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ABSTRACT 

UCRL-20625 

The use of semiconductor detector X-ray fluorescence spectrometers 

for analysis of trace-element constituents of materials is described. 

The results presented illustrate the value of the technique in a wide 
.. . . 

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 .. •ean therefore be achieved using only a small 
·.· 

laboratory instnnnent and in a time measured only in minutes. Sample 

preparation is very simple compared with other techniques of comparable 

sensitivity. 
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fDREWORD 

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:jnk, and in the food we eat. However, since many trace elements 

are known to be essential to life in its wide variety of fonns, a 

better definition of the roles of trace elements, both adverse and 

desirable, in biological systems seems essential in the future. Fur-

ther, a number of studies have shown the potential value of measure

ments of trace 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 assessment of a broad range of trace 

elements present at very low levels (O .01 to 100 ppm) in all types of 

organic material. 

We hope to show that X-ray fluorescence analysis using semicon

ductor detectors provides this tool. The accotmt of the method and 1.. 

the early results presented here were the subject of a tark 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 broad applications to the problems of society. 
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I. PHYSICS OF 'IHE X- RAY FLUORESCENCE ME'IHOD 

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 analysis. 

However, a casual observer is overwhelmed by the cornplexi ty of optical 

spectra, caus.ed mostly by the abtmdance of levels in the outer shells 

of atoms involved in light production. By observing X rays, we can do 

elemental analysis nruCh more easily, for the inner-atomic-shell struc-

ture producing X-rays is quite simple, and only a few X-ray wavelengths 

are emitted. X-ray spectroscopy requires both detection of X-rays and 

measurement of their energy; both ftmctions are perfonned conveniently 

and well by semiconductor detectors--hence the pawer of these devices 

as analytical tools. 

The simple design of a semiconductor X-ray fluorescence spectrom-

eter is shown in Fig. 1; the physical meChanisms involved in the 

fluorescence process are also illustrated. Spectroscopy of photo

electrons and Auger electrons can also be used for analysis purposes, 

and the outstanding energy resolution of electron spectrometers per-

mi ts measurement of Changes in energy levels due to Chemical-bonding 

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

i-~; the use ofelectron;-~ornparedwith X-ray--spectroscopy. Awide range 
r 

of methods of exciting Characteristic X rays is available. We discuss 

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

-2-
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FTy{IJW¥ /EXCITING RADIATION 

CHARACTERISTIC--

-RING SOURCE 
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SEMI· CONDUCTOR 
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.RADIATION 

E,N>EK 
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FLUORESCENCE YIELD: 110. OF VACANCIES PRODUCED 

Fig. 1. Basic X-ray fluorescence spectrometer 

and the atomic processes. 

XBL 713-393 
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illustrate a relatively si~le instn.unent; other, more co~lex, methods 

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 spectrometers is such 

that the Ka 1 and Ka
2 

lines are observed as a single line, as are the 

(KI3p K13 
2

) and the (113 
1 

, 113 2 , 113 3) lines. The intensity of the KS 

peak is always much smaller than that of the Ka line, while the La, 

and 113 lines are of similar intensity to each other, and are large 

compared with the other L X- rays. 

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

of elements with Z :c: 55 are observed, and the L X-rays of the heavy 

elements also appear. Figure 3 shows the energies of these X~rays. 

The L X-ray energy of a heavy element may be~ the same as the K X-ray 

energy of a light element causing confusion in analysis; but heavy 

elements ·are relatively rare in biological material, so the resulting 

problem is of less i~ortance in practice than perhaps might be 

expected. Often, the presence.of two strong L lines is useful--for 

example, Pb La coincides with the corranon As KS, but Pb 113 only 

clashes with Kr, an unc0mroon contaminant. This fact permits determina-

tion of lead even when arsenic is present. 

