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ABSTRACT

The feasibility of applying and adapting a two-dimensional laser heated thermoluminescence do-
simetry system to the problem of surveying for radioactive surface contamination was studied The sys-
tem consists of a CO, laser-based reader and monolithic arrays of thin dosimeter elements. The arrays
consist of 10,201 thermoluminescent phosphor elements of 40 micror thickness, covering a 900 cm’ area
Array substrates are 125 micron thick polyimide sheets, enabling them to easily conform to regular surface
shapes, especially for survey of surfaces that are inaccessible for standard survey instruments The pas-
sive, integrating radiation detectors are sensitive to alpha and beta radiation at contamination levels below
release guideline limits. Required con*act times with potentially contaminated surfaces are under one
hour to achieve detection of transuranic alpha emission at 100 dpm/100 cm*  Positional information ob-
tained from array evaluation is useful for locating contamination zones Unique capabiiities of this system
for survey of sites, facilities and material include measurement inside pipes and other geometrical configu-
rations that prevent standard surveys, and below-surface measurement of alpha and beta emitters in
contaminated soils These applications imply a reduction of material that must be classified as radioactive
waste by virtue of its possibility of contamination, and cost savings in soil sampling at contaminated sites
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Foreword

The Nuclear Regulatory Commission utilizes the Small Business Innovative Research (SBIR)
program, to fund small scale research projects that may serve to enhance public health and
safety and promote the development of small businesses. These projects are seiectec
based upon the agency’s determination that the research can eventually result in an
independent and self-sustaining business and application that will benefit the public safety
and the NRC's prime directive to assure the same.

This report discusses the research results of a two phase SBIR project on the use of a
two-dimensional laser heated thermoluminescense dosimetry system for surveying for
residual radioactive contamination. The research presented in this report describes the
Phase | effort to explore the feasibility of applying an existing two-dimensional radiation
level mapping system, developed by the contractor, to detect, locate, and measure
residual radioactive contamination and the progress made in Phase |l to improve and
modify the system to tailor it to this particular application. The potential advantages of
the system over standard techniques include: the souity to detect contamination in
otherwise inaccessible areas and greater reliabiqty as a res. 't of eliminating uncertainties
inherent in the hand-held instrument scanning process.

The NRC staff believes that the methodology explored in this study may prove useful for
residual radioactivity surveying when more fully developed. NUREG/CR-6037 is not a
substitute for NRC regulations, and use of the methodology described herein is not
required. The approaches and/or methods described in this NUREG are provided for
information only. Publication of this report does not necessarily constitute NRC approval
or agreement with the information cortained herein.
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PREFACE

This document serves as the final technical report for a project that was carried out in two phases
under the Small Business Innovation Research (SBIR) program funded by the US Nuclear Regulatory
Commission. The two phases were separately funded, and a Phase | final report was prepared in 1993
but not published. The present document therefore contains two principal parts, the first part consisting of
the Phase | final report, essentially unaltered, and the second part is the final report for the Phase | effort
In the intervening period between the preparation of the Phase | report and the completion of the Phase |
effort, many developments in survey methodology and the regulatory environment have occurred Some
« fort has been expended in updating the initial report to the current state of affairs, but it nevertheless is
intended to reflect the contractor's ievel of knowledge at that time

Both the SBIR Phase | and |l efforts were originally contracted with International Sensor Technol-
ogy, Inc . a small business in Washington State  During the course of the Phase |l contract, International
Sensor Technology was acquired by Keithiey Instruments, Cleveland, Ohio, and the Phase il contract was
assigned to Keithley

The Phase | effort covers a feasibility study concerned with the possible application of a laser-
heated thermoluminescence dosimetry (TLD) system, developed for two-dimensional radiation dosemap-
ping, to the measurement of low-level radioactive surface contamination. The results of the Phase | proj-
ect were sufficiently promising to warrant additionai work under a Phase i contract This second project
was primarily aimed at techaically improving and modifying this system to tailor it to this specific applica-
tion. The focus was on iImproving iine system detection capability for alpha and beta radiation, and trans-
lating the output of the measurement system into a form useful in reporting surface contamination values.
Experts were consulted for obtaining information on field requirements and general applicability of the
system to surface contamination measurements

The Phase |l project was beset by problems both technical and nontechnical in nature A wholly
unexpected and unexplained phenomenon involving the component materials of the two-dimensional TLD
arrays arose which threatened to eliminate the possibility of applying the system to low-level contamina-
tion measurement Over the onginally estimated two year effort, solving this problem consumed all or part
of eleven months, and is not yet completely resolved

Under the proposed Phase || effort, a number of fieid tests and other collaborative efforts were to
be performed During the conduct of this project, however, significant reorganization of DOE programs
occurred, with concomitant downsizing, resulting in the inability to follow through on these plans. Finally,
the acquisition by Keithley of International Sensor Technology. and the subsequent relocation to Ohio
resulted in the loss of two of the three project staff personne! before project completion. Therefore, not all
of the originally planned objectives were met. but significant progress was achieved The work reported
here indicates that laser-heated TLD constitutes a new capability in the area of surface contamination
measurement
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1. INTRODUCTION

This report presents the results of a two-phase study of the appiicability of a iaser-based ther-
moluminescent dosimetry system to the problem of measuring low-level radioactive contamination of sur-
faces by alpha and beta emitting nuclides. The study was funded under the Small Business Innovation
Research (SBIR) program. Its first goal was to determine the feasibility of using an existing two-
dimensional radiation dose mapping system, developed by the contractor, to effectively detect. locate and
accurately measure residual radioactive contamination. Such information is essential to determine
whether an object must be cleaned, or to certify the safety of potentially contaminated materiais for re-
lease from contamination areas To this end, the first phase of the study served as a basis for proposing
further development of the capability under an SB'R Phase |l program  In Section 2 of this report, we pre-
sent the findings of the Phase | feasibility study on he ability of this system. in its then current state of de-
velopment, to measure localized, low-level aipha and beta particle emission  Section 3 of the report con-
tains details on the improvements and newly developed features that were specifically onented towards
optimizing the system for detection of surface contamination undertaken in Phase ||

The basis of the investigation is a system consisting of a laser-based reader and monolithic arrays
of thermoluminescent dosimeters (TLDs) The system was originally developed for dose field mapping of
ra.jiation therapy accelerator beams, and has found use in similar applications, such as mapping of flash
X-ray sources used in radiation hardness testing of electronic cumponents and systems The arrays con-
sist of nominally 40 micron thick TLDs spaced on @ 3 mm x 3 mra gnid, covering an area of 30 cm x 30 cm,
for a total of 900 cm? (1 #t°) The reader heats each of the 10,201 TLDs sequentially with a CO, laser, re-
quiring about one hour to evaluate an entire array, and record'; the radiation dose values as a function of
position, outputting the result as an isodose contour map. The arrays are fabricated on 125 micron thick,
flexible polyimide substrates, which easily conform to regular surface shap=s The thickness of the array
elements is about equivalent to the range of a typical alpha particie emitte d by common radioactive mate-
rials, which is ideal for detection of these short range particles

The general problem addressed here is surveying for radioactive contamination in sites, facilities
and materials. with the eventual goal of cleaning and/or releasing the surveyed surfaces for reuse, thereby
reducing the amount of material classified as nuclear waste In particular, contamination by and removal
of low-activity radioactive matter emitting low energy [ (beta) and weakly penetrating « (alpha) particles is
important for facility or material release The presence of these emitters pose a risk for subsequent occu-
pation or re-use of facilities or materials by humans The problem with surveying sites or material for the
presence of low-level, short range radiation is one of sensitivity, measurement time and physical access
What is required. in the case of very low activity, is an integrating detector, yet one that is thin enough to
measure short range radiation. These requirements are the most difficult to meet with hand-held devices
used to sweep an area A hand-held « monitor held stationary over a contaminated area having an activ-
ity level of 500 disintegrations per minute (dpm) per 100 cm’ will average about two counts per second. In
addition, a "thick" detector (the detector itself being thick or having thick packaging, coatings or windows)
is unsuitabie for measuring short range particles alpha particles of 5 MeV energy have a penetration of
only 3 8 mg/cm’ (a thickness of 38 um in a material of 1 g/cm’ density) A practical lower detection limit
may be as high as thousands of disintegrations per minute per 100 cm’ for sweep surveys (Martin). One
dated recommendation was to set the lowest practical limit on beta emitting hot particles (considered as a
point source relative to 100 cm?®) at 5000 dpm for sweep surveys (Sommers, 1975). The integration issue
anises from signal to noise ratio considerations the instrument must be able to accumulate sufficient in-
formation to overcome noise and background effects. A real-time, hand held detector may not be capable
of detecting low activity levels. Further, the geometry of many objects prevents survey with standard in-
strumentation altogether, which may be falsely classified as contaminated even If the objects are clean A
thin, flexible and sensitive integrating detector is a necessary component in achieving comprehensive site
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surveys, allowing close proximity coverage to virtually every square inchi of outer or inner surface area of a
decommissioned structure or object

The totally passive detector element array can be placed in contact with walls, inside and outside
pipes or instruments such as computers or laboratory equipment, in short, surfaces that cannot be sur-
veyed by standard instrument scan methodology. The array can be left in place for extended periods of
time, integrating the dose delivered to the thin TLD elements by areas of low-activity surface contamina-
tion. The sensitivity of an individual :lement is adeqguate to detect 1-2 « particles absorbed The thinness
of the TLD array is ideal for monitoring short-range radiation as the background signal from y-radiation is
minimized by this configuration. The areal measurement density of the array provides for localization of
contamination "hot spots." and provides ample background radiation information

