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SUMMARY

A comparison is made between the limits of detection for trace
elements when charged-particle and photon excited X-ray fluorescence
analysis are performed on a specific type of sample (5 mg/cm® orgenic
based). Large-scale analysis (~ 30,000 samples per year) at levels
of 1 ppm or lower is shown to be practical with either technigue when
well executed. Determining the physical reason for unexplained detec-
tor background is shown to be very important particularly for the
potential improvement that might be realized in photon-excited analysis

applications.
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1, INTRODUCTION

A direct comparison of the sensitivities for truce element measure-
ments using either charge-particle or photon excited XRF analysis is made
difficult by the fact that each has particular relevance to certain applica-
tions, and its performence is related to the type (particularly size) of
sample. However, the paper by Follkmenn et al( 1 has placed charged-particle
excitation on a firm theoretical and experimental basis, and this work can
be used to extrapolate to a variety of cases. The present authors reported(z)
similer calculations to those of Folkmann, but an unduly pessimistic predic-
tion of sensitivity for a given measurement time resulted from a conservative
estimate of the allowable beam intensity and from a significent error in the
calculation. We have now repeated the calculations and are largely in agree-
ment with Folkmann. The purpose of this paper is to present data on an
optimum photon-excited XRF system and to d:lscuss_the theoretical and experi-
mental sensitivity limits of this method.

In order to compare the performance with the charged particle results
of Folkmann, we will standardize on samples mainly of organic (i.e., carbon)
content and weighing 5 mg/cmz. This iz typlcal of the filters used to col~
lect air particulates. Wé will also assume that large-scale antlysis of
gamples is required, so the analysis time per sample for the 30 or so ele-
ments generally analyzed by these systems will be restricted to less than

10 minutes. This corresponds to comfortably handling 30,000 samples per year.



3= LBL.-5367

2.  SENSITIVITY OF PARTICLE-INDUCED X-RAY EMISSION ANALYSIS

The limit to senaitivity (detection limit) of any measurement system
is set by statistical fluctuations in the backpround that conceal weak
signals. In this study of X.ray fluorescence systems, we will adopt the
convention that the detection limit for a particular X-ray spectral pesk
18 equal to 3+B where B is the spectral background in the peak region
integrated over the width of the peak. A better limit might be 3.29/B
corresponding to the 95% confidence 1limit but /B Is more commonly
employed in the literature but the difference is negligible for our purpose.

Charged particle excitation involves the ejection of electrons from
the appropriate shell(s) of the constituent atoms by collision with charped
particles travelling through the sample. The subsequent filling of the
shells causes emission of X-rays characteristlic of the elements in the
sample. The main background, particularly at low X-ray energies, arises
from bremsstrahlung produced in the sample by the electrons ejected mainly
from the carbon matrix. Note that the same basie process prodi: ¢s both
the low-energy background and the characteristic X-rays of clements of
interest. Background at higher X-ray enerplec is partly due to bremsstrah-
lung produced by the particle itself, but is often dominated by nuclear
reactions in the sample which produce gamma-rays that cause a Compton elece
tron distribution in tle detector.

The process of the e¢jection of electrons from atoms by passage of
charged particies can be analyzed using the Born approximation or the clas-
sical binary-encounter collisien model discussed by Garcia( ’). The latter
method must be modified to teke into account the distribution of velocities

of electrons in the various u‘llells(") in order to avoid false behavior for
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high-ejected electron energies, These caleulations form the basias of
Follmann's work, nm' they permit a geod estimate of both Xeray pruductlon
eroag sections (ind the secondary-electron bremastrahlung production,
Follmann algo caleulates the particle bremsatrahlwg. From theae culeulu-
tions, backed bty experimentally measurod crose sections, he has producced
gsensitivity curves for various energies of protens.

