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* Experimental Setup: **’Pu(p,t)**°Pu @ Q3D, MLL Munich
* Motivation

* (p,t) reactions: selective study of low-spin states

* The nature of the first excited 0* states in the actinides

* The special case of 24°Pu?

e Summary and Outlook
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Experimental Setup

Experiment: two-neutron transfer reaction (p,t) to populate
low-spin states in >*°Pu (E = 24 MeV)

* Energy Resolution:

Q3D @ MLL, Munich AE/E = 2 x 104
Mutinole (4 keV @ E= 20 MeV)
Dipole2  Am  Spatial Resolution:
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* High-resolution (p,t) studies @
Q3D, Munich

— Sensitive reaction to study L=0
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transfers (i.e. 0* states in even-

even nuclei) and very selective

at forward angles

D.A. Meyer et al., PRC 74 (2006) 044309;
H.-F. Wirth et al., PRC 69 (2004) 044310

0.1 |

0.06 -

0.04 F

] 0.02 -

0.0

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50

3Q3D [deg]

— Strong L=2,3,4 transfers

D. Bucurescu et al., PRC 73 (2006) 064309;
A.l. Levon et al., PRC 79 (2009) 014318

— Unambiguous triton selection via
dE/E and nearly background-
free spectra allow for
identification of less probable
L-transfers (e.g. L=1,6 transfers)

and weakly excited states
A.l. Levon et al., PRC 79 (2009) 014318
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High-resolution (p,t) experiments

Stringent tests of nuclear structure, nuclear reaction, and statistical
models with a single reaction

?2Pu(p,t)**°Pu @ E = 24 MeV
Population of 209 states up to 3.1 MeV
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High-resolution (p,t) experiments

Stringent tests of nuclear structure, nuclear reaction, and statistical
models with a single reaction

?2Pu(p,t)**°Pu @ E = 24 MeV
Population of 209 states up to 3.1 MeV
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Number of States f(J, o)

Spin Distribution up to 3 MeV in %%°Pu:

f(J,o)= e~/ _
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Jee(J,0) = f(J,0)(1 + x)

+0.227(14), for even spin values,
x = { —0.227(14), for odd spin values,
+1.02(9), for zero spin levels.

T. von Egidy and D. Bucurescu, PRC 78 (2008) 051301(R)
* B.J. Quiter et al., PRC 86 (2012) 034307
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First Excited 0* States in the Actinides

N\ —

-\§——__

132 134 136 138 140 142 144 146 148

Neutron Number

JV. Maher et al., PRL 25 (1970), 302;
JV. Maher et al., PRC5 (1972), 1380;
A.M. Friedman et al., PRC 9 (1974) 760

M. Spieker, IKP, Universitat zu Koln, AG Zilges High-Resolution Study of Low-Spin States in 24°Pu



Octupole Correlations in %*°Pu

240py @ Gammasphere, Argonne National Laboratory
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X. Wang et al., PRL 102 (2009) 122501

Experiment:

* Build-up of an alternating-parity
band atJ > 20

* Induced intrinsic dipole moment
D,=0.2 e fm (e.g. light Th-
Isotopes 0.2 — 0.3 e fm)

Octupole deformation might set
in at high spin

W O O
+

S. Frauendorf, PRC 77 (2008) 021304(R)
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Octupole Correlations in %*°Pu

doi:10.1038/naturel2073

Studies of pear-shaped nuclei using
accelerated radioactive beams ipole moment

L. P. Gaffney', P. A. Butler', M. Scheck"?, A. B. Hayes’, F. Wenander*, M. Albers®, B. Bastin®, C. Bauer”, A. Blazhev®, S. Bonig?, .
N. Bree’, J. Cederkll®, T. Chupp’, D. Cline?, T. E. Cocolios®, T. Davinson'®, H. De Witte’, J. Diriken’!!, T. Grahn'?, A. Herzan'2 | g ht T h -
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P. Napiorkowski'?, J. Pakarinen™'?, M. Pfeiffer’, D. Radeck”, P. Reiter’, K. Reynders’, S. V. Rigby', L. M. Robledo'’, M. Rudigier

