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F. S. Goulding and J. M. Jaklevic

" Lawrence Radiation Laboratory
University of California
Berkeley, . Califo_rnia 94720

 May 1971
ABSTRACT

The use of semiconductor detector X-my»ﬂuotescence spectrometers

,_ for amalysis o_fftrace—elemehp constituents of materials is described.

The results presented illustrate the value pf ‘the technique in aw1de

* variety of applications including analysis of food samples, biological

specimens, and air filters.: Levels of detection in these samples are

- less than 0.1 ppm. These results are achieved using X-ray excitation

of the samples; .they..zean, theréfore be achieved using only a small
laboratory instrument and in a time measured only in minutes. Sample

préparafion is vét_'y simple compared with other techniques. of comparable

- sensitivity.
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" FOREWORD -

Recent months have been marked by a new public awareness of the

“adverse effects of trace elements in the air we breathe; in the water

. we‘dr'i;_nk, and in the food we eat. However, since many trace elements

are known to bé essential to life in its wide variety of fomms, a
better definition of the roles of trace elements, both adverse and
desirable, in biological systems seems essenfial in the future. Fur-
ther, a number of studies have shown the potential value of measure-
ments of traf;e elements in blood and urine as an aid in the diagnosis
of .some diseases. These factors all point to the need for a measure-
ment technique capable of rapid aésessment of a broad range of trace
elements present at very 1ch levels (0;01 ‘to 100 ppm) in all types of
"organic rﬁéteriél. '

We hope to show that X-ray fluqrescence analysis using semicon-
ductor detectors provides this tool. The account of the method and 1

the early results presdnted here were the subject of a talk recently

" at the Lawrence Radiation Laboratory (Berkeley), where many. of the

significant advances in this field were made. The work provides one
illustration of the value of nuclear research in developing techniques:

"having brbad_ applications to the problems of soci'éty.A
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I.. PHYSICS OF THE X-RAY FLUORESCENCE METHOD

Every scientist is familiar with the brilliant yellow sodium light

produced when salt falls into a flame, and with the fact that our

knowledge of the constitution of stars derives from studies of the

light they emit. Optical spectroscopy, thanks to our fine natural

‘light detectors, and also to Newton's use of prisms to disperse light -

according to its color, is now a commonplace -tool in chemical. aﬁalysis.
HowéVer, a cas@l observer is overwhelmed by the complexity of optical
spectra, caused mostly by the abundance of levels in the outer shells
of atoms involved in-light pmduétion. By observing X rays, we can do
elemental analysis much mofe,ea_sily, for the inner-atomic-shell struc-
ture producing X-rayé is quite simple, and only a few X-ray wavelengths
are emitted. X-réy spectroscopy requires both detection of X-rays-and
measurement of their energy; both .flmctions are performed conveniently
and wéll by semiconductor detectors--hence the power of these deﬁces
as analytical tools. '

The simple design of a semiconductor X-ray fluorescénce spectrom-
eter is shown in Fig. 1; the physical mechanisms involved in the
fluoréscence process are also illustrated. Spectroscopy of photo-
electrons and .Auger electrons can also be used for analysis purposes,
‘and the oufcstanding energy resolution of electron spectrometers per-

mits measurement of changes in energy levels due to chemical-bonding

. effects. However, the short range of electrons in materials limits

the use of electrons- compared with X-ray--spectroscopy. A wide range
of methods of exciting characteristic X rays is available. We discuss

here only X-ray excitation of the sample, as our objective is to

CHARACTERISTIC—_3
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| K X-RAYS ! L -X-RAYS
illustrate a relatively simple instrument; other, more complex, methods - al a2 B| sz | .
of excitation may be employed and-are favoured for some purposes:. '
“The atomic-shell transitions generating the X-rays of interest in .

this paper are shown in Fig. 2. In the energy range of interest here,

“the energy resolution of semiconductor-detector spectrometexs is such P 1
that the Ka1 and Ko, lines are observed as a single line, as are the : ]I
(xB,, K8,) and the (Lel.,' L8,, L8,) lines. The intensity of the KB o m

peak is always much smaller than that of the Ka 1ine, while the La,
and LB lines are of similar intensity to each other, and are 1§Ige
campared with the other L X-rays. | 7

Energies of pﬁmary interest lie below 30 keV, where the K X-rays

of elements with 7 % 55 are observed, and the L X-rays of the heavy

HEE&A

elements also appear. Figure 3 shows the energies of these X-rays.
The L X-ray ener"gy’ 6f a heavy element may be_the same as the K X-ray
- energy of a light élement causing confusion in analysis; but heavy
elements -are relatively rare in biological material, so the resulting
problem is of les_s'importance in practice than perhaps might be |
expected. Often, the presence .of two strong L lines is useful--for
example Pb Lo comc1des w1th the common As K8, but Pb L8 only

clashes w1th Kr, an tmconmon contaminant. This fact permlts determma-

H e

tion of lead even when arsenic is present.