In ordiar to present his results in a form dircctly comparable to that
to be given fur photons, it is necassary to define the conditions of the
exposure and the size of sample. Work by a number o yroups sugpeata that
a 100 nA beam current (protons) spread ogﬁr an area appronching 1 om® ia
acceptable from the point of view of m:!;ple heating. Since it iz common
to use two beam encrgies (with absorbers) to optimize performsnce for o
range of elements, we will assume a counting time of J00 zec for wach wherpy.
This corresponds to a total charge of 20 yuC at each beam cnergy on the
sample of 5 mg/cm® assumed for the purpose of compurizon In this paper, Tt
is also necessarv to define the efficlency of the sample-detector peamelry
(nasuming the detector {s 1008 efficient for the X-rays of interent). We
nnl..nnsvm the value (0.3% geometricul efficiency) used by Folkmann. With
these assumptions, the electron and proton bremnstrahlung and the yield of
X-rays of elements present at the 1 ppt level can be calculated, Flgures 1
and 2 show the results for 2 MaV and 4 MeV protona. We have selected these
energies for thiz compariscn because they are reasonobly optimum for realiz.
ing good sensitivity over the whole rang. of Interesting elements and the
ions have adequate range so that we can neglect the loas of particle encrpy
in traversing the gample. HNote thut the X-ray yields given on these figures
include the effect of vacnney-rnlin‘\u\; by Auger electron epission which
results in a fluorescent yield of x-r;ys well below unity, becoming very
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small for low-Z elementa. The detection limit for a particular element is
easily determined, knowing both the background B counts at the energy of
the Xeray line and the number of counts S of elemental X-rays in the line.

Thus

Detection Linit C_ (ppm) = 3—5‘@ (1)

Table 1 shows the detection limits calculated by this method for some
gelected elements

The detection limits derlved by this method are subject to some ques-
tions, At the higher enerpries the number of counts in an X-ray peak 1s
extremely amall, and it is unrealistic to quote a 1limit in which the actual
number of counts is hardly statistiecally meaningful. Also, production of
background at high energies by nuclear reactions may be expected to be quite
senaitive to the composition of the sample, and this may add to uncertainties
for high-energy peaks. At the lower energies the rapidly rising backsround
is not iceal for computer background subiraction, so some loss of sensi-
tivity muy result here too. Pulse plle-up may also be an important problem
in some experimentul systems. Finally the tight peometry used by Folkmann
{0.3% efficiency) may sometimes be unrealistic and numbers ~ 10 times omaller
are of'ten used.

In keeping with these reservations, experimental reaults(s“) analyzed
by the authors generally appear to be higher than the calculated limits, but
not by a large factor {say < 10). Therefore, detection limits of approxi-
mately 1 ppm or swaller appear to be feasible using such short charged-
particle excitation periods. It is also quite clear from Fig, 2 that uge of
two or more energies together wlth appropriate absorbers to cut the high
counting rates at low energles is essential for achieving pood sensitivity

over the panpe of interesting elements.
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TABLE 1

Charged particle excitation caleulated detection limits (3 o) in ppm by
weight (20 uC beam, 5 mg/cm® sample, solid angle 4w x 0.003 ur 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

In this case, we will focus discussion on a system developed(g) for
the l.a.rge-acale analysis of air pollution filters. The aystem usea u pulsed
X-ray tube( 10) with a tungsten anode to produse a broad-band X-ray spectrum
which excites one of three computer-selectable targets (Ti Ka - 4.5 keV;

Mo Ka = 17.5 keV; Sm Ka = 40 keV) whose characteristic radiation illuminates
the sample. The sample 1s normally a very clean cellulose acetate filter on
which air particulates have been deposited. The mass of the filters is
generally 5 mg/cm’ although thinner substrates are sometimes employed. X.rays
{rom the samples are analyzed by a guard-ring reject detector system( )

which provides a very low background while maintalning an efficient geometry
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(cee Fig., 3). Similar performance can be atlained insofar aa sensitivity
is concerned by using a standard type of silicon detector and a highly col-
limated X-ray geometry to prevent X-rays from reaching regions near the
periphery of the detector. Such a system, however, requires a high-power
X-ray tube (~ 3 KW) which we avoid by using the guard-ring detector.

The system operates at a useable output counting rate in excess of
10 Ke/s. This output rate, which is far in excess of that achleved by mest
XAF systems, is a direct result of the pulsed X-ray method. A sample is
subjected to excitation by each of the three targets in turn; typically the
Ti target is employed for 100 see, molybdenum for 100 sec and samarium for
200 sec to achieve reasonably uniform sensitivity for about 30 interesting
elements. The total counting time per sample is therefore the same as we '
allowed in discussing particle-induced X-rsy emission analysis.

