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~ ABSTRACT

The application of pulsed-light feedback to low-energy X-ray spec-
trometers is discussed with respect to the energy resolution and count-
ing rate performance. The use of a guard-ring detector and. appropriate
circuits. to reduce background counts and- thereby énhance sensitivity
of. X-ray fluorescence analysis is also discussed.

I. THE X-RAY FLUORESCENCE PROCESS

. N
The simple design of a semiconductor X-ray fluorescence spectrometer
is shown in Fig. 1; the physical mechanisms involved in the fluorescence
process are also illustrated. A wide range of methods of exciting char-
acteristic X-rays is available. We discuss here only X-ray excitation of
the sample, as our objective is to illustrate a relatively simple instru-
ment; other, more complex, methods of excitation can be employed and
may be favoured for some purposes. : :

The general form of the spectrum observed by a X-ray fluorescence
spectrometer is shown in Fig. 2. 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 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 spectrum
contains the interesting information on fluorescent’ X-rays emitted by
the sample--unfortunately superimposed on a background that, in an ideal
case, is’due to photoelectrons from the detector escaping from its sur-
face. Since the photons producing these electrons are primarily those
scattered. from the sample, and only part of the*photon energy is con-
verted into ionization in the detector, a continuum of pulse heights

below the scatter peaks is generated by this process. - As we will see

later, other processes in the detector degrade events that sheuld appear
in the scatter peaks, resulting in increased background in the region of
interest, thereby limiting our ability to see minute trace of impurities.
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Basic X-ray fluorescence spectrometer
and the atomic processes.
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Fig. 2

Idealized spectrum observed by an
X-ray fluorescence spectrometer.

This paper describes a system that has very good energy resolution
and rate performance as well as reduced detector background to 1ncrease
the sensitivity of detecting trace elements.

II. ELECTRONICS

The first major step toward improving energy resolution below 2 keV
full-width at half maximun (FWHM) resolution, the level common in 1964,
came with the development of low-noise field-effect transistors by a
number of transistor manufacturers. Earlier field-effect transistors
exhibited considerable surface noise, and their performance was not
superior to the vacuum tubes commonly used in earlier preamplifiers.
Following the development of a new generation of FET's (notably the
2N3823, then the 2N4416), low-temperature operation of these devices
to reduce noise was introduced by a number of groups. Work at the
Lawrence Berkeley Laboratory in mid-1965 (1) achieved an energy resolu-
tion of 700 eV (FWHM), and stimulated the first suggestion (2) that a
semiconductor detector spectrometer could ‘provide a useful X-ray fluores-
cence analyzer. This resolution permits separation of elements above
zinc in the periodic table. _ \

A long slow period of development followed this initial jhmp in
performance. Small improvements resulted from use of the 2N4416 to

,replace the 2N3823, from rigorous 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
(FWHM) "at low energies, mak1ng separation of elements above calcium
practicable.

A series of advances made at LBL over the past two years and illus-
trated in Fig. 3 have reduced the energy resolution of X-ray spectrom-
eters 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 preamplifier as shown
in Fig. 3A, was replaced by light coupling, from a light-emitting diode
(LED) to the photosensitive drain-gate FET junction (Fig. 3B). (3) This
step eliminated the feedback resistor, a noisy and unreliable component;
it also entailed remounting the small FET silicon chip in a new package,
thereby eliminating noise produced by the FET header. The elimination
of these noise sources permits use of longer pulse-shaping times in the
main amplifier thereby achieving energy resolution below 100 eV at low
counting rates. In this simple light feedback system, nonlinearity of
the LED current-light relationship degraded performance at hlgher count-
ing rates. This led to the pulsed-light feedback scheme shown in
Fig. 3C. (4) Here the LED is pulsed when necessary to maintain the
preamplifier output in its normal range. When pulsing occurs, a reject
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waveform is fed to the main amplifier, and all signals are rejected
until the system resumes nommal operation. Apart from-the use of the
FET as a photodiode, this scheme is quite similar to that first used
by Kandiah (5). : -

Drawings of the remounted FET, light diode and zener diode, used
to heat the FET, as well as their relative location in the cryostat,
are shown in Fig. 4 and 5. Care is taken to keep critical leads short
and rigid to reduce microphonics. Also the capacity and lossy dielec-
tric material around the gate lead is kept to a minimum, in order to
achieve the best possible resolution at the long shaping times. -
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The simplified diagram of the amplifier system used in the pulsed-
light feedback unit, shown in Fig. 6, gives some idea of the complex
processing performed on 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 pre-
amplifier. A fast channel also processes the signals, looking for cases
where pile-up occurs in the slow chamnel--in which case the events are
rejected. If no pile-up occurs, the signal in the slow 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 sampled by a linear gate, and a 2 us-wide output signal, proportional
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 rejection, dc restoration, gating, signal stretching and biased
amplification--are performed in a single small module (NIM-2 width).
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Fig. 6

