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Abstract 
 
We propose to measure the neutron capture cross section of the radioactive isotope 93Zr. This project 
aims at the substantial improvement of existing results for applications in nuclear astrophysics and 
emerging nuclear technologies. In particular, the superior quality of the data that can be obtained at 
n_TOF will allow on one side a better characterization of s-process nucleosynthesis and on the other 
side a more accurate material balance in systems for transmutation of nuclear waste, given that this 
radioactive isotope is widely present in fission products. 
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1. Introduction	  
	  
The	   origin	   of	   the	   elemental	   abundances	   from	   iron	   to	   uranium	   can	   be	   almost	   completely	  
assigned	   to	   neutron	   capture	   reactions	   by	   two	   main	   stellar	   scenarios,	   each	   being	  
responsible	   for	   the	   production	   of	   about	   one	   half	   of	   the	   abundances	   in	   the	   mass	   region	  
A≥56.	   Explosive	   nucleosynthesis	   related	   to	   supernovae	   or	   neutron	   star	   mergers	   is	  
characterized	   by	   complex	   reaction	   networks	   involving	   short-‐lived	   and	   very	   neutron-‐rich	  
nuclei.	   Because	   of	   the	   extremely	   high	   temperatures	   (T>109	   K)	   and	   neutron	   densities	  
(nn>1020	   cm−3)	   the	   time	   scale	   for	   neutron	   capture	   is	   of	   the	   order	   of	   milliseconds.	  
Accordingly,	  this	  process	  is	  known	  as	  the	  rapid	  neutron	  capture	  process	  or	  r	  process	  [1].	  
The	   advanced	   burning	   phases	   of	   stellar	   evolution	   are	   periods	   of	   neutron	   capture	  
nucleosynthesis	   by	   the	   slow	   s-‐process	   [1].	   Depending	   on	   the	   stellar	  mass	   it	   operates	   in	  
thermally	  pulsing	  low-‐mass	  Asymptotic	  Giant	  Branch	  (AGB)	  stars	  (main	  component)	  [2]	  or	  
during	  core	  He	  and	  shell	  C	  burning	  in	  massive	  stars	  (weak	  component)	  [3].	  
Under	  s-‐process	  conditions	  temperatures	  are	  ≈	  (1-‐9)×108	  K	  and	  neutron	  densities	  can	  vary	  
between	  ≈106	  and	  1011	  cm−3.	  Because	  typical	  neutron	  capture	  times	  are	  much	  larger	  than	  
average	  half	  lives	  of	  β-‐unstable	  nuclei,	  the	  reaction	  path	  of	  the	  s-‐process	  follows	  the	  valley	  
of	   stability	   by	   a	   sequence	   of	   neutron	   captures	   and	  β-‐decays	   once	   an	   unstable	   isotope	   is	  
encountered.	  	  
Situated	  at	  and	  near	  magic	  neutron	  number	  N	  =	  50,	  the	  zirconium	  isotopes	  take	  a	  particular	  