The absorption of photons to create vacancies in the atomic shells of
elements has received much theoretical study. The theoretical results,
together with ex"."‘ens:lve experimental data,are combined in comprehensive
X-ray cross section data cumpilutions( 12) which will be used here to pre-
dict the efficicncy for X-ray production in various elements by the inci-
dent raviiation on the sample, It is also necessary to know the fluorescent
yield (i.e., the fraction of shell-vacancy fillings accompanied by X-ray
emlgsion) for the K shells of light elements end the I shells of heavy ele-
ments sir}ce these are the X-raye used in XRF analysis. The review paper by
Bambynek ot al( \‘!) is used as the source for fluorescent yiszld 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-gection data tables to determine
the amount of scattering (both Rayleigh and Compton) of ineident photons from
the sample to the detector and thereby to predlct the counting raie in the
scatter peaks that appear at the high energy end of the spectrum observed' by
ine detector. Examples of the spectra produced by the analysis system for
ench secondary target are shown in Figs, 4, 5 and 6. The main features of
these specira are the scatter peaks at high energy and the characteriatic
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 tnel-

dent X-rays with atoms of the main constituent (i.c. ecarbon).

2) Eacape mechanisms in the detector. These could involve both the
escape of photoelecirons produced in the detvctor and the emlusion
and escape of bremsstrahlung photons produced by these electrons,
Note that slllcon K X-ray escape would cause spurious weank penks
Just below strong spectral features, but could not contribute a

general background.

3) Poor churge sollection in the detector. This involves the losza
of holes and/or electrons as they are collected by the electric
Tield in the detector., However, to explain the spectral background
ghape, the loss of amounts of charge ranging from zero to the full

amount for different events must oceur.

4) Defects in the electronic signal processing chain,
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We believe that 4) can be completely eliminated as a possible source
of background in our system since a test pulser causes no background under
realistic operating conditions. The charge-loss effect is certainly pre-
sent when photons irradiate the whole of a simple detector. The emount of
background due to this is known to be influenced by chemical treatment 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
detector(l“). However, we also know that the surface-dependent background
can be eliminéted by use of the guard-ring reject method(ll) or by collimet-
ing X-rays to avoid their interacting in regions of the detector affected
by surface channels. Therefore, use of good experimental techniques should
result in elimination of surface effects as a source of charge loss. It is
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 are strongly 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 background we
cbserve in detector testing is virtually constant from detector to detector*
and does not exhiblt the variations that might be expected if material
properiies 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 bremsstiuh-
lung radiation produced by secondary eleetrons in the sample. This effect

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

* To be valid this test must be performed on a guard-ring detector 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 exp.r.
mental teats 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 u notch
in the background--this does not happen. Furthermore, detector tests with
radioactive sources (e.g., l"cd) exhibit a similar ratio of the total back-
ground counts to the counts in high-energy peaks as is ohgerved ia XRF
experiments, The Integrated 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 inescepable conclusion that the back-
ground is primarily due to 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 19%4 radiation (22 keV) shows that the loss would correspond to
every event in a 30 um layer at the front face of the detector losing part
of its energy. In Appendices III and IV maximum values for the losses due
electron and bremsstrahlung escape are calculated. Az might be expected
from simple considerations of the range of 22 keV electrons (~ 2 um), and
of the low probability of bremsstrahlung production, normal treatments of
these two terms do not prediut the background behavior observed in detectora.
Appendix V examines other alternntive possibilities, which prove to be much
too small, Also, lnown dead layers at the front surfaces of silicon detec-
tors are < 0.3 um thick, and charge losses in these dead layers are far

gmaller 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 mechani~n that produces background extending from the position of
high-energy peaks in a spectrum down to zero energy. _Possibly this could
be an electron channeling mechanism( 1) that increases the escape range of
electrons in the single-crystal silicon detector, Howevor, our experiments
to date have not confirmed such a mechanism.

