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Summary

Airborne Gamma Spectrometry (AGS) is a well recegdimethod for mapping the distribution
of natural and anthropogenic radionuclides in theirenment using high-sensitivity-ray
spectrometers mounted on aircraft. Such systenadlyisise large volume thallium doped sodium
iodide (Nal(Tl)) spectrometers, conventionally detisg of a number of 2X10x40 cm
(4000 cm) crystals each viewed by individual photomultipliebes. The energy resolution of
such arrays is a significant factor affecting thesstivity of the system to individual radionuclkde
The higher energy-ray lines from the natural series are relativegllwesolved and relatively
easily measured, however, radionuclides of enviemtal relevance tend to have lower energy
y-ray lines which typically may be poorly resolvedrh othery-rays with similar energies. In
particular situations (such as early post-accigeeasurements of radioactive contamination)
where complex mixtures of radionuclides exist thesys may be impossible to resolve.

Methods of improving the response of such detetiave been investigated; specifically whether
gating information and modifications to pulse asasyould improve the composite resolution of
Nal(Tl) detector arrays and permit investigationaoigular distribution and self-collimation
effects, and whether the use of CslI(Tl) as anredtafe scintillant could result in detector systems
with improved resolution and efficiency compared\i@al(Tl) and how such a detector system
might be produced.

To improve detector response a new second stagifieation system, a three stage shaping
amplifier with a differentiation followed by two tiegrating stages, was developed. A prototype
has considerably greater gain than the single &egreviously used with improved resolution.
Replacing the existing summing amplifier with a soimy and shaping amplifier is straight
forward and is expected to enhance the resolufitirecarray. A circuit to provide gating signals
for individual Nal(Tl) crystals was also developeaid could be used to generate signals to
identify which detector(s) register individual etgnfrom which angular distribution and
self-collimation information could be extractedrrahe array potentially yielding additional
information on source distribution. Two methodsaibining such gating systems with the three
stage amplifier and an SAR ADC (evaluated sepafatelve been identified. Implementation of
these developments would significantly enhanceop@idince of the high volume Nal arrays in
current use for AGS surveys.

It is known that CsI(Tl) produces more photonsie¥N of incident radiation than Nal(TI), with
peak light emission at longer wavelengths wherevitell matched to Si PIN photodiodes. Small
Csl(TI)-photodiode detectors have been used-ay detection, and larger crystals for charge
particle detection. The potential of using a lasigay of such detectors for AGS is explored.

A small commercially manufactured Csl(Tl)-photodadietector consisting of a:200x20 mm
CslI(TI) crystal coupled to a ¥@0 mm photodiode with a hybrid preamplifier, wapdied for
evaluation. This detector had a maximum resolutio®.0% and full energy peak efficiency of
9.7% for **'Cs y-rays, depending on electronics and detector atieni, with a low energy
threshold of approximately 100 keV. This has coméid the improved spectral resolution of small
CsI(TI) crystals coupled to photodiodes. Howeveystals of this size may be considered
undesirably inefficient for use in an airborne de&de If larger crystals can approach the
performance of this crystal then a large deteat@ryas more feasible.



A small 1414x20 mm CslI(TI) crystal attached to axi® mm Si PIN photodiode was used to
test other electronics systems. A Hamamatsu H40&%je sensitive amplifier, a small hybrid chip
designed to operate in conjunction with S3590 sestetodiodes, had very low gain and poor
noise characteristics, and is unsuitable for usie @sI(Tl)-photodiode detectors. A Canberra 970
preamplifier, a larger device consisting of dise@mponents mounted inside a shielded box, had
good noise and gain characteristics, confirming tte@ material available in the UK, and diode
mounting configurations were able to match the eViak, and that the 970 amplifier could be
used for further performance tests.

Variations on the proposed electronics for recardipectra from individual Nal(TI) detectors
could be used with discrete preamplifiers sucth@gV hybrid chip in an array of several CslI(Tl)-
photodiode detectors. However, such a data loggystem would become very complex with
larger arrays, and would probably be limited t@gsrof approximately 16 elements. The RAL-
213 gamma camera IC is a 16 channel chip basdaeoBR1 chip, each channel consisting of a
preamplifier, threshold comparator, variable shggitme shaping amplifier and peak hold circuit.
Sixteen of these chips can be daisy-chained, ghaoemmon busses, to allow 256 channels
sharing a common ADC and sequence generating ttyclihe compact size and multichannel
nature of these chips would be ideal for use withraay of a large number of individual CsI(Tl)
crystals, if the performance of the chip is adeguat

A printed circuit board was developed to mountRiAd¢.-213 chip, along with a 12-bit SAR ADC
and an interface with an 8255 i/o card and PC tegge control pulses and collect the data.
Within the time available it proved to be difficuti overcome practical problems getting this
system to operate in a consistent and reprodunialener. Further work would be needed to
overcome the practical problems associated witlusleeof this highly promising device.

To help determine optimal crystal dimensions, gesef Csl(Tl) crystals of a small range of sizes
was obtained, and their spectral characteristicgjs>'Cs source and the Canberra preamplifier
measured. There is a clear relationship betweetatidimensions and detector response; the gain
and resolution degrades with increasing crystal, sind the full energy peak efficiency increases
with the length of crystal material along the seutletector axis, reaching a maximum efficiency
with about 8 cm of material along this axis. It h@en shown that CsI(Tl) crystals larger than a
few cnt can still produce improved spectral resolution pared to Nal(Tl), although further
work is still required to determine optimal crysigometries.

These crystals, when mounted, have a pink tintchvis expected to effect the transmission of
scintillation luminescence within the crystals, dmas explain the low light collection efficiency
of the larger crystals. ICPMS analysis conductedamples of CsI(Tl) has shown that both clear
and coloured crystals contain Ni impurities at kw130 and 200 ppm, and presumably Fe is
also present although the analysis is insensitive it is possible that the pink colour is due to
variation in oxidation state or coordination sifelese contaminants. It was also noted that the
pink crystals had slightly higher Ni levels, andlueed Tl levels, implying that the Ni may
inhibit Tl uptake in the crystal.

Three generations of Monte Carlo codes have beevigqusly developed for modelling the

response of Nal(Tl) AGS detectors, which, to fudlynulate spectra, require experimentally
measured spectral characteristics, and so canngtdukto investigate the effects of crystal size
on the detector resolution. Even without this pknowledge these codes can still effectively



model effects such as full energy peak efficiengeak to Compton ratios and self-collimation
effects. For crystals with known characteristibg, tesponse of a large array to different sources
or source geometries can be more fully simulatatdeOcodes, such as GEANT, should be
capable of modelling the response of individuaktals more completely but are less suited to
simulating airborne geometries due to the largecsoto detector distances.

The codes have been modified to simulate a Csligtgctor by replacing Nal(Tl) scattering and
absorption terms with corresponding CsI(Tl) terrasd used to simulate spectra from a
10x10x20 mm crystal in the same geometries as the e\ttdetpreviously tested, generating
reasonably accurate simulated spectra for clospled@geometries. The codes, for both CsI(TI)
and Nal(Tl), were also modified to produce intamctlists consisting of the position and
deposited energy for each interaction in the deteclume. This data can be used to investigate
the effect of detector segmentation, help deterroptamal dimensions for individual elements
of a large array, and investigate angular cor@ta#ind self-collimation effects. The results of
these simulations slightly over estimate the fokbrgy peak efficiency for Nal(Tl), but produce
the physically realistic results that full energag efficiency is greater for Csl(Tl) than Nal(Tl)
and that higher energyrays have lower efficiencies. The distance betwiesgractions is
somewhat surprising given the data from the comparibetween crystals of different
dimensions. Spectra for particular small volumegiwithe crystal, corresponding to elements in
an array, may also be produced; although this aatybe done.

To investigate whether self-collimation effects hwiat an array can provide information on
source burial these codes, for Csl(Tl) and Nal(Mgre also modified to incorporate source
burial. The results of these modifications, foroimerwise extensively validated code, produced
spectra with a non-physically realistic lack oftsma Because of this effect, and the surprisingly
dispersed spatial distribution of energy depositioted above, the results should be treated with
caution at this stage. More work is needed to atdidhese codes further and to compare them
with other MC simulations of sources in laboratggometries, and with experimental results
from a small array of detectors.

