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l iV f llODL eno", 

Archaeomctry <lnd conservation can be viewed as 
expenmenlal bra nclle" of hi s to ncai di scipline In 

Illese fiel d . Energy D ispersi ve X-Ray F luo resce nce 
( EDX RF ) has founci cx ten sive use bcca use it i ' [I 

non-invasi ve technique which makes possib lc the 

detec tion of tbe clemental profile o f inorganiC 
ma terials , suc h as I ho c consti lu ting objecis of 

art. A mong the rn OSl ign ifica nt a pplicalions o r 
EDXRF in these fie ld ' are- lhe q uUntit ii tive ana lysis 

of a ll oy$ and the non-deS lrL1ctive stlld y cC in rganic 
pigmen L' in p ainting a nd fte,coes. 

EDXR F is a well kn own lec hn ique in applied 

fj'el d s s ince it offers a number o f llota b le ad va n­

lages. including si mplicity , Since the 1980s, [ra ns­

porl ablc /portable equ ipmeni have been dcveloped 
using radioisolOpic So urce aod p roportional ga s 

co unter a nd cintilla lors ( a mcrOn a nd R hodcs. 

1961; Cesareo et ai .. 1972), U nfonunalely, use o f 

Ihese was li miled by the poor energy rC$o lulion 
of the d et ectors a nd problems associated wÌlh tllc 
lransportalion of rad io isotopic sources. The possi­

bility o f as embling Iransporlable systems with 
adequate cha ra cleri s(jcs bas only recenl ly becn 
rea Lised d ue to (i ) lile developmen t or cryo­

electrically cooled detector. wit h improved energy 

reso lu l inn (Cesareo et al., 1992; W ang el al . 1993: 

Hubcr el al.. 1994) and (ii) Ihe realisat ion of ded i­
cale'd X-r<.ly tube o f sma ll dimen, io n and adcquu tc 

slahility (Cesareo el al" 1996<1,b: Oxfo rd . 1996) . 

ThL'n: i" m b ta nt ia l difterence between a tran -

portab'ie and a reaI porlable spectromete r: a porta­

bk illSlfumcnt musI be a u to nomous. i.e . complete 
with its own ba llery. and ils weigh l m uS I be suflì-

ciently small tha t il ca n be positioned by hand with­

Ollt th e aid of other support, whl le a tLlllspo rla ble 

instru mcn t can e brought to lh lt chosen Sile for 

mcasu rC!1lcn ls , 

F o r mos! appl icati on il is ('llough IO have a 
Ira(1s portable rather than a ponalblc systè!ll. lndeed. 
in the case or wo rks of a rt the prohlem is real1y one 

o f riO I bci ng a lluwed to 1{lke ,ampl es, and thcrclore 

il spec lrolllctcr is req uircd whi ch cUn be 1l1()vcd in 

arder IO a nal yse desired painls on the obieel. 

There exist a large numbcr of systems for non­
des truc tive analysis of ma terials. buI only a few 
have been co ns tructed ' llch that th c ~q'll1prnent can 

be [ranspo rt ed to m use ums or CXI..:iJ:vatio n sites, with 
the advanlagc o f both nOI needk~sly d ama ging th~ 
w rk 01' a rt and of nOl moving li. To m ove a work 

of a rt is. in fac to ve ry c011lplex fo r hoth bu reauCralt( 
fln d security reasons. Lo partieular, lhe Seeu.rily 

reasons take in to account tbc lwo rik s lhal the 

work of art. (i) could be stolcn M\d (ii) could suffer 
damage, In additi o n, IO transfer :J work of art ,i, an 

eXlremely cos li oper<ili o n. Th ll ~ , Ib~ ~sc III equip. 

men t which ca n be m oved ca n drastically reduce 
tbe cost of in vc tigati n and fa vour greater use 01' 
such scientific methods in the study (including assay 
berore 3 1l d d ,uring rc.sto ralion) of CI work of il t't. 

T he bastc com po nent s of the EOXR.F apparatus 

( ce F ig. I) are: (a) an X-ray ~ Q\m:c; (b) all X-I'ay 
de teclor: (c) a n electronic syslcm includin g dala 

acqui ition. storage a nd d. la prcsen ta ti o n . The 
tra nspo rt ab1e EOXR F eq u ipment uscd in [he fld Li 
of archaeornetry and conservation are of two typt:s: 

I, for large works of arI, such :1 , pa intings. fre. coS . 
large metal a rtefac lS, large ccram!c Itcms. etc . a n 
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I X ray tube r--: Non cryogenic 
detector 

Sample 

Spectrometer peripherals 

Electronic chain 

Fi I. Diagram r a typical p()l"\able ·pectromctcr. 

ED XRF speetrometer fìxed on a moveable pla l­
form for the positioning of lhc lllea uri ng system 
in fron t of th c: work )f an; 

2. for mal! works of a rt, sueh a mali melal 
artefael . . mali pa inlcd 'urfaces (m iniature, 
waler- olour, Jewcls), etc. a 6xed peclromeler 
cq uipped with a moveablc suppo rl for lhe po i­
lioning or the work of art in front of the 
speclromeler. 

Melal a re e pecially ~u ilcd lO EDXRF analysis. 
The high a lomi Ilum ber ( 2) and den il y 01' metal 
caD facililale lhe o bl all1l11g of high inlen ' ily second­
ary X- ra, li ne , even when ma ki ng use o f low 
in tensily "ou ree , Moreove!, in the case of metal 
alloys emi ion II nes of ali lhc clcmeot included in 
thc alloy can be dClctted. 

