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Mo3vated	  by	  rigorous	  discussion	  on	  the	  structure	  of	  68Ni	  	  at	  the	  Zakopane	  conference	  in	  September
(two	  results	  in	  2012,	  one	  from	  GANIL	  and	  one	  from	  Argonne,	  and	  another	  coming	  soon)

Technique
Only	  other	  charged-‐par3cle	  approach	  is	  through	  70Zn(14C,16O)	  two-‐proton	  removal
14C	  targets	  or	  beams	  are	  tricky––using	  e.g.	  HELIOS	  at	  Argonne	  is	  not	  an	  advantage

Easier	  to	  use	  two-‐neutron	  adding	  on	  to	  66Ni
γ-‐ray	  work	  discussed	  shortly

So	  ...	  68Ni	  at	  Z	  =	  28	  and	  N	  =	  40
Robustness	  of	  shell	  gaps	  brought	  into	  ques3on

N	  =	  40	  not	  magic	  below	  68Ni	  (or	  even	  at	  68Ni?)	  e.g.	  66Fe,	  64Cr,	  and	  67Ni
Proposed	  proton	  intruder	  states	  important	  in	  low-‐lying	  structure	  of	  64,66Mn,	  65-‐68Co	  (πp3/2	  from	  

above	  Z	  =	  28),	  and	  67,69,71Cu	  (πf7/2	  from	  below	  Z	  =	  28)

68Ni
First	  excited	  state	  is	  a	  0+	  level

First	  2+	  high	  in	  excita3on	  energy
Decays	  with	  a	  low	  B(E2:2+➞0+)	  transi3on	  strength

Mass	  measurements	  show	  no	  indica3on	  of	  enhanced	  stability,	  and	  several	  theore3cal	  studies	  
ques3on	  the	  “doubly-‐magic”	  nature	  of	  68Ni

Overview
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Bernas	  et	  al.,	  
PLB113,	  279	  
(1982)	  from	  
70Zn(14C,16O)

Broda	  et	  al.,	  
PRL74,	  868	  
(1995),	  from	  
64Ni+130Te	  DI	  
reac3ons

Dijon	  et	  al.,	  PRC85,	  
031301(R)	  (2012),	  
delayed	  γ’s	  following	  
238U+70Zn	  DI	  reac5ons

Chiara	  et	  al.,	  PRC86,	  
041304(R)	  (2012)	  
prompt	  and	  delayed	  γ’s	  
following	  238U+70Zn	  DI	  
reac5ons

Ishii	  et	  al.,	  PRL84,	  39	  
(2000),	  “isomer	  scope”	  
following	  	  70Zn+198Pt	  DI	  
reac3ons	  ..	  6+,	  8+	  seen	  ..	  
(8+	  to	  2+	  cascade,	  and	  
states	  feeding	  the	  5–

Mueller	  et	  al.,	  PRC61,	  
054308	  (2000),	  from	  
beta	  decay	  ...	  see	  many	  
levels

Low-‐lying	  states	  in	  68Ni



Some	  key	  ques-ons	  to	  address
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Broda’s 
new level 
scheme!

As it now stands there are only 4 
excited levels below the 5- 
cross-shell level at 2847 keV, !
0+ 2+ 0+ 2+.!

Latest	  level	  scheme	  from	  Broda	  et	  al.,	  submiRed	  (large-‐scale	  study	  of	  Ni	  isotopes	  around	  N	  =	  40)

• The	  1770(30)	  state:
-‐ is	  it	  there?	  what	  is	  its	  energy?

• The	  2202	  keV,	  0+	  of	  Dijon	  et	  al.:
-‐ Confirm,	  or	  otherwise,	  the	  

findings	  of	  Chiara	  et	  al.