It has been shown that it is possible to improvelenspatial response and data acquisition
systems currently used in AGS through modificatitmghe electronics and computational
methods used with existing Nal(Tl) detectors. I$ lagso been shown that the use of CsI(TI)
crystals coupled to Si PIN photodiodes can genelat® with greater spectral resolution than
Nal(Tl), although only for relatively small cryssalAlthough there is still considerable work to
be done to produce a large volume array of Cst@&lgctors for use in AGS, some of the means
by which such an array could be constructed andatge have been identified. These
improvements should enhance the ability of AGSuangify the activity of radioisotopes in the
environment through reduced spectral interfereanesetter knowledge of source distribution.
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1. Introduction.

Airborne Gamma Spectrometry (AGS) is a well recegdimethod for mapping the distribution
of natural and anthropogenic radionuclides in theirenment using high-sensitivity-ray
spectrometers mounted on aircraft [1-5]. Sevemhtewithin Europe [6] and elsewhere have
gained considerable experience in using such eaguiprhe team based at SURRC has used the
technique in some 20 different surveys since 19%83uding nuclear site base line surveys
[7-13], epidemiological studies of links betweernviesnmental radiation and cancers [14],
surveys of Chernobyl fallout [15-19] and Sellafietlischarges [7-9,15,18] and nuclear
emergency response preparedness exercises. Gyrserth systems usually use large volume
thallium doped sodium iodide (Nal(Tl)) spectromst@onventionally consisting of a number of
10x10x40 cm (4000 cr) crystals each viewed by individual photomultipltabes. In fixed
wing aircraft arrays of 48 or 64 litres are comnyamded, in helicopters 16 or 32 litre arrays are
more commonly used. Detection limits of 1-2 kBg ate possible for fission products with well
resolved high energyrays using such systems.

Individual 4 litre Nal(TI) crystals have energy oksions typically of 7.5-8.5% for the 662 keV
137Csy-ray, with summed arrays this resolution is degiade-10% with 4 crystals. The energy
resolution of such arrays is a significant facféeaing the sensitivity of the system to individlua
radionuclides. The higher energyay lines from the natural series (eg: 1462 K&/ 1764 keV
21Bj and 2614 ke\VF°®Tl) are relatively well resolved and relatively éameasured. However,
radionuclides of environmental relevance tend teeHawer energy-ray lines (eg: 60 keV
241Am, 365 keV**! and 662 ke\V**'Cs). These-rays typically may be poorly resolved from
other y-rays with similar energies, in particular in stioas (such as early post-accident
measurements of radioactive contamination) whererethexists complex mixtures of
radionuclides thesgrays may be impossible to resolve [20].

Several approaches to improve the ability of AGSeyps to measure the distribution of such
isotopes in the environment. These approaches dacline use of combined systems
incorporating Nal(Tl) and high resolution Ge semidoctor detectors [20-22] and several
spectral analysis methods [23-24]. Another potéafiroach is to develop a detector system
which has the high efficiency of Nal(TI) with impred spectral resolution, either as a result of
improvements to existing Nal(Tl) systems or by ofsan alternative scintillant. Both approaches
are explored in this project; with an investigatiato the possibility of developing a detector
system based on thallium doped caesium iodide TQglécintillators coupled to silicon
photodiodes, and the development of a more sophisti pulse analysis system for Nal(Tl)
detectors producing improved spectral resoluticsh gating circuitry to provide more flexible
data logging that may allow angular distributionl aelf-collimation effects within an array to be
utilised; such effects may provide additional seustribution, such as source burial, data that
would enable more accurate calibration of AGS aueipt.

1.1 Propertiesof Scintillators.

Scintillating materials are routinely used for thetection of radiation. Wheprays or other
energetic radiations interact with such materfay deposit energy at particular locations within
the material, which is released as a large numbphatons of infra-red or visible light. If the
material is sufficiently transparent these photcas be transmitted to the surface, where they



BGO Csl (TI) Nal(Tl) Typical
plastic

Density (g crit) 7.13 451 3.7 1.03
Wavelength of maximum 505 540 415 423
emission (nm)
Photon yield (1000 5-15 45 40 10
photons/MeV)
Refractive index 2.15 1.8 1.85 1.58
Decay time (ns) 300 900 230 2
Afterglow (% after 3 ms) 0.05 4.5 5

Table 1.1: Selected properties of Bismuth germinate (BGOglitm doped
caesium iodide (CslI(Tl)), thallium doped sodiumidw=l(Nal(Tl)) and a typical
plastic scintillator.

can be detected. The number of photons produgadpertional to the energy deposited by the
radiation in the material, and, providing therenc significant difference in photon loss for

interactions in different parts of the crystalstiproportionality is retained for the number of
photons detected.

Several scintillating materials have been usedddration detection. These include plastics,
bismuth germanate (BGO) and alkali halides (Nal@sl) often containing dopants which alter
the light emission characteristics. The differingamanical and optical properties of these
materials determine their response to radiatiod,r@mce the uses to which these materials are
put. Table 1.1 lists selected relevant propertssbme of these materials [25,26]. Plastic
scintillators are cheap materials with very shexay times resulting in narrow pulses, however
their low density means large volumes are requaned low light output limits the energy
resolution; they are often used for the detectiomenitrons or beta-particles which are absorbed
in relatively small amounts of material. Gamma-rdgtectors usually utilise inorganic
scintillators due to their higher density and laigealues. The very high density of BGO would
allow small volume detectors, but the low lightmuttseverely restricts spectral resolution, and
so is usually used in situations where low volumeequired but spectral resolution is not
important. In situations where both detection eficy and spectral resolution are important
Nal(Tl) and CsI(TI) are good compromises.

1.2 ThePropertiesof Nal(Tl) and CslI(TI).

Traditionally, Nal(TI) has been the material of @&ofor most applications, primarily due to the
fact that the luminescence emission is well matdoedi-alkali photomultipliers. Recently,
however, the use of CsI(Tl) has become more commomajor factor determining the
resolution of scintillators is the number of phaatetected, which have a Poisson distribution.



The relative variation in the number of detectedtphs is reduced with greater number of
photons detected, and hence the resolution froecties in which greater numbers of photons
are captured is improved. Compared to Nal(Tl), G¥lkfroduces a greater number of photons
per MeV of the incideng-ray, and with a greater number of photons prodWe=dT!) should
have better resolution than Nal(Tl). However, tiierage wavelength of the photons produced
in the crystal is longer than that for Nal(Tl) aml not as well matched to traditional
photomultipliers resulting in less photons beingtaeed and poorer resolution. The photons
produced by CsI(Tl) are, however, well matchedltcasn PIN photodiodes; the combination of
CsI(Tl) and photodiodes should be able to captugeeater number of photons resulting in
improved resolution.

Small volume CslI(Tl) crystals coupled to PIN diodes/e been used in detectors faray
telescopes (such as the INTEGRAL project [27])jatoh monitoring in the nuclear industry
[28,29], calorimeters and other particle physiceders [30-34], neutron-activation analysis
[35] and medical imaging [36]. In most of theseesaelatively small crystals, usually 1-2%¢m
have been investigated fefray detection, although larger crystals have besed for the
detection of charged patrticles.

To generate usable electrical signals from Si Pibtles a charge sensitive preamplifier is
required. The diode is a capacitive device withyJyagh impedance, the output of which is a
weak charge pulse. The charge sensitive preanmidie a high impedance front end operational
amplifier mode integrator with feedback capacitamtéch integrate the weak charge pulses,
converting them into voltage pulses. The outpugjesta a low impedance buffer to drive an
external second stage amplifier, often connecteal lopg cable [25,37].

The electronic noise, in root mean squared numigleotrons, generated in the photodiode and
subsequent amplification stages is related togkadge currentd) and diode capacitanc€)(
according to the approximate relationship [28,38];

IS (¢
o(rmse)=al t+ .

wherea andb are constants, ands shaping time for the amplification network. Tdapacitance
of the diode is related to the diode surface ak¢arid depth of the depletion layel;(

C=cA/d
The dark current is produced as a result of sudadebulk volume effects in the silicon, and so
is proportional to the detector volume and surfaea. Increasing the bias voltage increases the
depth of the depletion layer, and hence decreasesdpacitance, and also increases the dark
current.

The use of CslI(TI) PIN diode detectors in a langayacould, therefore, result in the production
of a detector system with improved energy resatutompared to the conventional Nal(Tl)
detector arrays used in AGS systems while maimginthe high efficiency of scintillator
systems. In addition, the use of PIN diodes ratiean photomultiplier tubes would eliminate the
need for high voltage supplies and reduce the weigt bulk of the detectors. PIN diodes are
typically more stable than photomultipliers, andase less prone to gain drift which can be
problematic in Nal(Tl) systems.