The trong self-ab rpti Il o r the radiation 
emilled by the ampie i~ , Il inhercnl limiti ng 'raelor 
becau e thi prod uce~ Il on-lineanty in the rc ponsc 
01' the measuriog sy'i lem. Iven lhe as umpt ion 01' 
homogeneou sample , lhere exi l the pO, 'ibil ity 
of co rrcctjng the non-lineélr re pons\! by using the 
rund amcnta l pammeLer meth od , 

Thc non-homogenei ty f 'am pie, is an adJit ional 
limiti ng fac tor: In pa rt icula r ,lncic nt mela l artc fa CI~ 
are charaClcri~cd b_ li ~u pcrfieia l laycr which 15 due 
io (i) thc elreet of extcrnal lIge llt ~ (patina ) or (i i) la 
superfi cial trcatmcl1 t. In ad dilio l1. thc bulk maleria l 
i ' charaClerised by a l1l iC I'O~lruClurc, this ometimes 
bei ng due IO thc fu~i()n lcehn iquc: these grain ' o r 
la lllcll ae, if en richcd \\I ith higher-Z clcl11cnls, ca n 
slrongl ' ab orb the nuore~ccncl! radia lion , 

In Ihis work , lhc lhco n.:tieal framewor k fo r 11 011-

de tT Ucli vc sludy o a neiCl11 mC la l urtcfaclS i~ d i~­

eli scd . as are the mea~urcmcn l~ carricd out u~in' 

tran porta bJc equipmenl. durmg reecnt archuco­
Illetr ie eam paign , in It alian archaeologica l 
mll ellnll>. 

,\l'PRO C!'I[!';TOTH E QUA TITATIV X-RAV 
FL OR f:SCEJ'I U :: ',\LVS IS O F M;cI NT M~2TAL 

ARTE FA CTS 

Ba i equafiolls or qllmlliw/ive X-m ' (h /Ore 'cence 
Gl1a"'sis 

Tbe flu orescente inten si ty N ., (net Ilurn ber o( 
COUnlS dete 'ted in ;] gi ven -pectra I \V i ndo~ ) 

produced by the alOm· of an elcmcnl a within u 

uniform sample irradiated wlth a monoehromatic 
bcam of energy Eo and inleJl1sity /V'IJ 15 gl vcn hy: 

where: 

NJ =Noh( E.)!1ph .• (Eo)wa. f: .. ,1'III" 

x 
I - e - [ 1'(Eo)+/I(E,) ]p,. 

/L( f:,, ) + J.I(Ea) 
(1 ) 

k is a geometrical term. depending on lne 
SOUfcc- sa l11I l.e and salllpic ktcctor d is tal1çe;; 
and on the detector area: 

dE.) is lhc inlrin,i!,; detector elli ICl1Cy for thc. 
panicular energy of the Ruorcsccl1cc "ne of Ihe 
elemenl a; 

!1ph,a(Eo) reprcscllIs tihc phot oeleetric mass 
al.lcnualion codlìcioot of element a at incidenl 
cnergy Eo: 

(J)a .• is 1 he RlIorcscc::nl )'Ield of element a, for tne 
shell = K, L .. 

F,,", is the fradion nr ph()toelcctrie interactions 
occurring in Ihe shdl s, 

T'I i the probahilily lhi:lt the nuorescç.nce event 
bclongs IO thc I - 1. , /1. i' , ., l'lnc 01' intCFc~ : 

W u i thc wcight l'ractiol1 of elemC"l1t 3; 

JI (En) and Id E,,) :trc:: t.I'l(' lotal ,nl:lS$ alt~!'lll ;"i()n 

eoeffieien ts or the 'am,plc fM 11\<:ldçnl ano X R~' 
cnergy , re.s pc.elively ; 

p is lhe p:lysleal dLn,l ~y and x lhe thickness or 
the sam ple. 

In cq uCltio l1 (I) conlrih\lll(\l\~ rc:sulting from 
finite incidcnl 01' the impll) ,;ng and ex;l angles 
an~ l1eglec lccl; ha c il i, \\-ofth noting th,lt ill non­
Jc~ t rucll"c a na lysi ~ of Iln o bJL:cl il I~ JlIru; ull tn 
c~tim<.l lc th ese an glcs due lO lhe roughne<,s or lh~ 
surface. which i · unkllown. 

Figure 2 how$ thc in tcracuo n 01' a llWllochro­
mat ie X-ray bcam in li layer (x or il h01l1 0gC11('lll1S 

: am ple), ~ivin g rise to lhc ]HuduClioll li!' Ihe ,ccnnd· 
ary n uorescence beam. 

In the case or hulk metal artcl':,cl.' ;t IIUll1hcr or 
approximations ]H>ld: 

• thc exponenlial lerm CHn hl:' IIcgkctcd (lhick 
g U11ple appnlXlmalloo); 

• thc alloy i, ClllllpO<;cd of fl'w 1,naJor clemcnls ((or 
cxamplc coppc.r. ti-n and Icad in the case of a 



Non· Ie'S lru iive ana ly ' , o r mela 1 a li )'. b ' DX R F f'qui plllcn i. 691 

x 

.' 

.' 
~~--------------~---------

A ,..------:-''----, 
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source detector 

Fig. 2. Inleraclio l1 o r X-m)' beam in li layer dx of a homo­
gcneou$ sample and deleclion of lhe secondary fluor­

esccn<:e fl ux. 

hronze) which are ;11 Ihe same lime lhe millrix 

aJ<ld lhe ckmtrlls IO be dclcnnll1Cll. 

. In ~his case a lllore slmple equalion can be wrll­

len 

Thc IOlal ma." aUCI1Uillion ·C()C11"lci,:OIS L' ;}ll be 

wriuen, as: 

/I(E) = Lil<",).J,(E) 

whcrc )1., IS tlle m;l ss ab orplion coefficicnls r el­

emenl i, (hi~ bccing preseol in Ille sample with a 

wtighl fra ci l() n 11', . Goe can [hen rewrite t:q u3 1.io n (2) 

as 

where. Obvlously L:>,', = l. 
For a polychromalic excilalion beam, such as 

.. ·l1Iillct! hy an X- ray tube. Ihe re lali onship belween 

N. and 11' .• i~ more complex 

N .• =k ( Eli )f--... .sP/(J) a.s 11'_ 

x ph.d dE l
E.... No( E )Jl (E) 

E. I.>·,JI;(E) + L Il',Jlj(E. ) 
(5) 

\\'he!.L' Fs is ll~c hilol<.lJng cnergy of Ihe elecl ron in the 

shdl s in whiclì lhe vacancy oecurs and EM a. is 

,Ihe upper Ilmit ilI' I he cKcil ing spee lrum; in the case 

of an X-j'il~' luhe Ihls energy correspond s IO lhe 

vo lt a c (I<. V) apphed IO Ihe X-ray lube. 