Figures &4, 5 and 6 show a set of typical <-ray spectra generated by
the system when analyzing an air:-particulate filter. These figures 1llus-
trate the value of using the three targets to excite the sample and thereby
to produce reasonably uniform seasitivity over a broasd energy range, Table 2
shows the analysis results for this particular filter. The results are
normally expressed in ng/cm® of each element, but since most of the back-
ground arises in the detector due to degraded scattered photons from the
cellulose acetate filter mediun (5 mg/cm’®), it is best for comparison pur-
poses to express the results in ppm by weight. These results are shown in
the last column of Table 2.



TABLE 2

12w

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

Cone (ng/en’)

Element, Pom by welght
st* 282 56
s* 11600 2320
ot 85 17
K 224 45
Ca 192 38

~ Fe U4 69
Cu 76 15
Zn 485 97
Se 7 1.
Br 105 21
Po 627 125
cd 23 4.6
Sn 29 5.8

# A 50 um Be window present in this particular
system causes substantlal reductions (~ 2 to
3 times) in the intensity of these lines in
the spectrum.

LBL-5367
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As indicated earlier, we can also predict the yields éf varicus ele-
mental X—f&ys from published data compilations and normalize these yiélds
in terms of the backscattered photons zroyeﬂ mainly by the organic matriy.
With the assumption that both the ch/ar cteristic X-rays and the scattered -
radiation are distributed isotroﬁcally (not valid, but aceeptable for an
initial guess under most experimental conditions), this permits an estimate
of the number of characteristid X-rays registered by the detector per back-
scattered photon detected. In ¥igs. 7, 8 and 9, data are presented which
ghows the yield of characteristic (mainly Ka) X-rays produced by 1 ppm (by
weipht) of selected elements when 10° backécattered photons are detected;

These figures also show the calculated sample bremsstrahlung background
and the actual measured detector background (in the guard-ring reject mode).
As dlscussed earlier, this background far exceeds the predictable amounts,
but, for the present, we are forced to accept this high level. Since sll
backgrounds in Figs, 7, 8 and 9 are expressed in terms of the amount /200 eV
for 10° backscatter counts, and the varjous elemental ylelds shovn In these
figures are spread over a system resolution of about 200 eV, and are also
expressed for 105 backseatter counts, a direct comparison between the counts
in a peak and the background under it can be made, In the camse of our sys-
tem, when the counting rate of 10 ke/s is due almost entirely to the backe

goatter peaks, it ean be ghown that the 30 concentration detection limit Co

2

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

T is the counting time (sec)
(all derived from Figs. 4, 5 or 6)
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Calculated detection limits for selected elements sre shown in Table 3.
Measured values achieved in roui;,ine use of the system are also shown. The
agreement is quite good, which 1s not really swurprising since an experi-
mentally measured detector background was used in deriving the caleulated
values. Probably the main discrepancy between the two sets of numbers
arises from lnadequate kmowledge 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 2 great deal of emphasis on understanding the un-

known background source and removing it if possible.

TABLE 3

Photon excitetion calculated and experimental detection limits {ppm by welght)

Element Calculated Measured
+ 81 8.2 8.2"
+8 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 (18) 0.9 1.5
o Mo 1.0 -

o Cd 0.7 0.9
+ TiK X-ray Exeitation for 100 sec
A MoK Xeray Exeitation for 100 sec
o S X-ray Excitation for 200 sec
# These numbers are measured values corrected for

window absorption between sarple and detectar.
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4.  DISCUSSION

The results presented in this paper indicate that, for this type of
sample, the detection limits achieved by the two methods in practice are
very similar but a small advantage is predicted for particle-induced X-ray
method under ideal circumstances. This conclusion might change for other
types of sample but probably not very much. It is also apparent that, if
the unknown source of detector background could be eliminated, the sensi-
tivity of the photon-induced X-ray method could be significantly improved.
Either method can, in principle, meet the need for large-scale analysis of
samples for elemental levels of sapproximately 1 ppa by weight. If longer
snalysis times are allowed, the sensitivity can be improved accordingly.

