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Semi—empirical schemes for the x—ray mass absorption

coemcients used in XRF analysis
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Abstract X—r8可mass absorption coemcients play an important rok in tllc a。cll—

r舭y of any XRF intcnsity calculati o工1．I“s nccessa。y to determinc chc I)roI)er scllclI”
for providing 8atisf，iIlg valllcs芦／户．In this work wc cxallliIle(1 and(：ompared vallollH

scherrles． A program based on thc existing sdleInes to provide morc accuran ali(】

convcnicn‘p／P values w舳‘heII introduced The re slllts from tllc progranl“ppc御。s t()

bc t0】clable．
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1 SCHEMES oF X—RAY MASS ABSoRPTIoN CoEFFICIENTS

The x．ray丑uorescence(XRF)analysis is one of the common non—destructive nlctl卜

ods for studving the thickness aIId the chemical composition of thin film sanlples Tw()

general methods have been developed to make the matrix correction，namelv the enl一

pⅢcal coefHcient method(EcM)，and the fundamental parameter method(FPM)．Tllc
ECM uses simple approximated XRF intensity—concentration equations Its accllracv

relies heav订v on the equations and the calibration standards used The FPM uses tlle

basic equation of the x-ray physics directly，and theTefore it greatly sjInpl谕es恤e analysis

and iIlcreases the accuracv． The FP]Ⅵhas been used extensivelv becamse it needs less

caUbration staIIdards than the ECM．Moreover，the FPM has unique advantage，s11perior

to the ECM，for samples with m111ti_layer fⅡms．

Tlle XRF generating process is rather coInplex The XRF intensity c以culated is

aHbcted not only by the pecllliarity of the thjn fihn samples，such as the thjckness，t11c

composition and the measurement order of the multi．1ayer thin矗hns，but also bv¨1(·

fhndamental parameters．These parmeteTs are the mass absorption coemcients，the ah—

sorptlon edges，the丑uorescence yields，the absorption jump factors etc The accuracy or

the XRF intensity calculation is strongly aff毫cted by reliable values of the fLllldaⅢenL；n

parameters needed．The mass absorption coe佑cien‘p／P is a function of the x—ray pIlotoII

energy E There are several experimental databases of the coe币cients fbr aU characte r-

istic K一，L．aIld even M—x—rav lines ill form of tables However，some x—rav spectral

analysis based on the肌ilti-channel operatjon，because of its approximate nature，needs

the knowledge of p／p values for diffbrent photon energies in fom of formulatioTl TL
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is especiaⅡy important when an x—ray tube is used for XRF excitatlon． A forrmllate(1

scheme is needed for the parameters because of the cont血uing procHvity of the x—rav

energy from a tube．Most mass absorption coe币cients for XRF were traditionauy gener—

ated from seIIli．empirical expressions whose parameters were deter缸ned by什ttin譬tllem

to selected experimental data． Several schemes of se皿一empirical expressions for mass

absorption coemcients exist suiting s印arateIy to dj行erent x-ray energies and di艉rent

atonⅡc numbers．and there were sorne researchers who did some woTk to rectifv tlle senli．

empirical scllemes It is our purpose in thjs work to deter皿ne a uni舶d parameterize【I

scheme for the tube-excited XRF an“ysis by using FPM method．In this paper，wc ex—

a血ne aIld compare some of these scllemes，and present a conVenient program to provide

p／p values which are needed for our xRF analysis at the energy region of 0—50 keV．

The equation shown below represents the fhndamental theoretical expression fbr the

primary nuorescent x．raⅣintensity eⅡdtted from a bluk of sa】mpk．扭onst扣㈦等⋯，鬻
where i denotes the considered x—ray bnes ernjtted from di行色rent elements，n the son(1

an91e 0f the detector，乜the detection emciency of the detector，岫the丑uoTescellt yiel(1，

s the absoTption edge jump，R the transition probab订ity，c。the weight fraction，r t11e

photo—absorption coemcient，p the total mass absorption coemcient，p1 and扫2 are t11e

an91es of the incident a仉d the obser、red radiations，and，(E)dE is the primafy x—r“y

intensity llitting the specimen surface with energy from E to E+dE

It is seen that the mass absorption coemcient plays an hnportarLt rok in the c“cu．