The Muiti-Agency Radiation Survey and Site Investigation Manual (MARSSIM) (NUREG-1575)
provides draft guidance on conducting radiological surveys for decontamination and decommissioning ac-
tivities It contains a vaiuable compendium of radiological survey methodology ar 4 includes a discussion
of the measurement sensitivities of the various types of active and passive «- and -detectors. In par-
ticular, minimum detectable surface contamination figures for scanning and static survey meihodologies
are compiled. During the course of the present study, it was widely believed that contaminaticn levels at
the release guideline limits (see Tauie | in Sec. 2.2 1) were undetectable using active detectors, especi='iy
for the case of transuranic u-emitters. While this is generally true for scanning surveys, static measure-
ments using active detectors are capable of detecting alpha emission at release guideline levels How-
ever, this is a very tedious process. The Laser TLD approach, as are other passive (1 e integrating)
techniques, 1s sensitive to arbitrarily low activity levels, in principle; there is a minimum integrating-time
period required to achieve detection of a given level of activity Among the two passive alpha detection
methods included in MARSSIM, electret ion chambers and track detectors, the Laser TLD technique com-
pares very favorably The exposure or deployment times required are comparable, yet the TLD detectors,
are flexible and can be cut into shapes, like track detectors, and cover up to 800 cm’ areas, in comparison
to track detectors at 2 cm’ and rigid electrets at about 45 cm’

This overall study was performed as two separate projects. Therefore, the two phases of the
study are discussed in the sequence of the work performed The feasibility component, Phase |, is re-
ported in Section 2. Here, the capabilities of the system at the then current state of development are cov-
ered In Section 3. the Phase |l improvements and the now current capabilities are discussed
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Schematic of the laser TLD reader optical system. The laser is controlled by feedback
generated from the split-off beam sample The optical channel transforms the Gaussian
beam into a square of uniform profile. The fiber optic bundle conducts the emitted ther-
moluminescence to the photomultiplier (PMT) for intensity measurement




results in array readout time of 15 minuies, and at 12 mm resolution, the readout cycie requires about four
minutes. Various analytic functions are preprogrammed in the reader system

The dosimeter array elements, or "spots,"” consist of phosphor powder (20 - 40 um grain size)
mixed with a high temperature silicone adhesive Each is 1.5 mm in diameter, 40 um thick and has a
mass of about 90 ug The substrates are 125 um thick aluminiz.ed polyimide film. The 100 nm thick
sputtered aluminum layer reflects lacer energy not absorbed by the dosimeters (rather than being ab-
sorbed by the substrate) and also refiects the emitted TL radiacion into the light collection optics  Fig 2
depicts the fabrication of an array

ALUMINUM (100 MANOMETERS)

HOSPHOR /SILICONE

N o W W AP = G e
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Fig 2 Crosec-sectional view of TLD array coristruction

2.2 Findings From Phase | Effort

The results obtained in the seven task areas cf the Phase | project are presented in this section
The primary goal of the Phase | effort was to establish the feasibility of applying the LHTLD array system
to the probiem of detecting and locating residual radioactive contamination for facility decontamination and
decommissioning activities, and general surveys for material release



2.2.1 Applications

The first task was to determine the appropriate application of this technology based on research-
ing the specific needs of those faced with decontamination responsibilities Interviews with various ex-
perts have revealed a much wider range of applications than anticipated in the Phase | proposal, and
show that the LHTLD array system has unque potential for providing contamination survey measurements
that are currently impossible, or very time consuming and expensive. The problem of material release
(i.e certifying that an object is free of radioactive contamination for removal from a radiologically con-
trolied area) is one where standard methcdologies, a scan survey with alpha and teta/gamma monitors® is
impossible in cases where the survey insirument is too large to be brought into the required proximity with
the surfaces of the object. For instance, 't is not possible to insert the appropriate monitor into pipes
smalier than a few inches in diameter, ye! if such objects are deemed to be potentially contaminated, they
must be assurmed to be unless shown otherwise. The TLD arrays can be applied to this example, provid-
ing the requisite survey, and thereby allowing for the uncontrolied release of such items, reducing the bur-
den on radioactive waste facilities and letting such items be reused, another cost savings. Other problems
arise from simple geometry A scanning monitor may not be abie to achieve the necessary 6 mm proximity
to a surface in the corner of a cabinet, o’ inside a computer that has been in a potential contamination
area The arrays provide a very simple soluticn, because they are thin and fiexible. Thus, the arrays can
provide contamination surveys in situations where it is not currently possible

Other such instances are in contamination zones not associated with buildings. The arrays can
be used (and have been tested) to meesure alpha emitting “**Pu contamination depth-profiles in soils.
Such sites must currently be tested by soil layer removal (1 cm thick layers from a 1 square meter area)
and subsequent costly and time-consuming chemical analysis. Although the arrays cannot differeritiate
radionuclides, they can relatively easily detect the presence of radionuclides at depths up to 30 cm below
the surface Surveying large areas reqguires many TLD tests, but may cost less than one-tenth of the
$10,000 cost for a chemical test ®

In addition to these specific applications, the general problem of surveying even large, planar
surfaces 1s not being satisfactorily met with current methodologies In general, surveys of such surfaces
are dene by a technician scanning the surface by moving the monitor across the surface at a rate nct to
exceed 5 cm/sec at a distance of 6 mm or less frum the surface © The human factor in this method has
been recognized to be problematic, in that it may take several hours to scan a laboratory door, and in
many instances, the survey must be performed twice, once for alpha particie emission, and a second time
for beta/gamma emission A tendency to exceed the specified scan rate is understandable In addition to
this problem, survey instruments are not capable (in scanning mode) of detecting contamination at the
desired levels for material release for some of the listed radionuclides (see Table | below) even under
ideal conditions, and measurable activity may be 3 to 5 times the desired specific activity level for re-
lease ° Such problems have led some to propose raising release activity guidelines for reasons of practi-
cality (Sommers, 1975)

*James Durham, Battelle Pacific Northwest Laboratories, personal communication (1993)
"William Quam, EG&G Energy Measurements, personal communication (1993)
“James Durham, Battelle Pacific Nc rthwest Laboratories, personal communication (1993)

“Ibid



We summarize here the present advantages of the LHTLD array system for material releas sur-
veys determined by our Phase | work.

. Survey of "inaccessible” surfaces is possible, with implications for waste reduction
. Both alpha and beta/gamma emitters are detectable with a singie survey.
- The TLDs are passive integrating dosimeters, therefore release activity leveis do not have

to be comprumised because of survey instrument insensitivity, and results would not be
subject to scan speed errors because the arrays are left in contact with the surface for a
specified time period in order to accumulate sufficient dose for detection.

The following table summarizes the radionuclides of concern and the activity levels for uncon-
trolled material release (guidelines)

TABLE 1

ACCEPTABLE SURFACE CONTAMINATION LEVELS (US Atomic Energy Commission)

NUCLIDE AVERAGE MAXIMUM® REMOVABLE

U-nat, U-235, U-238, and
associated decay products 5,000 dpm «/100 cm? 15,000 dpm /100 ecm® 1,000 dpm /100 em?

Transuranics, Ra-226 Ra-228,
Th-230, Th-228, Pa-231,
Ac-227,1-125, 1-129 100 dpm/100 cm? 300 dpm/100 cm® 20 dpm/100 cm??

Th-nat, Th-232, Sr-9C,
Ra-223, Ra-224, U-232,
-126, 1-131,1-133 1000 dpm/100 cmy’ 3000 dpm/100 cm? 200 dpm/100 cm?

Beta-gamma emitters (nuclides

with decay modes other than alpha

emission or spontaneous fission)

except Sr-80 and others noted

above 5000 dpm [-y/100 cm? 15,000 dpm f-y/100 cm? 1000 dpm [3-y/100 cm?

*The maximum contamination level applies to an area of not more than 100 cm?

Table | This table, reproduced from US Atomic Energy Commussion Regulatory Guide
1.86 (1974), lists the NRC unrestricted release guideline values of maximum
surface contamination by various radionuclides of concern for reactor decommis-

sioning




Since the commencement of this work, the NRC has published a proposed rule (August 22, 1994,
59 FR 43200) and has just approved a final rule to establish radiological criteria for decommissioning The
final rule will likely be published in the same time frame as this report. The criteria include a dose limit for
the release of lands and structures at decommissioning Under the rule, the specific contamination limits
for decommissioning in terms of dpm/100 ey, may vary considering site-specific factors. The rulemaking
would not apply to the routine release of equipment and materials. Throughout this docurnent, mention of
release guideline limits refers tc Table 1 of Regulatory Guide 1 86 (US Atomic Energy Commission, 1974).

2.2.2 Sensitivity and Background Measurements

The second task was to determine the array sensitivity and the requisite exposure time to achieve
detection of the activity levels listed above A seres of experiments have shown that the system is gener-
ally sensitive to very low-level alpha exposures corresponding to the desired release levels, and will be
able to serve in the capacity under study.

