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Why	  to	  study	  excited	  states	  of	  odd-‐Au	  nuclei?	  

• 	  An	  odd	  par9cle	  acts	  as	  a	  probe	  of	  the	  core	  

• 	  Informa9on	  on	  independent	  par9cle	  states	  
	  	  
• 	  Informa9on	  on	  deforma9on:	  axial	  and	  triaxial	  shapes	  

• 	  Informa9on	  on	  pairing	  from	  blocking	  

• 	  Iden9fica9on	  of	  intruder	  states	  free	  of	  mixing	  

• 	  Informa9on	  on	  rota9onal	  collec9vity	  

• 	  Need	  of	  beta	  decay	  studies:	  in-‐beam	  experiments	  reveal	  almost	  only	  yrast	  cascades	  

• 	  Low-‐energy	  shape	  coexistence	  
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Problems	  encountered	  with	  odd-‐Au	  studies	  

• 	  Complexity:	  

• 	  Mul9ple	  independent	  par9cle	  states	  coupling	  with	  core	  states:	  very	  high	  level	  
density	  

• 	  Decay	  scheme	  spectroscopy	  involves	  mul9ple	  paths	  to	  the	  ground	  state	  (cf.	  even-‐
even	  nuclei	  where	  most	  decay	  is	  through	  first	  2+	  state)	  

• 	  Mul9polari9es	  not	  dominated	  by	  E2	  (M1,	  M1	  +	  E2)	  

• 	  Cri9cal	  to	  iden9fy	  E1	  mul9polarity	  (cf.	  even-‐even	  nuclei,	  where	  E1	  decay	  is	  high	  
energy)	  

• 	  Strong	  E0	  components	  of	  transi9ons	  act	  as	  probe	  of	  the	  shape	  coexistence	  

	  

• 	  Spectra	  are	  very	  complex,	  therefore	  the	  energy	  resolu,on	  is	  cri,cal	  
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Par,cle-‐core	  coupling	  approach	  
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(At	  least)	  four	  types	  of	  excita,ons	  in	  odd-‐Au	  isotopes	  
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Figure 1: Part of the πh+1

9/2
intruder bands

in 185,187Au compared with corresponding
0+ and 2+ levels in 184,186Pt core nuclei.
The core-particle couplings are denoted with
dashed lines. Only transitions with E0 com-
ponents are shown here. The data were taken
from [15]. Similar E0 transitions were ob-
served between coexisting πh−

11/2
structures.

states. The idea behind this fundamental point was demonstrated on illustrative example
of 189Au, where both types of excitations were unambiguously identified [12]. Previously,
studies of odd-Au isotopes revealed:

• The presence of proton-hole πs−1

1/2
, πd−1

3/2
, πd−1

5/2
and πh−1

11/2
configurations and asso-

ciated bands which appear through whole Au isotopic chain [6, 10].

• The presence of proton-particle πh+1

9/2
, πf+1

7/2
and πi+1

13/2
intruder structures and as-

sociated bands in the N=104 mid-shell region. However, quantifying the energy
trends of these states closed to and beyond the neutron mid-shell has proved to
be very challenging. Previously, the most relevant data for odd-Au isotopes with
A≤ 183 came from in-beam γ-ray spectroscopy. There is a further severe difficulty:
the states of interest are often isomeric and therefore their decay cannot be detected
by in-beam spectrometers. In consequence, most available data are for “floating”
bands of states, see e.g. [4, 13, 14], which give no quantitative information on in-
truder state energies. Another problem related to in-beam studies is that coexisting
states of interest are often non-yrast and therefore are populated only poorly or
even not populated at all.

The existence of differently shaped 0+ states at low energy in both even-Hg and even-
Pt isotopes, see [1] and references therein, which act the role of core of odd-Au isotopes,
naturally suggests need for search of four different types of excitations in Au isotopes in
close vicinity of mid-shell point N=104:

• j+1 ⊗A−1Pt, 0+
1 (strongly-deformed band)

• j+1 ⊗A−1Pt, 0+
2 (weakly-deformed band)

3

C.	  D.	  Papanicolopoulos	  et	  al.,	  Z.	  Phys.	  A	  330,	  371	  (1988).	  
	  

Mar,n	  Venhart:	  TATRA	  decay	  sta9on	  at	  ISOLDE	  and	  shape	  coexistence	  in	  odd-‐mass	  Au	  nuclei	  
Shape	  coexistence	  and	  electric	  monopole	  transi,ons	  in	  atomic	  nuclei,	  	  23-‐27	  October	  2017,	  CEA-‐Saclay	  