As shown in Fig. 1, Auger-electron emission provides an alternative

method of filling vacancies in the atomic shells, thereby reducing the

XBL 713-394

-yield of fluofescent X-rays. Unfortunately, the emission of Auger : ) . . .
. - _ ‘ Fig. 2. Atomic energy levels involved in the emission

electroﬁs_ becomes highly probable for low-energy transions, so the : of X-rays of interest in this paper

fluorescent yield becomes ve'iy small for 'light_ elements, as shown in_
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Fig. 4. A similar behaviour is seen for L X-rays emitted by heavy
elements. The low-fluorescent yield makes X-ray fluorescence spectrom-
eters less sensitive for light elements; the problem is further exagger-
ated by the self-absorption of the fluorescent X rays in the sample
itself. This factor restricts analysis to a vanishingly small surface
layer of the sample for low-Z elements. Figure 5 shows the thickness

| of typical organic material required to attenuate different X-rays by

a factor of 1/e--this curve shoﬁs that samples less than 1 mm thick
must be used. to avoid severe attenuation even of elements as high as
iron in the periodic table.

Two furthér. efficiency factors are important in the design of an
X-ray spectrometer. The efficiency of any detector falls at high
energies causing a loss of counts. Lithium-drifted silicon detectors
5 mm thick were used in these studies; so their efficiency is essen-
tially unity in the energy rang_e'of interest here. Choosing- the energy
of the exciting radiation is a major step in the design of an X-ray
fluorescence experiment; the probability of creating a vacancy is a
maﬁdmum when the energy of the exciting radiation just exceeds the
binding energy of the atomic shell involved. Figure 6 shows how the
probability of vacancy creaf.idn in the K and L shells of various atoms
depends on the energy of the exciting radiation. As an example of the
use of ‘these c_lata, consider the case of a sample containing equal parts
by weight of lead and bromine excited by Mo Ko radiation (17.4 keV).
The lead L-shell vacancies will be excited 3.5 times as.e.fficiently

as the bromine K-shell vacancies; but since lead atoms are three times

-8-. UCRL-20625

as heavy as bromine, only one-third as many lead atoms are present.
Moreover, the fluworescent yield for Pb L X-rays is about 25% less. than
that for Br K X-rays (Fig. 4). The total number of lead X-rays from
the sample will therefore be slightly smaller than that of bromine K
X-rays. |

We have so far considered oniy the fluorescent X-rays produced in
the sample, tl/leir excitation and transmission to the detector, and‘
their absqrption in the detector. The main mechanism for absorption
in the detector in this energy range is the photoelectric précess;
even where Compton scattering occurs in the detector, the scattered
photon will nearly always be absorbed photoelectrically to pmduqe a
total charge in the detector proportional to the total energy of the
original incoming X-ray. This situation is a pleasant contrast to the
dominance of the Compton effect in spectra observed when detecting '
higher-energy y-rays. However, scattering processes are still a major

factor in X-ray fluorescence spectroscopy--this time due to the effect

of scattered radiation from the sample into the detector. Both coher- -

ent (elastic) and incoherent (Compton) scattering from the sample
matrix, the organic base containing the trace elements, are present,
the relative proportions depending on the ratio of light to heavy
nuclei present. . Figure 7 shows the energy exi:hanges_ involved in CO@'

ton scattering at these energies. Even 180°—scatteririg of 20-keV

photons involves a loss of energy of only about 1.5 keV to the photon

involved in the scattering process.-
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'We' are now in a position to appreciate fhe general fom of the
spectrun (Fig. 8) obszerved by a X-ray ﬁwrescence spectrometer. The
dominant feature of the ‘'spectrum is the large scatter peaks that may _
constitute 99% of the total counts observed. At the very-low-energy
'evnd of t;he‘ spectrum we see the effect of scattered photons from the
sample which happen to Compton-scatter from electrons in the detector
and escape, leaving oﬁly_the knock-on electron energy in the détectér.
The central region of “the spéctrum contains the intereéting informa- .
tion on ﬂuores:_:ent X Tays emi\tted by the sample--unfortunately super-
impbsed on a background. that, in an ideal case, is due only to bhoto-
electrons from the detector escaping from its surface. Since the
photdns producing these electrons are primarily those scattered from
thé sample, and only part of the photon enérgy is converted into ioniza-
tion in the detector, a continuum of pulse heights below the scatter A
. peaks is generated by this process. As we will see' later, 6ther pro-.
cesses in the detector degrade events that should appear in fhe scat-

ter peaks, resuit'ing in increased background in the region of interest,

- thereby 1_imitihg 6ur ‘ability to see minute trace of impurities.- The
}"esul__ts‘ given in this paper are made possible only by the methods of

~ background reduction described herein.

| The validity of ‘this general picture is illustrated in an X-ray

_ flubrescenée spectrum obtained recently, shown in Fig. 9. The large
incoherent Scatj:er peak is svhown,‘while the coherent scatter peak is
just beyond ﬂ1e right margin of the figure. The Compton edg_é due to
thé detector; which would noﬂally éppear at the left of thiéfigure_,

-12- _ UCRL-20625

has been removed by a discriminator in the electronic pulse pile-up

" rejection system‘employed in this experiment. " The background level

seen in this figure, while low, is at least ten times as high as can
be'explained by photoelectrons escaping from the detector surface.

For comparison, Fig. 10 shows the same sample examined by an X-

- ray fluorescence system with performance equal to wnits available in

early 1965. The contrast between Figs. 9 and 10 is. striking. In the
next section of this paper, an account will be given of the major steps
taken in the past five years that account for the vast difference

between these two results.

