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Chapter 3
. *
ENERGY DISPERSION

Joseph M. Jaklevic and Fred S. Gouldlng

Deparlmenl of Electronics Englneerlng
Lawrence Berkeley LaboraTory
~ University of California
Berkeley, California 94720 U.S.A.

. INTRODUCTION |

In energy- dlsper51ve X~ ray fluorescence speclromolry |denl|f|ca1|on of
'fluorescence radiation is performed using detectors which dlreclly measure
- The X-~ray energy.  Such detectors normally -operate by measuring the conse-
quence of interactions of the incident X rays in the detector medium. In the
simplest case, an electron is ejected from an_élom in the deleclor by photo-
electric absorpllon of the incldenT‘X ray. The.final resgIT_is'lheﬁ produced
by the slowlhg.down'of lhlé'primary electron resulting in .showers of elcctron-
ion pairs in lﬁe cése»of a proportional counter, opllcél excitations in the
~case of a scintillation detector, or showers of electron-hole bairs in a v
semiconduclor detector. The output from the detector is the integral of such
-effects which for our presenl purposes we cah regérd aS'proporTlenaI to’ the
energy of the original incident X ray. This method is in contrast to wave-
VIengTh disperslon_ln which the Bragg reflecting properties of a crystal arce
used to disperse X rays at different reflection angles according to thcir wave-
lcngTh ) 2 - ,
| - Although energy- dlsper5|ve detectors generally exhibit _poorer enerqgy
resolution than wavelength-dispersive melhods, they are capable of simultan-
eous detection of a wide range of X-ray energies and have lnherenTIy higher
'dclecllon efficiencies. In order to operate’ effecfpvely as a detector for
X-ray fluorescence applications the energy resolution must be adequate to
‘resolve the characlerlslic X rays of interest from ihTerferingfllnes and’ back- -

‘ground. The recent development of semiconductor. detectors with their excellent

¥ This work was performed under auspices of the United States Eknergy
Research and Development Administration. .
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energy reSoluTion\has made energy-dispersive X—rgy fluorescence analysis a
“p0wefful'anaIYTicalﬂfool-whoée applicafidhs'are répfdly expahdihq' SpecTro—
graphic appllcaTlons of the other types of energy-dispersive detector are
g'now Ilmlfed to special cases where certain features of . semlconducTor dcfecfor '
are not . acceptable, such as in space where cryogenlc cool|ng is difficult.

Most semlconducfor deTecTors used for X-ray analy5|s consist of a single
'crysTal of either S|I|con or germanium, Typlcally 1 cm or less in dlameTe _

and O.S.To 1 cm thick. Free_charge produced by The'Jnferacflon of each inci-
~ dent vaay in'The detector .is cblfecfed and accufafely meaéured' To obtain: -
the cnergy resoluflon required for X-ray specfroscopy it is necessary to
operaTe the dev1ce at a Iow temperature and a Ilquld nnTroqen cryocraf is
normaljy uséd to maintain the detector at 77°K (-196°C).

Figures j(a) and 1(b) illustrate energy resquTionrcapabileies‘as a
funchon'of X-ray. enefgy over the range of inTeres+ in flubréscénce spectro-
scopy. The upper figure shows the variation AE/E with- energy for typical .
Semiconduqfor detectors and proportional counters. Sc1nT|lIaT|on dclocforJ |
would exhibiT.sTfil pooref energy. resolution. Also shown is the per{ormancc
of a +ypical wavelength disperéive crystal spectrometer illustrating the, '
improved:energy resolufioh achieved by this method in the lower énergy_range.
The'!bwer figure 'shows AE (FWHM) for a typical sTaTe;of—+he_arT Fithium=-
drifted siliéon detector specTromefer operafing at 779K,  The energy resolu-
~tion at low energies (120 eV in Fig.:l(b))is determined by electronic noise.
Smal | IiThiumedrifTed>or high-purity germanium detectors exhibit comparable
-resolution. ._ ._ | ‘ »
| The dmenanf'imporTance of good energy resolution in analyTical X-ray
spectroscopy is illustrated in Fig. 2(a) which shows The energies of the
characteristic K X rays of the low Z elements and the L X rays of the heavy
elements. Figure 2(b) shows the separaflons of the Ka tines of adjacent
elements as Z changes, and also the separaflon of the K line of an element
from:The KB tine of the next lower Z element. When Those resulfsfarg com~
. pared with the energy resolution curve of Fig. 2(a), it becomaes obvious that
separéfion of the K, lineé of adjacent elements is impossfble for The'véry
light elements (Z < 6); even more important, interference between the KB [1ne

of an element and the Ka line of the next higher'Z eleménf-is serious for mich
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higher values.ova. Fortunately, computer ahelysis of.fhevwhole spectrum,
- taking into account the known X-ray line structures of the various elements,
can accommodate a reasonable level of such interference. These Techniques
are also necessary to overcome inTerferencesvbeTween the L ahd M lines'ef
heavy elements. and the K linee7of-|ighT eIemenTs'A These problemg are reduced
by using deTecTor systems with improved energy resolufuon

" Since the excellent energy resolution of wavelengTh—dlspersive sysTem
avoidsbmany‘of +hese'in+erfefence,'if Weuldveeem that there would be little
use for energy—dispersive‘sysTems. However, the need for precise collimation
S in wavelengfh—dispersive'sysfems resuifs inva greatly reduced efficiency for
.X -ray detection with the resuIT That The analyflcal sensitivity for the detec-
tion of elements is often comparable for the two methods ‘[1]. The simultan<
eous multielement capability of energy-dispersive sysTems therefore gives

them an important role in X-ray analysis.

I1. -BASIC METHODS

The basic elements of an energy—dlsper5|ve X-ray fluorescence Jpecfrom—
efervarev|llusTraTed in Flg. 3. Exc1+a+|on can be any form of radiation -
capable of producing vacancies in the Inner.shells of the atoms of_lnTerebf
.in the sample. These vacancies are Theh_fi!led by Transifiens of electrons
from higher-energy aTomic orbitals resulfingzinvfhe_emission-of characteris-
tic X rays. 'Measuremenf of the energies and intensities of-fhese”X rays ‘is
‘the basis of a X ray fluorescence spectroscopy. A eempefing proéess whereby
vacancies fill involves the Auger effect in which deexcitation proceeds by
emission of an outer shell electron instead of an X-ray photon. This process
becohes more likely than X-ray emission for the Ifghf elements whefe the
fracflon of vacancies producnng X-ray emission (deflned as the fluorescence’.
yjield w ) may be less than 10% [2]. '

-The detector shown in Fig. 3 is normally collimated. To accept X rays
which originate at the sample and have sufficient energy to penetrate the

thin entrance window to the detector. The observed energy spectrum contains

not only the characteristic X rays of interest but also those from other
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elements in the sample;-"An addifional background_caasedaby other types of
| interactions such as scaTTer?ng of the excitation radiation from the samp le
_can be observed{- The magnifcde and spectral shape of the background depends ,
on the tType and energy of the excitation and on The compdsifion of the camplo'

Varlous Types of exc1T|ng radiation may be- employed The choice between
them depends both on fundamenfal physncal processes, which defermlno the '
uttimate performance poTenTIal in a given appllcaflon, and on very practical
factors such as cost and availabiIiTy.. Performance factors which_musT be conéz
sidered include such matters as background,7which establishes the limif.of
detectability and sensitivity, the accuracy of the quantitative ‘information
obtained and The,rahge of elements over which optimum sensitivity is 5chievcd.
The avaiIable'QpTions for exCifafjon are elecTronS,prSiTive ions and photons
(i.e., X rayébor gamma rays). ”ThevrePaTive cross sections fof inner-shet |
vacancy production for the ‘three methods are similar enough that 1he choice
beTween Them is usually based on other factors.