Thc ol1a/ysed thicklless (md rhe I)/{! OJT free palil ()r 
photolls iII (/ ED.\'RF measure 

OJ1~ problem in non-deslruc li e an a lysis of a 
melal a rtefacl is the de te rminalion of Ihe Ihickness 
o f Ihe ampie bei ng p robed io lhe meaSu rcmenl. 
U ing llle con ep l of Mean F ree: Path (MFP) of a 
pho lo l! In a hQl11ogeneou malerial il i possible to 
give ::J al ue lo lhe probed Ihicknes ' . The concepl 
or MFP can be useful in describing llle a b o rplioll 
of X-rays acro s a target. a nd can a lso b used in 
describi ng Ihe emi sion o f fl uore ceni radia li o n . 

The M F P i ddined as lhe mea n palh of a 
pholon berore ,1 n in leracl io n 

(6) 
1/ 

where I/I(E) is (he li ncar ahsorp lion ocftìcien~ or 
lhe larget al thc energy E of l.he incoming phe'l"'!]. 

or a lhick ness equal IO o ne M FP the intenSlly 
of the p rimar_ bea l11 decrea e by the raclor Ife, 
Le. by 63.2% . 

Substit uti ng fo r mass wilh lhe lincar absorl'tioll 
coefficien ts in equalio l1 (1 we o blain: 

N~ = / 41k r ( E" )t 1ph .• (Eo )(J.) a .sF~.>Pr ll", fJ 

(7) 

where III,E) and 111(E,, ) are lhe linea.- altenualion 
coefficiefl ls o f lbe ampIe a l incidcll t am] fl uore\c:ent 
X-ray cnergy, respe lively. a nd p is the densilY of 
t he ma lcrial. 

Using Ihe t1efinilion o r MFP 

I I 
JlllEo) + l/IlE. ) = MFP( Eo) + M F P(E" ) (8) 

und inlroducing the co ncepl or to ta l MFPT III the 
process 

I J I 
MFPT = M FP(Eo) + M F P(E II ) 

= M FP = MFP(Eo) ' M FP(E" 
T M FP(Eo) + M FP(E,) 

il is pos iblc rewrilc cqua lion (7 ) as follows~ 

N" = J (lkclEJ )Ilph,., (Eo)(I) :I ,' FIi_, }lI Il',, 

. \ 

x pM FPi(1 - cM"Fi'r). 

(9) 

(IO) 

Thercforc. Ihe ìnicn: itv o r fl uoresce nl radia lil11'l is 
a runclio ll al' the MFP. In parlicu lar. il lh ickncss 
equal lo o ne MfPT yields 6 .2% of [he tOlal 
inlensily: therero rc . M FPT is a good mcasure or Ili..: 
pro bed thic kness or lhe m ateria!. 

In a targc l having a lhick ncss g rea ler Ihcn 4 .6 
M F PT Ihe ex]) ne nl ia l te rm can be ncglcc led illlei 
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cquation lO) becomes: 

N" = Nokl (E.)Jlph. (Eo)UJ •. J •. I Ptll ·, pMFPT . (I I) 

Since nece a rily Eo> E", it can be ca il)' d~mon­
strated tha l: 

cnergy or 31 keV. In hg. 4(b) Ihe MFPT for the 
K ,-li nes of C u . Ag. and thc L,-Ime of Au are 
hown a s a funcl ion o r Ag weìghl lracl ion far an 

Au-Ag a ll oy a l Ihe sam~ mcid~l1t ·cnelgy. 
Usi ng a po lych romalic pnmar~' heam the concepl 

o f M F P can be till li eful; in facto ~quation (5) can 
M FP(E .) < M FPT < M FP( EQ)/2 ( 12) be \~' r i tleo as: 

M FPT being equal IO MFP( Eo) '2 fo r lile collere nl 
sca ttcri ng only, when t lle energ. o f the incomio g 
photon ì eq ua l to tha t o f the eXlt ing . 

There are only a few exceptio n to the latcmenl 
tha l MFP(E.) < M F P( Eol . This Ilappen reslr ic­
lively when the exciting cnergy is j u I bel w a n 
absorption edgc of " major element of lne alloy. In 
Ihis case lhe probed olume i delerm ined by lhe 
small penetrallon o f exci li ng beam . 

F igu re 3 how Ihe M FP valu s (l'or the energies 
of lhe K 2 -linc of the elernenl s in th e m terva l 
20 ::; Z ::;; 60) for four Iyplcal elemcn ts witll which 
the anci en l metal artefacI were rnan ufaclun:d . Tile 
M FP a re always Jess tha n 200 Jlm . Ihis al o hei n 
the ca e for the K~-li ne o nigner-Z elemen t , suc h 
as Sn a nd S For an Au matrix lne MFP~ a n:: ery 
low, c pecially for element, . uch as Fc and Cu; in 
thi ca c o nly a ve ry upedìcial la yer is probed ; 
lherefore any trealment or dcgrad a lio n of [h 
surface ca n produce ~ign i fìcan errcc t. . 

Thc M P dependl> upon Ihe wcighl fmct ion of 
Ibc constiluenls of the alloy; in Fig. 4(<1 ) the M FP 

for Ihe K.,-li ne: o f Cu . Ag, Sn a re l>now n, llS is Ih ll l 
for the L, -line of Pb, as a fUllc tion {f Sn weighl 
fraetio n for a Cu -S n all o )' ,m d for a n excil ing 

(l 3) 

whe re Ihe M F PT is <I slo wlJlg va ryi ng funcllOn of 
t be energy (except when Ille primary beam spl:clrum 
encompas es a n absorplion edgc of a majurìty 
c1emenl of [he a lloy) and bOlh Jl ph .~ and /11,,( El are 
rapidly varying runcti o lls or th e cncrgy. It is Ihde­
fore po sible IO in trod uce an cffec[ive MFP, 

J
E .... 

