
HighHigh--Resolution Study Resolution Study ofof  LowLow--Spin States in Spin States in 240240PuPu  M. Spieker, IKP, Universität zu Köln, AG M. Spieker, IKP, Universität zu Köln, AG ZilgesZilges  

HighHigh--Resolution Study Resolution Study ofof  LowLow--Spin States in Spin States in 240240PuPu  

Mark Spieker1,*, Dorel Bucurescu2, Janis Endres1, Thomas Faestermann3, 
Ralf Hertenberger4, Sorin Pascu1,2, Hans-Friedrich Wirth4,  

Nicolae-Victor Zamfir2, and Andreas Zilges1 
 

1Institut für Kernphysik, Universität zu Köln, Germany  
2Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania 

3Physik Department, Technische Universität München, Freistaat Bayern 
4Fakultät für Physik, Ludwig-Maximilians-Universität München, Freistaat Bayern 

*Supported by the Bonn-Cologne Graduate School of Physics and Astronomy 
 
 

 

4th Workshop on Nuclear Level Density and Gamma Strength 
Oslo, 2013 

 
 

Supported by the DFG (ZI 510/4-2) 



M. Spieker, IKP, Universität zu Köln, AG M. Spieker, IKP, Universität zu Köln, AG ZilgesZilges  HighHigh--Resolution Study Resolution Study ofof  LowLow--Spin States in Spin States in 240240PuPu  

OutlineOutline  

• Experimental Setup: 242Pu(p,t)240Pu @ 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 240Pu? 
  
• Summary and Outlook 
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Experimental SetupExperimental Setup  

Experiment: two-neutron transfer reaction (p,t) to populate  
 low-spin states in 240Pu (Ep= 24 MeV) 

Q3D @ MLL, Munich 
• Energy Resolution: 
 E/E = 2  10-4  

 (4 keV @ Et= 20 MeV) 
• Spatial Resolution: 
 3.5 mm repetition length, 255 

cathode strips (length: 1 m) 

  Target:  
120 mg/cm2 242Pu(99.93%, 
T1/2= 3.75 x 105 a) on a 
25 mg/cm2 carbon backing 
(provided by Oak Ridge 
National Laboratory) 
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MotivationMotivation  

• High-resolution (p,t) studies @ 

Q3D, Munich 

 

 Sensitive reaction to study L=0 

transfers (i.e. 0+ states in even-

even nuclei) and very selective 

at forward angles 

 

 

 Strong L=2,3,4 transfers 

 

 

 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 

 

 

 

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

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

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

25 Jp=0+ states 

63 Jp=2+ states 

[keV] 
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MotivationMotivation  

D. Bucurescu et al., PRC 73 (2006) 064309 

25 Jp=0+ states 

63 Jp=2+ states 

[keV] 

High-resolution (p,t) experiments 
 

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

 
242Pu(p,t)240Pu @ Ep= 24 MeV 

Population of  209 states up to 3.1 MeV 
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99 states 
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NumberNumber  ofof  States States f(J,f(J,))  

T. von Egidy and D. Bucurescu,  PRC 78 (2008) 051301(R) 
* B.J. Quiter et al., PRC 86 (2012) 034307 

Spin Distribution up to 3 MeV in 240Pu: 

Normalized to J=2 
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First First ExcitedExcited  00++  States in States in thethe  ActinidesActinides  

J.V. Maher et al., PRL 25 (1970), 302; 
J.V. Maher et al., PRC 5 (1972), 1380; 
A.M. Friedman et al., PRC 9 (1974) 760 
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OctupoleOctupole  CorrelationsCorrelations  in in 240240PuPu  

g.s.b. Kp= 0- 

Experiment:  
• Build-up of an alternating-parity 

band at J  20 
• Induced intrinsic dipole moment  
 D0 = 0.2 e fm (e.g. light Th-

Isotopes 0.2 – 0.3 e fm) 
 
 
 
 

X. Wang et al., PRL 102 (2009) 122501 

240Pu @ Gammasphere, Argonne National Laboratory 

S. Frauendorf, PRC 77 (2008) 021304(R) 

Octupole deformation might set 
in at high spin 
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OctupoleOctupole  CorrelationsCorrelations  in in 240240PuPu  

X. Wang et al., PRL 102 (2009) 122501 

Kp=0- Kp=0+ 

Experiment:  
• Observation of an additional  
 Kp= 0+ rotational band up to  
 highest spins 
  Exclusive decay to Kp= 0-  
  one-octupole phonon band 
  Enhanced E1 transitions of  
   2 mW.u. 
 