• Is	  the	  3302-‐keV	  state	  the	  3–	  state	  
in	  68Ni?
-‐ An	  important	  gauge	  of	  octupole	  

collec3vity

• Confirm	  the	  4+	  states	  at	  3147	  
(lowest)	  and	  3405	  keV

• Assign	  spin-‐parity	  of	  states	  fed	  by	  
the	  β	  decay	  of	  the	  low-‐spin	  isomer	  
in	  68Co,	  perhaps	  help	  with	  the	  
debate	  as	  to	  whether	  it’s	  1+	  or	  3+

• Neutron	  configura3ons	  of	  these	  
states



Comment	  on	  previous	  measurement	  with	  T-‐REX

• (t,p)	  on	  66Ni	  studied	  at	  ISOLDE	  in	  
September	  2011	  using	  T-‐REX	  
and	  Miniball	  (IS504)

• Beam	  energy	  of	  2.65	  MeV/u,	  
4.2✕106	  pps	  with	  bemer	  than	  
86%	  purity

• The	  ‘Munich’	  Ti:t	  target	  which	  is	  
500	  μg/cm2	  Ti,	  40	  μg/cm2	  t

• 	  Charged-‐par3cle	  resolu3on	  of	  
~1000	  keV	  at	  FWHM

• Preliminary	  analysis	  suggests	  
ground	  state	  and	  2034-‐keV	  2+	  
state	  seen.	  No	  evidence	  of	  0+	  
states	  at	  1770,	  2511	  keV	  
(isomeric)	  

3H(66Ni,68Ni)1H transfer reaction using T-REX and MINIBALL( ) g
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Motivation
Properties that are typical for a doubly magic nucleus:

Experimental setup

ISOLDEProperties that are typical for a doubly magic nucleus:
• high excitation energy and low B(E2: 2+-0+)  for the 
first excited 2+ state
• 0+ level as first excited state • Post acceleration of 66Ni to 2 65 MeV/u

ISOLDE 

• properties of its neighboring nuclei that can be 
described as particles/holes coupled to a 68Ni core

Post acceleration of Ni to 2.65 MeV/u
• ∼4.2 x 106 pps
• Beam purity >86% 
• Measurement time: ∼ 100h
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• 8 ∆E-Erest barrel detectors (∆E: 16 
resistive strips)

T-REX 

S. Ramahan et 
al., EPJA34, 
5(2007)

Neutron Number
Neutron Number

However:
• magic properties arise due to the fact that N = 40

• 2 ∆E-Erest CD detectors (∆E: 16 
radial and 16 annular strips)
• covered θlab range: 8° to 28° (Fw
CD) 28° to 78° and 102 to 152°

S
2n

[M
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]

5(2007) • magic properties arise due to the fact that N = 40 
separates the positive parity g9/2 orbital from the 
negative parity pf shell 
• recent mass measurements have not revealed a

CD), 28 to 78 and 102 to 152
(Barrel) and 152 to 172° (Bw CD)

MINIBALL 

Neutron Number

recent mass measurements have not revealed a 
clear shell gap

Neutron Number

New experimental approach: 2-neutron transfer reaction 3H(66Ni,68Ni)1H
• Probe the nature of excited states in 68Ni
• Characterize the 0+ and 2+ excited states

• 8 Miniball clusters
• Each cluster: 3HPGe crystals

� 01
+: ground state

� 02
+: 1770keV, υ(2p-2h) across N = 40, very difficult to probe

0 + 2202keV (2p 2h) across Z 28

Characterize the 0 and 2 excited states

Slow correlation technique

• Each cluster: 3HPGe crystals
• Each crystal: 6-fold segmented
• 8% efficiency at 1MeV

� 03
+: 2202keV, π(2p-2h) across Z = 28

� 04
+: 2512keV

AIM OF EXPERIMENT:

Slow correlation technique 

AIM OF EXPERIMENT: 
• Identify the 0+ states
• Confirm the proposed 0+ assignment for  2511keV
• Disentangle the structure and mixing of the 0+ states • Implant beam in removable foilg g • Implant beam in removable foil

• Look at delayed coincidences with protons or deuterons

Results IS504: Two neutron transfer reaction on 66Ni (september 2011)
Proton-gamma coincidencesProton-gamma coincidences

Elastic protons 2n transfer 0MeV • Many γ rays to 5- isomerp
Elastic deuterons 2n transfer 2MeV

Elastic tritons 2n transfer 4MeV

Strong population of

• No clear evidence for transitions to or from known 0+ states, except ground state
• Two unknown γ rays: 664keV and 1268keV

Transfer to 1,77MeV 0+ state?

