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Capture	
   Neutron	
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Neutron	
  AcCvaCon	
  Analysis	
  

QualitaCve	
  and	
  quanCtaCve	
  mulC-­‐element	
  
analysis	
  of	
  major,	
  minor,	
  and	
  trace	
  elements	
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Neutron	
  AcCvaCon	
  Analysis	
  

QualitaCve	
  and	
  quanCtaCve	
  mulC-­‐element	
  
analysis	
  of	
  major,	
  minor,	
  and	
  trace	
  elements	
  
•  QualitaCve	
  and	
  QuanCtaCve	
  analysis	
  
– QualitaCve	
  à	
  elemental	
  idenCficaCon	
  
– QuanCtaCve	
  à	
  measurement	
  of	
  the	
  values	
  of	
  
concentraCons	
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Neutron	
  AcCvaCon	
  Analysis	
  

QualitaCve	
  and	
  quanCtaCve	
  mulC-­‐element	
  
analysis	
  of	
  major,	
  minor,	
  and	
  trace	
  elements	
  
•  QualitaCve	
  and	
  QuanCtaCve	
  analysis	
  
•  MulC-­‐element	
  analysis:	
  can	
  simultaneously	
  
measure	
  up	
  to	
  30	
  elements	
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Neutron	
  AcCvaCon	
  Analysis	
  

QualitaCve	
  and	
  quanCtaCve	
  mulC-­‐element	
  
analysis	
  of	
  major,	
  minor,	
  and	
  trace	
  elements	
  
•  QualitaCve	
  and	
  QuanCtaCve	
  analysis	
  
•  MulC-­‐element	
  analysis	
  
•  Major,	
  Minor,	
  and	
  Trace	
  element	
  analysis	
  
– Major:	
  ConcentraCons	
  >	
  1%	
  	
  
– Minor:	
  ConcentraCons	
  in	
  the	
  range	
  0.1%	
  to	
  1.0%	
  	
  
– Trace	
  :	
  ConcentraCons	
  <	
  0.1%	
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Neutron	
  AcCvaCon	
  Analysis	
  

•  ApplicaCons	
  in	
  archeology,	
  chemistry,	
  geology,	
  
medicine,	
  agriculture,	
  environmental	
  monitoring,	
  
and	
  forensic	
  science	
  

•  NAA	
  is	
  recognized	
  as	
  the	
  reference	
  method	
  of	
  choice	
  
when	
  new	
  procedures	
  are	
  being	
  developed	
  or	
  when	
  
other	
  methods	
  yield	
  results	
  that	
  do	
  not	
  agree	
  
because	
  of	
  its	
  accuracy	
  and	
  reliability	
  

•  Approx.	
  100,000	
  samples	
  undergo	
  NAA	
  each	
  year	
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NAA	
  and	
  Archaeology	
  

•  Provenance	
  Research	
  -­‐	
  link	
  arCfacts	
  to	
  their	
  
origin	
  based	
  on	
  the	
  unique	
  geochemical	
  
signature	
  of	
  the	
  raw	
  material	
  

•  Ancient	
  Technology	
  -­‐	
  infer	
  technological	
  
processes	
  (trace-­‐element	
  composiCon)	
  

•  Authen+ca+on	
  -­‐	
  verify	
  authenCcity	
  or	
  anCquity	
  
(trace-­‐element	
  composiCon)	
  

•  Palaeo-­‐diet	
  and	
  Nutri+on	
  -­‐	
  examine	
  diet	
  and	
  
nutriConal	
  status	
  of	
  prehistoric	
  populaCons	
  from	
  
bone	
  chemistry	
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Historical	
  background	
  

1936	
  Hevesy	
  and	
  Levi	
  discovered	
  
neutron	
  acCvaCon	
  analysis.	
  
Samples	
  containing	
  certain	
  rare	
  
earth	
  elements	
  became	
  highly	
  
radioacCve	
  when	
  irradiated	
  with	
  
neutrons	
  	
  
à	
  Hevesy	
  and	
  Levi	
  recognized	
  the	
  
potenCal	
  for	
  idenCfying	
  elements	
  
present	
  in	
  samples	
  through	
  
measurement	
  of	
  different	
  
radiaCons	
  and	
  half-­‐lives	
  of	
  the	
  
radioacCve	
  elements	
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George	
  de	
  Hevesy:	
  1885-­‐1966	
  

Hilde	
  Levi:	
  1909	
  -­‐	
  2003	
  



Historical	
  background	
  

•  1950s-­‐	
  1960s	
  ConstrucCon	
  of	
  nuclear	
  reactors	
  	
  
	
  à	
  neutron	
  fluxes	
  sufficient	
  to	
  allow	
  sensiCviCes	
  for	
  NAA	
  at	
  
levels	
  of	
  interest	
  to	
  solving	
  real	
  analyCcal	
  problems	
  

•  1954	
  Robert	
  Oppenheimer	
  sees	
  the	
  potenCal	
  
of	
  NAA	
  in	
  archaeology.	
  He	
  suggested	
  its	
  use	
  to	
  
Dodson	
  and	
  Sayre	
  of	
  Brookhaven	
  NaConal	
  
Laboratory	
  as	
  a	
  possible	
  way	
  to	
  establish	
  the	
  
provenance	
  of	
  archaeological	
  finds	
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Historical	
  background	
  

