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Radioactive beams from in-flight and ISOL facilities

« y-ray detectors coupled to charged particle detectors
*Coulomb Excitation and Transfer reaction as experimental method

Excitation energy, spectroscopic factor, B(EX) and electromagnetic moment
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In the last 7 years : 17C N=20 collapse

23 papers from safe coulex with RIB ) . %35, %Ar N=28 collapse

1 Nature ~»-—  Shape coexistence in Sr/Rb
9 Phys. Rev. Lett. \\3 iy BHEEET o

12 Phys. Rev. C 2 . i

1 Phys. Lett. B.

Shape coexistence and exotic shapes

B(E2) in S, Inand Cd =t

: Potential Energy Surface for Pb

lOOSn
— = = | z 281_“
- ' I'l i-lJ | Toward N=50 : . _ vay |
i R * Zn spectroscopy e
*pfs,, migration,
*sp and collectives states in Cu
*N=20 and N=28 shell erosion; island of inversion 7
*Enhancement of N=16 <




N=20 erosion and ehancement of N=16

Spectroscopic information from transfer reaction and Coulex at SPIRAL1 and Rex-1solde
Extend the knowledge to the n-rich C = 17C spectroscopy

730
N s 5/2*
l/2+ W] +

(5/2) e ~ 12 3

210

‘1, 5/2+ —

| 3/2+ 3/2+ | 3/2+ | 3/2+
expt spdf psdwbp psdwbt

Objectives :

“»*Spin assignement of the 3 bound states

s Spectroscopic factor of the GS to constraint its micropscopical configuration
“*Locate the 3/2* unbound state = 0dj,, as constraint for SM calculations

E.Clément

e ]
YANRN N X
laboratoire commun CEA/DSM ﬁ -

5 CNRS/IN2P3




180 beam at 65MeV/A _ :  use Torge

16C secondary beam at

15MeV/A ~4.10%pps
EXOGAM
Gamma-ray array
. | BTD
SI-Si-Csl Telescope Beam-Tracking
AE,E, TOF, 0 I . Detectors
I\ /l LISE D6 beam
| 46C 15 A MeV | .
== - Experimental setup
| TIARA **% | |
\ siliconarray
active beam |
Stop( finge )

CD, target ;argd:;.lLke pﬂ?‘iﬂds -TTIIARA
eam-like particles - Telescope

0.5mgém? - mmas— EXOGAM

Trigge: hitin TTARA
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¥ spectrum
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CD, target
0.5mgtm?

TIARA **%* | |

Iriol ndid
Target-like particles- TIARA
Beam-like particles - Telescope
Gammas— EXOGAM

Trigge: hit in TIARA

0 i
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(5/2%) =

|

X. Pereira-Lépez (USC/LPC) e 3/2

expt

=y-rays to separate states ~100 keV appart that
could not be separated in TIARA

»The 210 keV transition corresponds to an s-state
which population decreases in the barrel.
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Clean separation.
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The N=28 Shell erosion
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: E a\ ] 46Ar
= 35 L] Ca isotopes
T F - Arisotopes
.g_r 3 F = S isotopes
E 2.53_ "  Siisotopes B(EZ;O+ N 21’) — 196(39)e2fm4
wi - \
2 H. Scheit et al., Phys.Rev.Lett 77 (1996)
155 B(EZ;0" - 27) = 218(39)e?fm*
i3 ’ A. Gade et al., Phys. Rev. C 74 (2006)
0.5 —
- B S e I I
MNeutron Number
= Ca isotopes
o soop : . Orisoropes Lifetime measurement
"‘; 450 ;_ ; B ; -l - Siisotopes
400 ;— ;
kil 1 Isotope  E, (keV)  JT — J7 7 (ps) B(E2) (¢*fm*)
o s
w250 HAr 1158 2 = 0 5.9(2.0) 67413
@ 200 .
1s0F- 1588 4+ = 2+ 3.973¢ 2140
0 g 1 693 67 — 4* =40 <128
AT SOOI o “Ar 1552 2t -0t 08%] 114 153
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Neutron Number D. Mengoni et al,, Phys.Rev.C 82 (2010)
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The N=28 Shell erosion
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MNeutron Number