position	  on	  the	  s-‐process	  path,	  just	  at	  the	  border	  between	  the	  weak	  and	  main	  component.	  
Because	   of	   their	   magic	   or	   near	   magic	   neutron	   configurations	   all	   Zr	   isotopes	   exhibit	  
relatively	  small	  (n,	  γ)	  cross	  sections.	  As	  far	  as	  the	  unstable	  isotope	  93Zr	  is	  concerned	  it	  can	  
be	  considered	  as	  stable	  on	  the	  time	  scale	  of	  the	  s	  process	  because	  of	  its	  long	  half	  life	  of	  1.5	  
Myr.	  This	  has	  the	  consequence	  that	  the	  daughter	  of	  93Zr,	  i.e.,	  93Nb,	  is	  bypassed	  by	  the	  main	  
s-‐process	  path.	  However,	  once	   the	  neutron	   flux	   is	   finished,	   93Zr	   is	   left	   to	  decay	   into	   93Nb	  
(Fig.	  1).	  The	  result	  is	  that	  the	  abundance	  of	  Nb	  follows	  that	  of	  Zr.	  It	  must	  be	  noted	  that	  93Nb	  
is	  the	  only	  stable	  isotope	  of	  the	  element	  Nb.	  	  
Particularly	  interesting	  in	  this	  context	  are	  the	  presolar	  grains,	  which	  are	  microscopic,	  μm-‐
sized	   stardust	   particles	   that	   have	   been	   recovered	   from	   primitive	   chondritic	   meteorites.	  
Their	   isotopic	  compositions	   in	  a	  variety	  of	  major	  and	   trace	  elements,	   from	  C	  and	  O	   to	  Si,	  
Mg,	   Sr,	   Zr,	   and	   Ba,	   differ	   by	   orders	   of	  magnitude	   from	   the	   composition	   of	   Solar	   System	  
materials.	  These	  grains	  were	  shown	  to	  carry	  the	  signature	  of	  the	  nuclear	  reactions,	  which	  
determined	  their	  production	  in	  individual	  parent	  stars.	  In	  fact,	  the	  Nb/Zr	  ratios	  observed	  in	  
most	  grains	  are	  far	  from	  being	  satisfactorily	  explained	  with	  present	  93Zr	  cross	  section	  data	  
[4].	  	  
Fig.	   1	   shows	   the	   s-‐process	   flow	   in	   the	   Zr-‐Mo	   region.	   No	   96Zr	   is	   produced	   if	   the	   neutron	  
density	  is	  lower	  than	  about	  5x108	  cm-‐3,	  and	  the	  s-‐process	  flux	  proceeds	  as	  illustrated	  by	  the	  
solid	  yellow	  arrows.	  When	  the	  neutron	  density	  is	  as	  high	  as	  1010	  cm-‐3,	  the	  95Zr	  branching	  
point	  	  is	  open	  and	  up	  to	  50%	  of	  the	  s-‐process	  flux	  goes	  through	  96Zr,	  producing	  an	  amount	  
dependent	  on	  its	  cross	  section	  (orange	  arrow	  in	  Fig.	  1	  ).	  The	  neutron	  capture	  cross	  section	  
of	  93Zr	  plays	  an	  important	  role	  in	  this	  reaction	  sequence	  as	  well	  as	  for	  explaining	  the	  93Nb	  
abundance,	  which	  is	  produced	  by	  the	  subsequent	  decay	  of	  93Zr.	  