The use of electrons for excitation has the advahfage that they can be
conveniently generated in large quantities and ThaT'Their'enargy and {nTenﬁiTy
can easily,be.regulafea.. They have the disadvantages that the sample must be
,encicséd in the -same vacuum as the source and that the ratio ofvfluofoscenfb‘

signal to background is relatively poor due to the lacge amount of continuum
Bremssfrahlung'radiafion produced in the sample. This radiation is cauéed,by
the decelerations wﬁich electrons undergo as they jnTeracT.wiTh the posiTiQer
charged nuclei in the sample'producing a continuous X—ray spécTrum wiTh“aV‘ 
maximum energy equal To'Thaf_of the incident electrons. The.portion'ofcfhis
radiation seen by the detector sets a fluorescencebanaIYSis dafecTion fimit
ccnsiderably‘higher than when usfng cTher exciTaTion methods. However, the
abi!iTy to focus electrons into précisely control led beams of sub-micron sfze
has |ed to extensive applications of enefgy—dispefsive detectors in electron .
microprobe analysis and in scanhing electron microscopes. These applications

are discussed in'ChapTer.4;. Other uses of elecfron—excjied Xécay fluorescence -
are described-in_ChapTer‘7.: | o

Since‘posifive'ions‘are much more massfve Than elecfrons'fhey produce

less Bremsstrahlung radiation, and background in Fhe fIUorescence spectrum

_is a much smal ter probiem. Although not as convenient as elecfronsifc gen-

erate, proton and alpha particle beams are available at nuclear research
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accelerators with the result that much recent work nas been done in fhis area.'
. As with electrons, samples must be contained in a vacuum shared with the par-
ticle accelerator. The basic limit to the deTecfabiliTy of This'mefhod is .
the continuum Bremssfrahlung radiation produced by energeflc secondary olcc—'
trons resulting from. collusuons of the incident lons with elecTronc in the
sample. The resuITlng radlaflon background has an end-point energy WhICh is
dlrechy reIaTed to the energy of the or|g|nal ion beam. Cons oquenTIy opllmum
senS|T|v1T|es for most analyflcal appllcaflons are - achleved with beam energies
below 16 MeV for alpha particles and 3 MeV. for proTons_correspond[ng to a
Bremséfrahlung background end-point energy of 6 to 8 keV. Excellent detec--
_fion limits have been achieved under these conditions particularly in situa-
~tions where the fhicknese and size of the sample'is optimum for this type of
analysis [3]. A more complete discussion of the capabilities of charged
particle excitation analysns is presenTed in Chapter 7. _

Photon-excited X-ray fluorescence analysis will be discussed in more_:
defail in the present chapter. This'approach'has been exfensively used -and
-appears to be the most useful for general anaIyTlcaI appllcaf’ons, parTIy
" based on excellent performance, but also because |+ |s very convonlenT to
use compared with other excitation meThods _

In passing Through maTTer, ‘photons do. noT undergo continuous’ energy los

processes as do charged particles. The absorpT:on obeys an exponential thenua-'

Tion law:
1= o et | (1)
O o .
where Io is the .initial intensity of the beam in phoTonS/sec,
o is the densffy of the material in gm/cm ;o »
! is the intensity transmitted through a +h|ckness X(cm)
M " is the mass attenuation coeffIC|enT expressed in units

of cm?/gm.

The attenuation coefficient u can be broken down into- componenTc ass ocia}od7
with the various absorpTion processes. In conolderung fluores cence, the por=-

tion associated quh phofoelecfrlc absorpflon is The |mporfan+ part as far as
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excitation of characferisfic X ray is concerned."The phofoelecfrfc absorp-
tion cross~-section fs zerovfor,incidenf photon energjes Ieés than +he_bindind
energy onThe.parTicular‘aTomic-shell of a given element and jumps to a maxr—'
mum immediately above Tna+'energy As %he energy ie increased afill further,
1he cross section decreases as approxnmafely E 3'5. This is an |mpor+anf
factor in the choice -of exc1+a+|on energy since the sensnTIVITy for dcfoc+|on
is greaTesT for ‘those elemenTs whose absorption edges are just below th
|nC|denT_pho+cn energy. Figure 4 is a plot of the relative phoToeIecTrlc
cross-section per individual atom as a function of energy for several ele-
ments [4]. o L

PheTonS'aIsovinTeracf by scafTering from the sample so, in the general
case, 4 is the sum of the ScaTTerlng and absorpflon componenTs Furthermore,
since +he Typscal sample of nnTeresT |n fluorescence specfroscopy confannf'

atoms of ‘many elemenfs, the quanflfy u musT be replaced by a summation over

aII the. elemenfs and Thelr re|aT|ve concenfraflons

wo > I WP . @

where The subscript i refers to element i in the sample
‘ The relaflve magnnTude of the various unwanted scanerlng and ab,orpfuon
processes as compared quh the desired vacancy producfton by photoelectric
absorpflon determines the sensnTtvufy for phoTon —excited fluorescence anal-
ysis. |f the sampie contains mostly elements of high atomic number, thTo—
electric absorpficn isbdominanT and the concentrations are determined by the
relative magniTQdes of the fluorescence peaks in the spectrum. On'TheveTher
hand, if the elements of inferesf are contained in‘a low-Z matrix, the back=-
ground produced by scattering processes affects the sensitivity too. _
The .characteristics of'phoTon—induced fluorescenCe and deTecTion bimits -
are best discussed in terms of a.hypofhe+ical fluorescence specfrum, “To |
simplify.The.problem; excitation will be considered o be in the form of mono-
energetic photons and the sample will be assumed to be sufficiently.thin that
the probability of multiple interactions is small. Extensions to broad energy