A variety of alpha emitting radiation sources was used to measure sensitivity in general, the back-
ground signal (which sets the lower limit of detection), and the spatial spread of radiation induced signal
from approximate "point” sources of alpha emission Two phosphor types were studied, CaSO, doped
with Dysprosium (Dy) or Thulium (Tm). For purposes of efficiency, 75 mm square arrays were fabricated
for most measurements. This array size is more than adequate to accommodate commonly available
alpha and beta emitting sources Most exposures were performed with the source in direct contact with
the array In addition, a test was performed under severe field conditions with exposure of bare arrays to
contaminated soil

The test bed reader was modified to achieve higher sensitivity and lower noise micway through
the feasibility phase of this project. The original configuration, designed for what wouid be considered
high dose measurements relative to the present application (mapping of radiotherapy beams with doses
generally exceeding 0 05 Gy), was not optimized for these high sensitivity triais  The primary improve-
ment was in increasing the collection of the thermoluminescence emission by approximately a factor of 15.
Other improvements during the course of the investigation make it impossible to directly compare all re-
sults Thus, we concentrate on those results obtained with the final Phase | configuration of the reader
system, but will also discuss those obtained during the reader improvement process Most tests were
performed with CaSO, Tm phosphor because its use yields the least background from incandescence
emission when the system photomultiplier is fitted with the appropriate color filter

The principal radiation source for the alpha detection measurements was a disk shaped source of
depleted “*°U, with an activity of 466 dpm, distributed over an 8 mm diameter area, with a thin (100 micro-
gram/cm) acrylic cover The average alpha particle energy is just below 4 2 MeV. This source closely
approximates a "tvpical’ contamination spot. The average area of one TLD array dotis 1 77 mm’, and
thus this source, when in contact with an array, will impinge an array dot with 8 alpha-particles per minute
(note that only half of the alphas can escape from the source, the other half going into the source back-
ing) Figure 3 shows the resultant measurement of one such exposure of 30 minute duration, where the
source was placed alone in the center of a small array  Figure 4 shows a TL glow curve from an alpha
excited array element, and a second heating also.  The signal used in sensitivity calculations is the area
under the glow curve In all array evaluations during Phase |, the result consists of the difference between
a first and second reading. This strategy was adopted in order to achieve the maximum sensitivity with
minimum background signal. Note that the array elements are not calibrated with respect to relative sen-
sitivity, and over a large array, the extreme limits of sensitivity variation are about a factor of two. Thus,
these results are presented as average response of array elements



Fig. 3

Sheet number 121
Reoading number 0
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Measurement result following a 30-minute exposure to the depleted “**U alpha source.
The activity is 466 dpm, over an 8 mm diameter area.  The equivalent specific activity
over the array area is 466 dpm/54 cm’.
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A series of these measurements is plotted in Fig 5, for exposure durations lasting up to 900 min-
utes In this figure, the average response of a TLD element is plotted against the average number of al-
pha particies incident on it The result is that the response is proportional to exposure as expected, but
that tne apparent background (the y-intercept) is very large, equivalent to about 230 alpha particles inci-
denton a TLD This clearly is not the case in general, as Fig 3 shows the relative levels of signal and
background for a 30 minute exposure to the same source, whare about 240 alphas are incident on the
array elements This behavior 1s generally observed, where the background signal increases with expo-
sure duration, but 1s not observed at this magnitude with unexposed 2-7ays In an attempt to decrease the
background, the time interval for integration of the glow curve was shortened, from full length to 175 msec,
where the second heating begins to register significant signal level (see Fig 4). but maintained the full
heating time The recults of this action are shown in Fig 6 Note that the signal leve! per incident alpha
particie 1s maintained (compare the siopes of the fitted curves in Figs 5 and 6), but in the second case,
the apparent background (y-intercept) is reduced by about a factor of seven to approximately 33 alphas
equivalent, when results from arrays having no exposure are included in the calculation

Measurements of background signal are inconsistent, but generally fall into two groups. Back-
ground determinations of unexposed arrays (where the array was prepared by annealing or "resetting"
them in an oven), or measurements in array regions far from the source, yielded either quite high, on the
order of 30 alphas equivalent, or quite low values, equivalent to about 6 alpha particles ircident on a TLD,
after instituting the modified glow curve integration method. These results were obtained by fairly prompt
reading of the background after annealing Best performance examples of long term background signe!
accumulation was given by two arrays that were evaluated two months after annealing. where an aversge
background signal equivalent to about 52 alpha particles incident on a TLD element was obtainec A third
ylelded 10 alpha equivalent background after 150 hours

The majority of the background signal seems to arise in the silicone binder used to fabricate the
arrays A reading of an array consisting of silicone only, without phosphor, yielded a background signai
equivalent to about 50 alphas per spot on average, but these elements contained about three times more
silicone than in a normal phosphor spot. In the established applications of the TLD array system, this
background problem is negligible. Given that low backgrounds were obtained from about 40% of these
test arrays, we were confident that consistent, low backgrounds would be attainable in a Phase |i effort
(This problem in fact became intractable, see Section 3 2 below) In addition, thinner elements (perhaps
as thin as 25 microns or less) may improve the signal-to-background ratio. However, considering Fig. 3
where a signal-to-average-background ratio of better than 30 1 i1s shown for 240 incident alphas per ele-
ment, the potential tor achieving detection of low-level contamination is demonstrated

Some low-level image processing (spatial filtering) is available on the reader system, and Fig. 7
shows the results of a processed reading (all data discussed above is unprocessed) of an array given ex-
posures to the “**U source of 5, 10, 20 and 40 minutes The filtering in this case consists of an average of
one element with its eight nearest neighbors with sinX/X weighting (equivalent to a sharp cut-off low pass
fiter) Even though this array has a fairly high background (about 52 alphas per element), the five minute
exposure (40 alphas per element) is visible

Figure 8 shows the response of a CaSO, Tm array to a 9000 dpm, 25 mm diameter “*Th alpha
source (4 65 MeV average particle energy) for a four-hour exposure (3880 alphas per element average)
Sensitivity at this energy for transuranics is similar to that of the “**U alphas This measurement was ob-
tained before the reader was in its Phase | final configuration, however, and a slightly greater sensitivity to
these alphas was expected, because they have greater energy to deposit in the phosphor per incident
particle. Additional exposures conducted with a 0 5 mm diameter *'°Po needle source are discussed be-
low in regard to the ability to detect small radioactive particles that may fall in between array elements
The sensitivity to these 5 4 MeV alphas appears to be somewhat higher, again because of the higher par-
ticle energy but the uncertainty in exposure (due to inverse-square dependence) Is too large to make a
firm conciusion on this point
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Plot of signal vs exposure, in terms of average number of alphas intercepted by an array element Giow curves were inte-
grated for the fuil length of the heating cycle.
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At the conclusion of Phase |, the exposure time required to accumulate a signal equal! to the best
background measurements for the alpha contamination limits listed in Table | are about 25 minutes for a
uniform contamination of 5000 dpm/100cm?, and about 21 hours for a uniform contamination of
100 dpm/100cm’ Generally, contamination will occur in smaller areas (these limits are average values
over scanned areas), and for instance, if the contaminant is concentrated in an area of about 4 cm? these
exposure times will be reduced by a factor of 25 Additionally, improvements .\ background will also im-
prove these exposure times. The background signal level discussed above (equivalent to 10 alpha part-
cles per array element in 150 hours) represents a best case observed during Phase | The equivalent ac-
tivity level (for alpha emission) corresponds to only 10-15 dpm/100 cm?, which is well below the release
guideline values In Phase Il, the developed improvements reduced the required exposure to about one
hour for the detection of transuranic a emitters at release guideline limits (100 dpm/100 cm? )

Exposures to beta sources were also studied in this task. Figure 9 shows the result of exposing a
small array to six different weak beta sources simultaneously. The sources were all disks of approxi-
mately 125 cm’ area, with the following activity levels: '“’Pm (average energy 615 keV),

24,000 dpm/cm?, *Cl (280 keV), 33,000 dpm/cm?, *Tc (84.7 keV), 60.000 dpmicm?, 2'9Bi (390 keV),
35,250 dpm/cm?, '“C (49 5 keV), 290,000 dpm/cm®; *¥'Sr/®Y (949 keV), 60,000 dpm/cn¥’. Each exposure
was 60 minutes duration  The results generally scale with activity level, except for the lowest energy
source Array response per unit activity is plotted in Fig. 10 for these exposures The response to '“C
was surprising, as detection was unexpected. However, it does demonstrate the threshold for low energy
beta detection The relative response to '’Pm shows that the system is, however, capable of high sensi-
tivity measurements of low energy beta emitters Assuming the best case for background signal, the
equivalent background for beta emission derived from the four highest energy sources in Fig. 10 is on av-
erage about 90 betas per TLD element, or 180 disintegrations For a uniform contamination of 5000
dpm/100 crv’ (the release guideline for most beta emitters), this works out to 210 minutes for a minimum
exposure to achieve a signal equivalent to background ((signal + background)/background = 2) For the
lower limit on *Sr, this figure would be of course five times greater, about 18 hours. Recall, however, that
with this system exposure is passive