3	  

	  

	   	  
	  
Figure	  1:	  The	  s-‐process	  path	  around	  the	  Zr	  isotopes.	  	  

	  

Apart	   from	   the	   impact	   on	   problems	   in	   Nuclear	   Astrophysics	   the	   neutron	   capture	   cross	  
sections	   of	   the	   Zr	   isotopes	   are	   of	   interest	   of	   the	   advanced	   nuclear	   technology,	   because	  
zirconium	   is	   widely	   used	   as	   constituent	   of	   cladding	  materials	   for	   fuel	   elements.	   93Zr,	   in	  
particular,	  is	  one	  of	  the	  major	  long-‐lived	  fission	  products.	  Accordingly,	  the	  strong	  reduction	  
of	  nuclear	  waste	  in	  advanced	  reactor	  systems	  and/or	  the	  transmutation	  of	  nuclear	  waste	  in	  
dedicated	   systems	   already	   produced	   requests	   for	   high-‐accuracy	   data	   of	   the	   (n,	   γ)	   cross	  
section	  of	  93Zr.	  	  
The	  Zr	   isotopes	  were	   included	   in	   the	  measurement	  campaign	   in	   the	  Phase	  1	  of	  n_TOF,	   in	  
2003	   and	   2004	   [5-‐9].	   The	   quality	   of	   obtained	   data	   in	   the	   study	   of	   these	   small	   neutron	  
capture	   cross	   sections	   allowed	   for	   an	   important	   improvement	   of	   the	   accuracy	   and	   for	  
resolving	   the	   discrepancies	   in	   previous	   data.	   As	   a	   consequence	   it	   has	   been	   possible	   to	  
constrain	   the	   stellar	   conditions	   during	   the	   He	   burning	   stages	   of	   stellar	   evolution.	   In	  
particular,	   this	   holds	   for	   the	   neutron	  magic	   nucleus	   90Zr,	   which	   accounts	   for	  more	   than	  
50%	  of	  natural	  zirconium	  and	  represents	  one	  of	  the	  key	  isotopes	  for	  the	  stellar	  s-‐process,	  
because	   it	  acts	  as	  a	  bottleneck	   in	  the	  neutron	  capture	  chain	  between	  the	  Fe	  seed	  and	  the	  
heavier	  isotopes	  [5].	  Moreover,	  the	  neutron	  capture	  cross	  section	  of	  91Zr	  is	  also	  relevant	  to	  
studies	  in	  nuclear	  structure,	  where	  the	  valence	  neutron	  of	  91Zr	  with	  respect	  to	  the	  neutron	  
magic	  nucleus	  90Zr	  has	  interesting	  implications	  for	  the	  statistical	  analysis	  in	  the	  proximity	  
of	   shell	   closures.	   Many	   resonances	   were	   observed	   for	   the	   first	   time	   in	   this	   isotope	   [6].	  
Concerning	  the	  study	  of	  the	  92Zr	  (n,	  γ)	  cross	  section	  the	  measurements	  performed	  at	  n_TOF	  
provided	   a	   set	   of	   improved	   resonance	   parameters,	   	   thus	   reducing	   the	   cross-‐section	  
uncertainties	  in	  the	  keV	  region	  to	  5%	  as	  required	  for	  s-‐process	  nucleosynthesis	  studies	  and	  
technological	   applications	   [7].	   The	   (n,	   γ)	   cross	   section	   of	   94Zr	   has	   been	   measured	   with	  
improved	   accuracy	   in	   the	   neutron	   energy	   range	   between	   1	   eV	   and	   60	   keV.	   At	   thermal	  
energies	  of	  8	  and	  23	  keV,	  typical	  for	  the	  s-‐process	  in	  thermally	  pulsing	  low-‐mass	  AGB	  stars,	  
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the	  MACS	  values	  were	  found	  to	  be	  slightly	  lower	  and	  10%	  higher	  than	  reported	  in	  current	  
compilations,	  respectively	  [8].	  Further	  publications	  reporting	  the	  results	  obtained	  for	  93Zr	  
and	  96Zr	  (n,	  γ)	  are	  in	  preparation.	   
	  

2. The	  93Zr(n,	  γ)	  measurement	  performed	  at	  n_TOF	  (Phase	  1)	  and	  existing	  data	  
	  

In	   the	  measurement	   campaign	  during	  phase	  1	  of	  n_TOF	   	   also	   the	  unstable	   93Zr	  had	  been	  
investigated.	   The	   characteristics	   of	   93Zr	   sample	   used	   in	   this	   measurement	   are	   listed	   in	  
Table	  1.	  
	  
Table 1: Sample characteristics	  

Sample       Form            Isotopic composition (atomic %)             Thickness 

  90Zr 91Zr 92Zr 93Zr 94Zr 96Zr (atoms/b) 

93Zr Zr02 2.29 18.61 18.95 19.98 20.50 19.67 0.00832 

 