M FPT = F:, No( E)M - P1 (F. ) dE. (14) 

T he inlerltal o f variabil it)' of [he M 1-'1'1 can be 
ca lcula ted u ing equalion ( 12) 

The fllJluamel/wl partl/lleler IIlId tllI' mli(! v/ lire 
j>('(Jks YI1('/ horls 

The fu nd a mentlll para lll e t~I'- S rm:tllOd is a well 
known llpproach fo r quantilative analyqis in 
X -ray emissio !1 spcctromcli'y. b )lh usin g char~edl 

rarlides (dcctrons. Gedck;: ,'I 0/.. 1\) )(2 <lnd 

1000 .---------------------~------~~----~~~~~~~~_~_~_~_~_7_7_~_ 

100 

IO 

El<mcnl 

----+- Cllppn 

--- SLhcr 

....- 1111 
___ Gold 

Fig. J . Total Mean Frce Palhs (see cqualiol1 (9)) for the em:rg,ie or the K,-lincs o r the elcmenl in the 
in lerval 20:$ 7. ~ 60 l'or rom ll'p ieal element with wh ich lhc ancient mela( arterael \Vcre mJnufae-

11I rcd . 
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Ag weight tnclion 

l' !~: . 4 (a) M FP,. (e.x ' iling cnagy .11 kcV) for Ihc K , ·lincs or Cu . Ag. Sn and tlle L,-line or Pb as a 
l'tlllctll'n or Sn wcight fraclfon l'or 3 Cu ·Sn alloy: (b) 'I FPT (exci llllg energy I keV) for the K,-li ncs of 

Cli. Ag. ,md (he ~-Imc of A u :I , ,1 fUI1Cl i"" o r Ag wci ght frac tioll for ao AlI - Ag illloy. 

prolons. Maxwcl1 t'I al .. I!'J8ll") and rhOIOIlS (Van 

Espt:n CI a/.. ]977; Shcn and Rus~. ~977 ) . For rWI1·­

dCSlrucllvC EDX R F analysis or anòcnl melal 

alloys. the use[ulne; S of Lhc tcchniq, ue is very clear. 

In faCI. sincc concenLralions of elements conslitut­

ing the alloys can be extrcrncly vàriahlc. tne 

!"esponse curves are non-linear and this rcstricts Ihe 

possibility of obtaioi.ng a precise lnlerpolalion. 

[n addi~ion. il is difficult lo ha ve a gOQd sei of 
standan.l sarnples for each applicalion. 

Tihi.~ inl:thod uscs Ihe fund amcntal equ:uions 

givcn in the section 'S'asic cqualions ror .quilll lt,ita­

live X-.ra~1 Auorcsccnce ana'lys,is' IO c:lJIcu.late the 

wcight fr,lction of e~\Ch demenl. To do this the 



694 

labulalcd' val\clcs of the pa rtial ami te taa mass 
a b orl'lion coeffi cients are used (Hubbell and 
Seltzer, 1995: Berger a nd H l!lbell. 19 7; tOFm and 
Isracl. 1970) as are thc p!J ysk al cons tan ts illVlllvcu 
in thc production of il fluorescence event, such as 
flu o rescence yield (Bambynck et al" 1974), tran­
'i tion pro ba bili ty , edge jumps of the pholodcctric 
cr sectio ns (Scofield, 197)), etc. 

With this approach only a small number or ~I"n­
dards sa mples a re requin.:d . th~se being necessary to 
calcula te the va lues of par;lmeter such as physical 
and geomet rica l efficie ncy, wh ich can onl y bi:: deter­
mined ex.perimentally, 

ane problem in the non-de,trucllve study of an 
o bjcct is that pe.aks inlen il y IS a fUIlCLJOll of tlle 
geometrical efficiency (parameter k In equatlOn (I »), 

se 01' a tn lll, po rt_l ble spectrofllClcr ~md [he illTegu­
la r sha pe of thl:: artefac! surlà ce makc~ i,! e~pcr­

imental1y di flì cull to ha ve a constant .geometrical 
efficiency , To reduce thc import<lllCe (~ r Ihi$ effect. 
tlle ize of the primary cxcit"t ion beam musI h~ 

minimised and an elÌicient rQ i l) t ~ ng dt:vic~ S\~ M lIld 

also be used to direcl the e>: clt,ing beam on IO th~ 

desi red po inl. 
In an emis ion speclrum the ralio of the peaks is 

a lwa ys independent of the geometrical efficie ncy 
a nd the intensity of the exci ting beam , This prop­
erty has been widely used in X-ray spectrometry to 
corree t for a number o f erro r~ (mch as IOllg-tenn 
ftuctuations and drifts) and IS the basis of lile wdl 
knowll Illethod of nonnalisati0n U;;II1f! internaI stan­
dards (Klockenkamper et al .. 1')87). Tb is is thc j us­
titication f r the lI .. e of the ra tio o f ali peaks with 
re~ 1 cct to the most intense peak o f the alloy. i.e. 
cop per fo r thc brnnzc" gold for g,old <lrtefact and 
silver for 51\'(,.')' ancia,cl . Using eqlll <lt iol1 (II) the 
inten~ity ratio of two peaks can be wrilten as: 

(1 6a) 

o r In the case of a polychroma tic cxciting beam 
eq lla t ion (13» 

N., 
Nrcl' = 

c( Ea)F. " PIUJ a.< 11 '.1 

)( r " "NO('E lIIPh.J E)MFPT(E ) dE 
E~ .. 

l t i nccc ary to -tre s that Ibc. M FPT de pcnd s 
u n tne l>a m ple compo ition , a nd thcrc fo rc each 
M FP d epends on the wcigh t frac tio n o f ' a li the 
ele mcnt : con -tit uting the a ll oy. Loo ki llg at F ig, 4(<1) 
il i. cvidcnt tlUlt thc ra ll o 01' tlle M F PTs l'o r Sn and 
Cu i, n OI constan t l'or a n increa 'ing weigh t frilelio n 
o f Sn. therefore tlle ratio 01' cquation (13) doe Il o t 

depcll'd only op)n tb~ r,ltio of the weighl fr"lc,!lons 
or the two elements, but also UpOll the wcight 
fract ions of a li of tbe other elements of thc alloy. 