The need to minimize noise in the detector systezan® that the detector would need to be
composed of a large number of small individual t&igs each with a photodiode and
preamplifier. There is a potential benefit fromngsan array of a large number of crystals. The
crystals towards the centre of the array are catla by the outer crystals of the array, resulting
in y-rays from the side of the array being preferelytidetected in the outer crystals. This
self-collimation effect may result in the generat@f additional information on the distribution
of y-emitting radioisotopes in the environment, sucl@sce burial depth profiles. The use of
self-collimating BGO detectors for locating poiniusces has also been investigated [39]. Such
information may also be available by comparisonvben the inner and outer pairs of detectors
in a conventional Nal(Tl) detector pack of four stgls. The electronic systems required to
collect the data from an array of several crystai$p exploit self-collimation effects within an
array, would need to be more sophisticated thaelgwronics currently used in Nal(Tl) arrays.



2. Experimental Investigations of Improved Nal (T1) and Csl(TI) Detector Systems.

Current Airborne Gamma Spectrometry (AGS) systesss large volume Nal(Tl) crystals
coupled to photomultiplier tubes as the principetiedtor. These detectors comprise four, or for
use in fixed wing aircraft sometimes more, indiabl@0<10x40 cm crystals with the signals
from the individual crystals combined to give atagke proportional to the total energy deposited
in the entire array. Conventionally the electronised in such systems are fairly simple, usually
a single amplifier to sum the outputs of all theedors in the array. An Ortec 916 ACE card, or
similar, is usually used to record spectra fromhsacsystem; this board, mounted on a PC
expansion slot, has integral processing comporteatsun the spectrometry system, including
histogramming spectra and monitoring dead timehout utilising processing resources of the
PC. The use of such a data logging system allosvB@to store data to hard drive, monitor other
equipment (such as GPS systems and radar-altimeteds display real time data without
introducing detector dead time.

This project has looked at means of improving tgomance of such detector systems, either
through use of an alternative scintillant or imprd\electronics systems. It is known that CsI(Tl)
when coupled to Si PIN photodiodes has improvedtsgeresolution compared to Nal(Tl), at
least for small crystals, and has a greateay absorption efficiency. Whether this enhanced
performance is repeatable with larger crystals, aache questions relating to electronic
requirements for a large array of relatively srogjstals are addressed here.

2.1 Electronicsfor Possible Improved Nal (T1) Systems.

During the period of this project an experimenkager-induced nuclear physics was conducted
[40], for which a means of measuring the activityweak positron sources was required. For this
a pair of large volume Nal(Tl) detectors, with soeirce placed between them, was used to detect
coincident pairs of 511 keV annihilatigrrays. A circuit was developed produce gating dggna
when the two detectors simultaneously regigtesty interactions, using comparators on the
signals from the detector preamplifiers and a mtatnbs unit to generate logic signals when the
detector output exceeded a lower threshold. An Agdile generated a gating signal if both
detectors produced a signal in excess of the tblesBy setting the threshold sufficiently high
(approximately 450 keV) and using the spectrometrfiormation recorded by an Ortec 916
ACE card it was possible to measure the activitwe@k positron sources, especially when the
detectors were placed in a lead shield to produlevabackground environment. Figure 2.1
shows a schematic of this circuit, it was origipalitended that this circuit use a second
comparator to veto the gate if the input exceededpper threshold, however this did not work
using this simple circuit due to the rise timetw preamplifier output.

To enable two pairs of Nal(Tl) detectors to be usedoincidence counting, a new second stage
amplifier for the four element Nal(Tl) detector waeduced. This was a minor modification on
the single summing amplifier used for airborne meaments with a four detector pack. Instead
of a single amplifier two amplifiers were used,leaamming and amplifying the output of a pair
of detectors.

This modified summing amplifier would allow specoa the inner and outer pairs of crystals in
the 16 litre pack to be recorded separately uswogdCE cards, although this has yet to be done.
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Figure 2.1: Schematic of the coincidence circuit

An experiment can be undertaken in which a sefiesedium density fibre boards, which have
similar absorption properties to soil, and persg®ets (which simulate the air path) are placed
between a source and the detector. Such experirhamwésbeen conducted to investigate the
response of the full Nal(Tl) detector array to bdrisources [41], enabling the effects of
scattering in the soil and the air path to be swdn controlled laboratory geometries.
Experiments of this kind have not been conductaauestigate the response of a self-collimated
detector setup, and the geometry of such an amaggfemay not be suitable given that the
source is mostly directly below the detector. Mimoodifications to the coincidence circuit
would enable the production of signals to identiflgich crystals had fired for each event,
although the data collection and recording methmgloivould have to be modified to make full
use of this information.

One option for revising the data collection to make of the gating information is to use an
ADC chip to convert the analogue signals to digitem, and then store the information in
separate spectra depending on the gating signasuitAble ADC, a Burr-Brown ADS7831
12-bit SAR chip [42], had been purchased for ugh wigamma camera IC evaluated during
studies of Csl(Tl)-photodiode detectors conduatgahirallel with these modifications to Nal(Tl)
detector electronics. A printed circuit board hadiproduced to mount this chip and the ADC,
the possibility of using this ADC to record spedi@n Nal(Tl) detectors was investigated by
using the output from the summing amplifier in Nedl(Tl) detector pack, with only one crystal
used, as the analogue input to the ADC. A compaastdhe preamplifier output of the crystal,
similar to that used in the coincidence circuitswesed to generate the convert signal to start
conversion.

Figure 2.2 shows a spectrum recorded over anampihort integration time from&/Cs source
using the ADS7831 ADC chip. This clearly shows tiwt ADC was operating correctly, and
that it is possible to use such a system to resqmdtra. It is also evident that this spectrunploas
resolution and a distinctly non-linear gain, th@ &6V**'Csy-ray peak was placed approximately
in channel 662, yet the 1462 ké&¥K vy-ray peak is approximately in channel 1050. Theriral
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Figure 2.2: Spectrum recorded using ADS7831 ADC with analdgpat
produced by a single Nal(Tl) crystal.

sample and hold circuit within the ADS7831 holds tloltage at the level it was at when
conversion started even if the input signal reaehkgher level later. The poor resolution and
non-linearity in the spectrum is due to the vammtin rise time for the amplifier outputs for
different energy events resulting in the conversiohalways starting at the top of the amplifier
pulse. This effect is avoided with the RAL-213 cbgrause it incorporates a sample and hold
circuit so a constant voltage level is presentethi¢cADC. Any other input to this ADC would
require a constant rise time, with well timed casi@n signals, or a sample and hold circuit to
present a similar constant voltage signal.

A new second stage amplification system, consisting three stage shaping amplifier, was
developed to improve the response of Nal(Tl) detesystems. It is expected that better pulse
shaping would reduce the problems associated Wwéhvariation in rise time when using the
ADS7831 chip to log spectra, and could also imprthes spectral resolution for the current
system using ACE cards to record spectra. FigBesRows a schematic of this amplifier, a
prototype of which was produced using a single AQE quad op-amp with the values of the
resistors and capacitors determined empirically dmmplifier consists of a differentiation stage,
which produces a bi-polar pulse with the cross-geent almost independent of the preamplifier
pulse height, followed by two integration stagesolwvliesult in a near Gaussian shaped positive
going pulse with a rise time which is much lessehgjent on the peak height than the simpler
summing amplifier.

