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‘ABSTRACT

The U.S. Nuclear Regulatory Commission (NRC) is developing a basis to support decisions on whether
to undertake a rulemaking that would set specific requirements on controlling licensees’ releases of solid
materials. Specifically, the solid materials being evaluated include metals, building concrete, onsite
soils, equipment, furniture, etc., which are present at, and/or used in, licensed nuclear facilities during
routine operations. Historically, licensees have released solid materials on a case-by-case basis, without
a consistent approach to designing and conducting clearance surveys. This draft report provides
information about measuring residual radioactivity in materials that are to be cleared from nuclear
facilities, including guidance about designing, performing, and documenting radiological surveys of solid
materials to address the need for consistency in the surveys.
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EXECUTIVE SUMMARY
The U.S. Nuclear Regulatory Commission (NRC) is developing a basis to support decisions on whether
to undertake a rulemaking that would set specific requirements on controlling licensees’ releases of solid
materials. Specifically, the solid materials being evaluated include metals, building concrete, onsite
soils, equipment, furniture, etc., which are present at, and/or used in, licensed nuclear facilities during
routine operations. 'Historically, licensees have released solid materials on a case-by-case basis, without
a consistent approach to designing and conducting clearance surveys. This document provides guidance
on designing, performing, and documenting surveys of solid materials to.address the need for consistency
in the surveys. For convenience, Section 2 provides a roadmap, or flow diagram, of the survey process
described in this report. . . ‘ L

\'Hl-l’s tt . * " el R Y 3 o - ’ ! 3
The Data Quality Objectives (DQO) Process (discussed in Section 3) is the foundation for designing and
implementing surveys of solid materials. However, before beginning to plan for the survey, the licensee
must decide whether to dispose of the solid material as radioactive waste or perform surveys to determine
whether the material can be released. That is, it may be more cost-effective to simply dispose of the
material as radioactive waste, rather than performing clearance surveys. In general, solid materials that
have a limited potential to be contaminated would likely be surveyed for clearance, while those materials
that are known (or likely) to have contamination in excess of the release criteria, which would therefore
require cleaning and reevaluation prior to release, would probably be disposed of as radioactive waste.

After determining that clearance is the preferred option, the licensee would use the DQO Process to
determine the most advantageous survey protocol based on the solid material being released

(Section 4.2), the available survey instrumentation, the need for laboratory analyses, and the applicable
release criteria. Effective survey design should consider the available process knowledge of the solid
materials and the need for additional characterization of the material (Section 4.3). Characteristics that
impact the release of solid materials include their physical description, potential for contamination
(Section 4.4), nature of the contamination, and degree of inaccessible areas (Section 4.7).

It should be noted that this report does not provide release criteria, but does presume that criteria have
been obtained prior to survey design (Section 4.1). Specifically, this report assumes that derived
concentration guideline levels for clearance (DCGL,) are available for use, and focuses on how those
release criteria can be applied when multiple radionuclides may be present (Section 4.5).

This report describes a number of different survey approaches, including conventional scanning,
automated scanning using a conveyorized survey monitor, and in toto techniques, such as in situ gamma
spectrometry and tool monitors. In addition, because detection limits for survey instrumentation are an
important criterion for selecting a particular approach, this report addresses the measurement of
contamination (Section 4.6) for each survey approach considered. This report also stresses the use of
situation-specific measurement sensitivity of scanning to release solid materials whenever the minimum
detectable concentration (MDC) of the scan is less than the DCGL,. Statistical survey designs, such as
those discussed in NUREG-1575, “Multi-Agency Radiation Survey and Site Investigation Manual”
(MARSSIM), Rev. 1, are recommended in cases where the scan MDC is greater than the DCGL,.
[Note: Appendix A provides a primer on the basic radiation properties, which are relevant to the
measurement of radioactivity in and on solid materials. It also addresses some of the fundamental
principles of radiation detection and measurements.]
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Survey approaches (discussed in Section 5) were determined using the DQO Process, giving due
consideration to two major requirements. Specifically, (1) the survey result must be able to demonstrate
that clearance criteria have been met within predetermined confidence’ levels, and (2) the survey unit size

must be sufficiently evaluated to develop a technically defensible approach for area or volume averaging.

¢ i.'v’

The general release survey approaches identified in Section 5 include (1) surveys using conventional
instruments that incorporate both scanning and statistical designs for détermining sample sizes;

(2) automated scanning surveys (conveyorized survey monitors); (3) in toto surveys performed using
gamma spectrometers, bag monitors, tool monitors, and portal monitors; and (4) analytical methods and
laboratory analyses on representative samples based on statistical sampling designs. Section 6 provides:
guidance on reducing survey data, demonstrating compliance with clearance release criteria, and
documenting results. Appendix B provides additional information on advancements in general radiation
detectors and survey instruments that utilize new detection materials and ‘software.
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This report provides technical information on conducting radidtion surveys of solid materials at nuclear
facilities. S,

NRC Examination of its Approach for Controlling the Release of Solid Matéﬁél A

On Jurie 30, 1999; the NRC published, for public comment, an issues paper indicating that the agency
was examining its approach for control of solid material. The issues paper presented alternative courses*
of actiori for controlling the relesse of solid materials that have very low amicunts of, or no, radioactivity.
AR o ot ] . R R - i i e - A )
In August 2000, the Commission decidéd to defer its final decision on whether to proceed with
rulemaking on controlling the release of solid materials while it requested a study by the National
Academies on possible alternatives for controlling the release of slightly contaminated materials. While
the National Academies’ study was ongoing, the Commission directed its staff to continue developing -
the technical information base that the Commission needed to support & policy decision‘in this aréa.
o s- D fedg Ty - or I ol

r PR
IR v e os HE 2 P VA

.
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As part of thisLdeci_sianhqking, it is useful to have information on methods that could be used to perform
radiation surveys to control the release of solid material.” The h:ltemaitivé's'jdesc‘ribéd in the June 1999
issues paper were to (1) continue current practicé (without a rulémaking)'and (2) issue a proposed rule " -
to establish 4 standard. If the Commission were to develdp a rule, rulemaking alternatives in the issues
paper were to (1) permit release of material for unrestricted use if it meets certain dose levels,” > '
(2)'prohibit release of matetial that had been in'an area in'a licensed facility where radioactive material
was used or stored, and (3) restrict release to only cértain authorized uses. For any of the alternatives,

a radiological survey is necessary in order fo ensure that the criteria are implemented appropriately.
The extent of the survey needéd depends on'the alternative chosén by the Commission to ensure
protection of public health and safety.

This report evaluates methods available at the time of its creation for conducting radiological surveys
of material at NRC-licensed facilities for the various alternatives.

- .

Further Development of Use of the Data Quality Objectives Process

s T

During the 1990s, the NRC and the industry made a ¢oncerted effort to improve the planning, conduct,
evaluation, and documentation of final radiological surveys of building surfaces and surface soil

to demonstrate compliance with established standards. This effort included preparing NUREGs-1505
and 1507 and culminated in 1997 with the issuance of NUREG-1575, “Multi-Agency Radiation Survey
and Site Investigation Manual” (MARSSIM), as a result of a joint effort by the NRC, U.S. Environmental
Protection Agency (EPA), U.S. Department of Defense (DOD), and U.S. Department of Energy (DOE)
to develop a consistent approach for planning, performing, and assessing the ability of surveys to meet
standards, while encouraging effective use of resources. The MARSSIM provides guidance

on developing appropriate survey designs using the Data Quality Objectives (DQO) Process to ensure
that survey results are of sufficient quality and quantity to support a final decision. The MARSSIM
and NUREG reports replaced the previous approach for such surveys contained in NUREG/CR-5849.
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This report provides technical information with regard to extending the DQO Process to issues
concerning controlling the release of solid materials, and specifically to the design and implementation
of surveys for these materials. This information is important to ensure protection of public health

and safety. In particular, this information is important to ensure that materials being released meet

the established standard.

Scope and Approach of this Report o

This report provides technical information on survey approaches for a range of possible alternatives,

for controlling the release of solid r'naieria!. It provides information on surveys associated with options
where material would not be released, as well as surveys for a range of nuclide concentrations for options
where material would be released. In so doing, it discusses the need for increased survey complexity

as allowable material levels decrease to allow for the ability to distinguish actual residual radioactivity
levels in solids against background.

The alternative of not permitting material to be released if it is located in an area where radioactive
materials are used or stored, referred to in the issues paper as “prohibition,” would rely principally

on process knowledge of where the material originated because it would use that information as a basis
for determining disposition of the material. Information on process knowledge is presented

in Section 4.3 of this report. This alternative would not be as dependent upon detailed methods

for radiological surveys and, thus, much of the information in later sections of this report would not apply
to this alternative. The a]iemqtives of continuing current practice or permitting release using dose-based
criteria rely upon process knowledge of where the solid materials originated in the facility, as well as
comprehensive radiological surveys to demonstrate that the level of radioactivity on the material would
meet the required criteria. Information on various survey methodologies is presented in Section 5.

The alternative of restricted use may use process knowledge to determine those materials that would be
limited to authorized uses, but may be similar to unrestricted use in the need for comprehensive surveys.

Tt -~

Farouk Eltawila, Director
Division of Systems Analysis and Regulatory Effectiveness
Office of Nuclear Regulatory Research
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1 INTRODUCTION !
1.1 Background o

The U.S. Nuclear Regulatory Commission (NRC) is developing a basis to support decisions on whether
to undertake a rulemaking that would set specific requirements on controlling licensees’ releases of solid
materials, which are potentially available for release of NRC-licensed sites during operations as wéll as
during decommissioning. Spec1ﬁcally, the solid materials being evaluated include metals, building '
concrete, onsite soils, equipment, piping, conduit, fumlture, etc., which are present at, and/or used in,
licensed nuclear facilities during routine operations. Historically, licensees have released solid materials
on a case-by-case basis, using release criteria that varied from “no detectable activity greater than’
background” to the surface activity guidelines found in, or adapted from, Regulatory Guide (RG) 1 86
(AEC, 1974)

1.2 Need for Thls Report a

This report provides technical mformatlon based on the Data Quality Objectives (DQO) Process,
designing, performing, and documenting clearance surveys for solld materials. Toward that end, this’
report discusses a number of clearance survey approaches, which use a variety of survey technologies
and instrumentation. This report also provides guidance for using the DQO Process to determine the
most advantageous clearance survey protocol based on the solid material being released, available survey
instrumentation, required laboratory analyses, and applicable release criteria. The various survey
protocols discuss analytical and field survey instrumentation criteria, material parameters (e.g., physrcal
nature of material, survey unit sizes), and techniqués that can be applied to clearance surveys of
materials. The DQO Process also helps to address clearance survey approaches for radioactive materials
that may have inaccessible surfaces or may not be in directly accessible areas.” The ‘overall objectlve isto
provide guidance for selectmg and properly applymg clearance survey strategles bk

1.3 Scope AT
The major emphasis of this report is to provide techmcal information on designing, performmg, and
documenting clearance surveys for solid materials. ' Specifically, the solid materials covered include
scrap metals, building concrete rubble, onsite soils, equipment, and building debris'.  This report
describes a number of different clearance survey'approaches, including conventiorial scanning, -
automated scanning using a conveyorized survey monitor, and in toto techmques such as in situ gamma
spectrometry and tool monitors.” ‘ SRR u .

Y ' , [P R . OE NS i AN o
Importantly, this report stresses the use of situation-specific méasurement of scanning to release solid
materials whenever the scan minimum detectable concentration (MDC) is less than the derived
concentration guideline level for clearance (DCGL). Statistical survey designs, such as those dlscussed
in the Multi-Agency Radiation Survey and Site Investigation Manual (MARSSIM), NUREG-1575,

Rev. 1, are recommended for direct measurements of surface act1v1ty and media samples in cases where
the scan MDC is greater than the DCGLg. - -:/ 7 e L - *

4 i gt i < Lo [O5 I 1
N

‘ 1N L v Vol oo ¢ :

‘'Note that the U.S. Department of Energy uses the term “non-real property” to refer to solid materla]s such
as tools, equipment, office items (furniture), consumablé items and debris, while “real property” refers to ‘land and
building structures.
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Appendix A provides a primer on the basic radiation properties, which are relevant to the measurement
of radioactivity in and on solid materials. It also addresses some of the fundamental principles of
radiation detection and measurements.

In preparing this report, the NRC staff considered various types of instruments that are used to perform
clearance surveys, including gas proportional, Geiger-Mueller (GM), zinc sulfide (ZnS) scintillation,
sodium iodide (Nal) scintillation, and high-purity germanium (HPGe) detectors. It was not the intent of
this study to compare different manufacturers’ field survey instruments.” Rather, the various instruments
that were used in this study are generally representative, with the riotable exception of the conveyorized
survey monitor (CSM). Moreover, the reader should note that the use of these survey instruments in
conducting this study does not, in any way, constitute endorsement of a particular product or
manufacturer by the NRC or its contractors. ‘ !

This report assumes that the user has some knowledge of the solid materials to be cleared. The role of
process knowledge (covered in Section 4.3) is important both in deciding whether to pursue clearance of
the solid material, and in providing information on the nature and degree of contamination that the solid
material might be expected to have. Specifically, characteristics of the solid material that impact its
clearance include the material’s physical description, contamination potential, nature of the
contamination, and degree of inaccessible areas.

14 Methodology

Clearance survey approaches were determined using the DQO Process, giving due consideration to two
major requirements. Specifically, (1) the survey result must be able to demonstrate that the clearance
criterion has been met within predetermined confidence levels, and (2) the survey unit size must be
sufficiently evaluated to develop a technically defensible approach for area or volume averaging. The
clearance survey should also follow the DQO Process to address the potential presence of elevated
contamination. That is, the solid material should meet any established release criterion limiting
contamination over specified smaller portions of the surveyed material be met, and the average
radioactive concentration over the material survey unit, as determined by a sufficient number of
measurements, should satisfy the average clearance concentration limit (DCGL.) that has been
established. Additionally, the clearance survey approaches discussed herein recognize the importance of
process knowledge in survey design, as well as the usefulness of scanning, particularly when the survey
instrument has sufficient scan sensitivity and lends itself to the automatic documentation of scan results.

The general clearance survey approaches identified include (1) material release surveys using
conventional instruments that incorporate both scanning and statistical designs for determining sample
sizes; (2) automated scanning surveys that use data acquisition systems (conveyorized survey monitors)
to automatically document scan results; (3) in toto surveys (i.e., survey techniques that measure the entire
material at once) performed using gamma spectrometers, bag monitors, tool monitors, and portal
monitors; and (4) analytical methods and laboratory analyses on representative samples based on
statistical sampling designs. The clearance survey approach should also consider whether the solid
material has potential surficial or volumetric contamination, or both. A working definition of volumetric
contamination is contamination that is present beneath the surface of the material. One might, in turn,
define surficial contamination as the activity contained within a surface layer with a thickness equal to
that of the saturation layer, which ISO (1988) defines as the thickness of the medium (surface material)
equal to the maximum range of the specified particulate radiation.
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Appendix B provides additional information on advancements in general radiation detectors and survey
instruments that utilize new detection materials and software. These clearance survey approaches are
sufficiently comprehensive to include and account for physical measurement parameters, including
radionuclide(s); concentrations; difficulty and expense of detection; and complexity, size, or
configuration of clearance item(s).

This report considers both the material matrices being cleared, as well as the facility types releasing these
materials. For ex§mple, this study considered the following facility types: ‘ '

nuclear power reactor

sealed source facility

transuranic facility

fuel fabrication facility .

broad research and development (R&D) facility

gaseous diffusion plant '

uranium mill facility

rare earth facility

In addition, the clearance survey approach should consider the typical radioactivity mixtures associated
with the given facility type. Knowledge of the radionuclide mixture is necessary to develop appropriate
derived concentration guideline levels for clearance and, therefore, is essential for proper survey design.
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The ﬂow dragram (Frgure 2. 1) for the cleararice of sohd materrals serves as an‘overview of the clearance
process descnbed in this report.* Section references in the’ ﬂow diagram boxes direct the reader to the
section of this report that discusses the particular guidance. - v B

As illustrated in the flow diagram, the clearance process consists of a series of steps that provide
sufficient conﬁdence that the estabhshed clearance crrtenon has been'met. With the DQO Process as the
underlymg foundanon, the steps of the process are summanzed as follows e

S e ! Y p
“

a. Evaluate and sort solid materials in terms of handling issues, such as the size and physical nature of
the material (e g many small regular preces ora few large 1rregularly shaped preccs)

.1[‘)\“ T

b. Research and document the process knowledge for the sohd matenal and characterrze the matenal

!

asnecessary " ] . e ) .oees cer in i

c. Based on the . process knowledge of the material, determine whether the solid materral is impacted.
If not the solld material can be con51dered for release o ! "

J i 1l oL,
PN

{ - 2 s 'R M !

d.’ Specify thé release cntenon, including condmons for applymg the crlterlon for the given solid
material; T o e

e. Classify the 1mpacted solid materials according to théir potentlal for containing radioactivity into
Class 1,2, 0r 3 materral survey umts (also termed lots or batches)

~i 1 f i TR .

f. Depending on a number of cost considerations (e.g., cost of radioactivé waste disposal, value of the
cleared material, cost of cleaning and dismantlement, and cost of the clearance survey), détermine
whether clearance i is the best matenal drsposmon optlon

-~ .
oJ ot B TV et T
3

g. Use the DQO Process to select clearance survey approaches and instrumentation based on the nature

of the solid material and’ contammatron type and potentral e s ‘
LA i v ' [ L A A

h. Dec1de whether the solid material can be released via scannmg (consrdenng the material and

>} ‘contamination type and scan MDC). Solid 'materials are elther released v1a scanmng (€)g., using
conventional hand-held instruments ‘or conveyorrzed survey monitors) or via statrc direct

cmeasurements usmg conventlonal mstruments in'toto measurement techmques, or medla samples
NRTS) 2 o [ TR 2 ‘

i. Based on the selected clearance survey approach(es), assess the survey design issues related to the
radratron type and presence of multiple radionuclides (i.e., application of derived concentration
gu1delme levels such as the use of surrogates and unity rule) and address inaccessible areas.

I ’ "‘ L A B U St A .
_] Determme the background drstrrbutron for the solrd materials of concern for éach mstrument and
"2 detectdr type. The distribittion'shaiild consider the variability caused by spatial and tefnporal
background variances in the area where surveys will actually be performed as well as varratrons
associated with the various material types. AT R L

k. Determine the static MDCs and scan MDCs for the selected clearance survey approach(es).
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I. Compare the static MDC and scan MDC to the DCGL.. If the static MDC is less than the DCGLC,
. perform survey (step p); but if the scan MDC is less than the DCGL,, evaluate whether a scanning
instrument can document the survey | results (step 0). If the MDC and scan MDC are greater than
the DCGL,, determine whether the measurement parameters ¢ can be’ changed to reduce the MDCs
(step m).

n 4
X

28t N

m. Determine whether the measurement parameters can be changed to reduce the stattc MDC. If so
calculate a new static MDC and compare it to the DCGLe.. If the new static MDC is less than the,
DCGL.., perform survey (step p). If the static MDC cannot be reduced to a level below the DCGLC,
reevaluate disposition options (step r). r

Determine whether the measurement parameters be changed to reduce the scan MDC. If so, calculate
a new scan MDC and compare it to the DCGL. If the new scan MDC is less than the DCGL,,.
evaluate whether a scanning instrument can document the survey results (step o). If the scan MDC
cannot be reduced to a level below the DCGL, consider using static direct measurements (step n).
Py,

n. Since the scan MDC cannot be rcduced to a Ievcl below thetDCGLc, determine whether another
clearance survey approach is feasible. If so, proceed with the alternative clearance survey approach
based on static dtrect measurements usmg conventtonal mstruments, m foro measurement techmques

:
3

or media samples. If another approach is’ not feasible, reevaluate the drsposmon options (step r). 7

0. Determine whether the scanning instrumentation has the ability to automatically document scan.
results. If so, perform a scanning-only survey; otherwise, perform a scanning survey using direct
measurements or media samples for documentation purposes. The number of these measurements
should be determined using the DQO Process, and may be determined using a statistically based
sampling design. L

p. For scanning release surveys, perform surface scans using hand-held survey equipment or
conveyorized survey monitors. If automatic logging capability exists, perform a scanning-only
survey; otherwise, use direct measurements or media samples for documentation purposes.
Scan survey coverage is governed by the material classification.