The choice between the two methods is, therefore, likely in many cases
t0 regt on other considerations, such as availability, reliability, cost
and portability. Anticipated large-scale applications (e.g., in hospitals)
will probably favor the photon method because it must certainly be rated the
best in these resgpects. However, where an accelerator is available, speci-
Pic advantages of the charged-particle method, such as its potential to
analyze very small samples and the ability to selectively analyze surfaces,
can be valuable. The ability to scan samples with a fine particle bemm

would also be a very useful analytical feature.
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APPENDIX I

Bremsstrahlung Production by Electrons

According to Heitler( 6) the cross sectlion for an electron of energy
E(keV) producing a photon of energy between Ex( keV) and E + d.Ex( keV),
where Ex < E is given by:

aE,
Ogp = 1.5x207" Z—g }cm /atom (3)
x E |

where Z 1s the atomic number of the absorber'.‘
Also, using the Bethe-Blosh relationship, we can show that the loss of

energy by an electron along its path is represented by:

dE , 38,4, §100E
Rl S

t keV per mg/em’ (4)

Since the logarithmic term here varies only slowly with energy, this
relationship can be simplified in practice to:

d_s_lao

& keV per mg/em’ (5)
dx
or dx = 1.67 x 10'° -?z-dE atoms/cn® (8)

* The Heitler rela?;oriship cannot apply exactly to this case according to
Ishii and Morital 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 wWith experiment, we shull con-
tinue to use the Heitler relationship here,
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‘This equation provides an estimate of the distance traveled by an electron
of energy E while losing energy dE, By combining Eqs. (3) and (6), we can
find the probability P that an electron losing energy dE by other sbsorption
processes, such as ionization, will emit a bremsstrahlung photon whose

energy lies between Ex and Ex + dEx. Thus:

- _ (9E,
P = 2,5x10 2{—=_}dE (7
Ex

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
ubsorber, the total probablility Px that it will emit a bremsstirahlung photon
in the energy range Ex to E x + dEx while slowing down to energy E x is given
by:
- dE,
Px = 25x10 Z {—EX—} (Eo'Ex) ¥ (8)
Fortunately, bremgstrahlung emission is a rare process so the energy losses
due to it can be neglected when considering the range-energy relationship

for a large population of electrons.

APPENDIX I

Photon Exeitution: Ratio of Bremsstrahlung to Scuttered Photons From Sample

Interactions of incident photons in a carbon matrix are predominantly
photoelectric when the photons are of the low energles typically ured in
X-roy fluorcsecnce snalysis. At somewhat hipgher incident cnergies (e.p.,
40 koV) sometimes employed, Compton scattoring becomes imporiant, but the

maximum energy that can be wequired by an clectron in the sample in Compton
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collisions 1s quite low., Therefore, it is a falr assumption that sipnificant
bremsstrahlung background in the energy range where interference with trace
element lines might occur arises from photoelectrons whose initial energy
can, for practical purposes, be taken as that of the incident photons. There-
fore, Eq. (&) can be used directly to predict the bremsstrahlung production
in the sample, If the sample thickness ¢ (g/cmz) is small comparcd with the
absorption length for photons of interest (not always u valid assumption) and
if the photoelectric cross section of the matrix at the incident X-ray energy

Ex is 9p (cmzlgm) , the number of photoelectrons produced is glven by:

N o= Npopt (9)
where NI 13 the total number of incident photons.

Using Eq. (&) we find that N, photons of energy E, to E, + dE, will be
emitted from the sample where Nx is given by:

N, = 2.5x10° 2N oIPt% }(EI-Ex) (10)

It 13 convenient t6 normalize the background in terms of the number of counts
in the detector caused by scatter from the sample (Rayleigh + Compton).
While the scattered radiation is not distributed isotropically, typical
detegtev-gource-sample geometries are such that the scattered radiation
reaching the detector can roughly be determined by assuming only isotropie
Compton scatter. This is convenient since it permits an estimate of the
ratio of bremsstrahlung (isotropic) reaching the detector to the secattered
radiation that i1s independent of the precise geometry. If Ns is the number

of scattered photons and “Ic is the Compton cross section (g/cmz), we have
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N = N.ta (11)

The ratio Nx/Ns is therefore given by:

N - ] E.-E )
X . 25x10° 32 C’I—Pg—%—i} @, (12)
Ns Ic X

where all energles are expressed in keV,

This relationship is the basis for the curves presented in Figs. 4, 5 and 6
for three different energies of excitation. It is also of interest to
determine the relative total number of counts in the background compared
with the scatter peaks. This can be evaluated by integrating Eq, (8) with
the bottom limit of integration chosen to avoid the pole which occurs in
Eq. (8) at Ex = Q. This is reasonable since low-energy bremsstrahlung pho-
tons are absorbed both by the sample and by the detector system window.