4SS

Adopted level
scheme for 43S

575keV

D2dken

Ti2-

O.521

L.Gaudefroy et al, Phys.Rev.Lett 102(2009)

3

234

Ti2-

—— av2-
Shell Model

Nuclens E/4d (MeV)  E, (keV)  B(E27) (&* fm*)

a1 438 1006 (19) 142 (52)
754 45.1 1437 (27) 101 {45)
*p 46.3 076 (17) 97 (30)
g 474 440 (8) 167 (65)
004 (16) 232 (56)

3 420 =040 175 (69) |
Tl 3.0 020 (17) 37 (24)

R.Ibbotson et al. Phys.Rev.C 59(1999)
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Shell model predictions for the Arisotopic chain o« 3 / \ \ J } 1 J
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550
500
4 as0
T 400 —=— EXPERIMENT
W ms0 e~ SDPFU
Sxo g feca
N 350
i 47K
?‘j 200
150 ne
o —IL.Ar 47Ar 43Ar
Predicted level schemes for 46Ar using NuShellX code by A.Brown 44g
» All three interactions manage to reproduce the energy of the 2+ /P | 38p | 3°P | 40P | 4P | #2P |*2P
state a2g;
» Global agreement between the experimental B(E2) valuesand :

the theoretical predictions, except for +6Ar11!

In 46Ar, the B(E2,0*>2*) = 269(31)e2fm* is in agreement with previous Coulex excitations measurements.
Further supports the semi-magic character of “6Ar and confirms the puzzling deviation to SM calculations

In 43S the 971 keV and 1154 keV states have corresponding B(E2) of 98(34)e2fm* and 143(16)e2fm?

Further investigation by safe Coulex from the on-going SPIRAL1-upgrade 41S 37-39p 43-45C]|
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Shapes

1) Shape coexistence and shape change
2) Octupole correlations L. P. Gaffney et al, Nature 497, 199 (2013)
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Shape Transition at N=60

\N’ il _ present at N=60 one of the most impressive

deformation change in the nuclear chart
12 - \\\
10 : z::::z\\\0 i::j\\o\\c:-4

\ : Point to a specific t—v combinaison
S. Naimi et al., Phys. Rev. Lett. 105, 032502 (2010).

—o—S§, (31<2<46) |[
§ ——S,,(2=36) i O The n-rich nuclei between Z=37 and Z=42
=

/

O

75

Z =36 (Kr)

O 2Zr

O sr
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o H Kr

Energy [keV]
@
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(=3
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=
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1 1 1
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Neutron number

D 1 L

M. Albers et al., Phys. Rev. Lett. 108, 062701 (2012)
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Shape coexistence

(
= B(E2)’s connecting states to probe the
2 collectivity and the mixing of configurations
e \= Q, to determine the deformation )
°Sr Coulomb excitation of RIB

BSr

8+

o856
b-;if ______________ 7ad

A

453 438 g
& 8 g ??_a';;-'-] 636
>+ 289 ! 215 1 o+
OF 144

N=60
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*»Coulomb excitation of %Sr at 2.8 MeV/A —-REX-ISOLDE
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I E. Clément et al , in preparation
E.Clément E. Clément et al. EPJ Web of Conferences 62, 01003 (2013)



Coulomb excitation results

10,; 270
< 10
g F 64}
(&} i 2+ 0+ G0p ;-

B 27V Ni target
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15..|...|‘.|...|..
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«»Coulomb excitation of %Sr at 2.8 MeV/A
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++Ground state and non-yrast states populated

98
Sr

E+

SE6
b+ l ?'l'

433 438 / f r:slrc
+ i f
av T ¥ v ??‘a"ﬂ 1
o+ 289 ! 215 1 o+
G 7

E. Clément et al , in preparation

E. Clément et al. EPJ Web of Conferences 62, 01003 (2013)
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O %Sr :The Electric spectroscopic Q, is
small as its B(E2) is rather large

—> Vibrator character
\ - Weak quadrupole deformation

Q. = -22 (30) efm?

2+

B(E2])= 451 (110) e*fm?
815

ot v
9%Sr : N=58

E. Clément et al , in preparation

E.Clément

B(E2])= 3407(782) e2fm?