One set of experiments under severe field conditions was performed A series of six full-sized
(101 x 101) TLD arrays of three different phosphor tvpes were exposed uncovered (i e, the TLD array
was totally unprotected by any sort of cover) to a soil area known to be contaminated by “**Pu at the Ne-
vada Test Site. This was a hostile environment fo: the TLD arrays, both because of the soil surface tem-
perature and the possibility of contaminating the arrays with dirt particles, which could light up when hit by
the reader's laser beam Figure 11 shows the result of a test wherein a CaSO, Tm array was exposed to
the contaminated soil such that the right edge ot the array (see right edge of piot in Fig. 11) was covered
and could not have received alpha exposure. This example was from an array that was buried, rolled and
inserted in the soil as a vertical tube for a total of forty minutes. The resuitant indicated alpha emission (the
spikes on the figure represent the locations of alpha emitting particles) correlate with the expected result
based on the known contamination profile of the soil. At this exposure duration, the signal to noise ratio
was about 10 1 2t a calculated contamination concentration of about 35 picocuries per gram of soil.* This
result was aided by a manual glow curve discrimination procedure used to reject signals lacking the char-
acteristic glow curve shape expected. as we anticipated severe contamination by dirt in this test The
technique appears to be valid and is described below. This feature was automated during Phase || This
demonstration of the utility of the system in contamination remediation applications points to potentially
vast cost savings in location of radioactive particles, and is discussed in a later section

‘A Bhattacharjie and W. Quam, in situ Measurement of Environmental Alpha Activity at Very High Spatial
Resolution and Sensitivity, presented at the International Sympasium of Field Screening Methods for Haz-
ardous Wastes and Toxic Chemicals, Las Vegas, NV, Feb 24-26, 1993
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This task, which comprises the bulk of the Phase | effort, demonstrated that this system is capa-
ble of achieving the requisite sensitivity to play a role in material and site release contamination monitor-
ing

2.2.3 Particle Location and Array Resolution

The third goal of the Phase | effort was to determine the requisite array readout resolution and ar-
ray fielding conditions necessary to adequately survey a surface. The variables considered are array
“"stand-off' from a surface, which increases the amount of surface area viewed by an array TLD element,
and the number of TLD array elements that must be evaluated in order to reliably detect the presence of a
small hot particle. Of interest here are exposure time and array readout resolution. Since the array is in
fact a discrete grid, with sensitive TL phosphor covering only 20% of the array area, a study based on
geometrical arguments was performied to determine the detectability of a point particie emitting weakly
penetrating (e g., alpha) radiation if it is located at an interstitial area of the array  The results indicate that
implementing an array standoff will adequately provide for detectability, with an increase in required expo-
sure time. However, typically contamination is not uniformly dispersed but is generally present in patches
covering at least one centimeter diameter area,' or as particles (Sommers, 1975). This has great implica-
tions for array evaluation speed, in that the array carn be read out in a manner where every second, third
or fourth element can be evaluated, then coverage is accelerated accordingly {a factor of four, nine or
sixteen, respectively). Then, if contamination is detected by any one element, the reader can return to this
area and perform a more thorough reading, with vast time savings over straight-forward evaluation of
every element. A readout algorithm exploiting this concept was developed during the Phase |l effort.

These concepts were tested with the aipha emitting *'°Po needle, described above, which repre-
sents a point source of alpha radiation. Two types of exposure were tested First, the tip of the 0 5 mm
diameter needle was placed in near contact (within 1 mm above) with a single array element for 15 min-
utes. The result of this reading is shown in Fig. 12 The central TLD registered a signal level of about 7.8
in the figure, while the four nearest neighbors have signa! averaging about one-third of this value, and the
next-nearest neighbor TLDs have a signal of about one-seventh of the peak value. Secondly, the tip of
the needle was placed 1 mm above an interstitial location (centered between four elements) and a 15
minute exposure yielded signal again about one-third of that on a centrally exposed element  This ex-
periment was repeated with the needle tip 7.5 mm above the array, to check the effect of stand-off on the
spread of the detectable signal. One result, with the stand off used above an interstitial position, is shown
in Fig. 13. In this case, the exposure duration was 210 minutes Generally, the stand-off results scale
approximately as one would expect for inverse square dependence of the dose on distance from a point
source, but the agreement is inexact due to the crude geometrical approximation for the solid angie inter-
cepted by a circular dot that is off axis The point to be made here is that it is not necessary to evaluate
every array element, or to use a sensitivity decreasing “stand-off" ir order to detect even a small particie
emitting short range radiation However, it appears prudent to reau out an array at no greater than 6 mm
resolution (cutting the reading time by a factor of four, to about 15 minutes per square foot), where at least
one of the nearest elements to an interstitial particle would be evaluated for a first, quick survey. Zones
on the array where localized radiation is detected can be returned to for a more thorough analysis. (In
Phase II, the automated technique performs a neighborhood scan upon detection of significant signal)

‘James Durharn, Battelie Pacific Northwest Laboratories, personal communication (1993)
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Fig. 12:
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Array response to 1010 dpm, 0 5§ mm diameter “'°Po needle alpha source Source was
placed 1 mm above and centered on a TLD element. Exposure time: 15 min.
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Fig 13

Array response to the “'°Po alpha source, placed 7.5 mm above an interstitial array posi-

tion. Exposure time: 210 min.
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2.2.4 Performance in Homogeneous Background Radiation

The fourth task of the Phase | effort was to determine the detectability of localized contamination
in the presence of a uniform background radiation environment Figure 14 shows the measured result
when an array was given a 90 minute exposure to the depleted #38J source after receiving an approxi-
mately uniform dose of 70 mrad from a *°Co source. In this case, the gamma radiation dose was equiii-
brated with 8 5 mm of acrylic (thus the signal is greater than what an uncovered array would yield given
the same exposure) Even though the (signal + background)-to-background ratio is considerably less than
21, the alpha radiation is clearly apparent. It seems unlikely that an object or surface being surveyed for
low-level contamination would be in an environment where this background dose would accumulate during
the array exposure period, but even with this large background, the system's ability to detect localized
contamination remains intact

2.2.5 Packaging Requirements

The fifth task involved packaging for prevention of array contamination The need for packaging
arises from the generation of spurious indications of radioactive contamination due to dirt, dust or other
foreign matter being present on an array TLD, and the generation of light induced TL. Such packaging
may not be necessary if a glow curve discrimination technique is implemented. Bare arrays that were in
intimate contact with contaminated soil could be successfully evaluated if they were rinsed with clean wa-
ter after exposure, and a readout interrupt was performed whenever a signal above a preset threshold
was measured The "glow curve” was then displayed and a decision was made whether to accept or re-
ject the datum based on the character of the glow curve. If the glow curve appeared to be a normal, ra-
diation induced one, it was accepted If not, because it lacked the characteristic glow curve shape, it was
rejected Glow curve discrimination was automated during the Phase |l effort However, light exposure
can be problematic and the packaging test was performed A 0.9mg/cm’ aluminized mylar film (which is
nearly optically opaque) was tested as a packaging material. This material caused about a factor of two
reduction for equivalent exposure to a ““Th alpha source. Thinner materials are available, reducing the
attenuation effect Clearly, packaging does not present a problem for fielding this systern, requiring at
most an increase in exposure time, and aluminized mylar is an inexpensive material for this purpose
Further work in evaiuation of packaging materials was performed in Phase Il (Sec. 3 3)

2.2.6 Economic Feasibility

The sixth task was to study the economic feasibility of eventually fielding the system. with respect
to current contamination survey technology As discussed above, there are applications where this sys-
tem represents a unique capability for material release surveys, and can potentially exceed the state-of-
the-art for general use Use of this system may accelerate material release rates in terms of technician
labor With regard to the possibility of performing release surveys on currently inaccessible surfaces and
the implied reduction in disnosal costs, the potential economic value of this system is self-evident. A com-
prehensive analysis of the economic viability of a product offering is currently being performed by the con-
tractor (see Sec 35 3)

2.2.7 Hardware and Software Modifications

The seventh and final task was to assess potential system modifications that wouid allow for a
more rapid array evaluation rate than the current rate of about 1 hr/ft’ for full array read out. The options
here are hardware or software engineering. While it is conceivable that the reader system can be re-
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engineered to read several array elements in parallel, there would be a large increase In system cost,
leading to fabrication cost increases in the neighborhood of $50,000, while yielding at best a factor of five
in array evaluation time. It was determined that the limited Phase |l funds should be invested in optimizing
the sensitivity and increasing the intelligence of the present system By applying readout aigorithms that
do a rapid scan of the array and then returning to areas where radioactivity was detected for a more inten-
sive measurement, the average readout time can be reduced by approximately a factor of four Attempt-
ing to increase speed by addition of hardware components to the reader does not appear to be warranted
In addition, the eventual price of an augmented system may exceed the combined price of two to three
conventional systems with improved software During Phase |I, an algorithm was developed that allows
for rapid reading of arrays  The technigue requires acceptance by those performing survey work, how-
ever.