More	  detailed	  study:	  Pioneering	  experiment	  on	  187Hg	  decay	  

• 	  UNISOR	  facility	  at	  ORNL	  (US)	  	  

• In	  total	  9	  transi9ons	  with	  E0	  
components	  were	  iden9fied	  

• 	  Both	  between	  posi9ve	  and	  
nega9ve	  parity	  states	  

• 	  Study	  that	  set	  the	  standards	  
for	  odd-‐mass	  spectroscopy	  

D.	  Rupnik	  et	  al.,	  Phys.	  Rev.	  C	  58,	  771	  (1998).	  	  
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Road	  map	  to	  the	  Au	  structure:	  nega,ve	  parity	  states	  

E.	  F.	  Zganjar	  et	  al.,	  Phys.	  Lee.	  B	  58,	  159	  (1975).	  
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Fig. 2. The negative parity states in odd-A Au nuclei based on the h,,,, orbital. The intensity arising from the decay of low-spin 

‘*‘Hg is indicated by the undarkened transitions. The 19/2- states are taken from refs. [8] and [ 151. The quantum number R is 

the dominapt core spin contributing to the state. 

tion appeirs to be more successful than quasi-particle 

phonon coupling [9, lo]. The 193*195Au isotopes are 

unique aTong the cases of rotation-aligned core-parti- 

cle couplihg studies insofar as it has been possible to 

identify non-yrast and particularly low-spin states 

arising from this rotation-aligned coupling using data 

from P-decay of the high- and low-spin Hg states. 

Charged-particle reaction y-ray spectroscopy, which 

has been widely used in the study of rotation-aligned 

coupling schemes (see ref. [ 131 for example), readily 

identifies only the yrast members of such bands. In 

contrast to the low-spin members of these bands, the 

location of the yrast members is relatively insensitive 

to the shape and deformation of the core and can on- 

ly distinguish between rotation-aligned and deforma- 

tion-aligned coupling. Our data on the decay of high- 

and low-spin 189y191Hg and low-spin 193Hg significant- 

ly extend the information on the hIlIZ rotation- 

aligned band structure in the odd-mass Au isotopes 

and adds support to the existence of triaxial nuclear 

shapes in this region. They further reveal this collec- 

tive mode of excitation to be remarkably stable from 

189Au to 195Au as is shown by the nearly constant 

level spacings as a function of neutron number (see 

fig. 2). This can be interpreted within the framework 

of the model to mean that the triaxial deformations 

are stable and correspond to well-defined values of 

the asymmetry parameter 7. These data, which include 

the location of the complete R = 2 multiplet (R is 

the spin of the core), provide a basis for a much more 

detailed investigation of rotation-aligned coupling 

of an odd nucleon to a triaxial core. 

During the course of this work we became ac- 

quainted with studies of the decays 189Hgmsg + 189Au 

u41 193Hgmrg + 193Au [9] and an in-beam study of 

the reaction ls1Ta(12C, 4n)189Au [IS]. 
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Road	  map	  to	  the	  Au	  structure:	  posi,ve	  parity	  states	  

Volume 58B, number 2 PHYSICS LETTERS 1 September 1975 

collection foils from the appropriate locations in the 

focal plane of the isotope separator. During the course 

of this work the ion-source efficiency for the produc- 

tion of Tl relative to Hg was significantly increased 

and we were thus able to separate the population of 

levels in 18g~1g1Au arising from the high- and low-spin 

lagtlglHg decays. 

The level schemes presented in previous work on 

lg1-lg5Au [2-91 were carefully evaluated and the 

systematic trends of the excited states were followed 

into our data on 18g~191~193Au levels using energies, 

y-ray branching ratios, conversion coefficients, and 

band structure. Two well-defined bands of excited 

states associated with the single-proton orbitals d3/2 

and hl1,2 clearly persist through 189-195Au. The 

systematics of the positive parity d312 band structure 

(together with other positive parity states) are shown 

fig. 1. Although the energy spacings of the band mem- 

bers clearly do not follow the well known J(J+ I) ro- 

tational rule, their approximate independence of neu- 

tron number suggests that the structure is due to a 

very stable collective mode of excitation. It could be 

quasi-rotational or quasiparticle-phonon coupling 19, 

IO] in nature. The systematics of the negative parity 

h, 1,2 band structures are shown in fig. 2. For the 

case of 18gAu the intensity arising from the decay of 

low-spin 189Hg is indicated by undarkened transitions. 