The prototype shaping amplifier was built on VERGatd, and was not placed within a
shielded container, and as such there would be slectronic noise compared to an amplifier
built on a PCB and shielded. Nevertheless, whenpeoed to the single stage summing
amplifier there was a marked improvement in speotispponse. The two amplifiers were used
with a single Nal(Tl) detector and an Ortec 916 A to record spectra from*Cs source,
which are shown in figure 2.4. It is noted that ¢jaén of the three stage shaping amplifier is
considerably greater than the single summing aiaplffvith the**'Cs peak in channel 800
rather than 310), but the resolution is improve®@¥8 FWHM rather than 9.1%). There is a
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Figure 2.4: Spectra recorded from#Cs source by a single Nal(Tl) crystal using

a single stage amplifier or the three stage shapmplifier before and after the
HV was reduced.



distinct upper threshold in the spectrum for thee¢hstage amplifier, with a single channel
spike, which is probably due to one of the amptifiproducing an output in excess of its 12 V
maximum level. Reducing the HV to put tH&Cs peak in channel 310 results in this amplifier
effect being significantly above 3 MeV, with a FWHM the™*'Cs peak of 8.2%. It has been
shown that more sophisticated amplification canrowp the resolution of Nal(Tl) detectors,
although reducing the HV further, the HV is usuatjjusted until thé*'Cs peak is in channel
112, may degrade the signal to noise ratio ofpth@omultiplier tube in which case lower
gain in the amplifier would be needed. To replaoe éxisting summing amplifier with a
summing and shaping amplifier would involve usiagrf1.0 K2 input resistors for each of the
four input signals, with these lines being combipedr to the 0.0LF capacitor. This would
be a simple modification, and is expected to raawh improvement in the spectral resolution
of the summed array.

Two possible methods of developing an advancedbmocessing system capable of utilising
any self-collimation effects in the Nal(Tl) detectpack using this three stage shaping
amplifier and the ADS7831 ADC have been consideBeth of these involve a comparator on
each preamplifier output, similar to the coincidenmit, to identify which detector(s) have
recorded a-ray interaction and to trigger conversion (eitdeectly or via a PC interface).
Both systems would register individual events, white computer could add to one or more
spectra depending on which detectors fired. Altivaly, the data could be recorded on an
event-by-event basis for later processing. In loades the computer resources required to run
such a system may require a computer dedicatéusttask; this is not fundamentally different
from the current system in which processors o®fl&ACE card handle all the histogramming
of the spectra, which are then read by the PCea¢tildl of each data logging interval. Neither
method presented here includes any means of megslgiector dead time, although it may be
possible to add such a feature at a later dataré&@5 gives schematics of these two methods.

The first, and simplest, of these methods usessbaping amplifier to produce a summed
output which is then used as the input for the ADE timing of the convert pulse generated by
the comparator must be precise for correct conmeranless a sample and hold circuit is
included. The computer records the summed spectowincould only record spectra for
individual detectors if a single detector fires tbat event. This approach would work if the
number of events involving multiple detectors waml, however it is expected that many of
the incidenty-rays would deposit energy in more than one deteespecially at higher
energies and where the first point of interact®near the boundary between two detectors.

The second method uses five shaping amplifiere&oh individual channel and the summed
output with an analogue multiplexer to process sigeal at a time. Sample and hold circuits
are required to maintain voltage levels at the iplatter input until conversion, the comparator
signals are used to generate the hold signal dsawetlentify the detector(s) that registered
each event. This circuit can record spectra foh estector, or spectra from any combination
of detectors depending on the program used. It dvawrk equally well for events involving
one or more than one detector.

Within the time scale of this project it has noebgossible to test any components of these
models, except the shaping amplifier and ADC, artqiype either of these models of
enhanced Nal(Tl) detector electronics. It has gdig determined whether a system less well
suited to multi-detector interactions, ie: thetfinsodel, would suffice or whether the more



complex circuit would be needed.
2.2 Evaluation of Csl(TI)-photodiode Detector Systems.

It is possible to purchase small CsI(Tl)-photodiodietector systems from commercial
companies consisting of crystal, diode and prednaplione such detector was acquired for
evaluation. However, such detectors are only abi@laommercially in relatively small sizes,
although if sufficient numbers were required largetectors could presumably be manufactured.
So, in addition to this small detector componergsessary for the production of custom
detectors were also evaluated, specifically phooes and preamplifiers and a range of
different crystal geometries. Evaluation of suchmponents should help clarify the
requirements for crystals and electronics for useailarge array of Csl(Tl)-photodiode
detectors.

A small CsI(Tl)-photodiode detector produced by Bxbducts was supplied on loan by
Gresham Scientific for evaluation purposes. Thisseied of a 1810x20 mm CsI(TI) crystal
coupled to a 1910 mm Hamamatsu Si photodiode with an eV hybricapngifier. The test
spectrum supplied [43] with the detector gave a FMbf 5.9% for the 662 keV*'Cs peak,
using an amplifier with a 6 ps shaping time anda/4bias voltage. The geometry used to
derive this spectrum was not supplied. The respoh#ieis detector was tested using several
NIM based amplifiers, with different shaping timessing a**'Cs source. The optimum
amplifier and shaping time was then used to testdiétector response to a varietyyafy
sources, and two detector orientations.

Initial testing was conducted with a poor qualipnoection for the preamplifier output lead,
and as a result some additional electronic noise moduced to the system. Two Ortec
amplifiers, models 570 and 571, were used withffér@int shaping times keeping the gain on
each amplifier constant after initially setting ti@ns of the two amplifiers to approximately
the same value. B’Cs source was placed on the bench approximatety f8am the detector,
and a reverse bias of 40 V applied to the diodeO#tiec 916 ACE card, without altering the
low limit of detection, and Ortec software weredis@record spectra for each system, and the
dead time and channel position and FWHM for the ®2 peak noted; these values are given
in table 2.1. This shows that increasing the stapime results in increased gain and dead
time, and that the optimum combination of resoluttmd dead time was obtained using a 570
Figure 2.5: Two possible circuits for improved signal procegdior Nal(Tl) detectors.

amplifier with a 6us shaping time. This is consistent with previouskwehich has also shown

Shaping 570 amplifier 571 amplifier
time (HS) : 137, . 137,
Dead time| ~°'Cs channe| FWHM | Dead time Cs channel FWHM
3 1.2% 93.48 7.20% 0.8% 95.69 7.13%
6 3.3% 107.17 7.02% 1.0% 118.92 7.13%
10 5.1% 116.71 7.42% 1.2% 133.30 7.00%

Table2.1: The dead time, channel number and FWHM of thel®52°'Cs peak for
the Ortec 570 and 571 amplifiers.

10



I
I
| B =
) re-amp
Nal PMT -5V -
1 Monostable 1
! < * 7] Detector id(s)
I x4 n
! =

Latch

h
[
5
L AMM— o
3 stage amplifier Computer
—WW—]
ADC
—WWWAV—
— AW — |_BUsY | g
1.0k &3

ADC

Analogue Multiplexer

12-bit data

Convert
BUSY

Address select

— Computer

Figure 2.5: Two possible circuits for improved signal procegdior Nal(Tl) detectors.

that the resolution of Csl(Tl)-photodiode detecisrbest for shaping times of about$[34].

After an improved connector had been fitted to pheamplifier output the amplifiers were
tested again using a8 shaping time. Two 570 amplifiers were tested,ltadka dead time of
3.1% and a FWHM of 6.35% the other a dead time.4f’67and a FWHM of 6.01%, the 571
amplifier had a dead time of 0.8% and a FWHM 0f8646 The dead time was dependent
mainly on the low energy noise from the diode, aadld be altered by changing the ADC
threshold. One of the 570 amplifiers reproducedréselution of the test spectrum supplied
with the detector, and this amplifier was useddibfurther testing. The 571 amplifier should
be better than the 570 amplifiers. The pole-zerihe$e amplifiers was not adjusted, although
such adjustments could slightly improve the detedsolution. Other amplifiers were also
tested, but produced worse performances.

The detector was placed 40 cm above a point s@laiced on a concrete plinth, and a series of
spectra for**'Cs, ®°Co and**Ba sources and natural backgrounds were recoraet age
shown in figure 2.6. The detector was oriented ghel the long axis was vertical, and the
ADC lower threshold adjusted to just above the ém&rgy noise (channel 16, corresponding to
an energy of approximately 100 keV). The resolufarthis system was 6.2% for the 662 keV
137Csy-ray, falling to 3.7% for the 1462 ke¥K y-ray and 2.0% for the 2615 ké¥PTl y-ray.

11



The full energy peak efficiency of this detector the 662 keVy-ray was 9.7%, after
accounting for the solid angle.

Similar spectra were recorded with the detectocgdasuch that the long axis was horizontal,
with all other factors unaltered. These spectrashoavn in figure 2.7. For the detector in this
orientation the resolution for the 662 keV peak w&¥o, for the 1462 keV 3.4% and for the
2615 keV 1.7%, with a full energy peak efficienoy the 662 kef-ray of 5.3%. Compared to
the vertical orientation the horizontal orientatiwas improved resolution, especially at higher
energies, but reduced full energy peak efficiency.