! ' T ' £ i . '
For static direct measurement surveys, use a statistically based samplmg design for conventmnal static
measurements with hand-held instrumentation or perform in toto measurements using in situ gamma
spectrometry, tool monitors, bag monitors, etc. Collect and analyze media samples such as smears,
in lieu of direct measurements when difficult-to-measure radionuclides may be present.
Survey coverage is governed by the material classification.

q. Evaluate survey results and appropriatelyi dispose of any solid materials that fail to meet the r_elease
criterion. If appropriate, remaining materials from a lot where a failed item was found may be
reclassified and resurveyed with a higher degree of rigor if the survey results suggest an original |

misclassification based on established investigation levels. Clearance survey results are documented. i

r. Reevaluate solid material disposition options. | C .

{

iy

S
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588 Figure 2.1: Flow diagram for clearance of solid materials (continued)
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3 DATA QUALITY OBJECTIVES

The approach used in the Multr-Agency Radratron Survey and Site’ Investlgatlon Manual (MARSS]M
1997) has proven 'to be very u useful for desrgnmg efficient, objective, and defens1ble final status surveys‘
to collect data to support dec151ons  concerning the release of lands and structures for unrestrrcted use .
according to the criteria established by the Commission’s final rule (NRC 1997). ‘Many of the
1mprovements in the design of final status surveys using the MARSSIM were achieved through the
extensrve use m that docurhent of the Data Quality Objecuves (DQO) Process o (

The DQO Process is a' systematlc planmng tool based on the sc1ent1ﬁc method usmg a graded approach
to ensure 'that the level of detail in plannmg a survey and the level of effort applied in conducting a
survey are commensurate with the intended usé of the resu]tlng data and the degree of confidence needed
in the results. This process focuses the need for data collection on the decrslons that will be made using
the data. Data that do not contribute to better decrsronmakmg are superfluous By focusing the surveys
on the’ data needed for a ‘decision resulting in a specrflc action or its altematrve being chosen leads

naturally to an efﬁc1ent desrgn N .

'
B

The DQO Process is qu1te general and certamly can be apphed to solxd materlal surveys Some of the B

'specrﬁc concepts developed for the MARSSIM such as survey unit classification (Sectlon 4.3), w1ll

continue to be useful in controllmg the release of solid materials. However, surveys of sohd materials
and final status surveys of lands and struétures differ in some fundamental ways. The remainder of this
section discusses the DQO Process specifically to examine the quality and quantity of survey data that
may be needed in order to make decisions about releasing solid materials from radiological controls. : .

3.1 State the Problem

' -

1

The basic i 1ssue is whether solld maferials that may contam contammat1on from a lrcensed fac1]1ty can be
released from radlologrcal controls. To state the problem clearly, the process begins with developing a
conceptual model of any potentxal radiological exposure, which identifies (1) any known or expected ;.
locations of radroactlvxty, ) potentlal sources of radroactlvxty, 3 the nature of the solid ‘material that
may contam contammatron “) whether such radloactlvrty is likely to be on the surface of the material or
drstnbuted through a portron of its volume, and (5) potent1al exposure scenarios for the matenal -Process
knowledge is verytlmponant m completmg this step. N

o

i
Vo~

If solid matenal has the potentlal for contammg contammatlon from fac111ty operatlons, a survey is
generally required before the ‘material may be reieased from controls. The types and sensitivity of
equipment, procedures, and resources available for measuring any contamination in or on the material
should be also be addressed The regulatory criteria for preventing the release from control of materrals
with unacceptable levels of contammatron must also be established. These may be either actrvrty-based
or dose-based. If the criteria are dose-based, the equ1valent criteria in terms of an activity concentration
must be obtained from an approved dose modeling procedure NUREG-1640 provrdes an example of a
methodology for converting activity concentration to potential dose.
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3.2 Identify the Decision = .

. %
R -

Following the collection of survey data, a decision is made as to whether the material can be released .
from radiological controls. That decision is based on whether the survey data indicate that the criteria.,,
established for the prevention of release of materials with’ unacceptable levels of contamination have

been exceeded. If not, the material is allowed to be released from radiological controls. L

By contrast, if the level of contamination in or on the material exceeds the relégse 6riferja, the materral ,'
may not be released from control.” However, further actions may be possible. ‘One course of action may
be to remove radioactivity from the material until the release criteria are met. Another possibility is to
abandon release as an option, and dispose of the material as iaclioactiye waste. Figure 3.1 expands stép f
in the flow diagram for clearance of solid materials (Figure 2.1) to illustrate how the DQO Process might
be applied to the decision of whether to attempt to clear the material, rather than disposing of it as
radioactive waste. The cost of a survey may exceed the cost of disposal, even taking into account the
value of the recycled material. For release of materials, it may be important to dqéide first whether it is’
practical to perform a survey. In some cases, this may be a close decision that may require actually
designing the survey. In others, there may be considerations that make it easier fo decide one way or the
other. Among these considerations are the radionuclides of concern and how readily they are detected _
(Section 4.6), and the accessibility of measurement éurfaces‘ (Section 4.7). In making these decisions, the
cost of the alternative action should include the cost of measurerients necessary for waste
characterization and disposal costs. A detailed discussion of theSe alternatives is beyond the scope of
this report. - ! a 4

: L

3.3 - Identify Inpufs to the Decision

Other than the data to be collected, the decision regarding material release is based on certain
information, including (1) the actual release criterion (Section 4.1), (2) the material in question
(Section 4.2), (3) the radionuclides involved (Section 4.3) and (4) their detectability (Section 4.6).

~ c T3 R
In the MARSSIM, survey unit classification is used to determine the hpii{bpﬁate type of final status
survey to perform, based on’all of the informiation on hand about thé ‘survey unit. For surveys of solid
materials, process knowledge'(Section 4.3) is used 'much as an historical site assessment would be to
assist in the classification (Section 4.4). There is a great advantagé to applying this'system to surveys of
solid materials, in that it allows the survey to focus where it is most needed. In 'éssiéhce, professional
Jjudgment is incorporated wherever possible to eliminate the necessity for overly burdensome or
prescriptive data collection. This is a Key element in using a graded approach to survey design.

2 S : . R %

Material that has not b’e‘en"e'xp'osed to radioactivity can be classified as “non-impacted.” Class 3 'm'ate'rials
are not expécted to contain‘any contamination. Class 2 materials are not expected to contain ’
contaimination concentrations in excess of the release criteria over any portion. Class 1 material may
contain contamination in excess of the release criteria over some portions. '

N »
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Figure 3.1: Example of DQO Process applied to clearance vs. disposal
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An alternative under consideratiqn is a release criterion of zero contamination; that is, any detectable
radioactivity over background would be unacceptable for release fromradiological controls. In this case,
the distinction between Class 1 and Class 2 material largely disappears.

As with the MARSSIM surveys, a combination of direct measurements and scanning is used to ensure
that the average concentration of contamination in the material is within the established criteria and also
to ensure that there are no smaller areas of elevated added activity that may exceed criteria specifically
established for such areas on or in thé’ §olid material. In the MARSSIM, a dose model is used to establish
two sets of criteria through the use of area‘fdc_tors. The derived concentration guideline level (DCGL,,)
is the radionuclide concentration across the entire survey unit for which the model calculates a dose
equal to the release criterion. The DCGLgy, is the radionuclide concentration within a specified smaller
portion of the survey unit for which the model calculates a dose equal to the release criterion. The ratio
of the DCGLgyc to the DCGLy, is called the area factor for the speciﬁe,d area.

In this report, the notation DCGL is used for the average concentration throughout the solid material
being surveyed that corresponds to the release criterion. Criteria limiting contamination over specified .
smaller portions of the surveyed matérial Tust also be met if such are established. Note however, that
the size and geometrical configuration of the solid material may change significantly from that surveyed
to that of a modeled exposure scenario. -

In the typical development of a MARSSIM survey, it is assumed that a statistical sample of
measurements at discrete locations is used to estimate whether the population average concentration of
contamination in a survey unit meets the release criteria. There are cases, however, when scanning
sensitivities are sufficient to detect concentrations below the DCGL,,. In such cases, if the data are
logged so that they are quantitative and reproducible, the entire material survey unit (batch) has
essentially been measured and there is no need to estimate the average with a statistical sample. This
case was not specifically discussed in the MARSSIM because instruments capable of such sensitivity
with logging were just becoming available. When essentially the entire survey unit is measured, the
spatial component of the measurement variable becomes negligible. However, the uncertainty of the
measurement process itself remains.

For surveys of solid materials, it is anticipated that in many cases, scanning sensitivities may be
sufficient to detect and quantify concentrations below the DCGL. In such cases, provided that the
scanning data are quantitative and reproducible, measurements at discrete locations on the material may
not be needed. Adequate documentation of the scanning results may be sufficient to establish whether
the release criteria have been met.

Conveyorized scanning systems can perform much the same function as scanning with a data logger for
the survey of solid materials. In this case, the survey unit is moved under the instrument rather than
moving the instrument over the survey unit. By contrast, a box or drum counter can measure the entire
“survey unit” or “batch” at once.

L]
P - P

In designing surveys of solid materials, a crucial issue is whether measurements and/or samples taken at
discrete locations are necessary. This is emphasized in Figure 2.1 (step h), where different paths are
taken depending on whether the scanning sensitivity is sufficient to detect the DCGL.. Itis also
important to determine whether there is a method by which the entire solid survey unit may be measured
at once, in toto. Box, drum, and tool counters have been mentioned as one possibility. In siru gamma
spectrometry is another. These approaches and options are discussed in detail in Section 5 of this report.
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34 vDef'ne the Study Boundaries: -- L A U O e Ve -
. . w’.‘»r:.M .«:& oo e 1‘,“&: I v , - A ;
In the MARSSIM the size of a survey umt is established to be consistent w1th the size of the area
rassumed in the dose modeling. The same criteria should be used to establish survey unit sizes for solid
materials, if possible, using exposure scenarios such as those described in NUREG-1640. The potential Y
exposure scenarios can be examined to determine how material is transported through the environment, &
industry, and commerce to the point of exposure: This could identify whether certain critical areas or
volumes require special consideration, or whether homogemzatlon of the matenal during processing

reduces the importance of such areas or vo]umes e L :
In some cases, there may be a more natural connectlon between the “batch size” of a lot of matenal and -
the type of survey that should be performed:: This is discussed at length in Sections4.1, 4.2, and 5. Here,
the reader should simply note that for material that consists of many small regular pieces, a conveyorized
scanning system may be used. 'In this case; a batch might be the amount of material within the instrument
field of view. /If the material consists of a few large irregularly shaped pieces, a batch might be a single
piece that is hand-scanned, or perhaps a few pieces scanned in toto using a box or drum counter, or -

measured using an in situ gamma spectrometer

v ry ! v - ¥ - T N %
LIRAR i v . Rt Tl LI T ’ R P

P

e

35 DevelopaDecrsronRule T T T I

P ‘* {' 5 ) 1~r—,(‘ 1 :: - * . PR L . a 1) N . \ i y
Section 3.3 discussed three types of survey design, mcludmg (1) those in which measurements are made
at discrete points together with scans;‘(2) those in which scanning alone is sufficiently sensitive, and (3)
those in which the material is measured in toto.: The decision rules are slightly different for each type of
‘survey: One decision rule (discussed first) compares the measurement(s) to the DCGL ,"while another
pOSSIble decision rule (discussed subsequently) concerns hlgher concentrations over smaller areas.

: R ~ S T, L ,r I KT CE R T

When scanmng alone is sufficrent the result of the survey is the average of a great many measurements
over the material, far in excess of the number that would be needed to satisfy the requirements of a
statistical design.-The decision rule is to prevent the release of the solid material from control if the f.
average concentration exceeds the established criteria..  -1: . 1 BNCIAT NI KA or s

‘('§§‘ s

LR moe e N e . ‘Iv\'i 11 SO s . t ¢
By contrast, when scanning alone is not sufficiently. sensmve it is necessary to obtain a statistical sample
consisting of direct measurements or laboratory analyses of the material. The decision rule can be
formulated using the same type of hypothesis tests that are used in the MARSSIM, to prevent the release
of the solid material from control if the average concentration exceeds the established criteria. The

r

parameter of interest is the average of the measurements.. - i 2137« 4 v » P T

- ” IFTEEANL N (R S TR L A U DT K T RO

In the third case, when a single measurement is made of the material in foto, the de01sron is based on this
single result rather than the average of several measurements. Decisions of this type, which involve -
comparing a single measurement to a limit, are essentially based on detector sensitivity. The hypothesis
testing framework becomes one of determining the minimum detectable concentration (MDC) of the '
method. If the MDC is less than the DCGL, the decision rule is to prevent the release of the solid

material from control if the concentration detected exceeds the established criteria.

For the release of materials, then, the fundamental issue is whether the decision rule is to be based on a
single measurement or an average. When the decision rule is based on a single measurement, it is
‘essentially a detection decision, and the appropriate framework for considering such decision rules is in
the MDC calculations." Cs el e es i

13



743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758

759
760
761
762
763
764
765
766
767
768

769
770
771
772
773

774
775
776
7717
778
779
780

A decision rule concerning smaller areas of elevated contamination requires a natural equivalent to the
DCGLgyc. At minimum, a specific area and area factor must be identified (Section 3.3). For survey
design, a conservative choice would be to assume an area factor of 1, making the DCGL,y,c equal the : !
DCGL. This causes no difficulty in the case where the scanning MDC is sufficiently sensitive to detect

the DCGLc, but could essentially preclude the release of Class'1 material in other cases. Scanning might N

still be performed, recognizing that there is a risk of missing an area with a concentration between the
DCGL and the actual scan MDC. How serious a risk this poses depends on the radionuclide, the ;
material, its potential uses, and, of course, the magni‘t'ude of the scan MDC. This would have to be "
evaluated during the DQO Process (refer to examples in Section 5). For Class 2 material, the scan - -
sensitivity does not drive the survey design since concentrations in excess of the release criterion are not
expected over any portion of the material. It does, however, underline the importance of correct material
survey unit classification. Judgmental scans (i.e., scans at locations that the surveyor deems to be -
potentially contaminated) should be performed over a portion of the batch, regardless of the
classification. Investigation levels are defined as in the MARSSIM; for Class 3; any positive . -
identification of contamination, and for Class 2 or Class 1, any positive indication of activity above the
release criteria. - e C

It may seem, at first, too restrictive to flag any positive indication of activity above the release criterion
in Class 1 areas. However, this practice can identify any portion of the material that might cause the
overall average to exceed the limit despite the result of the statistical tests. There are also “as low as is
reasonably. achievable (ALARA) considerations, which would dictate that the contamination in such .
areas must be removed if it is reasonable to do so.: Alternatively, that portion of the material could be
segregated and disposed of as waste. This.is another fundamental difference between material clearance
surveys and lands and structures surveys, in that such segregation is much more easily done “on the fly.”
Removal of a portion of material is not likely to be disruptive of a “survey unit,” as it would be for lands
and structures, where it may involve earth moving equipment. Of course, for very large pieces of
material or equipment, these advantages will diminish.

i - +

e

An alternative approach is to base the release decision solely on an estimate of the average concentration
or the estimated total activity (inventory) of the material to be released. This is equivalent to the
assumption that the dose or risk does not depend on the distribution of activity in the material, but only
its total amount. This may be a reasonable assumption when the materials from many batches are likely
to be mixed during processing. It is less justifiable for equipment that is released for reuse.

NP I
} £, "

P .
. - . 5]

When a single measurement is made of the material in roro, it is not possible to detect and distinguish
small areas of elevated activity. That is, the radiation from such areas may be detected, but will be i
attributed to the overall concentration. However, the calibration of such detectors usually includes some
assumptions about the distribution of activity over the material. The uncertainty analysis of this
calibration should includeé a discussion of the effect of inhomogeneities in the source distribution on the
data interpretation: This might be used to estimate bounds on the added activity that might exist over
only a portion of the material. ' . :
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3.6 Specify Limits on Decision Errors :

\ e

For surveys that involve measurements at discrete locations on the material, several considerations apply
in specifying the limits on decision errors. First, is the form of the null hypothesis.. ' - o

- ;

s
. t L LI+ s i
Yo - - . L [ 5 - (% P + e

Null Hypothesis: The contamination in the solid material surveyed exceeds the release criterion.’

If an activity limit is specified, the Scenario A hypothesis used in MARSSIM would be appropriate. °

The material is assumed to contain an average concentration above the limit. Unless the data cause this
»hypothesis to be rejected, the material would not be released. A Type I error involves deciding that the *

solid material meets the release criterion when it actually does not. The survey would be'designed so that

the probability of a Type I error occurring is limited to an agreed value alpha when the material contains
added activity just at the limit imposed by the release criterion. The probability of a Type I error

decreases as the concentration of added activity increases.* A Type II error involves deciding that the .
solid material does not meet the release criterion when it actually does. The probability of a Type II error

rate occurring is limited to an agreed value beta when the material contains added activity at a specified

concentration lower than the release criterion, as defined by process knowledge or preliminary surveys
indicating how.much activity is likely to be present. The probability of a Type II error decreases as the
concentration of added activity decreases. The concentration range between where the Type I error rate
is set (the DCGL,,) and where the Type II error rate is set is called the “gray region” because the decision
error rates in that range may be higher. The concentration where the Type II error rate is set is, therefore,

called the “lower bound of the gray region”.(LBGR). The difference (DCGL. -LBGR) is denoted A. - .

In this scenario, the burden of proof is on the surveyor to establish that the release criterion is met.

v g3 . t <,

Null Hypothesis:. The solid material surveyed contains no contamination.

: ran e, < aroof i ST B .

It may be that the criterion established for the release of solid material from controls is that there must be
no added activity above background. In this case, a’form of the Scenario B hypothesis, as developed in
NUREG-1505 (NRC, 1998b), would be used. The material is assumed to contain no added activity.
Unless the data cause this hypothesis to be rejected, the material would be released.. The roles of Type I
and Type II errors are reversed from those in Scenario A. A Type I error involves deciding that the solid
material contains contamination when it actually does not. The survey would be'designed so that the -
probability of.a Type I error occurring is limited to an agreed value alpha when the ‘material contains only
background radioactivity. A Type I error involves deciding that the solid material does not contain
contamination when it actually does. The probability of a Type Il error rate occurring is limited to an-
agreed value beta when the material contains added activity ata specified concentration. The probability
iof a Type II error decreases as the concentration of added activity increases.The specification of the "
Type I error rate at a given concentration is crucial because it dictates how rigorous the survey must be.
It specifies the smallest amount of added activity that would be reliably detected in the survey. It is not
sufficient to declare that there is no added activity detected without specifying precisely the amount that
would have been detected had it been there. The gray region is that between zero added activity
(the LBGR) and the specified minimum detectable contamination concentration, which marks the “upper
bound of the gray region” (UBGR). Note that if the radionuclide in question does not appear in
background and radionuclide-specific measurements are made, any positive measurement would cause
the null hypothesis to be rejected. This is based not on the hypothesis test, but on the fact that added
activity has unambiguously been identified in the material.
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As in the MARSSIM, these hypotheses are tested using a Sign test when the contamination does not
appear in background and radionuclide-specific measurements are made. Otherwise, the Wilcoxon Rank
Sum (WRS) test is used. For both tests and in both of these scenarios, specifying a, B, and A, together !
with an estimate of the anticipated variability of the measured concentrations over the material, o,
provides sufficient information to calculate the number of measurements that should be made during the
survey. i+ :

Material survey approaches based on scanning alone with data logging generally require many more
measurements than would be required based on hypothesis testing and the determination of statistically
based sample sizes using specified Type I and I decision errors rates. An alternative way of viewing this
situation is that the number of measurements is so large that the decision error rates are very small and -
the gray region is very narrow. ' If there is 100-percent coverage of the material, the entire population of
concentrations has been measured., In these cases, a formal statistical test is unnecessary and it is
appropriate to simply compare the measured average concentration to the release limit to determine
whether it has been met. .This is true, provided that there is no bias in the calibration of the instrument or
method. Specifically, it is important that the calibrations be determined realistically. For example, the
efficiency of the particular clearance measurement depends on the distribution of the contamination.
Given that the radionuclide distribution is often non-uniform, it is important to ensure that the uncertainty
in the efficiency fully considers the contamination variability, and that a conservative estimate of
efficiency is used in the calibration. - * . , -
. : Laatooo T : T 0 . » -
The above discussion assumes that a set of sample data is being taken in a survey unit in order to base the
release decision on a rule concerning the average concentration. - However, as discussed in Section 3.5,
the decision rule for surveys conducted with conveyorized scanners or in toto detectors may be of a
somewhat different form, involving whether or not the concentration estimated for a single batch of
material exceeds a specified limit. In this case, the decision rule is essentially a detection decision.