•  1970s-­‐1980s	
  Many	
  archaeologists	
  use	
  NAA	
  to	
  
determine	
  the	
  provenance	
  of	
  arCfacts	
  

•  1970s-­‐1980s	
  	
  University	
  of	
  Michigan,	
  
University	
  of	
  Toronto,	
  NaConal	
  InsCtute	
  of	
  
Standards	
  and	
  Technology,	
  University	
  of	
  
Missouri,	
  and	
  many	
  others	
  develop	
  NAA	
  
laboratories	
  

•  1990s	
  NAA	
  becomes	
  the	
  technique	
  of	
  choice	
  
for	
  provenance	
  research	
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Principles	
  of	
  the	
  method	
  

•  NAA	
  involves	
  the	
  irradia+on	
  of	
  a	
  sample	
  by	
  neutrons	
  to	
  
make	
  the	
  sample	
  radioac+ve.	
  A;er	
  irradia+on,	
  the	
  
gamma-­‐rays	
  emi(ed	
  from	
  the	
  radioacCve	
  sample	
  are	
  
measured	
  to	
  determine	
  the	
  amounts	
  of	
  different	
  
elements	
  in	
  the	
  sample	
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Incident	
  Neutron	
  

Target	
  Nucleus	
   Prompt	
  
Gamma-­‐Ray	
  

Unstable	
  compound	
  
nucleus	
  

RadioacCve	
  
nucleus	
  

Delayed	
  
Gamma-­‐Ray	
  

ResulCng	
  
nucleus	
  



Neutron	
  sources	
  

•  Nuclear	
  Reactors:	
  high	
  neutron	
  flux	
  à	
  source	
  
of	
  choice	
  for	
  NAA	
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Neutron	
  sources	
  

•  Nuclear	
  Reactors	
  
•  Neutron	
  SpallaCon	
  Sources	
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Neutron	
  sources	
  

•  Nuclear	
  Reactors	
  
•  Neutron	
  SpallaCon	
  Sources	
  	
  
•  Radioisotopic	
  neutron	
  sources	
  
An	
  alpha	
  emijng	
  isotope	
  is	
  mixed	
  with	
  berillium.	
  
This	
  generates	
  neutrons	
  by	
  the	
  	
  	
  
reacCon	
  
Prons:	
  	
  cheap,	
  easily	
  available	
  Cons:	
  Weak	
  source	
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α + 9Be− > 12C + n



DetecCon	
  system	
  

•  Measure	
  gamma-­‐ray	
  acCvity	
  of	
  an	
  irradiated	
  
sample	
  à	
  Gamma-­‐ray	
  spectrometer	
  

•  Gamma-­‐ray	
  spectrometer	
  consists	
  of	
  
1.  Gamma-­‐ray	
  detector	
  
2.  Electronics	
  
3.  Computer	
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Gamma-­‐ray	
  detector	
  

•  Gamma-­‐ray	
  detector	
  converts	
  energy	
  of	
  
gamma	
  radiaCon	
  into	
  an	
  electrical	
  signal	
  

	
  
•  The	
  two	
  major	
  types	
  of	
  gamma	
  detectors	
  used	
  
in	
  Neutron	
  AcCvaCon	
  Analysis	
  are	
  
– Semiconductors	
  :	
  HPGe,	
  CdTe	
  
– ScinCllators	
  :	
  NaI(Tl)	
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Reference:	
  MIT,	
  IAP	
  12-­‐091	
  Session	
  1,	
  2005,	
  ILA	
  PILLALAMARRI	
  	
  
	
  



Gamma-­‐ray	
  detector	
  

•  ScinCllaCon	
  detector:	
  
scinCllator	
  +	
  light	
  sensor	
  

•  The	
  scinCllator	
  converts	
  the	
  
energy	
  	
  of	
  the	
  gamma	
  
radiaCon	
  into	
  light	
  photons	
  	
  

•  The	
  light	
  sensor	
  converts	
  
the	
  light	
  photons	
  striking	
  
onto	
  it	
  into	
  electric	
  pulses.	
  	
  

•  The	
  electrical	
  signal	
  is	
  
proporConal	
  to	
  the	
  incident	
  
radiaCon	
  energy.	
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  MIT,	
  IAP	
  12-­‐091	
  Session	
  1,	
  2005,	
  ILA	
  PILLALAMARRI	
  	
  
	
  

X-­‐ray	
  

OpCcal	
  
photons	
  

Light	
  sensor	
  (i.e.	
  PMT)	
  	
  
ScinCllator	
  

Electric	
  pulse	
  



Gamma-­‐ray	
  detector	
  
•  Semiconductor	
  detectors:	
  Photons	
  

incident	
  on	
  the	
  crystal	
  create	
  electrons	
  
and	
  holes	
  

•  An	
  electric	
  field	
  is	
  created	
  by	
  applying	
  
high	
  voltage	
  to	
  the	
  electrodes	
  mounted	
  
on	
  opposite	
  sides	
  of	
  the	
  detector	
  
crystal.	
  	
  

•  The	
  charge	
  carriers	
  get	
  a(racted	
  to	
  the	
  
electrodes	
  of	
  opposite	
  polarity	
  because	
  
of	
  the	
  electric	
  field.	
  	