Evaluation of this unit has demonstrated that si@al(Tl) crystals coupled to photodiodes
with compact hybrid preamplifiers can produce signaith improved spectral resolution
compared to Nal(Tl) detector systems. However, tatysof this size may be considered
undesirably inefficient for use in an airborne débe, with a significant proportion of scattered
events being lost to its edges. The full-energycieificy within a large array will be
significantly enhanced compared to a single crybtal a significant proportion of these events
are expected to arise from partial deposition muaber of individual crystals. In addition, to
create an array of comparable efficiency to thg Nasystems currently used several thousand
crystals of this size would be required. If largeystals can approach the spectral resolution of
this crystal then a large detector array is moasifde.

To evaluate electronic systems for use with Csiphigptodiode detectors, a smallx14ix20
mm CsI(Tl) crystal attached to a Hamamatsu S3590@®80 mm Si PIN photodiode was
prepared by Hilger Crystals. This was mounted direacast box, which was earthed to reduce
noise due to external sources. This was then usede$ting a number of amplification
systems.

Two discrete preamplifiers were evaluated; a HantsunBl4083 charge sensitive amplifier
and a Canberra 970 preamplifier borrowed from Glasgniversity Physics Department. The
Hamamatsu preamplifier [37] is a small hybrid ctgsigned to operate in conjunction with
Hamamatsu Si PIN photodiodes such as the S3598ssemto which it may be directly
soldered to reduce input capacitance, and reqainegxternal load resistor to be placed
between the diode and bias voltage supply. Thisisiprimarily intended for direct conversion
of high energy radiation within the photodiode eatthan measuring scintillation interactions.
The Canberra preamplifier is an older unit, congispf discrete components mounted inside a
shielded box including the load resistor. In badises the better Ortec 570 amplifier was used
for final stage amplification, and spectra wereorded using an Ortec 916 ACE card.

The S3590-08 photodiode [37] is made from 300 thick Si, and has a stated maximum
reverse voltage of 100 V. At a bias of 70 V a tgbidark current of 2 nA and terminal
capacitance of 40 pF is quoted. It was assumed/that is the optimum reverse bias for this
diode, but a short experiment in which spectra fediiCs source were recorded for a range of
reverse bias voltages using the Canberra ampliféer conducted to confirm this. Table 2.2
lists the resolution for thE'Cs 662 keV peak at a range of voltages betweem@Q.@0 V; the
spectrum with 70 V reverse bias was recorded &ast,the surprisingly poor resolution may
mean the diode was adversely affected by operdtiagthe stated maximum voltage. This
quick test confirms that 70 V is the optimum op@ateverse bias voltage, and this bias was
used for all subsequent work using this diode.

12
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Voltage (V) 20 40 60 70 80 100

Resolution | 7.3% 7.1% 6.9% 7.5% 7.3% 7.4%
(FWHM)
* The spectrum at 70V was recorded last, and thdedappears to have been adversely affected by
operating at the maximum stated voltage.

Table 2.2: Resolution of the Csl(TI) photodiode detector &s&tion of reverse
bias voltage.

To evaluate the performance of the Hamamatsu antie®e preamplifiers &'Cs source was
placed close to the detector, and the two preamysifused in turn to generate signals for
amplification by an Ortec 570 spectroscopy ampliuth spectra recorded using a 916 ACE
card. The final stage gain and ADC LLD were keptstant. Figure 2.8 shows spectra recorded
using each of these preamplifiers. It is clear thatperformance of the Hamamatsu unit is very
poor in comparison with the Canberra and eV predi®d; partly due to the low inherent gain
which results in a significant noise componenti@tlar energies to the signals of interest. On
the basis of these tests it was decided that thearetsu preamplifier is unsuitable to the
requirements of this application, which needs aesygswvith higher gain and less noise.

The Canberra preamplifier, on the other hand, bas gerformance, with reasonable gain and
low noise resulting in spectral characteristics pamble to the eV detector. This confirms that
the crystal and diode used for the evaluation es¢hpreamplifiers is well manufactured, and
suitable for the purpose it was produced for. Tihe af the Canberra 970 preamplifier makes it
unsuitable for use in a large array. It is, howesgelitable for use with a single detector in
laboratory measurements, and has been used fbefwbrk during this project, specifically a
comparison of different detector sizes.

It would be possible to produce a large array técters using the eV preamplifier, or a similar
device, however the electronics required to logcspefrom such an array would be fairly
complex. Such hybrid preamplifiers have fixed gao,to produce high resolution summed
spectra an additional amplifier to adjust the gaineach channel would be required.
Alternatively, spectra from each element could é&orded separately, and gain matched in
software. A pulse processing system similar to #ratisaged for recording spectra from
individual Nal(TIl) detectors could be used for amag of Csl(Tl)-photodiode detectors,
however this would become increasingly more complexhe number of elements increases
and would become impractical for more than abousl@&éhents.

An additional amplifier chip was also tested, a gearcamera IC produced by the Rutherford
Appleton Laboratory (RAL). This chip, RAL-213 [44}4 is a charge amplifier and readout IC
originally designed for medical imaging using Cadmi Telluride (CdTe) crystals in a
continuous array of 3 mm crystals, and is based on the SR1 chip desitpreuse with
Csl(TI) photodiode detectors and used with Hgl cieies for a satellite instrument [46]. This is
a 16 channel chip, each channel consisting of anppéfier, threshold comparator, variable
shaping time shaping amplifier and peak hold circlihe channel outputs are multiplexed
through a single differential output, with the chahaddress presented simultaneously with the
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Figure 2.8: Spectra recorded from*a'Cs source using Hamamatsu H4083 and
Canberra 970 pre-amplifiers.

data. Sixteen of these chips can be daisy-chaisieaking common busses, to allow 256
channels sharing a common ADC and sequence gerg@tcuitry. The compact size and
multichannel nature of these chips would be idealuse with an array of a large number of
individual CsI(TI) crystals, if the performancetbg chip is adequate.

The RAL-213 chip is controlled by a series of sgupulses to initiate data collection and
readout. An 8255 i/o card was used to generateethatses, under control of a computer
program. Synchronising the output of the chip vaithACE card would be extremely complex,
so it was decided to use a separate ADC to generitgtal output to be read by the 8255 card.
A circuit to connect the RAL-213 chip, the ADC athe i/o card was designed, and a printed
circuit board produced.

The chip was provided mounted on a printed ciroadrd with 16 input pins on a 3 mm pitch
(to match the crystal size used for biomedical img@gy each of which has a load resistor
premounted. There is a 23 pin connector on the dftbe board, on a 1.27 mm (0.05") pitch,
to plug into a motherboard. The components, indgdie-coupling capacitors and control
lines are mounted on a grounded backplane. A deted on the board are cut in order to set
the chip address and shaping time. During initrial@ation of this chip none of these lines was
cut, resulting in setting chip address to 1 andsthaping time to Lis. Depending on which
lines are cut, shaping times of 1, 2, 4 qus/are possible. Once it had been shown that the
circuit worked, the relevant lines would be cuséb a 7us shaping time. The 23 pin connector
includes connections for the chip power supply ¥y5comparator threshold, control signals
and outputs (consisting of analogue voltage leaetsdigital chip and channel addresses). The
analogue output from the chip is a square pulsathegrelative to a nominal 3.5 V reference
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Figure 2.9: Schematic of the circuit used to collect data froen
CsI(Tl)-photodiode detector using the RAL-213 chiml ADS7831 ADC. The
positions of the lines do not reflect the actual positions on the chips.

voltage, which is variable between chips and magdy@endent on temperature. A difference
amplifier was used to produce a positive going aligelative to ground that would be
independent of such factors, this required theafisehigh slew rate amplifier (HFA11001P,
with a 2300 V/is slew rate) because of the relatively narrow dyppises.

After examination of the technical data on a varatADC chips an ADS7831 chip produced
by Burr-Brown [42] was chosen as the best choicdhfe current application; this is a 12 bit
successive approximation (SAR) device with inbsglimple-and-hold circuitry, reference and
clock, it has a maximum acquire and convert timé&.66 us and latched two’s complement
binary output. The PCB made for use with the RAI3-2lip includes a potentiometer to adjust
the comparator threshold, the fast difference dmplas well as sockets for the RAL IC, the
ADC and power and control line inputs. The operatibthe ADC was confirmed by recording
spectra from a Nal(Tl) detector, as reported inise@.1. Figure 2.9 shows a schematic of the
circuit employed. The readout mode (RM) was setto, resulting in a periodic readout cycle,
where the detector is active for a set periodroétbefore read-out, rather than reacting to the
detection of an event. A switch was included t@wlla selection between reading all the
channels (ALL=1) and reading only those channelghith an event had been detected (ALL=0).