Thus, the development of the decision rule and the specification of limits on decision errors are the same
as those entering the MDC calculations: NUREG-1505, Rev. 1: Section 2.4, discusses the similarities
and differences between MARSSIM-like decision rules and MDC calculations:- Both involve specifying
a gray. region and limiting Type I and Type II decision errors: Both can be framed in the context of a .
Scenario A null hypothesis (the material surveyed exceeds the release criterion) or a Scenario B null
hypothesis (the material surveyed unit does not contain contamination). MDC calculations are usually:

 done for a Scenario B null hypothesis, and the Type I and Type II error rates are set at 0.05. : 2

Incorporating the estimated uncertainty for the measurement process; usually denoted o, the MDC
calculation provides the value of the concentration to which the specified Type I error rate applies.
Alternatively, starting with a DCGL. as the concentration at which the Type II rate is set, the MDC -
calculational framework can be used to design the measurement process in the same way that MARSSIM
surveys are designed.: All sources of measurement uncertainty must be carefully considered, including
possible inhomogeneities in the distribution of activity over the material. The entire decision rule and 7.
DQO Process depend on the estimated measurement uncertainty, o, near the detection limit since the
resulting MDC is typically about 3 or 4 times 6. Further guidance on evaluating and expressing
uncertainty may be found in Taylor and Kuyatt, 1994, ;o

o 0 1 B " . i 1
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37 Optimize the Design for Obtaining Data

The DQO Process emphasizes a graded approach so that the survey effort is commensurate with the
likelihood that the material contains sufficient contamination that it should remain under radiological
control. The extent of the survey depends on the classification of the material. Process knowledge plays
a crucial role in this classification, and the better documented the use of the material, the more accurate
the classification will be.

The details of material survey designs are discussed in Section 10. Non-impacted material is clean and
requires no survey. Class 3 material is very likely to be clean and usually requires only judgmental scans
over a small portion of the material, in addition to direct measurements. Class 2 material is nearly clean,
but may require more systematic scanning of 50 percent or more. Class 1 material will require
systematic scanning of 100 percent of the material.

With sufficient scanning sensitivity, direct measurements are not required. Conveyorized survey
monitors may be able to efficiently scan 100 percent of the material, again without the need for direct
measurements. Measurements of an entire batch of material using in toto techniques in essence combine
the attributes of a direct measurement with a measurement that has some of the attributes of a
100-percent scan.

For cases in which only one in foto measurement is made, the significant source of variability is
measurement error, and the hypothesis test is a detection decision similar to that used in calculating an
MDC, with the exception of the possible reversal of the usual null and alternative hypotheses. However,
the survey should consider the possible effect of source inhomogeneity on the calibration, which will
play the role of spatial variability in this case. Similar considerations will apply for conveyorized
scanning. ‘

For batches of material that require statistical sampling, the variability of concentrations across the batch
may have a significant impact on the number of samples required. Pre-screening and careful
documentation of the prior use of the material can improve the classification, and will also allow
construction of more homogeneous batches. As with the MARSSIM, the number of samples depends on
the variability of activity within a survey unit, not the size of the survey unit. A few large items with
similar activity could make a Class 2 batch, while one large item with spotty contamination might have to
be treated separately as a Class 1 batch requiring more samples.

When realistically calculated scanning MDCs are below the DCGL, clearance surveys based on simple
detection decisions are usually most efficient to segregate any material above the DCGL for either
cleaning or disposal. Issues of survey unit size and elevated measurements become largely irrelevant.
However, the defensibility of such surveys rests entirely on how carefully the MDCs are calculated.

The relationship between MDCs, minimum quantifiable concentrations (MQCs), and the calculation of

combined standard measurement uncertainties is being actively investigated by international standards
groups. See for example, ISO, 1995, 1997, 2000a, and 2000b, as well as IUPAC, 1995.
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4 SURVEY DESIGN CONSIDERATIONS o '
e b

This section addresses specific areas of consrderatron common to radiological surveys for
controlling release of solid materials.« The topics discussed include release guidelines and their -
application, the nature of solid materials being considered for release, process knowledge used to classify
materials based on their potential for contamination, the measurability of contamination, and inaccessible
areas. These topics should be addressed durmg the planning stages of radiological surveys for solid -
materials. . - 4

4.1 Release Guidelines oL

Sections 4.1.1 and 4.1.2 introduce the various forms of release gurde]mes and then discuss the related
‘averaging conditions and survey unit consrderatlons o - AT o i
far o . t L e IO A

4.1.1 Forms of Release Guidelines v Cnre

1 R L Y CTry oo .
Release guidelines can either take the form of activity concentrations or be based on the potential dose to
an individual. Regulatory Guide (RG) 1.86 (AEC, 1974) provides an example of surface-based
guidelines, which are generally based on the detection capabilities of commercially available survey
instruments. Table 4.1 provides the RG 1:86 surface activity guidelines and conditions for
implementation, and is reproduced here to provide historical perspective on clearance criteria.

Removable surface activity guidelines are 20 percent of the average surface actrvrty guidelines for each

grouping. P £ Y
; Table 4.1: Regulatory Gurde 1. 86 surface actluty gurdelmes Lt
.ot R .
e = s R -
, 1 Average Total , Max1mum
L Radionuclide o ! Surface Activity in 1 m?, Surface Act1v1ty in 100 cm?
LT o " (dpm/100 cm?) (dpm/100 cm?)?
nat 23577 238 : , S S
U-nat, #°U, **U and associated decay 5000 « 15,000 o
products
Transuranics, 226Ra, *®Ra, 2°Th, 2,"’_8Th,; - R - . ‘
BIp, WIpC 125] 129 ) :190 ,’ o . "a 300
h-nat, 22Th, *Sr, 223Ra 224Ra 27y, |261 ORI T S T :
:E.I oy Ce Y1000 e 3,000
~ T R T it e
. Beta:gamma emitters (nuclides with Slrves T e e B
‘ decay modes other than a]phga) emission or - 5000 i © 15,000
spontaneous ﬁssron) except “"Sr and ) _ :
others noted above ‘ Telatrn L
i ‘Z ‘ AN A T SRS il .
' o, i * i P -

. R UL S A ML . e
2The maximum surface activity guidelines (whrch are three times the average guidelines) in RG 1.86
effectively provide for an area factor of 3 for 100-cm? areas.
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The application of the surface activity guidelines shown Table 4.1 requires some explanation. First, it is
important to understand that surface activity levels may be averaged over 1 m?, but no surface activity
levels can exceed the maximum surface activity specified for a 100-cm? area. Hence, RG 1.86 provides
release criteria for surface activity, as well as averaging conditions for the application of those criteria.
Also note that RG 1.86 does not include volumetric release criteria. The standards were to be dose-
based; hence, the release criteria should include the dose criterion upon which to base the DCGL
(clearance DCGL), as well as any necessary conditions for the implementation of the DCGL.. For
example, any limits on the area or volume averaging of solid materials should be clearly expressed.
Restrictions on the averaging area or volume of solid materials will necessarily impact the material
survey unit or batch size.

Draft NUREG-1640 (NRC; 1999), “Radiological Assessments for Clearance of Equipment and Materials
from Nuclear Facilities,” considers both reuse and recycle scenarios,'and was written to provide a method
for converting a dose criterion to a concentration that can be measured on equipment and materials.
NUREG-1640 contains dose factors for a number of different metals and concrete for many - ¢ )
radionuclides, and these dose factors address contamination both surficially on equipment and
volumetrically in scrap materials. The dose factors are normalized and are expressed in units of annual -
dose per unit of radioactivity (e.g., in pSv/y per Bq/g or mrem/y per pCi/g).

4.1.2 Release Guldelmes — Averagmg Conditions and Survey Unit Consnderatrons

As mentioned in Sectlon 4.1.1, the regulatory criteria for preventing the release from control of matenals
with unacceptable levels of contamination may be either activity- or dose-based. Regulatory Guide 1.86
is an example of the former, while draft NUREG-1640 provides an example of a dose-based approach for
calculating activity concentrations that equate to the release criterion. Furthermore, in the case of dose-
based criteria, it is possible that area or volume factors will be determined. Area and volume factors, as
derived from dose modeling, can be used to determme maximum limits on activity concentrations greater
than the DCGLC that could exist in smaller surface areas . (or volumes) than those modeled to derive the
DCGL,, and still demonstrate compliance with the dose criteria. Therefore, thé radiological survey
approaches discussed herein should address both the average contamination in the survey unit, as well as
the contamination that may be present in smaller areas and volumes within the survey unit. ,

One of the technical challenges is defining a “survey unit” for clearance surveys of materials. The
material survey unit (or batch) concept is at the core of statistical designs for release surveys. In the
MARSSIM, the survey unit represents a specific land area or building surface area. For clearance of
solid materials, the survey unit may consist of equipment surface area, volume of bulk material (soil or
rubblized concrete), number of small items, lengths of pipe, etc. Like the survey unit concept in the
MARSSIM, any relationship between the survey unit size (i.e., batch size) and the modeling input used to
establish the DCGL. should be adhered to. Thus, the definition of a material survey unit (or batch) for
solid materials released using a conveyorized survey monitor (CSM) may relate to the amount of material
scanned as it passes under the detector(s) for a specified observation interval and given belt speed. Based
on the material’s classification, 10 to 100 percent of the material might be selected for analysis on the
CSM.- Another example might include a few large pieces of equipment. In this case, the survey unit -
might consist of the entire piece itself, such as a large electrical panel. Therefore, material survey unit
selection is ultimately based on the DQO Process, consistent with the nature of the material, the
clearance survey technique selected, and the material’s potential for contamination.
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4.2  _Solid Materials gt ' A S

. ‘ C e ' i

_This section discusses the physical nature ‘of the solid matenals bemg cleared: The physrcal nature of the

material refers to attributes such as the size of the material and composition (or homogeneity) of the - *
material, and it directly impacts the handling issues, as well as the selection of the clearance survey
approach. ‘For example, large, discrete pieces of metal can be surveyed using conventional hand-held
survey instruments, while peanut-sized pieces of copper chop are perhaps best'surveyed using a
conveyorized survey monitor or via laboratory analyses. .These smaller solid materials consisting of
many small regular pieces are best handled and released as bulk material, perhaps using a conveyorized
survey monitor or an in toto clearance technique. By contrast, a concrete slab may be released on the
-basis of a surface scan using a large-area gas proportional detector,‘as compared to rubblized concrete

. Wthh is cleared on the basis of a number of representative samples analyzed ina laboratory

- - t -
, - LR -4 Lot . R L

Therefore, it may be appropnate to consider solid materrals as bemg comprlsed of (1) many small regular
pieces, (2) individual, large pieces of equipment and metal, or (3) medium- sized items and materials that
fit on a pallet (e.g., perhaps 10 to 100 pieces of cut pipe, fan blades, etc.). Figures 4.1 through 4.6
provide photographlc examples of typical solid materials being offered for release.
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It may be advantageous for the material to be processed before bemg surveyed Solid materlals that can
be made homogenous via melting, chopping, cutting, etc. are more easily surveyed. For example, copper
wire can be surveyed with hand-held survey instruments, but it can be more effectively surveyed using a
CSM if the wire is chopped into small pieces. Similarly, material processing might include cleaning
techniques (e.g., grit blasting, melting), which can homogemze and reduce the material’s contamination
potential. . . b . : ¢ S N

. e e T . . -

-
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Addressing inaccessible areas (Section 4 7) is another 1mportant issue that impacts the decrsron of
whether to clear the material. If material preparation activities include dismantling (i.e., cutting, -
drsassembly) or use of specralrzed survey instruments to gain access to inaccessible areas, it may be
deemed too expensive to survey and release the material. In such situations, dlsposal may be a more
appropriate option. ,, “a - W e & . ) i L
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. This section provrdes a number of material examples that address the desrgn of clearance surveys for

solid materials. Each of the followmg solid materials is described in terms of its composition, weight,

material survey unit dimensions, and estimated percent of inaccessible areas.
- it -3 - S ; '
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Concrete rubble consists of crushed concrete of a sorl -like consrstency from the demolition of burldmgs
and structures. The reinforcing steel rebar has been removed from the concrete rubble.: The prrmary
assessment techniques include laboratory analysis of a statistically determined number of representative
samples and surface scans, or use of a CSM. The total surface area of the crushed concrete when spread
out to a height of 15 cm (to facilitate scanning) is about 50 m?. This survey unit is assumed to have no

-
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. A concrete slab consrsts of 30-cm thick medrum density concrete (2 4 glem?), wrth surface drmensrons

of 1.2 m by.1.8 m.; The primary assessment technique is surface activity measurements, perhaps with the

number of measurements statistically determined; and surface scans. This survey unit is assumed to have
-no inaccessible areas and only to have contamination surficially. -If volumetric contamination is

expected, alternative clearance survey techniques, such as concrete core samples, are warranted.
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Small-bore pipe (<6 cm diameter) from piping systems and electrical conduit is assumed to be sectioned
into 1.2-m to 1.8-m lengths. It is assumed that conventional survey instrumentation cannot access the
pipe interiors. For Class 2 and 3 survey units—so classified because the pipe interiors are very unlikely
to have contamination—the primary assessment technique is surface activity measurements of pipe
exteriors, with a number of smears from the pipe interiors, and surface scans. Class 1 survey units should
be fully surveyed inside—so either the pipe must be cut open or specialty survey equipment employed.

It may also be possible to evaluate the cut pipe using a CSM or in situ gamma spectrometer. The surface
area for pipe section exteriors per survey unit is 17 m? (based on a pipe diameter of 6 cm and 1.5-m
lengths). ‘

Large-bore pipe (>6 cm diameter) from piping systems is assumed to be sectioned into 1.2-m to 1.8-m
lengths. It is assumed that conventional survey instrumentation can access the pipe interiors. Therefore,
this survey unit is assumed to have no inaccessible areas. The primary assessment technique is surface
activity measurements of pipe interiors and exteriors, and surface scans. The surface area for pipe
section interiors and exteriors per survey unit is 72 m? (based on a pipe diameter of 30 cm and 1.5-m
lengths). '

¥ + £y W . $

Structural steel consists of light and heavy gauge steel that may require sizing to fit on a pallet (1.2-m to
1.8-m lengths). The structural steel may consist of I-beams, structural members, decking, ductwork, '
tanks, and other containers. This survey unit is assumed to have no inaccessible areas. The primary
assessment technique is surface activity measurements, with the number of measurements statistically
determined, and surface scans. In roto clearance techniques may also be useful to assess structural steel.

Copper wire consists of insulated and non-insulated wire (0.6 cm or larger), copper windings, and bus-
bars. It is assumed that this amount of copper weighs 0.75 tons. The primary assessment technique is
surface activity measurements, with the number of measurements statistically defermined, and surface
scans. In toto clearance techniques may also be useful to assess copper wire. This survey unit is
assumed to have no inaccessible areas. -

Copper ingots (bulk) consist of size-reduced pieces of copper and ingots. The primary assessment
technique is laboratory analysis of a statistically determined number of representative samples and
surface scans, or use of a CSM." The total surface area of the bulk copper when spread out to a height of
5 cmis about 15 m®. This survey unit is assumed to have no inaccessible areas.’

2 f B 31 1
Soil includes materials that are soil-like, consisting of a finely divided mesh. The primary assessment
technique is laboratory analysis of a statistically determined number of representative samples and
surface scans. Other clearance survey techniques that might be employed include use of a CSM or
in toto techniques. The total surface area of the soil when spread out to a height of 15 cm (to facilitate
scanning) is about 50 m?.: This survey unit is assumed to have no inaccessible areas.
Large items for reuse include transformers, specialty equipment (e.g., lathes), electrical panels, and
other complete systems. These materials are assumed to require some amount of disassembly to allow
access to interior surfaces, but consideration must be given to the fact that these items are valued for their
function, so cutting is usually not an option. The nominal weight of a large item is 1.5 tons. The primary
assessment technique is surface activity measurements, with the number of measurements statistically
determined, and surface scans. In toto clearance techniques may also be useful to assess large items for
reuse. ‘
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1051 Scrap metal pile consists of miscellaneous mixed metals with no common configuration. The scrap may

1052 require sizing to fit on a pallet. The nominal weight of the material on a pallet is assumed to be 1 ton.
1053 The primary assessment technique is surface activity measurements, with the number of measurements
1054 statistically determined, and surface scans. In toto clearance survey techniques might also prove useful.
1055 The total surface area of the scrap metal pile is assunied to be about 10 m?. This survey unit is assumed
1056 to have no inaccessible areas. ’ L -

1057 Scrap equipmént and small items for reuse include small pumps, motors, hand tools, power tools,
1058 scaffolding, and the like. These materials are often associated with operational releases and are assumed
1059 to require some amount of disassembly to allow access to interior surfaces. The nominal weight of the
1060 material on a pallet is assumed to be 1.5 tons. The primary assessment technique is surface activity
1061 measurements, with the number of measurements statistically determined, and surface scans. Both
1062 in toto and CSM clearance survey techniques might be used to release scrap equipment.

1063 As mentioned in Section 4.1.2, survey units should be selected based on the DQO Process, consistent
1064 with the nature of the material, the clearance survey technique selected, the material’s potential for
1065 contamination, and considering any relationship between the survey unit size (i.e., batch size) and the

x

1066 modeling input used to establish the DCGL. Table 4.2 provides typical survey unit sizes.

1067 ) Table 4.2: Typical material survey unit sizés
1068 Solid Materials Examples Survey Unit Sizes
1069 Bulk materials soil, concrete rubble, 1to7.5m’

copper ingots * B - (smaller for CSMs)
1070 Few, large pieées of - . concrete slabs, la}ge jtems ~ 7 itemitself
1071 equipment and material
1072 Small items on a pallet - small- and large-bore pipe sections, 10 to 100 m?

structural steel, equipment,
scrap metal, copper wire
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Figure 4.2: Containers of copper chop
(recently surveyed using the conveyorized survey monitor)
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431 Evaluﬁlt}ng é Solid Mét'ex:iaf’s Contan‘iiﬁ:é’ti'on Potential

S ST R S T . - T .,
In some instances, process knowledgé may.not be available for the solid material b

4.3 Process Knowledge and Characterization i oo e ) "
. ' T P T . . ' 2

The release of solid materials can occur during both normal operations and decommissioning ofa’
facility. Releases that occur during operations typically involve smaller quantities of materials than those
that occur during facility decommissioning, and the materials’ potential for having contamination is
usually better known for operational releases than for decommissioning releases since the materials’
origin is more certain. - Regardless of when the materials are offered for release, process knowledge

- concerning the solid material is critical.“In fact; it may be worthwhile to use the DQO Process to develop

the materials’ process knowledge. The following section identifies inputs that are relevanttoany .
material release decisions involving process knowledge. ) ) '
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One of the first steps in the clearance process 1s to use process knowledge to determine whether licensed

" operations impacted (contaminated) the solid material. Operational surveys are expected to provide

information supporting the classification decisions discussed in the next section. Process knowledge is
obtained through a réview of the operations conducted in facilities where materials may have been ~
located and the processés in which the materials may have been involved. This information is used to,
evaluate whether the solid material (such as structural steel, ventilation ductwork, or process piping) may
have been in direct contact with radioactive materials by design. Reviews should alsoinclude
operational rpcordg to evaluate whether spills, fires, and/or airborne or similar releases occurred that may
have résulted in material contamination. The records réview should also include survey data that may

indicate the presence of contamination. - . -

. .
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T

eing considered for
clearance. For example, consider an outdoor material staging area, where various pieces of rusty
equipment and metal have accumulated over the years. The origin of these solid materials is unknown.
In this case, it is particularly important to perform characterization surveys of the materials to establish
their contamination potential and the radionuclide identity of the contamination on these solid materials.
Furthermore, surveys are useful to validate the material’s process knowledge, even when the solid
material has a well-documented history. ‘ o

After reviewing the material’s process knowledge and completing the characterization, an initial
classification is performed. The selection of material classification should be based on the process
knowledge, as well as previous operational records and survey data, to establish the potential for solid
materials to have contamination. This may include considering the function and use of the material,
location(s) where the material was used, determinations as to whether previous surveys were performed
to supplement the process knowledge, and whether there is a potential for internal contamination and
how it affects the classification. Additionally, the potential for the materials to have been exposed to a
neutron fluence resulting in the formation of long-lived activatioq\‘pfoducts should be evaluated.
Materials that have never been in a radiological area are typically classified as non-impacted. For
example, virgin steel I-beams that resulted from the demolition of an office building that was located -
outside of control areas and had never housed radiological activities of any type would be classified as
non-impacted. Impacted solid materials are those items that were, at any period in time, stored or used
within a radiological area. These items could have contamination and, therefore, require further
evaluation before they may be considered for release.
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The contamination potential of the solid material is used to further classify the material as either Class 1,
2, or 3 (Section 4.4). The specific classification will assist in defining the survey approach prior to
release. Those materials having the highest potential for contamination would receive the greatest
clearance survey effort.