range excitation and to thicker samples involves obvious integrations over the



7- D LBL=5354

ihefdenTvspeCTrai d?sfkibgfiohﬂand ovef_The Samppe‘fhfcknees.-'The Threo
modes of interaction of iMpOrTahce for phoTens in'The energy range of interest
-are Rayleigh' seaTTering; Compton scaTTeEing and photoelectric absorpfion.. in
Rayleigh‘scaTTering an ineidenT pheTon inTerécTs with a‘TighTIy bound atomic
electron and thereby is elaéficarly'scaTTered*ijhvne;loss of enerqgy.. In
Compton scattering The_inTeracTion'fakes_place wahua‘Ioosely”bound electron
resulting in an energy loss in the scaTTered'bhofon governed'by'fho wel |l known
Compfon equation of atomic physics. 'Figure 5 shows the resuITinq enerqgy loss
as a funcTion of 5caffeffng angle and ihcidehT photon energy. The photons |
scattered by either of these processes can reach the detector and conrrlbufe
unwanfed counts in the SpecTrum o _ 7
Figure 6 shows the idealized Specfrum produced by a oemlconducior deToc—
tor system-in a fluQrescence measurement using monoenengeflc thrOn_OXLI1dTIOn.
The plof represents the .number of events analyzed by the detector as a Tunc-
_Tien of the size of the “pulse from the defecfor. Theehiqhesf-enerqy peak in
fhe spectrum occurs at The energy of . the incident excitation and is due to
X rays that Raylelgh scaTTer from the sample into the deTecTor The broad .
peak at slightly lower energy is due to the inelasfuc Compfon acaTTerinq - The
width of this peak reflecfs the spread of angles over which the pho+0n5 are i
‘scaTTered and +he correspondlng energy fosses accordlnq o The Compfon
.relaflonshlp., The low-energy continuous dlsfrlbufion is due to Compton scat-
Tering in The detector whereby high-energy X rays reaching it are scattered
out leavung only ThaT fraction of their energy which had been imparted to
electrons in the deTecTor Fluorescence Sanals are represenfed by the small
peaks occurring at energies well below The‘hjgh—energy scatter peaks. The
magnitude of each peak is dependent ubon The;concenfréfioh of a particular
.e!emenf in the sample and on the relaTiVe cross -section for the K’or”LvsheJl
ioﬁizafion,of the elemenf as shown in Fig. 4. Baekground,behea{h the beaks
is due to a number of complex interactions by whicH the high?energy scattered
X rays can produce a continuum of pulse ampl{fudes in the defecfor}‘ These

can then-be the result of peor charge collecTioh.fn the detector or they can

arise from the Bremsstrahlung produeed in the sample by eIoWing down of second-

ary electrons. Both these effects are serious in trace element applications.
For the purpose of the presenTIdiscussion it is sufficient to -observe that
The detection limit is set by this background which, in turn, is proportional

to the total scattered intensity.
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The idealized specfrum'of Fig. 6 represehfé the éaSe of trace eleéments
in a low atomic nuhber matrix such as'hydroéarbons. In this simplified
ekampTé, mosf-df the atoms in the sample are of low Z'e1emenT$ that confrib—_
UTe'fOr‘mésT‘of the scattered X-ray intensity. If Thevaverage atomic number
of The’ma+rix'fs ihcréased; the relative magnitude of Rayleigh vs. Compton
scattering éhanges éincé the approximate 72 dependence of eLésTig'ScaTTerinq
predominafes over the « Z dependence of the Compton effect. As fhe éverage
'afomic,numbef;is increased pHoToeIecTric absorption and_The'resQITinq fluor—
_escence of the aTomslin fhe matrix become important; anaTysis>of‘The spechum
is tThen complicated by fnTereIemenT_absorpTion and enhancement effects. Since
the heavier elements then absorb a significant fracfioh of the beam photo-
electrically, The f1uoréscence 5pec+hUm consists predominantly of.Tho X rays
‘ emitted by atoms of these elements. 1 the energies'of these inTensé fluor-
escent X raYs'are above Thé absorption edge of other cbhsfifﬁénTs in the
- sample, they cah'be_reabsorbéd and confrjbufe to an enhancement of the X ray
Yield 6f the lower Z eleménTs; Both the absorption énd enhancemenf,effecfs
contribute fo a nonl inear feIaTionshipvbeTween the concehfraTion'and the .
‘measured X ray'inténsify; ~These problems- are wefl known in X-ray spectro-
Scopy of specimens such as aljoys énd.are_discuséed élsewhere in this boék.

 Practical X ray sources often do not provide perfectly mqnochﬁomafié _
ekcifafion;_ A close approximafion can be achieved by using chéracTeriSTic
X rays‘génerafed direCTIy by'a X-ray tube or by a radioactive source; or .
indirecfly by a-éecondary f}uoréscénce syéfem in.which Thé X rays frém The
primary source'fluoresce a secondafy pure—elemenT'+argéT. The‘inTerpreTaTioh
of the spectrum is then as discusséd'above. In some cases it proves more con- -
venient to use a conTfngouémBremssfrahlung spectrum for excitation. The
spectrum in‘+he'de+éc+dr is tThen a superpoSiTidn of spectra correspondihg
to each energy in The'conTinuUm, (i.e. it is an infégral over the cbnfihubus
excitation distribution function). Since the scattered radiation exTeﬁds
over the wHofe spectrum, the background beIOW'The characteristic X-fays is
higher Than with mqnochromafic'eXCiTafion.‘ However, detectability may be- -
less important in some cases than the fact that The wideband excitation gives’
a more uniform sensitivity over a wide range of elements. »
| The methods of photon excitation illustrated in Fig. 7 include radio-
isotope and X4ray tube soufces'used in direct or secondary'fIUOrescenée‘COn;

figurations. Direct excitation can employ either a broadband or monochromatic
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rediaTion The principal dlfference between radIOIsofope Sourcc and X ~ray
“tubes is the Iarge dlfference in available intensity. The radlarlon hazard
aesocnaTed with the use, handlnng and storage of a very active source, »
imposes a practical upper limit of 100 millichies.(i Curie = 3.7,x'101°
disinTegfaTions/eec), whereee an X-ray fube, which need only be turned on
when required, can easily be equivefenf To‘IO To iOOO Curies. To achieve
reasonably deTecTébfliTy using redioacfive sources the total sample Masst _
ehOUId bevlarge‘and long.analysis times musf be Tclerafed. Monochromatic
radioisofope{sources are-generatlly used although cenfinuous;sourceslare dlso
-available. Radioisotope sources are used mainiy because of their low cost,
‘small size and simplicify_and can be used successfully where;The analysis

of large numbers of sempjes is not required.  Apart from the lack of adequafe‘
'fnTensifies, enoTher disadvantage arises from The relatively small nuhber of
available isoTopeS. Table 1 is a list of radfoicoTope sources common |y used
for X-ray fluorescence, most are commercially available in packaqes conven-
lenT for either direct or secondary fluorescence excnfaflon - A more compIeTe
descrlpflon of possible radioisotope opflons_|o given in Ref. 5. |

| X—ray fubes prcvide control lable photon enefgy and intensity but are
more costly than radioisoTopeS and require a high—volfeqe power supply and
associaTedeCOnTroller Therefore they are used in large-scale analytical
programs where the speed of analysis more tThan compensates for the- initial
~cost. .The direct output of a Typccal X-ray Tubevcon5|sfs of Theeeleciron—
excited characteristic X rays of the anode mafeﬁ?al together with a cohTingé
ous Bremsstrahliung specTer. The output can be filtered with an approprjafe
' absorbef, normally-fhe same material as the anode, to provide a source pre-
dominé*ely ccmposed of the characteristic X rays of +he anode maTerial} A
better method of creating monochromatic radiation employs'The secondary'far—
‘get system shown in Fig. 7. The spectral output in this case has’much_lese
continuum radiation but at a considerable sacrifice ihvihfensify compared
with the case of direct eXCITaTIOH | | o