Because	   of	   its	   chemical	   form	   and	   its	   activity	   of	   92.3	   MBq,	   the	   sample	   had	   to	   be	  
encapsulated	  in	  double	  canning:	  an	  internal	  0.2	  mm	  Al	  can,	  to	  contain	  the	  Zr02	  powder,	  and	  
an	   additional,	   external	   welded	   Ti	   can	   with	   0.2	   mm	   thick	   walls,	   to	   match	   the	   safety	  
regulations	  for	  sealed	  radioactive	  samples.	  	  
Fig.	   2	   shows	   the	   measured	   capture	   yield	   of	   the	   sample	   (black)	   and	   the	   radioactive	  
background	   (blue)	   using	   a	   pair	   of	   C6D6	   liquid	   scintillation	   counters.	   The	   spectra	   are	  
normalized	   to	   the	   acquisition	   time.	   The	   93Zr	  weighting	   function	   [10]	   and	  binding	   energy	  
were	  used	   to	   extract	   the	   yield.	   It	   has	   to	  be	  noted	   that	   the	  high	   instantaneous	   flux	  of	   the	  
n_TOF	  facility	  strongly	  reduces	  the	  background	  produced	  by	  the	  sample	  radioactivity.	  	  

	  
Figure	  2.	  Capture	  yield	  of	  the	  sample	  used	  for	  the	  93Zr(n,γ)	  measurement	  (black)	  and	  background	  due	  to	  the	  
activity	  of	  the	  sample.	  
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In	  Fig.	  3	  the	  capture	  yield	  is	  shown	  (black	  after	  the	  background	  due	  to	  the	  sample	  activity	  
had	  been	  subtracted.	  It	  illustrates	  that	  the	  overall	  background	  (red)	  is	  dominated	  by	  other	  
sources	   of	   background,	   i.e.	   by	   neutron	   captures	   in	   the	   Ti	   can	   and	   by	   in-‐beam	   γ	   rays	  
produced	  in	  the	  spallation	  target	  (concentrated	  in	  the	  energy	  range	  1-‐100	  keV).	  	  

	  
Figure	  3:	  The	  93Zr(n,γ)	  capture	  yield	  (black)	  and	  the	  overall	  background	  (red).	  

	  
Those	   backgrounds	   limited	   the	   neutron	   energy	   range	   that	   could	   be	   investigated	   to	   the	  
region	  below	  8	  keV.	  	  The	  observed	  resonances	  were	  classified	  according	  to	  the	  composition	  
of	  the	  sample,	  considering	  the	  isotopic	  impurities	  and	  the	  specific	  contaminations.	  	  Among	  
the	  63	  resonances,	  which	  could	  be	  analyzed,	   four	  resonances	  were	   identified	   for	   the	   first	  
time,	  whereas	  four	  of	  the	  resonances	  reported	  previously	  [11]	  have	  not	  been	  observed.	  
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Figure	   4:	   Ratio	   between	   93Zr	   capture	   kernel	   values	   extracted	   in	   the	   present	  measurement	   and	   the	   values	  
reported	  in	  [11],	  versus	  resonance	  energy.	  The	  red	  line	  indicates	  the	  kernel	  ratio	  weighted	  average.	  	  

	  

Fig.	   4	   shows	   the	   comparison	   between	   the	   capture	   kernels	   extracted	   in	   the	   n_TOF	  
measurement	   and	   results	   reported	   in	   Ref.	   [11].	   The	   capture	   kernel	   is	   related	   to	   the	  

resonance	  parameters	  and	  is	  defined	  as	   ,	  where	  Γn	  and	  Γγ	  are	  the	  neutron	  and	  
radiative	  widths,	  respectively,	  Γ=	  Γn+	  Γγ	  represents	  the	  total	  width,	  and	  g	  is	  the	  spin	  factor.	  	  

