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|l⨂ j’>j e.g. |3-⨂ ph9/2 >3/2+,5/2+…

B(E�, [j0 ⌦ �]j ! j0) = B(E�,� ! 0)
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Perturbative Particle-Vibration Coupling 

• Phenomenological approach

• Weak coupling approximation

• No collective excitations of the core

• Limitations of the valence space 
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Is it possible to go towards a 
more realistic microscopic description

of one-valence nucleon systems?
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Let’s test the model!
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48Ca+64Ni/208Pb (MNT)

49Ca = 48Ca + 1n

3- ⨂ np3/2

D. Montanari et al. Phys. Lett B, 697, 288 (2011)
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From the PRISMA-CLARA campaign @ LNL
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Jp SkX SLy5

3/2- |2p3/2> |2p3/2>

1/2- |2p1/2> |2p1/2>

5/2- |2p3/2 ⨂ 2+> |2p3/2 ⨂ 2+>  + 1f5/2

7/2- |2p3/2 ⨂ 2+> |2p3/2 ⨂ 2+> 

9/2+ |2p3/2 ⨂ 3- > |2p3/2 ⨂ 3- > 

Main components ( > 30%)

n model space

49Ca
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beam stop

concrete blocks

PF1B walls

Figure 6. Left side: Schematic view of the EXILL setup in place at the PF1B experimental area. The
detector configuration shown here was used during the entire first reactor cycle. In a similar configuration
(not displayed here) two GASP detectors were replaced by two EXOGAM clover detectors. Such high
efficiency configuration was used during the second half of the second reactor cycle. Right side: Schematic
side view (parallel to the beam axis) of the EXILL+FATIMA detector configuration. The inner chamber
used for the 241Pu(n,f) is also drawn.

• Configuration 2 consisted of adding 16 LaBr3:Ce scintillator detectors from the FATIMA col-
laboration [18] (see Figure 6 right side). These fast response scintillation detectors have an
energy resolution of about 3% and an excelent time response (<200 ps). They are particularly
suited for lifetime measurements in the range of a few picoseconds to several nanoseconds
[18]. All crystals were 1.5" in diameter, half of them being 2" long and the other half be-
ing 1.5" long. They were all mounted on Hamamatsu R9779 photomultiplier tubes. This
configuration was used during the first half of the second reactor cycle.

• Configuration 3 consisted of the central octagon with EXILL detectors only. It was used for
two days only during the change over period to prepare the 241Pu fission campaign.

• Configuration 4 was a high efficiency configuration during the second part of the second
cycle. This configuration was similar to the first configuration with 2 more EXOGAM clover
detectors. They were put in place of the 2 GASP detectors mounted at 45◦ above the sample,
parallel to the beam axis.

All the Germanium detectors, with the exception of the two ILL clovers (since they are not
tapered), were equipped with active BGO (bismuth germanate) Compton-suppression shields from
EXOGAM type. The signals of the individual segments of a BGO detector surrounding one Ger-
manium detector were summed up and recorded together with those from the Germanium crystals
in list mode. Anti-coincidence discrimination was performed off-line. In addition, heavy metal
collimators were placed in front of the BGO detectors to reduce the background and cross-talking
between adjacent detectors.

A dedicated automatic liquid Nitrogen filling system was developed for the EXILL campaign.
Two crates were used to automatically fill up to 16 detectors three times in a day. Moreover, all the
internal temperature sensors were read allowing automatic emergency filling. During configuration

– 12 –

8 EXOGAM 
clovers

6 GASP 
detectors

2 ILL 
clovers

Concrete 
blocks for 

support and 
shielding

Beam Stop

g spectroscopy: Ge detectors
Lifetime measurements: Ge +LaBr3 detectors

x

xCold neutrons: En < 25 meV

Fn ~ 1014 n cm-2 s-1

x

Trigger-less digital system
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From the EXILL - FATIMA campaign: 235U(n,fg) and 241Pu(n,fg)
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Table 1
Experimental  and RPA  multipole  states  of 132 Sn. The  main  components  are  those  associated  
with  RPA  amplitudes  X that  are  larger  than  0.3  in absolute  value,  and are  listed  together  with  
the value  of X 2 in parenthesis.  The  B(E/M λ ) values  refer  to the transitions  to the ground  state.
Iπ Energy [MeV] B(E/M λ) [W.u.] Main components