As shown in Fig. 1, Auger-electron emission provides an al temati ve 

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

yield of fluorescent X-rays. Unfortunately, the emission of Auger 

electrons becGmes highly probable for low-energy transions, so the 

fluorescent yield becomes very small for light elements, as shown in 
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Fig. 2. Atomic energy levels involved in the emission 

of X-rays of interest in this paper. 
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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 shows 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 further 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 cotmts. Lithium-drifted silicon detectors 

5 nm thick were used in these studies; so their efficiency is essen

tially tmity in the energy range of interest here. Oloosing 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 

maximum 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 creation in the K and L shells of various atoms 

depends on the energy of the exciting radiation. As an exanple of the 

use of these data, consider the case of a sample containing equal parts 

by weight of lead and bromine excited by Mo Ka radiation (17.4 keV). 

The lead 1-shell vacancies will be excited 3.5 times as efficiently 

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 fluorescent yield for Pb L X-rays is about 25% less than 

that for Br K X-rays (Fig. 4). The total nunber of lead X-rays from 

the sample will therefore be slightly smaller than that of bromine K 

X-rays. 

We have so far considered only the floorescent X-rays produced in 

the sample, their excitation and transmission to the detector, and ... 
their absorption in the detector. The main mechanism for absorption 

in the detector in this energy range is the photoelectric process; 

even where COJlllto:il scattering occurs in the detector, the scattered 

photon will nearly always be absorbed photoelectrically to produce 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 

facto~ 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 exchanges involved in Comp

ton scattering at these energies. Even 180°-scattering 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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Fig. 6. Cross section for 
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elements as a function of 
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Fig. 7. Energetics of the 
Compton-scattering process 
at energies below 120 keV. 
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Fig. 8. Idealized spectrum observed by an X-ray fluorescence 

spectrometer . 
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We are now in a position to appreciate the general form of the 
I 

spectrum (Fig. 8) observed by a X-ray fluorescence spectrometer. The 

dominant feature of the spectrum is the large scatter peaks that may 

constitute 99% of the total cotmts observed. At the very-low-energy 

end of the spectrum we see the effect of scattered photons from the 

sample which happen to Compton-scatter from electrons in the detector 

and escape, leaving only_the knock-on electron energy in the detector. 

The central region of the spectrtml contains the interesting informa

tion on fluorescent X rays emitted by the sample--tmforttmately super-

imposed on a backgrotmd that, in an ideal case, is due only to photo

electrons from the detector escaping from its surface. Since the 

photons producing these electrons are primarily those scattered fr0111 

the sample, and only part of the photon energy is converted into ioniza

tion in the detector, a continuum of pulse heights below the scatter 

peaks is generated by this process. As we will see later, other pro

cesses in the detector degrade events that should appear in the scat-

ter peaks, resulting . .in increased background in the region of interest, 

thereby limiting our ability to see minute trace of impurities. The 

!esults given in this ·paper are made possible only by the methods of 

backgrotmd reduction described herein. 

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

fluorescence spectrum obtained recently, shown in Fig. 9. The large 

incoherent scatter peak is shown, while the coherent scatter peak is . . 

just beyond the right margin of the figure. The Compton edge due to 

the detector, which would normally appear at the left of this figure, 

-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 tmits available in 

early 1965. The ccintrast betWeen Figs. 9 and 10 is striking. In the 

next section of this paper, an accotmt will be given of the major steps 

taken in the past five years that accotmt for the vast difference 

between these two results. 
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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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Fig. 10. Spectnm obtained with the same sample as Fig. 9 but using 

a system typical of the state-of-the art in 1964. 
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II • DEVELOPMENT OF TilE INSTRUMENT 

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

analytical technique have involved improvements in the electronics of 

semiconductor detector spectrometers to improve energy-resolution and 

high-coWlting-rate behaviour; detector developments to reduce or 

eliminate Wldesirable backgroWld; and development of small X-ray tubes 

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

to excite the Sal!Jlle, thereby speeding analysis by almost two orders 

of magnitude as canpared with using convenient radioactive sources. 