[ ) -...‘.._,..__..: ﬁ?_.‘_.__v.._ .

ek n s b e At i
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Fig. 9. 'A practical spectrum obtained with Mo X-ray excitation of a

freeze-dried Mussel sample, This measurement used a modern high-

" resolution spectrometer containing a guard-ring detector (see

section II B).
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~ tors by a number of transistor manufacturers.
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" I1I. DEVELOPMENT OF ’THE INSTRUMENT

The developments of the past few years that resulted in this new -

analytlcal technique have involved J.mprovements in the electronlcs of

senuconductor detector_ spectrometers to improve energy-resolution and
. high—_comting_-f_ate 'be_haﬁour; detector developments to.reduce or

- eliminate imd_eSirablé backgromd; and development of small X-raytubes R

‘that can be used as intense-sources of nearly monoenergetic radiation

to. excite the sample, thereby speeding analysis by almost two o,rders.' _

of magnitude as compared with using convenient radioactive sources.

We will briefly discuss each of these major areas of development.

A. Improving Electronics

The first major step toward improving -energy resoiution below
2 keV full-width at half maximm (FWHM) resolution, the level common
in 1964, ‘came with the development of low-noise field-effect transis-
’ ' Farlier field-effect -
transistors exhibited considerable surface noise, and their perfomm- .
ance was not superior te the vacum tubes commonly used in earlier
preampli.fiers. Follov;ving‘ the cievelopment of a new generation of FET's
(notably the 2N3823, then the 2N4416),' low-temperature operation of |
these devices tO'reduce hoise was introduced by a number of groups.
Work .at the Lawrence Radiation Laboratory (Berkeley) ‘in mid-1965(1)
achieved anb energy resolution _o'f 700 eV (FWHM), and stimulated the
first sug'gestion(_z)‘_ﬂlat a semiCohductor detector spectrbmeter could

provide a useful X-ray fluorescence anaiyzer. As can be seen in Fig. 3

- the periodic table.

_. the preamplifier.

-18- : UCRL-20625

700-eV resolution permits separation of elements higher than zihc in
Substantial improvements were necessary before
general appllcatlonmof the techmque became p0551b1e.<

A long sch perlod of development followed this initial jump in
performance. ‘Small improvements resulted from use of the 2N4416vto
replace the ZN3.823‘, from rigox:ous_selecti‘on of these trahsisto‘rs, ahd
frt)m optimizatien 6f the operatihg temperature of the field-effect
vtransistor. (hanges in‘manufacthring techniques led to some improve-

ment, but also same setbacks. By early 1969, a few outstanding spec-

trometers were capable of ach1ev1ng energy resolutlons as low as 250 eV

M) at low energies, makmg separation of elements above calcium .

_practicable.

Before these achievements, the energy resolution of an X-vray
spectrometer for low-energy X-rays (say 10.keV) had been dominated by
th_e' electronic-noise contribution of the first amplifying device in
‘ However, as shown in Fig. 11, statistical fluctua-
tions in charge productlon( 3y in the detector become increasingly
important as the electronic noise is reduced. |

A series of advances made at LRL over the past two years and il-

lustrated in Fig. 12 have reduced the energy resolutlon of X-ray

‘spectrometers to 100 eV or less, making possible the separation of

all elements above carbon in the periodic table. The .resistor,

‘traditionally used to provide low-frequency feedback to a low-noise

A preamplifier as shown in Fig: 'IZA, was replacéd by light coupling,

from a light-emitting diode (LED) to the photosensitive drain-gate

FET junction (Fig. 12B)®). This step eliminated the feedback
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» ) Iesistor, a noisy and unreliable componen_,t;‘-it' also entailed remounting

- the small FET silicon chip in a new package, thereby: _elimineting-'noi_se

’ pmduced by the FET header. “The elimination of these noise sources. per- :

"'_v'mlts use. of longer pulse shaping tlmes in the main amp11f1er thereby
. achlevmg energy Iesolutlon below 100 eV at low countlng rates. In

- this smple llght feedback system nonhnearlty of the LED current- :

" 11ght relatlonshlp degraded performance at hlgher counting rates. This -

led to the pulsed-1ight feedback: scheme shown in Fig. 12C(S) . Here the

LED is pulsed when necessary to ma.mtam- the preampllfler output in its'

‘normal range. When pulsing occurs, a reJect waveform is fed to the
main ampllfler and all 51gnals are re;ected unt11 the system resumes
norma_l . operatlon . _ _

'Ihe.siniplified diégram of ‘the arrplifier system used in the pulsed-
light feedback wnit, shown in:Fig. 13, gives some idea of the complex
pmcess_ing performe'd on signals before they are allowed to proceed to
avp'uls"e-heig'ht analyzer. Signals from the preamplifier are differen- -
: t1ated shaped and amp11f1ed in a lmear amplifier,’ then fed to a cir-
: _cu1t that accurately fixes the baseline of the 51gnals at zero.- The,
actlon of thls Iestorer is 1nh1b1ted dunng the. reset action in -the
preamphf;er. A fast charmel ‘also processes t_:he s;gnals, looking for
2 .cases where pile-up occurs in the slow channel--in ‘which.cvase thef_

