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ENERGY–DISPERSIVE  X-RAY 
FLUORESCENCE : PHYSICAL
BACKGROUND
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THE  INTERNAL RATIO  OF THE X-LINES
IS GENERALLY FIXED:
FOR EXAMPLE THE RATIO Kalfa TO Kbeta 
OF COPPER IS 6.4
THE RATIO Lalfa TO Lbeta OF LEAD IS
1.
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HOWEVER THIS RATIO MAY CHANGE IF
THE LINES ARE DIFFERENTLY 
ABSORBED  
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When a sample containing an element a  with a concentration ca i
Is irradiated by a beam of X-rays having an energy E0 and intensity 
of N0 photons/s, the number Na of fluorescent  X-rays emitted by 
the element a , is approximately given by:

Na = N0 k ωωωωa Ja σσσσa ca M                                      
where:
-k is an overall geometrical factor;
-ωωωωa is the fluorescent yield of the element a in the shell of interest 
(i.e. percent probability of a fluorescence effect compared with an 
A ff ))
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Auger effect));
-σσσσa (cross section in cm2) is  related to the  probability for  
fluorescent effect of element a ;
-Ja is the branching ratio, i.e. the intensity of the X-line of interest 
-over the total X-ray intensity; 
-M is a matrix term (i.e. depending on the sample) , related to the 
attenuation of incident and secondary fluorescent radiation and on the 
sample composition.



www.uniss.it
9



www.uniss.it
10



www.uniss.it
11



www.uniss.it
12



www.uniss.it
13



In the case of thin samples, primary and secondary X-rays are 
characterized by a penetration depth much larger than the sample 
thickness. In this case the matrix term of previous Eq. is 
approximately equal  to 1, and following Eq. is valid:

Na = N0 k ωωωωa Ja σσσσa ca 
i.e. counts of element a are linearly proportional to its concentration .
Intensity  Nsc of scattered photons in the case of thin samples 
(mainly due to Compton scattering) is approximately given by:

N N k (E )
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Nsc ≈≈≈≈ N0 k μμμμsc(E0) m                                             
where m (in g/cm2) is the mass per unit area of the sample.



Artifacts like statues, columns, alloys and etc., generally appear to  
EDXRF analysis as "infinitely thick samples", in the sense that the 
thickness of the objects is much greater than  the “radiation 
penetration” .    
When a generic element  a with concentration  ca , in an infinitely 
thick and homogeneous sample is irradiated with  N0 incident 
photons, the secondary fluorescent X-ray   intensity  Na is given by 
:
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:
Na = No k  ωωωωaJa ca [[[[ μμμμ ph.a (E 0 ) / μμμμ t (E 0 ) + μμμμ t (Ea )]]]]

where:       
μph.a (Eo) represents the photoelectric attenuation coefficient of 
element a at incident energy Eo ; μ t (E o ) and  μ t (E a ) represent
the total attenuation coefficient of the sample at incident and 
fluorescent energies (E0 and  Ea ) respectively . 



AN  EQUIPMENT  FOR  EDXRF-ANALYSIS  IS, THEREFORE
COMPOSED OF :
-A  SOURCE OF  X-RAYS, OR GAMMA RAYS
-A  X-RAY  DETECTOR
-AN ELECTRONIC  CIRCUIT 
-A PULSE HEIGHT ANALYZER (MULTI-CHANNEL
ANALYZER
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ANALYZER
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SOURCES  OF  EXCITATION :
-RADIOACTIVE  SOURCES
-MINI-X RAY TUBES
-SYNCHROTRON RADIATION
THE  IDEAL  SOURCE  SHOULD  BE :
-MONOENERGETIC  WITH  AN  ENERGY
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CLOSE  (BUT  NOT  TOO  MUCH  TO  THE
PHOTOELECTRIC  DISCONTINUITY  OF  THE 
ELEMENT  UNDER  STUDY;
-OF  ADEQUATE  INTENSITY
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X-RAY  TUBES
-ARE EMITTING  RADIATION  ONLY  WHEN  NEEDED
-ARE  EMITTING  BREMSSTRAHLUNG  (NON MONO-
ENERGETIC RADIATION)
-ARE EMITTING  RADIATION  OF  ADEQUATE  INTENSITY
-ARE  OF  SMALL SIZE
-MAY  BE  DEDICATED
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-X-RAY TUBES  ARE AVAILABLE OF ANY  HIGH  VOLTAGE,
INTENSITY  AND  ANODE