Solid materials are classified as Class 1, 2, or 3 based on the céntamihation_ potential of the material.
The specific classification dictates the required rigor of the cléarance survey.

4.3.2 Evaluating the Nature of Contamination p
Process knowledge can also be used to determine the nature of contamination (i.e., the identity, extent,

and location of the radionuclide contamination on the solid material). The type of facility from which the
materials originated is an important factor. For example, if the solid materials came from a nuclear

power reactor, the likely radioactivity includes fission and activation products; if the materials were from ,
a gaseous diffusion plant, the radioactivity may include enriched uranium and *Tc. “A number of studies .
have investigated screening (felease/clearagge) levels for key réaionuclicjes as"sociiatgzd, with clearance

(IAEA 1996, Hill 1995, NRC 1999, ANSI 1999). Rather than develop a new list or augment existing
lists, this section focuses on a few impc;rtgnt radionuclides to explore specific issues related to their .
presence and detection in %olid materials.” - - o

s ¥ \ . %

The radionuclide mixtures for each facility type'(or infd‘ustry catégory) should be known in orderto o

effectively design the clearance survey. The specific facility type provides a’g‘eﬁ’er’él indication of the .
expected radionuclides. Short-lived radionuclides (i.e., half-lives from less than a day fo several months)
that may be associated with a particular facility are not shown. It is necessary to account for the potential
presence of short-lived radionuclides, which may include justification that the radioniclides are not a

. ., I D S e ey 3
concern because of their'expected contamination ievels considering radioactive decay. Common
LY .

radionuclides at various types of facilities are as follows:

Nuclear Power Reactor - 80Co ) C
N |37CS
“Nj - :
SSFe
fission and activation products
transurani'cs"

Fuel Fabrication Facility enriched uranium
Sealed Source Facility 21Am

%Co

137Cs

Sr

Broad R&D Facility Iy
14
C
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Scoping and characterization surveys would likely be performed, and may include field measurements
and sample collection with laboratory analysis, to identify the specific radionuclides that are present and
their radiation characteristics. Identification of radionuclides is generally performed through laboratory
analyses, such as alpha and gamma spectrometry, and other radionuclide-specific analyses. For instance,
the radionuclide mixture of contamination on solid materials that originate from a power reactor facility
may be assessed by collecting representative samples, and performing gamma spectrometry analyses to
determine the relative fractions of activation and fission products present. Radionuclide analyses are also
used to determine the relative ratios among the identified radionuclides, as well as to provide information
on the isotopic ratios and percent equilibrium status for common radionuclides like uranium and thorium

-decay series. This information is useful in establishing and applying the DCGL for the material being

released. Table A.4 in Appendix-A provides information on radionuclide characteristics and lists some
standard methods for detecting their radiations. T TR ALV I L EOU

AT ' % : T T
It is useful to consider the possible contamination scenarios associated with the radionuclide(s) of
concern. Radionuclides that can be connected to a specific function in a power reactor or gaseous
diffusion plant, for example, will have a very specific contamination pattern or scenario based on the
materials and processes involved. For example, **Fe and *Mn are activation-corrosion products, which
can be found in irradiated metals from reactors (e.g., core shrouds, support plates, and core barrels), but it
is unlikely that facilities would be attempting to clean (if possible) and release these materials. The more
likely scenario involves materials that are associated with items that are not typically linked with any
process that would expose them to radiation (e.g., neutrons) or radionuclides.. Such items include , -
structural materials (e.g., wood and steel), tools, pipework, heating and ventilation ductwork, and office
equipment. Contamination found on these materials is most likely a result of the inadvertent movement
of radionuclides by personnel and circulating air. However, it is clear in the case of reactor facilities that
the radionuclides ®Co, 5Fe, ®Ni and 3*Mn are associated with steel.., Tritium (*H) is the most mobile and
is usually in the form of tritiated water when released. This means it can penetrate porous materials
(such as concrete and wood) and form oxide layers on metals. In general, soluble radionuclides can
penetrate porous materials to create contamination at depth. ‘They can also become airborne and be
transported by air currents to remote and inaccessible areas: 'Fine particles created by machining * -
operations can become airborne and be deposited in cracks and on horizontal surfaces.- With the .. -
exception of the corrosion-activation products, most of the contamination will reside on surfaces of

various materials.
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To summarize, the nature of contamination on solid material can be described in terms of its distribution
on the material. For example, the contamination distribution on most items and materials is generally
spotty, although some materials (particularly those that were designed to have intimate contact with
radioactivity) exhibit a more uniform contamination distribution. This is an important consideration
when selecting the clearance survey approach. Scanning is the preferred clearance survey methodology,
precisely for its ability to detect the predominantly spotty contamination on solid materials.

4.4 Classification

All materials can be divided into two types—non-impacted and impacted. Non-impacted solid materials
have no contamination potential based on process history, while impacted solid materials have some
contamination potential based on operations and process knowledge. Impacted materials are further
subdivided into three classes based on the materials’ known contamination levels or contamination
potential, as outlined in the following subsections. .

The classification of solid materials is used to determine the clearance survey coverage for that material.
The basic philosophy is that the greater the potential for the material to have contamination, the greater
the clearance survey effort. This is the philosophy in the MARSSIM, as well. The solid material
classification will specify, for example, how much metal scrap on-a pallet must be surveyed, or what
fraction of soil must be processed through a conveyorized survey monitor.

.
IR i i

Improper classification of materials has serious implications, particularly when it leads to the release of
materials with contamination in excess of clearance criteria. For example, if materials are mistakenly
thought to have a very low potential for having contamination; these materials will be subjected to a
minimal survey rigor. This misclassification results in a higher potential for releasing materials in error.
To minimize these potential errors, investigation levels should be established and implemented to
indicate when additional investigations are necessary. For example, a measurement that exceeds an
appropriately set investigation level may indicate that the material survey unit has been improperly
classified. oo

4.4.1 Class 1 Solid Materials. -

¥
Yok

Class 1 solid materials are those materials that have (or had) a potential for contamination (based on
process knowledge) or known contamination (based on previous surveys) above the release criterion
(DCGL). These solid materials include materials that comprise processing equipment or components
that may have been affected by a spill or airborne release. '

Basically, Class 1 solid materials are those materials that were in direct contact with radioactive
materials during the operations of the facility or may have become activated. Additionally, solid
materials that have been cleaned to remove contamination are generally considered to be Class 1.

An exception may be considered if there are no inaccessible areas and any contamination is readily
removable using cleaning techniques. Examples of such methods may include vacuuming, wipe downs,
or chemical etching that confidently remove all contamination such that surface activity levels would be
less than the release criteria. Documented process knowledge of these cleaning methods should be .
provided to justify this exception to the cognizant regulatory authorities.
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44.2 Class 2 Solid Materials a.

- !
Class 2 sohd materlals are those materxals that have (or had) a potentral for or known contammatron but
are not expected to have concentratlons above the release crrterla -These materlals include those 1tems
that are within radrologrcally posted areas, but are not expected to have contamination. This class of
materials might consist of electrical panels water pipe, conduit, ventilation ductwork, structural steel,
and other materials that might have come in contact wrth radroactrve materrals

Any Class 2 solid materials that exceed the release criteria based on“previous surveys, should be
reclassified as Class 1 for clearance surveys. For items of unknown or questlonable ongm, scoping
surveys should be performed to determine whether residual surface contamination is present. Provided
that no activity is identified, the minimum class1ficatron for such materials should be Class 2.

L
! N

4.4.3 Class 3 Solid Materials -

. Class 3 solid materials are those materials that either are not expected to contain any contamination, or.

are expected to contam contammatlon less than some small specified fractron of the release criteria based
on process knowledge or previous surveys. Any solid materrals that exceed the specrﬁed fractron of the
release criteria, from previous surveys, should be reclassified as Class 2 for clearance surveys. |
Additionally, if the historical assessment data are insufficient to clearly document that an item or area is
non-impacted, the minimum classification for such materials would be Class 3.
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4.5  Application of Release Guidelines -~

Section 4.1 discussed release guidelines for clearance and the concept of the derived concentration
guideline limit for clearance (DCGL) based on dose factors, such as from NUREG- 1640. This section
addresses how individual DCGLS for clearance can be combined and applied when more than one
radionuclide is potentially present. Options may include the use of gross activity DCGLs for surface
activity comphance and use of surrogate measurements or the umty rule for volume activity compliance.

Regardless of the optlon used to modlfy the DCGLs to account for multrple radlonuclldes itis necessary
to identify the potentral radionuclides, as well as the relative ratios of these radionuclides, if a relative
ratio indeed exists. Section 4.3.2 discusses the approach for determining the nature of the contamination,
as well as calculating the relative ratios among the multiple radionuclides and state of equilibrium for .
decay series radronuchdes T - O U

1")1\'&1‘( [t E R M ' .

45.1 | Surface Act1v1ty Assessment when Multlple Radwnuchdes are Present S,
= T, 0, l ’ 3 *

Surface actrvrty DCGLs for clearance apply to the total surface actlvrty level For cases in whrch the

surface contamination is entirely attnbutable to one radlonuchde the DCGLC for that radionuclide is .

used for comparison to clearance data. The clearance data may be obtained from direct measurements of

surface activity, scanning with data logging, CSM surveys, etc.
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" For situations in which multiple radionuclides with their own DCGLs are present a gross activity

DCGLC can be developed. This approach enables field measurement of gross activity (usmg static direct

" measurements or scans); rather than' determination of individual radionuclide activity, for comparison to

the DCGL.. The gross act1v1ty DCGL for surfaces wrth multiple radlonuchdes is calculated as follows:
€)) Determine the relative fraction )] of the total activity contrlbuted by the radionuclide.

(2) Obtain the DCGL,. for each radionuclide present. * '

3) Substitute the values of fand DCGL. in the following equation.

v +
. [ICEIEAN]
>

Gross Activity DCGL,. = I
S
DCGL, DCGL, ~ DCGL,

For example, assurne that 40 percent ‘of the total surface act1v1ty was contributed by a radionuclide with a
DCGLC of 1.4 Bq/cm (8,300 dpm/100 cim?); 40 percent by a radionuclide with a DCGLC of 0.3 Bg/cm?
(1,700 dpm/100 cm?); and 20 percent by a radionuclide wrth a DCGL of 0. ] Bq/cm (830 dpm/100 cm )

Using the above equation,
[

i
R . 1
T H . . o .

Gross Activity DCGL,, = L
040 . 040 _ 020

14+ 0.3 0.1

i PR . ' . t

=0.3 Bg/cin’ (1,900 dpm/100 cn'ﬁ)
Note that the above equation may not work for sites that exhibit surface contammanon from multlple ‘
radionuclides having unknown or highly variable conéentrations of radionuclides throughout the site.
In these situations, the best approach may be to select the most conservative surface activity DCGL from
the mixture of radlonuchdes present.'If the mixture contains radionuclides that cannot be measured using

3

field § survey equlpment such as °H or *Fe, laboratory analyses of solid materlals may be necessary 2
oo
Meetmg with surface activity DCGLs for radionuclides of a decay series (e.g:, radium, thorium, and
uranium) that emit both alpha and beta radiation may be demonstrated by assessing alpha, beta, or both
radiations. However, relying on the use of alpha surface act1v1ty measurements often proves problematic
because of the highly variable level of alpha attenuation by rough porous, and dusty surfaces. Beta
measurements typically provide a more accurate assessment of thorium and uranium contamination on
most bulldmg surfaces because surface conditions cause sngmﬁcantly less attenuation of beta particles
thari alpha particles. Beta measurements therefore, may provide a more accurate determination of

" surface activity than alpha measurements.
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The relationship of beta and alpha emissions from decay chains or various enrichments of uranium .
should be considered when determining the surface activity for comparison with the DCGL'values. -
When the initial member of a decay series has a long half-life, the radioactivity associated with the
subsequent members of the series will increase at a rate determined by the individual half-lives until all .
members of the decay chain are present at activity levéls equal to the activity of the parent.

This condition is known as secular equilibrium.

Consider an example in which the radionuclide of concern is ***Th, and all of the progeny are in secular
equilibrium. Assume that a gas proportional detector will be used for surface activity measurements.
The detector’s efficiency is dependent upon the radionuclide mixture measured and the calibration source
area (greater than 100 cm?area calibration sources are recommended). The B2Th efficiency is calculated
by weighting the individual efficiencies from each of the radionuclides present (see Table 4.3). -This

- value is greater than 100 percent because of all of thé progeny that are assumed to be in equilibrium with

the 2*Th. It is important to recognize that if the DCGL¢ for 22Th includes the éntire **Th decay series,
the total efficiency for *2Th must account for all of the radiations iri the decay series. .- -~ .

+ - T - Poagg o

. Table 4.3: Detector efficiency for the rare earth facility :- - - ...
(***Th in complete equilibrium with its progeny) using a gas proportional detector

Lkl

Radionuclide Average Energy Fraction Instrument Surface Weighted
. - (keV) .. ~ . Efficiency ' Efficiency '+ "Efficiency - =
B2Th alpha 1 " --040 <. 025 - - .0 00 I
2%Ra 7.2 keV beta 1 0 0 0
BAc 377 keV beta 1 0.54 0.50 027 .
28Th alpha 1 0.40 0.25 0.1
24Ra alpha 1 0.40 0.25 0.1. .
20RN alpha B I *0;40 e 025 - 0.1
2Uspg ..alpha o1 v 040 0.25 0.1
212pp, 102 keV beta 1 - 70.40 0.25 0.1
22Bj 770 keV beta 0.64 0.66 0.50 0.211
22Bj alpha 0.36 0.40 0.25 0.036
212pg alpha 0.64 0.40 0.25 0.064
2087} 557keVbeta + .036 ,:. 058 .-. 050 -:.-- .0.104 .
Total efficiency =
L . T = A A . g, v tve wz q,_1.29.
P U ST T, T U Lo o

452 Volume Activity Assessment when Multiple Radionuclides are Present
Typically, DCGLs corres'lpond to a release criterion (e.g., a regulatory limit) in terms of dose or risk.
However, in the presence of multiple radionuclides, ihe:total of the DCGLs for all radionuclides could
exceed the release criterion.” In this case, the individual DCGLs would need to be adjusted to account for
the presence of multiple radionuclides contributing to the total dose. One method for adjusting the
DCGLs is to modify the assumptions made during exposure pathway modeling to account for multiple
radionuclides. The surrogate measurements discussed in this section describe another method for -
adjusting the DCGL to account for multiple radionuclides when radionuclide-specific laboratory analyses
of media samples or in foto measurements are performed. -Other methods include the use of the unity rule
and development of a gross activity DCGL for surface activity to adjust the individual radionuclide - -
DCGLs. - - : . T B L R A U .

oo e e
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The unity rule, represented in the following expression, is satisfied when radionuclide mixtures yield a
combined fractional concentration limit that is less than or equal to one:
C C, c,
L 2_ 4 — <]
DCGL, DCGL, DCGL, .

- where g T -~ , '
C = -concentration; - ‘
DCGL =  clearance guideline value for each individual radionuclide (L2,...n)

N i . i . f !
For the clearance of solid materials that have potential contamination with multiple radionuclides, it may
be possible to measure just one of the radionuclides and still demonstrate compliance for all of the other
radionuclides present through the use'of surrogate méasurements. In the use of surrogates, it is often
difficult to establish a “consistent” ratio between two or more radionuclides. Rather than follow
prescriptive guidance on acceptable levels of variability for the surrogate ratio, a more reasonable
approach may be to review the data collected to establish the ratio and to use the DQO Process to select
an appropriate ratio from that data. The DCGL must be modified to account for the fact that one
radionuclide is being used to account for one or more other radionuclides. i

' I . .

The following equation illustrates how the DCGL for the measured radionuclide is modified
(DCGL ;e 15.moa) to account for the inferred radionuclide: '

where

&

= (DCGL,,,) |

meas

, (DCGL,,,)

DCGL

'meas,mod

meas infer
meas

<
(—f) DCGL___ + DCGL,

{
Ciate Cess = surrogate ratio for the inferred to the measured radionuclide
I
When it is necessary for the measured radionuclide to be used as a surrogate for more than one

radionuclide, Equation I-14 on MARSSIM page I-32 can be used to calculate the modified DCGL for the
measured radionuclide:

DCGL =

'meas,mod

1 R, R, R
—_—_t ==+ — 4, =L
D, b, D, "D

-
§ P f

where D, is the DCGL,; for the measured radionuclide by itself, D, is the DCGL for the second

- radionuclide (or first radioniclide being inferred) that is being inferred by the measured radionuclide.
' R, is the ratio of concentratiori of the second radionuclide to that of the measured radionuclide.

Similarly, D; is the DCGL. for the third radionuclide (or second radionuclide being inferred) that is
being inferred by the measured radionuclide, and R, is the ratio of concentration of the third radionuclide
to that of the measured radionuclide.
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Recall that the benefit of using surrogates is the avoidance of costly laboratory-based analytical methods
to detect radionuclides with weakly penetrating radiation. Surrogates usually emit y rays, which enable

. the use of noninvasive and nondestructive methods. The surrogates come in two forms: (1) surrogates by
vrrtue of a decay series, and (2) surrogates by virtue of association. The drfﬁculty with surrogates that

are part of a series is that a time for sufficient number of half-lives of the longeést lived progeny that
intervenes ‘between and including itself and its parent must pass in order to establish secular equrlrbrrum
In'the case of 2**Th, this is almost 40 years. This is because 20T decays into ?*Ra, which has a half-life
of 5.75 years. Tn the case 2*U and **Ra, the half-lives of the intervening progeny are relatively short.
However, 2Ra possesses a special problem because it decays into 22Rn, which is a noble gas that can
escape the matrix and disrupt equilibrium. Radionuclides that are not part of a decay series have the

. potential to be surrogates because they are produced by the same nuclear process (usually fission or.-
actrvatron) and have similar chemical propertles and release mechamsms However, this type of

surrogate needs some specral attentron because there must be a consrstent ratio between the measured
radronuclrde and surrogate, which is not always easy to demonstrate. For example, in the case of -
reactors . ¥Co can be used as a surrogate of **Fe and “Ni’ because both are activation-corrosion products
with similar chemical properties. Similarly, Cs can be used as a surrogate for the B-emitting *°Sr ; .
because both are fission products and are generally found in soluble cationic forms. While '’Cs has -~
been suggested as a possible surrogate for ®Tk, it must be noted that *Tc does not have different
chemical properties and, in power reactors, it has different release mechanisms. For a further discussion
of surrogates and establishing ratios, see MARSSIM (1997) and Best and Mrller (1987)

"‘ . - . 4
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4.6 . Measurablllty of Contammatlon . P

.. “t - - 2
3 [ « - )
}

Detectlon llmrts for ﬁeld survey instrumentation are an 1mportant crrtenon in the selectron of appropriate
instrumentation and measurement procedures. For the most part, detection limits need to be determined
in order to evaluate whether a particular instrument or measurement procedure is capable of detecting
residual activity at the regulatory release criteria (DCGLs). For example, the MARSSIM recommends
that the minimurn detectable concentration (MDC) should be sufficiently less’ than the DCGL (e.g., no
greater than 10 to 50 percent of the DCGL). This is a reflection of two concerns. First, when calculated
a priori, the MDC frequently tends to be optimistic in that some factors that may adversely impact
detection sensitivity are either unknown or not included (e.g., surface roughness, interfering .
radionuclides, or radiations). Second, ‘the objectrve is not simply to detect whether radroactrvrty exists at
levels approaching the DCGL, but to quantify the actual concentration level Wlthll’l a reasonable overall
uncertainty. P :

Lo Lo RS R Y s

R TR B A o
Sectrons 4, 6 1 and 4.6.2 address the measurabrlrty of contamlnatron under the general survey approaches
of (1) static measurements and (2) scanning, respectively. Static MDCs are calculated when the
clearance survey approach includes conventional direct measurements of surface activity, intoto - |,
measurements, or laboratory analyses of media samples. Scan MDCs are calculated when the clearance
survey approach includes scanning with conventional detectors, or when usmg automated scanning ..

equipment such as the conveyorized survey monitor. _ e T ,‘ »
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4.6.1 Static MDCs

The measurement of contamination during clearance strveys often involves measuring contamination at
near-background levels. Thus, it is essential to determine the minimum amo'untagif radioactivity that may
be detected using a éﬁ/:en survey instrument and measurement procedure. In general, the MDC is the
minimum activity concentration on'a surface, or within a material volume, that an instrument is expected
to'detect (e.g., activity expected to be detected with 95-percent confidence). It is important to note,
ho'we‘\’/er, that this activity @ioncéﬁtration, or MDC, is determined a priori (that is, before survey
measurements are conducted). ‘
The MDC éorrespo'nds to the smallest activity concentration meagirement that is practically achievable
with a given instrument and type of measurement procedure. That is, the MDC depends on the particular
instrument characteristics (efficiency; background, integration time, etc.), as well as the factors involved
in the survey measurément process, which'include surface type, source-to-detector distance, source
geometry, and surface efficiency (backscatter and self-absorption). More information on detectability,
detection limits; and formulas to compute MDCs is available in the literature (Currie 1968, NRC 1984,
Brodsky 1992 and 1993,'Chah3blgs§’l992,'ANSI 1996, ISO 2000a and b). '

The'methodology to'determine an MDC for a given instrument, radionuclide; matrix or surface, and

measurement protocol is based on the specific formulation of the MDC for the application in question.

