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* (Single particle levels)
(5DCH, GCM, MPMH, TDHFB ... or QRPA)

for description of Excited State Properties
* Low-energy collective levels
* Giant Resonances
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What is the standard QRPA approach ?

The (Q)RPA methods describe nuclear excited states for all multipoles and both parities,
whatever the intrinsic deformation of the ground state.

Quadrupole, octupole and higher multipolarities can be obtained even on top of spherical shapes.

monopole Dynamic vibration

Q0800000800

* Quadrupolar Dynamic déformatio

.50
T

T

Dipole oscillation

f !

T
Isospin Vector Dipole oscillation
Sophie Péru, CEA,DAM, DIF, sophie.peru-desenfants@cea.fr 4



(P ¥ %ﬁ%%
What is the standard QRPA approach ?

The (Q)RPA methods describe nuclear excited states for all multipoles and both parities
whatever the intrinsic deformation of the ground state.

Main approximation: No rotational motion included even for deformed nuclei !

Linear response, i.e. harmonic potential approximation
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And the result looks like this

E (MeV)

@ Sophie Péru, CEA,DAM, DIF, sophie.peru-desenfants@cea.fr

WW

—_— KT = 0+
28y — K'=1*
— KTz 2ot
20 40
Eqrpa (MeV)



Monopole in Ni isotopes
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RPA approaches describe collective and individual states W
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(Q)RPA approaches describe all multipolarities and all parities

A. Corsi et al PLB 743 (2015) 451-455
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Fig. 3. (Color online.) Systematics of 27 and 3~ excitation energies in tin isotopes
from experiment and HFB + QRPA calculations using the Gogny D1M interaction,
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HFB formalism
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(Q)RPA formalism 1/3
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(Q)RPA formalism 2/3
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(Q)RPA Formalism 3/3 NN NANAAN
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Role of the consistence between HF and RPA matrices

RPA in spherical symmetry

N

v B(E2)
1 — —— Cantrah-denzie
5 — Certrak-densite-+80 -
— —_— — 3600 = Gortratbedanst R e o s s e o s e O e
— _— —— Centrak-densite+Coukomb+ B0 Pb
¥ Exp. Data 4
4 N . AN v 2000 -
2058 —
122 Pb 2500
100, h
3 Snh Sn —
—_— o —
Mev P s R (1 S— 1S.n .
- 132
.| N Sn
1500 WV
F:IYH
—— Centrak-densite Nl —
— Centrak-densiter20 L T4 [ O —— ————™
14 —— Centrak-denzite+Coulomb
— Centrak-densiterCoulomb+80 _
¥ Exp. Dats 600 REELy
0 —
60 a0 100 140 160 180 200 220 a

S. Péru, J.F. Berger, and P.F. Bortignon, Eur. Phys. Jour. A 26, 25-32 (2005)

_(F=7a)?
Z e " (W;+B;FP, — HjP. — M;F,P.) central finite range
7=12

—

+io (1 Jr.l‘opg) (5(.71 == '?2) |:[) (]1

—

To

-+

ﬂ | density dependent

]

+i n-},ﬁuo‘ (7 — ) x ?12. (T'1+72) spin-orbit

i V4 V4 V4 V4 g



WU NARANA
Impact of cutoff energy in 2qp excitation basis

Sn isotopes
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Impact of frozen core
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Spurious states « treatment »

PHYSICAL REVIEW C 83, 014314 (2011)

Giant resonances in >*U within the quasiparticle random-phase approximation
with the Gogny force

S. Péru,"” G. Gosselin,' M. Martini,' M. Dupuis,' S. Hilaire,' and J.-C. Devaux®
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Impact of cutoff on spurious mode
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Alternative resolution of QRPA equations

Full matrix filling and diagonalization

Both excitations energies and phonon wave
functions are obtained as eigenvalues and
eigenvectors.

;Ll_u..,l.l.....l.l.u.u._._

QRPA EigenValues

Require optimized codes running on supercomputers
to reduce the “human” computational time
and to share the available cpu memory.

@ Sophie Péru, CEA,DAM, DIF, sophie.peru-desenfants@cea.fr

Finite amplitude method (FAM) :
Self-consistent lterative process to provide
multipolar smoothed response function

Each point of the curve is the solution of one QFAM run
F(Exec:V)

!

Smearing

dependent !
w— w~+iy/2

10 20 30 40

FAST production of multipolar response, but only the response.
Eigen mode wave functions require additional treatment.