The use of monochromaflc X-ray exc1TaT|on results in a very high Jcnel—

tivity for detection of. elements with absorption edqes slightly tower in
energy Than the. excnfa+|on, and a decreasing sensnTIVITy for lower Z ele-

ments. For adequaTe coverage of a wade range of elements the samp le must
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be expOSed sequenTialIy o a number of excitation energies This is in con—
vTrasT to the case of continuous - excnfarlon where The deTecT|on sen5|T|V|Ty |
is poorer buf a un:form coverage of a wide range of elemenfs is achleved

one exposure o

- One set of excaTaT:on ‘energies su:TabIe for analysns of a wide range of
elemenTs corresponds to the characTernsTnc X rays of elemenfs Cu, Mo and. Tb
at. 10, 20" and 44 keV respecflvely. Figure 8 is a plot of the calculated
re[afive fluorescence excitation probabilities as a function of -Z for this
set. The rapidly decreasing values for low Z elements resui+s from the
'decrease in fluorescence yield (i.e. a larger propabiliTy of'yacapcy filling

' belng accompanled by Auger eIecTron emlssron) This choice of elements for
excitation is not unlque and opTImum deTechon of specific elements may re-

- quire infermediate excitation energnes. A pracflcal resTrlcfaon is that the .
secondary target should be able fo be produced in a form appropriate for the -
geometry employed and in a chemical state not easily damaged by the X ray
_radlaflon flux The choice of Cu, Mo and Tb is dlcfa+ed to a Iarqe exTenT
by their availability as sTabIe mefa!ltc foils. _

R. Gilauque, et al have reporTed on The s1ngle elemenT detectable: I|m|T°
obtained in a series of different types of samples usung Mo K X ray for
excitation [6]. Using a criteria for minimum detectable limit defined as a
signal 30 above background, and a counting time of 1000 secs, measured |imits
Werevbelow i ppm for elements wifh 24 < 7 < 37 and also for Hg and Pb con-

" tained in a biological sample (i.e. a hydrocarbon matrix). A detectable
Limit of 1 ppm was observed for elements in the Cd region using Tb K X- ray
‘exciTaTion. Russ has reporTed detection limits in the 1 to 10 ppm range in
aqueous_sofuT|ons over the same region using continuous BremssTrathng radia-
“tion and comparable counting times [7]. Similar deTecfabilny can be achieved
_ using radioisotope excitation but counting times of the order Of'1Q fo 106 '
times longer must be used. N o

Commercial X-ray fluorescence equipment manufacfurers produce YSTems
based on.the various opfions discussed above. Since each approach has par;
ticular merits for a giyen.class of applications, no simple conclusion reqgard-
ing the superioriTy of any approach can be_giveng .

A discussion of X-ray exciTaTioh sources would not be completc without
menrion of‘some'ofher aspects of the generation of X rays which May prove

useful for certain applications. Recent papers have discussed the benefits
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of polarized X-ray beams and means of generating them [8)9], The advan%age
Of'polarized”e*cifafion is That no scattering Tsfdbserved parallel to the '
direction of polarization of the incident radiafiqn,'resulfing.in a drast-
ically reduced background. Howevek; current techniques for.generafing pol -
arized X-ray beams involve mUlTiple scattering with a'prohibifive fedhcfion
in the usable inféhsify | Alternative polarized X-ray sOurceS; Suéh as the
synchrofron radiation produced by very hlgh energy electron sToragc rings

offcr hlgh |nTenS|T|es but are not available for general use.

P11, - INSTRUMENTAL CONSIDERATIONS_
.A. Detectors

Aé noted eariier, the principal advantage of sémicdnducfor deTecTors"
over others fS,Théir improved energy resolution. Seéondaryrfaéfors*which
influence their appliéafidn to a givén probiem ‘include efficiency, backgkound

characteristics and counting-rate capabilities. In the folfowing paragraphs
| The general feaTure'of semiconductor-detector speéfromefers will be discussed.

Figure 9 i< a cuTaway.view of a typical lithium drifted siliéon X-ray
~ detector. The device is knoWn,as a p—i—nvsTfucTure referring to the p-type
contact on the enTry'side, the intrinsic active volume,‘and the [ithium-
diffuéed n contact. The active volume consists of a region in which the
_donor lithium has been drifted under the lnfluence of an elecTrlc field to
preC|ser compensaTe p—Type |mpurifles in the origunal silicon. Whon reverse
bias is applied to the device the drifted region acts as an |nsula*or with
an electric field throughout its volume. Af Ilqu1d nlfrogen temperature, it
exhibits very low leakage cﬁrrenT, SO signals'proddéed by radiéTion—induced'
ionization are easily detected. Germahium'defecfofs may also be used in some.
X-ray specTromeTers’ The. I|Th1um—dr|fT|ng process has been employed in the
past in germanlum as’ well as srllcon but high-purity germanium deTecTors are
now available. Since no lithium compensafion ié_présen+ these deTeéTOrsvcan,

“when absolutely necessary, be temperature cyc]ed‘To room temperature--unlike
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lithiun-drifted germanium detectors. Since the mobility of lithium in
"bsf[icon is much lower than in.germanium, IiTHium—drfffed silicon detectors . =
- cah also be Tempefafufe cycléd. | o

The p-type surface barrier contact (a metal evaporafion) is made very
thin; entrance windows below 0.2 um are typical. The InTr|n5|c region s
the sensifive_volume'of'fhe detector where phofoelecfrons are produced and
lose energy prdducing ionization in the form of ffee holes'and electrons.
~The§e free charges are swepf'awaylby the apblied-bias and col lected. Singc
a well defined average_enérgy is required to produce an electron-hole pair
in a:pérTiculér semfconducfor material, the total. number of‘chahges'prOduced
, is‘diréchy_proporTional.To-#he'energy of the abSOrbed.XAray (assuhing.ToTal
X ray absorpfjon)w' In an. ideal detector the total chafgebis completetly col-
lected for'each'defecfor evethand the response Of.fhe'sysfem to monochro-
mafic_phofons is a'single peak with zero counfé elsewhere in The_spécTrum;
However, observed spécTra obtained with real semiconduc%of detectors éxhibfT.
a cohfinuous background exfénding from zero enérgy To'ThaT of the principal -
peak. anesTigafionS of the naTQre of this background Have ésTabliShed ThaT
its origin is the distortion of internal electric.fields caused by the detec-
tor surfaces pfeéenf'in most geometries [10]. Figure 10(a) shows a cross
- section of é typical deTechr. The shaded porTiéns_indicate areas in which
the internal field lines do not terminate at the electrical contact formed
by the metal surface barrier but, instead, terminate on the ill defined sur-
faces. Events occurring‘wifhfn_fhis region éxperiehce incompléfe.coilecfioh
of the charge signal resulting in a smaller signaIvThan‘shouId be produced.
To the extent that such events are conTinuously distributed up to the ampli*
tude corresponding to The full energy peak, they account for much of the
observed continuum background. ' ,