For example, the formula for calculating the MDC for a technician scanning copper tubing for alpha

contamination would be different than the formula for calculating the MDC for '*’Cs in soil using a

shielded gamma-ray spectrometer. However, all forms of the MDC equation do have the following

structure (NCRP 1985): ' =~ ™«
.

"MDC - k= .detectzon limit : '
T “efficiency x sample size

(4-1)

A1

where k is a unit co'nversi‘éiﬁ'(frdm instrument response to activity and the désired units).

The detection limit considers both the instrumént background arid backgrounds from other sources; such
as interfering radiations from the environment (both natural and anthropogenic), in determining the
response of the instrument that is statistically different from background. This detection limit is
determined using a statistical hypothesis test with a specified gray region and Type I and Type II errors.
The overall uncertainty of the measurement process when measuring a blank sample is a key parameter

for determining realistic detection limits."

The efficiency term inclides the efficiency associated with the detector (instrument or intrinsic
efficiency), geometrical efficiency, surface or sample efficiency, absorption efficiency, and, in some
applications, surveyor efficiency (see Section 4.6.2). The surface efficiency accounts for field conditions
such as rusty metal, damp surfaces, or scabbled concrete.

The sample size term takes on different values depending on the type of measurement. For field survey
instruments, this is usually well-defined as the physical probe area of the detector. For laboratory
measurements, it is again a well-defined quantity defined as a measured amount of the sample. However,
in the case of an in situ or in toto measurement, the sample size is a function of the detector’s field-of-
view, which is usually not well-defined (or difficult to define accurately). Section 5.4 further addresses
MDC issues for the in situ gamma spectrometer used to release materials.
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The following equation is used to calculate the MDC for surface activity assessments using conventional
survey instrumentation (NRC 1998a):

- ' .
R PR - v PR
L LW - Tider T ot

- i . [

i 3+465,/ L
R MDC-‘ ST e (42)

. - ~ v k4 AT - + N
LA s aR L e et . i o, .

R IIEG - FIA R o
where CB is the background count in trme, T for paired ¢ observatlons of the sample and blank The.

_ quantities encompassed by the proportlonallty constant, K, mclude the mstrument effrcrency, surface
efficiency, and probe geometry.; Based on the radlonuchdes of concern, specrfrc instrument and surface
efficiencies are used to calculate the static MDC for surface activity measurements. The MDC is also a
function of the surface material background level and, therefore, varies with the nature of the surfaces
being surveyed

The detectron and detectablllty of contammanon when usmg other than the conventlonal survey approach
must also be considered. Tritium (3H) and "C create a significant challenge for detection (because of the

" ‘associated low instrument efficiéncy). They each emit a low-enérgy B radiation, and they ‘are not ™

amenable to the surrogate approach. Similarly, *Ni and **Tc are somewhat difficult to detect because
__they too have primary radiations of low-energy betas. Conversely, °Co, Cs-134, and 13Cs (via Ba-137m)
are easily detected because of their, intense and rather energetic gamma-rays and readily-measured beta
radiations. T he evaluation of detectablllty for these seven radionuclides is more or less independent of
the matrix and nature of the contamination. In general, all of the radionuclides (with the exception of °H)
can be detected with hand-held devices using standard survey methods. The issue is whether hand-held
devices and standard survey methods can detect thése radionuclides, separately or in combination, at the
levels established for release. ., N

Therefore, the recipe to calculate the MDC for any measurement method (such as for an in toto technique
or laboratory analysis) is to determine the detection limit, relevant efficiencies, and sample size for the
given instrument and measurement protocol. ‘For some of the more common (conventional) techniques of
measuring radionuclides and materjals, these quantities have been either measured, calculated, or
estimated and MDCs are available in the literaturé (ANSI 1999, MARSSIM 1997, NRC 1998a, EC 1998,
and Goles et al. 1991). The reader should note, however, that the MDC provided in these references

- apply only to the situation described and must not be construed to be a universal MDC for a particular

instrument or protocol. Rather, they should be viewed only as a general measure of the capability of the
instruments for the application described.

4,6.2 Scanning-Based MDCs

Scanning-based MDCs must also be assessed in order to appropriately design the clearance survey
approach. Relevant information on scanning-based MDCs for conventional survey approaches exists in
the MARSSIM (Section 6), NUREG-1507, and Abelquist and Brown, 1999. In general, when planmng
surveys, one must often consider minimum detectable count rates (MDCRs) in order to evaluate the
effectiveness of a given scan. An MDCR is an a priori estimate of the signal level that a real surveyor is
expected to recognize as having a signal-to-noise ratio that is distinctly above the ambient detector
background noise. In general the MDCR is defined as the detector signal level, or count rate for most
equipment, that a surveyor is likely to flag as being “greater than background.” The MDCR will depends
on a number of factors, including scan speed, detector type, detector background, and surveyor
performance., , . . . 4,
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1484 4.6.2.1 Hand-Held Detector Scan MDCs

1485 To illustrate the calculation of scanning-based MDCs, the scanning sensitivity for conventional hand-
1486 held survey instruments is provided for materials being cleared from a gaseous diffusion facility.
1487 [Note: Example 2 in Section 5 of this report pertains to nuclear power plants.] Assuming that a gas
1488 proportional detector is used as the primary instrument used for surface scanning, the instrument
1489 efficiency for scanning is slightly less than that used for static measurements. This is because the
1490 detector is not directly on the surface of the material during scanning. [Note: The fact that the detector
1491 is being moved over the source is separately accounted for i in the 'scan efficiency by determining the
1492 observation interval. The insttument effi iciency for scanning is determined based on the detector-surface
1493 geometry for the observation intérval, which is on the order of seconds. ] Table 4.4 shows the °
1494 determination of detection efficiency for a gas proportional detector used for scanning.
'

1495 Table 4.4: Detector efficiency when scanning for GDP-enriched uranium (1.2%) and *Tc
1496 using a gas proportional detector (0.4 mg/cm? window)

e e Radiaiion/Avér}:ge ' ;&ctivity ‘ Weighted
1497 Radionuclide . Energy (MeV) Fraction & & Efficiency
1498 #Tc "~ Beta/0.085 0.7082 0 30 0.25 5.3x1072
1499 38y Alpha/4 2 0.1077 : 0 32 0.25 8.6x107
1500 “4Th . Beta/O 0435 0.1077 0.20 0.25 5.4x1073
1501 H4mpg Beta/0.819 0.1077 0.58 0.50 3.1x107
1502 »y - Alpha/4 70 0.1728 " 032 0.25 1.4x10%?
1503 %y Alpha/4 4 0.0084 0.32 0.25 6.7x10%
1504 SITh ) Beta/O 0764 ) 0.0084 0 29° 0.25 6.1x10*
1505 ’ T " Total Weighted Efﬁclency ' 0.11°

. K
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1506 The scan MDC for structure surfaces may be calculatedas - . . " 1 i o 2
[ " el TN vl" MDCR _ v L LT 9
0 o e scan MDC = ——— Cot ey, o “3)
o L P g e e

1507 where the minimum detectable count rate (MDCR) in counts per minute, can be written as :™-'-
MDCR = d’#[b,* (60/i) - 44)

iy

1508 where d’ = detectablhty index (the value can be obtamed from Table 6 5 in the MARSSIM)

1509 b, = background counts in the observation interval, |
1510 i = observational interval (in seconds), based on the scan speed and areal cxtent of the contamination
1511 (usually taken to be 100 cm?),
1512 €, is the instrument or detector efficiency (unitless),’ Ve
1513 €, is the surface efficiency (unitless), and - - e e
1514 p is the'surveyor efﬁcnency (usually taken to be 0. 5) T

T S I
1515 Consxder an example that mvolves determmmg the gas propomonal scan MDC for the GDP mixture on
1516 concrete slabs. The scan MDC will be determined for a background level of 400 cpm and a'1-second
1517 observation interval. Fora specxfied level of performance . at the first scanning stage of 95-percent *true

1518 _positive” rate and 25-percent “false positive” rate; d’ equals 2.32 (from Table 6.5 in the MARSSIM), and
1519 the MDCR is calculated as follows: _

‘ .
N . # . - \
L. e LT : MR AT I A » ‘5 1

1520 S AR -(400cpm)(1 s)(] mm/605) 667counts, )
1521 T B —(232)(667)”—60counts and {: Coo o nEmn

1522 MDCR = ( 6.0 counts)[ (60 s/mzn)/( 1 s) ] 360 cpm.
1523 Using a surveyor efficiency of 0.5 and the total welghted cfﬁcxency determined in Table 9.1 (0.11), the
1524 scan MDC is calculated as S - T

“‘r‘_: B

AT .o S WA

scan MDC = —3%0 4 600  dpr 100 em® (0.77 Bglem?)

ety L wnt T, /0.5 (0.11) - I

‘

1525 A Geiger-Mueller (GM) detector is often used to scan material surfaces that are difficult (or impossible)
1526 to access using the larger gas proportional detector. ‘The efflcxency of a GM détector in scanning this
1527 radionuclide mixture can be determined in a manner similar to that used in Table 4.4. It is important to
1528 note, however, that the scan MDC calculations usually require the assumption that the instrument

1529 efficiencies are determined relative to a 100-cm? calibration source to yield the appropriate units

1530 (dpm/100 cm?). This is in contrast to the static MDC equation, which uses a physical probe area

1531 correction in the calculation of surface activity.
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Table 4.5 provides instrument efficiencies that correspond to a 100-cm? calibration source, without - C
reducing the 2 emission rate for the smaller area subtended by the GM detector. [Note: This is precisely

what would be performed for static measurements of surface activity.] In other words, as long as 100

cm? is used as the size of the postulated small elevated'area, and the instrument efficiency is calculated

for the same area, there is no need for a probe area correction in the scan MDC equation.

Table 4.5: Detector efficiency when scanning for GDP-enriched uranium (1.2%) and *Tc
using a GM detector

Radionuclide Radiation/Average Activity c : c Weighted
Energy (MeV) Fraction f s Efficiency
o\ Beta/0.085 0.7082 0.05 0.25 8.9x10°
sy A]pha/4 2 0.1077 0.02 0.25 5.4x10*
24T Béta/0.0435 0.1077 0.025 0.25 6.7x10*
24mpy Beta/0.819 0.1077 0.12. 0.50 6.5x10°
2y Alpha/d.7 0.1728 0.02" 0.25 8.6x10*
B3y Alpha/4.4 0.0084 0.2 0.25 4.2x10°
o  Beta/0.0764 0.0084 0045 . 025 1.8x10°
Total Weighted Efficiency 0.018

As an example, consider evaluating the scanning-based MDC for the gaseous diffusion plant (GDP)

mixture on stainless-steel materials. - The scanning-based MDC will be determined for a background level o
of 70 cpm and a 1-second interval using a GM detector. For a specified level of performance at the first
scanning stage of 95-percent true positive rate and 25-percent false positive rate, d’equals 2.32 (from P
Table 6.5 in the MARSSIM), and the MDCR is calculated as follows:

by = (70 cpm)(1 s)(1 min/60 s) = 1.2 counts,
5= (2.32)(1.2)" = 2.5 counts, and
MDCR = (2.5 counts)[(60 s/min)/(1 s)] = 150 cpm.

Using a surveyor efficiency of 0.5 and the total weighted efficiency determined in Table 9.2 (0.018), the
scan MDC is calculated as

150

scan MDC = ———— = 12,000 dpm/100 cm® (2 Bg/cm?)
v0.5 (0.018)
I
f ,l’\ ¥
40
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4.6.2.2 Conveyor Survey Monitor Scan MDCs ‘ N

o
Tt

The scan MDC for a CSM can be estimated using Equation 4-1, with some modification to account for

" the automated nature ofa CSM. Thati is, the parameters that impact the CSM scan MDC include the _

detectlon limit, effic1ency, and sample size.- The detection limit is based on the background counts
obtained over the counting interval and the acceptable rate of true (correct detection) and false positives.
The background level depends on the nature of the material, while the counting interval is a function of
both the detector’s field-of-view and the system belt speed (i.e., it establishes the length of time that the
detector(s) can respond to a fixed length of material). Basmally, the MDCR can be calculated for the -
CSM in much the same manner as it is for conventional scans, with the primary difference being that
automated systems interpret the signal stream (data) usmg a computer-based analysis algorithm rather
than by calculatlon (Equatlon 4-4), o -, e P ‘

‘.;x~yr ‘\ w\ ,‘- az -

‘ Samp]e or survey umt 51ze isa functlon of the belt geometry, speed (whlch establishes the observatlon

interval),'and the detector’s field-of view and, therefore, has a fundamental impact on the scanning .
detection limit (cpm) and MDC (Bq/g) of a CSM. The detection efficiency for a CSM depends on the
detector characteristics, nature of the contamination, the material being surveyed, and source-to-detector
geometry., Modelmg was performed to support the determination of beta detectlon efficiencies for
automated scanning systems, as further discussed in Section 5.3. - .-

<t x‘ - !/e {‘g ‘i"l\:‘—
4. 6 2 3 Empmcal Determmatlons of Scanmng—Based MDCs

DIRTINE . - AN
Empmcal determmatlon of scannmg-based MDCs can serve as an alternatxve to calculatlon That is, it is

possible to design experiments to assess (and empirically determine) the scanning-based MDCs for -
particular survey instruments and scan procedures.. A number of researchers, as well asR&D ;
professionals, have developed mockups of surfaces with contamination to_determine scanning- based .
MDCs. For instance, in a study by Goles et al. (1991), empirical results included MDCRs as a functxon
of background levels:: 305 net cpm detected in 50-cpm background level, 310 cpm ; in 250-cpm -,
background, and 450 cpm in 500-cpm background It is important to note that these MDCRs were quoted
for detection frequencies of 67 percent (compared to the usual 95 percent) .Empirical assessments of
scanning-based MDC can also be valuable for determining the scanning capablhtxes of specific survey
technicians. . : Cue .

The uncertainty in the scanning-based MDCs calculated using the approaches described in this section -
should be viewed in the context of their use. That is, scanning-based MDCs are used to help design the
clearance survey approach, and should represent a “reasonable estimate” of the activity concentration ~
that can be detected when scanning. In other words, whlle the scanning-based MDC should be carefully
assessed, it is important to remember that such MDCs are inherently subJect to uncertamtxes (e.g., human

. factors, unknown characteristics of contamination prior to survey, vanable background levels, etc.). .

Recognizing this uncertainty in the scannmg-based MDCs, it is worthwhlle to consider additional means
ofeva]uatmg these values. . e b e o ee T RS I .

< R T A
Empmcal evaluatlon of scannmg-based MDCs can also be an 1mportant valldatlon tool This vahdanon
is performed by assessing the contamination levels that are flagged on solld matenals durmg scanning. -
These radionuclide concentrations are evaluated by direct measurements or ‘laboratory analyses, and the
concentrations at the lower end of the range of results should provide a reasonable estimate of the
scanning-based MDC achieved. That is, an empirical evaluation might indicate that the lower values in
the range represent a ballpark estimate of the scanning-based MDC. Obviously, increasing the number of
samples that are actually flagged during the scan, as well as the number of subsequently measured

samples will improve the accuracy of this empirical assessment of scanning-based MDCs.
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4.7 Inaccessible Areas

A question that often arises'is how to handle the release of materials that have inaccessible areas that may
have contamination. If the matenal surfaces are maccessrble, then by deﬁmtron it is not possible to
demonstrate that release criterid have been satisfiéd using conventional survey activities. In such cases,

a couple of optrons exist. First, the material might not be released for unrestricted use; that is,

the surveyor might conclude that since surfaces are not accessible, they must be assumed to have
contamination at levels greater than the release criteria. " Thus; the materials might be disposed of as
radioactive waste. In fact, th1s approach has been used to deal with materials that have 1naccess1ble
surfaces. :

A second alternative might be to make the surfaces accessible, either by cutting or dismantling'the :
matenal or by using specialized survey equipment (e.g., small detectors). “This option requires additional
resources beyond those requrred for conventional clearance surveys The discussion throughout this
report suggests a number of research opportunities for handlmg matenals that have inaccessible areas.

‘r’.r . '

4.7.1- Inaccessrble Materral Scenarlos

M L"‘)"i_' : i

o - ‘- .}

It is important to recognize the various inaccessible material scenarios that can occur during the cleararice
of materials. Perhaps the most common scenario is when contamination exists on the interior surfaces of
scrap equrpment such pumps, motors, and other equipment. These items can become contaminated -«
through a number of mechanisms, including their operatron in airborne contamination areas where air is

*drawn into the equlpment thereby contaminating internal surfaces.” Srmrlarly, contaminated lubricating

oil can spread contamination to a number of components within the scrap ¢quipment. Thus, because of
the small openings on these items, it is nearly impossible to use conventlonal survey activities to assess
the potentral for internal contammatlon

Another inaccessible material scenario involves contamination on the interior surfaces of pipes that are
difficult to access, such as buried or embedded pipes. Buried and embedded pipes may become
contaminated as a result of their function of transporting radioactive liquids or gases. Buried pipes are
usually at some depth beneath the soil surface and cannot be accessed unless they are excavated. Process
piping, such as that associated with nuclear power reactor systems, can be embedded in concrete, which
further complicates the assessment. In addition, the small diameter of embedded piping typically makes
it extremely dlfficult to'access the interior surfaces. ‘ "

One ﬁnal inaccessiblé matenal scenario includes some of the material surfaces in a scrap metal (or other
material) plle This complex geometry is soméwhat different from the first two scenarios, in that these';

“surfaces can be made accessible, but separating the materials for examination might be considered too

labor-intensive to warrant conventlona] cléarance surveys. Therefore, it might be worthwhile to consxder

releasing a pile of scrap  metal by taking in situ gamma Spectrometry measurements of the scrap metal :

pile. In this case, some of the scrap metal surfaces are considered to be inaccessible because they do not

directly contribute to the detector’s response. However, prov1ded that a sufficient fraction of gamma

radiation from the contammatron is detected, in situ gamma spéctrometry might provide a reasonable

clearance technique for scrap metal piles. (Refer to Section 5.4 for a discussion of this survey approach.)
i B

’ e '

42

-~ .



1640

1641
1642
1643
1644
1645
1646
1647
1648

1649
1650
1651
1652
1653
1654

1655
1656
1657
1658
1659
1660
1661
1662
1663
1664

4.7.2 Making an Inaccessible Area Accessible

As previously indicated, one strategy that can be considered when dealing with materials that have
inaccessible areas is to make the inaccessible areas accessible. For example, this can be accomplished by
dismantling scrap equipment or by excavating buried or embedded pipes. Inaccessible areas that might
require disassembly include small pumps, motors, hand tools, power tools, and electrical control panels.
These materials are assumed to require some amount of disassembly to allow access to their interior
surfaces. The dismantling might be deliberate to ensure that the item is still functional following the
efforts to gain access to internal surfaces. Conversely, cutting techniques can be employed to expedite
the process if reuse is not an option.