  

•  The	
  charge	
  collected	
  at	
  the	
  electrodes	
  is	
  
proporConal	
  to	
  the	
  energy	
  lost	
  by	
  the	
  
incident	
  radiaCon.	
  	
  

19	
  Reference:	
  MIT,	
  IAP	
  12-­‐091	
  Session	
  1,	
  2005,	
  ILA	
  PILLALAMARRI,	
  NSEP	
  
	
  



Electronics	
  

•  Amplifier	
  shapes	
  and	
  amplifies	
  the	
  pulse	
  
•  Analog	
  to	
  Digital	
  Converter	
  (ADC)	
  digiCzes	
  
the	
  signal	
  	
  
• MulC	
  Channel	
  Analyzer	
  (MCA)	
  sorts	
  the	
  
digiCzed	
  result	
  in	
  bins	
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Amplifier	
   ADC	
   MCA	
  



Data	
  Analysis	
  

1.  IdenCfy	
  the	
  isotopes	
  in	
  the	
  γ-­‐ray	
  spectrum	
  	
  
2.  Determine	
  the	
  elemental	
  concentraCon	
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Data	
  Analysis	
  

1.  IdenCfy	
  the	
  isotopes	
  in	
  the	
  γ-­‐ray	
  spectrum	
  	
  

Alice	
  Miceli,	
  Erice,	
  April	
  30	
  -­‐	
  May	
  9,	
  2014	
   22	
  Alice	
  Miceli,	
  Erice,	
  April	
  30	
  -­‐	
  May	
  9,	
  2014	
   22	
  Taken	
  from	
  M	
  D	
  Glascock	
  and	
  H	
  Neff,	
  Meas.	
  Sci.	
  Technol.	
  14	
  (2003)	
  	
  

Gamma	
  library	
  (Half	
  life,	
  
Decay	
  mode,	
  Branching	
  
raCo,	
  Emi(ed	
  radiaCons	
  of	
  
radioacCve	
  nuclides)	
  

IdenCfy	
  the	
  nuclides	
  
responsible	
  for	
  the	
  peaks	
  
in	
  the	
  gamma-­‐ray	
  
spectrum	
  



Data	
  Analysis	
  

2.  Determine	
  the	
  elemental	
  concentraCon	
  
•  Irradiate	
  the	
  sample	
  and	
  a	
  standard	
  of	
  known	
  

concentraCon	
  
•  Measure	
  gamma-­‐ray	
  spectra	
  for	
  both	
  sample	
  

and	
  standards	
  	
  
•  Calculate	
  concentraCons	
  from	
  measured	
  acCvity	
  

of	
  sample	
  and	
  standard	
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cx
cstd

=
WstdAx

WxAstd

c	
  =	
  concentraCon	
  of	
  the	
  element	
  in	
  the	
  
sample	
  (x)	
  and	
  standard	
  	
  (std)	
  
W	
  =	
  weight	
  of	
  sample	
  (x)	
  and	
  standard	
  (std)	
  
A	
  =	
  acCvity	
  of	
  sample	
  (x)	
  and	
  standard	
  (s)	
  



SensiCviCes	
  

Alice	
  Miceli,	
  Erice,	
  April	
  30	
  -­‐	
  May	
  9,	
  2014	
  [Table	
  taken	
  from	
  M.	
  D.	
  Glascock	
  University	
  of	
  Missouri	
  Research	
  Reactor	
  (MURR)]	
  

Sensi+vity	
  
(picograms)	
  

Elements	
  

1	
   Dy,	
  Eu	
  

1-­‐10	
   In,	
  Lu,	
  Mn	
  

10-­‐102	
   Au,	
  Ho,	
  Ir,	
  Re,	
  Sm,	
  W	
  

102-­‐103	
   Ag,	
  Ar,	
  As,	
  Br,	
  Cl,	
  Co,	
  Cs,	
  Cu,	
  Er,	
  Ga,	
  Hf,	
  I,	
  La,	
  Sb,	
  Sc,	
  Se,	
  Ta,	
  Tb,	
  Th,	
  Tm,	
  U,	
  V,	
  
Yb	
  

103-­‐104	
   Al,	
  Ba,	
  Cd,	
  Ce,	
  Cr,	
  Hg,	
  Kr,	
  Gd,	
  Ge,	
  Mo,	
  Na,	
  Nd,	
  Ni,	
  Os,	
  Pd,	
  Rb,	
  Rh,	
  Ru,	
  Sr,	
  Te,	
  
Zn,	
  Zr	
  

104-­‐105	
   Bi,	
  Ca,	
  K,	
  Mg,	
  P,	
  Pt,	
  Si,	
  Sn,	
  Ti,	
  Tl,	
  Xe,	
  Y	
  

105-­‐106	
   F,	
  Fe,	
  Nb,	
  Ne	
  

107	
   Pb,	
  S	
  

24	
  



SensiCviCes	
  

•  SensiCviCes	
  superior	
  to	
  those	
  a(ainable	
  by	
  
other	
  methods:	
  	
  parts	
  per	
  billion	
  or	
  be(er	
  

•  Detect	
  up	
  to	
  70	
  elements	
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  -­‐	
  



SensiCviCes	
  

•  SensiCviCes	
  depend	
  on	
  experimental	
  procedure	
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  -­‐	
  

Measurement	
  condiCons	
  
•  counCng	
  Cme	
  
•  detector	
  efficiency	
  

	
  