Block diagram of the amplifier unit used
‘with a pulsed-light feedback system.
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The performance is equally impressive, as seen in Fig. 7 where the
behaviour of an X-ray spectrometer analyzing the manganese X-rays pro-
duced by an °°Fe source is shown. The total input counting-rate was
260,000 counts/sec; double, triple, and even quadruple pile-ups, within
the 0.2 ps resolving time of the pile-up rejection circuitry, are
clearly resolved. .
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Figure 8 shows the variation of energy resolution with counting
rate measured on manganese X-rays produced by an °°Fe source. Gaussian
pulse shaping was used with various peaking times as indicated on the
curves. Figure 8 also shows the output pulse-rate variation; the dif-
ference between it and the input counting rate represents those pulses
rejected by the pile-up rejector '
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High—rate performmance of the pulsed-light.
feedback system. ' ' ,
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S}}owing the effect of counting rate on resolution on Mn X-rays for
different Gaussian peaking times. The output counting rate is also .
shown.
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The most efficient input rate for the peaking time used can be
determined from these curves. The dead time can be corrected by gat-
ing a live-time clock using the dead time generated by the circuit
shown in Fig. 9. The number of pulses rejected is more than one might
initially expect from the value of the inspection time. This is
because both pulses are rejected if the second pulse comes before the
peak of the first pulse, and only the second pulse is rejected if it
comes after the peak of the first pulse. Consequently, we use a dead
time in the clock channel approximately 1.5 times the signal inspection
time thereby giving double weight to losses in the first half of the
inspection period. :
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Fig. 9

Method of correcting for dead-time
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III. DETECTORS

Figure 10 shows the X-ray spectrum produced by a conventional spec-
trometer using molybdenum X-ray excitation of a blood serum sample.
The exciting radiation was derived from a molybdenum fluorescer excited
by an 1251 ring source. In a system of this type, no low-energy radia-
tion is produced by the exciting source, and the semiconductor detector
should observe only fluorescent X-rays from the sample together with
the exciting radiation backscattered by the sample. In practice, well
over 90% of the counts should occur in the backscatter peak at' the high-
energy end of the spectrum, but, if degraded in any way, they constitute
a general background hiding the peaks characteristic of trace elements
in the specimen. In the case shown in Fig. 10, about 20% of the back-
scatter events are degraded to produce background.

We shall show that these degraded background pulses are the result
of imperfect charge collection in detectors, and that they can be vir-
tually eliminated by new detector techniques.
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Fig.-10

Fluorescence X-ray spectrum of a blood serum specimen
using a conventional silicon detector spectrometer.
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A.  Standard Detectors

Figure 11 shows three silicon detector configurations used in
X-rdy spectrometers. The first type, originally used by Miller (7)
is referred to as the ''top-hat' geometry, and is characterized by
low-leakage current and excellent high-voltage behaviour. Both char-
acteristics are desirable in high-resolution spectrometers, so this
configuration is commonly used in these applications. The second type,
the "grooved' detector, was used originally by E. Woo, and now employed
in "Kevex' X-ray systems, possesses the same advantages as the ''top-
hat" geometry. The third geometry, generally referred to as 'planar",
exhibits higher leakage current and capacity than the other two types,
and is therefore rarely used in X-ray spectrometers. However, its back-
ground properties probably deserve investigation. Llacer (8) analyzed
the behaviour of these geometries with regard to their ability to sus-
tain high-voltage operation, and to produce low-leakage current. His
results, and those obtained in our Laboratory, indicate that an n-type
surface channel nommally exists on the surface of silicon detectors.
This channel normally exists on the surface of silicon detectors. This
channel acts as an extension of the n-type lithium-diffused region,
and since it represents a poor junction to the bulk material, it con-
tributes most of the leakage current, and sets the voltage limitation
on detector operation. The fact that such channels can be '"pinched-off"
by internal electric fields normal to the surface explains the differ-
ence in behaviour between the structures of Fig. lla and 11b and that
of Fig. 1lc. - ’
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Fig. 11

Types of detector configuration used in X-ray spectrometers:
a) Top-hat detector
b) Grooved detector
c) Planar detector
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These arguments fail to take into account the .collection of charge
produced by radiation in the bulk of the detector. The presence of
n-type surface layers distorts the internal electric field pattern in
the detector in such a way that collection of charge produced by X-rays
interacting in some parts (shown by horizontal-line-shading in Fig. 11
is via the surface layers. This causes a loss of charge, so that sig-
nals that should appear in the backscatter peaks appear in the general
background in spectra. The tests presented in this paper show that
this is the predominant source of background in existing spectrometers.

