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XRF ANALYSIS - SOME SENSITIVITY COMPARISONS
BETWEEN CHARGED-PARTICLE AND PHOTON EXCITATION*

. ' F. S. Coulding and J. M. Jaklevic
Lawrence Berkeley Léborétofy

o , : S _ University of California
Berkeley, California 94720 U.S.A.

[y

SUMMARY

A comparison is made between the limits of detection for trace‘
elements when charged—pérticle and photon excited X-ray fluorescence
analysis are performed dn a épecific type of sample (5 mg/cmzlorganic
based). Lérgé-scale analysis (~ j0,000.samples per yeér) at levels
of 1 ppm or lowér'is shown to be practical with either technique when
well executed. Determining the physical reason for unexplained detec-
for background is shown to be very important particularly for the
potential improvement that might be realized in photon-excited analysis -

applications.

L

¥ - This work was done with support from the U. S. Energy Research'&nd‘
and Development Administration under Interagency Agreement with the
U. S. Environmental Protection Agency.
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'XRF ANALYSIS - SOME SENSITIVITY COMPARISONS
'BETWEEN CHARGED-PARTICLE AND PHOTON EXCITATION -

F. S. Goulding and J. M. Jaklevic

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720 U.S.A.

1. INTRODUCTION

A direct comparison of the sensitivities for tréce element measure- -
ments using either charge-particle or photon excited XRF analysis is made.
difficult by the fact that each hasvparticﬁlar releVance to certain appliCaj

tions, and its performance is related to the type (particularly size) of

(1)

sample; However, the paper by Folkmann et a has placéd charged-particle

véxcitatidn on a firm theoreﬁical and eiperimental basis, and this Work can
be ﬁsed to extrapolate fo é variety'of cases. -The’pfeSent aﬁthofs repqrted(z)
siﬁiiar calculations to those of FOlkmann;'but én'uﬁduly'pessimisticvprediéQ
tion of sensitivify for a given measurement time resulted from a cdnsefvafivg
estimate of the allowable beam'intensity.énd from a éignificant'error in_ﬁhé
calculationi We'havé now repeated>the caicﬁlaﬁions:and,are‘largely in agree-
‘ment With»Folkmann}: Thé purpose -of this papef ié to,presentvdéta on an
éptimum photon-excited XRF system and %o discuss the théoréticéi and experi-
"mental sensitivity limits 5f this ﬁethod;
.In order to compare the performance with the charged particle-results

of Folkmanh, we will standardize'on samples mainly of orgénic (i.e.; carbon)v
content and wéighing 5 mg/cmz. This is typical of the‘filtefs used to col-
lect air partiéulateé. Wé will aléo assume that iarge—scale énéljsis O?,
samples isIreqUired,'so the analysis timé'ber sample»fdf_the 3Q orisd ele-~
menté generally analyzed by tﬁese systems will be.restriéted to less than -

10 minutes. This corresponds to comfortably handling 30,000 Samples per year.
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2.  SENSITIVITY OF PARTICLE-INDUCED X-RAY EMISSION ANALYSiS

The limit to sensitivity (detection 1imit) of any measurement system
is set by statistical fluctuations in the backgfound that cdnceal weak.
signals. In’this‘study of X-ray fluorescence systems, we will adopt the '
cbnvention that the detection 1limit for a particular X-ray spectral peak
is equal to B‘fﬁ'whefe B is the speétral background in the peak regibn
integrated over the width of the peak. A better limit might be 3.29 /B
corresponding to the 95% confidence 1imit but 3B is mbre commonl.y
employed in the literature but the differenceAis negligible for our purpOse;

Charged particle excitation involves the ejecfion of electrons.ffom
fhe appropriate shell(s) of the constituent atoms by collision with charged
particles»trévelling through the sample. The‘subsequent filling of the
shells causes emissionbof X-rays characteristic of the elements_in the
sample. The main background, particularly at low X-ray energies, arises.
from bremsstrahiung produced in the sample by the electrons ejected mainiy
from the carbon matrix. Noterthat the same basic process produces both
the IOWaenergy background andbthe characteristic X-rays of elements"of
interest, Background at higher X-ray energiés is partly due'fo bremsstrah- .
lung produced by the particle itself, butvis often-dominated by nuclear
reactions in the sample which produce gammaQrays that cauée a Compton elec-
tron distribution in the detector.