IrradiaCon	
  parameters	
  	
  
•  neutron	
  flux	
  

nuclear	
  reactors	
  with	
  
their	
  high	
  fluxes	
  of	
  
neutrons	
  offer	
  the	
  
highest	
  available	
  
sensiCviCes	
  

•  irradiaCon	
  Cme	
  
•  decay	
  Cme	
  

	
  



SensiCviCes	
  

•  SensiCviCes	
  depend	
  on	
  experimental	
  procedure	
  
and	
  chemical	
  element	
  	
  

•  isotope	
  abundance	
  
•  neutron	
  cross-­‐secCon	
   	
  	
  
•  half-­‐life	
  
some	
  nuclei	
  have	
  very	
  long	
  half-­‐life	
  à	
  	
  they	
  decay	
  arer	
  
months	
  or	
  years	
  (28Al	
  half	
  life=2	
  min,	
  137Cs	
  half-­‐life=30y)	
  
•  gamma-­‐ray	
  abundance	
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  -­‐	
  



•  SelecCvity	
  	
  
–  sensiCvity	
  for	
  long-­‐lived	
  radionuclides	
  suffering	
  from	
  
interference	
  by	
  shorter-­‐lived	
  radionuclides	
  à	
  	
  
improved	
  by	
  waiCng	
  for	
  the	
  short-­‐lived	
  radionuclides	
  
to	
  decay	
  	
  

–  sensiCvity	
  for	
  short-­‐lived	
  isotopes	
  suffering	
  from	
  
interference	
  by	
  long-­‐lived	
  radionuclides	
  	
  à	
  improved	
  
by	
  reducing	
  the	
  irradiaCon	
  Cme	
  and	
  decay	
  Cme	
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Pros	
  



Alice	
  Miceli,	
  Erice,	
  April	
  30	
  -­‐	
  May	
  9,	
  2014	
   29	
  

IrradiaCon	
  Cme:	
  	
  5	
  sec	
  	
  
Decay	
  Cme:	
  25	
  min	
  
CounCng	
  Cme:	
  12	
  min	
  

à	
  short-­‐lived	
  elements	
  	
  

IrradiaCon	
  Cme:	
  	
  24	
  h	
  
Decay	
  Cme:	
  9	
  days	
  
CounCng	
  Cme:	
  30	
  min	
  

à	
  medium-­‐	
  and	
  long-­‐lived	
  
elements	
  

Pictures	
  taken	
  from	
  Michael	
  D.	
  Glascock	
  University	
  of	
  Missouri	
  Research	
  Reactor	
  (MURR)	
  	
  

Po(ery	
  specimen.	
  Detector:	
  HPGe	
  
	
  



Pros	
  

•  SelecCvity	
  
•  Number	
  of	
  elements	
  	
  

-­‐	
  Many	
  elements	
  become	
  radioacCve	
  when	
  exposed	
  to	
  the	
  
neutron	
  flux	
  in	
  a	
  reactor.	
  	
  
-­‐	
  More	
  than	
  50	
  elements	
  can	
  be	
  idenCfied	
  and	
  measured	
  
quickly	
  and	
  easily	
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•  SelecCvity	
  
•  Number	
  of	
  elements	
  	
  
•  MulC-­‐element	
  analysis	
  

-­‐	
  Measure	
  a	
  large	
  number	
  of	
  elements	
  from	
  isotopes	
  having	
  
different	
  acCviCes	
  and	
  half-­‐lives	
  by	
  using	
  different	
  
combinaCons	
  of	
  irradiaCon	
  and	
  decay	
  Cmes	
  
-­‐	
  NAA	
  is	
  the	
  only	
  procedure	
  that	
  can	
  simultaneously	
  measure	
  
up	
  to	
  30	
  elements	
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Pros	
  



•  SelecCvity	
  
•  Number	
  of	
  elements	
  	
  
•  MulC-­‐element	
  analysis	
  
•  Highly	
  sensiCve	
  

Many	
  elemental	
  concentraCons	
  are	
  measurable	
  in	
  parts	
  per	
  
million	
  or	
  parts	
  per	
  billion	
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Pros	
  



•  SelecCvity	
  
•  Number	
  of	
  elements	
  	
  
•  MulC-­‐element	
  analysis	
  
•  Highly	
  sensiCve	
  
•  Elemental	
  analysis	
  

Elements	
  are	
  determined	
  regardless	
  of	
  their	
  chemical	
  form	
  
(free	
  of	
  matrix-­‐effects)	
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Pros	
  



•  Bulk	
  analysis	
  technique	
  
Whatever	
  is	
  irradiated	
  contributes	
  to	
  the	
  gamma	
  
spectrum.	
  It	
  does	
  not	
  provide	
  spaCal	
  resoluCon	
  or	
  
imaging	
  capabiliCes.	
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Cons	
  



•  Bulk	
  analysis	
  technique	
  
•  Expensive	
  

Best	
  sensiCviCes	
  @	
  reactors	
  à	
  expensive,	
  not	
  easily	
  
available	
  

Alice	
  Miceli,	
  Erice,	
  April	
  30	
  -­‐	
  May	
  9,	
  2014	
   35	
  

Cons	
  



•  Bulk	
  analysis	
  technique	
  
•  Expensive	
  
•  RadioacCve	
  
Samples	
  become	
  radioacCve	
  à	
  they	
  must	
  be	
  stored	
  
safely	
  in	
  the	
  facility	
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Cons	
  



Is	
  NAA	
  a	
  Non-­‐DestrucCve	
  technique	
  ?	
  