'events_: are'rejected. 'If no pile-up occurs, the signal in the slow

: * Nuclear pulse. aziplifiers include pulse-shaping networks containing
dlfferentlators and _integrators to optimize the system 51gna1 to-

: n01se ratlo S
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channel is exemj.ned; and if_ its level exceeds a.selected bias. level,

 the signal peak is stretched. Shortly ef_ter. the signal peak, the -

v stretched-eutput. is'sampled by ‘a linear gate, and a2 us-wide- o'utput'
- signal, proportlonal m amphtude to the difference between the signal -
“and the selected b1as s, ~produced. - I_t is an’ mpresswe demonstration
. of the power of modem’ _}n_tegrat_ed circuits that- these fun‘ctions-}’ A

.-;ﬂ@lification,' shaping, pile-up rejection, de 'resteration' g‘ating',“ :

signal stretching and blased ampllflcatlon--are performed in a smgle o

-small module (NIM-2 width). The performance is equally Aimpressive, -as

seen in Fig. 14 where the behaviour of an X-ray spectrometer analyzmg o

the Mn_ X-rays_produced'by an 55Fe source is shown. The total inmput

counting-rate was 260 »000 ‘counts/sec; double, triple, and even qua’dr-

- ‘ruple pile-ups, w1th1n the 0.15-us- resolvmg tlme of the p11e up

rejection c1rcu1try, are clearly resolved
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B. Reducing Detector Background

-Only a few of the X-rays reaching the detector are characteristic
X-rays from the trace elements in the specimen--the rest ére back-
scattered either coherently or incoherently from the matrix of thé
sample. Since Compton s_cattering of X-rays by electrons in the sample
degrades the photon energy by oniy a small amount (see Fig. 7), the
backscattéred X-rays have enefgies'close to that of the exciting pho=
tons, and higher than the characteristic X-rays of the elements of

‘interest in the spectrum. - This situation was illustrated in Fig. 8,

which also shows the background resulting from degraded signals produced

by ‘a few of the high-energy 'scattered_nphotons. Since this background
"~ sets the limit to the ability of the spectrometer to detect minute
quantities of trace elements, its reduction is one of our most import-

ant problems.

The background arises from a number of sources, all resulting in a.

smaller electrical signal than should be produced by the photon

incident on the detector:

i) Escape of the characteristic K X-ra& of the detector
material from the sensitivé voimne. The K X-rays of silicon
are of low en,efgy '(1.74 keh , .so very few escape (about 0.1%).
- The main result is a slight increase in the low-energy tail
on the scatter peak.' Escaﬁe is a more important problem in
- germanium detectors (K X-ray energy = 9.88 keV) , as will be

shown-in a later figure.
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ii) Escape of the photon-induced photoelectron from the surface
of the detector. In this case, only part of the electron's energy

generates ionization in the detector, so the electrical signal is

o~
.

smaller than should be produced. Typicélly, the contribution to
background by this mechanism shbuld be very small (< 1% of the
: scattef-pea.k counts, and this fraction should decrease when the
scatter-peak energy is increased. In practice, the background in
fluorescence spéctra increases rapidly as the energy of the scat-
ter peak increases, indicating that electron escape is not. the

primary source of background.

iii) FScape of degraded photons following single Compton collisions
with electrons in the detector. The probability of Compton col-
lisiéns is very small at these energies coﬁpared with that of
photdelectric processes. Multipie collisions followed by escape
would produce signals in the main range of interest in fluores-
cence spectra, but this combination is very improbable. The very
low-energy region  0£ a spectrum is the only ‘part affected by the

Comptcri escape process.

iv) Defects on the charge-collection process in the detectof that

. result in loss of some of the charge produced by thé incident
photon. Our recent work has shown that this has been the major
source of background in earliér semiconductor detector X-ray
spectrémeters, and its reduction is the key development making

possible trace element analysis. T



" _efficiency considerations.
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We-have now identified' the major Source of detector background as
being due to charge loss in the 51de surfaces of the detector One
of the conmwnest types of detector geometry (the "top-hat') is shown

1n the flI‘St 111ustrat10n of Fig. 15. The electric field is normally

- considered to be perpendlcular to the lithium and gold faces, but :

distortion of the electrical field occurs due to the non-neutral
electrical behaviour of the side surfaces. Typical detectors are 3

or 5 mm thick, with a 5-mm diameter top-hat having a rilo only about

i mm thick--these dimensions represent a compromise between the effects
of detector capacity on enmergy resolution of the system, and X-ray

' Some of the charge produced by photons
incident away from the center of the detector flows ‘in the surface
layers, and is oniy pattially collected. The resulting degraded
imlSes produce background as seen in the upper curve of Fig. 15. Here,

Te - X-rays (27 keV) were incident on the detector, and almost 40% of

' the total events appeared in the background below. the main peak

We have devised the guard-ring detector shown in the second illus-
tration in Fig 15 to reduce this background. Here the central sensi-
tive reglon of the detector is surmunded by an annular guard ring
whose purpose is to-define the charge collectlon region by mtemal

electric field lines, rather than by surfaces of unknown character.