8. Sambi’, M. Seidlitz”, B. Siebeck®, T. Stora®, P. Thoele”, P. Van Duppen’, M. J. Vermeulen™”, M. von Schmid”, D. Voulot*, N. Warr®, e fm)
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Figure 4| Graphical representation of the shapes of ***Rn and ***Ra. the intrinsic frame. Theoretical values of fi, are taken from ref. 10. The colour

X . Wa n g et al- ) P R I- 102 (2I a, “"Rn; b, ***Ra. Panel a depicts vibrational motion about symmetry between  scale, blue to red, represents the y-values of the surface. The nuclear shape does
the surface shown and the red outline, whereas b depicts static deformationin  not change under rotation about the z axis.

202 | NATURE | VOL 497 | 9 MAY 2013
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Octupole Correlations in %*°Pu

240py @ Gammasphere, Argonne National Laboratory
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X. Wang et al., PRL 102 (2009) 122501
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Excited States in 2*?Pu(p,t)**°Pu

2 magnetic settings of Q3D to cover the focal plane of 1.8 m
— Excitation energies up to 3 MeV could be measured

242 240
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Angular Distribution of 0* States

Angular Distribution of the K™= 0* ground state of 24°Pu
Experiment: Q3D angles (0y;p): 5° - 40°
Theory: Distorted Wave Born Approximation (DWBA)
fit to data

® Experimental Data: 0 keV |
2 _
DWBA: (2gy2)

*
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Angular Distribution of 0* States
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e 21 J™=0* states observed
- 16 firmly assigned
(solid lines)

- 5 tentatively assigned
(dashed lines)

— 17 newly assigned 0*
states up to 3 MeV

(p,t) observables of the
proposed double-octupole
state @ 861.2 keV?
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K™= 0" @ 861.2 keV

K™= 0* @ 861.2 keV

ol ey 2eYe e Shape reflects positive-parity

L=0 transfer
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K™= 0" @ 861.2 keV
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K™= 0* @ 861.2 keV

* Shape reflects positive-parity

L=0 transfer
* Relative transfer strength
19.39(2)% of gs strength
(33.69(3) ub and 173.75(7) ub)
« Moment of inertia
2.93(2) x 10° MeV fm?/c
— located between g.s.b.
(2.77(2) x 10° MeV fm?/c)
and one-octupole phonon
projections (e.g. K=1:
3.19(11) x 10° MeV fm?/c)
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spdf — IBM Calculations
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spdf — IBM Calculations

/\Experiment Inltiacting Boson Model
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* Evidence for double-octupole states at higher energies
* Experimental transfer strength more fragmented
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Experiment - The Actinides: 0* States
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Experiment - The Actinides: 0* States

A.l. Levon et al., private communication (2012)
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Actinides:
* Strong population of the first excited 0* state does not allow
for an identification of phonon structure!
* The two close-lying excited 0* states might indicate the
presence of a double-octupole structure
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Double-Octupole 0* States in the Actinides?

<00 | * Enhanced octupole
correlations <> Minimum
= 600 | energy of first 1-state
)
LT"J—' 400 . N 222-226Ra’ 224-226Th’
1 236,238U’ and 238,240Pu
200 -
= 000 | 1 ¢ Comparably large E, in
2 g0 | 1 these nuclei
;:j:’ 700 | -
_ * Minimum AE (0*; - 0%,) @
Zi Zgg ) minimum energy of 1 state
= o0 | 1 > Another (3 ®37)y |
< candidate proposed in
132 134 136 138 140 142 144 146 148 238 by S. Zhu et al.
Neutron Number s. Zhu et al., PRC 81 (2010) 041306(R)
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Summary & Outlook

Summary

* High-resolution (p,t) study of 24°Pu @
Q3D, MLL Munich
—  Population of low-spin states
up to 3 MeV
e 21 )™= 0* states observed
— 17 )™= 0* states newly assigned
— 14 K™= 0* rotational bands
* Double-octupole phonon structure
—>  Structure of state @ 861.2 keV
further supported
* 0%, states in the actinides
—  Strong excitation does not allow
for identification of phonon
structures!
—  Excitation mechanisms <
structure of the state?