•  Yes!	
  If	
  the	
  sample	
  can	
  be	
  placed	
  in	
  the	
  beam	
  
as	
  it	
  is	
  (es.	
  metal	
  coins)	
  
– Non-­‐destrucCve	
  
– Bulk	
  analysis	
  

•  No.	
  Large	
  samples	
  (es.	
  vases)	
  à	
  grind	
  to	
  
powder	
  a	
  small	
  part	
  of	
  the	
  sample	
  
– DestrucCve	
  
– Punctual	
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(Fig. 1). The largest quantities of this kind of pottery have been found in eastern Macedonia
and Thrace. However, significant amounts also have been excavated in central and western
Macedonia. This pottery also occurs in minor quantities, further up to the valley of Struma, in
south-west Bulgaria, and in Thessaly (Fig. 2). The importance of this ware has long been
appreciated by the researchers of the Neolithic period in the Aegean, who use this ceramic
ware as a diagnostic element for the relative dating and cultural attribution of ceramic assem-
blages originating from this region (Koukouli-Chryssanthaki 1996).

This ware’s diagnostic attributes lie not only in the remarkable aesthetic value of the vivid
dark-on-light contrast, but also in its high technical quality, as witnessed by the fineness of
the fabric, the uniformity of the surface colours, and the metallic ring of the vessels’ walls.
Recognizable among hundreds, this pottery has aroused the interest of archaeologists since the
early decades of the 20th century (Heurtley 1939; French 1961). Material from systematic
excavations comes from several Neolithic settlements, such as Paradimi, Dikili Tash, Sitagroi
and Dimitra, and more recently from Kryoneri in eastern Macedonia and Thrace, Slatino,
Strumsko and Promachon-Topolnitsa in the middle Struma Valley, Vassilika, Stavroupoli and
Messimeriani Toumba in central Macedonia, and Giannitsa, Polyplatanos, Makriyalos and
Megalo Nisi Galanis in western Macedonia. Despite the importance of these ceramics as
chronological and cultural markers, no systematic study of their modes of production and
patterns of distribution has been undertaken until recently (Kilikoglou 

 

et al.

 

 2002).
The purpose of our study was to search for production patterns for this ceramic group. More

specifically, we sought to examine questions such as the degree of standardization in the

Figure 1 A typical two-handle pot of Variety 1.



ApplicaCons	
  to	
  Archaeology	
  
•  A	
  group	
  from	
  the	
  University	
  

of	
  Oxford	
  performed	
  NAA	
  on	
  
black-­‐on-­‐red	
  Neolithic	
  
po(ery	
  (northern	
  Greece)	
  	
  

•  Insights	
  into	
  degree	
  of	
  
standardizaCon	
  in	
  the	
  
producCon	
  and	
  producCon	
  
scales	
  

•  They	
  found	
  different	
  
ceramic	
  recipes	
  within	
  this	
  
specific	
  ceramic	
  group	
  à	
  
this	
  reflects	
  variaCon	
  in	
  
po(ery	
  tradiCons	
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production, localization of the production centres and scales of production, and to differentiate
ceramic recipes within this specific ceramic group that could reflect variation (geographical or
other) in pottery traditions.

To date, stylistic (macroscopic) analysis based on shape, decoration, surface treatment and
fabric has been conducted on whole vessels and fragments obtained from 36 excavated settle-
ments and from surface surveys of about 100 sites in northern Greece. Four main varieties
have been identified, each having its own specific features that apparently correspond to dif-
ferent geographical regions (Malamidou 2005).

The first stylistic group, Variety 1, features an extremely fine fabric, practically free from
inclusions, and a bright red/orange surface colour. Decoration is executed with a black or
brownish-black paint, which sometimes turns to grey or whitish. A great variety of vessel
shapes is recorded, including both small and large open and closed vessels with simple or
complex profiles (Fig. 1). The main distribution area of this stylistic group is eastern Macedonia,
especially the Drama and Serres plains and the Pieria Valley (Fig. 2). Similar pottery is also
found, but in substantially lower quantities, in Thrace and in some parts of central and western
Macedonia. Pottery of this variety has also been found in the site of Pefkakia of Thessaly,
which is clearly outside the area of its immediate distribution, indicating long-distance trading
in this pottery type.

Variety 2 is only known from fragments. It is much coarser than Variety 1, and the paint,
which is always black or dark brown, is thick and matte. It is found exclusively in Bulgaria’s
middle and upper Struma Valley (Fig. 2).

The next two varieties feature different decorative motifs and much thinner paints used for
decoration. In Variety 3, the paint can be almost transparent; this is characteristic of settlements

Figure 2 A map of northern Greece, showing the areas mentioned in the text.
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(Fig. 1). The largest quantities of this kind of pottery have been found in eastern Macedonia
and Thrace. However, significant amounts also have been excavated in central and western
Macedonia. This pottery also occurs in minor quantities, further up to the valley of Struma, in
south-west Bulgaria, and in Thessaly (Fig. 2). The importance of this ware has long been
appreciated by the researchers of the Neolithic period in the Aegean, who use this ceramic
ware as a diagnostic element for the relative dating and cultural attribution of ceramic assem-
blages originating from this region (Koukouli-Chryssanthaki 1996).