21
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EDXRF-equipment at work in the Museum of Sipan 26
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X-RAY  TUBES  MUST  BE  COLLIMATED.
IN  MANY  CASES  THE  TUBE  MUST  BE
ALSO  FILTERED  TO  SELECT  AN OUTPUT
BEAM OF  PROPER  ENERGY  AND  INTEN-
SITY,  TO  EXCITE  A GIVEN  ELEMENT  
WITH GIVEN CONCENTRATION AND IN
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WITH  GIVEN  CONCENTRATION  AND  IN
A GIVEN MATRIX   
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CHARACTERISTICS  OF  XRF
ELEMENTS WHICH CAN BE ANALYZED:
-FROM ATOMIC NUMBER 15 TO 92 ;
TYPICAL  MINIMUM DETECTION  LIMITS:
-STRONGLY DEPENDENT ON SOURCE,
DETECTOR, GEOMETRY, MATRIX 
(TYPICALLY ppm to percent
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(TYPICALLY ppm to percent
Nanograms to micrograms)

-MEASURING TIME : typically 100 s
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XRF  is  not able to:
-detect  low  atomic number  elements
(up to 15 approximately)
-detect chemical bonds

l l i (i
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-carry out volume analysis (in many
cases)
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X-RAY  DETECTORS

LABORATORY  XRF-SYSTEMS
-Si(Li)
-HpGe
Energy resolution about 130 eV at 5.9 keV
High geometrical  efficiency
About 100% intrinsic efficiency

www.uniss.it

y

PORTABLE XRF-SYSTEMS
-thermoelectrically cooled
Si-PIN  or  Si-drift
Energy resolution about 140 eV at 5.9 keV
low geometrical  efficiency
intrinsic efficiency depending on the energy

33
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ENERGY–DISPERSIVE  X-RAY 
FLUORESCENCE : ANALYSIS
OF  WORKS  OF  ART
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FOLLOWING  UNESCO  
INDICATIONS, ITALY  HAS  A  
CULTURAL  HERITAGE  BIGGER  
THAN ANY  OTHER  COUNTRY.
IT IS COMPOSED OF PAINTINGS
FRESCOS, MARBLES, MONUMENTS, STATUES,
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, , , ,
ALLOYS....STARTING FROM ABOUT 1500 BC.
THIS  CULTURAL HERITAGE NEEDS TO BE
-PRESERVED
-CONSERVED
-RESTORED (WHEN NECESSARY) AND FIRST OF
ALL

-ANALYZED I
:



THE  SCIENTIFIC  AREA RELATED
TO THE APPLICATION OF 
SCIENTIFIC METHODS AND
TECHNIQUES TO STUDY WORKS
OF ART IS CALLED
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ARCHAEOMETRY



A VARIETY 0F DIFFERENT WORKS OF 
ART
MAY BE ANALYZED WITH EDXRF-
ANALYSIS:of matels may be studied by using a 
EDXRF-
ble equipment : 
paintings and frescos, 
ill minated man scripts
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illuminated manuscripts, 
Alloys of all type, 
ceramics, 
papers, 
stones, 
enamels, 
marbles, 
Stamps
.
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ANALYSIS  OF  PAINTINGS OF  ALL 
TYPES 
SEVERAL PIGMENTS CAN BE “DATED”
ZINC WHITE WAS STARTED TO BE
USED AFTER 1840
TITANIUM WHITE AFTER 1918
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TITANIUM WHITE AFTER 1918
CADMIUM RED AFTER 1920
CHROMIUM BASED PIGMENTS ARE
RELATIVELY MODERN



EDXRF-ANALYSIS CAN BE THEREFORE
USEFUL TO IDENTIFY:
- PREVIOUS RESTORATION AREAS
- TYPICAL PIGMENTS USED BY
AN ARTIST IN A GIVEN PERIOD OF TIME
- FAKES
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- POLLUTION EFFECTS ON THE SURFACE
(PRESENCE OF S AND/OR Cl DUE TO
BURNING OF WOOD, COAL, GASOLINE
AND PRODUCING GYPSUM WHICH
BLACKENS THE PAINTING
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c. Identification of fakes
In some cases the classification of the pigments employed by an
artist in a well defined period of time may help in the 
identification of fakes. An example of this point is related to
the analysis of De Chirico paintings of his last period, and of
paintings attributed to De Chirico (of the same period) and 
subject to judicial skill.
15 paintings of De Chirico have been analyzed, showing common
Characteristics such as:
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Characteristics, such as:
-preparation based on the use of lead white and zinc white;
-a systematic use of lead;
-red colours based on the use of cinnabar (HgS);
-moderate use of organic pigments.