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

A. Improving Electronics 

The first major step toward improving energy resolution below 

2 keY full-width at half maximum (FWHM) resolution, the level colllllOJl 

in 1964, came with the development of low-noise field-effect transis

tors by a m.unber of transistor manufacturers. Earlier field~ effect · 

transistors exhibited considerable surface noise, and their perform

ance was not superior to the vactn.Dn tubes conmonly used in earlier 

preamplifiers. Following the development of a new generation of PET's 

(notably the 2N3823, then the 2N4416), low-temperature operation of 

these devices to reduce noise was introduced by a m.unber of groups . 

Work at the Lawrence Radiation Laboratory (Berkeley) in mid-1965(l) 

achieved an energy resolution of 700 eV (FWHM) , and stimulated the 

first suggestion (2) that a semico~ductor detector spectrometer could 

provide a useful X-ray fluorescence analyzer. As can be seen in Fig. ~ 

-18- UCRL-20625 

700-eV resolution permits separation of elements higher than zinc in 

the periodic table. Substantial improvements were necessary before 

general applicationsof the technique became possible. 

A long slow_ period of development followed this initial jtm!p fu 

performance. ·&tall improvements resulted from use of the 2N4416 to 

replace the 2N3823, from rigOJ:.:OUS selection of these transistors, and 

from optimization of the operating temperature of the field-effect 

transistor. Changes in· manufacturing techniques led to some improve

ment, but also some setbacks~ By early 1969, a few outstanding spec

trometers were capable of achieving energy resolutions as low as 250 eV 

{RIHM) at low energies, making separation of elements abo\re calcium 

practicable. 

Before these achievements, the energy resolution of an X-ray 

spectrometer for low-energy X-rays (say 10 keV) had been dominated by 

the electronic-noise contribution of the first amplifying device in 

the preamplifier. However, as shown in Fig. 11, statistical fluctua

tions in charge production(3) in the detector become increasingly 

inq>ortant 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 resolution of X-ray 

spectrometers to 100 eV or les$, making possible the separation of 

all elements above carl>On in the periodic table. The resistor, 

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

preamplifier as shown in Fig. 12A, was replaced by light coupling, 

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

PET jtmction (Fig. l2B) (4). This step eliminated the feedback 
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res is tor, a noisy and tmreliable component; it also entailed remotmting 

the small PET silicon chip in a new package, thereby: eliminating noise 

produced by the .PET header. The elimination of these noise sources pe.r-

. * Diits use of longer pulse-shaping times in the main amplifier thereby . 

achieving energy resolution below 100 eV at low couriting rates. .In 

this simple light feedbaCk systein, nonlinearity of the LED current

light·relationship degraded performance at higher counting rates. This 

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

LED is pulsed when necessary to maintain the preamplifier output in its' 

nonnal range. When pulsing occurs, a reject wave:fonn is fed to the 

main ~lifier, and all signals are rejected I..Uitil the system restunes 

nonnal. operation. 

The simplified diagram of the amplifier system used in the pulsed

light feedback tmi t, shown in .Fig. 13, gives some .. idea of the complex 

processing perfonred an. signals before they are allowed. to proceed to 

a pulse-height analyzer. Signals. from the preamplifier are differen- · 

tiated, shaped, and amplified in a linear amplifier, then fed to a cir

cUit that accurately fixes the baseline of the signals at zero. The 

action of this restorer is inhibited during the reset action in the 

preamplifier. A fast channel ·also processes the signals, looking for 

cases where pile-up occurs in the slow charinel- -in .which case the. 