Strong population of 
ground state of 68NiProton gate

No clear evidence for
population of 1.77MeV 
0+ state

E0 transition, thus look to 511keV in beamdump

Conclusion

Noise (due to beam tuning)

Conclusion
The experiment was performed successfully in September 2011. The preliminary analysis does not show clear evidence for transfer to other 0+ states then the ground state. We do see a 
population of states with differing spins up to 4MeV.

68Ni
From	  a	  poster	  presentaCon	  by	  J.	  Elseviers	  at	  DREB	  2012

✕



Why	  choose	  a	  solenoidal	  spectrometer
Pure	  charged-‐par3cle	  spectroscopy:

• Resolu3on:
-‐ charged-‐par3cle	  spectroscopy	  

with	  ~100-‐keV	  resolu3on

• No	  γ-‐ray	  coincidence	  required:
-‐ with	  several	  isomeric	  states	  

known,	  including	  those	  under	  
ques3on,	  it	  is	  challenging	  to	  do	  
γ-‐ray	  spectroscopy

• The	  (t,p)	  populates	  non-‐yrast	  
states	  which	  may	  not	  be	  otherwise	  
seen	  in	  γ-‐ray	  work

• Robust	  angular	  distribu3ons,	  premy	  
unambiguous	  Jπ	  assignments	  (if	  
sufficient	  sta3s3cs)
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100	  keV70	  keVIn	  2010	  the	  INTC	  endorsed	  a	  Lemer	  of	  Intent	  for	  a	  solenoidal	  spectrometer	  at	  HIE-‐ISOLDE	  
(CERN-‐INTC-‐2010-‐031;	  INTC-‐I-‐099)	  spurred	  by	  success	  of	  the	  Argonne	  device.
Subsequently	  a	  project	  has	  been	  ini3ated	  by	  people	  from	  several	  groups.	  



Solenoidal	  spectrometer	  set	  up
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• Though	  the	  focus	  is	  on	  low-‐lying	  states,	  will	  in	  prac3ce	  populate	  all	  states	  up	  to	  and	  
beyond	  Sn

• Essen3ally	  a	  ‘singles’	  experiment–––no	  recoil	  detec3on	  necessary,	  nor	  any	  explicit	  light-‐
ion	  iden3fica3on

• Other	  open	  channels,	  including	  (t,α),	  (t,d),	  and	  (t,3He),	  either	  go	  forward	  or	  do	  not	  overlap	  
in	  E	  versus	  Δz,	  and	  are	  also	  strongly	  suppressed	  due	  to	  Q	  value

• Only	  the	  ‘tail’	  of	  protons	  from	  fusion-‐evapora3on	  seen,	  easily	  dealt	  with
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• Even	  a	  modest	  Si	  array	  (e.g.	  the	  Argonne	  prototype	  of	  35-‐cm	  length)	  would	  cover	  
sufficient	  angle	  range

• It	  is	  clear	  a	  Q-‐value	  resolu3on	  (FWHM)	  of	  ~100	  keV	  is	  important	  –	  greater	  than	  150	  keV	  
would	  limit	  the	  extrac3on	  of	  useful	  informa3on

• The	  semi-‐con3nuous	  angular	  coverage	  from	  essen3ally	  0	  ≤	  θ	  ≤	  45°	  should	  allow	  for	  
unambiguous	  ΔL	  assignment

• Dominantly	  single-‐step	  transfer	  of	  a	  correlated	  pair	  of	  neutrons	  (other	  open	  channels	  
strongly	  suppressed)