[u thi s wo rk th~ quantit<ltive determinatlon of the 
ancicnL alloys wa.s performed. using tbe mOSl ililtense 
pcak 01' the ekmenl charat:tcrising the alloy as <1m 
internai Mandard and applylng the fundamenl.al 
pa ramelcr 111l.'tJ10d (using an iterative a pproacb as 
d escri'bcd belo\\') 

Using au elemenl as internai Slandard 1eads 
to thc conscqucllce that only tbc relative concen­
tral ion of each elemenl comrounding the allo]' is 
deterrnillcd (rC' la !iNe lO the welgllt fraction 01' the 
elemcnt uscd as imernal standardl. Wilh the 
ils, umption !bil! the SUII1 of ali of lhe weight frac­
ti Qns mu. t b~ 0 11':. wc can c'llculate the fraction of 
cach ckment 

11', /1-1'",( 

H'. = "" IVi 
I + L.. -

i Il'r.( 

( 17) 

In lhi, way the pre-scnce o f other elemenls is 
ncgl~ctcd. This assump(j( Il wiJI o nly lead to a 
significant systemMic errog when th" anefact con ­
tai ns lare~ am ounts of non-detectable e1emem.ts. In 
ancient artc f'acts, tbc pos.'ilbility cxi-ls lba l low-2 
elemc:nts are contained in thc inclusions; comparing 
the resul! obrained \\'ith d itferent analytical tcch­
niqucs attenuon must be given to th i faet. Our 
rt: . Ull!s cannol be c ~) mpare<1 with Ihat or tcchniques 
which determine Ibe absolute weight fraction of an 
elcn]\.' !J 1 in ,l s3mple . fl is, il'} any case, J common 
practice to neglect the weight fraction 01' thc low. /. 
elemenls, since. usual!y. the e ,ekroeots are not parl 
of the alloy. and a re frequentl y ;u ~ig!il of contami­
nation. 

Some : là i\dard samples h a \'~ beetl u sed ,in o rder 
LO verify the reliability of the re,lllls. Thc~e stan­
dards were al so uscd lO calculate the value of a 
num ber o f para mc.ters , slich as inlflnsic detec to r 
efficiency (Ihe pa ramcter ( F J ) in ,t:l.juation (I), 
which are bctter delennin<.:d expuimental1y . 
However. the po -ibill ty or deterrl11nlllg thc weight 
fr ac lion o f clemen ts o r WhlCh the re are no $tanclard 
samples is one o f the principa l atlractiH~ fe:t\ure~ of 
the fundamental parameters method. 

Thi' iterati lll' lJpprollch 

As ment ioned befo n: fo r an a ll oy CO lll1wsed of /I 
element s it is possib1c to \Adite a system of equ<ltions 
in wh ich lhe relat ive wei ghl fr aCli o ns (1\ '.,.'11',<,') are 
unkn owns, In the literature Olle C:l n find severa I 
approaches IO lincarising 01' the equalions and 
so lvi ng fo r the sys tem. A Ji fferen t arpfoach is lo 
write thc eq ua tion , l'or ali the elemen t~ comtitut ing 
thc :.I1I y 

11 '" ( (E rtr)!lph.",r( Eo)ùJrd " E,cL,Frcr.sp/ M F PT. rrf N, 

~ = c(E,,)jl plo .u ( E'o)O) ".,p/M F PT,lI >I/,.f 
(15b) 
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and ca lculat ing Ihe re la tive weight fractio n with a n 

ile rative approach . Ini tiall y, substilutio n is !'\lade 

of (11I.J II 'red In the va lues into the righ t side of (he 

eq ua lion . the values being ca lcu lated assuming that 
a l1 the M FPT are equa!. In performi ng a fe lV iter­

a tions the condi tioo 

is fuliìJled and in this way tlle W, / It'ref values are 
determined . T he vaJue for the k, are fi xed in llch a 
\>.l ay tha t in p racti e I he residual uncertain ty i only 

a stat istical olle. 

T he algori thln developing lhis approach was 
implemented us ing Vi ual Bas ic fo r A pplica tion , 

interconnected wilh a n Excel S spreadsheel. Tue 

illput of the program is the spect rum o f the 

a na lysed o bject. Such spectra bave been tra osla ted 

from a llJult ich a nllel cxit fi le lO a n . xcel 
Spreadsh eet lhrough a procedu re also develo ped in 
Visua l Basic l'o r Appl ic3 ti on. From tbis spec trum . 

the progr1lm ca leulate tbe areas relative lo the 

diflèrcllt peak s. Fa r Ihe brouze , the copper K ", 
pcak can be used as a reference. 
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F ig ... PholOgra ph or tranSpo n able eq utpmen t which \Vas 
used m makmg mea uremenl on an ancient melal arl efacl 
held in the Bologna Archaeological Museum . Th X-ray 
tube. a non-cryogellic detector (Si-Pl ) devlcc and the 
p Il1tmg device are hoth visible . The cxciling beam is di­
rccled on a vero ' mali .Ife" through a cylindrical collima-

lor havll1g an exll hole of 2 Il1m rad ius. 

EDX-RF T RA NS rORTl\'DL EQlJIPl\IENT 

A, di cussed ili thc Introdllcli o n. the two conlro l­

ling fac tors in Ihe dcvclopmcnt of rra nsportable 

equ ipmenl are the a Jilability (a) of room lem ra­

lure X-ray deleclors having Hn encrgy re olutio n 

of 200- 300 cV alld (b o r miniat urised low power 

X-l'a)' t uhes. 