Exp. Theory Exp. Theory Theory

2+1 4.041 3.87 7 4.75 νh− 1
11 /2 f7/2 (0.56), π g− 1

9/2d5/2 (0.19),

π g− 1
9/2g7/2 (0.14)

3−1 4.352 5.02 > 7.1 9.91 νs− 1
1/2 f7/2 (0.40), νd− 1

3/2 f7/2 (0.12),

π p− 1
1/2g7/2 (0.12)

4+1 4.416 4.42 4.42 5.10 νh− 1
11 /2 f7/2 (0.63), π g− 1

9/2g7/2 (0.21)

6+1 4.716 4.73 1.65 νh− 1
11 /2 f7/2 (0.86), π g− 1

9/2g7/2 (0.11)

8+1 4.848 4.80 0.28 νh− 1
11 /2 f7/2 (0.98)

5+1 4.885 4.77 0.20 νh− 1
11 /2 f7/2 (0.99)

7+1 4.942 4.80 0.30 νh− 1
11 /2 f7/2 (0.98)

(9+
1 ) 5.280 4.99 0.04 νh− 1

11 /2 f7/2 (0.99)

1+1 4.97 7.95 π g− 1
9/2g7/2 (0.76), νh− 1

11 /2h9/2 (0.24)

2+2 5.37 < 10− 2 π g− 1
9/2g7/2 (0.72), νh− 1

11 /2 f7/2 (0.18)

2−1 5.44 0.47 νd− 1
3/2 f7/2 (0.79)

3+1 4.79 0.13 νh− 1
11 /2 f7/2 (0.96)

3+2 5.40 1.99 π g− 1
9/2g7/2 (0.96)

4+2 5.25 1.01 π g− 1
9/2d3/2 (0.56), νh− 1

11 /2 f7/2 (0.32)

5+2 5.45 0.61 π g− 1
9/2g7/2 (0.99)

6+2 5.32 2.67 π g− 1
9/2g7/2 (0.74), νh− 1

11 /2 f7/2 (0.13)

7+2 5.42 0.50 π g− 1
9/2g7/2 (0.99)

Fig. 3. (Color  online.)  Time  spectra  used  for  the lifetime  analysis  of the 13/2 + (a)  
and 15/2 + (b)  states  of 133 Sb (235 U fission  data).  Dark  (light)  histograms  are  the 
distributions  of the time  difference  between  the detection  of the feeding  and de-
caying  transitions  (and  vice  versa),  for  the cascades  shown  on the right.  C is  the 
difference  between  the centroids.  The  insets  show  examples  of background  selec-
tions  around  the coincidence  peaks  in the (E γ1 , Eγ2 ) LaBr 3 (Ce)  histograms.

of Hartree–Fock  (HF)  and  Random  Phase  Approximation  (RPA)  cal-
culations  performed  with  the  Skyrme  SkX  interaction  [48] . This  
Hamiltonian  can  be diagonalized  separately  in  different  Hilbert  

subspaces  with  good angular  momentum  j and  parity  π . In  each  
of these  subspaces  we  have  both  one-particle  states  and  so-called  
one particle-one  phonon  states.  However,  some  of the  so-called  
phonons  turn  out  to be pure  1p–1h  states,  as it  can  be expected.  
We  label  all  states  as phonons  just  in  keeping  with  the  fact  that  
they  come  out  of the  RPA  diagonalization,  but the  word  “excita-
tion”  would  indeed  be more  appropriate.  Table 1 shows  the  cal-
culated  excitations  of the  132 Sn core,  in  comparison  with  known  
experimental  data;  we  presently  include  those  up to 5.5  MeV,  to-
gether  with  the  proton  states  of the  50–82  shell.  We  call  our  model  
“Hybrid  Configuration  Mixing”  (HCM)  and  its  details,  as well  as a 
detailed  account  of the  results,  will  be published  elsewhere.  The  
key  point  is  that  the  correction  for  the  non-orthonormality  of the  
basis  is  taken  into  account  [49] by solving  the  generalized  eigen-
value  problem  (H − E λN ) |λ  = 0, where  N is  the  overlap  matrix  
between  the  basis  states.