The ﬁrocess of the ejection of electrons from atoms byvpéssage of
charged particles canybe analyzed using the Born approximatibn or the clas-
sical binary-encounter collision modél discussed by Garcia(s). The latter
method must be modified to take into account the distribution of velocifies

(%)

of electrons in the various shells in order to avoid false behavior for
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high-ejected electron energies. These calculations form the basis of
Folkmann's work, and they permit a good estimate of both X-ray production
cross sections and the secondary-electron bremsstrahlung production,
Folkmann also calculates the'particle bremsstrahlung. From these calcula-
tions, backed by experimentally measured cross sections, he has produced
sensitivity curves for various energies of protons.

In order to present his results in a form directly comparable to that
to be given for photons, it is necessary to define the conditions of the
exposure and the size of sample! Work by a number of groups suggests that
a 100 nA beam current (protons) spread over an area approaching 1 cm? is
acceptable from the point of view of sample heating. Since it is common
to use two beam energies (With absorbers) to optimize performance for a
range of elements, we will assume a counting time of 200 sec for each énergy.
This corresponds to a total charge of 20 puC at each beam énergy on the
sample of 5 mg/cm.2 assumed for the purpose of comparison in this paper. It
is also necessary to define the efficiency of the sample—detector_geometry
‘(assuming the detector is 100% efficient for the X-rays of interest). We
will assume the value (0.3% geometrical efficiency) used by Folkmann. With
these assumptions, the electron and proton breméstrahlung and the yield of
X-rays of elements present at the 1 ppm level can be calculated. Figures 1
and 2 show the results for_2.MEV and 4 MeV protons. We have selected these
energies for this comparison because they are reasonably optimum for realiz-
ing good sensitivity over the whole range of intéresting elements and the |
ions have adequate range so that we can neglect the loss of particle energy
in traversing the samﬁle. Note that the X-ray yields given on these figures
include the effect of vacancy-filling by Auger electron emission which

results in a fluorescent yield of X-rays well below unity, becoming very
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small for low-Z eléments. The detection 1limit for a particular élemeht is

’easily determined, knowing both the background B counts at the energy of

the X-ray line and the number of counts S of elemental X-rays in the line.
Thus
Detection Limit C_ (ppm) = 3/8 (1)
, S
Table 1 shows the detection limits calculated by this method for some
selected elements

The detection limits derived by this method are subject to some ques-

tions. At the higher energies the numbervof counts in an X-ray peak is

extremely small, and it is unrealistic to quote a limit in which thevactual
number of counts is hardly statisticaily meaningful. Also, production of
background at high energies by nuclearvreactions may be ekpectedvto:be quite
sensitive to the composition df the sample, and this may'add to uncertaihties
forvhighéenergy peaks. At the 1ower energies the rapidly rising background
is not ideal for computer‘backgroupd sﬁbtraction, so some loss of sensi—

tivity may result here too. Pulse pile~-up may also be an important problem

"~ in some experimental systems. Finally the tight geometry used ﬁy Folkmann

(0.3% efficiency) may sometimes be unrealistic and numbers ~ 10 times smaller
ére often uséd. :

In keepinngith these reservations, experimental results(s;e) analyzed
by the authors generally appear to be higher than the caiculated limits, but
not by a large factor (say < 10). Therefore, defection limits of épproxi-
mately 1 ppm or smaller.appear to be.feasible using such éhort charged-
particle excitation periods. It is also quite clear from Fig. 2 that usé of
two or more energies together with appropriate absorbers to cut the high

counting rates at low energies is essential for achieving good sensitivity

over the range of interesting elements.
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TABLE 1