B(E2])= 3419(500) e2fm*

B(E2|) = 4566(200)e>fm?

B(E2|) = 3452(150) e*fm?
B(E2|) = 2588(99) e*fm?

: l*J / \H | "
laboratoire commun CEA/DSM 30 v /

B(E2|) = 270(33)e*fm*

107"
B(E2]) = 20(10)e?fm*

{

689 B(E2|) = 18 (3)efm?

8+

965

G+
433

4+ ?2?

2+ 289 . +

o ¥ 144

9%8Gr : N 60

2+

B(E2]) = 2450(197)e*fm?
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small as its B(E2) is rather large '
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- Vibrator character

- Weak quadrupole deformation
G
O %8Sr
—> The ground state band is a rotor
-> Excited configuration similar to °6Sr
\. y,

p~ 04 8| < 0.1

Q, = -95(100) efm? Q, = 2(20) efm?

Q. = -22 (30) efm? —‘

2t = _ 2 6"
Q. =-121(13) efm

433
B(E2) = 451 (110)e*fm*
() ( )em315 Q.=-187 (8) efme & 239 ?2? 871
Q,=-52 (14) efm? 2 W / "‘T1ﬁ_1—
0ty v 144 T 144
%Sr ; N=58 BSr ; N 60

E. Clément et al , in preparation
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(7 ” |
Systematic of Transitional Quadrupole moment around N=60 —_— / \H Jg ﬂ ‘
IaboratourecommunCEA/DSM3 - /
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E. Clément et al , in preparation

E.Clément



. v /
laboratoire commun CEA/DSM CNRS/IN2P3

— m YKy
2 o “Kr
- e ~Sr
1 o “gr
— LT
= I [
= 0F l [; ]
oy | 1
l
-1+
2+ _
| | Beyond the 2+, large alnd constant prolate defolrmatlon
2 4 6 8

Spin J

K. Wrzosek-Lipska et al. Phys. Rev. C 86, 064305 (2012).
M. Albers et al., Phys. Rev. Lett. 108, 062701 (2012)
E. Clément et al , in preparation
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oDeformation of the 0* states analyzed with the Quadrupole Sum Rules formalism

oSums of quadrupole E2 matrix elements give Q2 ~ |3,| and cos(3d) ~y

141 , "osr oo oo proiate]
121 |
oF :
1+
= =l
‘= 08r = | I -2 3
= 8
0.6 o |
0.4 u 0.5
0.2+ . i
A oblate |
0 + + + u"' +
0, owg, 0; 0; ) %8g, 0;

E. Clément et al , in preparation
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Comparison with theory :
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Comparison with theory :

96
Sr
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Y B
4%? o+ 1516
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451 adn
+ 0 ! ot
experiment Gogny

E. Clement and CEA-Bruyere-Le-Chatel in preparation

E.Clément

-95

-121

-187

-52

10"

3405
8+

3418
6+

4566
4+

o+ 3452

98
Sr

0T 2589

+2 2" m”)/
270 20
A
e 2450 T,
experiment

-168

-150

-136

-112

61

e ]

YANN | ®

I 0
laboratoire commun CEA/DSM

10*

28961

1448
0+

Gogny

5 CNRS/IN2P3

s

3243



Comparison with theory :
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experiment

More deformed with a larger contribution of K=0.
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Large B(E2) values and small Qs.
Contribution of the triaxial degree of freedom
K=0 component below 50%

E. Clement and CEA-Bruyere-Le-Chatel in preparation
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Similarly to the Kr case, a clear classification of the states and the assignment of
non-yrast bands is difficult, due to y softness and K=0 and K =2 mixing.