Fig. 4 shows,  in  the  bottom  panel,  the  calculated  yrast  and  near  
yrast  states  of 133 Sb, arising  from  the  coupling  between  the  va-
lence  proton  and  core-excitations.  A number  of features  is  evident.  
The  model  does  reproduce  well  the  energy  sequence  of the  high-
spin  states  observed  experimentally.  Also,  a fast  evolution  of the  
wave  function  composition  is  seen,  from  complex  to non-collective  
character,  with  increasing  spin.  As shown  in  the  top panels,  the  
low  spin  states  are  dominated  by the  g7/2 proton  coupled  to the  
2+ phonon,  while  the  highest  spin  excitations  arise  mostly  from  
this  valence  proton  coupled  to the  neutron  h− 1

11 /2 f7/2 non-collective  
core  excitation.  The  states  in  between,  at spin  13/2 + and  15/2 + , 
show  instead  a fragmented  wave  function  involving  the  coupling  
of the  valence  proton  to both  the  4+ phonon  and  non-collective  
particle-hole  excitations.

The  states  located  in  the  present  work  above  the  21/2 + iso-
mer,  at 4.844 + x and  5.087 + x MeV  (being  x < 30 keV),  clearly  
correspond  to the  excitations  calculated  at 4.83  and  5.11  MeV.  
As seen  in  Fig. 4 , they  arise  from  almost  pure  (> 95%) configu-
rations  of π g7/2 νf7/2h− 1

11 /2 character.  One has  to note  that  the  
existence  of two  yrast  states  above  the  21/2 + isomer  with  spin-
parity  assignments  of 23/2 + and  25/2 + were  suggested  on the  
basis  of the  shell-model  calculations  with  adjusted  empirical  in-
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Table 1
Experimental and RPA multipole states of 132Sn. The main components are those associated 
with RPA amplitudes X that are larger than 0.3 in absolute value, and are listed together with 
the value of X2 in parenthesis. The B(E/Mλ) values refer to the transitions to the ground state.

Iπ Energy [MeV] B(E/Mλ) [W.u.] Main components

Exp. Theory Exp. Theory Theory

2+
1 4.041 3.87 7 4.75 νh−1

11/2f7/2 (0.56), πg−1
9/2d5/2 (0.19),

πg−1
9/2g7/2 (0.14)

3−
1 4.352 5.02 > 7.1 9.91 νs−1

1/2f7/2 (0.40), νd−1
3/2f7/2 (0.12),

πp−1
1/2g7/2 (0.12)

4+
1 4.416 4.42 4.42 5.10 νh−1

11/2f7/2 (0.63), πg−1
9/2g7/2 (0.21)

6+
1 4.716 4.73 1.65 νh−1

11/2f7/2 (0.86), πg−1
9/2g7/2 (0.11)

8+
1 4.848 4.80 0.28 νh−1

11/2f7/2 (0.98)

5+
1 4.885 4.77 0.20 νh−1

11/2f7/2 (0.99)

7+
1 4.942 4.80 0.30 νh−1

11/2f7/2 (0.98)

(9+
1 ) 5.280 4.99 0.04 νh−1

11/2f7/2 (0.99)

1+
1 4.97 7.95 πg−1

9/2g7/2 (0.76), νh−1
11/2h9/2 (0.24)

2+
2 5.37 < 10−2 πg−1

9/2g7/2 (0.72), νh−1
11/2f7/2 (0.18)
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1 5.44 0.47 νd−1