Charged particle excitation calculated detection limits (3 o) in ppm by
weight (20 pC beam, 5 mg/cm® sample, solid angle 4m x 0.003 sr Geom)

Element 2 MeV p's 4 MeV p's

S 0.24

Ca 0.27

Fe ©0.05 0.25

Zn . 0.04 |
Pb (La) ~ 0.24 0.21

Br 0.07 0.05

Mo 0.26 | 0.06

cd 1.23 0.13

3. SENSITIVITY OF PHOTON-INDUCED X-RAY EMISSION ANALYSIS

. ' 9
In this case, we will focus discussion on a system developed( ) for

the large-scale analysis of air pollution filters. The system uses a pulsed

(10)

X-ray tubé with a‘tuﬁgsten anode to produce a broad-band X-ray spectrum
which excites one of three computer-selectable targefs (Ti Ko - 4.5 keV;

Mo Ko = 17.5 keV; Sm Ka = 40 keV) whose characteristic radiation illuminates
the sample. The sample is normally a very clean cellulose acetate filter on
which air particulates have been deposited. The mass of the filters is
generally 5 mg/cm2 althoughlthinner substrates are sometimes employed. X-rays
(11)

from the samples are analyzed by a guard-ring reject detector system

which provides a very low background while maintaining an efficient geometry

-
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(see Fig. 3). Simiiar pefformance can be attained insofér‘as sensitivity
is‘cdncerned by using a'standard type of siiicon detectof and a highly éol;
limated X-ray geometry to prevent X-rays from réacﬁing regioné'near the' ’
periphery of'the'détector. 'Such a system, however, réquireé a‘high;bower
X-ray tube (~ 3 KW) which we avoid by using thé guard-ring detector.
Thelsystem operates at‘é useable output counting'rafe in excesé of
10 Ke/s. Thié output rate, which is far in excess of that achieved by most’
XRF systems, is a direct fesUlf of the pulsed X-ray method. A sample is
subjected fé éxcitation by each of the three targets ih'turng typicaily the
Ti targét is employed for 100 sec, molybdenum for loolsec ahdvsamariumbfor_
200 sec to achieﬁe:reasonably uniform senSiti#ity for about 30 interestiﬂg
elements. The total counting time pér sample is therefore the:same as we’
allowed in discussing particlé-induced X-ray emission anaiysis;‘.
The_absorptioﬁ of photons to create vacancies in the atomic shellé of
elements has received much theéretical study. .The theqretical resﬁlts;
together with extensive experimehfal data,are,combined in comprehensivef

(12)

X-ray cross séétioh data cbmpilations “which will be used here to pre-
dict the efficiency for X~rayvproduc£ion in various elements by the inci-
dentvradiation on the sample. It is alsofnecessary to knqw the fluorescent
yield (i.e., the'fractién Qf shell-vacancy fiilings accompanied by X-ray
emission)'for the K shells df light elemehts and the L shells of heavy ele—‘
ments since these are the X-rays used in;XRF analysis. The feﬁiéw paper by

(13)

Bambynek et al is used as the source for fluorescent yield data and for

the relative yields of different K or L X-ray lines. Using these two sets
of data, reasonably accurate predictions can be made of the characteristic

X-ray output rate for various elements when a sample is irradiated with

photons of known energy.
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It is also possible to use X-ray cross-section data tables to determine
the amount of scattering (both Rayleigh and Compton) of incident photons from
the sample to the detector and thereby to predict the counting rate in the
scatter peaks that appear at the high energy end of the spectrum observed by
the detector. Examples of the spectra produced by the analysis system for
each secondary target are shown in Figs. 4, 5 and 6. The main features of
these spectra are the scattér peaks at high energy and the characteristic
lines of the various elements--both predictable--and a rather flat background
whose behavior will now be discussed. | |

The background observed in these spectra might be expected to arise from
four sources:

1) Bremsstrahlung radiation produced by secondary electrons in the

. sample caused primarily by photoelectric interactions of the inci-

dent X-rays with atoms of the main constituent (i.e. carbon).

