMATION: HFBCS
» Nuclear density = Multipole expansion:

P = Y )P = D (r) Yio()

k L
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OUR MEAN FIELD APPROXIMATION: HFBCS

» Nuclear density = Multipole expansion:

p(E) = Y ln(x) ZPL r) Yo(2

k

» Radii:

/d'%] 12p(y
R, = = | YV
/d?’rp”'(r /dr 72 p6 ()

[T
Q.
~
<

e
i)
=)
—
<
~—
I
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OUR MEAN FIELD APPROXIMATION: HFBCS

» Nuclear density = Multipole expansion:

p(E) = Y ln(x) Zm r) Yo(2

k
» Radii:
3
/d3rr2 p%(r) /drr4 p6 (v
Ra = | = | ¥V , a=p,n
[ [arr s

» Nuclear deformation:

167 ) 50 1
0=\ "5 /d7’74,02(7’) B2 =1\ o 9 AR? Qx Ry=12A3
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NUMERICAL PROCEDURE

» The contribution of the two space coordinates r; and r,, separated
by considering the Fourier transform of the effective nucleon-
nucleon interaction.

13/30



MorivaTiON THE METHOD RESULTS: EVEN-EVEN NUCLEI RESULTS: EVEN-ODD NUCLEI CoNCLUSIONS
000 000000 000000 0000000 0000

NUMERICAL PROCEDURE

» The contribution of the two space coordinates r; and r,, separated
by considering the Fourier transform of the effective nucleon-
nucleon interaction.

» The radial HF differential equations are solved by using the plane
wave expansion technique.

13/30



MorivaTiON THE METHOD RESULTS: EVEN-EVEN NUCLEI RESULTS: EVEN-ODD NUCLEI CoNCLUSIONS
000 000000 000000 0000000 0000

NUMERICAL PROCEDURE

» The contribution of the two space coordinates r; and r,, separated
by considering the Fourier transform of the effective nucleon-
nucleon interaction.

» The radial HF differential equations are solved by using the plane
wave expansion technique.

» After each HF iteration, the s.p. wave functions just obtained are
used in BCS equations in order to modify their occupation proba-
bilities.

13/30



MorivaTiON THE METHOD RESULTS: EVEN-EVEN NUCLEI RESULTS: EVEN-ODD NUCLEI CoNCLUSIONS
000 000000 000000 0000000 0000

NUMERICAL PROCEDURE

» The contribution of the two space coordinates r; and r,, separated
by considering the Fourier transform of the effective nucleon-
nucleon interaction.

» The radial HF differential equations are solved by using the plane
wave expansion technique.

» After each HF iteration, the s.p. wave functions just obtained are
used in BCS equations in order to modify their occupation proba-
bilities.

» The iterative procedure starts by using the s.p. wave functions
obtained by solving the Schrodinger equation for a deformed
Woods-Saxon potential:

uO uso exp(%)

— .+ R
1+ ()Xp(%) r [1 + cxp(%)}

Vws(r, Q) = 5 1s+Ve =AYy ()

13/30
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COMPARISON WITH EXPERIMENTAL DATA

H. De Vries, C.W. De Jager and C. De Vries, At. Data Nucl. Data Tables 36, 495 (1987).
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COMPARISON WITH EXPERIMENTAL DATA

P. Méller et al., At. Data and Nucl. Data Tab. 109 (2016) 1
Brookhaven National Laboratory —> http://www.nndc.bnl.gov/
I. Angeli, K. P. Marinova, At. Data and Nucl. Data Tab. 99 (2013) 69

44 ————————
Py o HFBCS (D1ST2a)
= I e HFBCS (D1S) 1
= oHFB (D1S
= 4.0 { ) - 04 L e e e e e
o . 7 (a)] |(c) 7 34 ]
OD L] (‘XI)(‘,I'I]H(‘IIt V r <
= r 1 0.2 L N Sl s B
= N =34 r p 1T b
Q:u 36 - N QN 0.0 — e - — —
. L L r/ 1 1
-0.2 ® HFBCS (D1S) Lo ! -
20 00 70 [ ™ OHFBCS (DIST2) mr Ll O HFBCS (D1ST2a) |
44 11— -0.4 PR H S S | PR U S M
o HFBCS (D1ST2a) 04 [T [T T
_ b e HFBCS (D1S) R O HFBCS (D1ST2a) N = 34 N O HFBCS (D1ST2a)
E o HFB (D1S) < - @ HFBCS (D1S) - h 117 =34 @ HFBCS (D1S)
— 42 m experiment o A . W experiment
= =23 0.2 4t B
%C t e 1 XQ W experiment
< o . . . L 0.0 1 Me- 1
g oo Z =34 Loses .
L . - { 2 K
< O T IV e W
P R RS S B PR S N R B
70 80 90 50 60 70 70 80 90
A A A

CAUTION!!! Exp. || considering first 2T excited state due to a rotation of the nucleus
described by a liquid drop model = 3, = 0.353 for °0: 27 state at 6.917 MeV

18/30


http://www.nndc.bnl.gov/

MorivaTiON THE METHOD RESULTS: EVEN-EVEN NUCLEI RESULTS: EVEN-ODD NUCLEI CoNCLUSIONS
000 0000000 O0000e 0000000 0000

D1ST2a
D1ST2a

[al]
j
wn
—
=]

D1S
D1S

‘/‘mmz _ _ 0

2ds/2172 -
5172172

2d5/2.8/2= =

=
) Ur/aa/2
Z 1172172 ]}7/“'/2
Lir/a.a/ 2paj2a/2
~— 20 199727072 - -20
E 1fz/2.5/2
. 1fs/2,5/2
<
\5 i Ly )21/ ]
1ds/2,5/2 1ds /2,972 B
281/2,1/2
- - Tds)31 )2 4 .
30 Lds/2.5/2 L7277 30

lds)2,3/2

n
60FC 908C

19/30



MorivaTiON T'HE METHOD RESULTS: EVEN-EVEN NUCLEI RESULTS: EVEN-ODD NUCLEI CoNCLUSIONS
000 0000000 000000 @000000 0000

OVERVIEW

Results: even-odd nuclei

20/30



MorivaTiON THE METHOD RESULTS: EVEN-EVEN NUCLEI RESULTS: EVEN-ODD NUCLEL CoNCLUSIONS
000 0000000 000000 0@00000 0000

APPROXIMATION FOR EVEN-ODD NUCLEI

» Solving HF = obtaining s.p. wave functions.
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APPROXIMATION FOR EVEN-ODD NUCLEI

» Solving HF = obtaining s.p. wave functions.

» Blocking — forcing a full occupation of the odd nucleon s.p.
wave function.

» Values of v} = by solving BCS equations after each HF iteration.
» BCS equations modify the v7 of the other s.p. states.

» Preliminary results for some light nuclei isotopic chains: O, Ne,
Mg, Si, Ar and Ca.
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v

Very small values of the deformation parameter |3;|.

» Concerning binding energies, separation energies and radii, good

results for even-odd nuclei.
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FuTUurRE WORK

» A global fit of the effective force containing tensor terms is needed
to have a good accuracy of the experimental data on binding en-
ergies, charge radii and distributions.

» Our HFBC approach shows s.p. properties still well recognizable.

» Set of s.p. wave functions with their occupation probabilities
— starting point to build up a Deformed Quasi-Particle Random
Phase Approximation.

» Extension of the method to study odd-odd nuclei.
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Thank you for your attention!

Patio Arrayanes Charles Negre, Le Stryge
Alhambra (Granada) ©Musée Orsay (Paris)

...and we will see in the VI Gogny Conference
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