This ware’s diagnostic attributes lie not only in the remarkable aesthetic value of the vivid
dark-on-light contrast, but also in its high technical quality, as witnessed by the fineness of
the fabric, the uniformity of the surface colours, and the metallic ring of the vessels’ walls.
Recognizable among hundreds, this pottery has aroused the interest of archaeologists since the
early decades of the 20th century (Heurtley 1939; French 1961). Material from systematic
excavations comes from several Neolithic settlements, such as Paradimi, Dikili Tash, Sitagroi
and Dimitra, and more recently from Kryoneri in eastern Macedonia and Thrace, Slatino,
Strumsko and Promachon-Topolnitsa in the middle Struma Valley, Vassilika, Stavroupoli and
Messimeriani Toumba in central Macedonia, and Giannitsa, Polyplatanos, Makriyalos and
Megalo Nisi Galanis in western Macedonia. Despite the importance of these ceramics as
chronological and cultural markers, no systematic study of their modes of production and
patterns of distribution has been undertaken until recently (Kilikoglou 
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The purpose of our study was to search for production patterns for this ceramic group. More

specifically, we sought to examine questions such as the degree of standardization in the

Figure 1 A typical two-handle pot of Variety 1.



ApplicaCons	
  to	
  Archaeology	
  
•  D.	
  Nichols	
  and	
  coworkers	
  performed	
  NAA	
  studies	
  
on	
  ceramic	
  material	
  from	
  excavaCons	
  at	
  the	
  site	
  
of	
  Chiconautla,	
  Mexico	
  	
  

•  Insights	
  into	
  the	
  relaConship	
  between	
  markets,	
  
urbanism,	
  and	
  poliCcal	
  development	
  in	
  the	
  Basin	
  
of	
  Mexico	
  

•  Be(er	
  understanding	
  of	
  the	
  ceramic	
  exchange	
  
networks	
  arer	
  the	
  decline	
  of	
  the	
  classic	
  period	
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D.	
  Nichols,	
  C.	
  M.	
  Elson,	
  L.	
  G.	
  Cecil,	
  M.	
  D.	
  Glascock	
  	
  
(America	
  Museum	
  of	
  Natural	
  History	
  and	
  University	
  
of	
  Missouri	
  Research	
  Reactor)	
  	
  



	
  
	
  
Prompt	
  Gamma	
  AcCvaCon	
  Analysis	
  
PGAA	
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PGAA	
  Principle	
  

•  Uses	
  the	
  prompt	
  gamma	
  rays	
  emi(ed	
  during	
  
neutron	
  capture,	
  rather	
  than	
  the	
  gamma	
  rays	
  
emi(ed	
  by	
  the	
  resulCng	
  radioisotope	
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Prompt	
  gamma-­‐
ray	
  
PGAA	
  



PGAA	
  Principle	
  

•  PGAA	
  is	
  based	
  on	
  detecCon	
  of	
  capture	
  gamma	
  
rays	
  emi(ed	
  by	
  a	
  target	
  material	
  while	
  it	
  is	
  being	
  
irradiated	
  with	
  neutrons	
  

•  Nuclei	
  formed	
  in	
  capture	
  have	
  excitaCon	
  energies	
  
equal	
  to	
  the	
  binding	
  energy	
  of	
  the	
  added	
  neutron	
  

•  The	
  excitaCon	
  energy	
  is	
  released	
  by	
  emission	
  of	
  
gamma	
  rays	
  of	
  energies	
  ranging	
  from	
  100	
  keV	
  to	
  
10	
  MeV	
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PGAA	
  Setup	
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•  Sample	
  placed	
  in	
  a	
  sample	
  
holder	
  in	
  a	
  neutron	
  beamline	
  

•  Neutron	
  fluxes	
  much	
  lower	
  
than	
  in	
  NAA	
  

	
  

Aaaaaaaaaaaaaaaaaaaaaa	
  
uBudapest	
  Neutron	
  Center	
  
	
  
aaa	
  

PGAA	
  	
  
Experimental	
  	
  
staCon	
  



PGAA	
  Setup	
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Neutron	
  guide	
  

Sample	
  space	
  

HPGe	
  Gamma-­‐ray	
  	
  
detector	
  

Taken	
  from	
  Heinz	
  Maier-­‐Leibnitz	
  Zentrum	
  	
  

Beam	
  
collimator	
  

Beam	
  stop	
  

PGAA	
  at	
  Heinz	
  Maier-­‐Leibnitz	
  Zentrum	
  (Munich,	
  Germany)	
  	
  



PGAA	
  Setup	
  

45	
  
Taken	
  from	
  Heinz	
  Maier-­‐Leibnitz	
  Zentrum	
  	
  

PGAA	
  at	
  Heinz	
  Maier-­‐Leibnitz	
  Zentrum	
  (Munich,	
  Germany)	
  	
  

Gamma-­‐ray	
  
detector	
  



When	
  to	
  use	
  PGAA	
  

•  The	
  PGAA	
  technique	
  is	
  most	
  applicable	
  to	
  
– elements	
  with	
  high	
  neutron	
  capture	
  cross-­‐
secCons	
  (B,	
  Cd,	
  Gd)	
  