On the north coast of present-day Perù evolved between 50 
A.D. and 700 A.D. approximately the MOCHE 
civilization. It was an advanced culture and the Moche 
were very sophisticated  metalsmiths. They are considered 
the finest producers of jewels of the central Andes, both in 
terms of their technological  sophistication and their 
beauty. 
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y
The Moche culture was influenced by the Chavin and 
Vicus civilizations  (1000-200 B.C.) and strongly 
influenced the Sican (750-1375  A.D.) and Chimù (1000-
1460 A.D.).
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The Moche metalworking ability was impressively 
Demonstrated  by the excavations of the “Tumbas 
Reales de Sipan”, discovered  by Walter Alva and 
coworkers in 1987. The spectacular gold,  silver and 
copper funerary ornaments are now in the namesake
Museum, in Lambayeque.
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Museum, in Lambayeque.
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FRIAS
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FRIAS

CHIMU
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A. Bustamante, J. Fabian
Universidad Nacional Mayor de S. Marcos
Lima, Peru (oro de Sipan, Sican, Vicus)
C. Calza, M. dos Anjos, R. Lopes
COPPE, Universidade Federal do Rio de
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Janeiro (oro de Sipan e Sican)
M.Rizzutto, USP Sao Paulo
(oro Vicus 2009)
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THREE  POSSIBLE  GOLD  COMBINATIONS  HAVE
BEEN  DETECTED :

GOLD  (Au, Ag and Cu alloy)

GILDED  COPPER (a Au-leaf  of  less than 1 micron  overimposed 
to  almost pure Cu)
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TUMBAGA (a poor  Au-alloy  enriched by depletion gilding);
Tumbagas of Cu (Cu+Au) and of Ag (Ag+Au) are known
Gold leafs of 2-5 microns 
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GOLD   MASK

FRONT  SIDE              BACK  SIDE 
Au=74.5%                     Au=64.5%
Ag= 23%                       Ag=20%
Cu=2.5%                       Cu=15.5%

LEFT EYE                  RIGHT EYE
Ag=91%                        Copper
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g pp
Cu=5%
Au=1.5%
Br=2%

SOLDERING
MAINLY  ON  Cu
In some areas Cu+Ag

65
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The soldering is clearly shown (arrow)
66
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A  FLUORESCENCIA  DE  
RAIOS  X  E  UMA  TECNICA  
ANALITICA  FACIL
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MASK  ON  GILDED  COPPER

GILDING  COMPOSITION :
Au=97.5%
Ag=2.5%
(Cu  difficult  to  determine, because present  as  
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support)

GILDING  THICKNESS :
~0.6  µm
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FACE   COVERING,  ON  TUMBAGA

LEFT  EYE:                 RIGHT  EYE           THICKNESS       
Au=47.5%                     Au=47.5%                   2  µm
Cu=45.5%                     Cu=45.5%           
Ag=8%                          Ag=8%

NOSE
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Au=52.5%
Cu=34.5%                     THICKNESS :  2.7 µm
Ag=13%

MOUTH
Au=49%                        THICKNESS :  2.7 µm
Cu=34%                        
Ag=17%

75
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FUNERARY  MASK  ON  TUMBAGA
(MUSEUM  OF  SICÁN )

NOSE :                            THICKNESS:
Au=51%
Cu=37.5%                           8  µm
Ag=9.5%

MAIN SHEET AND PENDANTS
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MAIN  SHEET  AND  PENDANTS
Au=34%
Cu=57%                              
Ag=7%                         THICKNESS:  5 µm

RED  PIGMENT :  CINNABAR

CLAMPS : ON TUMBAGA  OR  SILVERED  COPPER  
77



RESULTS  OF  THE  ANALYSIS  OF  SIPAN  ALLOYS:
GOLD

Au(%)            Ag(%)               Cu(%)  
Tomb  n. 1 :      72.5                18.5                    10
Tomb  n.2 :       70                   23                         7
Tomb  n.6 :       74                   16                       10
Mean value     70�7               20�7                   10�4    

SILVER
Ag(%) Cu(%) Au(%)
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Ag(%)            Cu(%)               Au(%)  
Mean value        92.5�3            4.5�2                  3�1.5

TURQUOISE
Cu(%)            Fe(%)               Zn(%)    

Mean value        81.5�6             10�4                 8.5�3.5
COPPER

Mean value          Cu � 99.5%
SOLDERING   

Copper  or  silver/copper alloy 78



COMPARISON  BETWEEN  SIPAN (400 A.C.) AND  SICAN
(>750 A.C.)