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

* Nuclear pulse amplifiers include pulse-shaping networks containing 

- differentiators and integrators to optimize the system signal-to

noise. ratio~ 

;~~·., 
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channel is examined; and if its level exceeds a .selected bias level, 

the signal peak is stretched. Shortly after. the signal peak, the 

stretched- output is· smnpled by· a linear gate, and a 2 J.lS-wide output 

signal, proportiqnal in amplitude to the difference between the signal 

and the selected bias, .is produced. It is an impressive demonstratiOn 

of the power of modern integrated circuits that these functions-

amplification, shaping, pile-up re~ection, de restoration, gating~ 

signal stretching and biased amplification--are performed in a single 

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

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

the Mn X-rays produced by an 55Fe source is shown. The. total input 

counting- rate was 260,000 cotmts/ sec; double' triple' and even .quad.,-

ruple pile-ups, within the 0 .15-J.ls resolving time of the pile-up 

rejection circuitry, are clearly resolved. 
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Fig. 11. The enellO' resolution· of a spectrometer as a fmction of 

electronic noise and detector charge-production statistics. 
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Fig. 12. Development of pulsed-light feedback preamplifier from a 

resistor feedback configuration. 
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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 are back

scattered either coherently or incoherently from the matrix of the 

sample. Since Compton scattering of X-rays by electrons in the sample 

degrades the photon energy by only a small amount (see Fig. 7) , the 

backscattered X-rays have energies 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, 

wirich also shows the background resulting from degraded signals produced 

by a few Of the high-energy scattered photons. Since this background 

sets the limit to the ability -of the spectroreter to detect minute 

quantities of trace elements, its reduction is one of our most import

ant problems . 

The background arises from a nunber 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-ray of the detector 

material from the sensitive volume. The K X-rays of silicon 

are of low energy (1. 74 keV), so very few escape (about 0 .1%). 

The main result is a slight increase in the low-energy tail 

on the scatter peal<. Escape is ·a more important problem in 

gennanium 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 

smaller than should be produced. Typically, the contribution to 

background by this mechanism should be very small ( < 1% of the 

scatter-peak counts, and this fraction should decrease when the 

scatter-peak energy is increased. In practice, the background in 

fluorescence spectra increases rapidly as the energy of the scat

ter peak increases, indicating that electron escape is not the 

primary source of background. 

iii) Escape of degraded photons following single Compton collisions 

with electrons in the detector. The probability of Compton col

lisions is very small at these energies compared with that of 

photoelectric processes. Multiple 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.of a spectrum is the only part affected by the 

Compton escape process. 

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

result in loss of some of the charge produced by the incident 

photon. Our recent work has shown that this has been the major 

source of background in earlier semiconductor detector X-ray 

spectrometers, and its reduction is the key development. making 

possible trace element analysis. 
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We have now identified. the major source of detector background as 

being due to charge loss in the side surfaces of the detector. One 

of the collDI10nest types of detector geometry (the ''top-hat") is shown 

in the first illustration of Fig. 15. The electric field is nonnally 

considered to be perpendicular 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 nnn thick, with a 5-nnn diameter top-hat having a rim only about 

1 nnn thick--these dimensions represent a compromise between the effects 

of detector capacity on energy resolution of the system, and x~ray 

.efficiency considerations. ·Some of the charge produced by photons 

incident away from the center of the detector flows in the surface 

layers, and is only partially collected. The resulting degraded 

pulses produce background as seen in the upper curve of Fig. IS. 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. IS to reduce this background. Here the central sensi

tive region of the detector is surrounded by an annular guard ring 

whose purpose is to define the charge collection region by internal 

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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Fig. 15. Backgrotmd behaviour of conventional and guard-ring detectors. 
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Fig. 16. Performance of a system using a conventional detector on the 

same sample as shown in Fig. 9. 
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The backgrotmd is reduced by a factor of almost. 10 corrpared with the 

conventional detector' so that only about 6% of the total cotmts now 

appear in the backgrotmd. While this is far from the backgrotmd we 

. * expect from electron escape, and further work remains to be done , 

the reduced backgrotmd gives a substantial irrprovement in the perform

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

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

the same specimen analyzed by a conventional detector. The difference 

in backgrotmd is evident in this result. 