Another technique that may be considered is the use of thermoluminescent dosimeters (TLDs) or small
detectors to measure surface activity levels within buried and embedded piping systems. TLDs can be
deployed for some period of time within small bore piping or conduit to respond to the contamination
levels on the interior surfaces. An important aspect of this application is the calibration of the TLDs to
surface activity in the given pipe geometries. Small detectors, such as miniature GM detectors, and other
“pipe-crawling” detector systems have been used to assess surface contamination in pipe systems.

Nondestructive assay (NDA) is any quantitative technique that does not require sampling or sample
preparation, and will not alter the physical or chemical state of the object being measured. NDA
techniques have been developed and used on nuclear fuel materials, transuranic waste, soils, and scfap
metal. The two basic approaches to NDA involve passive and active techniques. A passive technique
involves directly measuring the spontaneous decay of nuclear material, while an active technique
attempts to excite atoms and molecules to emit characteristic radiation that can be measured and used for
identification and quantification. With the exception of nuclear activation analysis, active techniques
cannot distinguish between nuclear isotopes like some passive techniques. However, active techniques
are potentially more sensitive than passive techniques associated with decay counting. In general, NDA
techniques are less sensitive than laboratory techniques.
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.5 CLEARANCE SURVEY APPROACHES -

§ . ;l

- 4 c . i

¥

_As dlscussed in prevrous sections of this report the predommant factor i m determmmg how much effort

should be expended in conducting a clearance survey to release the given solid material is the material’s

) potentral to have contamination in excess of the release criteria. That is, the closer the radionuclide

concentration is to the release criteria, the greater the degree of survey effort that should be expended to
release the material. Process knowledge and characterization activities are used to estimate the
material’s contamination potential. The MARSSIM survey approach can be applied to clearance of «:
materials, by desrgnatmg the materials as Class 1, 2, or,3 based on each material’s contamination
potential. ~ . R - N R N VI

< P O

The decision to implement a partlcular clearance survey approach depends on the material

. characteristics, nature of the contammatlon detectability of the emitted radiation, and avarlabtllty of

survey mstrumentatlon The reader is encouraged to revisit the DQO Process dlscussron in Section 3.
before se]ectmg a partlcular clearance survey approach P T

. .
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Release criteria for the clearance of solid materrals may be expressed as the concentratlon of
radroactrvrty that exceeds background levels Consequently, an important aspect of clearance surveys 1s

to adequately assess the background levels associated with specrflc solid materials. This can be achieved

by selecting background reference materials that are non-impacted (i.e., materials that have no reasonable

potential to be contaminated) and representative of the solid materials being considered for release. -
Background measurements are also necessary to calculate the MDC 6f the selected clearance survey
approach.r T Tpoe s R S R S ‘

. (y '
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The number and type of background measurements that are necessary,to support the desrgn of clearance
surveys depends on the particular clearance survey approach the survey 1nstrument and the nature of the

rrrrrrr

,,statrstlcal test (1f a statistical test is used) or on the DQO Process [Note If background Tevels are a

small fraction of the release criteria, one mxght consrder ignoring the background in demonstrating
compliance. Refer to Section 6 for more information on this conservatrve practlce 1

R Y

Background surface activity levels for instrumentation used to measure beta radiation can be expected to
vary in response to a number of influences. The primary variance is attributable to survey conditions
(such as gamma contributions from amblent env1ronmental and burldmg materlals) whlle variations 1n
the solid materxals themselves and temporal ﬂuctuatlons attrlbutable to sources, such as radon can add
additional” varlance Backgrounds for alpha-measurmg mstrumentatlon can be expected to vary prlmarrly
as a result of natural materlal contnbutrons and temporal varlatlons m radon where radon concentratlons
tend to be elevated. In all cases surveys should be performed in areas whére 1nstrument backgrounds
from ambient radratlon levels allow the defection sensitivity requrrements to be met e

Koo e e w
et ~se  mao oo

Appropriate background data sets should be collected for each detector type, such that all 51gn1ﬁcant
sources of variance are properly accounted for Background measurements should be collected on
material types representmg 1tems that w1ll be surveyed and should also account for flcttations wrthm

.the area where surveys will be performed Although not requ1red it is suggested that data sets be formed

for beta-gamma detectxon equ1pment by collectmg measurements on non 1mpacted solid materials at

varying locations to establish’a good representatron of background variance. For those areas where radon

progeny or other external influences on detector response may pose a significant problem it is suggested
that the materials be moved elsewhere before being surveyed.
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1708 Dependent upon site- and material-specific considerations, the background data sets may be pooled or

1709 analyzed individually according to material types. The mean and variance of the background

1710 measurements would then be calculated for the complete data set(s). At a minimum, materials with very
1711 dissimilar background radiological properties should not be grouped together. For example, the'

1712 background means for various metal types generally should not differ by greater than 30 percent in order

1713 to be considered for grouping:

1714 Background measurements for the conveyor survey monitor should be determined for each type of
1715 non-impacted solid material being considered for release. For example, non-impacted soil could be run
1716 through the CSM repeatedly to develop a background database for that material. (Refer to Section 5.3.)

1717 At least one ambient background measurement for the in situ gamma spectrometer (ISGS) should be
1718 performed in the area where clearance surveys will be conducted. This background spectrum should be
1719 collected for a sufficient time to provide the necessary sensitivity for the radionuclide(s) and material
1720 being considered for release. (Refer to Section 5.4.) Provided that the radionuclide(s) being measured
1721 are not naturally present in the solid material being assessed, additional ISGS background measurements
1722 are unwarranted. By contrast, when the radionuclide(s) being measured'are naturally present in the solid
1723 material (e.g., uranium, thorium), a number of background measurements should be performed on the
1724 same type of non-impacted solid materials to permit comparison to the matérials being released. It is
1725 likely that the number of background measurements required in this case will be based on WRS test data
1726 needs.

1727 5.2 Survey Approach UsingiConventional Instrumentation

1728 In general, survey methods that use conventional instrumentation can be classified into three survey °
1729 categorles which are commonly known as (1) scanning, (2) direct measurements of surface activity, and
1730 (3) smear and miscellaneous sampling. These survey approaches are based on the use of hand-held,
1731 portable field survey instruments, which should have a minimum measurement detection ability, typically
1732 referred to as minimum detectable concentratlon (MDC), that is less than applicable release criterion
1733 (DCGL,). For difficult-t o-detect radlonuclldes the survey should use surrogates, or collection methods
1734 and laboratory analysis techniques, that have minimum detection ablhtles that are less than applicable
1735 release limits for media samples.

1736 5.2.1 Survey Instruméntation

1737 To maintain sufficient survey instrument detection capabllrtles, release surveys should be conducted i in
1738 areas with low background radrahon levels. Survey 1nstrument parameters to consider include count’
1739 times (for direct measurements of surface activity), background levels, and detection efficiencies to
1740 determine if they yield MDCs that are sufficiently below the release criteria to allow unambiguous

1741 decisions regarding the acceptability for release. Section 4.6 provrdes detailed information on

1742 measurability issues.

1743 All measurement 1nstrumentatron should be calibrated and monitored for performance in accordance with
1744 accepted standards applicable to performmg surveys before releasing materials from radiological control.
1745 _ Survey instruments typrcally mclude gas proportional, GM, ZnS, and Nal scmtrllatlon detectors, coupled
1746 to ratemeters or ratemeter—scalers with audible indicators. Calibration and efficiency data are necessary
1747 to ensure that individual detectors are capable of meeting the minimum performance specifications, as

1748 previously discussed.
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1749 5.2.2 Survey Activities (Measurement Methods) =~ - I 07 R ol

1750 - As previously mentioned, conventional cléarance survey methods include scanmng, direct measurements,
1751 and samplmg surveys. Given these options,’the measurement techniques for a given clearance survey *
1752 should be selected on the basis of the radionuclides (radiations) of concern and appropriately sensitive
1753 instrumentation should be selected for field use. The types of measurements, specific portable

1754 instrumentation, and specific measurement methods should be consistent with the appropriate standard

1755 operatmg procedures (SOPs) and presented in clearance survey plans

1756 5.2. 2 1 Scanmng and Direct Measurements of Surface Actrvrty

3 4 PSS M R

1757 Surface activity surveys are performed using both scans and statlc integrated direct measurements.’

1758 Clearance materials should be assessed on the basis of process knowledge and other historical

1759 information, and should also be scanned for alpha, beta, or gamma radiation accordmg to the nature of
1760 the potential radionuclides. When pausmg during scans, a surveyor should compare the resultmg SIgnal
1761 to the expected background level to determine whether the observatlon indicates an elevated radiation’
1762 level. Any locations of elevated direct radiation should be marked for ‘further investigation, which should
1763 include judgmental measurements of surface activity. Scans should be performed using survey

1764 instruments that have been appropriately calibrated for the radiations present. Appropriate’ mvestlgatlon
1765 levels should be establlshed and 1mplemented for evaluatmg elevated radratlon

1766 R

1767 - Direct measurements of surface activity should be performed for materials being considered for release.
1768 ‘The type of surface activity measurement (gross alpha or gross beta) should be selected on the basis of
1769 the potential radionuclides present. Direct measurements should be performed using appropriately
1770 calibrated survey instruments, including gas propomonal GM, and ZnS detéctors coupled to ratemeter-
1771 scalars. Material-specific background measurements should also be obtained for each material type.

1772 (Refer to Section 5.1.) In addition, all measuremént locations’should be properly documented on detailed

1773 survey maps.

1774 5.2.2.2' Smear and Miscellaneous Sampling

o , e T - 7 . -
r i Sa e o - i

1775 - Materials considered for release may mclude miscellaneous samplings, such as smear, tesidue, ‘and/or

1776 swab samples, with the methods chosen on the basis of the inaccessibility of some surfaces. [Note:

1777 Given the significant variations in smear collection efficiencies, smear results are usually considered to
1778 be semi-quantitative]. Smear samples for the determination of removable activity may be collected at
1779 direct measurement locations. Residue and/or swab samples may also be collected at specrflc locatlons
1780 where the surface area is maccessrble for dlrect measurements e

1781 The selected frequency of sampling should be based on the appropriate classification (based on surface
1782 area, minimum number per item), and measurement locations should be properly documented on detailed
1783 survey maps.” Procedures and equipment used for samplmg (smears, Q-tips, swabs, etc.) should be

1784 appropriate for the assessment of the contamination. ‘A comprehensive reference on the use and purpose

1785 of smears is Frame and Abelquist, 1999.
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5.2.3  Clearance Survey Designs Using Conventional Instrumentation -

The following sections discuss various applications of the conventional survey approach based primarily
on the capability of the survey instrumentation. These conventional survey applications include (D
scanning-only, (2) scanning and direct measurements, and (3) statistically based sampling. [Note: In the
following discussion, the statistical term “sample” refers to both direct measurements of surface activity
and media samples (smears, soil, etc.)].

As mentioned in Section 1.3, this report stresses the use of scanning to release materials whenever the
scan MDC is sufficiently sensitive. As such, the conventional survey approaches discussed in the _
following sections are ordered in terms of relative ease in performing survey activities. That is,
scanning-only is the most direct survey approach, followed by scanning and direct measurements, and
lastly statistically based sampling. The NRC staff recognizes that constraints in the availability of
specific survey instrumentation, in terms of scan sensitivity or ability to automatically record scanning
results, may limit the conventional survey options that are available to the licensee. However, the reader
should note that each of the techniques discussed in Sections 5.2.3.1 ~ 5.2.3.3 is equally acceptable for
demonstrating the acceptable release of materials.

5.2.3.1 Scanning-Only
o . Tt “u n

This clearance survey approach can be used to release solid materials only when two conditions are met.
First, the survey instrumentation must exhibit sufficient scan sensitivity. That is, the scan MDC must be
less than the DCGL.. (Refer to Section 4.6 for guidance on determining the scan MDC for comparison
to the DCGL.) Second, the survey instrumentation must have the capability. to automatically document
the survey results, which may be accomplished using a data logger or similar device. This condition
cannot be satisfied by the surveyor manually recording the scan results; automatic documentation is

much more reliable. (Manually recorded scan results are a function of the surveyor’s memory.)

The scan coverage should be graded based on the material’s classification. That is, 100 percent of
surfaces should be scanned for Class 1 materials, 50 to 100 percent for Class 2, and 10 to 50 percent for
Class 3. The size of the material survey unit may also be a function of the material’s classification. That
is, the amount of material comprising Class 1 survey units may be smaller than either Class 2 or 3 survey
units. The size of all survey units may have to be consistent with any dose modeling used to obtain the
DCGL..

. <o 1 B N
Whenever less than 100 percent of the survey unit is scanned, there is the potential to reintroduce
uncertainty attributable to spatial variability, because the entire population of measurement locations is
not being sampled and the scanning coverage is not random. These factors are expected to be of minimal
consequence in Class 2 and Class 3 survey units because the level of contamination is expected to be
fairly, low and not as spotty as in Class 1, survey units. Nonetheless, with less than 100-percent scan
coverage, these measurements should be considered a potentially biased sample, and the resulting
average will be a somewhat biased estimate of the population average.
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5.2.3.2 Scanning and Direct Measurements (and Media Samples) - R e

* This clearance survey approach is possible when the survey mstrumentatron exhrbrts sufficient s¢an
sensmvrty (i.e., the scan MDC is less than the DCGLC, but the survey mstrumentatron does not have the
capability to automatlcally document the § survey results. In th1s situation, a mimber of direct®
measurements (or media samples) are performed ‘primarily to document the scan results. The number of
these measurements should be determined usrng the DQO Process, and may be determmed using the

i [ 5

statistically based sampling design discussed in Sectron 5.2.3.3. -

Agarn, the scan coverage should be graded based on the material’s classification. That i 1s 100 percent of
surfaces should be scanned for Class 1'materials, 50 to' 100 percent for Class 2 and 10 to 50 percent for
Class 3. The size of the material survey unit may also be a function of the material’s classification. That
is, the amount of material comprising Class 1 survey units may be smaller than either Class 2 or 3'survey
units. Again, the size of all survey units may have to be consistent with any dose modehng used to
obtam the DCGLC : :

oo ex *an s,y - I - .
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5.2.3.3 Statistically Based Sampling
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This clearance survey approach is necessary when the survey 1nstrumentatlon does riot exhibit ¢ a T
sufﬁcrent scan sensitivity (i.e., the scan MDC is greater than the DCGLC) 'In this mstance, scanmng is

’ not  capable of demonstratmg comphance wrth the release cntena ‘Therefore, it is necessary to desrgn the
‘ conventional ‘clearance survey based ona statlstlcal sample size. Scans are still performed to identify |

“contamination that may’ ‘exceed the scan MDC, recognizing that areas 6f contammatron fallmg between
the DCGL, and the scan MDC in concentration may not always be detected. The scan coverage should
_be graded on the basis of the material’s classification. That is, 100  percent of surfaces should be scanned
for Class 1 materials, 50 to’ 100 percent for Class 2, "and 10'to 50° percent for Class 3. The size of the
material survey unlt may also | bea functron of the material’s classification.’ That is, the amount of ;
matenal compnsmg Class 1 survey units should be smallér than erther Class 2 or3 survey unlts The size
of all survey umts should be consrstent w1th any dose modelmg used to obtam the DCGLC )

In most cases, the statistical tests used in the MARSSIM are recommended and for the same reasons.’

The criteria for choosing between the Sign test and the Wilcoxon Rank Sum (WRS) test are also the
same. In general when the ‘radionuclide is not m background (or its background concentratlon is*
neghgrble) and radlonuchde-specrﬁc measurements are made, the Srgn test is used otherwrse the WRS
test is used. These nonparametnc statrstlcal tests, descnbed below, can be' used for both surface actrvrty
assessments and volumetnc concentratlons 1n matenals ‘As dlscussed in Sectron 3. 6 there are two
pos51ble scenanos under which these tests may be conducted In’ Scenano A, the survey data aré tested
agalnst a specrﬁed act1v1ty, known as the DCGLC, to determme whether the concentratron in the matenal
survey unit exceeds that value. In Scenario B, the criterion is that no contammatlon is allowed 1n
materials that are to be released from radiological controls.
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One-Sample Statistical Test (Sign Test)- i

The Sign test is designed to detect whether there is contamination in the material survey unit in excess of
the DCGLc. This test does not assume that the data follow any particular dlstrrbutron, such as normal or
log-normal. If any measurement exceeds this DCGLC, additional investigation is recommended, at least

locally, to determine the actual areal extent of the elevated concentratlon

o+

The following formal null and altemative hypotheses are tested by the Sign test under Scenario A:

Null Hypothesis -~

H,: The median concentration of contamination in the material survey unit is greater than the DCGL N
s K} T e . oy [ - 3}

. f o . ;
' . : 1l

versus

LI Y
. L0 " 3 b - . '
Alternative Hypothesis Lo

H,: The median concentration of contamination in the material survey unit is less than the DCGL

The null hypothesis is assumed to be true unless the statistical test indicates that it should be rejected in

favor of the alternative hypothesxs The null hypothesis states that the probabxllty of a measurement less )
than the DCGLC is less than one-half (l e., the 50"' percentlle or median, is greater than the DCGL,). o
Note that some 1nd1v1dual survey unit measurements may exceed the DCGLC even when the survey unit

as a whole meets the release criteria. In fact, a survey unit average that is close to the DCGL. mlght have

almost half of its individual measurements greater than the DCGL.. Sucha materral survey unit may still

not exceed the release criteria..

The assumption is that the survey unit measurements are mdependent random samples from a symmetric
distribution. If the drstrlbutlon of measurements is symmetric, the median and the mean are the same.

To the extent that the mean may be larger than the ‘median, there should be § some areas of larger,

concentration that cause the dlstrlbutxon to be skew. When that is the case, they will be identified by

scanning, and will trigger approprrate investigation levels as described in Section 6. This is the reason

for combining direct measurements with scans in the survey design.

The hypothesis spec1ﬁes a release cntenon in terms ofa DCGLC The test should have sufficient power

(1-B, as specrﬁed in'the DQO Process) to detect residual radioactivity conéentrations at the lower bound

of the gray region (LBGR). . _The LBGR should be set at the expected mean contamination level for the' ,
matenal survey unit, If o is the standard deviation of the measurements in the material survey unit, then -
Alc expresses the size of the shift (i.e., A= DCGLC LBGR) as the number of standard dev1atrons that

would be considered “large for the distribution of measuréments in the survey unit. Table 5.5 in the °
MARSSIM provides sample sizes for the Slgn test as a function of relatlve shrft and Type I and I

decision errors.
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If the criterion speciﬁed for controlling the release of material is that there must be no contamination, the
clearance survey requires a different approach, similar to Scenario B described in NUREG-1505. The
following formal null and alternative hypotheses are tested by the Srgn test under Scenario B: -

7
- ‘Y'er“'ri . r‘!

-

.NullHypothesr S N T L U R B N N
H,: The median concentration of contamination in the materlal survey unit is zero.

versus
1 SRR R AP RN I . . Lo T
Altematlve Hyp_othesr A P S R Shoo Coy
~.: H,: The median concentration of contamination in the matenal survey umt is greater than the upper
bound of the grayreglon (UBGR) R oTe Lo T e

As in Scenario A in order to desrgn a survey to test the null hypothesrs for Scenarlo B, it is necessary to
specify a gray region. Since no contammatlon is the cntenon the LBGR i is zero but it is still necessary
to specify the UBGR. This is éssential for determining an appropriate sample size, and for specrfymg the
needed measurement sensitivity (i.e.,MDC, as discussed in Section 9.1). The width of the gray region, A
=UBGR : LBGR = UBGR - 0 = UBGR. If 6 is the standard deviation of repeated “blank™ measurements
(i.e., measurements on faterial that is known to contain no contamination), A/c expresses the width of
the gray region as a relative shift. Table 5.5 in the MARSSIM shows that when this relative shift falls
below 1, the sample size required for the test increases dramatically. For example, ifAlo=1, and the
DQO:s for the Type and Type II error rates, o = p =0.05, 29 measurements are required. IfAls=0. 5,89

-measurements are required. If A/c falls as low as 0.1, more than 2,000 measurements are required. Thus,

it is generally recommended that the relative shift A/c be between 1 and 3. Increasing the relative shift
much above 3 does not apprecrably reduce the required number of measurements.