L /.
=" 900 - ._..4-"*"\":/ .
[b) M --@
24, 800 |~ Ra ] . o 0 i
L-== Th g et
&l 700 e U < -
S v
X
ey poe A
Ly 77T IR re Ak A
S 10 ~ 3 .

132 134 136 138 140 142 144 146 148
Neutron Number

JV. Maher et al., PRL 25 (1970), 302;
JV. Maher et al., PRC5 (1972), 1380;
A.M. Friedman et al., PRC 9 (1974) 760
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Summary & Outlook

Summary
800 - .
* High-resolution (p,t) study of 24°Pu @ .
Q3D, MLL Munich = 600 -
—  Population of low-spin states ﬁ
up to 3 MeV = 0
e 21 )™= 0* states observed 200 - |
— 17 )™= 0* states newly assigned . 7
— 14 K™= 0* rotational bands 2 900 | ]
« Double-octupole phonon structure % igg . )
—>  Structure of state @ 861.2 keV ~ *
further supported > 600 | 3 :
* 0%, states in the actinides 22 400 | y.
—  Strong excitation does not allow g 200 .\: $o *": ]
for identification of phonon 132 134 136 138 140 142 144 146 148
structures! Neutron Number
—  Excitation mechanisms <
structure of the state?
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Summary & Outlook

10
Damping of vibrational
collectivity /
Effect of rotational
collectivity

—
T

152 154
- Sm + Sm

0 1 I . | . l " " | " ] "
0 10 20 30 10 20 30

E, (MeV)

C. Ozen, Y. Alhassid, and H. Hakada, PRL 110 (2013) 042502
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Summary & Outlook

PHYSICAL REVIEW C 87, 044333 (2013)
Octupole correlations in the structure of 0] bands in the N = 88 nuclei '*"Sm and **Gd

S. P. Bvumbi," I. F. Sharpey-Schafer,>" P. M. Jones. > S. M. Mullins.* B. M. Nyaké.” K. Juhdsz.** R. A. Bark.* L. Bianco.’
D. M. Cullen 35 D. Curien,® P. E. Garrett.” P. T. Greenlees 3], levonen 3. Jakobason 3. Kau 4 F. Komati* R. Julm
S. Juutmen S. Ketelhut3” A. Korlchl 9E. A. Lawrie.* J. I. Lawrie.* M. Leino.” T. E. Madiba.? S N. T ;
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Nature of 0*, states in the rare
earths and actinides? Does it have _'---j;;;_- _____
an effect on level density?

P.E. Garrett et al.,

week ending

PRL 103, 062501 (2009) PHYSICAL REVIEW LETTERS 7 AUGUST 2009

New Features of Shape Coexistence in 152Sm

P.E. Garrett," W.D. Kulp,2 J.L. Wood,? D. lendy(}pzldllyzly,3 S. Ch(}ud]y,3 D. Da.*;hd-:}rj,4 S.R. Lesher,’
M. T. McEllistrem,> M. Mynk,3 J.N. Orce.? and S. W. Yates®
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Summary & Outlook

Outlook

_)

* Further (p,t) studies in the
actinides (e.g. 22*Ra, 236U)

* (p,ty) experiments with
SONIC@HORUS, Cologne

Decay of O* states?
—  Collective or non-collective
nature?

SONIC@HORUS
. l’z'fb(d,X)
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