The spin sequence of the levels in the hl 1,2 band of 

lg5Au has been interpreted [ 1 I] as due to rotation- 

aligned coupling of the unpaired proton to an oblate 

core. Furthermore, to obtain the correct ordering of 

the 9/2- and 13/2- members of this band it was nec- 

essary to incorporate [ 121 a triaxial degree of free- 

dom (axial asymmetry) in the model. This interpreta- 

Fig. 1. The positive parity states in odd-A Au nuclei based on the ds12 orbital. These are shown as levels with heavy bars. Several 

other positive parity states are also shown. Note that the ground state changes to sl,z in ‘agAu. The use of I and j as quantum 

number labels is mainly for convenience and is not meant to imply that these are strictly good quantum numbers for the positive 

parity states. 
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Road	  map	  to	  the	  Au	  structure:	  posi,ve	  parity	  states	  Nuclear systematics f a r  f r o m  the line of /3 stability 1367 
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Figure 10. The systematics of the bands built on the positive-parity proton-hole configu- 
rations ( s , , ~ ,  d3)2, dj12) in 'x5~'x7~'84Au, Data are taken from this work and references given in 
the text, In '"Au the only agreement between this work and Bourgeois et a1 (1982) is the 
112- level at 24 keV. This is discussed further in the text (cf figure 1 of Zganjar et a/ 1975). 

3.1. The  negatiue-parity bands 

The systematics of the bands built on the hlI12 proton-hole configuration in '''. Ixy Au 
are shown in figure 2. Note the 712-+11/2- transitions of 270keV in "'Au and 
237 keV in IX')Au. Shown in figure 3 are sections of the gamma-ray spectra obtained by 
gating on these transitions. The 582 keV transition in "'Au de-excites the 312- level at 
1072 keV; the 575 keV transition in '"Au de-excites the 312- level at 1059 keV. The 
512- levels in '"Au and lX'Au de-excite by transitions of 743 and 770 keV, respectively. 
The high- and low-spin states in 18'Au are preferentially populated in the decays of 
IXgmHg (J"= 13/2-) and IXygHg(J"= 312-), respectively, as shown in ( b )  and ( c )  of figure 
3. The 912--+7/2-, 378 keV and 1112--+712-, 704 keV transitions (see figure 2) are 
clearly enhanced in ( b )  while the 3/2--+7/2-, 575 keV and 512-+7/2-, 770 keV 
transitions are enhanced in ( e ) .  The 239, 249 keV lines in '"Au result from the 
235 keV, 7/2--+5/2+ transition (see figure 9) being partially 'seen' in the 237 keV 
gate. The 211 keV transition in '"Au, visible in (a ) ,  de-excites the 220 keV level (see 
figure 1). Other gamma rays appearing in these gates are not relevant to the present 
discussion. 

The systematics of the bands built on the hY,? (and iI3,?) proton-particle configu- 
'Au for spins2512 are shown in figure 4. Clearly the systematics, 

even for these intruder levels, persist. Figure 5 shows gamma rays in coincidence with 
the 13/2-+9/2- transitions at 213 keV in '"Au ( a )  and at 321 keV in Ix9Au (b ) .  The 
323 keV transition in "'Au de-excites the 1712- level at 544keV; the 459keV 
transition in '"Au de-excites the 1712- level at 1105 keV. The 1512-+13/2- transitions 
in '"Au and '"Au are at 395 and 500 keV, respectively. The 1312+-;.13/2- transitions 

rations in 1x5. 1x7. I X  

M.	  O.	  Kortelah9	  et	  al.,	  J.	  Phys.	  G	  14,	  1361	  (1988).	  
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Intruder	  “parabola”	  
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Further	  inves9ga9on	  of	  parabola:	  
Data	  of	  the	  high	  quality	  of	  185,183,181,179Au	  are	  needed	  	  



TATRA	  opera,on	  principle	  

Detectors 

Stepper motor 

Si(Li) 

H
PG

e 
H
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Reel with endless loop 

Radioactive beam 
 179,181, 183,185 Hg  
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8-‐track	  tape	  design	  

• 	  Design	  inspired	  by	  Ed	  Zganjar	  

• 	  Ed:	  “If	  you	  can	  tune	  beam	  to	  6	  mm	  wide	  tape,	  go	  for	  it,	  
they	  are	  the	  best!”	  	  	  