The magnlfude of the continuum relative to the peak can be reduccd by
using a larger detector and collimated the incoming radiation to avoid the
shaded regions.. Another approach is to use Thé gyard—ringadefécfor illus-
trated in Fig. 10(b). Heré, an addition annular contact or'guard‘ring is
added on The.liThiQm—diffused side and maihfained at the same dc potential
as the central region. The signal is taken from the central area while the

outer ring serves to maintain uniform internal field lines in the detector.
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Such guard-ring detectors show gfeafly-reduced'backgkound.v Further reduc-
tion can be achieved by exTracTiﬁg a signal from the guard ring and, if an
“event occurs sufficienTIy close to the edge of the sensitive region that é
portion of the éharge isbcollecfed-in'fhe guardlring, the coincident signal
in the acfive‘region is rejeéfed. This is termed the Yguafd—fing reject!
method. _ o ‘ ‘ _ | _
Assuming That The'appropriafe measures are taken to reduce such detec-
'Tor arTnfacTs as these then the fundamental limit in detector bacquound
below the prlnCIpaI peak is esfablnshed by the escape of secondary parfnclos
- or photons from the detector surfaces. Photoelectric absorption of an X ray
in the detector eJecTs an electron from one of the shells of Si or Ge atoms
creating a vacancy which subsequently fills with accompanying emission of Si
or Ge characteristic X rays or an Auger: elecfronf: To' produce a_'full.energy
sighal the whole ehergy of the initial phofbe1ec+ron and %haf of the econd—'
ary radiation produced when the Si or Ge atom deexcites must be absorbed in
the sensitive region of the detector. Any loss of energy will cause.a signal
smal ler than desired resulfing in detector background.b This type éf'defecfor
background - is fuﬁdamenfal depending only on fheléharaCTerisTics of the detec- o
tor material and on iTs.geomefry. [t should be noted that even in the ideal
case where‘confinuous background due to detector effecf could be reduced to
zero there would still be significant baékground conTribuTTon.duevTo Brems-
sTrahlung produced in the sémble by the electrons ejected from atoms in the
sample.
The'escape‘of a characteristic X fay'Of the detector material subfracfs

a definite energy from an event and such events produce discrete 'escape'
peaks In the background disTribufion at energies slighf!y below the mainr
‘peaks. In the case of Si the K-escape causes a peak at an energy 1. 74 keV
less +han the full energy peak. Due to the large penetration depTh of X rays
in Si and the small fluorescence yield of Si vacancies, Thesevpeaks are impor-
tant for photon energies be | ow 6 keV and cannot achieve a size of more than -
- 2% of the full energy’peak. vln Ge K~escape peaké occur at an energy of 9.87
or 11.0 keV below the main péak depending whether The_Kd or KB X rays eséape;
Due to the large fluorescence yield in Ge and the penetration of these high-

energy X'rays, These peaks can be aS‘Iérge as 20% of the full energy peak
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intensity. Since‘fhe'energy of these peaks'OCCurs in a vefy awkward fange
: from the point of view of fluorescence analysis, Ge defecfdr§ find-onIy o
'Inmnlod applications here. ' '
The eff|C|ency of Ge detectors is much higher than that for Si detec- -
fors aT high energles due to the Z°® dependence of phofoelecTrlc Cross sec-—'
tions. Flgure 11 shows the eff|c1ency variation of various deTec*ors with
energy. . Note that the Ge detector efficiency changes. rapidly in the 10 koV
‘region near the K-shel | absorption edges. |In pracTncaI sys#emS'The fa}l_off .
in‘efficiency at low energies is set by the thickness of Be andow on fhé
'cryosféf vacﬁum enc1osufe.__The curves of Fig. i1;are fdria'25 ﬁm window.buf
Be windows as thin as 7 um caﬁ be fabricated where good IowQenengy effié—
iéncy'is'essenfial Air'abébrpfion is also imporfahf'in such systems so
hel|um or vacuum, paThs are provided between the sample and the detector Jy“~
tem. in speCtal appllcafsons windowless sysfems are sometimes used; The
detection of boron K/X rays-at 185 eV has been reported [13] in a system of
this fype. Problems associated with operating windowless systems make their
use difficulT for genéral purposes. Al though the iﬁfrinsic effiéienéy of"
Semlconducfor detectors makes them sensnT|ve to characteristic (either Kor
- L) X rays of alt elements from boron +o dranium ln the period fable, the-
characferlsflcs of the excitation and the energy. resoluflon normally restricts ‘
The use of a spectrometer to a much smaller range of elemenfs
The energy resolution of a semiconductor detector specfromefer is defor-'

mined partly by electronic n0|se but also by statistical fluciuaflon in

Thé numbervof elecfron—holeipéirs generated by monochromafic'radiéfion., Thé
"RMS deviation of a monoenergetic X-ray |ine caused by these two sources bf

fluctuation can be expressed as -the quadratic sum of two componehfs

= + . o .
Oms = V9% T 9% | , €3)
~where Oe is the elec*ronlc noise COnTFIDUTIOH and g represenTs Thc'STafis—
tical spread in the number of frec charges produced in the detector. The-

electronic hoise contribution is determined by the input amplifier stage and
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by defecTor.Ieakage current. Operating the detector at low +emperéfures is
essential +0 reduce fhe'laffer’componen+. The_sfafisficar'spread 0; can be
represented by: ' '

. =VFEe L (4)

S

where E ié the X-ray energy, € is Thé_average energy required to produce an
electron-hole pair and F is The'?ano factor which corrects for the departure

- of The'energy loss process from a Poissoh disfribﬁfion. Typicai values are
€ =3.7¢eVand F = 0.12 for Si, and € = 3.0and F = 0.10 for Ge. Comparison
dfyThese with The value'of € = 30 eV for gas detectors iIIusTrafes'The-inher—
ent resquTioﬁ advantage of semiconductor detectors. The lower value of both
F and € for Ge rélafive'To Si accounts for slightly better resolution at high '
énergies for Ge relative to Si. Figure 1(b) is a plof of‘Eq. (2) with appro-
priate values for € and F for Si, allowing also for the contribution of elec-

Fronic noise.

B. Signal Processing Elecfronics

- In order To achieve the mlntmum possible resolution con+r|buT|on due to
elecTruc noise sources it is necessary to filter the output signals to . enhdncc
The signal relative to noise. Figure 12 Ls a schematic of a typical signal

channel emh|oyéd with a semiconducfor‘défecfor, The input preamplifier stage
| is mounted at the detector éT low temperature ih'fhé cryoéTéT IT |nTeqra1es '
each deTecTor charge signal to produce a voltage step proporflonal to the -
charge. This-pulse is then amplified and shaped in a series of integrating
and differenfiéfing stages to achieve the optimum shape fo maximize the sig-
nal/noise ratio. Thé resulting shaped pulse is Then-processed and stored in -
a'muITiéhannel pu]se—heighT'analyzer which accumulates the X;ray spectrum.

