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One-valence-nucleon systems around doubly-magic nuclei
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One-valence-nucleon systems around doubly-magic nuclei
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Two extreme approaches

Shell model
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Perturbative Particle-Vibration Coupling
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Is it possible to go towards a
more realistic microscopic description
of one-valence nucleon systems?
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The Hybrid Configuration Mixing Model

Single-particle states
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The Hybrid Configuration Mixing Model
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The Hybrid Configuration Mixing Model

wave function
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The Hybrid Configuration Mixing Model
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The Hybrid Configuration Mixing Model

Hamiltonian “PVC” vertex
(Skyrme)
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G. Colo, H. Sagawa and P.F. Bortignon
Phys. Rev. C 82, 054307 (2017)

Simone Bottoni



The Hybrid Configuration Mixing Model

Hamiltonian “PVC” vertex
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Pauli principle: corrections for non-orthonormality and over completeness of the basis
are taken into account through the NORM matrix

(H-NE)y=0 J. Rowe, J. Math. Phys. 10, 1774 (1969)
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The Hybrid Configuration Mixing Model
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Let’s test the model!




The case of ¥Ca - experimental results

From the PRISMA-CLARA campaign @ LNL
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The case of ¥Ca - theoretical interpretation (Hybrid Model)

v model space 5 kX ! " SLy5
5- —, 5 o
2d3)2 4 ] 3 2 ] )
T N e ;
2d5/2 6 Z 5 o T Z | m - A
lg —— > 3] i 70 E 3] -
1gg/) 10 B 1
— %p1/2 8 5] i E 2] 12
2p —— f5/2 4 = 12 12 I 12
. D3 /2
1f —{\\ 14 1
T 1f12 8 1
0] 3n- 3n- 3- 0l 3n- 30-

s.p. Core excitations  Results s.p. Core excitations  Results

PCa

Simone Bottoni



The case of ¥*Ca - theoretical interpretation (Hybrid Model)
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The EXILL - FATIMA experimental campaign (2012 — 2013)
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The EXILL - FATIMA experimental campaign (2012 — 2013)
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The case of 133Sb — experimental results

From the EXILL - FATIMA campaign: 235U(n,f'y) and 241Pu(n,f'y) Y/ / &
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The case of 133Sb — experimental results

From the EXILL - FATIMA campaign: 2U(n,fy) and 241Pu(n,fy) B//{
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The case of 133Sb — experimental results

From the EXILL - FATIMA campaign: 2U(n,fy) and 241Pu(n,fy) B//{
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The case of 133Sb — theoretical interpretation (Hybrid Model)

andel Space 6: I I I I I I I I I I I I I :
P lhizn 14 r_15_ 133Sb I '
lh—— > ] —— -
Lhyy, 12 4 —_— -
AR B coupled states :
3 P P > -
S o 381/2 2 —_ C
2d _::'\/ _ 1g7/2 8 >\3—_ C
T 2ds)2)6 80 o
lg ——< —~ ] — -
! \‘ 199/2 10 e 2 :
B - s.p. states — Hybrid Model
14 - .
] —Experiment
0 - T T ! T T T T T T T

T T T
172 372 52 72 92 1172 13/2 15/2 1772 192 21/2 23/2 25/2

Spin [J]

Simone Bottoni



The case of 133Sb — theoretical interpretation (Hybrid Model)
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Conclusions

*  Microscopic many-body model for odd-A nuclei
* Mean-field approach based on the Skyrme effective interaction
* Particle-phonon states and 1p-1h non-collective excitations of the core

* Good agreement with spectroscopic results in different mass regions
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Conclusions

*  Microscopic many-body model for odd-A nuclei
* Mean-field approach based on the Skyrme effective interaction
* Particle-phonon states and 1p-1h non-collective excitations of the core

* Good agreement with spectroscopic results in different mass regions

Low-lying and high-lying (e.g. GDR) excitations
could be treated in the same framework
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Future perspectives

Theory Experiment

Couplings with holes (e.g. ¥7Ca)

Negative-parity states in 133Sb

. (cluster-transfer reaction @ISOLDE)
Particles and holes together

) Complete spectroscopy of all Ca isotopes
Extension to open-shell systems ((n,y) reactions on rare and radioactive Ca @ ILL)

(quasiparticle basis)

Cu isotopic chain

Add more complicated configurations s
(Ni ® p)

Convergence of the model space (e.g. 2°Bi)
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The case of Ca isotopes @ EXILL