At first sight it may appear that collimation of X-rays to prevent
their interaction in the poor field regions might reduce background,
and, indeed, tests show that some improvement can be achieved by this
method. It is also obvious that improvement results from increasing
the detector area while collimating to a small central region, but the
large consequent increase in detector capacity seriously degrades the
system resolution--an intolerable price to pay. The degree of collima-
tion that can be used is detemmined by the requirement for good .sample-
detector geometry; as shown in the typical geometry shown in Fig. 12,
this implies a wide divergence of X-rays hitting the detector. Despite
the possible auxiliary collimator shown in this figure, mounted on the
detector face--an expedient rarely adopted as it is difficult to change
this collimator to suit the energy range of interest--X-rays like that
travelling from A to B still interact in regions of poor charge collec-
tion. On the other hand, the X-ray from C to D interacts in a region
of good charge collection, and produces the correct signal.
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Preferred collimation geometry
for an X-ray spectrometer.
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B. Guard-Ring Detectors

Guard-rings have been employed for many years to overcome fringing
field effects in standard capacitors, and have also found application
(9) in semiconductor detectors as a device to reduce edge leakage. It
therefore seems an obvious step to use a guard-ring to define the .
boundary of the sensitive volume of a detector by intemal electric. -
field lines rather than by a physical surface with its unknown charge-
trapping characteristics. This can also be considered as an electronic
collimation technique. Figure 13 shows the simple implementation of
the idea; note that the output signal is derived only from the central
Tegion, whlle the guard ring and the central region are maintained at
the same dc potential (ground).

Even this configuration suffers from a signal degradation problem
at the edge of the central region. The initial X-ray interaction in
this peripheral region produces a dense cloud of charge 5 microns in
diameter; holes and electrons are separated by the electric field,
drifting toward their appropriate electrode. The internal repulsive
fields existing within the hole and electron clouds are very large
compared with the drift field in the detector--therefore, the cloud
dimensions rapidly increase until the internal repulsive field approach-
es the same value as the drift field. This means that the cloud dimen-
sions reach about 100 microns during the charge collection process.
Consequently, a peripheral region of 100 microns thickness exists
around the sensitive region from which only part of the charge due to
an event is collected in the central region--this means that many of
the backscattered events appear in general background. Our measure-
ments show that the background present with a simple guard-ring detec-
tor is from 2 to 10 times smaller than that with a top-hat detector,
the exact factor depending on the energy of the backscatter peak.

A further reduction in background is achieved by sensing coinci-
dent signals between the guard-ring and central regions, and rejecting
the central region signal when such a coincidence is registered. This
"guard-ring reject’ system effectively eliminates the partial collec-
tion from the peripheral region of the sensitive volume of the detector.
With such an arrangement, we approach the background level expected due 2
to electron escape from the detector surface. In our actual detector,
shown in Fig. 13b, a double guard-ring is used, the outer ring serving
to reduce edge leakage in the inmer ring, and thereby improving its -
noise properties:so that the inner ring signal dlscrlmlnator can be
set low to detect very small signals.
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The improvement in background resulting from use of the guard-ring
reject method is shown in Fig. 14. Using exactly the same geometry,
cadmium X-rays scattered from lucite ‘were used to irradiate a stand-
ard top-hat detector (a), and the guard-ring reject detector system