2) Escape mechanisms in the detector. These could involve both the
escape of photoelectrons produced in the detector and the emission
and escape of bremsstrahlung photons produced by these electrons.
Note that silicon K X-ray escabe would cause spurious weak peaks
Just below strong spectral features, but could not contribute a

1
general background.

3) Poor charge collection in the detector. This involves the loss
of holes and/or electrons as they>are ¢ollected by the electric
field in the detector. However, to explain the spectral background
shape, the loss of amounts of charge ranging from zero to the full

amount for different. events must occur.

4) Defects in the electronic signai processing chain,
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We belleve that 4) can be completely elamlnated as a posslble source |
of background in our system since a test pulser causes no background under |
reallstlc operatlng»oondltlons. The charge-loss effect 1s,certa1nly pre-
sent when photons irfadiate the whole of a simpie'detectof.v The amOunf of“
background due to this is known to be influenced by chemical'ﬁreaﬁment of
the detector surface, and the effect has been shown.to be due to the elec=
tric field distortions caused in the bulk by surface_channels on the -

(1)

HoweVer, we also know that the surface—dependent background

(11)

detector
ican be ellmlnated by use of the guard-rlng reJect method or by collimat-
ing X-rays to avoid their interacting in reglons of the detector affected
by surface channels. Therefore, use of good experlmental»techniques should
_result in elimination of surface effects as a source of cbarge ioss; It*isv
intuitively obvious-that bulk charge ‘loss is unlikely to exhibit the char-
“acteristic of losses varying from zero to full charge with the majority of
events experiencing no loss whatsoever. Therefore,‘we aredstrongly inclined
to dismiss both items 3)-and 4) as candidates to explain our background. A
further pointer in this direction is the Observation'that the backgiOund we
observe in detector testing is virtually constant from detector to detector*
and does not exhibit the variations that might be expected if material
properties or surface conditions were important. This observation points
to a fundamental physical cause of the background.

The most obvious physical cause of background in‘XRF is ‘the bremsstrah-

lung radiation produced by secondary electrons in the sample. This effect

is calculated in Appendices I and IT, and the results of the calculations

¥ To be valid this test must be performed on a guard-ring detectof or
a simple detector with X-rays collimated to avoid the periphery.
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are shown in Figs. 4, 5 and 6 to be discussed later. However, two experi-
mental tests can easily be performed which show that most of the observed
background does not arise from the sample. If it did, interposing a filter
(e.g., Cu) in the path between sample and detector should produce a notch
in the background--this does not happen. Furthermore, detector ﬁests with
radioactive sources (ng.; 109Cd) exhibit a similar ratio of the total back-
ground counts to the counts:in high-energy peaks as is observed in XRF
experiments. The intégrated’number of background counts is ~ 2 to 8% of

the total number of high-energy counts depending on the energy of radiation
incident on the detector.

These observations lead to the inescapable conclusion that the back-
ground is primarily due £o a basic physical mechanism in the detector which
produces- the escape of a substantial fraction of the energy in ~ 5% of the
cases of photons interacting in the detector. A simple computation in the
case of 109Cd radiation (22 keV) shows that the loss would correspond to
evefy event in a 30 um layer at the froht face of the detector losing part
6f its energy. In Appendices IIi and IV maximum values for the losses due
eleEtrQn and bremsstrahlung escape are calculated. Aé might be expected
from simple considerations of the range of 22 keV electrons (~ 2 ym), and
of the low probability of bremsstrahlung production, normal treatments of
these two terms do not predict the background behavior observed in detectors.
Appendix V e#amines other alternative possibilities, which proﬁe to be much
too small. Also, known dead layers at thé fronf surfaces of silicon detec-
tors are < 0.3 um thick, and charge losses in these dead layers are far

smaller than needed to explain the background level.
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For the present, we are forced to accept the existence of an unknown -
physical mechanism fhat-produces background extending from thévposition‘of

high—énergy peaks in a spectrum down to zero energy. Possibly this could

(15)

be an electron channeling mechanism that increases the escépe-range of
electrons in the single-crystal silicon detector. Ho&ever,‘oﬁr experiments
to date have not confirmed such a mechanism.