	  	  
• 	  Single	  reel	  tapes	  with	  endless	  loop	  of	  magne9c	  tape	  

• 	  Produc9on	  ceased	  in	  1980	  

• 	  Original	  tapes	  do	  not	  work	  well	  amer	  35+	  years	  of	  
storage	  
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Amorphous	  metallic	  tape	  (courtesy	  of	  Metal	  physics	  Dept.)	  

• 	  Amorphous	  metallic	  tape	  produced	  by	  rapid	  quenching	  of	  an	  alloy	  

• 	  Rapid	  =	  106	  K	  per	  second	  
	  
• 	  To	  operate	  in	  8-‐track	  mode:	  alloy	  of	  7	  elements	  is	  used	  

• 	  Welding	  of	  amorphous	  metal	  is	  a	  challenge:	  new	  methods	  need	  to	  be	  developed	  

• 	  Tape	  keeps	  metallic	  proper9es:	  suitable	  for	  use	  in	  high-‐vacuum	  environment	  

• 	  TATRA	  can	  be	  operated	  at	  pressures	  below	  10-‐7	  mbar	  in	  whole	  system	  

• 	  Windowless	  Si(Li)	  detector	  operated	  at	  LN2	  temperature	  can	  be	  used	  
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TATRA	  online:	  August	  2014	  –	  IS521	  experiment	  
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BE2020	  Broad	  Energy	  Germanium	  Detector	  

• 	  p-‐type	  HPGe	  detector	  

• 	  Ac9ve	  diameter	  51	  mm	  and	  thickness	  20	  mm	  

• 	  Rela9ve	  efficiency	  of	  approximately	  9	  %	  
	  
• 	  Designed	  for	  environmental	  applica9ons	  

• 	  IS521	  –	  (one	  of)	  the	  first	  nuclear	  structure	  
experiments	  

• 	  Detector	  provided	  by	  the	  University	  of	  Liverpool	  

• 	  Very	  promising	  gamma-‐detector	  for	  future	  

• 	  Operated	  at	  high	  gain:	  one	  ADC	  channel	  =	  27	  eV	  
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Experiment	  instumenta,on	  
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GO	  box	  crucial:	  allows	  to	  use	  full	  dynamical	  range	  of	  the	  digi9zer	  
BEGe	  detects	  gamma	  rays	  up	  to	  1	  MeV,	  i.e.,	  one	  channel	  is	  ~30	  eV	  

250	  MHz	  
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TATRA	  in	  2016:	  3	  coaxial	  detectors,	  1	  BEGe	  and	  Si(Li)	  
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183Hg	  decay	  spectrum	  detected	  with	  BE2020	  

M.	  I.	  Macias-‐Marques	  et	  al.,	  Nucl.	  Phys.	  A	  427,	  205	  (1984)	  
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183Hg	  decay	  scheme	  construc,on	  
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1.  Iden9fica9on	  of	  the	  lines	  due	  to	  mother	  decay	  using	  the	  9mestamped	  stream	  of	  
the	  data	  

2.  Determina9on	  of	  precise	  energies	  using	  gamma-‐ray	  singles	  spectrom	  from	  the	  
BEGe	  

3.  Standard	  gamma-‐gamma	  coincidence	  analysis	  

4.  Rydberg-‐Ritz	  combina9on	  principle	  can	  be	  used	  (be	  careful	  about	  the	  doublets!)	  
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183Hg	  -‐>	  183Au	  decay:	  Iden,fica,on	  of	  peaks	  using	  ,ming	  
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183Hg	  -‐>	  183Au	  decay:	  Iden,fica,on	  of	  peaks	  using	  ,ming	  
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BE2020	  Broad	  Energy	  Germanium	  Detector	  
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BE2020	  Broad	  Energy	  Germanium	  Detector	  
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Deconvolu,on	  using	  the	  ,mestamped	  data	  
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Building	  of	  the	  level	  scheme:	  Rydberg-‐Ritz	  combina,on	  principle	  
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Determina,on	  of	  the	  excita,on	  energy	  of	  first	  excited	  state	  
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Distribu,on	  of	  Rydberg-‐Ritz	  combina,ons	  
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Conversion-‐electron	  spectrum:	  1.5	  keV	  resolu,on	  
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Decay	  of	  183Hg:	  excited	  states	  of	  183Au	  
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Decay	  of	  183Hg:	  excited	  states	  of	  183Au	  
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183Au	  par,al	  level	  scheme:	  Placement	  of	  the	  60.37	  keV	  transi,on	  
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The	  60.37	  keV	  transi9on:	  