There is a direct connection between the UBGR and the MDC For.every | mstrument and“procedure
there is an associated MDC, which is usually defined to be the concentration that will be detected with a
95-percent probablllty when it is present while hmltmg to 5 pereent the probabrhty that a detectlon

........

single location on the material. The detectron decrslon is based on whether the instrument srgnal is above
a critical level corresponding to a concentratlon equal to, about one-half the MDC. The MDC is usually 3
to 4 times the measurement uncertalnty, c. Smce the MDC should not exceed the UBGR the smallest
practical value of the UBGR occurs when it equals the MDC. Thus, an essential part of the DQQ, -, - v
process for this case is setting the requzred MDC. This ultrmately defines the gray region, the sample -
size, and the effort that should be expended to  find any contamination that mlght be present.:iWhen the _

.UBGR = MDC Alois ; about 3. Table 5.5in the MARSSIM then indicates that between 8 and 20, .

samples must be taken, dependmg on the Type I'and Type I error rates that areset. v, . neoap

In practice, the very use of the Sign test 1mplres that radionuclide-specific measurements are being made
to detect radionuclides that do not appear in background .Thus, any unambzguously detected positive -,
concentration measured anywhere on the material obviously shows that it does not meet the criterion of
no contamination, even though the medzan added concentratron may be zero. - This is analogous to the -
procedure used in the MARSSIM, namely, if the average concentration exceeds the release criterion, )-
the survey unit may not be released regardless of the result of the statistical test.
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Two-Sample Statlstlcal Test (WRS Test)

R
Measurements from the reference matenal and material survey unit are compared usmg the Wilcoxon -
Rank Sum (WRS) test (also called the Mann-Whltney test). The WRS test should be conducted for each
material survey unit. If any measurement in the material survey unit exceeds the average of the reference
material by more than DCGL.. additional investigation is recommended, at least locally, regardless of the
outcome of the WRS test.

The WRS test is most effective when contamination is uniformly present throughout a survey unit.

The test is designed to detect whether this activity exceeds the DCGL.. The advantage of the
nonparametric WRS test is that it does not assume that the data are normally or log-normally distributed.
The WRS test also allows for “less than” measurements to be present in the reference material and the
survey units. As a general rule, the WRS test can be used with up to 40 percent “less than”
measurements in either the reference material or the survey unit. However, the use of “less than” values
in data reporting is not recommended When possible, report the actual result of a measurement together
with 1ts uncertamty

e T N [

The fol]owing formal null and z}lfemagi_\fe hypotheses are tested by the WRS tesfirnder Scenario A:

Null Hypothesis ' R
Ho The median concentration in the material survey unit exceeds that in the reference material by
more than the DCGL¢

&

versus

Alternative Hypothesis

H,! The median concentration'in the materral survey unit exceeds that in the reference material by

less than the DCGLC b \
' R I 1 R AR

The null hypothesis is asstimed to be true unless the statistical test indicates that it should be rejected in
favor of the alternativé. One ¢ assumes that any difference between the distributions of the reference
_material and material survey unit concentratrons is attributable to a shift in the survey unit concentrations
“to hrgher values (i. e, because of the presence of contammatlon in addmon to background)

T
If the distribution of measurements is symmetrlc, the median and the mean are the same. To the extent -
that the mean may be larger than the ‘median, there should be some areas of larger concentration that
cause the distribution to be skew. When that is the case, they will be identified by scanning, and will
trigger appropriate mvestrgatlon levels as described in Section 6. This is the reason for combmmg direct
measurements with scans in the survey design. . .

The assumptions underlying the WRS test are'that (1) the samples from the reference material are
independent random samples from the same reference concentration distribution, (2) samples from the-
material survey unit are mdependent random samples from the same material survey unit concentration
distribution, and (3) each measurement is independent of every other measurement, regardless of whrch
set of samples it came from. -
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‘separate criterion set for such areas. oo

Note that some or all of the material survey unit measurements may be larger than some reference J_;
material measurements, while still meeting the release criterion. Indeed, some survey “unit measurements
may exceed some reference material measurements by more than the DCGL,. The result of the
hypothesis test determines whether or nét the material survey unit as'a whole is deemed to meet the
release criterion. Individual measurements exceedmg the DCGLC are further investigated to the extent
necessary to ensure that the overall average in the survey unit does not exceed the DCGL.. Additionally,
the test should consider whether any smaller: areas with elevated Ievels of contamrnatron may exceed a

S

The test should have sufficient power (1-B, as specrﬁed in the DQO Process) to detect re51dual
radioactivity concentrations at the lower bound of the gray region (LBGR). The LBGR should be set at
the expected mean residual contamination level in the material survey unit. The larger of the two values
of o estimated from the reference material and material survey umt should be used for the WRS test )
sample determination. A's described in the MARSSIM, the relative shift,‘A/c,-where A = DCGLC
LBGR;is calculatéd. Table 5.3 in the MARSSIM prov1des sample 51zes for the WRS test as a functron

¢ of relatlve shlft and Typel and I decrslon eITorS. - ' -k

Lo .
- L= . R b ST B T S . LR S L Vi

If the criterion spemﬁed for controlhng the release of material is that there must be no contamination, the
clearance survey requires an approach similar to Scenario B described i in. The following formal null and

altematxve hypotheses are tested by the WRS test under Scenario B:
i i + = 4 /3

_ c e g B

Null Hypothesis ' - 3’ . Lo . B

" H,: The median concentration in the material survey unit does not exceed that i m the reference

material (i.e., there is no contamination).

versus ' M T S

P

Alternative Hypothesis
H,: The median concentration in the material survey unit exceeds that in the reference matenal by

more than the upper bound of the gray region (UBGRl ‘

P

For this test, the lower bound of the gray region is sct at zero contamination. As for the Sign test using

-Scenario B, it is again necessary to specify a UBGR. Itis essential for determining an appropnate f

sample size and the needed measurement sensitivity. The width of the gray region, A=UBGR - LBGR =
UBGR - 0=UBGR. Ifoisthe standard devratlon of repeated “background” measurements (i.e.,
measurements on material known to contam no contamination), A/c expresses the width of the gray
region as a relative shift. Table 5.3 in the MARSSIM shows that when thrs relatlve shift falls below 1,

the sample size required for the test mcreases dramatlcally ‘For example 'if A/o =1, and the DQOs for
the Type I and Type II error rates, 0. = B = =0.05, 32 measurements are réquired on both the survey material
and on the background reference material. If A/o=0.5, 114 measurements are requlred on each. If Ao
falls as low as 0.1, more than 2,700 measurements are requlred on each. Thus it is generally

“recommended that the relative shift A/c be betweenl and 3. Increasmg ‘the relatlve shxft much above 3

does not appreciably reduce the requiréd number of samples.
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There is a direct connection between the UBGR and the required measurement sensitivity.

-To distinguish between a measurement of background on the reference material and a measurement equal
to background plus the UBGR, the instrument or procedure must be able to reliably detect the difference
(i.e., the UBGR). Unless the uncertainty of a typical background measurement, o,,, is less than the
UBGR, the relative shift A/o = UBGR/o will fall below 1, even if there is no spatial variability
contributing to 6. Conversely, setting the UBGR to be less than o,, will cause the number of
measurements required to achieve the DQOs to rise dramatically. Thus, an essential part of the DQO
Process for this case is in setting the UBGR, recognizing the implicit demand on the required relative
measurement uncertainty at near-background levels.

Application to Surface Activity Measurements \

Either the Sign test or WRS test can also be used for surface activity measurements. Given that many
material survey units are composed of the same material types, using the.-WRS test should be relatively
straightforward (i.e., same as described in the MARSSIM). In some cases however, the number of
materials present in a batch may make it impractical to use the WRS test. In such cases, it is possible to
perform the Sign test on the difference of paired measurements on similar materials, one from the survey
unit and one from a reference material, as outlined in Section 12 of NUREG-1505 (NRC, 1998b).

When surface activity measurements are performed using non-radionuclide-specific (gross) survey
instruments (e.g., GM and gas proportional detectors), a commonly used procedure is to subtract an
“appropriate average background” from each gross measurement on the solid material, and then analyze
the resulting data using a one-sample statistical test, such as the Sign test. Before doing so, however, the
surveyor should recognize that the WRS test may be more advantageous for the following reasons:

(1) The number of samples taken to compute an appropriate background average is left purely to
judgment. When the WRS test is used, the appropriate number of background measurements has a
statistical basis.

(2) The Sign test will genera]ly not be as powerful as the WRS test (more important as the expected
contamination level approaches the DCGL,).

(3) The same data that are used to calculate the average background can always be used in the WRS test
as well.

The Sign test offers no real savings (compared to the WRS test), with the pogsible exception of the time
needed to perform the calculations. However, when the material survey unit is very clean, the maximum
survey unit measurement and minimum reference area measurement will likely not exceed the DCGL,
and the survey unit will pass the WRS test without any need for calculations. When the material is
contaminated above the DCGL, a simple comparison of the averages will likely show that the materia
cannot be released. It is only in cases where the contamination is near thé DCGL that the extra '
computations involved in the WRS test will be necessary; however, it is precisely in those cases that the
higher statistical power of the WRS test makes its use more desirable.
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Statistical Sample Locations S S S U I
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While many sampling and analysis procedures for solid materials clearance surveys are the same as those
recommended in the MARSSIM, the major exception is the selection of sampling points on a survey unit
consisting of a few large, irregularly-shaped pieces. Itis virtually impossible in m’ost'céées to identify
random locations on material with odd shapes, simply because such materials'are virtually impossible to
grid. Materials consisting of many small regularly shaped pieces can be spread out evenly, as discussed
in Section 4.2. A random start grid (rectangular or triangular) can be used to locate samples. Itis
important to emphasize that the objective in this case is to give every portion of the batch the same
opportunity to be sampled. Thus, it is only necessary to locate and lay out the grid sufficiently to ensure
that sampling locations are chosen objectively. A : S T
One way to approximate this procedure for a survey unit consisting 'of a few large, irregularly shaped
pieces is to lay out a grid in the area where measurements are to be made. The batch of material should
be laid out in a single layer on top of this grid.-A randomly selected grid node is sampled by measuring
whatever piece (or portion) is nearest that node. If no piece is near, select another point until the required
number are obtained. If there is a well-defined inside and outside (as for a pipe), an additional random

. number can be used to determine whether the inside or outside is sampled. Even this procedure may not

be workable for large piéces of equipment that Caninlot be placed on a grid so that every point has an equal
choice of being sampled. In such cases, there may be no alternative other than to choose biased sampling
locations, giving preference to samples that are more likely to contain radioactivity. This involves
professional judgment, and often results in overestimating the average concentration. This is not a
guarantee, of course, because such judgments are not perfect. It is important to docurnent the criteria

- used for selecting sampling locations in a standard operating procedure (SOP), and to document that

these criteria ‘were followed.” These criteria, and the associated logic, should be specified before the
actual sampling. RS .

* Another possible method for sampling a lot of similarly sized small pieces of material is to systematically

- or exceeds the number, n, Tequired for the statistical tests.

53  Automated Scanning Surveys (conveyorized survey monitors)

measure every m® piece. This requires somé estimate of the total number of pieces, N, so that N/m equals

~t P T T t,
PR RIS S o - !

- -~ - .
P N

Systems that automate the colléction of measurefiients can offer an appealing alternative to manual
surveys. By designi'automated Systéms require little in the way of human intervention during operation

and analyze the data on-the-fly, whilé storing the information in digital form. These features can provide

" ‘several advantages when compared to manual suiveys by personnel using hand-held equipment; however,

such automation typically requires equipment that is both expensive and bulky: ~ = " ;

Conveyorized sirvey monitors (CSMes) offer a form of automation that'may be f)articuigrly‘ well-suited
fot use where significant quantities 6f bulk material are subject to clearance requirements. As the name

..... erve]

“implies, these systems operate by iioving materials past radiation detectors using a conveyor system,

whilé automatically storing and analyzing the’

P - - -

resulting'signals. The radiation detectors themselves can

* be of any type and are chosen to match the application. The most comon detectors in use are Nal

crystals for gamma-detection and thin-window proportional Gounters for beta-detéction. <~ -
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Sections 5.3.1 — 5.3.3 discuss CSM systems and their possible application as a measurement method
when releasing solid materials during clearance surveys. Like all measurement methods, CSMs are
viewed as tools that may be used alone or in tandem with other methods, Although specific

- manufacturers” systems are not discussed, Appendix B, “Advanced/Specialized Instrumentation,” .,

includes a sampling of platforms that are presently being marketed for this application, as well as
supporting information about various types of detectors and materials. .
i

5.3.1 Equipment

v, . IS I b, i - v, AU S H 4
Conveyorized survey monitors typically include a motorized conveyor, a detector array, supporting _
measurement electronics, and an automated data acquisition subsystem., Monitors may also include .
segmented pathways along the conveyor so that suspect material may be transported to a destination
other than that of the non-suspect (or releasable) material.
The conveyor portion of a system consists of a belt that is moved by a \}ariafalp-speed motor from a_
loading area, past a detector assembly or set of assemblies, and onto the final destination, which may be
either a disposal container or an intermediate pile., If a mechanical diverter is used, the system controls
the final material destination based upon user-configured measurement parameters. Without automated
segmentation of the material, a system would need to be used in a “shutdown’ mode to allow manual
separation of suspect material. . . -

R T T e N .
Since the conveyor operates in a continuous loop, it creates the possibility for cross-contamination on the
belt. When processing materials with a low probability of contamination, as is usually the case during
clearance surveys, this issue is of little concemn. For applications where cross-contamination poses a real
issue, however, it would seem reasonable to use a continuously replaced rolled sheeting material as a
protective barrier.

Automated Data Processing (ADP) — Measurements collected using a CSM are usually digitized before
being analyzed and digitized. The data are analyzed on-the-fly using a preset algorithm, and decisions
concerning suspect materials are usually made in real-time. The resulting data, together with the analysis
results, are then archived to a long-term digital storage medium,

The counting parameters associated with measuring a stream of material passing near a CSM detector are
very similar to those encountered with other detection systems. Although each manufacturer’s system
employs a proprietary analysis mechanism, the fundamental physics and statistical parameters are
independent of the software design. As such, one can estimate the detection sensitivity of a CSM .

. detector system without detailed kniowledge of the analysis methods that are actually used, provided that

the type of detector and éle'ptronicvconﬁgurptiop are known. 3
A very interesting capability that is unique to automated systems is, the ability to perform multiple,
parallel analyses. As a practical example, a CSM could be configured to monitor over multiple time -
intervals, in order to optimize the detection capability for both small and large regions at the same time.
Additionally, the data collected from shorter time intervals could be used to agment the decision
criterion applied to longer, time intervals, so that small increases over the long interval may be corrected

for anomalies (e.g., such as from potential hot spots) observed during short-interval measurements.

56

KIr

for s



2115
2116
2117
2118
2119
2120
2121

2122
2123
2124
2125
2126
2127
2128

2129
2130
2131
2132
2133
2134
2135
2136
2137

2138
2139
2140
2141
2142
2143
2144
2145
2146

2147
2148
2149
2150
2151
2152
2153

Detectors — The heart of any radiation iieasuréinent system is the detector(s). ‘The selection and ™ -
conifiguration of detectors and associated électronics is the single most important aspect of designing any

. ‘radiation measurement device, since it defines the 'system’s baseline capability, Auxiliary components,

such as data analysis engines and hardware controls, certainly affect the'ov{arall performance of a CSM,

" but riot to the same degree as the detector(s). The ability of any detector to measure radiation is defined
" by physical constraints that cannot be easily manipulated or changed by users, so the initial selection of

it

this component more-or-less establishes the system’s capability.

Gross scréening of gamma-emitting radionuclides is usually best performed using scintillation detectors,
such'as Nal or plastic scintillators. - While these detectors are not the best selection for quantitative’
measurement of coriplex spectra, their excellent detection efficiencies and relatively low cost make them
 top candidates for gross gamma measurement applications where CSMs may be desired. Solid-state "’
" gamma-ray deféctors, such as high-purity gerrﬁanium (HPGe) detectors, offer much better assay - °
capability, but are fairly expensive to purchase and maintain, especially if one is interested in achieving
the same level of detection efficiency offered by large-volume scintillation crystals.

~ Ea |
i ¢ ;

The type, shape, encapsulation, and electronic configuration of a scintillation detector determine its

+ overall detection efficiéncy and background Tesponse, ‘théreby defining its signal-to-rioise ratio.

.-Consequently, it is important to select detectors that balance background response with detection” |

B

vt

- . .

efficiency for the suspectéd radionuclide(s). 'As an example, a 3" x 3" Nal detector yields a good signal-
to-background ratio for a high-energy gamma-emitter such as $Co, but is a poor selection for a low-
energy emitter such as *'Am. Beyond the base'selection of the detector material and physical design,

" oné should consider the seléction and placément of photodetectors and driving electronics when ’
considering thé optimization of a system. “For éiéinple,‘sifnply reducing (or increasing) the detection

....

input threshold at the amplifier stage can'sometimies critically alter the overall system performance. -

ITRR )
High-purity gefmanium detectors ¢ould play an important role in some CSM systems, even though they

s

* are moré éxpensive and difficult to maintain. These detectors are excellent for gamma-ray spectrometry,

" background ra

&y

“as they facilitate an‘unparalleled capability for nondestructive identification and quantification'of = |
gamma-emitting radionuclides. With the exception of very expensive large-volume crystals, however,

these detectors cannot compete with low-cost scintillation materials when gross sensitivity is desired.
Their use in'a CSM system could be warranted in some instances for nuclide identification following a

. .o~ [

positive detection during a gross séan. For example, a systém could plausibly be configured to -

- automatically stop a conveyor following 4 positive detect, and then ‘attempt to' identify the gamma- - -
2 nt gat
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ernitting radionuclides present before passing the material to its St
vy TR L7 RS NI ARTAN Tyt e AP T 307t

BRI i
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Meéasurement of beta‘emitting radionuclides in'(or on) bulk materials may also'be possible, depending on
the radionuclide, material type, and release limit. Beta detection can be accomplished using thin-window

.

‘ gas-filled detectors, such gas proportional and Geiger-Mueller detectors, and thin-windowed scintillators.

S e Vi . . PN YRR o . A o Y N . £
The most likely candidate for measuring beta-emitters is large-area gas flow through proportional
¢ . e, LTt - ' . PN o e e [ ' IAh R 5 PR
detectors with thin Mylar entrance windows; however, large-area sealed proportional and GM detectors
o= - FARN ' - -, Iy Yy ot NI N ] Yy .t - P - .t e i -
‘are also expected to perform well, Scintillation materials universally suffer from’an inferior signal-to-
R A RS s A LS L T PO - TY - eq - R Y T N T 4
tio when measuring beta-émifters, but may still be adequate for some applications.
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’ Belt speed significantly affects the' measurement clipabiljty ofa 1 smal
intermediate-sized regions varies (roughly) with the square root of the observation interval (time) for any

The surface area and window thickness of beta detectors are the critical design parameters that affect
detection efficiency. Ideally, one would desire a large array of small detectors, so that each segment
moni}ors a small area while keeping its background to a low level. This would be an expensive option,

.50 actual systems usually employ intermediate-sized detectors with thin windows, with each detector

often occupying 100 cm? to 500 cm? of sensitive area. Smaller detectors are also often grouped together
in paralle]l assemblies with common electronics to minimize the overall system cost. These detector sizes
provide a good balance between cost and detection sensitivity for CSM applications.

As another, somewhat uncommon option for CSM systems, electronically segmented proportional
counters overcome the size-yersgs:backgrdund design issue. Detector systems operating in this mode

. :

attempt to subdivide ]argétafe'q'pgpppnignal détgctors into small, viﬁua] regions by using advanced .

' timing electronics to optimize the signal-td-backg_rqunq ratio for small areas, while keeping the number

of detectors low. These designs require more advanced electronics and analysis algorithms, and are not
typically used in CSM systems today.

5.3.2 Detection Sensitivity

- [ o A ' 13 - - Ll v i ¥ 1a 'a
The selection of detectors and supporting electronics is the key to optimizing overall system performance
for specific applications. Other parameters that should be considered include the quantity and placement
of detectors, as well as the speed of materials past the sensitive regions of the detector(s).