Figures 4, 5 and 6 show a set of typical X-ray spectra generated by
the system when énalyzing an airlparticulate filter. These figures illus-
irate‘the value of using the three targets.to excite the sample'and thereby

.to produce réésdnably uniform sensitivity over a broad energy range. . Table 2
shows: the aﬁal&sis résults for this'particular filter.  The results are
.normaiiy expréssed in ng/cm2 of.éaéh elemént, but-since mosﬁ of the’ﬁagk-
ground arises in thefdetectof due to degraded scattered phqtons from'the_
cellulose acetaté filtef medium (5 ﬁg/cmz), it is best for compérison pur-

poses to express the results in ppm by weight. These results are shown in

the last chumn of Table 2.
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TABLE 2

Measured elemental compositions (see Figs. 4, 5 and 6)

Element Cone (ng/cmz) . ppm by weight
si* 282 56
s ¥ 11600 2320
c1” | e 1
K 224 45
Ca 192 38
Fe : 344 ‘ 69
Cu _ 76 : 15
Zn 485 97
Se 7 1.4
Br - 105 21
b | 627 125
cd ' 23 4.6
Sn 29 5.8

¥ A 50 um Be window present in this particular
system causes substantial reductions (~ 2 to
3 times) in the intensity of these lines in
the spectrum.
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As 1ndlcated earller, we can also predlct the yields of varlous ele—
mental X-rays from publlshed data compilations and normallze these ylelds
in terms of the backscattered photons produced mainly by the organic matrix.
With the assumption that both the characteristic X-rays and the scattered -
radiation are distributed isotropically (not valid,.but acceptable for an
initial guess under most experimental conditions), this permits en estimate
of_the number of characteristic X-rays registered by the detector per back-
scattefed photon detected. In Figs. 7, 8 and 9, data are presented whlch
shows the yleld of characteristic (malnly Ka) X-rays produced by 1 ppm (by
weight) of selected elements when lO backscattered photons are detected.

These figures also show the calcuieted semple'bremsstrahlung_backgrouﬁd
and the-actual measured detector background (in phé_guardfring rejeot.mode).
As discussed earlier, this background far exceeds the predictable emouhfs,
but, for the present, we are forced to accept this high level. Sinoe all
backgrounds in Figs. 7, 8 and 9 are expressed in terms of the -amount /200 eV
for 10° backscatter counts, and the various elemental yields ehownfin these
figures are spread over a system resoiution of about 200 eV, and are also
expressed for lOé backscatter counts, a direct comparison;between the'counts.
in a peak and the background under it can be made. Io the case of ohr sys— '
tem, when. the counting rate of 10 kc/s is due almost entifely'to theiback—
scatter peaks, if can be shown that the 30 concentration deﬁection limit Co-
is given by: | |

°© S N\NT B o , (2)

‘where S 1is the signal (i.e., counts) in a 1 ppm'peak
B is the background at the peak position

T 1is the counting time (sec)

(all derived from Figs. 4, 5 or 6)
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Calculated detection limits for selected elements are shown in Table 3.

Measured values achieved in routine use of the system are also shown. The

agreement is quite good, which is not really surprising since an experi-

mentally measured detector background was used in deriving the calculated

values. Probably the main discrepancy between the two sets of numbers

arises from inadequate knowledge for the angular distribution of scattered

radiation.

We note that detection sensitivities could be improved by factors rang- -

ing from 2 to 20 times if the unknown source of detector background could be

eliminated. This places a great deal of emphasis on understanding the un-

known background source and removing it if possible.