Using EI/n as the lower limit we have:

- T
p - Jotel Sample Bremsstrahlung _ » 5 , 19 IP 28 [ln(n) W1 1]
Total Soatter %1¢ n

(13)

The value of F in carbon evaluated for Sm Ka radiation is 0.005%, for Mo Ko
it is 0.072% and it increases to 1.9% for Ti Ka radiation (assuming n = 10).

These numbers compare with the several percent actually measured as backe

ground in an XRF system.



~20- LBL-5367

APPENDIX III

Bremsstrahlung Escape From The Detector

The purpose of this Appendix is to eliminate the possibility that
bremsstrahlung escape from the detector can be the source of the background
observed in silicon detectors. A detailed analysis of these losses is made
difficult by the fact that escape can take place at all detector surfaces;
however, the following argument will show that the loss of every energetic
(E > EI/lO) bremsstrahlung photon produced in the detector would be far from
capable of explaining the few percent loss required to explain detector

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

- _ (&,
P = 25210 Z2(=—-~ dE
X E X

X
Assuming that the incident photons are all of energy EI (the scatter peak
energy) and that they produce photoelectrons of energy Ex’ Eq. (8) can be
integrated to give the total probability PT of emisslon of photons of ener-
gles ranging from EI shown to EI/n. Thust

. Py = 251 107 z E, [in(n) + 1/n - 1] (14)

For 2 = 14 (silioon), Ep = 20 keV and n = 10: Py = 107,
This is far below the observed background, Moreover, it is clear that the
bremsatrahlung logses would be much less than thls number bacause many of

thege photons would be absorbed in the detector and form part of full-sized
signals.
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APPENDIX IV

Elecvron Escupe From The Detector

For the purpose of this discussion, we will assume that the éiiicon
acts as a "normal" absorber and neglect any possibility that ébsorption is
affected by channeling effects in the single crystal. Again, as in the pre-
vious Appendix, a maximum value for the losses will be calculated. Eq, (5)
of Appendix I can be integrated to give a rough estimate of the "random

walk" renge B of an electron of energy EI produced by the incident radiation.

Thus: E 2

1 2
R 2 e . 1
%0 mg/cm (15)

For silicon and for EI = 20 keV this corresponds to approximately 4 um. The
actual distance beneath a surface from which an electron might escape is much
smaller than this--say 2 um. Since the fraction of 20 keV incident X-rays
absorbed in a 2 um layer of silicon is only 0.2%, this escape mechanism
clearly cannot explain the detector background. For 5 keV X-rays the loas

becomes & maximum of 0.8%, still well below the observed background level.

APPENDIX V
Other Possible Backpground Sources

1) Secondary electrons from beryllium window

Even with the assumption that every electron produced 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 electroxis from Eold surface barrier layer

Assuming a 200 I gold layer and that 50% of the photoelectrons
produced in it causes degraded detector signals, a background contribu-
tion of 0.15% would result for 20 keV incident photons. In practice,

many more photoelectrons would be lost and the effect would be even

smaller.
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig, 5.

Fig.'6.

Fig. 7.

Fig. 8.

Fig. 9.

Calculated performance data for 2 MeV proton exeitation (20 yC)
onas mg/cmz sample. The detector solid engle is assumed Lo be
4m x 0,003 sr. Electron and proton bremsstrahlung are shown
together with the counts expected for 1 ppm (by weight) level of
various trace elements. This data is derived from Folkmari'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 typleal 5 m.g/c:m‘1 air filter gpectrum produced using Tk K (~ 4.5 keV)
X-ray excitation--gee Table 2 for elemental concentrations (75 aec
counting time).

Similar to Fig. 4, but using Mo K {~ 17.5 keV) X-ray for excitation,

Similar to Fig. 4, but using Sm K (~ 40 keV) X-ray for excitation
and with counting time iInoreased to 250 seec.

Calculated sample bremeatréhlung background end X-ray ylelds for
1 ppit (by weight) levels of selected trace elements, Also shown in
the measured detector background curve. All are presented for 10°

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

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