3/2f7/2 (0.79)

3+
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Fig. 3. (Color online.) Time spectra used for the lifetime analysis of the 13/2+ (a) 
and 15/2+ (b) states of 133Sb (235U fission data). Dark (light) histograms are the 
distributions of the time difference between the detection of the feeding and de-
caying transitions (and vice versa), for the cascades shown on the right. $C is the 
difference between the centroids. The insets show examples of background selec-
tions around the coincidence peaks in the (Eγ1 , Eγ2 ) LaBr3(Ce) histograms.

of Hartree–Fock (HF) and Random Phase Approximation (RPA) cal-
culations performed with the Skyrme SkX interaction [48]. This 
Hamiltonian can be diagonalized separately in different Hilbert 

subspaces with good angular momentum j and parity π . In each 
of these subspaces we have both one-particle states and so-called 
one particle-one phonon states. However, some of the so-called 
phonons turn out to be pure 1p–1h states, as it can be expected. 
We label all states as phonons just in keeping with the fact that 
they come out of the RPA diagonalization, but the word “excita-
tion” would indeed be more appropriate. Table 1 shows the cal-
culated excitations of the 132Sn core, in comparison with known 
experimental data; we presently include those up to 5.5 MeV, to-
gether with the proton states of the 50–82 shell. We call our model 
“Hybrid Configuration Mixing” (HCM) and its details, as well as a 
detailed account of the results, will be published elsewhere. The 
key point is that the correction for the non-orthonormality of the 
basis is taken into account [49] by solving the generalized eigen-
value problem (H − EλN) |λ⟩ = 0, where N is the overlap matrix 
between the basis states.

Fig. 4 shows, in the bottom panel, the calculated yrast and near 
yrast states of 133Sb, arising from the coupling between the va-
lence proton and core-excitations. A number of features is evident. 
The model does reproduce well the energy sequence of the high-
spin states observed experimentally. Also, a fast evolution of the 
wave function composition is seen, from complex to non-collective 
character, with increasing spin. As shown in the top panels, the 
low spin states are dominated by the g7/2 proton coupled to the 
2+ phonon, while the highest spin excitations arise mostly from 
this valence proton coupled to the neutron h−1

11/2f7/2 non-collective 
core excitation. The states in between, at spin 13/2+ and 15/2+, 
show instead a fragmented wave function involving the coupling 
of the valence proton to both the 4+ phonon and non-collective 
particle-hole excitations.

The states located in the present work above the 21/2+ iso-
mer, at 4.844 + x and 5.087 + x MeV (being x < 30 keV), clearly 
correspond to the excitations calculated at 4.83 and 5.11 MeV. 
As seen in Fig. 4, they arise from almost pure (>95%) configu-
rations of πg7/2 νf7/2h−1

11/2 character. One has to note that the 
existence of two yrast states above the 21/2+ isomer with spin-
parity assignments of 23/2+ and 25/2+ were suggested on the 
basis of the shell-model calculations with adjusted empirical in-

13/2+ 15/2+

t = 31(8) ps t < 20 ps

From the EXILL - FATIMA campaign: 235U(n,fg) and 241Pu(n,fg)
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Table 1
Experimental  and RPA  multipole  states  of 132 Sn. The  main  components  are  those  associated  
with  RPA  amplitudes  X that  are  larger  than  0.3  in absolute  value,  and are  listed  together  with  
the value  of X 2 in parenthesis.  The  B(E/M λ ) values  refer  to the transitions  to the ground  state.
Iπ Energy [MeV] B(E/M λ) [W.u.] Main components

Exp. Theory Exp. Theory Theory

2+1 4.041 3.87 7 4.75 νh− 1
11 /2 f7/2 (0.56), π g− 1

9/2d5/2 (0.19),

π g− 1
9/2g7/2 (0.14)

3−1 4.352 5.02 > 7.1 9.91 νs− 1
1/2 f7/2 (0.40), νd− 1

3/2 f7/2 (0.12),

π p− 1
1/2g7/2 (0.12)