Talks of M. Frosini and Luis Gonzalez-Miret Zaragoza
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2 B QRPA for deformed nuclei
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whatever the intrinsic deformation of the ground state W

IV Dipole
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Investigation of the isoscalar response of Mg to °Li scattering

FIG. 2. ISGMR strength function. FIG. 4. ISGQR strength function.
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QRPA dislributioﬁ w:;s shifted 11pward by 2 MeV.

Comparison with QRPA calculations showing the respective K™ =
0*, 17, and 2% components. The QRPA distributions were shifted
upward by 2 MeV.

J. C. Zamora et al, PRC 104, 014607 (2021)
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Intrinsic transition density and radial transition by multipolar expansion
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Pure monopole K=0, J=0
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3 B Some systematic QRPA calculations
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D1M HFB+QRPA in axial symmetry applied to E1 and M1 strength

Magnetic and electric modes on the same footing

Impact of the deformation 0R=6) iy
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Centroid energy (MeV)

NN
Global trend : D1S versus D1M
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. = D1M | L [ m
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A few 100 keV overestimation of the D1S centroid energies with respect to D1M ones
leads to a 0,2 shift of the EWSR (in TRK units).

M. Martini et al, PRC 94, 014304 (2016)
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4 B QRPA for odd nuclei
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/ Even-Even or standard quasi boson \

gr = Z Y” n; I]J Y,fj ;7 Bi|0gp >= 0 Vi, = B Vi # b,
. i<j X | By [0 >= |GS; >, n = B Vi #£ b,
i |GSure >=1; |0gp >= [i >, Bo|G'Sp >= |04 >, m = B,
;|GSgrp >= 'I]z-|0qp >=10 Wi, ,;‘L’filGSb >=0W: 7é b. 7]+ 3
\ / "y, — Mb
/ Generalized quasi boson \
O = > AXIBB —V78;B} || Blocking arPA
b£i< j#b
1<j=b

4 Z {Xﬁj ,"Bb x‘gj — Y;{U ,!'33' »3; }

\ i=b<j /
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On top of the HFB calculations with blocking. axially sym- A W
metric QRPA calculations are performed. A main difference
with respect to even-even nuclei is the non-zero value of .
the ground state spin Kj. In the following, K; corresponds S. Goriely, S.P., G. Colo, etal,
tos Al il et PRC102, 064309, 2020
here that we exclude from the QRPA valence

space the qp orbital which is blocked in the HFB ground
state.

1. Deformed odd nuclei

K I A J
(leloxllfl)=\/(2J1+1)(2J2+l)[(—)J' K—(_}G 5 Kll)(CDK;lOAleDK.)

k. D A J J—
+(_)J' K_(—KQ Hr —ll{l)(_)Jt o ((DKzl()Ml"q)—Kl)]-

2. Spherical odd nuclei

O R AR U AN
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Systematics of the 5/2+ level in N=151 isotones

QRPA J™ = 5/2+ state is defined as a phonon K"=-2-
m=.9/2- ground state (blocking v9/2-in HFB and in QRPA)

on the
S
é: WS
m“ Gogny
gs. 9/2-
247Cm 227
249Cf 145
251Em 200

@ 253No 168

1029
647 613 630 597
611 534 590 ‘
533 145 = 167
K s 31.1(21)us
%70111151 ggng[S] 'fg(l,lesl %ggNOwl
611  7.3(21) 9,8 85
534  10(4) 11,1 82
590  18(6) 9,2 87
(1029)  13(8)

N

e

K.'Rezynkina et al,Physical Review C 97,054332 (2018)

e
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G. Pasqualato el al, PLB 845 (2023) 138148

An alternative viewpoint on the nuclear structure towards '°“Sn:
Lifetime measurements in '%°Sn

] od exp LsSM®  QRPA MPMH
Vi€ Velsn 3 2
B(M1; 7/27—=5/2") [u?] 0.0107(6) 0.0017 0.0037
. +_ - 2e 4
15 o B(E2: 11/2t—7/2%) [e*fm?]  50(15) 118 40
19/24 3n15/
600
I 1081 R T R T LSSM(I)
47 N 00" e P | SSM@
15/2+ I 2168 2204 17/2+ (0.55 ns) 500 — . ¢ -= LSSM® /45
v 203 =, =
1372+ 1916 124; = —— _ =8 = QRPA /
= T 400- 23 u
1172+ S & [11] el 112) 5 ,é
( [$ w \ .-"
1195 9/2 o | . i
: — 300 N P gl
a N TR 7/ / P
1R A & 200- L \\\\--.“ ‘ag” L =
...‘.\ .l"‘._ “,'
12+ ' 200 Ay, X //l,t
]291)1 5/2+ 100 - exp: N /
] Lit. [5,7,10-12,22] N i
105 | this work
Sn 0 T T T
103 104 105 106
A