2.3 Discussion and Conclusions for Phase |

The measured sensitivity of the system, along with the apparently attainable low background lev-
els, about equal to a one week exposure to alpha decay activity of 15 dpm/100 cm?, indicate that applica-
tion of this system to contamination surveys for alpha and even low-energy beta emitters is feasible. Fur-
ther development (as described in the remainder of this report) is required to optimize the system for this
purpose. The results presented above lead to certain possibilities in the field of decontamination, rem=-
diation, decommissioning and material release surveys

No material or facility from a nuclear installation can be unconditionally released unless its possi-
ble contamination is shown to be below certain limits (US Atomic Energy Commission). Any cbject exhib-
iting activity above release limits is classified as radioactively contaminated Consequently, tr e facility
cannot be reused without special radiation protection procedures or further decontamination, and the ma-
terial must be disposed of as nuciear waste. In addition, an object or surface that can possit'ly be con-
taminated, but cannot be shown to be clean because conditions make a survey impossible, niust similarly
be assumed to be contaminated and treated accordingly The laser-heated TLD array system because of
the flexibility of the arrays, allows for survey of surfaces previously regarded as inaccessible

Generally speaking, survey instruments currently used in scan mode have windows for entry of
radiation of several tens of square centimeters, for instance a 5 cm diameter "pancake” Geiger-Mueller
monitor has a window of 20 cm?. In some sense. the release guideline levels are set by this fact, even
though contamination is often or even typically distributed as a few small particles per thousand square
feet, with activities from 2,000 to 20,000 dpm (Sommers, 1975) Yet, the reliability of these hand held
monitors, used in a sweep mode, sets the practical imit for minimum detectable activity per particle at
5,000 dpm for beta emitters (Sommers, 1975) Although this is a rather old recommendation (1975), it is
clear that detection of small, hot particles may be done more reliably with this TLD array system, since a
particle of 5,000 dpm in near contact with the array would register at the background signal levels dis-
cussed above in about two minutes or less, while particies having lower activity would be detected with
high reliability with exposures significantly less than an hour in duration Similar reasoning applies to al-
pha emitting contamination. Thus, desired release limits may not have to be compromised as a result of
being impractical for standard instrumentation In addition to being more sensitive (because of possible
long term integration in a static, surface contact mode), the tedium and error of standard surveys is elimi-
nated. A new survey methodology may ensue, with higher confidence in the results

The most important aspect of the speed of the array system does not lie in exposure time be-
cause exposure is a passive activity, but in evaluation rate. Passive exposures of hours or days may be
preferable to active scanning if detection of lower activity levels and higher reliability of the measurement
are the result Read out strategies aimed at increasing evaluation rate were further developed Array
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reading times of approximately 15 minutes per square foot (900 cm?) were obtained in Phase || when
0.6 cm resolution was used (see Sec 3.2).

The potential of the Laser-TLD array for spatially resolved monitoring of low-level activities of non-
penetrating radiation has already been recognized by a number of persons confronted with such a meas-
urement problem. We list here examples of several potential applications’

Department of Energy
(1) Nevada Test Site.

Measuring and localizing residual surface contamination and determining depth distribu-
tion of “*Pu in desert surface layers. Sheets can be applied to trench walls or inserted
into slits in the soil surface.

(2) Oak Ridge National Laboratory, Battelle Pacific Northwest Laboratories and Hanford site:
Standard applications in monitoring surface contamination.
(3) Measurement of waste container surfaces in preparation for waste shipment.
Environmental Protection Agency:
(1) Nuclear Acciden. Preparedness and Response

Measurement of surface contamination after airplane crashes involving damaged nuclear
weapons

(2) Emergency Radiation Protection:

After accidents involving sateliites on board rockets carrying Plutonium, standard moni-
toring of surfaces around launch site

(3) Soil remediation after accidents in general.

Government, military and industrial entities will find the TLD array system useful in decommis-
sioning fuel production and handiing facilities and submarines, for instance, and in verifying compliance in
decommissioning privately held and publicly owned power generating reactors Commercial reactor own-
ers and decommissioning contractors will find the system usetui in helping comply with residual contami-
nation standards. Any facility, whether public or privately held, such as universities or other research in-
stitutions, or producers of radiation sources for medicine, research or industry, can potentially benefit from
these developments when faced with a decontamination or decommissioning problem. In addition, the
research may be fruitful in providing environmental monitoring capability for a health physics program in
operating fuel production and processing facilities.

In summary, the Phase | effort has revealed unique capabilities of this system for material and fa-
cility release and site restoration. This system has potential to exceed the standard methodology in sensi-
tivity to residual activity. In Phase |, the capabilities described above were improved in general, with a
vast reduction in required expasure time for detection of contamination at release guideline limits

26




3. PHASE |l DEVELOPMENTS AND IMPROVEMENTS

3.1 Introduction

Using the Phase | resuits as background, a Phase |l project was proposed and funded. The goals
and objectives that were originally proposed involved optimization of the system's ability to detect radiation
through hardware, software and TLD array improvements, increasing system reading speed and enhanc-
ing “intelligence ” developing a suitable protocol for system deployment, and demonstrating the system
performance with all improvements incorporated during a set of field tests in collaboration with contamina-
tion measurement experts The eight tasks (as proposed) specifically listed were

1) Oplimize the raw sensitivity of the instrument to radioactive contamination by re-engineeringthe ther-
moluminescence detecting optical system and electronic signal handling system components. This work
wiil be performed on the Phase | test-bed reader

2) Optimize the detectivity of contamination through intelligent data analysis and reduction of spurious, faise
indications through software engineering similar to image processing, used to enhance data in a wide
variety of applications. Use automation to speed up reading, while providing for high resolution coverage
of contaminated areas discovered with arrays  Develop algorithms to provide calculation of specific
activity levels using the measurementresults.

3) Improve and finalize array fabrication technigue, based on stencil printing, for maximum sensitivity,
uniformity and minimum non-radiation induced background signal  Create array packaging technique
that is inexpensive and effective, with minimal radiation attenuation and maximum protection of array
from light exposure and soiling

4) Intensively test the improvements of Tasks 1-3, and demonstrate unique capabilities of the system
Calibrated sources and “calibrated” contamination zones (field testing) will be used to test and verify
performance at acceptably low levels of contamination

5) Establish a suitable protocol for contamination surveys conducted with this system, based on the above
test results, in collaboration with appropriate experts

6) After analysis of test resuits and expert input, modify the system desig and fabricate a new reader
according to new design specifications, with software enhancements s appropriate

7) Test new system to verify performance, and correct flaws and defici:ncies. Repeat field tests, to
demonstrate field readiness of system.

8) Analyze final results and prepare final report

Not all of these objectives could be met during the course of the project. The most significant im-
pediment to project progress was the appearance of a very large spurious light emission from the arrays
fabricated with silicone binder. Details of the problem are discussed below This emission everitually be-
came overwhelmingly large, with the implication that if it could not be solved, there would be no point in
continuing with any other tasks Therefore, virtually all available resources were dedicated to the solution
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of this problem until a satisfactory resolution could be achieved Since there was no indication before the
beginning of this phase that a problem of this magnitude existed, no allowance for solving it was sched-
uled or budgeted, and the impact on the progress of the other tasks was very large In turn, opportunities
for field testing were missed, and other cooperative efforts were delayed or postpcned until the spurious
emission could be shown to be sufficiently under contre! such the* it would not be the cause of failed ex-
perimentation. Meanwhile, a significant change in the contami~ ©.  measurement research community,
caused by program and budget cuts at many of the Department .- - nergy funded laboratories, eliminated
the possibility of carrying out many of these planned activities due to the reassignment, layoff, or retire-
ment of our collaborators. Further, acquisition of the original contractor by Keithiey Instruments resulted in
the loss of important project personnel due to impending relocation. For this reason, certain desirable
system features could not be implemented before the conclusion of the project Rather than dwelling on
these problems further, we shall report on the level of progress attained and the status of the development
of this system at the conclusion of the project period.

in the following section, the work performed related to the above tasks will be discussed, along
with an assessment of its overall impact on the performance of the system

3.2 Phase |l Technical Improvements and Developments

The Phase |l technical effort can be characterized as primarily focusing on two aspects of the
probiem of measuring low-level radioactive contamination. These are maximizing the measurable signal
induced in the thermoluminescent phosphor by decaying nuclides, and suppressing effects that interfere
with its measurement. Secondary efforts were aimed at increasing the system rate for TLD array evalua-
tion. Thirdly, algorithms were developed for calculation of measured activity levels, and a protocol was
devised, based on minimum array exposure times, for achieving the limits of detection required to meet
the contamination limits specified in Table |. intensive development testing was a component of all of
these efforts, and some limited field testing was performed before all developments were fully incorporated
into the system

The TLD reader described in Section 2 was used as the foundation for implementing all physical
improvements devised here. It remained fundamentally unchanged in its overall description and opera-
tion  The configu-ation of the phosphor arrays are significantly different in Phase Il Instead of TLD ele-
ments being deposited as 1.5 mm diameter spots, the “arrays” now consist of continuous layers of phos-
phor and binder, yielding discrete array elements having 4 mm’ of area rather than 1.77 mm?. Other spe-
cific enhancements are discussed. During the course of the project, these enhancements did not require
fabrication cf an entirely new reader, nor did funding allow it in view of the resources expended on solution
of the material problem with the TLD arrays.