96 Large prolate deformation

-85 '
15 21 'L;,‘ 2 § )
Y \ i LARRE I |'|l ,'I

I". ! e # 2 @

i \ \ 870 ! 2._% . _I_D / i

l 0t 1 ! 0 e cﬁ 2450 r'l
experiment Gogny experiment

Q) The first theoretical excited band, predicted to be mainly of K=2 character

O Probably calculated too low in excitation energy since it is not observed experimentally.

U Large calculated B(E2,2*, — 2*; ) value and the relative proximity of the three 2* states suggest a very complex
mixing between bands in the calculation.

E. Clement and CEA-Bruyere-Le-Chatel in preparation
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Shape coexistence in a two-state mixing model N / \H i. ‘ ,/
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~
H
1

+ cos 0| Ty, ) + sinfr| L)
[2> = — Siﬂgf‘]pr> + cos@r|1,p)

Pure states
Perturbed states

Extract mixing and shape parameters from set of experimental matrix elements.

M3, + M3, — Mj, — M3,

— 1"' 2 A = =
2t tanfp = A + y A%+ 1, 2(M\ My + My M)
o+ M tan6y 4+ M,

tant, = \
- M>itanfy + M»r»

O.+
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74Kr g+ 76Kr

1020

E. Clément et al. Phys. Rev. C 75, 054313 (2007)

In 7#Kr and "®Kr, a prolate ground state coexists with an
oblate excited configuration and they are strongly interaction

E.Clément



Shape coexistence in a two-state mixing model

~
H
1

Pure states

Perturbed states

= AN
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N—

+ cos 0| Ty, ) + sinfr| L)
[2> = — Siﬂgf‘]pr> +

cos 07 Iyp)

Extract mixing and shape parameters from set of experimental matrix elements.

Energy perturbation of 0*, states
E. Bouchez et al. Phys. Rev. Lett 90 (2003)

2
c0s=0,
* Full set of matrix elements :

E. Clément et al. Phys. Rev. C 75, 054313 (2007)

Excited Vampir approach:
A. Petrovici et al., Nucl. Phys. A 665, 333 (00)
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3405

-95
cos?0, = 0.99(1),

-121

-187

-52

cos20, = 0.82(2)

E. Clément et al , in preparation
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Isotope a'§+ D{§+
194p, 12% 29 %
196Dy 85 % 50%
198pg 94 % 69 %
200pg 97 % 92 %
202p 99 % 88 % ;
° % % N. Kesteloot et al submitted to PRC
4 1125 o . 1165 6% L
946 6+ 6+ 983 4 1080 4 af=20%
459 ) ”EL%—?‘”/[.- 4t
B=3% 4+ 675 '\ 404 621 2+ 592
—— . . T Ry ot " 2 et
2 107 5 :J?{A
2t 0 )gy 261 196 ’+ 2+ af=51% 37: z =
- 333 548Q a2=00%
-352 _ [413]
0+ ”JI,, 92'/ 77777777777 0" ;- }=95% rli‘:’;:(_l’j‘_xf; o+ nﬁ:{)‘)'z{-
A=182 A=184 A=186 A=188

N. Bree et al, PRL 112, 162701 (2014)

=Qver long isotopic chains, the two level mixing model shows that intrinsic
configurations remain and the measured values are the results of the mixing amplitude

=True for Kr, Po and Hg so far =>Sr, Zr, Pb ?
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=In-beam y-ray spectroscopy with RIB provides fundamental information in the study of the
nuclear structure far from stability

=Post-accelerated RIB at the suitable energies allow high quality spectroscopic measurement

Where to look :

At N=28 and N=20 new post-accelerated RIB for Transfer and Coulex data
RIB in the 3" island of invertion : post accelerated beam of Co, Fe in the vicinity of N=40

Large isotopic chain for the shape coexistence , triple shape coexistence in the Pb, Sr/Zr chain

E.Clément