E Sophie Péru, CEA,DAM, DIF, sophie.peru-desenfants@cea.fr 36



100 isotones

Description of J

PA and its unusual application
4-isomersin N

5. QR
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Unusual application: 4 isomers in N=100 isotones

e . )

4 4 .
& 4 —l_ ‘ 4
) 4 S A S C I ______ half-lives
et T, o A — S
(2)+ O+_ O+ 0+ 168 0+_
160Nd 1628m 164Gd Er 170Yb Laurent Gaudefroy,
CEA,DAM,DIF
\ The 4> 4+ transition is expected to be E1 Spontaneous fission of 22Cf
K=J =4 K=J=4 K=J=4 K=J=4 K=J=4=——T— P I —
T 29h T1/2= 20h T1/2= 15h T1/2= 7,6h T1/2= 3h T1/2= 1Oh HFB+QRPA
e in axial symmetry
" 4 J 4" J . 4 with D1M Gogny force
+ 4 N e -
2 N 20 - §+ """ ; Voo ]_\’_ 2++ ]_V ..... for K" = 4
07 e—— e — S — 0" emm— ——
164 0
160Nd 1628m Gd 166Dy 168Er 170Yb

\ Only M4 and ES5 transitions are allowed € A = K=4 /

Sophie Péru, CEA,DAM, DIF, sophie.peru-desenfants@cea.fr 38



L. Gaudefroy, S. Péru, et al, PRC97, 064317 (2018) A W

What is the nature of these J=4 isomers”?

Example : 162Sm J=4, K=2
T,»=1780ns s, J=4, K=3
J=d, K- B(M2) S(E3) J=4, K=4
B(E1) B(M4) =4, K=
B(M2) B(ES5)
B(M4)
T,,=300 ps T,,=20ns T, = 700 ps T,,=20h

No calculated half-live reproduces the experimental one.
A very small K=1 component in the wave function would explain the observations.

There are 3 main mechanisms for K admixture :

» High level density
» Triaxial shape

« | Mixing with Coriolis interaction

@ Sophie Péru, CEA,DAM, DIF, sophie.peru-desenfants@cea.fr 39



to fix it: " W

<K|Hc|Kt1>=— [0 —K)J+K +1
/ Then, we calculated Koo | 1
relevant inter-band transitions: / B
J_ ______

\ KT=0" K=4 /
mm

Exp. 1670(210) 1780(70) 605(30) ? 109(7) 370(15) ~1
QRPA 6970 11105 3980 285 365 260 1,5
QIR 4,17 6,24 6,57 ? 3,35 0,703 1,5

L. Gaudefroy, S. Péru, et al, PRC97, 064317 (2018)
g Sophie Péru, CEA,DAM, DIF, sophie.peru-desenfants@cea.fr 40



NN W
— More transition probabilities are now available

Low energy spectroscopy E =
in spherical nuclei : 2+, >2*,
and 4+,->2+, transition probabilities

2+ %J

4+ =

2+ L
GS 0+

Theoretical description of « up-bend » :
increase of y-ray strength function at low energy

00— e
i . 107,
107 i f Ml A A
| | \
— _ / \
10 —SM % 10°] DIM+QRPA+0lim /' \
[ () / \
E )- _U=O E ’f\ / \\
=107 --U=2MeV A . / \
G TTEeTY O - U=sMeV |~ 10° SM™M] Y
107 == U=10MeV ; 5
wwwee [J=] SMeV t ' 136
o] DlM'l'QRPA U=15MeV 10-10- / DIM+QRPA Ba h iL L L
0 5 10 15 20 0 2 4 6 8 10 12 - = ——
e [MeV E (MeV)
8 Gon 'f E, #E
S. Goriely et al, PRC98,014327 (2018) y exc
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Some perspectives
for y-ray strength functions

On=

Going back to the photon strength function definition !
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Absorption versus decay

< >
)
— =3
LIJé u
&
Ey=Eexc
. — Km=2+
>
> K T_q+
C Km=1
\; - K 1T=0+
- Ue
—---Km=2
AN ----KT=1
-------------------------------- KTz
E..c # EY 0