SIPAN Au(%)  Ag(%)    Cu(%)   Pb(%)  Br(%)  As(%)  Fe(%)
GOLD:            70          20           10             - - - -
SILVER:           3          92             5             - - - -
COPPER :         - - > 99.5          - - - -
GILDING :       9            2.5          - - - - -
TUMBAGA : 50 13 37

www.uniss.it

TUMBAGA :   50         13            37            - - - -
SICAN
GOLD               62         32            6             - - - -
SILVER            0.5         94          3.7          0.8      1           - -
COPPER            - - 97.9           - - 0.9       2.4
GILDING          66         35           ?             - - - -
TUMBAGA       34          7           57            - - - -

79
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earring
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earring
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Command stick of the “Señor de Sipan” on gold, with a 
support  on silver
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Necklace with peanuts on gold and silver
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EDXRF-equipment with a conic capillary collimator on the
detector window
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In the case of  Sipan alloys (gold, silver, copper alloys) , 
Different situation have been observed:
-gold, composed as usually of gold, silver and copper;
-gilded copper ;
-tumbaga gold (poor Au-alloys enriched at the surface) ;
-silver, composed as usually of silver and copper (but also 
gold is generally present);
-tumbaga silver ;
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g ;
-copper , generally almost pure.   
How gold, gilded copper and tumbaga  can be  differentiated  ? 
How can be  determined the gilding thickness  ?        
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-by accurately  measuring the Kα/Kβ-ratio  
emitted by the  deeper element (for 
example Cu or Ag  for gilded copper or 
gilded silver respectively);
-by plotting the ratio between  (Cu/Au) or 
(Ag/Au) counts
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(Ag/Au) counts 
-by carrying out EDXRF-measurements at 
various angles source-sample-detector, to 
help in the thickness determination.
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Gilding thickness determined by an altered Cu(K�/K�)-ratio,
when Cu-lines cross the Au-leaf, or by (Cu-K/Au-L)-ratio,
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RESULTS  OF  THE  ANALYSIS  OF  SIPAN  ALLOYS:
GOLD

Au(%)            Ag(%)               Cu(%)  
Tomb  n. 1 :      72.5                18.5                    10
Tomb  n.2 :       70                   23                         7
Tomb  n.6 :       74                   16                       10
Mean value     70�7               20�7                   10�4    

SILVER
Ag(%) Cu(%) Au(%)
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Ag(%)            Cu(%)               Au(%)  
Mean value        92.5�3            4.5�2                  3�1.5

TURQUOISE
Cu(%)            Fe(%)               Zn(%)    

Mean value        81.5�6             10�4                 8.5�3.5
COPPER

Mean value          Cu � 99.5%
SOLDERING   

Copper  or  silver/copper alloy 102
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ADDITIONAL  APPLICATIONS  OF  X-RAY
FLUORESCENCE

TO  IDENTIFY:
-NANOPARTICLES  IN  BIOLOGICAL  MATERIALS
-NANOPARTICLES  IN  FOOD, PHARMACEUTICALS
AND ENVIRONMENTAL SAMPLES
-INDUSTRIAL PRODUCTS
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INDUSTRIAL PRODUCTS

THE TECHNIQUE  IS:
-NON DESTRUCTIVE
-SIMPLE
-THE RELATED EQUIPMENT IS PORTABLE
-SPECIFIC
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X-RAY FLUORESCENCE TO  STUDY 
TRACE ELEMENTS IN SOIL AND 
CONTAMINATED SOIL

www.uniss.it
119



www.uniss.it
120



www.uniss.it
121



www.uniss.it
122



www.uniss.it
123



www.uniss.it



www.uniss.it



www.uniss.it



www.uniss.it



www.uniss.it