?igure 13 is én example of a spectrum obtained from a typical i défec—
tor specTrbmeTer shoWing the K X-rays of Mn Togefher'wffh a peak generated by |
a pulser; The resolution of the pulser péak is a measure of +He electronic

noise Og- The difference between the 99 eV pulser and the 165 eV Mn K, widths
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is due fo the statistics of charge collection as expressed in'Ec (3) and
(4). ElecTron|c resquTlons ‘aslow as abouT 60 eV have been achleved in
special sysfems _ v

As compared with gamma—fay specfromefefs X—ray specTromeTerS‘aFe
characTer:zed by the. Iarqe values of signal shaping times used to optimize
‘energy resolution. Slnce these long pulse-shaping times place a severe
I'imit on the maximum allowable counting rate, a-shorTer shaplng time than
~The optimum (from The point of view of resolution) is used. Figure 14 is
a.plot of the counting-rate. characteristics of a Typical semiconductor sys-
tem operaTéd'éT'var}cus puléééshaping Tihes. The characferis+ic shaping
time referred fo in Fig; 14 is-Thé time required for a Gauséian—;hapedi
pulée to reach iTs'maximum value and must be disTingdfshed from the char-
acTerlsflc shaping Time consTanT which can be consnderably shorTer For
The cases;shown |n_F|g 14 ~The best resolution is achieved at 17 us peak-
ing time. However, the output rate at high input counflng raTes‘ns_hlghe
- for the Iowér values of peaking times. vConsequehfIy a compromise.valué i$
often employed depending dncThe applicaTibn. \ | ’ B

" The shape of the input/output data curves of Fig. 14 illustrate the
éffecTs of loss of pulses due Tc‘pulse pilé-up} .Sjnce The'signals arrive
at random times, Thé time interval between pulses obeys a Poisson deTribu—‘
tion. . Follow1ng one event, The probability that a second event will occur

“within a time t is glven by
P(t) = 1 - exp(At) | - (5)

where X is The:average rate in counts/second. At counting rates of 10*
counts/sec there is a 40% probability of two events occurring wifhfn 50 us o
of each other. Such pulses overlap and produce erraneous pulsévampiifudgs;
To eliminate such ambiguoﬁs events, most specTrohéTer sysTéms employ cir-
cuitry which detects such pulse pile-up and elimfnafés anyvsignals contamin-
ated in this way. The drop in output rate for high inpuf rates as shown in
Fig. 14 reflects the effécT‘of pulse pilé—up rejecfion I'f lower counting
rates are normal 'y encountered, such as may be the case in rad;onsoTOpe

excifation, plle up rejection may not be necessary.
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Slnce pile- up rejection ellmlnaTes some of The vaI|d events, an absoluTc
measuremenf of the |nTenS|Ty of X~ ray lines requlres a mefhod of correcflnq
for these losses in the final data. Fortunately, the loss fraction is the
same for all amplifudes in The.specTrum so compensation can be affected by
exTending The total counting interval by the: apprOprlafe factor. The hormal
mefhod is'to use a live time clock system in which the’ counfing time is deter-
mined by counflng a predefermyned number. of periodic clock pulses WhICh pass
Through The Same ﬁejecfion gaTe as the signals. If this system is properly
désigned the clack»pulses3uhdérgo the same probability of rejection as the
X-ray evenTs | | | |

Another meThod of overcomlng pulse pile-up and dead time Iosses is pos-
sible if. a pulsed X-ray tube is available. By shuTT|ng off the X-ray tube
eXC|Ta+|on lmmedlaTer an evenT is detected and the probability of add|+|onal
events occurring during The‘pulse processing Tlme is reduced essenflally 1o
zerb._ Af the end of the pulse processing +imevThe.fube is then turned on
again and the next eveaf is:awaiTed. In suchva_éysfem the output rate equals
the inpuf rate, no pile-up rejection is required and higher counting rates
can be achieved. ' | | ‘ : .

<Fo|lowing'The analogue Signal processing jusT discussed, signaislpass
into an analogue-fo-digital converter and Thence are sTored in a multichannel
analyzer or smail computer.. The result is a spectrum of the number of detec-
ted events as a function of X-ray energy. This is The-informafion which must
be used to derive elemental’ concenTraflons S o o

Figure 15 is an example of a pulse amplitude specTrum obtained using Mo
K X-ray excitation of an National Bureau of ‘Standards orchard leaf Jample._
Elemenfa!'concen+rafions are fndicaTed on the plot. The peak-to-background

ratio for the fluorescen+-peaks-is representative of current Technidues.

IV. CALIBRATION METHODS
In this section we wiil analyze factors which determine +he»rela+iohshjp
between the concentrations of elements in the sample and the counting rate

for the characTerisTic.X rays in the detector. Only the simplesflcase will

[
b
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be analyzed bul the. generallzallons reqU|red To extend The analy5|a to other
classes of samples will be |nd|ca+ed v ,

For the purpose of rllustrallon we choose. a éample inilhe form of a
homogeneous slab of thickness d (cm) which ls_irradiafed byxpholon; of. energy.
EO and intensity l as illustrated in Fig. 16. To av0|d cumbersome Trlgono—
metric funcllons, we will assume that the |nC|denT and fluorescent X rays
have directions normal to +he surface. To extend the analysis to other
-ahgles_THeIapproprlaTe dislénoes_oah~be divided by the cosines of the anglé‘
of incidence. S | | | |

. From the abéorpflon expression of Eq. (1) we can write lhe.lhfensily of
fluorescence K orvL fadialion detected by the detector from the atoms of ele-
ment | contained ina layer of Thlckness dx located aT distance x below the

surface of the sample as follows

| ~H_pX -uipx,,'- S
dl, =11 e T. p w, e dx C _ (6)
i o _ : _ S
The bfackelé logloally separate the three components as follows:

i) The intensity of the incident flux transmitted by a thickness
X, densnly p and average total mass allenuallon My for the

JnCIdenl rallallon

ii) The fracllon of lhe X rays reaching the elemenl of Thlckness -
dx which lnTeracT in tThe element to produce vacancies ‘in the
K or L shells of element i followed by X ~ray emission. The
Anumber of vacancies. is T, P dx.- The fluorescencevyleldbls_wi;
. For conveniohce,ei, the doleclor efficiency which_is a funcllon

~of the energy Ei’ is also included in This;ferm.
iii) ‘The probabilily that the fluorescence X. rays of énergy Ei will
escape back fo the surface of the sample from‘a'deplh x in a

medium with average mass absorption coelficienl'uiQ
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~Integration of Eq. (6) over The_sémple’fhickness d gives the foliowing'v
expreés?on for.the total inTensTTy of fluorescence radfafion observed by
the detector:
_ e-(ui+uo)pd_
I, =1_GCT1.p,w.€, . ‘ 7
[ R :
(u,+u )p

where the factor G is an effIC|ency term defermlned by The effecTnve solid
angle from the. sample To the detector.

Two limiting cases of practical importance can be calculated. For very
Thin_sahples in which absorption and interelement effects are negligible

[ui+u0]pd <<_1, and The expression reduces to:

I ='{: G T.m.e.}p.d | - (8)
[ o ARt . : - b

/yhere The quan{ify pid is the concenffafion of the element of interest ine."'
gn/cm? | . |
The quantity in brackets relates the concentration of the sample fo the

observed counfihg rate-in The'simplesf of cases. Calculafioﬁ of this rel- -
ative X-ray excitation brobabiIITy'.can be performed using pubtiished vaiuesA
for T and w, [14-16] The‘resul*s of these calculations were shown in

Fig. 8. The fac+ That these curves are smooThly varylng funchons of atomic
number has important consequences for quanTITaT|ve mulTleIemenT analleg

[f the system has been_carefully calibrated for a given element then an
approxima+e result for a neighboring element can be easily inferred from a
crude plot of Eq. (8). R. Giauque,'eT al have refined the tfechnique using .

a semiempirfcal approach to the evaluation of this function and have obtained
aeCuraTe calibrations. extending over a wide range of atomic numbers. Table 2
is a comparison of measured and calculated reeuITs for thin film standards.
These authors have also extended the method to fnclude-an attenuation cor-
rection of Eq. (6) for moderately thin homogeneous samples in which the
ekciTingvrédiaTion is not severely attenuated. This calibraTion Tochniduo
“will permit analysis of a wide class of samples such as air pollurlon il-

ters and. many blologlcal specimens.
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The second speeial case'of Eq. (7) involves very thick samples in

which .pd » e, In this case the expression reduces To

. o G'T.m.ei 0. S A
e A RO
AN P : ~

This equation can be applied to samples in which the absorpfionfof_fhe
: ma+rIX'is known beforehand (i.e., M and Mo ) and fhe_coﬁcen+ra+ioh pi is
not large enough to SIinflcanTIy alter The maTrlx absorpTlon . This is-
normally so in trace element analysns ‘ ' .