It is interesting at this point to compare the pe?'ormance 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 

sarrple as was used to give Fig. 9. We see that. the peaks produced by 

the trace elements are largely obscured in the germanium 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 backgrotmd due to the detector, 

another type of backgrotmd 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 backgrotmd in a typical system 

irradiated with Zr X-rays. Several of the peaks observed (Fe, Cu, Zn) 

can be attributed to impurities in the MJ 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 tmforttmate. Figure 19 shows the confusion caused by 

this problem in the analysis of a dried potato sample where the region 

of the Hg peaks appears to contain diffuse structure that defies 

analysis. 

The source of this problem is now known to be the very thin 

(~zoo lt) go,ld surface barrier present on the entry side of the 

detector. Fluorescence of the gold produces characteristic Au X-rays, 

but photoelectrons and Auger electrons, coincident in .time with the 

X-rays, are also produced. Since the gold is in direct contact with 

the sensitive volume of the detector, some of the energy of these 

electrons inay 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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Fig. 17. Spectrum obtained with a germanium detector spectrometer on 

the same sample as Fig. 9. The presence of X-ray escape peaks and· 

germanium X-ray peaks hides much of the real structure in the 

spectrum. 
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Fig. 18. Spectl:UIIl produced by direct irradiation of the detector by 

Zr X-rays. The effects of the thin gold surface-barrier layer on 

the detector.are clearly shown. 
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the resulting peaks are shifted to the right of the correct location 

for Au x~rays, artd the peak shape is broader than .would normally be 

expected. This phenomena may lead to .false identification of mercury 

in samples. ·To overcome the problem, materials other than gold must 

be . Used to form the surface barrier on the entry si~ of the detector. 

It is difficult to achieve non-injecting barriers with other metals, 

· but we have demonstrated that sui table processing can be devised to 

fonil nickel or alt.mri.num barriers with suitable characteristics. The 

remaining results presented in. this paper were obtained with detectors . 

having eithernickel or aluminum surface barriers at the X-ray entry 

side .. 

C. ExCitation SOurces 

•so far we have hardly discussed the means used to excite the 

characteristic x,..rays in the saliiple. In Fig. 1 the source was shown 

as a ring source and defined rio. further; later the Value of choosing 

an exciting energy just above the K-shell binding energy of the ele

ment of most interest, thereby enhancing sensitivity for this element, 

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

. . lZSI ( •· du . · . ·1 T X ) 109cd d 241Am actlve source: pro c1ng most y. e -rays , ··. , an 

being the colnmone.St materials u.Sed. The high detector background 

induced by high-energy photons in standilrd detectors has. led to the 

use of a secondary-floorescence technique as shown in Fig. 20A; here 

the sample is shielded from the primary radiation, and is excited 

instead by .the characteristic radiation of a suitable fluorescent 
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element. 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 retent improvements in detector background have 

made this less important. 

·Radioactive sources used for excitation suffer f'rom a nunber 9f 

defects. In general; the. desired activity is accompanied by contam-

ination of high-energy y-ray emitting isotopes. High-energy y-rays 

that cannot be shielded from the detector produce a general background 

due·to.COJnpton collisions with electrons in the detector. Although 

this ·is tolerable in most applications (as witness nearly all. the 

results given here), it does set a lower limit to se~itivity ifall 

other sources of detector background are eliminated. 
~ 

A more serious problem with radioa~tive sources is their low 

intensity. It seems undesirable to propose large-s.cale use·of an 

instri.mten:t containing sources exceeding 100 mG and emitting 4 x 10
9 

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

flowing in it produces about 1012 photons/sec. Since the X-rays are 

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

than large radioactive sources. Furthermore, the anode mat~rial cart 

be selected to produce the required excitation energy. Some of .the 

results presented here use radioactive~source excitation, and count-. 

ing times are measured in hours; using a suitable X-ray tube, we. can 

cut these times to minutes. 
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The conventional reflection-geometry X-ray tube shown schematically 

in Fig. 20B emits Bremss trahhmg photons of energies ranging up to 

the applied voltage, together with the characteristic anode X-rays. 