The success of the method is illustrated by the lower curve in Fig. 15.
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The »background is redﬁced by a factor of aimo_s't.’lO compared with.the'
conventional detector, 'So that only about 6% of the total counts now
appear in the background. While this is far from the background we
expect from electron escape, and further work re_vmai.nsv' to be done*,
the reduced backgrounvd gives a subs_tantial improvement in the perform-

ance of X-ray spectrometers for trace analysis. . A typical analysis

ﬁsing the guard-ring detector was shown in Fig. 9, while Fig. 16 shows

the same specimen analyzed by a conventional detector. The difference
in background is evident in this result.

It is interesting at this point to 'compare the perfommance of a

germanium detector X-ray spectrometer with that of silicon. In Fig. 17,

‘the spectrum obtained with a germanium detector is shown for the same
sample ds was used to give Fig. 9. We see that the peaks produced by

‘the trace elements are largely obscured in the g_ehnanium case by var-

ious artifacts due to the detector itself. On the basis of this result,

it appears that germanium detectors have little value for trace

element analysis--at least in this energy range.

*  Further work has been done, and the results appear in the Appendix
_to this paper. Apart from the results given in the Appendix, the
- results presented in this paper were all obtained with the guard

ring used as in Fig. 15.
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Apart from the generally flat background due to the detector,

another typé of background can exist in X-ray spectrometers, and

must be recognized or eliminated if correct interpretations of spec-

tral ‘features are to be made. This background is due to fluorescence

of trace elements in the collimators or detector used in the spectrom-

-eter, which are excited by the scattered photons from the sample.

Figure 18 illustrates the nature of the background in a typical system
irradiated w1th Zr X-rays. Several of the peaks observed (Fe, Cu, Zn)
can be attributed to impurities in the Mo collimators used in the
experiment. However, the two peaks in the vicinity of the Au L X-ray
lines are of special importance due to their proximity to the normal
location of Hg L X-ray lines. | Since mercury is of particular impor-
tance in trace-element analysis, the situation shown in Fig. 18 is
particularly unfortunate. f Figure 19 shows the confusion caused by
this probiem in the analysis of a dried potafo _Sample where the région
of fhe Hg peaks appears to contain diffuse structure that defies
analysis. o

The source of this problem is now known to be the very ‘thin .
(~200 &) gold surface barrier present on the entry side of the
detector. Fluorescence of the gold produces characteristic Au X-rays,
but photoelectrons and Auger electrons, coincideht in time with the
X-rays, are also produéed. Since the gold is in direct contact with
the sensitive Qolume.of the detector, some of the energy of these
electrons may be deposited in the sensitive region of the detector,

adding to the X-ray signal. Close examination of Fig. 18 shows that

;
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_the resulting peaks are shifted to the right of the correct location . '

for Au X<rays, and the peak shape is broader than would.nomally be

expected. ; 'I‘his Phenomena may lead to. false identification of mercury .

_ in-sa‘mples "To overcome the pmblem materlals other than gold must
be used to form the surface barrier on the entry 51de of the detector.
It»1s d1ff1_cu1_t‘ to."achleve‘nonflnjectmg barrrers with o_.ther-metals,_., .

but we have demonst.rated that suitable proceSSing'-can be devised to

: form mckel or alumzmum bamers w1th suitable characterlstlcs "The -

remalnlng results presented in this paper were obtalned with detectors

_ havmg either nickel _or aluninun surface barriers-at the X-ray entry

side..

- C. Excitation SOUrces‘~

So far we have hardly discussed the means used to exc1te the
characterlstlc X-rays in the sample In F1g<- 1 the source was shown :
. as a r1ng source -and defined rio further later the value of choosing.
"an~- exc1t1ng__energy Just above the K-shell binding: en_ergy of the ele-
_'me'nt of'mo"s't. interest theréby enha.ncing Sensitivity'for this element,

was stressed The ring. source used in most experlments is a radio-

125 109

'actlve source I (producmg mostly - Te X-rays) 5 Cd, and

being t_he 'combnést materlals_ _used. The high detector background
induced by high-energy photons_ in standard detectors h}as‘ led to the
:}. use of a secondary-fluorescence technique as 'shown in Fig 20A; here
1 ‘the sample is sh1e1ded from the prlmary rad1at1on and is excited

instead by .the dlaracterlstlc radmtlon of a suitable fluozescent -

o defects

“thanlarge radiocactive- sou_rces.

" be 'selected to prOduc’e’ the‘requlred excitation energy.
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clement. - In this way; the energy of the backscatter peak from the

sample is kept to- the minimum required value, and detector background
is kept low. Our ‘recent impmvem‘e_nts in detector background have.