The essential concern during this project was technology development, and only a small amount
of effort was expended on the economics of its implementation. However, these concerns cannct be
overlooked Discussions with experts concerned with measurement of surface contamination generally
resulted in @ measurement cost per unit surface area Ultimately, the value of an object as a reieasable
item needs to be in excess of the cost required to ascertain its level of contamination The disposal cost
needs to be factored into this equation as well
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3.2.1 Sensitivity Enhancements

Three opto-electronicenhancements to the test reader were developed for the purpose of improving
detection of the thermoluminescence signal The first involved replacement of the photomultipher tube and
its high voltage power supply with a packaged device available from Hamamatsu, Inc The second involved
the addition of photon counting capability to the reader electronics and software. Third, the fiber optic signal
pickup module was improved for sensitivity and ability to read full-size arrays

The packaged light detection module is a Hamamatsu inodel HC120-01 It contains a photomultiplier
tube (PMT). a high voltage supply, and a signal preamplifier. Using this package resulted in improved noise
characteristics of the light signal. A circuit modification was made in the reader electronics to narrow the
single photon pulses such that rates to 125,000 pulses per second are counted and remain linear with light
intensity An adjustable lower level discriminatoris part of the photon counting circuit. In the reader, the sig-
nal acquisition system has two pa:allel channels one involving measurementof the PMT DC voltage signal,
for high signal levels, and the other a pulse counting circuit for low level signal Both channels are monitored
simuitaneously, and the information is used in measurementof the TL signal

In Phase |, we devised and tested an improvementto the light collecting optical fiber bundle that col-
lects the thermoluminescence emitted by the phosphor and transmits it to the PMT photocathode This bun-
dle consisted of aight 600 micron diameter optical fibers surrounding the emitting array element. Although
this provided an increase in light collection by about a factor of 12 over the standard cunfiguration (the origi-
nal configuration at the beginning of Phase |), the stiffness of the fibers in the bundie and the routing of the
bundle in the reader restricted the area of an array that could be evaluated. The obvious solution is to use
smaller diameter fibers, but this will reduce the amount of light collected per fiber by the ratio equal to the
square of their relative diameters (the amount of light entering a fiber is proportionalto its cross sectional
area) Further, the number of fibers that can be included in such a design is not arbitrary due to fabrication
considerations We found that twelve 400 micron core diameter fibers can be used, with an overall reduction
of collection by about 45% in comparison with the eight larger fibers. This represents a theoretical increase
of about a factor of 7 over the standard bundle, however, and the 400 micron fibers are approximately three
times more flexible than the 600 micron diameter fibers. This approach was implemented Measured light
collection improvement over the standard configuration exceeded a factor of six. Further, full size, 30 cm
square TLD arrays are readable with this new bundie

Along with photon counting, other signal processing techniques were developed and applied to the
thermoluminescencesignal. The principal objective was to further compensate for the noise induced in the
signal channels by the CO, laser power supply Spikes appear in the unprocessed PMT signal due to
switching of high power to the laser, and some digital noise aiso leaks into the signal channel We applied an
auto-correlation algorithm to the PMT DC voltage signai channel in order to reduce the influence of these
spikes on low level signais. This technique does not significantly alter the low frequency characteristics of the
TL glow curve Certain other required corrections were also developed involving signal offset correction One
hardware modification associated with the reader’s array transport mechanism was implemented for the pur-
pose of increasing reader processing speed The efficacy of these improvements will be discussed below In
conjunction with other improvements yet to be described

3.2.2 Specific Software Developments

The object of the second task listed above was development of software for the overall purpose of
improving reader performance in detecting radioactive contamination. The areas covered include reader
apeed increase through course/fine array scanning. automated rejection of spurious glow curve signals, array
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data analysis for enhancing detection of localized radiation, algorithms for computation of detected activity
levels, and background subtraction techniques for the purpose of extracting the radiation signal from the in
strument background (in Phase |, two readings of an array were required to derive the net radiation signal)
The last of these was greatly aided by all other improvements leading to reduction in insirument background

The software component of the system consists of two parts. The actual reader contro! and data ac-
quisition software is run internally on @ microprocessorusing the FORTH computer language While advan-
tageous for hardware control applications (even more so at the inception of the Phase | project and earher
when the system was initially developed), it is nearly unusable for development of suitable data analysis and
visualizationroutines. These tasks are handled on a PC using MATLAB, a scieniific analysis software pack
age (The Mathworks, Inc., Natick, MA), purchased under Phase |l spor.sorship. A minor part of the software
runs under a third graphics program, GraphiC, (Scientific Endeavors Corp , Kingston, TN) Ths latter pro-
gram is a holdover from earlier developments, now used only to display glow curves during the array reading
process. MATLAB contains numerous preprogrammed routines for handling large data arrays, a feature we
exploited to great advantage with the large, 10,201 TLD element arrays

Due to the turn of events during this project, not all of the envisioned software developments could
be fully implemented. We focused on those deemed most important for ba ,ic system performance that could
be implemented before the departure of key personnel Those that were viewed as requiring less specific
laser TLD or FORTH expertise by the programmer were deferred, to be implemented as time permitted or
until further deveiopment occurred in follow-on work. All of the deferred programming can be accomplished
in MATLAB, an easier task than programming in the FORTH language

3.2.2.1 Automated Giow Curve Analysis

The TLD arrays may become contaminated by particuiate mattar during fabrication or as a result of
use This particulate may emit iight, most usually incandescence, if heated by the laser beam Occasionally
during reading, signals contain features that are not characteristicof TL glow curves, and these may have an
adverse effect on the measurement of very low-level contamination. During Phase !, a read interrupt routine
was invoked whenever a selectable level of glow curve signal was exceeded, and the operator could accept
or reject the datum based on expert opinion.  If rejected, the signal value was replaced iri the array with the
average of its four nearest neighbors. This mode requires constant operator attenticn to minimize expansion
of array evaluationtime The goal of this subtask was to automate this process. A technique was developed
by which the reader displays and analyzes any glow curve having a signal level above an operator set
threshold, which can be arbitranily low. Using three criteria based on characteristic glow curve behavior, the
reader automatically accepts or rejects the datum for that array element. In the current state of development
all analyzed glow curves are stored for review during or at the end of an array reading, and the operator can
override the reader s decision of acceptance/rejection. This review is a fairly quick process. The threshold
for glow curve analysis may be changed during the course of an array readout. The decision criteria are
based on time dependent characteristics of the glow curve, which are themselves characteristic of the TL
phosphor in use and the heating program. Changes in the heating program or phosphor or array character
Istics necessitate adjustment of the decision criteria

After fine tuning the technique, we have found that the decis.on criteria are very accurate in matching
an expert juagment on the acceptability of a glow curve The criteria were developed on the assumption that
low-level radiation induced glow curves are to be analyzed Part of ihe developmentwas in the observation
of thousands of glow curves that were certainly due to small radiation doses. even though they may lack the
look of textbook example TL glow curves. Figure 15 shows an example of a computer screen displaying
glow curves analyzed during an array reading In this example, several of the glow curves were rejected by
the aigorithm, as denoted by one or more F's (failures) in the panels Compare the failed curves with those in
the third row, which are archetypal for the heating program used
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The utility of this fur ction is large. It primarily serves as a reassurance that any readings of signifi-
cant level are indicative of t'»e py 2sence of radioactive material, and not of a spurious nature. One problem
encountered during the cou se of the project cannot be dealt with using this technique, however. That is the
effect of the discharge of s atic electricity into the TLD layer, since this phenomenon does induce a glow
curve characteristicof nu/.iear radiation. This is to be expected, since high energy ions or electrons are
stopping in the phosp’iur, just as the case with incident alpha or beta particles See 3 2 3 3 for additional
electrostatic discharge issues related to array packaging.

3.2.2.2 Array Coarse/Fine Scanning

In order to speed up the surface measurement process using this system, an aigorithm was devel-
oped to survey an array at 6 mm reading resolution, and then to search around the neighborhood of any
measured array elements that indicate a significantsignal level. The array elements consist of a read area of
2 mm x 2 rmm of phosphor, centeredon a 3 mm x 3 mm grid. The concept is to provide a sample of the sur-
face measurement, and then to foliow up on any suspicious looking samples. Sampling at greater intervals,
e g . 12 mm grid spacing, does not seem prudent in the case of surveying for short range radiation. The po-
tential benefit to be gained is the rapid evaluation of arrays exposed to “clean” surfaces, as perhaps may be
applicable in decontamination verification surveys

Along with other miner hardware modifications associated with this task, the processing time re-
quired to sample a 30 cm x 30 cm area of clean surface is 18 minutes, in contrast with 60 minutes required to
read every array element on the 3 mm square grid. In the case where significant contamination is found
distributed over the array during the coarse survey, any time saving is reduced as the neighborhood search
function will be invoked so frequently that it may be more efficient to reaa the array at full resolution. The di-
viding line on this time efficiency vs. contamination level is undetermined

Three approaches were investigated, which we have termed Reiterative 3, Reiterative 5 and Non-
reiterative 5 neighborhood scanning. The neighborhood scans are triggered whenever one of the pixels in
the coarse grid has a signal in excess of an operator set threshold The Reiterative 3 routine will search
the 3x3 subset around each dosimeter read which exceeds the threshold This 3x3 subset will be read at
3 mm resolution For each of the dosimeters read within the 3x3 subset which also exceeds the threshold,
an additional 3x3 subset will be read for each of these centered on the dosimeter which exceeded the
threshold Reiterative 5 works in a similar fashion except that the subset read for 2ach dc simeter which
exceeds the user set threshold 18 now 5x5. The Non-reiterative 5 routine differs fror. the previous two
routines. The Non-reiterative 5 routine will only perform the initial search of the 5x5 suuset centered on
the dosimeter which exceeds the threshold. Each of the dosimeters within the 5x5 subset will not be
compared to the threshold Their readings are simply stored, and the coarse scan is resumed, until a new
dosimeter exceeds threshold. Note that no TLD element is ever read twice, if an eiement has already
been or is to be read during the coarse scan, this fact 1s accounted for in the decision whether to read an
element during a neighborhood scan