8362 gate: 1943-520 4010°——=— ” ‘ ‘
&0 X -
=T S 48Ca(n,y)*’Ca
1482 o090 = _ z>, ( 37) ]
. = £ = >
! 3610 3.0 109 B 33 5
112- & 7190 = 3 3. Se _ 3
S 20106 =g s, |8 =
Q e z s 2
AT @) 22 = = 2 2 s
(1/2i,3/2i) g 6373 0 1000 2000 3000 4000 5000 3—‘ § éj/ ;8/ E
; Energy [keV] 1.0 10° E 3 *
E < i~
= 1 2
3= e 2003 0 i .. .- ‘ ‘
?//%— } e gjga 0 1000 2000 3000 4000 5000 6000 7000 8000
/2= \ 5072
1 ‘ o2 Energy [keV]
32 : 1778
/2 ‘ 4753
o+ i B 478
37= t = 4603
2+ : 22 4417
|
112- i 3944
12+ i 3846 4gca
s ; 7
R — Sisisiitinam AR A AR A A1d A1 AN 13564
T . 3527
TP \ N \3260 25107 : : : : ‘ ‘ ‘
3+ } B23p 049 - 5x
12+ \ I 267 = * _ S *Ca(ny)¥Ca
 — ‘ s /2005 201075 3 3. £ ]
3= : 52462 3 = € a4 - 2
2 u=y ry £¢ Oy _ ]
3i2+ 2010 = 15107r= 2% T o @ g
32— 1943 = - 2 53 2 5} <
-
Q 10107 S SIF &% 2 £ 3 :
|1N(0) @) ) A= s > =~
. > > £ ] I
727-1943 (c) R - 3
Nel v -
B E2_ 5.0 106 s & % 1
FIRCES T = = M
Theory 0 . 1 ¥ . .
_________ Fit 0 1000 2000 3000 4000 5000 6000 7000 8000
0.9
Ag =-0.07(1), Ay = 0.04(3) 7/2—- 0 Energy [keV]
0° 457 90° “1Ca (b)
__

Analysis still ongoing

Simone Bottoni



The case of 133Sb — experimental results
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The Hybrid Configuration Mixing Model

A+1 system

even-even core

Microscopic mean field description of the interplay and coupling between

single-particle states and collective and non collective excitations of the core,

using a Skyrme effective interaction and no adjustable parameters.

G. Colo, PE. Bortignon and G. Bocchi, Phys. Rev. C 95, 034303 (2017)
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The Hybrid Configuration Mixing Model

Reduced transition probability
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The Hybrid Configuration Mixing Model

Diagonalization (H-N. E)w: 0

( €1 0 (nalg||V[Ini 151 N1J1) (n1lg||V[In5l555 No Jz) \
nit] o) ~
J J
0 ol (n2lg||V[Ini 1151 N1J1) (naljl|V|In5l555 No Jz)
n2 J ~ ~
H — . IR TY . IR T J J
(nalj||V]IniUji NiJ1)  (n2lj||V]nil'j; NiJa)
51 1 51 1 gnlllllji —|— thl Jl 0
(n1lj[|V]|n5j5 N2 J2) (na2lj||V]|[n5l' j5 N2 J2)
\ 3 j 0 Ensty iy T MWN, I, )

. . . . il 4 2 ! ) 1 J niJdi n
n(jin1d1, janaJa) = 0(j1, j3)0(n1, n2)d(J1, J2) — Z(—)Jﬁhﬂlﬂ”lb{ ﬁ ]; ]; }Xy(gﬁlj )X§1§{]2)
h1

( 1 0 ... 0 0 \
0 1 ... 0 0

0 0 n(jinlJl,jinlJl) n(j{nlJl,jénng)

0 0 n(jénng,jinlJl) n(jénng,j{nlJl)

O )
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Skyrme interaction

Zero-range momentum-dependent effective nucleon-nucleon interaction
V(ry, 1) = to(1+x0P5)3(r) + %tl(l + X1Po)[P?8(r) + 8(MP?] + (1 + %P, )P - §(1)P + éta(l + x3P;) p* (R)S(r) +iWo(o1 + 02) - [P x 8(r)P]
r=r1r1—nmn
R=3(r1+r,)
Py = 1(1+01-07)
P=2(Vi—V))
P = PnT Pp

SkX Skyrme: fit of binding energies, rms charge radii and single-particle energies

160, 240, 34Si, 40Ca, 48Ca, 48Ni’ 68Ni, 888r, 100811, 132811, 208Pb

B. A. Brown, Phys. Rev. C, 58, 220 (1998)
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Single-particle wave function

g(r’ o) = ug(r)