1ation of x—ray fhlorescent intensity．In general，the absorption coe毋cient of a material

foT the x-ray of wavelength A can be calculatd as a sum of the contribution from tllc

composition elements：p^=∑i cip“，where ct is the wei曲t fraction of elem eIlt i j11

the material． The absorption is the sum of a photoekctric part and a scattering part，

“^=■^+吼^

Many se工I】j—empirical schemes fbr mass absorption coefHcients are based on the con—

sideration that the photoelectric absorption do血nates the coefIicient calcldation over

the Compton and the coherent scattering in the 1—20 keV energy regioll Thus the scaf—

termg part is smaⅡwithjn the energy region considered．1n t撕s case m^=-^ Since

the photoelectric absorpt诂n coemcient has a log—log dependence upon the energy E witll

the exponent approximate to 3，the basic scheme has a power law expression，¨ke thjs

譬=GE一”，Leroux and Thinh，⋯where the constant G is stron91y dependent upon thc

ato面c nmbef．F0r a百ven eIement，Values of G and n are multipartite，taking speci行c

Values between each pair of absorption edges． E is the x—ray energy．Accordi“g to the

standard data couected in Ref[2】，we can reduce the nuⅡlber o‘parameters by de矗ning a

single value e f曲di艉rent elements and mting it to the variant GE一“．The value e an(】

the multiple values of n for V缸ious energy inter训s between absorption edges(Fig 1)are
deterndned for each element in the x·ray energy region of O一50keV．
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Efkevl

Fig．1 schema土ic di89ram indicating the mti“g 0f p加owr Various cne‘gy intcrvals士0¨L gi vl

clcnlcllt

HoweVer，for attenuation of the higher photon energies in the l逗htest elements iTl a

sample，the e艉ct of cornpton scattering is not ne91igible．A more r培orous appTDac}1 waH

introduced by GeTward e￡of H to overcome this de疗ciency by adding a Klein—Nishllla

term to describe the scatter洫g into the above power law expression．

Owing to the bindiIIg eff色cts，the Klein—Nishina cross—section is not an appropriate

descrjpti。n for the iIlcoherent scattering at low energy．In this case，however，the Raylajgh

scattering compensates the reduction of Compton scattermg due to binding Then t11e

added Kie血一I≮Ksh血a term can also be used to descrjbe the total scatterin臣at a first

appro】【imation．Fbr x—ray energy aboVe the K absorption edge，GerwaTd’s m。dmcd powc J_

law exDression【3】readsⅡke thjs：

兰：GE一3+DE一4+!唑
D A

Here，Z and A are the atoInjc nunlber and mass of the absorber，ⅣA js the Avogadro’s

constant and盯KⅣthe electronic Kkin—Nishina cross—section

It is not intended for thjs paper to be a complete accollIlt of an sernj—empⅢcal
schemes We merely iIldicate the problems inherent in the basic power law and some

recent deVel。pments a主II】jng at rectifying them． The work we djd was to select propcr

seIrIi-empirical coemcient schemes by mting them to experimental data． In ordeI to

achieVe an eVer better accuracy in calculation of the XRF intensity by FPM method，

expressions。f mass absorption coemcients for the 50 kV tube excited XRF柚dysis were

formed based 0n those exjsting seIlli—enlpjrical schemes，jn w上ljch Gerwafd’s expressi。n

。f the basi。power 1aw with a scatterillg term(PL+s)was used，and quadratic and

cubic correction were introduced fbr rectmcation，then a program was made up of these

ingredjents to provide unifyin91y the mass absorption coemcient being used in XRF

analysis．
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2 FITTING AND THE RESU【用S

h the work，most of the seIlli—empiTical expessions described above Were讯ted to a

lar即volume of experimental data c011ected by De Boer引of Phihps Research Laborato—

ries fPRL)．In order to deterrnjne the best expression“parameters for缸l eleIllents aⅢ【

iden“fy the appropriate schemes used for XRF analysis，copper and silVer were sekcted

as examples to exam恤e the Bchemes and c锄1pare the results of their矗tti”g in thc x—r州

energy region 0—50 keV．A non·Unear least—squares code was used t。矗t the expres5io】1 s

chosen and their parameters were extracted anerwards Considering the nuctuatlons

close to the absorption edges，the矗tting for aU absorbing eIements were caT“ed out sop-

arately in diHbrent intervals，i、e．，by subdivi血g the x-ray energy region into segments

between absorption edges．

In the program，the above mentioned schemes were adopted，and according to fhc

recent developments，quadratic and cubjc corrections were also iIItroduced for recti{vi“g
the results．The foUowing eq卫ations were used in our program．