A program was written to generate the control dgyf@ the RAL chip and the ADC, and to
record the digital outputs from the ADC. For sinofilf ALL was always set to one, this results
in no requirement to read the channel address (f$0 A7), and with RM=0 the DR line is
also not checked. Figure 2.10 shows the sequencerntfol signals for the RAL chip and
ADC. At the start of each cycle the comparatoeget; hit enable (HE) is high as a result of the
end of the previous cycle, the hold (HO) and réR&) lines are put high for 8s and 2Qus
respectively, Jus after RE goes low HE is also set low to enabnedetection. HE is kept
low for a set period (4 ms) and then set high itoaite readout. After HE is set high, HO is also
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Figure 2.10: The sequence of control signals used to operat®#&L 213 chip
and ADS7831 ADC. All signals, exceptUSY which is generated by the ADC,
are produced using an 8255 interface card.

set high and token in (TI) is set low4 later, Tl is held low for 8s before going high. Sixteen
data acquisition (DA) pulses initiate the readdwdach of the 16 channels in turn. Shortly after
the analogue output from each channel is presemtednvert pulse (R/ sent low for a
minimum of 40 ns) is sent to the ADC, and when @ssion is completeBUSY going high)

the digital output is read. The next DA pulse istsdter the data has been read. The token out
(TO) line is set low for 3is at the start of the last DA pulse, and HO idasetwhen TO returns
high. HE is kept high prior to the comparator reset

Within the time available it proved to be difficttt overcome practical problems in getting this
system to operate in a consistent and reproduciblener. There are several possible causes for
these problems, mostly relating to the extremaiy lsiensitivity of the charge inputs to the chip,
and the resulting requirement for an extremelylstalectrical environment. Further work would
be needed to overcome the practical problems asedawvith the use of this circuit.

It is expected that an electronics system for dipeya large environmental array will need to be
able to deal with multi-detector partial energya®fion events, and as such will require an event
management system of the type envisaged for the R&Ldevice. However, for the purpose of
developing an experimental array to investigaterésponse of a multi-detector system, and to
validate Monte Carlo simulations, a simpler pulsght analysis system and gating arrangement
will suffice. For this purpose, a 16 channel NIMséd system has been procured although a
significant amount of work is still required urgilch an array can be produced.

2.3 Investigation of Crystal Dimensions.
A series of CsI(TI) crystals of a range of sizesweadered from Hilger Crystals in order to
assess the effect of different dimensions on tifopeance of CsI-PIN photodiode detectors.

An S3590-08 photodiode with the Canberra pre-amepliin Ortec 571 shaping amplifier and
916 ACE card was used to evaluate these crysthiss@ime diode was used throughout, and
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the amplifier gain, bias voltage and ADC LLD wem adjusted during the experiment, the
crystal used was the only variable. A BNC sockes atiached to a large die-cast box which
could be sealed to prevent light entering, andltbde connected to the inside of this socket by
leads long enough to allow the diode to be attathedl the crystals when placed in the centre
of the box. The diode was attached to each crysiab silicone grease to ensure good optical
coupling and held in place with adhesive tape. Btwewas closed, and spectra were recorded
from a'*’Cs source placed 30 cm from the side of the bomga#md perpendicular to the axis
of the crystal.

At present, only a few of these crystals have beeeived and tested. The crystals with
diameters larger than 10 mm were tapered toxdA@nm square area onto which the diode
was affixed, the tapering angle was approximately. 4Table 2.3 lists the response
characteristics of the crystals tested, for souptased parallel and perpendicular to the crystal
axis. There is a clear relationship between crystalensions and detector response. The
detector gain and resolution degrades with incngpsirystal size. This is the result of
absorption of scintillation photons within the daiswhich is worse for large crystals in which
the average photon path is much longer. The fudrgyn peak efficiency increases with the
length of crystal material along the source-deteaxds, reaching a maximum efficiency with 8
cm of material along this axis. This is due topkeetration depth of 662 keNrays in CslI(TI),
which clearly is of the order of a few cm, and atsgrees with the observation that the
efficiency of the eV detector was higher with tbad axis aligned to the source-detector axis.

These crystals supplied by Hilger have a pink tvitich would presumably affect the light
transmission within the crystals. This could beoatabuting factor to the low light collection
efficiency observed with the larger crystals. Tthiscolouration had been noticed in crystals
during a visit to Hilger, and ICPMS analysis contdcon these crystals. This analysis has
shown that both clear and coloured crystals comMiaimpurities at between 130 and 200 ppm,
although the analysis is insensitive to Fe it suased that it is also present. The most likely
source of these contaminants is diffusion from&gmwindings in the crucible into the melt. It
is possible that the pink colour is due to varmaiiooxidation state or coordination site of these
contaminants. It was also noted that the pink atgstad slightly higher Ni levels, and reduced
Tl levels, implying that the Ni possibly inhibitd Giptake in the crystal.

Diameter Length Source along axis Source parallel to axis
(mm) (mm)
Peak FWHM Efficiency Peak FWHM Efficiency
channel channel
10 50 410.2 7.6% 15.2% 412.1 6.6% 3.3%
25.4 50.8 200.9 12.0% 18.9% 193.3 11.4% 10.9%
20 85 202.2 11.8% 25.1% 204.0 11.5% 8.3%
50 120 47.0 32% 24.8% 51.4 31% 14.6%

Table 2.3: Peak channel, FWHM and full energy peak efficien@fter
accounting for geometrical effects) for detectidny@ays from a**'Cs source
placed 30cm from the detector box along and peilipelad to the crystal axis.
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3. Monte Carlo Simulations of Csl(TI) Detectors.

Three generations of Monte Carlo codes have beeviqusly developed for modelling the
response of Nal(Tl) detectors [47-49]. The firstladse (MCI) [47,48] is a full analogue code,
and is best suited to close coupled systems whersdurce-detector distance is short. This
code was validated for such systems. A statiséipptoximation approach (MCII) [47,48] was
used to increase simulation speeds, and has bedrfarsairborne geometries. This has been
validated against the MCI code. To further incresiseulation speed an inverse geometry
approach has also been used (MCIII) [49].

In order for these Monte Carlo codes to simulatecBp for particular detectors the
characteristics of the detector, specifically tlagiation of FWHM with energy have to be
determined experimentally. These codes cannogfibrey, be used to investigate the effects of
crystal size on the detector resolution withowutfronducting measurements on a crystal of
that size. However, for crystals with known chagastics, the response of such crystals in a
large array to different sources or source geosgetran be simulated. Even without the prior
knowledge of the spectral resolution these codesth effectively model effects such as full
energy peak efficiencies, peak to Compton ratia seif-collimation effects. Other codes,
such as GEANT [50], should be capable of modeliirggresponse of individual crystals more
completely. Such codes are, however, less suitstrtolating airborne geometries due to the
large source to detector distances.

3.1 Simulation of eV Detector Response.

The first of these codes, MCI, has been modifiedsitmulate a CsI(Tl) detector for
close-coupled source-detector geometries by remdbie Nal scattering and absorption terms
with the corresponding terms for Csl. These parametere determined using photon cross
sections from Nuclear Data Tables [51]. The cods wested by simulating spectra for a
10x10x20 mm CslI(TI) crystal in the same geometries agthdetector previously tested.

Figure 3.1 shows the simulated and measured sgeftea subtraction of the background) for
137Cs,%°Co and™**Ba with the detector aligned vertically. It candsen that the agreement for
137Cs and®Co is very good, however in tH&Ba spectrum the simulation has significantly
worse resolution at low energy, which is probablyesult of difficulties in determining the
FWHM of peaks at these energies due to the sulistaoattered component. The measured
spectra also includes a large scattered peak anengies, which is probably due to additional
scatter in the laboratory that is not modelledhe Monte Carlo code which only considers
scatter from a plane concrete floor, in the aihgatd within the crystal.