– elements	
  which	
  decay	
  too	
  rapidly	
  to	
  be	
  measured	
  
by	
  NAA	
  

– Elements	
  producing	
  only	
  stable	
  isotopes	
  
– elements	
  with	
  weak	
  decay	
  gamma-­‐ray	
  intensiCes	
  

•  3D	
  elemental	
  composiCon	
  of	
  samples	
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PGAA	
  and	
  spaCal	
  informaCon	
  

•  PGAA	
  is	
  a	
  bulk	
  elemental	
  analysis	
  à	
  the	
  
measured	
  concentraCons	
  represent	
  the	
  
average	
  composiCon	
  of	
  the	
  irradiated	
  part	
  

•  SpaCal	
  distribuCon	
  of	
  the	
  elements	
  by	
  
scanning	
  the	
  sample	
  with	
  a	
  collimated	
  
neutron	
  beam	
  and	
  using	
  a	
  collimated	
  gamma-­‐
ray	
  detector	
  

•  This	
  method	
  is	
  called	
  Prompt	
  Gamma	
  
AcCvaCon	
  Imaging	
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PGAI	
  at	
  the	
  Budapest	
  Research	
  
Reactor	
  

•  Computer-­‐controlled	
  sample	
  posiConing	
  table	
  
to	
  measure	
  hundreds	
  of	
  spectra	
  from	
  different	
  
posiCons	
  in	
  the	
  sample	
  

•  Both	
  neutron	
  beam	
  and	
  gamma	
  detectors	
  
highly	
  collimated	
  to	
  achieve	
  a	
  spaCal	
  
resoluCon	
  of	
  	
  ~	
  1	
  mm	
  	
  

•  Massive	
  lead	
  shielding	
  around	
  the	
  HPGe	
  
detector	
  to	
  improve	
  the	
  signal-­‐to-­‐background	
  
raCo	
  

•  MulCple	
  detectors	
  to	
  shorten	
  the	
  needed	
  
beamCme	
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PGAA	
  vs	
  NAA	
  
Technique	
   NAA	
   PGAA	
  

#	
  of	
  peaks	
  in	
  the	
  
gamma-­‐ray	
  spectrum	
  

10-­‐100	
  peaks	
   1000-­‐5000	
  peaks	
  

Energy	
  of	
  gamma-­‐ray	
  
radiaCon	
  

100	
  keV	
  –	
  3	
  MeV	
   100	
  keV	
  –	
  12	
  MeV	
  

Time	
  required	
   >	
  Weeks	
  	
   Minutes/hours	
  

DetecCon	
  limit	
   Ppm-­‐ppb	
   >	
  ppm	
  

Remaining	
  acCvity	
   months	
   1-­‐2	
  days	
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PGAA	
  DetecCon	
  limits	
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PGAA detection limits 

7 Modern Methods in Heterogeneous Catalysis Research;    Prompt Gamma Activation Analysis and Related Topics;    09/11/2012;    D. Teschner 
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PGAA	
  ApplicaCons	
  to	
  Archaeology	
  

•  Stone	
  tools	
  
•  Ceramics	
  
•  Coins	
  
•  Pigments	
  and	
  painCng	
  	
  
•  Metal	
  objects	
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Obsidian	
  finds	
  HNM	
  
•  Obsidian	
  finds,	
  

Hungarian	
  NaConal	
  
Museum	
  	
  

•  11	
  obsidian	
  cores	
  
analyzed	
  at	
  the	
  PGAA	
  
staCon	
  (Budapest	
  
Reactor	
  Centre)	
  	
  

•  Beam	
  collimators	
  and	
  
an	
  adjustable	
  sample	
  
stage	
  used	
  to	
  analyze	
  
several	
  parts	
  of	
  the	
  
samples	
  

•  AcquisiCon	
  Cmes:	
  
1-­‐1.5h	
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Figure 1. Depot find of obsidian blade cores from Nyírlugos. (Photo courtesy of Judit Kardos.) 

 
The dating of the obsidian core depot find was essentially pushed back by several 

researchers into the Middle Neolithic  (Patay 1976, Biró 1987). 
In the current chronological system valid for Hungary, this means shifting the age of the 

depot find from 4500-3500 BC older part of the Copper Age back to 5300-5000 BC (Middle 
Neolithic period) (Visy et al. eds. 2003). Seemingly, the large obsidian nodules and 
consequently, large support flakes were depleted by the Copper Age as reflected by the 
generally small size of cores and nodules of obsidian known from the Late Neolithic lithic 
assemblages (Biró 1998) The discovery of giant cores from Middle Neolithic context (Bánesz 
1991) supported also an earlier dating. 

The source area was defined, on the basis of macroscopical inspection, as Tokaj Mts., 
about 100 km to the NW from Nyírlugos (Figure 2). In more recent descriptions the cores 
were attributed to the Carpathian 1 (Slovakian) sources, also on macroscopical grounds (Biró 
1998).  