The Reiterative 5 routine appeared to show problems if a sheet contains a significant amount of
radiation exposure.  The routine, in this case will read in a wandering or chaotic manner without improved
coverage The Reiterative 3 and the Non-reiterative 5 routines showed a significant improvement in read-
out time without sacrificing or missing areas of interest  During development testing, the Non-reiterative 5
routine provided slightly better neighborhood coverage and speed, and is immune to wandering. This was
adopted for further testing. discussed below, where we present results of this algorithm's capability of de-
tecting vancusly distributed radiation fieids

32



The usefuiness of this capability has not been determined as its acceptance is subject to analysis by
persons concerned with development of survey methodology. Nevertheless, this capability was developed
and tested. and exists for use at the option of any customer who may adopt this syster into their survey
measuremant program

3.2.2.3 Statistical Analysis of Results

Preprogrammed MATLAB algorithms for calculation and display of statistica' analyses of array read-
ing results were customized for this application. The entire array or contiguous, rectangular regions can be
analyzed This greatly enhanced the ability to analyze results and perform background subtractions from
reading results. Although not fully automated (i.e , a determination of background and its subtraction is not
automated), the operator may utilize the built-in functions to easily perform arithmetical operations on the en-
tire array. This represents much progress, and eliminates the need to perform second array readings for
subtraction of instrument background.

3.2.2.4 Convolution of Readings For Calculating Contamination Surface Density

Early in the project, generally well-known image processing technigues (Russ, 1995) were invest-
gated for the purpose of enhancing the detection of smail scale contaminationzones During project prog-
ress, it became apparent that the primary concern was measuring contamination in terms of activity detected
within an enclosed area. The measured values are used to determine whether a surface is acceptably clean
or must be further processed or held in a controlled area. Generally, the desired results are expressed as
those in Table | above, i € . contaminationin units of dpm/100cm® A technique was developed to obtain
this information by using the available convolution aigorithms in MATLAB. In the current application, a spe-
cific type of convolution kernel is used to transform the reader output matrix into a form that represents the
total number of nuclear disintegrations within a fixed-size window. This approximates the result that would
be obtained by scanning an active detector, of the same window size, arbitrarily siowly over the same area
covered by the TLD sheet

For purposes of this discussion, a convolution consists of summing the product of data array ele-
ments with the corresponding elements of a kernel over all possible kernel positions. The resuit is a new
array which represents 2 transformation of the original array In the present case, using two-dimensional
data derived from sheet readings, which we can denote as the position dependent thermoluminescent
signal, S(x.y), stored in an array format, the convolution of this array with a kernel K(x.y.X,Y) yields a new
function S'(XY) according to the following

S'(X.Y) = ZZS(x,y)K(x,y. X.Y),
where the sums occur for all values of x and y within the kernel, and are performed for all positions X.Y.

In essence, the kernel is overlaid on S at all possible positions of X and Y. The kernel typically represents
a weighted average
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Consider the example of a ~ernel consisting of a matrix with elements equal to the number 1,
which spans a square shaped area of 100 cm? on the original data set The original data is a 101 x 101
element array spanning a 30 cm x 30 cm area. The kernel is a 33 x 33 matrix of 1's covering 10 cm x 10
cm,

-
-
-
-

k5 K AR

The output array value at any point in the XY plane represents the sum total of the thermolumi-
nescence signz' for all array elements contained within the 100 cm” square centered on that point in the
original data set  The outpui arrz reprer ents the measure of the total signal within all possible 100 cm?
Square areas whose center could ve « 7itained within the boundaries of the TLD array. When properly
calibrated, such analysis would reveal whether any square of area 100 cm’ contained activity above a
threshold, e g, 500 dpm. The shape of the area is fixed in any one analysis Kernels can be made in any
shape or size, however. The result represents literally hundreds of overlapping samples of the readings
on an array  Note that kernels must have odd dimension so that there is an element or spot at the kernel
center. The coordinate of this element gives the position of the operation output value on the original
space of the TLD sheet array.

The convoluted output of an array reading can be thought of as scanning a detector, having an
active area or window in the size and shape of the kernel, arbitrarily slowly over the surface area covered
by the TLD array However, in this case, the detector window is actually in static contact with a fixed area
for the entire period the array is in contact with the surface. The graphical output represents an approxi-
mation of what wouid be obtained from a scanning survey performed with a fixed window area active in-
strument, as patches of contamination are approached, covered and recede from the detector window
But, the benefit of a long count time, static survey are also obtained. The convolution kernel can be speci-
fied to be any size or shape that is convenient.

It is conceivable that with fixed area active survey monitors that nonoveriapping adjacent samples
of a contamination zone could pass the criteria of being under XX dpm/100cm’. But, if the detector were
positioned differently, it would have found a zone with activity greater than XX dpm_ This scenario is
avoided with the array convolution method A suitable size and shape will need to be determined, how-
ever. Given that analyzing arbitrarily small areas is feasible with the TLD array technology, the unit of
area size for a contamination specification could be readjusted accordingly, say perhaps to 50 dpm/10 em?
instead of 500 dpm/100 cm?, for example

A problem with handling the edges of TLD array data arises when part of the convolution kernel
falls outside the array boundaries Th:s is really only a matter of visual interpretation  The valid region of
a convolution output consists of that collection of array points for which the kernel is overlapping valid in-
put data. An output option that returns only the vaiid array is available, but this is visuaily confusing be-
cause a 30 cm x 30 cm array returns a smaller array, diminished in size by the dimensions of the kernel
(half the kernel width as it scans each edge) For this reason, a same-sized array may be output wherein
the missing data beyond the TLD array edges is padded with zeroes. This has the effect of placing the



convolution output on the same size axes as the input data The user must recognize that the entire out-
put is not valid, however

Examples of array processing with various convolution kernels are shown in Section 3.3
3.2.2.5 Computation of Surface Contamination

Once an array has been read, processing with appropriate convolution kernels can yield output cali-
bratabie to specific nuclides. Once an appropriate calibration is obtained, it may be applied to the processed
output to obtain surface activity levels, and this in turn may be statistically analyzed to yield maximum, mean,
and various other statistics in the desired urits, e g, dpm/100 cm?. The mean value would represent the av-
erage surface contamination measure for all possible positions of the kernel window, as does the maximum
Note that for a given kernel, these results apply only to the size and shape of that kernel

3.2.3 TLD Array Development

As conceived in the Phase Il work pian, development effort on fabrication of the TLD arrays was not
expected to be a major undertaking Primarily, we plannedon a small amount of experimentationon the for-
mulation of the silicone binder material used to bond phosphor grains to the substrates. Additionally, we
were to develop stencil printing methodology, and Mylar array packaging. The overall goal of this task was to
develop highly uniform, stenciled arrays with low background signal (by reducing the nonradiation induced
thermoluminescence(NRI-TL) contributed by the silicone).

3.2.3.1 Array Fabrication Binder Material

It had been known that the silicone binder contributed at least a weak NRI-TL since this material has
beer used in this application for marny years The effect was weak but inconsistentin the Phase | work of
this project. For all practical purposes, this effect came to dominate both the light emission from the arrays
and the project as a whole. The observed signal could grow to be as large as a signal induced by a 20 rad
dose of gamma radiation, clearly swamping the signals induced by low-level surface contamination After
several months of investigation. it came to be realized that the effect, which came and went, was correlated
with the work-site air conditioning system cycling on and off. This was verified to an absolute degree be-
cause we could control it. we could read silicone-based TLD arrays without observing the effect by simply
turning off the ventilation system manually, and cause it to appear by turning iton. The air supply was sus-
pected of being contaminated, and was tested by analysis in a gas chromatograph Exposing arrays to con-
centrated samples of the identified substances did not induce the effect. However, turning off the air condi-
tioning system for extended periods was not a viable option for solving the problem. The probiem was not
traceable to a change in the silicone formulation by the manufacturer, as old arrays that hadn't exhibited the
NRI-TL to an overwhelming degree now did s0

No satisfactory explanation as to the mechanism behind this observation was ever obtained. Itis the
opinion of the principal investigator that the only new contributing factor that could be responsibie for this
sudden onset of overwhelming NRI-TL is the fact that the reader enclosure was changed. When the Phase |
work occurred, the reader had a hand made prototype enclosure, which was changed during Phaselltoa
cabinet that was designed to be made in quantity. In the earlier enclosure, the chamber in the reader con-
taining the array was sealed, such that the array sat in dead air during the reading process In the new de-
sign, air was allowed to flow in the reading chamber. The cabinet materials were not the agent, as the effect
could be zontrolled by the ventilation on/off switch. As this air flow in the reader array chamber occurred
whether the ventilation system was activated or not, sornething appeared to be transported into the room Iin
the ventilationair  The outdoor air was tested to see whether the agent was introduced in the A/C system
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Whatever the ultimate cause, it existed in the outdoor arr, but dissipated rapidly when brought in through the
A/C. While it appeared to be somewhat localized to the work-site environs (exposing arrays i> outdoor air at
other locations did not always cause the signal to appear), it is not specific to that location. It nov seems that
this phenomenon was responsible for the low ievel NRI-TL that was to be solved as proposed, except that
arrays were only briefly exposed to room air during normal use, and during the exposure periods, the A/C
may have been off or on. Hence, the observation of its inconsistent presence. The problem with the new
cabinet was that the signal would grow during the readout process (requiring about 60 minutes for full sized
arrays), and not sufficiently reproducibly to be accounted for with some subtraction technique. Attemptsto
seal the reading chamber were effective, but not entirely successful. A reduction by two orders of magnitude
was obtained, but this was insufficient The problem definitely resided in the silicone binder, and a substitute
binder had to be found