The exfen5|on of These ‘ideas from monoenergefie excifafion to broad-
energy eXC|TaT|on involves a second sum or nnTegraTion of Eq. (7) over the
|nC|den+ energy. dlsfrlbuTuon - This can be done u5|ng parameTrlc expres-
sions for uand T Togefher W|fh measured X-ray dnsTrlbuTuons Alfernaflvelyi
a ToTaIIy empirncal approach can be used. The quaI|+a+|ve features of a
calibration curve generafed expertmenfally are snmnlar to Those dnscussed
for monoenergef:c excitation. , o ‘

In order TO'use these Semiempirical fermulae for accurate analyfical-
purposes, .it is necessary to prepare samples in rhe righf form. ldeal -
samples are homogeneous and must be dilute to avond |nTereIemenT X-ray
1enhancemen+ effects. Technuques for preparing such samples are dlqeu)scd
elsewhere in this” book In situations where These requnremenfb are not mel
and where lnTereIemenT and absorp+|on effects may be lmpor+an+ a more
“elaborate cal ibration procedure must be undertaken. . In its most general
formulafion; the fnfehsi+y.ef X rays produced by element i depends on the
cencenTraTion of all other elements in the sample. This can be expressed
as follows o | |

o= /A L ao
J

Therquahfifafiye 345 represent a relaffve measure of the absorbTion:of
enhancement effect of element j on the observed inTensiTyvri. The problem
of calibration then involves the de+erm§na+ion of the coefficients a; . A
number of methods of doing this have been developed [17,18]. This probiem

is also present in the case of waveiengfh—dispereion analysis but that the
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speéfrum_obTaLned from an energy—diépersive spectrometer can give a_sfmul—
Tanéod; measurement of_-li for all elements of interest. These and related
topics are discussed in the chapter on data interpretation. These complica~
tions are anided,by preparing standards which closely,apprOXimaTe the form_
of the unknown sample; this method becomes even more desirable as the sample
- form departs far ffom the Simple case discussed:earlier. Where interele-
ménT and matrix effecTs'are‘imporfanf,,énd The number_bf constituent ele-
ments is not large, the solution of Eq. (1) cah.be.effeéfively éccomplished
by Qsing calibration curves. As the sample departs far from uniformity and
homogéneify; it becomes essential that.a standard sampie ciosely replicat-
ing the main constituents of the annown be prepared{ ' _
The question of sample homogeneity closely relates to the particle size
prob|emvofTen encouhfered in X-ray fluorescence analysis. With the increas-
ing importance of energy-dispersive analysis applied to air pérTicuIéTe | v
analysis_an.undefsfanding of: this effect is desireable. Figure 16(b) ilius—
trates Thé'problem.of méasurjng the X-ray inTehsiTies from an irregularily
shaped particle. Defining a characteristic absorption Ien'gn‘h’(up)—l then,
if the average diameter of the particle is cOmpahable:fo or greater than
this length there:will be a large difference befweén the output fnTensi#ies
Ii énd,l; arising_frgm different parts of a,parTicle..‘In this case the
measured intensity may be a function of the distribution of particle sizes
in powder specimens, or of 'surface irrgularities in solid samples. ‘Rhodes_

has treated the question of a generalized particle size disTrfbquon ahd

- _derives models for.various distributions [19]. T. Dzubay has derived cor-

rection factors to be used for air particulate analysis assuming that -the
particles arevspherical'[ZO]. Criss has‘calculafedlfhevparficle size cor- -
rection for a variety of'shapes and composiTﬁons [21]. In any of these
approaches, aésumpfions must be made regarding The particle composifion and
shape befbre a reasonable correction can be applied. TOAOVercome‘This,_

R. Giauque, et al have used a variable exciTanon energy'fo measure the
fluorescence output as a function of the penetration depth of incident

X ray beam. Since these corrections are only'épproximafe, The‘parficle size

effects always |imit accuracy, parficultarly when analyzing for low Z elements.
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V. SPECTRAL ANALYSIS

The earller dlscu5510n of cal|bra+|on techniques assumes fhaT an
‘accurate’ measure of X-ray |ine :nfen5|+|es could be derlved from The mu | +i-
'channel fluorescence specTrum ‘This is clearly easy for hlgh concenfra—_'
lion elements where a S|mple summation over the channels in the peak is.
adequale - However, in The general case, the size of the peak of :nTeresT
“must be derlved despite the presence of continuous background and interfer=
ence from lines due to olher elements in the sample. The accurate ublrac—
llon of continuous background is parflcularly lmporfanl in trace analysis
_appllcallons where the peaks are small.  In large scale ‘analysis programs,
this must be done accurafely and rapidly. " , -

Flgure 17 helps illustrate the compleX|Ty of the problem of spectral
analysns ‘ ThlS example lS from a typical air pollullon sample cons l)led
of the collected parllculales on a b5 mgm/cm cellulose backing. Thofsample
- was irradiated with Mo K X.rays. The_logarlfhmlc plot emphasis the number
.of details whlch'musl be included in a successful'analysis procedure;' For
_example the continuous background beneath the peaks,in the region between
Ca and Br is very difficult to define sinceilhe:densily of,peaks obscures
.any reference level which mlghl exist. Tne number of elemenfs presenf'
requires careful con5|derallon of the possable overlap of lines from adja-
cent elemenls and of Thelr K X rays with the complex L X-ray speclrum of Pb.
Oflen, the spectra To be analyzed are much simpler than this but a general
purpose compuTer'program'should be capable of handling all types of problems.