 
2. The objects 

The Nyírlugos hoard comprises large conical blade cores with perfect workmanship 
(Figure 3). Remains of the original cortex of the obsidian nodules were preserved on almost 
all of the pieces, mainly around the apex. The height of the largest core is 18.5 cm and the 
heaviest is more than 2.5 kg, the smallest one is 10.5 cm large and its weight is 803 g. 
Knowing that the average length of obsidian implements in this region is about 23 mm (HNM 
Lithotheca database; see also Biró 2001 and Biró 2003), we have to agree J. Hillebrand on the 
exceptional value of the Nyírlugos treasure for the prehistoric populace. The basic metrical 
data on the cores are summarised on Table 1. 
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mass%, whereas trace element concentrations are given in µg/g. The results are summarized 
in Table 2. According to the PGAA measurements, the material of the cores proved to be a 
high SiO2 content volcanic glass fitting well among Carpathian 1 (C1) obsidian types. 
Macroscopic qualities and a-priori knowledge on obsidian distribution (C1 being most 
widespread and popular) also indicated this assignment, fully corroborated by geochemical 
data.  

 

 
Figure 4. An obsidian core in the sample holder of the Budapest NIPS-NORMA station. 

 
According to bivariate plots of certain elements, as well as Principal Component 

Analysis and hierarchical cluster analysis, the cores fit in a closely clustered data set. In our 
earlier studies (Kasztovszky et al. 2008, 2009), we have found that the most characteristic 
elements for fingerprinting, measurable with PGAA, are B and Cl. As it was expected, B- and 
Cl-contents of the rocks make possible to determine the provenance of the cores. They fit in a 
closely clustered data set of Carpathian 1 obsidian type objects (Figures 5 and 6). 

Multi-element data analysis techniques, such as Principal Component Analysis (PCA) 
Figure 7 and Hierarchical Cluster Analysis (HCA), Figure 8. have been used to reveal 
compositional similarities and differences between obsidians of different origin. On Figure 6, 
F1 and F2 principal components – the linear combinations of chemical components that 
maximize the differences among objects – are plotted (Baxter & Beardah 1995). HCA is also 
operating on detecting distances in a multi-dimensional space, suggesting certain clusters to 
be formed among the data set that are closer to each other than the rest of the samples. Values 
for the Nyírlugos heard compared to geological reference material are plotted on Figure 7. 
Both statistical methods have provided the same results: The Nyírlugos cores are clustered 
closely together, unambiguously within the field of Carpathian 1 obsidian and closer to the 
Viničky subgroup (C1b)  than  the  Kašov-Cejkov subgroup (C1a). 
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Figure 7. Separation of obsidian source regions on the basis of Factors 1 and 2 of Principal Component Analysis 
of geochemical data, plotting the Nyírlugos hoard on the graph. 

 
 

Table 2. Chemical composition data on the of the Nyírlugos cores by PGAA. Concentration values for major 
components are given in mass% (m%), whereas trace element concentrations are given in µg/g. 
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(m%) 

1923.28.01 76.5 0.044 12.7 1.06 0.049 0.79 4.11 4.55 0.13 484 38.5 3.26 3.73 99.99 

1923.28.02 76.7 0.042 12.9 1.02 0.046 0.74 3.75 4.45 0.21 549 38.4 3.04 3.40 99.99 

1923.28.03 77.2 0.043 12.6 0.96 0.054 0.75 3.55 4.56 0.15 518 38.9 2.83 3.53 99.99 

1923.28.04 76.4 0.047 13.0 1.03 0.047 0.81 3.83 4.69 0.14 583 39.4 3.36 3.83 99.99 

1923.28.05 76.6 0.048 12.9 1.05 0.051 0.85 3.82 4.48 0.17 563 38.5 3.21 3.31 99.99 

1923.28.06 76.6 0.039 12.7 0.96 0.053 0.77 3.84 4.59 0.35 520 41.3 2.92 3.47 99.99 

1923.28.07 76.8 0.044 12.8 1.01 0.043 0.81 3.69 4.50 0.20 536 36.9 3.07 3.38 99.99 

1923.28.08 76.5 0.046 12.9 1.00 0.057 0.78 3.80 4.68 0.17 543 40.2 3.05 3.75 99.99 

1923.28.09 76.9 0.042 12.6 1.01 0.056 0.77 3.80 4.33 0.40 551 36.5 2.65 3.73 99.99 

1923.28.10 77.4 0.047 12.5 1.02 0.048 0.77 3.66 4.38 0.14 491 34.7 2.92 3.10 99.99 

1923.28.11 76.6 0.048 13.0 1.07 0.045 0.83 3.67 4.54 0.15 536 38.7 2.96 3.43 99.99 
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1923.28.04 76.4 0.047 13.0 1.03 0.047 0.81 3.83 4.69 0.14 583 39.4 3.36 3.83 99.99 

1923.28.05 76.6 0.048 12.9 1.05 0.051 0.85 3.82 4.48 0.17 563 38.5 3.21 3.31 99.99 

1923.28.06 76.6 0.039 12.7 0.96 0.053 0.77 3.84 4.59 0.35 520 41.3 2.92 3.47 99.99 

1923.28.07 76.8 0.044 12.8 1.01 0.043 0.81 3.69 4.50 0.20 536 36.9 3.07 3.38 99.99 

1923.28.08 76.5 0.046 12.9 1.00 0.057 0.78 3.80 4.68 0.17 543 40.2 3.05 3.75 99.99 

1923.28.09 76.9 0.042 12.6 1.01 0.056 0.77 3.80 4.33 0.40 551 36.5 2.65 3.73 99.99 

1923.28.10 77.4 0.047 12.5 1.02 0.048 0.77 3.66 4.38 0.14 491 34.7 2.92 3.10 99.99 
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