111 Fig. - a Iypical portable pe trometer is 

sho\\1 o. 
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Fig. 6. Spectra 01' il go ld arlelàcl acqui red u5ing (a a HpGc delector and (b) an eleclrothc rlllally coole 
Si·PI detec lOr. Visual o l1lpariSOIl 01' the two speclra indlcate< rcd uced re Qlulion l'or thc Il ll-CrY0-

geni deteclor. 
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,)w'ld ay'. 'ma li X-m tu be, are ayatlahJe [l'lar 
(;In h~ 1I,cd In conju nct ion wit n porta bl~ pec­

trOl1lclcr\ . Thc prrncipal cÌlara·teri,tics 01' these 

tllbe, are: (a) alI' co()ling: (i.'1j low wt>ight: (c) stab­

ihl y Thc: minia luri"Hlon or il , uìtahle X-ray i\Ube 
ami rcl;!lcd p0wer g.ener;l tor I, feasihJe beca use of 

thc linlilcd> TI;:qU1rcmcnl~ ['or analy~is 01' ai'chaeologl ­
cali samplcs . In fac!, ;: hi!!h \'()l!Hge ,upply of 40-
45 kV and ;, Clll'rcnt of ;: ~ )(),()() IlA i, adequale for 

'llcn purpme 

A compact X- ra y tube \.vi th H l11gh powa gcnera­

lor ha bccll developed by EIS ~rl. Rome. The lech­
njcal ch a racterislics of [hi oure( llJ'ù: 

• Tungstcn anode 

• F cus 0 .6 mm (I. - .c.) 

• lnherenl filtratio n o f 0 .8 mm AI 

• Stabilised a node HV adjmt;ublc In thc intcrval 
20- 50 kV 

• An ode cu rre nt adj u ' ta b le in t le intc['\',,1 0- J mA 

• Ai rcooli ng 
• Dirnen ion 163 Illill (W) .x Il'.)) 1ll11l (D) x 180 mm 

(1-1 ) 

• Wcìgh t ~7 kg 

• La e r Po in ter 

Thc a ir eooling y (em i ba ed on Ihe ~e ry effi· 

cic nl hea l tran. ~ r aV<Ji la ble insiJe the tube h ield ing 

box through convecti ve m o veme n ts of a non-co n­
d uc tive liquid. In . ddi lion , the aCIu.al powcr su pply 

is cha racterised by very high sta bi liI 

0.9 

0.8 

0.7 

0.6 
... 
" " 

X-m)' "di'C.lors 

Two tyres Or r~ltit'T-eoolcd miniat uriseJ detee­
lor "·ere èlllplo!cd. HuI_ allJ Si-PIN. 

Thc mercu rlC iodide detector, devc,lopcd by 
lwanczyk a nd co-workers (J \\'aoQ}k l'I (II ., IlJ!l4, 
1989), is characterised by abùut :200 cV rc~olution 

a l 5.9 keV a nd hy ve r) sl1lilll size nnd wei.gl'lt, in 
comparison with cryogeoil: detcctors . ThlS has been 
employed f r in sil u analysi.; of anci~n t gold <Ind 
bronze sarn['lles; Ihe spectra obtained are qUltc simi­
lar lo Iho e or nitwgen c c led Si(Li) or HpGe (see 
Fig. 6). 

SI-PIN deteClors h;\vc heca developed aver lbe 
last fcw jear, espccial1r~! by AMPTEK, arnd 
are characterised by il 3GO 11m Si-diodoe and 
coolmg, wilh a l'eltÌLr cdI (lIuhcr (I { al .. 1995) . Thi-' 
de tector is chnracterised by .. \DI ~nergy resol:utio.n of 
aboul 250 cV al 5.l) kcV. Thc clliciency of Ihis 
detector rapitl 'l).' dccn.:asC;'~ bcyond 25-30 keV, 
due IO the reduced thickness (lf Ihe Sj-djoue (scc 
Fig. 7). 

The ohicc tilic 01 th e cl~rTcJltly r~p(Jrlcd resca rc]] 
wa . t( c\·aluate tlle f..:asibiljlY or carrying out 
m ell. urement. in rFl I\l5e \lJ)l~ 01\ grt>lIpS or me ta I artc­
facts using tran: pnrlilhlt: c(jlllprncnL ,In t'he follow­
in g, some re u lt obtilined during tllese eampaigns 
will be d iscusscd , fo ll owcd in the nexl sec-rion by 
some oplimisa li on criteria for the measuring 
system . 

SiCLt) w.'" l mm 

.~ 0.5 "\---------.... -_._-_ .. 
~ 

0.4 

0.3 . 

0.2 

0.1 

Ù 

o 

Fig. 

Si 

7. 

6 

Si-PIN diodo \";1 h 

lO n )4 16 I ~ 20 22 24 26 28 30 32 34 36 lH 41) 

Encrgy (kcV) 

Efficicncy cUl'ves ror a SIC L I) detector .c()olcd \I Ilh liqll.ld nilrogcn I.~ rnm Ihick I al)eI an dectro· 
lhertnil ll) è;(,,)lcd S,-P) , (!LIl~~",r I ,ilO I lln I h ""U 
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Fig. 8. Slmu!at;o r\ or tlle c11l1~,i(l1l 'peclra of an X-ray tube \, 111'1 H\' cl l ,0-, 35- a nd 40·kV alld 5 mm 
AI filt er. 
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40 

OplimisCll ion 01 meaSllring cl)nditiol1S a rcla ti\c1\' /inc p.encli bcam (5 to 6 mm2) of vari· 
able mean ener!!)' in order lO excile thé Iluorescence 
a ver a small arca ()( Ihe ancl' .. c\. 