TABLE 3

Photon excitation calculated and experimental detection limits (ppm by weight)

Element .Calculated Measured
+ A1 8.2 8.2"
+5 2.7 2.6"
‘ + Ca 1.7 -
A Fe 1.3 1.8
A Zn 0.6 1.1
A Br 0.4 0.5
A Pb (LB) 0.9 1.5
o Mo 1.0 -
o Cd 0.7 0.9

TiK X-ray Excitation for 100 sec

MoK X-ray Excitation for 100 sec

SmK X-ray Excitation for 200 séc

These numbers are measured values corrected for
window absorption between sample and detector.

*x O > +
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4. - DISCUSSION

The results presented in this paper indicate that, for thié.type:of
sampie, the detection limits achieved by thé two methods in practicevare_
very similar but a small advénfage is predicted for.particle—induced X-ray
method under ideél circumstances. This conclusion might change‘for other
types of sample but probably nof-very muéh. It is also appéreht that, if
the unknown source of’detectof'background could be eliminated, the sensi-
tivityvof the photon-induced X-ray method could be siénificanily improved..
Either method can, in principle, meet the need for 1arge-scale'analysis of
samples for elemental lévels of approximately 1 ppm by weighf. If:longér
anélysis times are allowed, the:sensitivify can be improved accordingly.

The choice between the ﬂwo methods 1is, thefefore, likelj,in many cases
to rest on other considerations, such as availability, reliability, cost-
and portability. Anticipated lérge—écale applications.(e.g.;;iﬁ hospitals).
will probably favor the photon méthod beéause it must certainly be rated the

-best in these reépeéts. However, where an accelerator is available, speci-
fic édvantages of the charged-particle method, such as its potential to
analyze very small samplés and the ability'to_selectivelyvanalyze surfaces,
can be valuable; The abilify to scan samples with a fine particle beam

would élso be a very useful analytical feature.
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APPENDIX I

Bremsstrahlung Production by Electrons
| (16)

‘According to Heitler v thé cross section for an electron of energy
E(keV) producing a photon of energy betweén Ex(keV) and E# + dEx(keV),
where Ex < E is given by:

24 72 dEx 2 | ' . ..
o = 1,5 x 10 ——-{35—;§cm /atom o - (3)

E-*Ex E N

: *
where Z 1is the atomic number of the absorber.

Also, using the Bethe-Bloch relationship, we can show that the loss of_

enefgy by an electron along its path is représented by:

€ , 38.4 4, 3100E$
Z

keV per mg/em’ . | (4)
= . @ P g/ _

.

Since the logarlthmlc term here varies only slowly with energy, this

relationshlp can be simplified in practlce to:

& . l§9-keV per mg/cm | | :(5)
dx E ' ,
i 18 E
or dx = 1.67 x 10 E-dE atoms/cm’ : (6)

% The Heitler relatignship cannot apply exactly to this case according to
' Ishii and Morita but the alternative equations do not lend themselves
to simple analytical use.  Therefore, since the results achieved using the
simple approach appear to agree reasonably with experiment, we shall con-
tinue to use the Heitler relationship here.
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This equation_provides an estimafe of the distance'traveled-by_an electron
of eﬁergy E while losing energy dE. By combiﬁing'Eqs. (3) and (6);'we.can.
£ind the probability P that an electronllosing energy dE by other absorption
processes, such as ionization, wiil_emit a'bremsstfahlung photqn whoSe

energy lies between Ex and EX.+ dEX."Thus:

-6 dEX . -
P = 25x10 2 (—=)dE v : (7)
Ey ' o

This result is independent'of the actual electron energy providing that
E > EX' Therefore, if an electron of initial energy Eo is'produced in an
absorber, the total probability Px that it will emit a bremsstrahlung photon
in the energy range EX to EX + dEX while slowing down to energy Ex is given
‘by: - .

_ -6 dEx : .
P = 2.5x10 2Z2{—=({(E -E ) , (8)
X : F. b o 7x
X . :

Fortunetely, bremsstrahlung emission is a rare process so the enefgy'losses

due to it can be neglécted.wheh considering the range-energy relationship

for a large population of electrons.