αL	  =	  0.22(4)	  
αM	  =	  0.04(2)	  
	  
Compared	  with	  BrIcc	  code:	  E1	  
	  
The	  60.37	  keV	  is	  isomeric	  hole-‐
to-‐intruder	  transi9on	  
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Intruder	  parabola	  
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•  Spectroscopy	  at	  minimum	  of	  
intruder	  parabola	  in	  odd-‐Au	  
isotopes	  

•  Laser	  measurements	  are	  in	  
agreement	  conclusions	  based	  
on	  excited	  states	  
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Internal	  conversion	  coefficients:	  two	  E0	  transi,on	  iden,fied	  
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Placement	  of	  296.54	  keV	  E0	  transi,on:	  coincidences	  
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Placement	  of	  296.54	  keV	  E0	  transi,on:	  Rydberg-‐Ritz	  

•  Ini9al	  analysis	  (singles	  spectrum):	  50	  eV	  difference	  for	  Rydberg-‐Ritz	  combina9on	  
	  
•  What	  is	  wrong?	  
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Placement	  of	  296.54	  keV	  E0	  transi,on:	  Rydberg-‐Ritz	  

•  Ini9al	  analysis	  (singles	  spectrum):	  50	  eV	  difference	  for	  Rydberg-‐Ritz	  combina9on	  
	  
•  What	  is	  wrong?	  

•  296.54	  keV	  line	  is	  a	  doublet!	  
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Systema,cs	  of	  posi,ve-‐parity	  states	  extended	  
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181Hg	  decay:	  limit	  β+/EC	  decay	  studies	  
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•  Lighter	  isotopes	  dominantly	  decay	  via	  α	  decay	  

•  Yield	  of	  ISOLDE	  is	  limited	  

•  Previous	  data:	  ISOCELE	  in	  beginning	  of	  80’s	  

•  Only	  list	  of	  gamma	  rays	  is	  given,	  no	  level	  scheme	  

•  IS521:	  first	  (limited)	  level	  scheme	  constructed	  

•  Great	  benefit	  from	  the	  9me	  structured	  data	  and	  BEGe	  detector	  	  

•  Analysis	  of	  the	  data	  is	  not	  finished	  yet	  

•  Dedicated	  study	  will	  be	  needed	  in	  the	  future	  



Manifesta,on	  of	  the	  resolving	  power	  of	  BEGe	  
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Gate	  on	  1908	  keV	  

111.30	  and	  113.10	  keV	  
lines	  are	  the	  strongest	  
	  
No	  observed	  by	  Orsay	  
group	  	  
	  
Reason:	  181Pt	  has	  strong	  
112	  keV	  line:	  unresolved	  	  



181Hg	  decay:	  Feeding	  from	  1/2-‐	  ground	  state	  	  
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181Hg	  decay:	  idenfica,on	  of	  lines	  due	  to	  1h11/2	  configura,on	  
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Conclusion	  
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•  TATRA	  system	  was	  used	  to	  iden9fy	  E0	  transi9ons	  in	  183Au	  

•  To	  our	  knowledge	  the	  BEGe	  detector	  was	  used	  for	  the	  first	  9me	  for	  nuclear	  
spectroscopy	  experiment	  

•  Conversion	  electrons	  with	  1.5	  keV	  resolu9on	  (above	  100	  keV)	  were	  detected	  

•  TATRA	  can	  be	  operated	  	  

•  Lot	  of	  work	  is	  s9ll	  ahead	  of	  us:	  the	  system	  is	  very	  fragile	  and	  sensi9ve	  for	  presise	  
tuning	  

•  The	  tape	  is	  very	  difficult	  to	  produce	  and	  to	  weld	  