Overall the modifications made to MCI to simulatsl@l) rather than Nal(TI) scintillators
have produced a code that generate reasonablyaée@imulated spectra for close-coupled
geometries. The same modifications have also besteno versions of MCIl and MCIII to
facilitate the simulation of the response of Csl@@tectors in airborne geometries.
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Material | Energy Full energy Number of 1%' & 2" interaction
(keV) deposition interactions separation (mm)

Nal(TI) 662 78.2% 2.72+1.22 117+76
1462 57.5% 3.20+1.28 124+79
2614 41.3% 3.45+1.32 122481

CsI(TI) 662 83.1% 2.72+1.20 116481
1462 66.5% 3.31+1.27 129487
2614 52.0% 3.55+1.29 131+89

Table 3.1: Results from analysis of deposition lists for 682k1462keV and 2614keV
y-rays incident on 16 litres of Nal(Tl) or CsI(Tl).

3.2 Analysis of Deposition Patterns Within Crystals.

The MCI codes, for both CslI(Tl) and Nal(Tl), welsamodified to produce interaction lists
consisting of the position and deposited energg&mh interaction (up to a maximum of seven
interactions per-ray) in the detector volume. The data from thesdes can be used to
investigate the effect of detector segmentatiod, tarhelp determine optimal dimensions for
individual elements of a large array. They can blsased to investigate whether knowledge of
the location of interactions within an array copladvide information additional to the total
energy deposited in the array, which could, fomegie, be used to determine the source burial
depth. These interaction lists were written tosfiler analysis by additional programs at a later
date. These secondary programs were used to gertata such as the number of incident
y-rays that deposited their full energy in the asthe number of interactions required to
deposit this energy and the distances between ssigednteractions.

Deposition lists for one million interactingrays in 16 litres (40.6440.64x10.16 cm) of
Nal(Tl) or CsI(Tl) crystal for sources of 662 kel462 keV and 2614 ke¥-rays placed 1 m
from the detector were generated. Table 3.1 givepércentage of full energy events, and the
weighted average number of interactions and distArtween the first and second interactions
for these three-ray energies in Csl(Tl) and Nal(TI). The simulatel energy peak efficiency
for the Nal(Tl) crystal is slightly larger than thavhich is experimentally measured
(approximately 66% fof*’Cs). As would be expected, as a result of the gredensity of
CslI(Tl), a greater number of incidentays deposit their full energy within the fixedwme of
crystal. It is also not surprising that higher gyey-rays are less likely to deposit their full
energy in the crystal, and require more interactit; deposit their energy with a slightly
greater distance between interactions. The distdretgveen interactions is somewhat
surprising given the data from the comparison betwerystals of different dimensions, in
which the full energy peak efficiency fof'Cs y-rays does not increase significantly as the
length of material along the detector-source axisgases beyond about 8 cm, which implies
an interaction length much less than the 11-13ieendoy this simulation. On the basis of this
simulation, if individual crystals of an array hdionensions of approximately 10 cm or less
then most interactions would occur in adjacent eleisi The measured response of real
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detectors has shown that the spectral responseysfals of this size will probably be
inadequate for producing an array with comparabteenhanced, resolution compared to
Nal(Tl). Thus, it is clear that in any array proddcmost of the-ray interactions will be
multi-detector events; and any electronics systewelbped for such an array would have to be
able to treat such events.

A program was also written to analyse these depadits to produce spectra of the energy
deposited in particular smaller volumes within tirgstal. These should be the spectra that
would be recorded from a real array of small cilyslaments, although ignoring the effects of

the cans and diodes surrounding each element. Adwigtion of such an array, or even a

single crystal and photodiode detector within géarvolume of material, would be needed to
validate the Monte Carlo codes produced here. fidgigsyet to be done.

3.3 Analysis of Deposition Listsfor Source Burial Analysis.

In order to investigate whether self-collimatiofeets within an array can provide information
on source burial the MCIII codes for Csl(Tl) andi(N8 were modified to produce deposition
lists and to incorporate source burial. The MCbte uses an inverted geometry to increase
simulation speed, in which a virtual array of eletsesimulates the effect of a very large
detector, a geometric correction is then appliedht resulting simulated data to produce
simulated spectra for a single detector. To prodlegosition lists each interaction within the
virtual detector was transformed to the equivapersition within a real detector volume.

The simulation codes were run for 50000 interactimgys in the crystal for &’Cs planar
source on the surface and at burial depths of A@n2i 30 cm with a 16 litre detector 50 m
above the surface. To confirm that the code cdyrecicounted for the geometric differences
between the real detector and the virtual arraingles simulation using MCI modified for
source burial was used to produce deposition i@tsa Nal(Tl) detector and 10 cm source
burial for 1000 interacting-rays.

Figure 3.2 shows a comparison of the total spdotr¢he two simulations with the modified
MCI and MCIII codes for 10 cm source burial and @ (Nl) detector. There is clearly a big
difference between the two spectra, with the M@&csum having significantly less scattered
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Figure 3.2: Comparison between simulated spectra for a pf&f@s source buried
under 10cm of soil with a 16 litre Nal(Tl) detectsdm above the surface using
modified versions of the MCI and MCIII codes.
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component. The MCIII result is the more physicdlstievable of the two; but it is not clear
why there is so little scatter in the spectra poadlusing MCI.

Whereas the MCI and MCII codes have been exterysuiadidated for Nal detectors [47,48],
and the MCIII code cross checked against thesesdd®¢, a number of changes were made to
MCI and MCIII to match these codes to CsI(Tl)-phtbtmle detectors and to analyse the
interaction positions within a large detector. Adad above, the spatial distribution of energy
deposition predicted by these analyses was surghsdispersed and spectra derived from the
deposition lists for MCI show a physically unreatidack of scatter. Therefore, the results of
these codes should be treated with caution astage. More work is needed to validate these
codes further and to compare them with other MCukations of sources in laboratory
geometries, and with experimental results from alkarray of detectors.
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4. Discussion and Conclusions.

Airborne Gamma Spectrometry (AGS) is a well recegdi method of measuring the
distribution of radioisotopes in the environmenan@entionally, AGS systems consist of a
number of large volume Nal(Tl) crystals coupled bpalkali photomultipliers, with a
resolution of 9-10% FWHM for the 662 ke\/'Csy-ray for the combined array. For several
isotopes of interest in environmental researclaisaciateq-rays may be difficult to resolve,
and the resolution of airborne systems can beitiligfactor in measuring the activity of such
isotopes. Some methods of improving the performaric&GS detector systems have been
investigated, specifically improvements to the e&tedcs for Nal(Tl) detectors and the
possibility of using CsI(TI) crystals coupled toFAN photodiodes.

It has been demonstrated that the performance IgT Ndetectors can be improved by using a
more sophisticated shaping amplifier, consisting differentiation and two integration stages.
This amplifier improves the resolution of one Nd)(@etector from 9.0% FWHM fot*’'Cs
y-rays to 8.2%, without the benefit of having thepdifier in a shielded box. Using this shaping
amplifier instead of the summing amplifier currgnilsed would be a simple modification to
the AGS system that would result in improved s@dcasolution.

Some possible methods for combining this improvagldier with a discrete SAR ADC chip
have been considered. These would enable moréligegpproaches to data collection and
processing than simply recording the total energgodited in the entire array. This could
include recording spectra from individual crystalsfrom the inner and outer pairs; these
systems have yet to be experimentally investigededh flexible data processing could allow
self-collimation and angular correlation effectsthin the array to be exploited to gain
additional information on source distribution andrill that could enable more accurate
calibration of airborne equipment.

The properties of Csl(TIl) crystals, when combinathv&i PIN photodiodes, are suitable for
the production of a detector system which combhmgh intrinsic efficiency with improved
resolution compared to Nal(Tl) crystals coupledptmtomultipliers. Such detectors also
eliminate the requirement for high voltage suppliesd would be less bulky than Nal(TI)
detectors of equivalent efficiency. However, thghhcapacitance of photodiodes limits their
size to a few cf resulting in the use of smaller crystals tharséhwhich can be used for
Nal(Tl) detectors.

The possibility of using CsI(Tl) coupled to photodes for AGS instead of large volume
Nal(Tl) detectors has been investigated. To prodacdetector system with sufficient
efficiency for such applications an array contagnalarge number, possibly as many as 256,
of smaller crystals would be needed. It is expedieat self-collimation and angular
distribution effects within such an array would lbetter defined than with a conventional
Nal(Tl) array of four crystals due to the largenraer of elements.