• Theory: Kp= 02

+ is double-
octupole phonon band 

240Pu @ Gammasphere, Argonne National Laboratory 
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ExcitedExcited  States in States in 242242Pu(Pu(p,tp,t))240240PuPu  

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

 

Q3D= 10° Q3D= 10° 
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Angular Distribution Angular Distribution ofof  00++  StatesStates  

Angular Distribution of the Kp= 0+ ground state of 240Pu 
Experiment: Q3D angles (Q3D): 5° - 40° 

Theory: Distorted Wave Born Approximation (DWBA)  
fit to data 
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Angular Distribution Angular Distribution ofof  00++  StatesStates  

• 21 Jp=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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KKpp= 0= 0++  @ 861.2 @ 861.2 keVkeV  

Kp= 0+ @ 861.2 keV 
 
• Shape reflects positive-parity 

L=0 transfer 
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KKpp= 0= 0++  @ 861.2 @ 861.2 keVkeV  

Kp= 0+ @ 861.2 keV 
 
• Shape reflects positive-parity 

L=0 transfer 
• Relative transfer strength 

19.39(2)% of gs strength 
(33.69(3) mb and 173.75(7) mb) 

• Moment of inertia  
 2.93(2) x 106 MeV fm2/c 
  located between g.s.b. 

 (2.77(2) x 106 MeV fm2/c) 
 and one-octupole phonon 
 projections (e.g. K= 1: 
 3.19(11) x 106 MeV fm2/c) 
 

Experimental 
key signatures 
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spdfspdf  ––  IBM IBM CalculationsCalculations  

19 
8 

22 
13 

double-octupole structure? 

spdf-IBM parameters adopted from N.V. Zamfir and D. Kusnezov,  PRC 67 (2003) 014305 

 

2030 2853 

2382 



M. Spieker, IKP, Universität zu Köln, AG M. Spieker, IKP, Universität zu Köln, AG ZilgesZilges  HighHigh--Resolution Study Resolution Study ofof  LowLow--Spin States in Spin States in 240240PuPu  

2030 2853 

spdfspdf  ––  IBM IBM CalculationsCalculations  

19 
8 

22 
13 

double-octupole structure? 

spdf-IBM parameters adopted from N.V. Zamfir and D. Kusnezov,  PRC 67 (2003) 014305 

 

Overall: 
 
• Reproduction of first excited states fairly good 
• IBM predicts correct transfer strength up to 2.5 MeV 
 
Higher-lying states: 
 
• Evidence for double-octupole states at higher energies 
• Experimental transfer strength more fragmented 

2382 
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sd 
2pf 

Experiment Experiment --  The The ActinidesActinides: 0: 0++  StatesStates  

2pf sd 

H.-F. Wirth et al.,  PRC 69 (2004) 044310 A.I. Levon et al.,  private communication (2012) 

A.I. Levon et al.,  PRC 79 (2009) 014318 M. Spieker et al.,  present study (2013) 
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sd 
2pf 

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 

Experiment Experiment --  The The ActinidesActinides: 0: 0++  StatesStates  

2pf sd 

H.-F. Wirth et al.,  PRC 69 (2004) 044310 A.I. Levon et al.,  private communication (2012) 

A.I. Levon et al.,  PRC 79 (2009) 014318 M. Spieker et al.,  present study (2013) 
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DoubleDouble--OctupoleOctupole  00++  States in States in thethe  ActinidesActinides??  

• Enhanced octupole 
correlations  Minimum 
energy of first 1- state 

 
 222-226Ra, 224-226Th, 

236,238U, and 238,240Pu 
 

• Comparably large Ex in 
these nuclei 
 

• Minimum E (0+
3 – 0+

2) @ 
minimum energy of 1- state 

  Another (3-3-)0
+

 

 candidate proposed in 
 238U by S. Zhu et al. 

S. Zhu et al., PRC 81 (2010) 041306(R) 

E = E(0+
3) – E(0+

2) 
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SummarySummary  & Outlook& Outlook  

Summary 
 
• High-resolution (p,t) study of 240Pu @ 

Q3D, MLL Munich 
  Population of low-spin states 

 up to 3 MeV 
• 21 Jp= 0+ states observed  
  17 Jp= 0+  states newly assigned 
  14 Kp= 0+ rotational bands 
• Double-octupole phonon structure 
  Structure of state @ 861.2 keV

 further supported  
• 0+

2 states in the actinides 
  Strong excitation does not allow 

 for identification of phonon 
 structures! 

  Excitation mechanisms  
 structure of the state? 

J.V. Maher et al., PRL 25 (1970), 302; 
J.V. Maher et al., PRC 5 (1972), 1380; 
A.M. Friedman et al., PRC 9 (1974) 760 
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Damping of vibrational 
collectivity / 

Effect of rotational 
collectivity 

C. Özen , Y. Alhassid, and H. Hakada,  PRL 110 (2013) 042502 
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Damping of vibrational 
collectivity / 

Effect of rotational 
collectivity 

C. Özen , Y. Alhassid, and H. Hakada,  PRL 110 (2013) 042502 

152Sm 

P.E. Garrett et al.,  PRL 103 (2009) 062501 

Nature of 0+
2 states in the rare 

earths and actinides? Does it have 
an effect on level density? 
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SummarySummary  & Outlook& Outlook  

Outlook 
 
• Further (p,t) studies in the 

actinides (e.g. 224Ra, 236U) 
 
• (p,tg) experiments with 

SONIC@HORUS, Cologne 
 

 
 
 
 

 
 
  Decay of 0+ states? 
  Collective or non- collective 

 nature? 
 

HORUS-HPGe 

SONIC@HORUS 

particle discrimination with SONIC 