OptJmis;'J.t ~ on 01' thc cxci ling c,nergy and s\J urce 
mtensity is rcquired IO illwilys have ;In ofHimal 
counting rate in l!hc pcak:s or ; nlcrc~S I . For this il is 
ne1.:es ~ar_ to vary tbc e,Jr;citing. bCClm SrCc.trum . T'Ile 
high !Iltens!ly or an X-ray IlJbe all01.\'8 one IO obtain 

I n F ig. 8 slTI\ulla ted s'Peclra for H V of 30-, 35-
and 40-1> V with a 5 111m AI tilter aft' shown. T'be 
~inlU'lal, i[\n s'hnws ho'" ,the \Lllr ,lgo:: cri tical'ly influ-
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Fig . 9. EDX RF ~p"ctrum of an Etruscan itcm or gold-·silver alloy, acquircd hy lhc Villa GIUlia 
MU$c·u.m in Rome. A Hgl l non-cryogcnic detecto r and a miniaturised X·r~,. lube (HV 35 kV, 500 ),A) 

were used. 
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ig. IO. EDXRf Spt'(; trum of a Vì lla nov iano peri od bronze acqUlrca bv (he Bol cna Mu eum. A SI­
PIJ detecto r and a minia lurised X-ray tube (HV 'IO kV. 50010\) \ ere uscd . 

ence. the excila lion of tlle elements. including tin , 
an tirnon y and silver. F or the above cOlJdi ti ons the 
ab orplion edge of these clcmenls are in the middle 
pa rL or Ihe X-my lube specl nJ111. Thc I1ltt:nsil~' 01' 
(he low a lomic number elemcnl, is noI srrongly 
mfluenced by Ihe X-ray tube vollLlge. 

The optimisa ti o ll criterion is lo have <lJilproxi­
malely the ~ame peak intensily for lhe IWO major d­
cmenls: l'or example for bronze wc nce-d lO havc the 

peak of lin aboul equal (O that of copper (see 
Fig. 9) and for a gold-si)ver alloy tl1C Au L-pcaks 
must be abou l equa l to the Ag K~-peak (Fig. IO), A 
40 kV HV and a 200-400 JJ.A current are typiçal 
I!alucs in order !l' ohlain f, ood re' \I1ts for mea,ure­

ments on bronzes and SlIVI!:' a ll oy$. 

Eli/pirica! de!"I'Ii:illllll rJ/l r1 e.y/,eriJnenla! errors 

The evaluatlon of erro rs in non-dcst f<IIclivc 
mcasuremen ls i' made difficult by many canlri­
but ions which a re not casy to estimate. [n a 

measuremcnl of 11 Ihollll1gencnus sa.mple with a tixed 
gcolllet ry. Ine: sta,ti slical nrM can he rcgarùcd IO be 
thc brgcst ,oun;c or error, 

In .\ddi,tio ll. two olhe-r errors ,houlJ be cvalu'll.:J: 
(a) tbc rosit ionlng 0.( thc ~all\rlc (induding surfacc 
f(luj:!hne~ .. l: (hl no n-'Immoj!.cncity of thl; samplc (i .c. 
the prescllct: oì granular ano ,ùcndnt,ic microstruc­
ture ). 

To estimate ttn:"e crrOls thfCC cxpcril11ctlts were 
perforrl1ed . 111 Ihc fìrsl. a sa l11ple (in the form of a 
homogeneous ingoi) containing 85'% of eu and 5% 
of cach of Zn. Pb and Sn, \.l'as measurcd severa) 
times in a s.-.ries of daily cxpevimt:nts_ We werc 111US 

able io o determine. the variahilil,Y iflitroduced by Ihe 
repositioning, Tahlc I ~how~ the rcsulL~ 01 Ihese 

measuremcllts . 
In a 'econd cx,pcmnenl. on thrt:c artefacts the 

ame poi nt \.l'CiS measured tWlce. asses ing the error 
inlro duced by thc rcposllioning plvs thal due lO the 
n" D-hornogeneity of Ihe sample (in fact In thls ex-

T.ble I Rcsull, oblained ' di lfl' rcnl mca , uremenl s 0 11 " slandal'd . ml)le conta ining 5'10 c"eh of Pb. Zn. Sn , The rcmaining 85% 
was C'u 

Zn Sn Fc Cu 

,tandt- I 3.9 45 0.2 }, 5.11 
land 1-2 62 5.7 4. 0.3 ~1 . J 

Sland 1-3 4.5 5,2 4 9 0.4 ~4 Y 

't,md 1-4 5.0 .1.5 ,9 0.2 .Q4 

« "ad 1-5 4 .2 5,4 5. 1 0.1 X~ I 
$I"nd 1-6 47 5 1 4,7 0.4 ~ , I 

<l" " dl -7 .9 -. 1 5.0 0.2 X.l 7 

, Iand I ,~ 5. ~ 5 .~ 4,9 O, t ,1 ~ 
sl<lndl -9 4.9 5.3 5.4 O. '41 
avcmg-: 50 .l 5.0 0.24 -'45 
landard deviatlon O.Q 0.3 0.3 0, 12 U.<J 
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Tablr 2. Rcs ulls oblained In examinal ion of IhIU 3ndent 111el I arlefacl . from IWO re pea l mea 'urtmenls a l lhe S3me po rnl 

Zrr 

63344a. 1 35 
63344a.2 3.J 
blJ44a. 1 4. 1 
613443.2 4 

61 .1ooa.1 .l ,2 
61.100.<.2 .1 

Zn 

6333 la .9 
63 '.l lb .1.6 
63:;46,1 47 
6J346b .U 
63.146<: 3.4 
612 Sa 6. 1 
6128 b 5. 1 
612 .la 3.7 
612 J b 3.7 
6 1OO6a .1 .7 
61 0061> 4,2 

As 

0.3 
0.4 
0,5 
tu 

OA 

As 

0,2 
01 

0 '1 .. 
0. 1 

0.6 

Pb 

0.8 
0.5 
0.6 
0.5 
l A 
1. 1 

l'b 

2.2 
20 
11 
0.3 
0.6 
1.0 
U 

0 .1 
2.7 
~ . ) 