Target	  considera-ons
• Will	  require	  a	  ‘thin’	  target	  to	  get	  the	  es3mated	  100-‐keV	  c.m.	  resolu3on
• Simula3ons	  suggest	  a	  0.35	  μm	  Ti:t	  foil	  ideal	  (125	  μg/cm2	  Ti,	  10	  μg/cm2	  t)
• This	  is	  a	  factor	  of	  four	  3mes	  thinner	  than	  the	  ‘Munich’	  target	  used	  in	  e.g.	  the	  (t,p)	  

reac3on	  on	  30Mg	  by	  Wimmer	  et	  al.,	  Phys.	  Rev.	  Lem.	  105,	  252501	  (2010)	  with	  T-‐REX
• This	  requires	  development	  and	  safety	  considera3ons	  (interest	  at	  TRIUMF	  and	  Argonne	  in	  

such	  targets	  may	  lead	  to	  all	  round	  bemer	  explora3on	  of	  Ti:t	  targets)

• Simula3on	  assumes	  125	  μg/
cm2	  Ti,	  10	  μg/cm2	  t

• A	  66Ni	  beam	  at	  5	  MeV/u	  (330	  
MeV)

• 3-‐mm	  beam	  spot
• 0.1%	  energy	  spread	  of	  beam
• 50-‐keV	  intrinsic	  Si	  resolu3on

• (Si	  will	  probably	  be	  much	  
bemer,	  beam	  may	  be	  slightly	  
worse,	  effect	  minimal)

SimulaCons	  courtesy	  of	  Marc	  Labiche	  using	  NPTool	  framework	  based	  on	  GEANT4

~100	  keV

~300	  keV
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Comment	  on	  transfer	  cross	  sec-ons

W.	  Darcy,	  R.	  Chapman,	  and	  S.	  Hinds,	  Nucl.	  Phys.	  A170,	  253	  (1970)
F.	  R.	  Hudson	  and	  R.	  N.	  Glover,	  Nucl.	  Phys.	  A189,	  264	  (1972)

Not	  only	  can	  the	  excita3on	  energy	  and	  Jπ	  be	  determined,	  but	  the	  cross	  sec3on	  can	  tell	  us	  
the	  degree	  to	  which	  neutron	  configura3ons	  play	  a	  role	  in	  the	  final	  state.	  Some	  limited	  data	  
in	  the	  region.	  Some	  cau3on	  has	  to	  be	  taken	  interpre3ng	  the	  cross	  sec3ons.

Ra3o	  to	  g.s.	  cross	  sec3on



Summary

• It	  is	  important	  to	  pin	  down	  the	  energies	  and	  spins	  of	  low-‐lying	  states	  in	  ‘doubly-‐magic’	  
68Ni.	  In	  par3cular:
-‐ The	  energy	  (or	  existence?)	  of	  the	  1770-‐keV	  state
-‐ What	  is	  the	  energy	  of	  the	  3–	  state?	  Is	  it	  at	  3302	  keV?
-‐ Resolve	  the	  ques3on	  marks	  about	  the	  2202-‐keV	  state	  (not	  there?)
-‐ ...

• Significant	  benefits	  using	  the	  (t,p)	  reac3on	  with	  a	  solenoidal	  spectrometer.	  Other	  
charged-‐par3cle	  reac3ons	  have	  suffered	  from	  poor	  resolu3on.	  Gamma-‐ray	  spectroscopy	  
cannot	  probe	  all	  states

• The	  intensity	  and	  purity	  of	  the	  66Ni	  beam	  at	  ISOLDE,	  and	  the	  resolving	  power	  of	  a	  
solenoidal	  spectrometer,	  present	  the	  possibility	  for	  a	  detailed	  study	  of	  68Ni	  that	  will	  
highly	  complement	  previous	  studies	  of	  this	  nucleus

• Rate	  es3mates	  are	  straight	  forward	  and	  detailed	  in	  the	  proposal	  –	  we	  request	  18	  shi(s