If used to directly excite the sample, scatter of the Bremsstrahlung 

constitutes an intolerable backgrotmd masking the observation of 

trace elements iri the samples. To avoid this, the X-rays are used 

to fluoresce a secondary target, whose characteristic radiation then 

excites the sample. An alternative is to use a small tube as shown 

in Fig. ZOe employing a transmission-type anode in which the thin 

anode material filters its radiation, transmitting mostly that just 

below its K absorption edge. The radiation spectrum produced by a 

tube of this type using a 4-mil M:l anode is shown in Fig. 21. This 

is almost the ideal spectrum for excitation of a sample. As antic-

ipated, the exciting X-ray intensity is about 100 t:iJn!:ls that produced 

by a 100 me 125r source, cutting down the analysis time accordingly. 

This is achieved with a power dissipation of only 5 to 10 watts in the 

anode .of the X-ray tube, a level that permits the use of a small 

.structure with good source-sample ge(Jiletry. 

A 

! 
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Fig. 21. X-ray output spectrum of a transmissionanode X-ray tube 
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Ill. EXPERIMENTAL RESULTS AND APPLICATIONS 

Semiconductor X-ray spectrometers are distinguished by their 

ability to sinnil taneously surv'ey a whole spectnun. of trace elements 

present in samples at levels less than 1 ppm. M:>re sensitive methods 

can be devised for particular elements: for e:xanq>le, atomic absorp

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 sod,ium in 

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

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

atomic absorption, require extensive sample preparation, while X-ray 

fluorescence requires very little, though removal of water by freeze

drying is useful in many ccises. For these reasons, it seems that 

X-ray fluorescence analysis may find a wide range of applications . 

A. few of these are discussed in this section, and some early results 

are presented. 

A. Analysis of Foods 

Public attention has recently been focussed on the adverse effects 

of certain trace elements in foods. ~rcury 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 inunediate 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 compounds are more 

toxic than are most of its inorganic salts. X-ray fluorescence gives 

no information on the chemical fonn of elements, so it can only be 

used to flag possible hazards. 

Since some trace elements are toxic while others are essential 

to life, detailed map of trace elements in a wide range of foods 

should be of value in nutritional studies. 

With these points in mind, we will examine a few measurements on 

* foods made with MJ X-ray excitation: 

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

sence o£ mercury (- 0. 5 ppm) . However, the sample was concentrated 

by freeze drying; the original tuna would have assayed at 0.1 ppm of 

Hg--far below the FDA tolerance (0.5 ppm). 

* In practice, Mo X-ray excitation restricts the 'range of elements 

measured with good sensitivity to the heavy elements (L X-rays), and 

to the light elements from iron through rubidium. Higher-energy exci

tation must be used for elements heavier than rubidilB!l. · Measurements 

of elements below iron demand lower-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 th!s spectrum are due to instrumental arti

facts. · The lead peaks are due mainly. to lead contamination of the 

collimator, while the nickel peak is partly due to the. nickel sur

face-barrier used in this particular detector. These factors are 

not present in the remaining spectra in this paper. . The argon peak . 

is due to excitation of argon present at a level of 1% in the air 

surrounding the system. We also note that krypton- -present to only. 

1 ppm in air- -is observed in some spectra. Helhun can be· used to 

displace ai.r when necessary. 

A word about calibration is in order at this point. A calibra~ 

. * tion procedure deVised by J. Jaklevic and R. Gialllue uses thin 

metal layers of known weight to detennine geometry factors, 

excitation efficiency, and sample absorption. This method permits· 

rapid quantiative assessment of the concentrations of inl>urities 

observed in spectra. 

Figl1re 23. This test on dried swordfish is to be compared with 

that on· tuna shown in Fig. 22. A very different distribution of 

elements is seen: iron is al100st absent in swordfish; while much more 

mercury and arsenic are present. Arsenic is probably not a serious 

problem, but this SaJ11>le of swordfish (recently purChased) certainly 

contains more mercury than the FDA limit. 