些=plE 3+p2E一4
p

；=∑p州(1IIE)2
r EU

堡=expbl+p21nE+p3(1nE)2
p

：2 expbl+p2 h1日+p3(hE)2+p4(1nE)3]

(2)

(：{)

(d)

Eq(1)is the basic pow屯r law of Gerward【3』(marked as PL) Eq．(2)(marke(1 as

LC)is a log cubic correction that is derived from PL to rectify the results in low enery

o一1 kev【4J Eq，(3)attempts to account fbT the departure of the cur、re of lIl(p／P)ver趴18
lnE from a pure liIlear dependence by introducing a quadratic co玎ection陋J(nlarke(1 as

PLQc)．Eq(4)(marked as PLcC)extends to a cubic correction．while we haVe to tak c】

into account the eff毫ct《scattering，a Klein．Nisllina scattering term was added to eacIl

of the sets of Eqs．(1)一(4)(Thi8 procedure is marked as+s in each case)
Thble 1 couects aU the results Iiom these矗ttings． The root—mean square(rIns)

deviations between the Rttin置curves and the experimental values from De Boer引(PRL)

and the index parameters p2 are presented in the table Figs 2 aIld 3 show the results

of丘tting for copper aIId silver．
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Table 1‰ot-mcan 8quare deviacion(rrns)l】etwe删th PRL fI／P valLlc8 aIld‰va⋯#
obtaillcd by ntting seIId—cmp打|caI elpre88ion8 The values t)f the indcx parametnl8 p2 ar(、rf、slllI H

flom矗ts of Eqs．(1)(4)

Equation symbnl rmsfor cu(E>FK) mI(c11)rmsnr Ag(蜀．’<E<El()I?k(Ag)
¨f1) PL+S O．6776

+ 3 0032
+

f21 LC 0．1848T + 30．25574
4

(31 pLQG 0．20786 2 173n 3 206801 2．5829

¨f3)+S ¨PLQC+s 0．18604 2．0576 3 20010 2 s387

f41 PLCC 0 18486 1 4825 3．1987 2．72(】3

+p2 should be ignorcd while the 8catte“119 w艄not takeIl iIlto account

¨In case the scattering ternl was ad(i州in the矗ttillg，+S symhoI i8 marked

Fig．2 Pcrcent difference8 between the elperiIneIItal data from PRL and tlle values obtail㈤rj hy

龀t．mg thc cxprcssion i11 prograIn for cop呻r

Here，+Eq．(1)(PL+s)，×Eq．(2)(Lc)，■Eq(3)(PLQc)，▲Eq．(4)(PLcc)
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Fig．3 Perccnt di乳rcnccs between t11e ex舯rimclltal d矶a froIIl PRL and t11e values 01)taillf=【ll’y

Htting the expres8ioII iIl program for 8ilvcr
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The PLQC and PLCC served well in energy region E>EK．Their rms are 0．20786，

O．18486，respectively．The PLCC沁betteT than PLQC．The打results aie shc州n in Fig．4

The PLCC reduced all deviation to lower than l％in E>EK．Both of the PLQC and

the PLCC did not give exceUent dutcomes covering the entire energy region because they

encountered problem whjle closing to the absorption edges，as shown jn the士igures The

discrepancy even exceeds 20％f缸silver Fbr silver，the rms deviation of PLQC and

PLCC reach 3％ It is due to the errors growing greatly near the junction of the junlping

regions
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而 ’ 如 g

F逗．4 Fittmg results of Eq．(3)in compari8ion with thc rc8ult8 of Eq(4)f01ctlI)I)er