4+1 4.416 4.42 4.42 5.10 νh− 1
11 /2 f7/2 (0.63), π g− 1

9/2g7/2 (0.21)

6+1 4.716 4.73 1.65 νh− 1
11 /2 f7/2 (0.86), π g− 1

9/2g7/2 (0.11)

8+1 4.848 4.80 0.28 νh− 1
11 /2 f7/2 (0.98)

5+1 4.885 4.77 0.20 νh− 1
11 /2 f7/2 (0.99)

7+1 4.942 4.80 0.30 νh− 1
11 /2 f7/2 (0.98)

(9+
1 ) 5.280 4.99 0.04 νh− 1

11 /2 f7/2 (0.99)

1+1 4.97 7.95 π g− 1
9/2g7/2 (0.76), νh− 1

11 /2h9/2 (0.24)

2+2 5.37 < 10− 2 π g− 1
9/2g7/2 (0.72), νh− 1

11 /2 f7/2 (0.18)

2−1 5.44 0.47 νd− 1
3/2 f7/2 (0.79)

3+1 4.79 0.13 νh− 1
11 /2 f7/2 (0.96)

3+2 5.40 1.99 π g− 1
9/2g7/2 (0.96)

4+2 5.25 1.01 π g− 1
9/2d3/2 (0.56), νh− 1

11 /2 f7/2 (0.32)

5+2 5.45 0.61 π g− 1
9/2g7/2 (0.99)

6+2 5.32 2.67 π g− 1
9/2g7/2 (0.74), νh− 1

11 /2 f7/2 (0.13)

7+2 5.42 0.50 π g− 1
9/2g7/2 (0.99)

Fig. 3. (Color  online.)  Time  spectra  used  for  the lifetime  analysis  of the 13/2 + (a)  
and 15/2 + (b)  states  of 133 Sb (235 U fission  data).  Dark  (light)  histograms  are  the 
distributions  of the time  difference  between  the detection  of the feeding  and de-
caying  transitions  (and  vice  versa),  for  the cascades  shown  on the right.  C is  the 
difference  between  the centroids.  The  insets  show  examples  of background  selec-
tions  around  the coincidence  peaks  in the (E γ1 , Eγ2 ) LaBr 3 (Ce)  histograms.

of Hartree–Fock  (HF)  and  Random  Phase  Approximation  (RPA)  cal-
culations  performed  with  the  Skyrme  SkX  interaction  [48] . This  
Hamiltonian  can  be diagonalized  separately  in  different  Hilbert  

subspaces  with  good angular  momentum  j and  parity  π . In  each  
of these  subspaces  we  have  both  one-particle  states  and  so-called  
one particle-one  phonon  states.  However,  some  of the  so-called  
phonons  turn  out  to be pure  1p–1h  states,  as it  can  be expected.  
We  label  all  states  as phonons  just  in  keeping  with  the  fact  that  
they  come  out  of the  RPA  diagonalization,  but the  word  “excita-
tion”  would  indeed  be more  appropriate.  Table 1 shows  the  cal-
culated  excitations  of the  132 Sn core,  in  comparison  with  known  
experimental  data;  we  presently  include  those  up to 5.5  MeV,  to-
gether  with  the  proton  states  of the  50–82  shell.  We  call  our  model  
“Hybrid  Configuration  Mixing”  (HCM)  and  its  details,  as well  as a 
detailed  account  of the  results,  will  be published  elsewhere.  The  
key  point  is  that  the  correction  for  the  non-orthonormality  of the  
basis  is  taken  into  account  [49] by solving  the  generalized  eigen-
value  problem  (H − E λN ) |λ  = 0, where  N is  the  overlap  matrix  
between  the  basis  states.