A variety of Csl(Tl)-PIN photodiode detector systehmave been examined with the view of
developing such an array of detectors for use iIrBAB other radiometric systems. A single
commercially available detector, produced by eVdRobs, comprising a X10x20 mm
CslI(TI) crystal with a 1810 mm photodiode and hybrid preamplifier has bestet. A test
detector, consisting of a £44x20 mm CsI(Tl) crystal mounted on a Hamamatsu S3&D0-
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photodiode was produced to evaluate other sepprasnplifiers and associated electronics.
A small range of different crystal sizes was aksstéd to help optimise crystal dimensions.
Some Monte Carlo simulation codes have also beegl@j@ed, although some of the outputs of
these codes produce results which are not entigigvable, and are treated with caution at
this stage.

The eV detector has a maximum resolution of 6.08falhenergy peak efficiency of 9.7% for
137Csy-rays, depending on electronics and detector aiiemt, with a low energy threshold of
approximately 100 keV. This has confirmed the inmebspectral resolution of small CsI(TI)
crystals coupled to photodiodes. However, crysifthis size may be considered undesirably
inefficient for use in an airborne detector. Ifdar crystals can approach the performance of
this crystal then a large detector array is moasifde.

A H4083 discrete compact preamplifier manufacturgdHamamatsu Photonics and designed
to work with the S3590 series of photodiodes foecti conversion of radiation in the diode was
evaluated for use with a Csl(Tl)-photodiode detectbwas shown that the gain on this
amplifier is too low for the requirements for tigimject, having the peak duef8Cs within
the amplifiers electronic noise. No further testmith this amplifier was conducted.

An old Canberra 970 preamplifier, borrowed from tkdasgow University Physics
Department, containing a number of discrete compisneithin a fairly large box, was also
evaluated. This had good noise and gain charattstisonfirming that the test detector had
been manufactured to a quality similar to the eVide This amplifier has been used for
laboratory tests of a range of different crystaesi although its size makes it unsuitable for use
in a large array.

Variations on the proposed electronics for recaydipectra from individual Nal(Tl) detectors
could be used with discrete preamplifiers suchhaselV hybrid chip in an array of several
CslI(Tl)-photodiode detectors. However, such a datming system would become very
complex with larger arrays, and would probably imeited to arrays of approximately 16
elements. The RAL-213 gamma camera IC, based dBRlechip, is a 16 channel device with
each channel consisting of a preamplifier, thredltomparator, variable shaping time shaping
amplifier and peak hold circuit. Sixteen of thebgs can be daisy-chained, sharing common
busses, to allow 256 channels sharing a common AlCsequence generating circuitry. The
compact size and multichannel nature of these cliqudd be ideal for use with an array of a
large number of individual Csl(TI) crystals, if therformance of the chip is adequate.

A circuit was developed to use the RAL-213 chigamjunction with a Burr-Brown ADS7831
SAR ADC chip using an 8255 i/o board and a simptgymm to manage spectral logging. The
analogue output from the chip is a square pulsathegrelative to a nominal 3.5 V reference
voltage, and is variable between chips and mayebwérature dependent. A high slew rate
difference amplifier was used to produce a posigjomg signal relative to ground that would
be independent of such factors. Within the timalalke it proved to be difficult to overcome
practical problems getting this system to operata iconsistent and reproducible manner.
There are several possible causes for these preplawstly relating to the extremely high
sensitivity of the charge inputs to the chip and tbsulting requirements for an extremely
stable electrical environment. Further work would heeded to overcome the practical
problems associated with the use of this circuaiwilver, when these problems are overcome
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this circuit and a slightly modified version of tkede would readily log spectra from a 16
element array and modifications to this systemotp dpectra from several such 16 channel
systems would be relatively straight forward.

It has been shown that CsI(TI)-PIN photodiode detsccan produce spectra with higher
resolution than conventional Nal(Tl)-photomultiplidetectors, however for use in a large
array for AGS it would be more practical to usg&arcrystals. To determine if larger crystals
have sufficiently good spectral responses, andittha optimisation of crystal dimensions, the
characteristics of a number of crystals of différemes has also been conducted, keeping the
photodiode and amplification constant. This hasashthat it is possible to maintain good
spectral resolution for crystal larger than the e that have been used previously, although
the gain and resolution degrades with increasirygtal size as a result of absorption of
scintillation photons within the crystal, whichvsrse for large crystals in which the average
photon path is much longer. The full energy pedikiefhcy increases with the length of crystal
material along the source-detector axis, reachinggaimum efficiency with about 8 cm of
material along this axis. This is due to the peatein depth of 662 key-rays in CsI(TI),
which clearly is of the order of a few cm.

The crystals tested, when mounted, have a pink tultich is expected to effect the
transmission of scintillation luminescence withie tcrystals, and thus explain the low light
collection efficiency of the larger crystals. Siamidiscolouration had been noticed in crystals
during a visit to Hilger, and ICPMS analysis congddcon samples. This has shown that both
clear and coloured crystals contain Ni impuritieetween 130 and 200 ppm; it is assumed
that Fe is also present although the analysissenisitive to it. The most likely source of these
contaminants is diffusion from furnace windingshe crucible into the melt. It is possible that
the pink colour is due to variation in oxidatioatstor coordination site of these contaminants.
It was also noted that the pink crystals had diyghtgher Ni levels, and reduced Tl levels,
implying that the Ni may inhibit Tl uptake in theystal.

Further work is still required to determine optintaystal size and tapering angle, and the
potential for improving crystal transparency anahinescence efficiency. All of these steps are
expected to add to the viability of CsI(Tl) for @m@mnmental gamma spectrometry. It is,

nevertheless, apparent that a sufficiently largayaof small crystals would have superior

performance to Nal(Tl) detectors for the 0.2-3 Menérgy range.

Monte Carlo codes that had been previously devedldpesimulate Nal(Tl) AGS detector
systems have been modified to simulate Csl(Tl) adets. To fully simulate spectra these
codes require experimentally measured spectrahctaistics, and so cannot, therefore, be
used to investigate the effects of crystal sizéhendetector resolution. However, for crystals
with known characteristics, te response of suchktaty in a large array to different sources or
source geometries can be simulated. Even withoat pior knowledge of the spectral
resolution these codes can still effectively magfédcts such as full energy peak efficiencies,
peak to Compton ratios and self-collimation effe@ther codes, such as GEANT, should be
capable of modelling the response of individuaktals more completely but are less suited to
simulating airborne geometries due to the largecsoto detector distances.

The simple modification of changing Nal(Tl) specifterms to the equivalent CsI(Tl)
parameters has successfully modelled a small QdRIN photodiode detector produced by
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eV Products, in a close-coupled geometry.

The Monte Carlo codes, for both CsI(Tl) and Nal(TWere also modified to produce
interaction lists consisting of the position angal&ted energy for each interaction in the
detector volume. This data can be used to invdstifj@ effect of detector segmentation, help
determine optimal dimensions for individual elensenita large array, and investigate angular
correlation and self-collimation effects. The réswaf these simulations slightly over estimate
the full energy peak efficiency for Nal(Tl), butgatuce the physically realistic results that full
energy peak efficiency is greater for Csl(Tl) thdal(TI) and that higher energyrays have
lower efficiencies. The distance between interadits somewhat surprising given the data
from the comparison between crystals of differemehsions. Spectra for particular small
volumes within the crystal, corresponding to eletedn an array, may also be produced,
although this has yet to be done.

To investigate whether self-collimation effects wit an array can provide information on
source burial these codes, for Csl(Tl) and Nal(Wgre also modified to incorporate source
burial. The results of these modifications, for aterwise extensively validated code,
produced spectra with a non-physically realistaklaf scatter. Because of this effect, and the
surprisingly dispersed spatial distribution of gyedeposition noted above, the results should
be treated with caution at this stage. More workeisded to validate these codes further and to
compare them with other MC simulations of souraedaboratory geometries, and with
experimental results from a small array of detextor

It has been shown that it is possible to improvehmnspatial response and data acquisition
systems currently used in AGS through modificatitmshe electronics and computational
methods used with existing Nal(Tl) detectors. I§ laéso been shown that the use of CsI(TI)
crystals coupled to Si PIN photodiodes can genefati@ with greater spectral resolution than
Nal(Tl), although only for relatively small cryssalAlthough there is still considerable work to
be done to produce a large volume array of Csif€tectors for use in AGS, some of the
means by which such an array could be construstddperated have been identified. These
improvements should enhance the ability of AGSuantify the activity of radioisotopes in the
environment through reduced spectral interferenaed better knowledge of source
distribution.
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