	  
The	   significant	   difference	   of	   35%	   that	   has	   been	   found	   on	   average,	   strongly	   affects	   the	  
Maxwellian	   Averaged	   Cross	   Sections	   (MACS)	   for	   93Zr	   are	   shown	   in	   Fig.5.	   Note	   that	   the	  
present	   data	   are	   limited	   to	   energies	   below	   8	   keV	   and	   had	   to	   be	   complemented	   with	  
evaluated	  data	   [12],	  which	  dominate	   the	   calculated	  MACS	   for	   thermal	   energies	   above	  10	  
keV.	   In	  view	  of	   the	   large	  discrepancy	  shown	  in	  Fig.	  4,	   the	  MACSs	  were	  calculated	  for	  two	  
extreme	   cases.	   In	   the	   first	   case,	   the	   evaluated	   data	   used	   to	   complement	   the	   measured	  
resonances	  above	  8	  keV	  were	  not	  scaled,	  while	  in	  the	  second	  case	  they	  were	  scaled	  with	  a	  
factor	  0.65.	   Fig	   5.	   shows	   the	   comparison	  of	   the	  present	  MACSs	  with	   the	   values	   from	   the	  
compilation	   of	   Bao	   et	   al.	   [13];	   data	   from	   the	   present	   work	   are	   shown	   as	   a	   band	   drawn	  
inside	  the	  two	  extreme	  cases	  used	  to	  calculate	  the	  MACS.	  	  
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Figure	  5:	  Comparison	  of	  present	   93Zr	  MACSs	   (solid	   lines),	  with	  values	   from	  Ref.	   [13]	   (dashed	   line)	  and	   the	  
MACS	   value	   at	   30	   keV	   taken	   from	   Ref.	   [14].	   The	   indices	   (a)	   and	   (b)	   refer	   MACS	   values	   calculated	  
complementing	  the	  n_TOF	  results	  with	  original,	  evaluated	  data	  [12]	  and	  by	  scaling	  these	  data	  by	  a	  factor	  0.65	  
(see	  Fig.	  4).	  

	  
2.1	  Implication	  of	  the	  new	  results.	  
	  
The	   results	   achieved	   are	   very	   important	   and	   if	   confirmed	   in	   a	   wider	   range	   of	   neutron	  
energy	  could	  give	  the	  solution	  to	  persistent	  questions	  in	  the	  interpretation	  of	  the	  s-‐process	  
signatures	  in	  presolar	  grains.	  	  
Fig.	  6	  shows	  the	  ratio	  between	  the	  elemental	  Zr	  and	  Nb	  abundances	  measured	  in	  SiC	  grains	  
(red	  circles)	  and	  predicted	  by	  AGB	  models	  (calculated	  for	  different	  values	  of	  metallicity	  and	  
stellar	   mass)	   [4].	   Using	   the	   previous	   capture	   cross	   section	   leads	   to	   model	   predictions	  
(black	   and	   open	   points)	   in	   favor	   of	   a	   larger	   production	   of	   Zr	  with	   respect	   of	  Nb;	   on	   the	  
contrary,	   the	   n_TOF	  data	   (in	   the	  more	   realistic	   lower	   limit	   case	   for	   93Zr)	   are	   driving	   the	  
simulations	   towards	   equal	   contributions	   of	   these	   isotopes,	   in	   better	   agreement	   with	  
observations.	   This	   result	   is	   a	   direct	   consequence	   of	   the	   new	   cross	   section	   of	   93Zr,	  which	  
results	   in	  more	   93Zr,	  and	  eventually	   in	  a	  higher	   93Nb	  abundance.	  To	  settle	   this	   issue,	   it	   is	  
mandatory	  to	  extend	  the	  cross	  section	  data	  over	  a	  much	  wider	  range	  in	  neutron	  energies.	  	  

	  
Figure 6 - The Zr and Nb elemental abundances (relative to Si and to CI values of Ref. [4]) measured in 
single SiC grains and predicted by AGB models. Data are represented by red circles with 2σ standard 
deviations. Models are represented by black symbols connected by solid lines, where open and full 
symbols represent third dredge-up episodes resulting in C/O<1 and C/O>1, respectively, at the stellar 
surface: circle 3 Mʘ Z = 0.02, triangle 3 Mʘ Z = 0.01 squares 3 Mʘ Z = 0.03, diamond 1.8 Mʘ Z = 0.01.  
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3	  New	  proposed	  measurement	  at	  n_TOF	  (Phase	  2)	  
	  