Fig. 4 shows,  in  the  bottom  panel,  the  calculated  yrast  and  near  
yrast  states  of 133 Sb, arising  from  the  coupling  between  the  va-
lence  proton  and  core-excitations.  A number  of features  is  evident.  
The  model  does  reproduce  well  the  energy  sequence  of the  high-
spin  states  observed  experimentally.  Also,  a fast  evolution  of the  
wave  function  composition  is  seen,  from  complex  to non-collective  
character,  with  increasing  spin.  As shown  in  the  top panels,  the  
low  spin  states  are  dominated  by the  g7/2 proton  coupled  to the  
2+ phonon,  while  the  highest  spin  excitations  arise  mostly  from  
this  valence  proton  coupled  to the  neutron  h− 1

11 /2 f7/2 non-collective  
core  excitation.  The  states  in  between,  at spin  13/2 + and  15/2 + , 
show  instead  a fragmented  wave  function  involving  the  coupling  
of the  valence  proton  to both  the  4+ phonon  and  non-collective  
particle-hole  excitations.

The  states  located  in  the  present  work  above  the  21/2 + iso-
mer,  at 4.844 + x and  5.087 + x MeV  (being  x < 30 keV),  clearly  
correspond  to the  excitations  calculated  at 4.83  and  5.11  MeV.  
As seen  in  Fig. 4 , they  arise  from  almost  pure  (> 95%) configu-
rations  of π g7/2 νf7/2h− 1

11 /2 character.  One has  to note  that  the  
existence  of two  yrast  states  above  the  21/2 + isomer  with  spin-
parity  assignments  of 23/2 + and  25/2 + were  suggested  on the  
basis  of the  shell-model  calculations  with  adjusted  empirical  in-
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Table 1
Experimental and RPA multipole states of 132Sn. The main components are those associated 
with RPA amplitudes X that are larger than 0.3 in absolute value, and are listed together with 
the value of X2 in parenthesis. The B(E/Mλ) values refer to the transitions to the ground state.

Iπ Energy [MeV] B(E/Mλ) [W.u.] Main components

Exp. Theory Exp. Theory Theory

2+
1 4.041 3.87 7 4.75 νh−1

11/2f7/2 (0.56), πg−1
9/2d5/2 (0.19),

πg−1
9/2g7/2 (0.14)

3−
1 4.352 5.02 > 7.1 9.91 νs−1

1/2f7/2 (0.40), νd−1
3/2f7/2 (0.12),

πp−1
1/2g7/2 (0.12)

4+
1 4.416 4.42 4.42 5.10 νh−1

11/2f7/2 (0.63), πg−1
9/2g7/2 (0.21)

6+
1 4.716 4.73 1.65 νh−1

11/2f7/2 (0.86), πg−1
9/2g7/2 (0.11)

8+
1 4.848 4.80 0.28 νh−1

11/2f7/2 (0.98)

5+
1 4.885 4.77 0.20 νh−1

11/2f7/2 (0.99)

7+
1 4.942 4.80 0.30 νh−1

11/2f7/2 (0.98)

(9+
1 ) 5.280 4.99 0.04 νh−1

11/2f7/2 (0.99)

1+
1 4.97 7.95 πg−1

9/2g7/2 (0.76), νh−1
11/2h9/2 (0.24)

2+
2 5.37 < 10−2 πg−1

9/2g7/2 (0.72), νh−1
11/2f7/2 (0.18)

2−
1 5.44 0.47 νd−1

3/2f7/2 (0.79)

3+
1 4.79 0.13 νh−1

11/2f7/2 (0.96)

3+
2 5.40 1.99 πg−1

9/2g7/2 (0.96)

4+
2 5.25 1.01 πg−1

9/2d3/2 (0.56), νh−1
11/2f7/2 (0.32)

5+
2 5.45 0.61 πg−1

9/2g7/2 (0.99)

6+
2 5.32 2.67 πg−1

9/2g7/2 (0.74), νh−1
11/2f7/2 (0.13)

7+
2 5.42 0.50 πg−1

9/2g7/2 (0.99)