FEEDBACK _ (b). For the same number of counts in the backscatter peak, the total
PREAMPLIFIER number of counts recorded in the background is 40 times smaller for
.|||—-—J + . ’ the guard-ring reject system than for the top-hat detector. Larger
o - SIGNAL TO improvement factors are obtained when the detectors are irradiated by
a) Ce AMPLIFIER radiation of higher energy than cadmium X-rays.
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Figure 15 illustrates the improvement achieved by using this tech-
nique on a typical sample. The same blood serum used for Fig. 10 was
examined, and the same total number of counts was accumulated in the
molybdenum X-ray backscatter peak. The reduction in background seen
in this spectrum, averaged over the full energy range, is about a
factor of 15. Much larger factors, ranging up to about 60, have been
observed for higher-energy excitation. Comparison of the two spectra
in Fig. 10 shows the improvement, due to the guard-ring reject system, |
in our ability to see small traces of elements, such as nickel, pre-
sent in the specimen at a level near 0.1 ppm. Better statistics
realized by a longer count, or with more intense excitation, would
further reduce the detection limit.
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Fluorescence X-ray spectrum obtained on a blood serum specimen
using a spectrometer equipped with guard-ring detector and
reject circuitry (b). For comparison, the spectrum obtained
on the same sample with the same geometry, and the same total
counts in the scatter peak, but with a simple top-hat detector,
is also shown (a). This is a smooth curve drawn through the
points of Fig. 10. ‘
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Apart from the generally flat background due to the detector,
another type of background can exist in X-ray spectrometers, and
must be recognized or eliminated if correct interpretations of
spectral features are to be made. This background is due to fluores-
cence of elements in the collimators or detector used in the, spec-
trometer, which are excited by the scattered photons from the sample.
Figure 16 illustrates the nature of the background in a typical sys-
tem irradiated with zirconium X-rays. Several of the peaks observed
(iron, copper and zinc) can be attributed to impurities in the moly- .
bdenum collimators used in the experiment. However, the two peaks
in the vicinity of the gold L X-ray lines are of special importance
due to their proximity to the normal location of mercury L X-ray
lines. Since mercury is of particular importance in trace-element
analysis, the situation shown in Fig. 16 is particularly unfortunate.
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Thg source of this problem is now known to be the very thin
(~200A) gold surface barrier present on the entry side of the detec-
tor. Fluorescence of the gold produces characteristic gold 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 may be deposited in the sensitive region of the detector,
adding to the X-ray signal. Close examination of Fig. 16 shows that
the resulting peaks are shifted to the right of the correct location
for gold X-rays, and the peaks broader than would normally be expected
and skewed on the high-energy side. This phenomena may lead to false
identification of mercury in samples. If mercury is to be measured,
materials other than gold must be used to form the surface barrier on
the entry side of the detector. It is difficult to achieve non-
injecting barriers with other metals, but we have demonstrated that
suitable processing can be devised to form Ni, Al and palladium-
silicide barriers with suitable characteristics. The remaining
results presented in this paper were obtained with detectors having
either nickel or aluminum surface barriers at the X-ray entry side.
Our more recent work suggests that the palladium-silicide barrier is
probably the most satisfactory. :

Iv. EXAMPLES OF APPLICATIONS

Semiconductor X-ray spectrometers are distinguished by their
ability to simultaneously survey a whole spectrum of trace elements
present in samples at levels substantially lower than 1 ppm. More
sensitive methods can be devised for particular elements: for example,
atomic absorption 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 absorption, require extensive sample preparation, while X-ray

fluorescence requires very little, though removal of water by freeze-
drying is useful in many cases. For these reasons, it seems that
X-ray fluorescence analysis may find a wide range of applications.

Medical applications of this technique could turn out to be the
most important. Studies (10) have shown that trace elements in blood
may correlate with disease states, indicating a possible diagnostic
technique. Other readily available samples include urine, hair, faeces,
fingemails, etc.; the statistical correlations between trace ele-
ments in these various samples 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 fluores-
cence spectrometers may well stimulate new interest in this field of

study.
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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 relation-
ship to diseases, including cancer. One example is the analysis of
blood samples 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. 17, where lead is clearly determined in a
freeze-dried sample (about 3 ml) of blood obtained from a child show-
ing slight clinical symptoms of lead poisoning. Detection of lead at
levels indicative of lead poisoning is clearly a simple matter.
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Freeze-dried whole blood--original
blood volume = 3 ml.
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Elemental analysis of particulate deposits on air pollution
filters presents a simple problem for this technique. With short
sample-collection times, the mass of the particulate deposit becomes
a substantial fraction of the air-filter material. Consequently,
when the filter is subjected to analysis, background due to back-
scatter in the filter material is quite small. An example of air-
filter analysis is shown in Fig. 18. The quantity of lead mea%ured
in this sample (from Detroit) corresponds to almost 2 ug/metre” of
air, a typical number for air in an industrial area.

A transmission-anode type X-ray tube (11) was used to expose the
sample for only ten minutes to produce this result--opening up the
possibility of on-line analysis of pollution with the capability of
seeing fluctuations in particulate pollutants on a time-scale much .
shorter than an hour.

FILTER FF3(0.6m3 AIR FLOW /cm?; TOTAL PART. :80.1 pg/cm?)
' FEB.26,1971 X-RAY TUBE 10 MIN. AT 150 pA
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Fig. 18

Air-filter spectrum.
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IV. CONCLUSIONS

The reduction of detector background and improvements in both
resolution and counting-rate capabilities of the associated elec-
tronics, 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.
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