[Y:(F) ® X1/2 (U)]ijq(T):

w.f. from Woods-Saxon

HF — Skyrme Schrodinger equation

2
[_V _h V + Uy(r) + qVe(r) — iWy(r) - (V x 0)] Yo = €a¥y,
Zm;(r)

construct Vq

Radial equation

/
K2 I+ 1) h?
w4+ —u |+ V,(Nu, — ' = eqlly Solve HF-Skyrme
2m;(r)[ u, + 2 u ]+ a(Nu 2m;‘ U, = €qll y
Interaction

Vo(r) = V" (r) 4+ 841Ve(r) + V> ()(1- o).
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Random Phase Approximation

Creation operator of a p-h

QLIM) = Y (miimm — miM)G! (= 1Y iy,

Mm,m;
RPA creation operator p-h basis —o—
~ |
0F = " XWQEUM) — Yo QmiIM) —.
mi 1
| T o
—O—
RPA state
— 0N
lv) = 0, ]0)

RPA secular matrix

'+!
Ami,nj = (€m — €;) 3mn6ij + (Mj|Vyes|in)

=E
(v) v (v) ——
—B —A Y Y Brinj = (mn|Vielij).

J
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8Ca - RPA

v model space

2d3 /5 4
3 o 3902
2d _— 197/2 8
2d5/2 6
lg ——<
- - lgg/‘) 10
| “P1)2
p—— 1fs5/2 ¢
1f — P3/2
— 1f12 8
JT Energy [MeV] B(E/MAX) [W.u.]
Exp. Theory (SkX) Theory (SLy5) Exp. Theory (SkX) Theory (SLy5)
27 3.83 2.87 3.02 1.71 1.31 1.12
47 4.50 3.12 3.60 0.43 0.70
37 4.51 4.43 4.75 5.0 6.77 6.12
37 4.61 3.22 3.92 6.6 x 10~ 6.6 x 1073
47 5.26 5.11 5.01 0.07 1.80
3, 5.37 5.37 0.05
35 5.02 7.6 x 107*
4 4.70 5.20 1.02 0.86
57 3.51 3.90 5.0x 1073 0.01

RPA calculations for the 4Ca core
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#Ca — particle or hole?

neutrons
2d3/5 4
y—— !
—<—— lgp
‘7/ 2 > PCq ‘] f 7/22p 3/2> 7/ ST 2526
19—
i
2p ——— < 5/2
] P
Coupling with particles 15, 828
—O 1f1p
[PCa)= ["Ca & n)
1772 Y o= |(1f72P3),, Q2P 31) 2
Coupling with holes same final configuration
but
|49Ca>= |50Ca ® I’l-]> different couplings!

|7/27 0. = |( 2P3/2)0+®]f ) 7/2
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13265n — RPA

m model space J™  Energy [MeV] B(E/MX) [W.u.] Main components
by 14 Exp. Theory Exp. Theory  Theory
1h—d = 27 4.041387 7 475 vhiy'ofr/e (0.56), mgg 5ds 2 (0.19),
112 12 -1
3 i p— %fffj él - o - g7/0 (0.14)
2d ——< | 1g7|8 37 4.3525.02 > 71991 vs] /2f7/2 (0.40), vd; »fr/2 (0.12),
19 _ | 2d5 2|6 ] 7rpi/2g7/2 (0.12) _ ‘
S 1ges 10 47 4.416 4.42 442 5.10 vhy, otr/2 (0.63), Tgg 587/2 (0.21)
67 4.716 4.73 1.65 vhiyofr2 (0.86), mgg y87/2 (0.11)
81 4.848 4.80 0.28 vhi!,f7/5 (0.98)
| 57 4885 4.77 0.20 vhy},fr/2 (0.99) I
7T 4.942 4.80 0.30 vhi, of7/2 (0.98)
collective (97) 5.280 4.99 004 vhyjjofrys (099
17 4.97 7.95 gy /2g7/2 (0.76), vhi} ,ho/2 (0.24)
25 5.37 <1072 7ggngr/e (0.72), vhiy,fr/2 (0.18)
non collective §£ Z";g g"ll; ”ia/2f7f/2 (((’07;’2)
; : : 72 (0.
(1p - 1h) 35 5.40 1.99 Wg;—iﬁ; //2 (0.96)
4y 5.25 1.01 g, /2<13/2 (0.56), vhi,' ,fr/2 (0.32)
55 5.45 0.61 8g,287/2 (0.99)
65 5.32 2.67 T8 587/2 (0.74), vhi},fr/5 (0.13)
e 5.42 0.50 T8q 87/2 (0.99)