APPENDIX II

Photon Excitation: Ratio of Bremsstrahlung to Scattered Photons From Sample

Interactions of incident'photene in a carbon matrix afe predominantiy
photoelectric when the photons are:of the. low energies typically used in
X-ray fluorescence analysis. At.somewhat higher'incident energies (e.g.,
40 keV) soﬁetimes employed, Compton scattering becomesiimportant, but‘the

maximum energy that can be acquired by an electron in the'sample in Compton
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collisions is quite low. Therefére, it is a fair assumption that significanf
bremsstrahlung background in the energy range where interference with trace
element lines might occur arises from photoélectrons whose initial energy

can; for practical purposes, be téken as that of the ihcident photons. Theré~
fore, Eq. (8) can be used directly to predict the bremsstrahlung production
in the sample. If the sample thickness t (g/cm’) is small compared with the
absorption length for:photons of interest (not always a valid assumption) and
if the photoelectric cross section of the matrix at the inéidenth-ray energy

E, is Irp (cmz/gm), the number of photoelectrons broducéd is given by:
'N,:NG,'t,." : (9) -

where NI is the tqtal nunber of incident phptons}
Using Eq. (8) we find that’Nx photons of.energy Ex to Ex + dEx wili be
emitted from the sample where NX is givén by:
N £ 8 o
Ny = 2.5 x10 " 2Np oppt {TE-—}(EI-EX) (10)
, '

It is conveniént té normalize the background in terms of.thé number.of counts
in the detector caused by scatter from the sampie:(Rayleigh + Cbmpfon).
While the scattéred radiation is not distributed'isotropically,.typical
detector-source-sample geometries‘are such that the scattered'radiation
reaching the detector can roughly be determined by aésuming only isotrqpic
Compton scatter. This is convenient since it permits an estimafe of the
ratio of bremsstrahlung (isotropic) reaching the'detéctor to the scattered
radiation that is independent of the precise geometry} If'NS is thé number

- of scattered photons and o

1c is the Compton cross section}(g/cmz), we have
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Noo= Noto (1)

The ratio Nx/Ns is therefore given by:

- .

' o, (BB} , e
X - 25x10° z.EI—P'{ IE X}dEX, N : (12)
Ng o e U | .

where all energies are expressed In keV.
This relationship is the basis for the curves presented'in Figs. 4, 5'aﬁd‘6
fof three different energies of ekcitation} It 1is alsd of intereét té;
determine the relative iotal number of counfs in the background cd@pared
with thé_séattér peaks. This can be evaluated by integrating Eq..(8) with
the bottom‘limit of integratioﬁ chosen to avoid the,pole which_occuré_iﬂ
| Eq. (8) at E = 0.. This is reasénable since 1§w-energy breméétrahlupg phd-.
tons are absorbed bdthvby the sample and_by.the‘détectdr systeﬁ wihdbw.v

Using EI/n as the iowerAlimit we have:

F. =

Total Samplg»Brémsstrahlung - 25 ¢ io-é SEE_ ZEI_[in(n)'+vlf— i] )
Total Scatter R I : noJ

| - (13)

The value of F in garbon_evaluated.fbr Sm Ka fédiatiop is.0.0Q5%,.forvMb KQ_

it is 0.072% and it increases toﬁl.9%-forrTi Ko radiation (assuming n = IO);

These numbers compare with the éeveral percent actually meaSﬁréd as back-

ground in an XRF system.’
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APPENDIX IIT

Bremsstrahlung Escape From The Detector

The purpose of this Appendix is to eliminate the possibility that
bremsstfahlung escape from the detector can be the source of the background
ébserved in'silicon detectoré. A detailed analysis of these losses 1s made
difficult by the fact that esdape'can take.place at all deteétor surfaces;
however, the following_argument.will show that'the‘loss of E!gﬂl energetic
(E > EI/lO) bremsstrahlung photon produced in the detecﬁor would be far from
capable of expléining the few percent loss required to.explaiﬁ detector

background. According to Eq. (8) of Appendix I:

- E
O
P. = 2.5x10 2{-—=-17dE
X EX i X

’ Assuming that the incident photons are all of energy EI (the scatter peak N
energy) and that they produce photoelectrons of ‘energy E_, Eq. (8) can be
integrated to give the tdtal probability PT of emission of photons of ener-

gies ranging from E_ shown to EI/n. Thus:

I

. B = 25« 107° g E, [in(n) + 1/n - 1] (14)

For Z = 14 (silicon), E; = 20 keV and n = 101 Py = 10 ..