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

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

the mercury in this case might well be largely in the fonn of an 

* To be pti>lished. 
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inorganic salt. Although the FDA limit of 0.5 ppm contains no qualifi

cation as to chemical fonn, eating 1i ver 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. This mussel was obtained in the 

. Sacramento River ne(l.r an old lead smelter; mussels from other loca

tions contained substantially less lead. The 10 ppm of arsenic in 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 ilJllortant factor in the growth 

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

useful infonnation in agriculture. Perhaps the most surprising re

sult of our analysis of plant material has been the high concentration 

. of relatively tmco11100n elements . 

Figure 26 shows the spectrum obtained with a camellia leaf. We 

show it as a contrast to the other spectra presented here. The large 

quanti ties of manganese and strontiun were surprising. The ubiquitous 

lead peak is seen although this particular plant grows far from free-

ways or city traffic. 
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Fig. 22. Dried-tuna spect:run. Features due to the collimator system 

and other extraneous .materials are indicated. 
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C. Medical Uses 

1\~dical applications of this technique could turn out to be the 

mst important. Studies(fi) have shown that trace elements in blood 

may correlate with disease states, indicating a possible diagnostic 

technique. Other readily 11vailable SanJ>les include urine, hair, 

fingernails, etc.; the statistical correlations between trace ele

ments in these. various SalJllles ·and disease have hardly been studied 

at all- -mstly due to the lack of a sui table fast, convenient, and 

accurate method of measurement. Semiconductor detector x~ray fluores

cence spectrometers may well stimulate new interest in this field 

of study. 

More specific types of problem also arise in medicine. The 

examination of organs for trace elements may be an important tool in 

studying the accumulation of elements in organs and its relationship 

to diseases, including cancer; One example is the analysis of blood 

SalJllles for lead, as an indicator of lead poisoning in infants. The 

X-ray fluorescence method is sensitive enough for this purpose as 

illustrated in Fig. 27, where lead is clearly determined in a freeze

dried sample (about 3 ml) of nonnal whole blood. A 0.25-ml sample 

is adequate for this test, and by using X-ray tube excitation, the 

measurement time can be reduced to only 15 minutes. Detection of 

lead at levels indicative of lead poisoning should be a simple 

matter. 

Two other features should be noted in Fig. 27. The large iron 

peak resultS in an increase in background at energies below that of 

the peak. This is due to a smail dead layer in this particular 
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detector. We also note a small peak resulting from escape of silicon 

K X-rays excited by the iron X- rays. This indicates the care 're

quired in interpretation of results, a5 the escape peak is quite 

close to the expected location of a vanadium peak (but resolvable 

by the system). 

D. Pollution Studies 

Elemental analysis of particulate deposits on air pollution fil

ters presents a simple problem for this technique. With short SalJllle

collection times, the mass of the particulate deposit becomes a sub

stantial fraction of the air-filter material. Consequently, when the 

fi~ ter is subjected to analysis, background due to backscatter in the 

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

shown in Fig. 28. The quantity of lead measured in this sample (from 

Detroit) corresponds to alrrost 2 ~g/metre3 of air, a typical number 

for air in an industrial area. 

Figure 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 sanple for only ten minutes to produce this result--opening up 

the possibility of an-line analysis of polluticn with the capability 

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

shorter than an hour. 
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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 

analysis. 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 • GUARP.; R1NG . RBJECr. TEaiNIQUE 

.Recent work has indicated the source of a large part of the back

grmmd present when the detector guard ring is comected as shown in 

Fig. 15. Referring to Fig; 29, X-rays entering the detector near the 

edge of its sensitive tegi_on produce a c}ense doud of ionization of. 