Fig. 3. (Color online.) Time spectra used for the lifetime analysis of the 13/2+ (a) 
and 15/2+ (b) states of 133Sb (235U fission data). Dark (light) histograms are the 
distributions of the time difference between the detection of the feeding and de-
caying transitions (and vice versa), for the cascades shown on the right. $C is the 
difference between the centroids. The insets show examples of background selec-
tions around the coincidence peaks in the (Eγ1 , Eγ2 ) LaBr3(Ce) histograms.

of Hartree–Fock (HF) and Random Phase Approximation (RPA) cal-
culations performed with the Skyrme SkX interaction [48]. This 
Hamiltonian can be diagonalized separately in different Hilbert 

subspaces with good angular momentum j and parity π . In each 
of these subspaces we have both one-particle states and so-called 
one particle-one phonon states. However, some of the so-called 
phonons turn out to be pure 1p–1h states, as it can be expected. 
We label all states as phonons just in keeping with the fact that 
they come out of the RPA diagonalization, but the word “excita-
tion” would indeed be more appropriate. Table 1 shows the cal-
culated excitations of the 132Sn core, in comparison with known 
experimental data; we presently include those up to 5.5 MeV, to-
gether with the proton states of the 50–82 shell. We call our model 
“Hybrid Configuration Mixing” (HCM) and its details, as well as a 
detailed account of the results, will be published elsewhere. The 
key point is that the correction for the non-orthonormality of the 
basis is taken into account [49] by solving the generalized eigen-
value problem (H − EλN) |λ⟩ = 0, where N is the overlap matrix 
between the basis states.

Fig. 4 shows, in the bottom panel, the calculated yrast and near 
yrast states of 133Sb, arising from the coupling between the va-
lence proton and core-excitations. A number of features is evident. 
The model does reproduce well the energy sequence of the high-
spin states observed experimentally. Also, a fast evolution of the 
wave function composition is seen, from complex to non-collective 
character, with increasing spin. As shown in the top panels, the 
low spin states are dominated by the g7/2 proton coupled to the 
2+ phonon, while the highest spin excitations arise mostly from 
this valence proton coupled to the neutron h−1

11/2f7/2 non-collective 
core excitation. The states in between, at spin 13/2+ and 15/2+, 
show instead a fragmented wave function involving the coupling 
of the valence proton to both the 4+ phonon and non-collective 
particle-hole excitations.

The states located in the present work above the 21/2+ iso-
mer, at 4.844 + x and 5.087 + x MeV (being x < 30 keV), clearly 
correspond to the excitations calculated at 4.83 and 5.11 MeV. 
As seen in Fig. 4, they arise from almost pure (>95%) configu-
rations of πg7/2 νf7/2h−1

11/2 character. One has to note that the 
existence of two yrast states above the 21/2+ isomer with spin-
parity assignments of 23/2+ and 25/2+ were suggested on the 
basis of the shell-model calculations with adjusted empirical in-

13/2+ 15/2+

t = 31(8) ps t < 20 ps

B(M1; 13/2+ à 11/2+) = 0.004 W.u. B(M1; 15/2+ à 13/2+) > 0.24 W.u. 

From the EXILL - FATIMA campaign: 235U(n,fg) and 241Pu(n,fg)
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The case of 133Sb – theoretical interpretation (Hybrid  Model)
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• 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



Conclusions 

Simone Bottoni

• 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 



Future perspectives
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ExperimentTheory

Couplings with holes (e.g. 47Ca)

Particles and holes together 

Extension to open-shell systems

(quasiparticle basis)

Add more complicated configurations

Convergence of the model space (e.g. 209Bi)

…

Negative-parity states in 133Sb 

(cluster-transfer reaction @ISOLDE)

Complete spectroscopy of all Ca isotopes
((n,g) reactions on rare and radioactive Ca @ ILL)

Cu isotopic chain
(Ni ⨂ p) 

…
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The case of Ca isotopes @ EXILL
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The Hybrid Configuration Mixing Model 
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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.   