Since	  the	  n_TOF	  facility	  has	  been	  upgraded	  in	  2009,	  the	  new	  spallation	  target	  is	  equipped	  
with	  two	  different	  circuits	  for	  cooling	  and	  moderation,	  thus	  offering	  more	  flexibility	  in	  the	  
choice	  of	  the	  moderator.	  The	  use	  of	  borated	  water	  has	  reduced	  the	  background	  due	  to	  in-‐
beam	  γ	  rays	  by	  a	  factor	  10	  in	  the	  energy	  region	  above	  5	  keV	  as	  shown	  in	  Fig.	  7,	  where	  the	  
the	   capture	   yield	  of	   natFe	  measured	  with	   a	  water	  moderator	   is	   compared	  with	   the	   result	  
obtained	  	  with	  borated	  water	  as	  moderator.	  
Another	  improvement	  of	  the	  facility	  was	  achieved	  in	  2010,	  when	  the	  experimental	  area	  had	  
been	  upgraded	  in	  work	  sector	  of	  class	  A.	  This	  upgrade	  solves	  the	  radioprotection	  issue	  due	  
to	   the	   radioactivity	   of	   the	   sample,	   allowing	   now	   	   measurements	   on	   unstable	   samples	  
without	  a	  Ti	  can.	  For	  the	  93Zr	  sample	  this	  means	  that	  the	  double	  Al/Ti	  containment	  could	  
be	  substituted	  by	  a	  very	  muchlighter	  PEEK	  (C20H12O3)	  container	  as	  already	  used	  in	  the	  63Ni	  
measurement	   [15].	   Fig.	   8	   illustrates	   the	   expected	   improvement	   with	   the	   new	   type	   of	  
canning,	   which	  will	   allow	   to	   extend	   the	   investigated	   energy	   range	   up	   to	   100	   keV.	   Fig	   9	  
shows	  a	  zoom	  of	  Fig.	  8	  in	  the	  neutron	  energy	  region	  between	  10	  –	  100	  keV.	  
 

	  
Figure	  7:	  Comparison	  between	  the	  yields	  of	  natFe	  measured	  in	  2009	  (red),	  water	  was	  used	  as	  moderator,	  	  and	  
in	  2010	  (black),	  borated	  water	  was	  used	  as	  moderator.	  	  
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Figure	  8	  Comparison	  between	  the	  calculated	  93Zr	  yield	  with	  (red)	  and	  without	  (green)	  	  Al	  and	  Ti	  containers	  	  
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Figure	  9	  Comparison	  between	  the	  calculated	  93Zr	  yield	  with	  and	  without	  Al	  and	  Ti	  containers	  in	  the	  neutron	  
energy	  region	  between	  10	  and	  100	  keV	  

 

	  

Summary	  of	  requested	  protons:	  
We	   propose	   to	   measure	   the	   neutron	   capture	   cross	   section	   of	   93Zr	   taking	   profit	   of	   the	  
upgraded	  tools	  available	  at	  the	  n_TOF	  facility.	  This	  cross	  section	  will	  be	  determined	  up	  to	  
100	  keV	  by	  means	  of	  C6D6	  liquid	  scintillators,	  which	  are	  optimized	  with	  respect	  to	  neutron	  
sensitivity.	  	  
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The	   request	   for	   the	   number	   of	   protons	   is	   based	   on	   previous	   measurements	   with	   C6D6	  
scintillation	   detectors.	   Together	  with	   the	   93Zr	   samples,	  we	   plan	   to	  measure	   the	   yield	   for	  
92Zr,	   Au	   and	   C	   samples	   as	   well.	   92Zr	   and	   Au	   are	   used	   for	   normalizing	   the	   yield	   and	   the	  
carbon	   sample	   serves	   for	   determining	   the	   background	   due	   to	   neutrons	   scattered	   by	   the	  
sample.	  	  
According	  to	  the	  previous	  93Zr	  measurements	  we	  request	  a	  total	  of	  3	  ×	  1018	  protons	  for	  the	  
present	  measurement.	  
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