very small size (- 5 microns i1i diameter). The holes and electrons 

separate and 100ve toi\fat'd the appropriate electrodes; in. the case shown 

· j.ll Fig. 29, the electrons travel much further than the holes, thereby 

produCing m:>st of t:Jle output signaL ·· As the electron cloud moves 

toward the posi ti V!:l electrode, its size increases due to mutual re

.pulsion of the chatges in i:t'--the internal ele.ctric: ftelds·e:id.sting 

in the cloud fin· exceed the applied electric field in the detector 

until the cloud dimensions :reach about 100 l!iicrons. Consequently, a . 

peripheral region e:id.sts at the bmmdary of the. central sensitive 

region, constituting a fra~tion 

2nr --t X 10-2 (8% for r = 0.25 em) 
1Tr r 

of ,the total sensitive volume, from which the charge will be only 

partially collect~d in the ·central region. 

To elimiil~te the background produced by this effect, we detect 

the guard- ring signal and reject any acco~Jl>anying si&Jlal from the 

central region, as shown in Fig. 29. In practice, a slightlyinore 
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· canplicated arrangement is used, in Ml.ich a coincidence between guard

. ring and central-region signals is required before the main signal is 

rejected. This reqUirement reduces the loss of good signals due to. 

accidental coincident cotmts in the guard ring. Tests have shown that 

the guard- ring signal-reject sys tern reduces backgrotmd by a subs tan

tial factor compared with the simple guard-ring configuration. The 

total effect, conpared with a conventional detector, is a backgrotmd

reductiori factor of about 50 in typical situations. As an illuStra

tion of the improvement achieved by the guard-ring reject system, Fig. 

30 shows the spectrun obtained with a guard-ring reject system on the 

srure blood sample as shown in Fig. 27, Ml.ich was obtained with the 

simple guard-ring method. A gold surface-barrierwas 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 

Ml.ole blood are very clearly seen in Fig. 30, Ml.ile they were only 

just visible in Fig. 27. Similar improvements in sensitivity have 

been observed in a nunber of samples examined with the new system. 

II. SFNSITIVITI CALOJLATION 

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 molybdenun ·Ka radiation: 

Total scattering cross-section for an organic matrix= 5 barns/atom. 

1-shell photoelectric cross-section for lead -:::.3 x 104 barns/atom. 

Floorescent yield for lead L X-rays = 0.4. 

Fraction of f. X-rays in ta peak -:::.0.5. 
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Effective cross-section for Pb La prodoction :::.6 x 10 3 barns/atom. 

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

Lead atoms 

Matrix atcims 

.:No. of ~ la's at detector 

0.06P· 

lo6 

No .. of scattered X-rays at detector 

6 X 103 

5 

7.2P 

105 

0.06P 

106 
(1) 

We now sq>pose that the exciting intensity is adjusted to produce, 

4 . 
2 x 10 backscatter cotmts/sec from the sample, and that a spectrum 

is accumilated for 1000 sec (16 min.) . 

:. Total counts = 2 x 10 7. 

Peak width for lead 'a line (FWHM) -:::.1%. of scatter-peak energy. 

If X% of scatter-peak cotmts appear in flat. backgromd, the backgrotmd 

below Fl'tHM of a ~ peak = 2.103 X cotmts. The RMS fluctuation in this 

background~4s.JL 

Assuming that the limit of detection for a peak is twice t.l:le RMS back-

grotmd fluctuation, we have: 

Detectable limit = 90...JX cotmts (2) 

for 2 x 10 7 cotmts in the scatter peak, equation (1) shows that: 

No. of Pb Rex's at detector= 1440 P . (3) 

eomining (2) and (3), we have: 

_ go _rv 
PLIM- ~~X = .06-{X 

The following sensitivities should therefore apply to our detector 

systems: X = 6% (simple guard ring); PLIM = 0.15 ppm 

X = 0.6% (guard-ring reject); PLIM = 0.05 ppm 

(These results are achieved in about 15 minutes ~lnc,X-rq-t.W;>e 

excitation.) 
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