A+1 system

G. Colò, P.F. Bortignon and G. Bocchi, Phys. Rev. C 95, 034303 (2017)

even-even core



The Hybrid Configuration Mixing Model
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The Hybrid Configuration Mixing Model
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ĵ

hn1lj||V ||n0
2l

0
2j

0
2N2J2i

ĵ
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Skyrme interaction

Simone Bottoni

Zero-range momentum-dependent effective nucleon-nucleon interaction

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

16O, 24O, 34Si, 40Ca, 48Ca, 48Ni, 68Ni, 88Sr, 100Sn, 132Sn, 208Pb

B. A.  Brown, Phys. Rev. C, 58, 220 (1998)



Hartree-Fock

Simone Bottoni

Single-particle wave function

Radial equation

Interaction

w.f. from Woods-Saxon

construct Vq

Solve HF-Skyrme 

HF – Skyrme Schrödinger equation



Random Phase Approximation

Simone Bottoni

Creation operator of a p-h

RPA creation operator

RPA state

RPA secular matrix

p-h basis



48Ca – RPA

Simone Bottoni

RPA calculations for the 48Ca core

n model space



49Ca – particle or hole?

Simone Bottoni

Coupling with particles

Coupling with holes

neutrons

same final configuration 
but

different couplings!



132Sn – RPA

Simone Bottoni

collective

non collective
(1p – 1h)

RPA calculations for the 132Sn core

p model space

1h
1h11/2

1h13/2

12

14



Angular correlations

Simone Bottoni



Transition rates

Simone Bottoni



Fast timing techniques

Simone Bottoni

Convolution

⌧ ⇠= FWHM ⌧ ⌧ FWHM⌧ � FWHM

4.2. Analisi del 68Ga e risultati ottenuti 48

dove il valore del centroide x è stato fissato a zero e si è estratto il valore di
τ relativo.In Fig.4.7 è mostrato lo spettro temporale con il fit relativo per il
livello 375 keV e in cui è ben evidente la coda esponenziale.

Figura 4.7: Spettro temporale del livello di energia 375 keV del 68Ga. Sono indicate le
barre d’errore e l’interpolazione (curva rossa) con la funzione 4.3, nonchè il valore di τ
ottenuto.

I diversi contributi che entrano a far parte dello spettro temporale, di-
scussi precedentemente, sono ancora più evidenti se si considera il livello
di energia 175 keV, per il quale la coppia di γ considerata è 320-175 keV.
La Fig.4.8 mostra, infatti, lo spettro temporale ottenuto tramite l’analisi
sopra descritta analizzato considerando separatamente i due contributi di
tipo gaussiano ed esponenziale.

Il valore di vita media per questo livello è stato ottenuto considerando
il solo fit esponenziale, mostrato in Fig.4.9, in quanto questo contributo è
dominante.

L’errore sui punti dello spettro temporale è stato ottenuto attraverso la
propagazione degli errori:

σpicco−fondo =

√

(

σ∆tpicco

)2
+

(Apiccoσ∆tpicco
Afondo

)2

(4.4)

Τ

t

y

Slope Method Convolution Method Centroid Shift Method



The plunger technique

Simone Bottoni



The EXILL - FATIMA campaign (2012 – 2013)

Simone Bottoni

n-induced fission

N=50

N=82

N=50

N=82

Z=50

Z=50

252Cf(s,f)

Z=28

Z=50

Z=28 235U(n,f)

235U(n,fg) 241Pu(n,fg)

n-capture reaction

46Ca(n,g) 48Ca(n,g)40Ca(n,g)



The PRISMA - CLARA campaign @ LNL

Simone Bottoni

PRISMA

Optical elements:
•Magnetic quadrupole
•Magnetic dipole

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

•ΔΩ ~ 80 msr
•ΔZ/Z ~ 1/60
•ΔA/A  ~  1/190

CLARA
25 HpGe Clover

ε ~3 %  @ Eγ= 1.3 MeV

Compton polarimeter

3 RINGS
θ ~ 100°-130°-150°

γ angular distributions

Composite Ge
50mm x 70mm

2π
BGO