172 NN
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W
Absorption versus decay 2/2 W

The y-ray strength function F(E FIE E 1
depends on the excitation energy AT EyEecl) @ ﬁ( vEercl) @
and on the level density I | L
Eexc1 ) — EY
NN NN A P 22> > W
o
=S IS N I
QS e
_________ W | R,
AN
\/\\/
o K-|-r=2_ _KTT=2+
L KTr:-l_ _KTT=1+
----KT™=0- — K=+
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W
Absorption versus decay 2/2 W

The y-ray strength function F(E E_ 1
depends on the excitation energy AT (EvEecc) @ (EvEercl) @
and on the level density I | L

E,.1 > —7 Ey

I > > W

S

o @----------=--------------- -

LIJg-g - = AF(EysEexc2) F(EysEexc2)

N > 0 b

—_—— K'IT=2- _— KTT=2+
——— KTF_‘I _— KTI'=‘| +
----KT™=0- — K=+
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Absorption versus decay

The y-ray strength function
depends on the excitation energy 0
and on the level density

Eexc1 >
 Eo—— > > >
)

[ ks sttt —— F(E Ee?)

up!
__________________ O
________________________ a > >
S

o Kﬂ=2' - KTT=2+
e K721 —Km=1+ ,T‘F(Evaexcg')
----KT™=0- — K=+

) 2
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Absorption versus gamma decay, again...

S
3 - -
=3 S S
< S
oo —uf
Il I
IJJé LIJE
(13)8 (13)g
E emission y = E excitation _
w
m ___ Km=2- __K"m=2+
| ____KTT:1- _}’(TT:1+
| Ly
—_— K1T=O' _K1T=O+

Eexc = E (MeV)
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Eexc. [MeV]
B(E1) 1
F ] ) S
()]
1=
4 _ Km=2 K2+
__________ : ———-KTT=1_ KTT:1+
N —_.K"'=00 ——K"=0*
S
[0}
_____________________ é
V- B(EY
Eexc. [MeV]
Eexc= 18
) B(E1) E =03
_B(E1)
S s~ <
- - >
s 2 s
v ™ A i yur
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Eexc. [MeV]

SELT:

E, (MeV)

Eexc. [MeV]

OE+{

E, (MeV)

OE-
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E, (MeV)
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__ Km=2- ____Km=2+
—_.K™=1- —K"=1*
___.K1T=O' _KTT=O+
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NN \252§ﬁ22525
Rotational bands in deformed nuclei

. . J(J+1)—K*
Ej=FEk + Erot with Erot = ﬁ

E... = Temperature

A = = 28
2 JoKed
28
Eexc gg gg
5 o
: JKi2=4 3
o 18
2 J=K+3=4 17
18 15
< it ot
> 16
0 1 J=Kii1=3  m
2 13 10
Pa— 12 9
LII 11 3
10
6
7
: J=K4+1=2 :
4 1
——————— 0
; J=K=1 Ix=1/2, K=2
2) L. 3 3 3 .3 N N N R R _§ .
Ix=1/2, K=1
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Gamma emission in deformed nuclei

Intra band transition probability calculations

% =K+4= 2
s —lske=s E MAX :
J=Ki2=4
2 —J=Ki3=d | i
‘ J=K+1=3 W
ﬁ v .l:K-I—p:q 2
: I J=K=2 :
¢ ¥ J=Ky1=2 2
? ..... J=K=1 4//'__ !x|m-1-/-2-,--K|~—~2---.--é
Ix=!/2, E=1
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NN
Gamma emission in deformed nuclei &

Intra band transition probability calculations

Inter band transition probability calculations

2 J=Ksd=p
; JoKi=t

ok __| 20 J=K+3=4 | e
; J=K+1=3 W
: J=K=2 §
: J=K+1=2 2
i J=K=1 Ix=1/2, K=2

Ix=1/2, K=1

g Sophie Péru, CEA,DAM, DIF, sophie.peru-desenfants@cea.fr 52



NN
Gamma emission in deformed nuclei &

Intra band transition probability calculations

Inter band transition probability calculations

30
_ _ 29
= = 28
27
23 J=K+4=5 26
o8 25
pt 24
2% 23
o 22
o4 21
53 20
22 J=K+2=4 12
21
17
20 J=K+3=4 16
18 15
17 14
16 13
15 12
14 J=K+1=3 "
13
12 9
11 8
BN 7
5]
Z J—K=2 i
7
OE —= ¢ J=K+1=2 3
T .
;.2 J=K=1 A1 0
i Ix=1/2; K2
0 == = e o B B B B B B2
Ix=1/2, K=1
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IUE'Mca : Transition E1
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E (MeV)
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Mo : Transition El %Mo : Transition M1
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