" made this 1ess" 1mp0rtant

Rad10act1ve sources used for excitation suffer from a number of
ination of high-energy y-ray emitting isotopes. ngh‘energy Y-Tays:
that cannot be shielded from the detector produce a general backgro;md
due- to Compton collisions with electrons .in- the de.tector.. ,Althdugh
this ‘is tolerable in most applications {as witness nearly‘ all the -
results given here), it does set a lower limit to sensitiﬁty. if all
other sources of detector background are e11m1nated '

A more serious problem with rad10act1ve sources is thelr 1ow
It seems undesirable to propose large- scale use of an.

intensity.

instrument contamlng sources exceed;mg 100 mC. and emitting 4 x 10

" photons per sec when-, on the other hand, an X-ray tube with only. 100 WA

flowing in it prodUces‘- about 101'2 photons/sec. Since _the X-rays are.

emltted only when required, small X-ray tubes appear less hazardous

Furthermore the anode matenal can
Some ,of_ t_he :
results presented here use radloactlve -source excitation, and .count-
ing tl.mes ‘are measured in hours usmg a: sultable X ray . tube, we can

cut these times to minutes.

- In general the ‘desired. act1v1ty is accompamed by contam- e

- AN __.“..u__;_-. [P




" trace elements in the samples.

excites the sample.

Hbelow its K absorption edge.
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~ The conventlonal reflection- geometry X-ray tube shown schematically
"1n Fig. 20B emlts Bremsstrahlung photons of energies ranging up to
the applied voltage together with the characteristic anode X rays.
If used to d1rect1y exc1te the sample, scatter of the- Bransstrahllmg

‘constitutes an intolerable backg.mund masking the observation of

To évoid this, the X-rays are used
to Ifluo're‘sce a secondary target, whose characte.rlstic,rédiation then
An alternative is to use a small tube as shown
in Fig. 20C employing a ‘transmission-type anode in which the thin
anot]e material filters its radiation, transmitting mostly that jus.t
| The radiation spectrum pmduced by a
tube of this type using a .4-mi1 Mo anode is shown in Fig. 21. This
is almost the 1deal spectrum for excitation of a sample. As antic-.
»1pated the exc1t1ng X-ray 1ntens1ty is about 100 times that produced

125

by a 100 mc. 1471 source, cuttmg down the analysis time accord.mgly

--This is achieved w1th_ a power dissipation of only 5 to 10 watts in- the
o énode of the X-ray t\jbe, a level that pemits the use of a small -

» .strhctuxe with good somce-sanq)le geometry.
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IIT.  EXPERIMENTAL RESULTS AND APPLICATIONS

* Semiconductor X-ray spectrom_etersb are distingllished by their
ability to simultaneously survéy a whole spectrum of tréce elements

present in samples at 1eVels less than 1 ppm. More sensitive methods

can be devised for particular elements: for examplé, atomic a.bsox"p'f

“tion can be used for such elements as mercury. Neutron activation

can exhibit- greater sensitivity than X-ray fluorescence for some
elements; but its sensitivity is poor for many elements, and the
activation process is slow and costly. The activation of sodium in

biological samples necessitates-a long "cooling off" period (often '

'a_ month) before a sample can be analyzed. Other methods, including

atomic absoxption,v require extensive samplé preparation, while X-ray
fluorescence requifes very little, though removal of water by freeze-
drying is_. useful 1n many cases. For these reasons, it seems that
X-rayv fluorescence analysis mayflnd a ﬁde range of applications.
A few of these are diécussed in this section, and some early results

are presented.

A. Analysis of Foods

~ Public atté_ntibn has recently been focussed on the adverse effects

‘of certain trace elements in foods. Mercury and cadmium, in particular,

have received attention. The toxicity of these elements results from
their accumulating in” the ‘body and inhibiting important organic func-

tions--this is to be distinguished from the toxicity of chemicals

' that cause immediate effects on body functions. Furthermore, the .
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© toxicity of ‘an element depends a great deal on its chemical form. In

the well-known case of mercury, organic mercury co@onmds are more
toxic than are most of 1ts inqrgaﬁic salts. X—ray ﬂuore;cence gives
no information on the chenvical_foﬁl of ‘elements, so it can only be
used to flag possible '_};azards. . |
Since some trace elements are toxic while others are _:es_senti:_al

to life, detailed map of trace elements in a wide range of foods
should be of value in nutritional studies.

_ Wit;h these points in miﬁd, we will examine a fe;'v measurements on

*
foods made with Mo X-ray excitation:

Figure 22. This test on'a freeze-dried twia‘sample-shows the pre-

. sence of mercury (~0.5 ppm). However, the sample was Kco_nce'ntrated

by freeze drying; the original tuna would have Aassayed at 0.1 ppm of
Hg--far beiow the FDA tolerance (0.5 ppm). ‘

* _Iﬂ practiée, Mo X-ray excitation restriét,s the range of elementé :

measured with good sensitivity to. t_he‘ heavy elements (L X-rays), and.
to the light elements »fmm iron through nﬂnidimn. Highef-energy exci-
tation must be used for elements heavier than rubidium. Measurements

of elements below iron demand 1ower-energy excitation, and also the use

of thin samples. In both cases, a slight loss of sensitivity will

result.
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Several features in ‘this. spectnum are due to instrumental arti-
facts. 'The lead-peaks are dne mainly to lead contamination of the
colhmator, wh11e the n1cke1 peak is partly due to the nickel sur-.
face barner used in this partlcular detector. These factors are
- .not vpres‘ent in the remaining spectra in this paper. _'Ihe_ argon peak .
bis dne 'toéxcitation of_aréon present at a level of 1% in the air-
s'um_}_mding the sy‘s.tem. We also note that krypton- -present to-only-
1 ppm in air--is observed in' some spectra. Helium can».he-used' tob
chsplace air when necessary..