Herc，V Eq．(3)(PLQc)，}Ecl．(4)(PLcc)

In Fig 5 we compare the results of PLQ C including the K1ein-Njshina scattering

term with the results of PLQ C without the scattering．It shows that the correction for

scattering is necessarn especiaUy for the 1ight ekments，where the scattering contnbutes

a s培ni疗cant fraction fo。p／P．
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Fig．5 conlp“rison of the rcslllt8 froIn Eq．(3)(PL quadratic correcti(m)aIld E【l(3)+s(PLc2c 1

sca七terillg term)for copper．Herc，V PLQc，·PLQc+S

In。ur progranl we chose Lc，Eq(2)，in 10w energy region 0—1 keV because it c叭1ld

Provide excelknt agreement The results are shown in F唔6．Attentions rnust be pajd
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to the vaTiation iII the index p叮amet盯p2，which renects the 10w energy scattering by a

separate term as shown in Table 1．
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Fig．6 Fitt油g results of Eq．(2)(Lc)in o 1 keV cncrgy rcgion for coppcr alld Rilv¨

Here，■for the rcslllts of copper，▲for tIle results of silvcr

For the 6tting，which ignored the scattering term，a higher rms deviation value was

obtained．For the丘ttiIlg that included the scattering term，aⅡmch 1。nveT rnls deviati011

value was achjeved．It indicates the distortion arose when one described the photoelectric

plus scatteriTIg pr。cesses only by the PL scheIne． Table 2 shows some repTesentatjve

parameters from the丘tt血g of these equations．

Thble 2 ParaIne￡ers from矗￡tings。f￡he Eqs(3)．(3)+s and(4)to the PRL val{icsl引《jf，^／一f；¨

copper and silver

ElcIIlcllt EI Le‘gy r。gion(keV) Eq pl p2 p3 m

F>EK f31 10．9653 ．2 1 7303 —0．1035

Cu (31+S 10．8290 —2 05764 —0．1286 ()．3429

f41 10．3633 —1 48254 —0 3651 0．()326

．乳1<E<EK (31 1m9321 —2．5829 一O．037l

Az (3)+S 10 8903 —2．53874 —0．05233 1．1755

f4l 11．0109 —2．72032 O．04081 ．0．11144

3 CoNCLUSIoN

The pro耵am beinE used to fit absorption coemcients for all elements was subdivided

into several segments according to the x—ray energy intervals between the absorption

ed岳es，The results cam be surrⅡn州zed as foⅡows．

(i)E>EK． The schemes。f PL+S，PLQC+S and PLCC are dl丘tted welI fbr

10<Z<50． The PLCC provides excellent nttings with rms deviation 1ess than 0 2％

in general． HoweVer，for the higher z values(z>40)，where the width of the energy
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interval for mting is small，the pLCC correction seems unnecessary，At t his time，t}le

scheme 0f PL+S is sumced in each case with rms deviation<0．25％．

(ii)I无l<E<EK． Here，the atoI工lic nuTrlber region is 1l<Z<85 At low z

region，where the energy is Iow，the PL+S scheme is sumced When Z is above 20，the

PLQC scheme including a scatterjng term and the PLCC scheme displayed weⅡ Their

rms deviations are mva—ably below 3．2％．

(iii)EM<E<．吼o．At the 10w z re百on，20<z<30，the Lc scheme is sumce(1．

When z is above 30，the PLQC scheme is acceptable．Their rnls deviations are below

1．5％．

It is necess盯y to deterrnjne th8 p／P values by a uniRed scheme for the use in t11e

caIculation of x—ray intensity by FPM method，especially for the case of tube excjte(1

XRF analysis aIld the an alysis of specimen with muIti_layer舢[ns We have tested alld

compared some existi工lg sernj-eHlpⅢcaI schemes about their caPabiⅡties to describe the

p／p values It has been proven that thi8 program provides a convenjent calculatIon of

，上／P VaIues for a wider energy re百on The program can give a fairly good agreement witll

the standard data by choosing diff毫rent expression according to di矗breIlt at。I工1ic number

and energy interVal．However，lt is not perfect especially near the regions where the mass

coe珩cient has a jump．
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