This‘is far_below the obéerved background. Mbréover, it is clearvthgt the
bremsstrahlung losses would be much less than this number because many of
these bhotons would be absérbed'in the detector and form part of full—éized

signals.
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APPENDIX IV

‘Electron Escape From The Detector

~ For the purpése of this discussion, we will éssumé.that theisiiicéh
acté as a "normal" absorber and neglect any pbssibility that'ébsorptibn igl
affected'by channeling‘effects in the single crystal. Again, as iﬁ the pre-
 vious Appendix, a maximum.value for_the losses will 5e calculated. Eq. (5)
of Appendix I can be integrated to give a rough estimate of the "random
walk" range R of an electron of energy EI préduced_by the incident‘radiatioﬁ.
| Thus. EIZ 2

R = —— mg/cm : (15)
360 e . , o

~— ) ’

For silicon and for‘EI = 20 keV this correspondé to-épproximatély'4 pm;  The
actual distance beneath a su:face.from which an electfdn might escape‘is much -
smalier than this--say 2'um. Since_the fraction of 20 keV ihcident X—rayé
absofbed in a-2 um layer of silicon is only 0.2%, this eécape mechénism

» cleariy cannot'explain'tﬁé detector baékground. Fér 5 keV X-rays the loss

becomes a maximum Of‘0.8%, still well below the obserVed‘background level..

APPENDIX V

Other Possible Background Sources

1) Secondary electrons from beryllium window

Even with the assumption that every electron}producéd.by the radia-
tion absorbed in a 10 um layer of Be reached the detector and caused -
- degraded signals, only a 0.006% contribution to background would result

for 20 keV incident photons.
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2)' Secondary electrons from gold surface barrier layer

Assuming a.2OO R gold layer and that 50% of the photoelectrons
produced in it causes degraded detector signals, a background contribu-
tion of 0.15% would résult for 20 keV incident photons. In practice,
many more phofoelectrons would be lost and thé effect would be even |

smaller,
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- FIGURE CAPTIONS

Fig. 1. Calculated performance data for 2 MeV proton excitation (20 uC)

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

‘Fig.

Fig.

on a 5 mg/cm2 sample. The detector solid angle is assumed to be
4T X 6.003 sr. Electron and proton bremsstrahiung are showﬁ
-togeiher-with the counts expected for 1 ppm (by weight) level of
various trace elements. This data is derived from Folkmann's

work and has been checked by calculation.
As Fig. 1, but for 4 MeV proton excitation.

The geometrical arrangement of the X-ray tube anode, secondary

target (fluorescent), sample and detector used in the photon-

- excited system discussed in the paper. The tight geometry permits _

the use of a low power X-ray tube (< 100 W).

. A typical 5 mg/cmz.air filter spectrum produced using Tk K (~ 4.5 keV)

X;ray.excitation--see Table 2 for elemental concentrations (75 sec

counting time).
Similar to Fig. 4, but using Mo K (~ 17.5 xeV) X-ray for excitation.

Similar to Fig. 4, but using Sm K (~ 40 keV) X-ray for excitation

and with counting time increased to 250 sec.

Calculated sample‘bremsstrahlung background and X-ray yields for
1 ppm (by weight) levels of selected trace elements. Also shown in
the measured detector background curve. All are presented for 106

counts in the scatter peaks. This data is for Ti K X-ray excitation.
Similar to Fig. 7, but for Mo K X-ray excitation.

Similar to Fig. 7, but for Sm K X-ray excitation.
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