A word about ca11brat10n is in order at this: pomt A calibra- .
tion procedure devised by J. Jaklevic and R. G1auque uses. thin.

. metal layers of kncmn weight to detemmine geoxnetry factors,
excitation efficien'cy.v,. and sample absorption. This method permits”
rapid-quantiative assessment of the concentrations of impurities

observed in spectra.

'Fig‘nr‘e 23. This test on dried swordfish is to be -compared with -
that on” tuna shown in Fig. ’22.' A very different d_istribution‘of '

' -e1emen_ts_ is seen: iron is almost absent in swordfish, while much more
mercury. md'.arsenit are .present. Arsenic is probably not a serious
vprob__lem, butthls sample of sword:fish (recently purchased) certainly
éontains ‘more mercury than the FDA limit.

'Figure 24. This is liver sausage (freeze-dried). . Both mercury

_and lead are present in higher concentrations than m Fig. 22, but

the mercury in this case might well be largely in. the form of an

* To be published.
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inorganic salt. Although the FDA limit of 0.5 ppm contains no qualifi-
cation as to chemical_ form, eating liver sausage might not be a hazar- - -~

.dous pursuit!

‘Figures 25 and 9. These two results demonstrate the wide differ- :

“ences in trace-element distribution in two shellfish. Of particular .

- note is the high-concentration_ of arsenic in the clam, and the high

concentration of lead in the mussel. 'Ihls mussel was-obtained in the

_ Sacramento River near an old lead smelter; mussels from other loca—,- .

tions contained substaxltially less lead. The 10 ppm of arsenic 1.n the

clam is not surprising; levels as high as 150 ppm have been reported.

in shellfish from the North Sea off the east coast of England.

B. 'Plants

Trace elements are known to be an 'important factor in. the growth

of plants, and examination of plant material and soils may provide

useful information m agriculture. Perhaps the most surprising re-.
~sult of our analysis of plant material has been the high concentration. -

of relatively ‘uncommon elements

F1gure 26 shows ‘the spectrum obtained with a camelha 1eaf We -
show it as a contrast to the other spectra presented here. The large _
quantities of manganese and strontlun were suxpnsmg -The ubiquitous
lead peak is seen although thlS partlcular plant grows far from free-

ways or city trafflc.
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C. Medical Uses

Medical applications of this technique could tumn out to be the
most important. - Studies ©) have shown that trace elements. in blood
may cofrelate with disease states, indicatihg a possible diagnostic
technique. Other readily availab.ie samples _ii;clude urine, hair,
ﬁiigernails, etc._§ “the stétistik;al correlations between trace ele-
ments in these. \(arious sahplgs. ‘and disease have hardly been studied
at all--mostly due to the lack of a suitable fast, convenient, and

- accurate method of measurement. Semiconductor detector X-ray fltxbres—
cence spectmmetérs may well stimulate new iﬂterest in this _field
of study. '

More speéific types of problem also arise in medicine. The
examination of organs fo‘r trace elements may be an important tool in
studying the accumilation of elements in organs. and its relationship
to diseases, including cancer. One example is the‘ analysis of .bl_ood
samples. for lead, as an indicatof of lead poisoning in i.nfants. The -
X-ray fluorescence method is sensitive enough for this purpose as
illustrated in Fig. 27, where lead is clearlyvdétemined in & freeze-
dried sample (about 3 ml) of nommal whole blood. A 0.25-ml sample

s adéquate' :ft')_r this test, and by using X-ray tube excitation, the
measuipme_nt' time can be reduced to only 15 minutes. ’Detectior.l_o'f
lead at levels indicative of lead poisoning should be a simple
' matter.

Two other features should bé nqted in Fig.’.27. The large iron.’
‘peak resuits in an increase in background at energies below that of

the peak. This is due to a smail dead iayer in this particular

-44- : UCRL-20625

detector. We also nbte a small peak resulting from escape of silicon
K X-rays excited by the iron X—ra};s. Tﬁis_ indicates the care. re- »
quired in interpretation.of i’esqlts, ‘a5 the escape peak is quite
ciose to the expected location of a vanadium peak (but reéolvable

by the system).

D. Pollution Studies

Flemental _é:nalysis of particulate deposits on air ﬁolluﬁon_fii-
ters presents a simple problem for this technique. With short sémple—
collection times, the mass of the particulate deposit becomes a sub-
stantial fraction of the air-filter material. Consequently, when the-

filter is subjected to analysis, background due to backscatter in the

filter material is quite small. An example of air-filter amalysis is .

shown in Fig. 28. The quantity of lead measured in this sample (from
Detroit) corresponds -to almost 2 ug/mefres of air,__a typical nﬁmber
for air in an industrial area. ‘

Flgure 28 also illustrates the use of an X-ray tube to speed up
analysis. The transmission-anode tube of Fig. 20C was used to expose
the sample for only ten minutes to produce thls result--openmg up -
the p0551b111ty of on-line ana1y515 of pollutmn w1th the capablllty )

- of seeing fluctuations in particulate pollutants on. a time-scale much

‘shorter than an hour.