Only a few materials exist that might be suitable for this application All that became known to us
were tried, and most of them were some sort of differently formulated silicone, which would exhibit the same
effect. Finally, we obtained a printable polyimide binder from Epoxy Technology, Inc. (Billerica, MA) that was
usable and appears to be totally immune to the agent producing the problem in the silicone

This being the case, much work adapting this new material to our production process needed to be
done Although the polyimide binder “solved” the problem, we nevertheless found that this material has cer-
tain characteristicsthat make it less than ideal. Primarily, printed phosphor layers turn out with a yellow-
brown color (the phosphor is white) that we feared would attenuate the TL emission, and it tends to darken
with repeated use as the arrays are oven annealed at 235°C between uses. This leads to slight reduction in
sensitivity with each use (about 2% per reading), but this could not be stabilized, even with annealing in an
oxygen free atmosphere The arrays were spectroscopically tested for relative attenuation of the important
enussion bands of the CaSO, Tm phosphor. An approximate loss of 20% in absolute sensitivity was ob-
served in relation to the same phosphor in silicone binder, but this loss «7as more than compensated by the
elimination of the NRI-TL. The relative magnitude of the silicone problem can be approximated as equivaient
to the signal induced in the phosphor by a 20 rad dose from gamma radiation. With the polyimide, the aver-
age background equivalent signal is on the order of a millirad of gamma dose The comparison is shown in
Figs. 16 and 17 in Fig 16, a silicone based-array is shown as read after a 50 minute exposure to the air in
the laboratory InFig 17, an equivalently exposed, polyimide-basedarray is shown

With this level of improvement, work on the other project tasks could proceed. This success also
satisfied the need to eliminate array related background signal Further work on eliminating or coping with
the sensitivity degradation is required for commercializationof this system

3.2.3.2 Array Fabricntion Configuration

Development of array fabrication using stencils rather than screens was eventually dropped from the
project, largely because of the expense involved in the fabrication of stencils for large 30 cm arrays and the
incompatibility of our large array printer with stencils

Rather, the large 30 cm x 30 ecm ‘arrays" were fabricated as single, continuous phosphor/binder
layers. The motivation for this is two-fold historical difficulties in producing the large-area discrete arrays
consistently meeting critical alignment criteria in the reader, and an enhancement of sensitivity through
heating of greater phosphor area. The continuous sheets are still read as if they consisted of discrete TLD
spots, but more than twice as much (a factor of 2.3 more) phosphor area is heated by the 2 mm square
laser beam than in the 1 5 mm diameter discrete spots, increasing sensitivity in about the same propor-
tion. This type of sheet also more thoroughly surveys the measured surface without increasing the evalua-
tion time. Further, continuous layer sheets are simpler to fabricate in terms of production set-up effort
(perhaps one full person-day can be saved per production run because printer alignment is much less

36



LZ 8l 6 ﬁ

8s0(]

37

Readout of unirradiated silicone array after a 50 minute exposure to laboratory air

Figure 16






critical), reducing eventual cost of these sheets Higher sensitivity also implies a proportional reduction in
exposure time for achieving a defined survey protocol The actual surface area of the TLD sheets or ar-
rays evaluated amounts to 408 o out of the total 912 cm* area covered by phosphor on the substrate
The 4 mm* heated pixels are separated by a strip of 1 mm width This factor was not considered explicitly
in the following work, but it is unlikely that a speck of significantly active surface contamination will be
completely undetected with this configuration. Henceforth, these TLD detectors rmay be referred to as
arrays or sheets, and the surface unit of heated phosphor may be referred to as array element or pixel

Part of this task was to develop the fabrication process such that arrays would be produced with
uniform response from pixel to pixel, in order to eliminate the need for array calibration, essentially a pixel
response normalization. This could not be achieved with the existing printing equipment, and procurement
of adequate equip..nent was beyond the funding scope of this project. Therefore, arrays used in testing
have both systematic and random variation in pixel response to radiation dose This can be dealt with by
array calibration, in a fairly simple manner, but nevertheless, this was a task that was deferred while the
fundamental work on sensitivity and background suppression, signal processing, etc , was being per-
formed. The lack of array calibration has a iesser impact in determination of measurement capability for
the case of low background radiation. However. its absence does broaden the statistical distributions
used to make that determination. A greater impact is felt in the case of larger background radiation fields,
as the random and systematic variations in array response cannot be normalized, causing difficulty in ap-
plying a background subtraction technique This work will proceed as further development occurs during
the efforts to commercialize this system Some testing of the measurement of isolated alpha sources in a
near uniform gamma radiation field was performed. and suggestions for improving the capability are
made.

3.2.3.3 Array Packaging

Array packaging was listed as a work plan task primarily for the purpose of protecting the surface
of the array from particulate contamination during exposure to dirty surfaces, or, in fact, to soil. The obvi-
ous choice is to cover the array surface with an appropriate metallized Mylar that will allow maintaining
sensitivity to alpha radiation Measurements along these lines were made, primarily assessing the at-
tenuation of alpha radiation of the various materials tred Generally, the glow curve analysis technigues
developed somewhat reduced the level of concern over contaminating the sheets, but it is nevertheless
prudent for a number of reasons Firstly, if each sheet is to be used numerous times, a protective, radia-
tion transparent, disposable covering needs to be used in order to prevent contamination of the array by
radioactive matter Secondly, we found that electrostatic discharge into the sheet was of concern because
this will give false indications of the presence of radioactive material An electro-static discharge can in-
duce a thermoluminescent glow curve in phosphor that is entirely equivalent to that induced by alpha, beta
or gamma radiation. For this reason, a metaliized or conductive package is required in order to dissipate
any electrostatic charge near the sheet Finally, because of light sensitivity of TL phosphor (either a light
induced signal or light induced fading of signal may occur), the arrays are stored in black plastic enve-

lopes

A Mylar film, metallized on both sides, is appropriate for achieving the surface contamination and
electrostatic protection goals here. The use of Mylar windows in radiation measurement instrumentation is
well known. and need not be discussed in detail In this project, Mylar films were tested, but an absolute
final Mylar package for the sheets was not developed, as this was deferred while solving other problems
For the moment, the arrays are stored in a large electrostatic protection bag of the type used for protecting
electronic circuit boards.
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3.3 Developmental Testing

During the course of this project testing of incrementai technical improvements and new Capabilities
was intensively performed. Specific results showing performance of the finalized improvements are pre-
sented in this section. Aiso. we will present here some results of preliminary field tests that were performed
during the developmental process, before the system as a whole had all improvements and gevelopments
incorporated. Final testing and results are described in a later section

In order to perform the field tests onginally proposed, International Sensor Technology had entered
into a number of formal and informal agreements with other groups. A Cooperative Research and Develop-
ment Agreement (CRADA) was negotiated with Oak Ridge National L aboratory for the purpose of studying
applications to specific problems at that site. Informal agreements were entered into with groups at Battelle
Pacific Northwest Laboratories and EG&G Energy Measurements, Santa Barbara. CA. The work with EG&G
concerned soil contamination measurements at the Nevada Test Site  Due to the delays caused by the array
materials problems, these tests could not be performed with the fully improved system before these agree-
ments were significantlyimpacted by DOE program cuts. All three of these agreements were affected by
reassignment, retirernent or termination of group members. No significantwork was performed within the
CRADA. One significanttest on iImproved arrays was performed with the EG&G group. A graduate student
wrote a Master of Science thesis using the resuits from a test performed at Battelle with the silicone based
arrays (Oldfieid) Some of the preliminary field test work was performed with silicone arrays when it was re-
alized that the NRI-TL could be controlied by manually operating the ventilation system

Most on-site exposures for development testing were performed with an alpha radiation source con
sisting of a quantity of “*U deposited on an 8 mm diameter disk This source had a calibrated activity of 466
disintegrations per minute (dpm). Additional sources on site were an uncalibrated ““'Am zlpha source and a
20 mm diameter, 9 72 microcurie ®Te beta source. The principal focus was on alpha detection

3.3.1 Improvement In Measurement Sensitivity and Background Suppression

Figure 18 is shown to give a qualitative impression of the overall improvements in ight measurement
sensitivity and suppression of NRI-TL. The sheet here was of a continuous, polyimide/phosphor layer
Comparison of this figure with Fig 7. obtained during Phase | on a silicone/phosphor discrete spot array
shows a vast improvement in sensitivity. In Fig. 7, the minimum exposure intervalto the Uranium test source
18 5 minutes. In Fig. 18, the one, two, and three minute exposures are easily discernible Further in Fig 7. a
second reading of the array was performed and subtracted from the first, whereas in the present figure, no
manipuiation of the background has been performed These results are not directly comparable in terms of
signal levels because of the cha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>