The slmplesl method for extracting peak areas is to sum the data. over
a selected channei inlerval, typically the Ku or La X ray, after sublrac—
Tion of a continuous background. Interferences between elements can be
. handled by a sequenlial substraction of the overlaping lines using The
known ratios between K and KB to delermlne the amount of overlap. In cases
where the number of lnlerelemenl interferences are - few and the bacquound
- can be easlly determined, this simple melhod can be used effectively.
| The next level of sophistication involves the use of fitting routines
in which the background and peaks are compared to reference standards a
lpOlnT for pOInT basis. The comparlson can be performed either by a slmple‘

sum over the peaks of interest or by least squares_lechniques.
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»Thé béckground is usuafly estimated either by inferpolafjon.over a -
limited region or by relating the background at a given point to the Tnfen;
siTy.of'scaTTeféd_radiaTion at the high”enérgy region of the specTer. The
sfahdérd peak Shapes can be generated mafhemafiéai|y using Gauséian‘peak
shapes of appropriate width and locations and intensities specifiéd by pre-
_viously‘known data. Difficulties wffh the mathematical method of peak gen- -
eration arise wheré the characteristic X-ray Iineé become complex such as
The_L X rays of heavy e}emen*s or the partially reso[ved Ka1 - KdZIQOubled
for 2> 40. ,
.VAn alternative method for generafing“peak Shépes‘is‘fo experimental ly
- meastre the spectrometer response to X rays of a given elemenf-and‘sfore
that spectrum in the computer [23]. -This has the advantage that mulfible
structure and non. Gaussian peak shapes are éu‘romaﬂcallyde’rerminedf The
cost of the added storage capacity required is offset by the simpii*ica—"
tions tholved in programming; The'advanfages of using standard shahes and.
more complicated fitting routines are a slight increase in the sTaTisTical:
éccuracy of the measurement and a more flexible approééh,fovfhe:problem of
inferelement interferences. However, the program‘can'be exTremer;compiexf
parficulérly if a large number of elements. are to be simulféheously analyzed
and do not fit easily into a small computer. ’ |
The next level of mathematical complexity involves.fhe use of trans-
formation techniques to enhance the peak to background ratio prior to spec-
“trum unfolding. ‘Three exémp!es_of interest are Fourier analysis [24},
digital filtering [25], and correlation Techniqués [26]. Although each is
slightly differeh+ they are aII'basicain méthods whereby The maThemaTical
fransformation filters out The smoothly varying baékground subtraction and
can be incorporated into small computer systems. On the other hand, the |
problems of multiple lines ahd-inTerelemenT interference must be handied
separately. _
As. yet no completely general method of X-ray spectral analysis has been
. developed. Various combinations of the above techniques are used by a num-
ber of laboratories and commercial manufacturers with varying'success depend-
ing on the type of application. - It is probable that all the available pro-
grams achieve ‘the same level of accuracy for.The more sTEaighberward probtems

and fail equally .in the more complicafed situations. .The reasons for this
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lie not only in The compleany of mu|+|ple element spec?ra but also ‘in
: |ns+rumenTaI effects which are dlfflculT to compensafe mafhemaTlcally
These effecTs |nclude smal | ‘gain shifts in the specTromeTer as a funcflon
of T|me,'changes in peak shape and tocation as the- counT rate varles,'and
varlaflons in the relative |nTensu+1es of the characferlsfnc X ray for a
parflcular element due to absorpfxon effects. Since +hese problems are
not easily corrected in Typlcal programs, the subsequent ,pocfral o
analysis is subject to large errors particularily in the case of the less
infense peaks The net effecf is fo timit the dynamnc range over which

' eIemenTaI concenfraflon can be- deTerm:ned

VI.  APPLICATIONS

. o
Areas in which energy depersive analysis has been successfully employ- v

_ed are numerous and have been reported: extensively in the ||Tera+urc In

most respects the appllcafnons dupllcaTe those of conventional X- rdy fluor—

escence. Appllcaflons range from on- Ilne process,confrol where only one

or two elemenfs must be conTinuoust monitored lfo environmental analysis

applicafions where a»complefe list of elements and fheir’absolufe conConTra—

tions must be determined. ‘Some specific areas of lnferesf are also d|s~

cussed elsewhere in this volume

VIi. CONCLUSION

The technique of energy—dispersive'phefon-exciTed X—ray fluoreScence
analysis has been developed To the point where it constitutes a pefenTs
analytical tool for accurate and sensitive nondesTruc+fve multiple-element
analysis. A number of insTrumenTs based on this method are now ‘commer-
cially available As” They become more widely used The ful'l range of appllca-

tions of the technique will no doubt be expanded
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FIGURE CAPTIONS

EnergyvrésdIuTiOn capabilities of X-ray detectors. a)»Comparison
of typical semiconductor detector with a proportional counter and
a Bragg crystal specTromeTer b) ResquTion expressed as the full
width aT half maximum for a typical semlconducfor system as a |

function of energy.

a) The enérgies of the prinéipaj X—ray‘absorpfion edges and emission
lines as a function of atomic number. _

b) Energy‘differenCes between adjacent X-ray lines of the elements.
Thése curves should be'compared with +he.resolufion curve in

Fig. 1(b).
Schemafic of the X-ray fluorescence process.

Cross section for inner shell vacancies formation as a function of

exciting photon energy.

. Energy and angle dependence of the Compton effect (inelastic

scattering).

Ideal ized X-ray fluorescence spectrum resulting from excitation of

trace elements in a low atomic number matrix using monoenergetic

photons.

Schematics of typical radioisotope and X-ray tube fluorescence

geometries in both direct and secondary fluorescence configurations.

Probability of X~ray production as a function of energy of the

characteristic X rays for three different exciting radiations.

Cross section of a fypiCaI lithium drifted silicon Semiconducfor
detector. '
. Cross section of a Top hat deTecTor geometry a) and a quard r:nq

detector b) showing the internal field distributions.

. CalculaTed efficiencies of Ge and Si deTecforé_as a function of

incident X-ray energy.



FIG.
CFIG.

FIG.

FIG.

FI1G.

FIG.

17,

_28- LBL-5354

." Schematic of complete X-ray spectrometer. system.

Specfrum of Mn K X"rays Togefhér wiTh a pulser peak.

OquuT counflng and energy resolution raTe as a function of input

counting raTe for a pulsed opT|cal—elecTron|c processor employlnq 

: plle—up reJecflon

Fluorescence specfrum obtained using Mo K X- ray ex0|TaT|on on a

National Bureau of S+andards Orchard Ieaf SpeCImen

Diagrams showing the mechanism X—ray.absorpfion corrections for
a) a uniform layer and b) an frregular particle. In The_laTTer-'
case }i andll{_due to the difference in absorption paths.

A typical fluorescénce specfrum obtained with an air'pollufion

sample Nofe'fhé density of peaks and the subsequent lack of

: reglons from which a smooth background mlth be esTImaTed



LBL-

DO a 0406012509
-29-
TABLE 1
Radioisotopes For X-ray Fluorescence
Nucl ide Half-Life Emission Energies
- S5Fe 2.7 years 5.9 keV
108¢4 453 years 22.1 keV, 87.7 keV
123 60 days 27 keV
241 am 458 years 12-17 keV, 60 keV
>7Co 270 days 6.4 keV, 122 keV, 144 keV
238py 86.4 years

12-17 keV

-

2

N

J

4
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TABLE 2

Re}aTive Excitation Efficiencies

Peak - Calculated Intensity STandafd Value
CE'KQ Cose1 .370 + 011
Mn Ku' 450 435,003
Fe K 587 | S .559 ..003
Ni K .884 | .:,882 _ ;067'
Cu'ka 1.000" ©1.000  .015%
| ‘AézKa. | 1.653 | 1.660 To83'
Se K, " _ 7% 1753057
Po L, 804 . 774 019

. ¥ Valués are normalized for Cu Ka
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- RADIOISOTOPE EXCITATION
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