B
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IV. CONCLUSIONS

The reduction of detector background, -improvements in both resolu-
tion and counting-rate capabilities of the associated electronics,
and the development of a small X-ray excitation source have resulted

in an instrument providing an entirely new capability in elemental

» anai_ysis. High-speed analysis of biological and other samples for a

broad range of elements present at levels less than 0.1 ppm can-be
carried out using X-ray fluorescence. The results presented in this

paper are in good agreement with the appropriate sensitivity calcula--

" tions given in the Appendix. A recent further improvement in detector

background is also discussed in the Appendix.
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APPENDIX

I. Gi]ARD-‘R'?ING REJBCI‘TE(}NIQUE

" Recent work has mdlcated the source of a large part of the back-
_ ground present when the detector guard ring:is comnected as shown in
_"Flg '15 -Referrmg to Flg .29, X-rays entering . the detector-near the-v
edge of 1ts sen51t1ve neglon produce a dense cloud of 1onlzat10n of '
nvery small size ( 5 microns n dlameter) The holes:. and electmns 7'

separate and move toward the approprlate electmdes in, the case shown

’_iln Flg. 29 the electmns travel much further than the holes thereby n

producmg most of the output 51gnal " As the electron cloud moves
toward the p051t1ve electmde its size 1ncreases due to mutual re-
."pulsmn of the charges in 1t--the mtema.l electnc flelds enstmg
in- the cloud far exceed the applled electric f1e1d in the detector
until the cloud d1mens1ons reach about 100 mlcrons Consequently,' a
: perlphera.l reglon exists at the boundary of the central sen51t1ve

: reglon, constltutmg a fractlon

- . (8% forr = 0 25 cm)
aar B _

of the total sen51t1ve Volume, from which the -charge ‘will be only :
parually collected in the-central reg1on

“To elmmate “the backgmmd produced by thls effect we detect'
the guard—nng s1gna1 ‘and reject any accompanymg slgnal from the .

" v central reglon as: shown in F1g 29 - In practlce a sl1ghtly more -
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A ‘ acc1denta.1 comc1dent counts in the guard ring.
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' complicated arrangement is used in wh1ch a coincidence between guard-

E rmg and central- reglon 51gnals is requ1red before the main 51gna1 is-

reJected This requuement reduces the loss of good signals due to-

the guard-ring signal-reject system reduces Beckgmmd by a substan-

: tial factor cempared with the simple guard-ring configuration. The

total effect, 'cexrpared with a conventicnal detector, is a background-

”‘reduction_»factor of about 50 in typical situations. As an illustra- -

tion_of the improvement achieved by the guard-rihg reject system, Fig.
30 shows the sPectrlin obtained with a guard-.rixig reject system on -the
samé. blood sample as shown in Fig. 27, which was obtained with the

simple guard-ring method. A geld surface-barrier was employed:.on the

detectOr uSed__for Fig. 30; consequently, evidence of gold peaks is

“seen. The lead peaks due to the < 0 1 ppm of Pb present in nonnal

whole blood are very ‘clearly seen in Fig. 30, while they were only

just visible in Flg. 27. Slmllar mprovements in se1151t1v1ty have

- ‘been observed in a number of samples examined with the new. system..

I1. SENSITIVITY CALCULATION

The following simple calculation of detection'sensitivity for lead,

- using these systems, is in excellent agreement with the experimental

: 'results presented in this paper:

For molybdemxn Xa radiation:

Total scattering cross-section for an orgamc matrix = 5 barns/atom.
L-shell photoelectnc cross-section for lead '=3 X 10 bams/atom.
Fluorescent yield for lead L X-rays ~0.4. '

Fraction of £ X-rays in La_- peak =0.5.

Tests have shown that

.below FWHM of a Pb peak = 2.10
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Effective Cross-sec_tion for Pb Lo production =6 x 103 barns/atom.

If lead is present at a leével of P ppm by weight:

Lead atoms  _ 0.06P.
~ Matrix atoms 105 |

~No. of Pb La's at detector 6 x 10° 0.06P .
No. of scattered X-rays at detector - 5 ©o106 .

: CA T 7.2P B

- : o

105 o ¥ S
We now suppose that the exc1t1ng intensity is adjusted to produce7

2x 104 backscatter counts/sec from the sample, and tha_t a spectrum

is acculmﬂated for 1000 sec (16 min. )
..Total counts = 2 x 10
~ Peak w1dth for lead ka 11ne (FMM ~1% of scatter—peak energy.

If X% of scatter-peak counts appear in flat. backgromd the background

3 X counts.

The RMS fluctuation in this
Sackgmmdz45\lf .

Asswning that the limit. of detection for a peak is twice the RMS back--
gmmd fluctuation, we have: . . o .
904X counts . _ - @3]
for 2 x 107 counts in the. scatter peak, eqliation @8] sht:ws that:

Detectable limit =

No. of Pb.lia's at detector = 1440 P, ' . 3
Combuung (2) and (3), we have

06\]"

The following sensitivities should therefore apply to our detector .
X = 6% (simple guard ring); PLIM = 0.15 ppm

Prm = W \/_

systems :
= 0.6% (guard-ring reject); Py = 0. 05 ppm
(These mults are achieved in about 15 minutes using X-ray tube

exc1tat10n )