Sn Fe Ag Sb Cu 

11. 1 0.4 0. 1 0.2 83.6 
11.6 0. 1 0. 1 0.3 83.6 

7.5 0._ 87.1 
6. 0 .. 1 87.9 

I .1 02 0 .1 79.9 
I~ . OA 80,3 

Sn f e Ag S Cu 

17, 1 O.:? O l 0,1 76.1 
15.7 05 01 0.1 77.9 
69 3.5 0.2 83.7 

IO 5 l.~ 0 .2 83.8 
11.1 O, 0.1 0.3 83.7 
I ~ . I O. ~ 80.5 
14.1 00 79.4 
11.6 O .. 0.3 8' .9 
10,.1 O~ 0.3 0.5 84.7 
10.g OA 0.2 82. 1 

\} , 0.5 83.3 

Tuble 4. EXp"rirnenl ~ 1 rC 'ul" "bl3incd by annl}sing Ihrcc xI,rn\lurd ',lInrl..-s. COn r ared Wllh IheorellCill predklions 

Zn r'b Sn Cu 
lheor cxpcr lhwr. c' r er. lh~llr '·'per. lheor exper. 

5.0 4.9 q ·17 'lund. 1 
'land.l 
,tand.3 

I ~ . O 1 ~ . 5 

~ .O 

perimenl wc UScÒ :m arlefaCi which had :ln evidclll 
gr:llllliar IllICT(J;; l r m:1UIIO ). Ta blc ::! shows IIle re~ults 

'lI' th i~ expCrilllCn( 
In Cl Ihtn! ~xp(;rimcnt \\L' c:Jrri ,.;d L1 ( i\1c:J$ lIn: -

menls on difrerenl pOHlls \.lì four arld'al'l , : I Ile 
re. ulls of Ihce mcasuremen ls a re shown \Il Tab!t' .1. 

h llally. usi ng a SCI o f standard salllplc: il wa,; 
p0ssible IO eva lua le Ihc ilccu r:lcy ,'l-> ta in:1 hk with 
thc lI~cd rneth od: Ta hlc 4 ,;how~ Ihe rl"l d l ~ 

Qnl;.tllwd using t he rund amcnl: tl p:If;!I11Clcrs Illctlwd. 
I lefc Ihe crrors inl rod uced a ppca rl'd k", ~ ig nif i '; 1111 

I h:m l hn 'c discll'~c<.l a bovc . 

APPI.I('ATIONS 

The Iranspon ab!c cq ui rmcllI dcscribcd 'lh'Wt' 
\\a, L1,cd il! mca,;un:1l1clIls car ricd UI by a br 'c 
11Ill:('(h~c i l)ll!1a ry group ('l' ,;cienl isls (m<ltn ly phYSI­

,'l'U, .1110 dlellll sl" bUI also indud ing ,lrch:lcologlsls 
;lnd :11' ·lwù' Il1Clns ls). In Ihesl' sluJies :in app roach 
\\ : IS ucvc lnped in whicll m,m, d iI I' 'n: nl Icchn iq Lll'S 
wc n; lI~cd I l'X<llllinc (1l1eien l mClals , In particu l:J L 
I ht: usc or - DX R F w:ts t:omblllcd wit h tbe Lise o r 
thc mctallogra ph y (Giardino /' 1 01 .. 1996). a h;çh­
n iqllc whidl allows - Illdy or Ihe micro ' truc ture or 
the a ll oys . EDX R F has been appl ioo. ,1\ CI: Lh e lasl 
3 yea rs, in the analysis ( r ancienl metal" l'rom Ihe 
~ lI owing mu eums: 

• Museo ivico or Bolsena n b[(lnzc~ founu al lhe 
arehacological si le or Gran ·arro. llcar Bolsena 
lake (Caneva e l al. , 1996): 

~ 

5.0 ~ l 8: .0 85.3 
~ .O ~ , , - 78.0 77.4 
6.0 5.6 86.0 86.6 

• M 1I,;.: ,1 S:lI\IlU o r Sassari. on mela l aflefaCls .. nd 
ingO I'; fo und ;11 thre ~' nura gic si les : 

• M II seo Cl\'ic0 ,Il' Bo logna, on bronzes from San 
Frant:t'SL',l (Biel! j Se ' tini e l (II.. 1998): 

• !"Ilisel C:lpil llin i in R0me. on ilver vessels from 
Bll,;,'lll'l:ale: 

• 1\ 1u:,C',l Arche(ll ogicll of Vulle Giulia in Rome, on 
El r u, clfI !!ll id l'rom I he C~slell:\Ili colleclion 
(Cal'll,;,l l " ,ti .. 1',)96) . 

Thc Ust' l'I' nOll ,cryoge nie dclectors a nel min.ia­
Il) ri~' I X- r:t y lu be,; :Ire vinble m non-clcsti'Uctjve 
EDX RF :lllalysis or ancient met a ls, As sueh, Irans­
p,'rla ble EDXRF equipment wilh favourable 
charJc·t<: ri slics C:lIl ne as emhlt-d. 

With s Ul'h systems il is posslbl~ IO detenni ne the 
(om!) sit ion or meta I a rtel:1cls ami ,{o sfuciy tht:ir 
produc lioll lechnol ogy. als.o iUsing olher tcchniques 
uch JS mct<l llogra pby (Giardilll.l el al., 1996) . 

.'I.dnoll'ledgelll i?"' ·- Thc aulh or wish (O thank PfoL M . 
Marabelli, Dr. G . Guidu , Dr. C. Giardino. Dr, 1, S. 
1\\ ,lJlczyck , Dr, A. Dabrow. ky ur;d IDI . J. A. Pan!azi~ for 
Ihcll' scien lific 'uppO(1 in thi rescarch . The autnur~ were 
.~ llr,lOrted in th i' work by a NATO gl'anI. eRG 900130 
;md by C R, Special projeci for the COllser\'ati(m of 
Culi ural Heritage 
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