RPA calculations for the 132Sn core
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Angular correlations

kmax

W(0) = >  ApPr(cos0)Qr(1)Qr(2)

even k

Ape = Ap(Ly L LT Ay (Lo Ly T 1)

Fu(Ly L\ IT) + 261 () Fi(Ly LY L) + 6% () Fi(Ly LY L)

Al = T 57
Fo(LL'LI) = (=) (2L 41) (2L 41) (21+1) (2k+1)] (f Y lg) {? Y f}
B
Jk(l) :/ dﬁl Sin(ﬁl)Pk(COSBl)Sl(ﬁl)
Qr = Ju/Jo ’

aye
Je(2) = /0 d B sin(fs) Py.(cos f2)e2(S2)




Transition rates

o st(A+1) [(EN\DT
o\ [, = [;) = — = : ! BloA: I, — 1
(X /) T ARA+ D2\ Ae (AL /)
1 3
T(F1) = 1.59-10'5E>B(E1) T(B1) = 1.76-10'3ESB(M1)
7 175
T(E2) = 1.22-10°E’B(E2) T(B2) = 1.35-10"E2B(M2)
0 7
T(E3) = 5.67-10°E!B(E3) T(B3) = 6.28-10"E]B(M3)
T(F4) = 1.69-10"*EJB(E4) T(B4) = 1.87-10"°E]B(M4)
2\ 2
Bw(E)\) = 1.2° ( 3 ) A2/\/3 eZ(ﬁn)Q)\
Weisskopf units: 1 dm \A+3 ) )
B“"(A/I)‘)zir_()l'?»‘_?(,\ig) AA-2)A/3 <2§§C> (fm)zA—z
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Fast timing techniques

7> FWHM T = FWHM T < FWHM

Centroid Shift Method

Slope Method Convolution Method

7000 T T T T
68 4
ooooo Ga T=2.87+0.04ns 7<

Livello 375 keV

176Hf
2+1 -> 0’1
Ti/o=1.47(6) ns

Conteggi [u.a.]

Counts

A;t (ns) At [Canali]
Convolution
t
D(t) = n)\/ P(t' —ty)exp ) q¢'  with X =1/7.
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The plunger technique

1000 |‘ 200 pm

46

detector

500

beam

- flight time

t, - slowing-down time

NN

tg

in the stopper

x - larget-stopper

o~
|
=)

separation

counts / (0.5 keV)

1000

500

2000

1000

0
2000
1000

0

i
— 1%

|_|s 65 pm

S|
,]

23 ym

no |l

5 um

7

400 450 500 550 60
energy (keV)

1.5 [ T |2() T T T i

-(©) 25 ]

[ 5 o il

= _

of 8" I

a T 1 0 —

[ 660 680 | 3150 3300 3450
0.5 E [keV] - E [keV]
[ t=8.5(2.0) pst t=3.5(1.2) ps
0.0 [ . —— I . . I — —
0 500 1000 1500 500 1000 1500

D [uml D [um]
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The EXILL - FATIMA campaign (2012 — 2013)

v-capture reaction v-induced fission

neutron

O\

Neutron
) ~
Neutron AR o /Collision
capture  SEETRERM
—_— TR : { ' pe
‘ - %
- J >
Nucleus > ’

v

‘ . _.'..:" %
Targe[ COmpOUnd
nucleus
A A+l ys#

—_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_—
perct f

e —— or
/ primary i,
j— = -rays
72X
Sn
secondary I
y-rays
l
aHx :
l
40Ca(n,y) 46Ca(n,'y) 48Ca(n,y)| 235U(n,f'y) 241Pu(n,fy)
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The PRISMA - CLARA campaign @ LNL

PRISMA CLARA

Bea st 25 HpGe Clover
MCP e~3% @E,=13MeV

Quadrupole Composite Ge

50mm x 70mm

Optical elements:
*Magnetic quadrupole
*Magnetic dipole

Detectors
*Entrance detector (MCP)
*Focal plane detector (PPAC)
*Inonization chamber (IC)

AFWHM = 2E., - sin(A0)sind
C

*AQ ~ 80 msr [l [T] MWPPAC
*AZ/Z ~ 1/60 . | L —
*AA/A ~ 1/190 e

3 RINGS
0 ~ 100°-130°-150°

IC

v angular distributions
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