3 bt
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As arule, the signa]-to-backgrouﬁﬂ ratio 9]1"“;1 radiation detector array is directly proportional to the
square root of the number of detectors employed:when measuring uniform radiation fields. To illustrate
this principal, two identical ge‘tect‘orsropera[ited in tandem (parallel) yield a signal-to-background ratio that
is about 40 percent higher thar the ratio tﬁat a single detector would yield when measuring a material
with homogeneously distributed contamiriation, Grouping the detectors together in parallel, with a single
set of driving electronics, reduces the detection ability for small regions near a given detector. By
cojltrast, if the two detectors are bperateql independently of each other, with separate driving electronics,
the measurernent sensitivity for homogenous media would also be 40 percent higher than the capability
of a single detector, bﬁi,without pépali‘zing the ability to detect small, elevated regions. .
Placement is also critical — par:tjcularly for the measurement of be‘té emi\tt;(s _ since the inverse sciuare
relationship and ébsorptionlwithin’ the intermediate air can greatly affect sensitivity. While this is less
importaﬁt for gamma-detection equipment, it is essential to place beta-measurement detectors as close as
practical to the material being monitored. As with portable survey equipment, it is also advisable to
establish a CSM detector configuration that offers an acceptable detection ability without placing the

detector into harms way (as rpight occur when jagged materials pass too near a fragile detector face).

4
Toer v
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CSM. Detection sensitivity for small- to

segment of material being monitored. In otheér words. a slower-moving belf facilitatés a more sensitive
detection capability, for smaller regions. Interestingly, l’)}glt speed has no impact on detection ability for a
continuous stream of truly }}a}no;geﬁeous matéfials since, by definition, the radioactivity is present at an
equal concentration throughout all of the material. In practice, however, material with homogeneously
distributed contamination is atypical, and the detection ability for smaller regions should be considered
when designing a scan protocol.
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To deal with this fact while using a CSM during clearance surveys, one can assume, for better or worse,
that homogeneity exists within sub-regions of the suspect material and, to be consistent with traditional
survey design, these regions should be labeled as survey units or batches. The desired belt speed should,
therefore, be determined as a function of the release limit (DCGL), the allocated survey unit size, and the
-detection efficiency of the system for the target media‘and expected radionuclide(s). -

St . . ~, '
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Detection Efficiency for Gamma-Emitters using Nal Detectors — The detection ability of Nal detectors
operating in a gross count rate mode® will be dependent on the design, quantity and electronic -
configuration of selected detectors. For purposes of providing an example of an expected detection

 capability, this section discusses a hypothetical system that has been configured with moderately sized 3"

x 3" cylindrical crystals with supporting electronics. It is assumed that three such detectors will be

- operated in tandem in a detector bank and that the total detector volume per bank will therefore be about

H - -

1000 cm®, - -, ) C R ¢

- o

A common radionuclide that may be measured using such a system would be 13?Cs‘,—\\wkith a prifﬁary ,
gamma-ray emitted by its daughter (**’"Ba) at ~662 keV with an emission ratio of ~0.85. If one assumes

L M Tee v 4w -

- that cesium is mixed relatively homogeneously within each region of a CSM conveyor stream, then a

fairly accurate estimate of detection ability can be calculated by coupling empirical data with modeled
exposure rates. The two empirical parameters that should be known are the total background-count rate
and the detection efficiency for '¥’Cs. In general, although certainly depending on location and
configuration, the background count rate for 3" x 3" cylindrical Nal crystals operating in full-open gross
count rate mode will be in the range of about 8 x 10% to 1 x 10* counts per minute (cpm) and the detection
efficiency will be approximately 4 x 10 cpm per mR/h when measuring !*’Cs. . For three detectors
ganged into a single electronic bank, these values correlate to a total system background of about 2.7 x
10* cpm and a total detection efficiency of about 1.2 x 10’ cpm per mR/h.. K -

PR L £ - - . oy

These parameters can be coupled to calculated exposure rates in the vicinity of material passing along a

conveyor system to evaluate detection sensitivity as a function of the material geometry and radionuclide.

As an example application, consider a scenario where a CSM will be used to scan for *'Cs in soil having
a bulk density of 2 g/cm’. . The center-line of the three detectors is assumed to be placed approximately
15 cm above a 76-cm (30-in) wide conveyor belt such that they are evenly spaced across the breadth of
the belt at 13, 38 and 64 centimeters (5, 15 and 25 inches) from one edge. If the soil is assumed to be

. 2.5-cm (1-inch) thick and to extend on the conveyor for 76-cm (30-inches) along the conveyor to either
+ side of the detector bank then the expected exposure rate will be about 120 mR/h per pCi/g at the two

outside detectors and approximately 140 mR/h per uCi/g for the center detector.: Coupling these data

_ with the expected detection efficiency previously given, the total efficiency for this geometry—using all

three detectors in an electronically ganged configuration—is expected to be about 1.5 x 10* cpm per _
pCi/g of ¥"Cs. If the soil thickness is increased to 10-cm (4-in) and the detectors are positioned 20-cm
(8-in) from the belt, then the system detection efficiency will increase to about 4 x 10° cpm per pCi/g of
13Cs. The latter case represents a count rate increase of 15% above background for each pCi/g of *'Cs.
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3 Gross count rate mode refers to operating a detector such that all measured pulses within a pulse-height
window, whether it be narrow or wide open, are summed together into a single value representing the gross count
, rate for the detector configuration being used.
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* “surface,” therefore, becomes significant when evaluating the detection ability for charged particles

An estimate of the minimum detectable concentration (MDC) can be estimated while operating such a
detector configuration in a scan' mode by assuming a false positive detection rate of 1% and a false °

* negative detection rate of 5% (Cutrie-1968).” These values mean that trie contamination will be missed
+ 5 percent of the time, and false alarms will occur 1 percent of the time.- For an observation interval of

sy

6 seconds, the MDC for'a 2.5:cm (one-inch) thick layer of soil containing '*’Cs is expected to be about

2 pCi/g and will decrease to 0.7 pCi/g when the soil thickness is increased to 10 cm.

Detection Efficiency for Beta-Emitters Usirg Thin-Window Propbftional Detectors — Beta particles

originating within or on a target media usually undergo significant interaction before reaching the =

sensitive volume of a CSM detector. As such, the process for estimating detection ability is significantly ' -

more problematic than is necessary when evaluating detection‘capability for gamma-emitting o

radionuclides. As previously mentioned, the most common type of detector for this application is a thin- ‘

window gas-flow proportional detector. Such detectors have a thin Mylar entrance window with a

density thickness ranging from less than 1 to a few mg/cm®. Although the mixture may vary, the most

commonly used gas is P-10, containing 90 percent argon and 10 percent methane. :
N IR ' : .

This section provides an analysis of the beta detection ability for gas-flow proportional counters and, in

‘particular, that which is applicable to a CSM. The first scenario considers surface contamination with
+#Tc and *Sr on flat surfaces; while the second looks at**Tc and *°Sr in soil, and the third evaluates 3'Cs

in soil. These evaluations are summarized in the following paragraphs:

Surface activity refers to contamination on the surface of solid materials. As simple as this sounds, it is

difficult to define what constitutes a “surface,” since real-world materials have a thickness when viewed :
from the perspective of a radioactive atom deposited within their surfaces. One might define surface
contamination as the activity contained within a surface layer that has a thickness equal to that of the .
saturation layer (ISO 1988), where the thickness of the saturation layer is defined as the thickness of the
medium (surface material) equal to the maximum range of the specified particulate radiation. While v
some materials are more porous than others; all have some level of absorptive capacity. The definitionof

~
3 - 1

emitted from the surface of materials, and is amplified significantly when constructing a model.

Consider an 80-cm (31-inch) wide conveyor using five proportional counters with open, or sensitive,

~ areas of 500-cm? each; placed 5 cm above the belt surface. The detectors are rectangular in shape, with

each window region measuring 50 cm x 10 cm (20 in by 4 in), with the long dimension placed parallel to

the direction of belt travel in the CSM. If five such detectors are placed side-by-side across the breadth

of the conveyor, the total sensitive area is 2,500 cm® (390 in%). Each detector is assumed to be configured . ‘
individually (not grouped), with 0.8 mg/cm? of window material without protective screens, and the

detection capability is assumed to have been maximized for low- to intermediate-energy beta detection.

The background response for such a detector is in the range of 2 to 3 cpm/cm? of window area, so each
detector has a non-shielded typical background of about 1,300 cpm.- Again, the reader should note that

this configuration is defined for the purpose of estimating beta detection ability as an example; however,

the detection abilities of actual systems will vary by manufacturer (although not very much).
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_beta and gamma detection capability. -

First, the pure beta-emitting radionuclides **Tc and **Sr(*’Y), having maximum-energy beta emissions of
294 and 546(2280) keV, respectively, are assumed to be placed onto the surface of a thin, flat plane in

contact with a CSM conveyor belt. Although unrealistic for most real-world measurement scenarios, this
finite plane, zero-thickness geometry provides the highest possible beta-detection sensitivity for a system

_without imprés’/in"g the detector to belt distarice. ‘As an extension to this pure geometry, it is then assumed

that the radionuclides are not restricted to the outermost surface, but instead that they have absorbed
homogeneously within the top 50 pm of a masonry-type material (e.g., cement) having a bulk density of 2
g/cm’®. This scenario is much more plausible when evaluating real-world applications. Table 5.1

presents the results of these geometry calculations.  : T

*

S

' L - - ‘
The sécond geomstry places thé same isotopes (i., *Tc and **Sr(*Y)) into a soil matrix and varies
the depth of the material from 0.1 to 1 cm, while keeping :the belt to detec'tor‘di'stance constant.
The results of this analysis display, both qualitatively and quantitatively, the impact on detection
‘capability that occurs when beta particles interact within the source-matrix material. Table 5.1 presents
the results. \ ] SR
Finally, the isotope 11Cs, which is both a beta- and a garhrha—emitter, is modeled within a soil matrix.
Cesium-137 decays with the emission of a 512-keV,, beta 94.6 percent of the time, and decays with the
emission of a 1,173-keV,,, beta for the remainder. As previously mentioned, '*"™Ba is produced by 94.6
percent of ¥’Cs decays, and it, in turn, emits a 662-keV photon during 90 percent of its decays, yielding
‘an overall y-emission ratio of 0.85. Although not previously discussed within this section, gas-flow
proportional counters also detect ionizing electromagnetic radiations (e.g., gamma and x-rays) by
measuring secondary electrons produced both within and outside the gas volume. The probability of
interaction varies; however, the sensitivity is roughly proportional to the mass of intervening material
within the vicinity of the detector, times the probability of interaction within the mass, times the fraction
of those particles carrying enough energy to travel into the detector. For "*'Cs, the intrinsic efficiency
expected with a thin-window proportional detector is about 0.01 counts per photon: "The photon
detection capability for this scenario was estimated for each CSM detector by calculating the average
solid-angle for the geometry and coupling the result with the activity, source-material absorption
probability and finally the detector interaction probability. Table 5.1 presents the result for the summed
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Table 5.1: Model results for the detaction capability of a
CSM configured with a bank of 500-cm? gas proportional detectors®

-3 - Pt

Isotope Material® Single 500-cm? Detector® Ei{'e Detectors Grouped
' . as One 2,500-cm? Detector
Efficiency = MDCg, s,  .Efficiency MDC,.... ss%
incpm per  [dpm/cm®or - in cpm per [dpm/cm? or
[dpm/cm? pCi/g’] [dpm/cm? or pCi/g’]
or pCi/g"] pCi/g’]
*Tc Surface [0-pum] 60 10 300 5
Surface [50-um] 30 20 . 150 10
Soil [0.5 cm thick] 1 650" 5 300"
Soil [1.0 cm thick] 1" 650" 5 300°
“Sr Surface [0-pm] 130 5 650 2
Surface [50-um] 95 7 ' 480 3
Soil [0.5 cm thick] 6" 110 30" 50"
Soil [1.0 cm thick] 6 110° 30" 50
0y Surface [0-pm] o250 3 1300 1
Surface [50-um] 230 3 1200 1
Soil [0.5 cm thick] 60* 10° 300" 5
Soil [1.0 cm thick] o 60" 10° 300' 5
¥1Cs ©®  Soil {0.5 cm thick] 10", 65" 50° 30°
Soil [0.8 cm'thick] 12° 55° 60" 25"
Soil [1.0 cm thick] 14° 45" 70° | 20"

Section 5.3 describes each geometry.

A 0-um surface is defined as a zero-thickness source, where all isotope material is present exactly at the surface.
Such surfaces are similar to an electroplated laboratory standard, but would not be expected during typical CSM
operation. A 50-um surface assumes that the source material is homogeneously distributed within the top 50-um
layer of a low atomic number material (e.g., masonry) with a density of 2 g/cm®, and the material is present as a
continuous plane beneath the detector. Soil describes a homogenous mixture with a bulk density of 2 g/cm”.

All detection efficiencies are reported in cpm /dpm /cm? of source area for surface scenarios and cpm /pCi/g) for
soil. Single-detector values represent the average response expected for five detectors spread across the breadth
of a 80-cm wide CSM. All values have been rounded to no more than two significant digits.

Minimum detectable concentration (MDC) calculated including the variability of background for each 500-cm?
detector equal to 130 counts during 6-second count intervals (1,300 cpm), based on a given belt speed.

The probability of false-detection is assumed to be set at 1 percent and the probability of missing existing (true)
contamination is assumed to set at 5 percent. Results have been rounded to no more than two significant digits
and are given in units of dpm/cm? for surfaces and pCi/g for soil.

Detection ability calculated for beta-emissions from '*’Cs as well as gamma-emissions from *""Ba.

The observed increase in detection efficiency with soil thickness is due to the increased number of 662-keV
gamma rays produced with increased soil mass.
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5.3.3 CSM Survey Design Considerations ooead I

L . AR ot ; it . Coe
Conveyorized survey monitors are expected to be used in conjunction with other survey methods during
the release of materials for unrestricted use. -These relatively massive devices are primarily designed for
scanning applications; however, it is possible to construct control algorithms that combine a number of
complementary survey stages. Examples include the combination of different detector types, scan and

 static measurement modes, and the ability to make parallel decisions based on various combinations of

measurement results. Ultimately, it is expected that CSM machines could be applied as an advanced,
automated scanning process in lieu of using hand-held equipment as discussed elsewhere in Section 5.

. + o m
1 o

1 e

As an example, consider an application for the detector assemblies discussed above, which include a set
of three grouped 3" x 3" Nal crystals placed in series, with a set of five 500-cm? gas-flow proportional
counters. Fine concrete rubble is to be surveyed and is expected to contain 137Cs and *Sr(*°Y) at varying
ratios, which means that a simple correlation cannot be assumed for **Sr based solely on gamma
measurements for '*’Cs. Furthermore, the radioactivity is primarily expected to be present throughout
moderate-sized volumes of the material, and the hypothetical release limits (DCGLs), based on draft
NUREG-1640 dose factors, are assumed to be set at 0.16 Bqg/g (4.4 pCi/g) for *’Cs and 4.4 Bq/g (120
pCilg) for Sr. The daughter, *Y, is assumed to be present at the same concentration as ®Sr. ¢

A number of design decisions can be made for such a CSM system to help automate the clearance of
material. A configuration decision would be to use the Nal detectors to look for.'*’Cs and to use the gas-
proportional detectors to monitor gross beta emissions from PY:and, to a much lesser degree, %Sr and
137Cs. Referencing the preceding analyses, the detection MDC for '*’Cs for the proposed bank of Nal
detectors will be 2 pCi/g for a 2.5-cm (1-inch) thick layer of soil;and will decrease to about 0.7 pCi/g
when the soil thickness increases to 10 cm. These values are fairly accurate for‘our concrete rubble
scenario. Similarly, the detection sensitivities (MDCs) for 2Sr and *Y in soil were given as 50 pCi/g
and 5 pCilg, respectively, and represent reasonably accurate estimates for the granulated concrete .
scenario. To reiterate, all of these detection sensitivity values were calculated for 6-second observation
intervals, while assuming 5 percent false-negative and 1 percent false-positive detection probabilities.
As is readily seen, the detection capabilities for the target radionuclides for a 2.5-cm (1-inch) thick layer
of material are less than the hypothetical release limits. Therefore, it is plausible that the CSM could be
used for the majority of the release scan process without complicated detection schemes. It is important
to recognize that the premise of homogeneously distributed contamination over the volume of the solid
material is the basis for assuming that the beta-emitting radionuclides are on or near the material’s
surface. Otherwise, there is only a slim likelihood of detecting a discrete amount of 2Sr(*’Y) activity

: ~

present a few millimeters beneath the soil surface.'* ... <id = o wem - RS PR E
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In contrast to sampling and direct measurements, which use discrete samples and measurements to assay
contamination, an in toto approach assays the solid material as a whole. Examples of instruments that
use an in toto assay approach are in situ gamma spectrometry systems, drum and box counters, tool and
bag monitors, and portal monitors. . MLl ST T - R S ST I ST o LR

S I L S STV PP F P o L O e R N
In toto survey techniques can be used to demonstrate compliance with the average contamination level
over the entire material survey unit, and can be used as a technique for measuring individual samples.
When used to measure contamination over the entire material survey unit, this cleararice survey approach
is well-suited for solid materials that do not have a potential for small elevated areas of radioactivity (i.e.,
solid materials classified as Class 2 or 3).
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When small elevated areas of radioactivity are potentially present (e.g., Class 1 materials), their impact
on the average contamination level should be properly addressed during the calibration and efficiency
determination for in foto'survey techniques. Alternatively, when potential small elevated areas of
radioactivity are a concern, it may be appropriate to consider combining the in toto techniques with
conventional scanning for locations of elevated direct radiation. : ’
When employing in toto clearance survey techniques, it is important to consider both the classification of
solid materials and the differénce between the material survey unit size and sample size. Consider a
pallet of 1.5-m long steel pipes that is assayed using a calibrated in situ gamma spectrometer system.
This pallet represents a material survey unit, which would likely be surveyed via in situ gamma
spectrometry in the same manner regardless of its classification.

.- U i :
Consider a large container filled with hundreds of small pieces of equipment and tools that are proposed
for clearance. Assume that a tool monitor will be used to demonstrate' compliance with the release
criteria. In this instance, the amount of material (perhaps no more than 10 items at a time) that can be:
analyzed by the in toro technique represents the sample size, rather than the survey unit size. When
in toto survey techniques are used to measure samples, the statistical design methods discussed in
Section 5.2.3.3 should be used to determine the sample size.

The DQO Process should be used to establish the appropriate survey coverage. The material’s
classification should be considered when setting the size of the material survey unit. For example, the
amount of. material comprising Class 1 survey units may be smaller than either Class 2 or 3 survey units.
Alternatively, it may be reasonable to maintain consistent survey unit sizes for all material classes, while
adjusting the survey coverage based on classification. In this situation, the tool monitor might be used to
assay 100 percent of the materials in Class'1, while smaller fractions of the total material would be
analyzed in Class 2 and 3 survey units. For example, it may not be necessary to survey each and every
brick that comprises a lot of Class 2 bricks. Regardless of the selected approach, the solid materials
having the greatest potential for contamination should receive the highest degree of survey coverage.
Sections 5.4.1 - 5.4.3 discuss in situ gamma spectrometry, volume counters (e.g., drum counters, tool and
bag monitors), and portal monitors. Calibration and implementation considerations for using these

" systems are also discussed.

S.4.1  In Situ Gamma Spectrometry
In situ gamma spectrometry (ISGS) measurements for solid materials, particularly in a complex geometry
that renders some of the surfaces inaccessible, may be a viable release survey option. This section’
discusses some of the considerations and the overall plan for implementing ISGS as a tool for surveying
solid materials, including experimental results for applying ISGS to surveys of scrap metal. Appendix C
provides a few examples of commercial applications of ISGS.

5.4.1.1 Equipment
oyt . ‘

An ISGS system typically consists of a semiconductor detector, electronics for pulse amplification and
pulse height analysis, a computer system for data collection and analysis, and a portable cryostat.

The most common detector is the high-purity germanium (HPGe) semiconductor, but other
semiconductors such as developing room temperature variants can be deployed. The HPGe crystal -
should be cooled to liquid-nitrogen (LN) temperature for operation, but can be stored at room

temperature without destroying its detection properties.
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This is an 1mportant distinction between HPGe semiconductor detectors and germamum—hthrum (GeLr)
* semiconductor detectors, which must be cooled to LN temperature at all tirmes. Scmtrllatmg detectors,

such as sodium jodide (Nal), have limited application (e.g.,‘wher energy resolutron is not a primary

concern).: Addltronally, depending on the appllcatron ‘lead shreldmg and collimation may be requrred

¢ Leolt L MRS TR T B T SR AR 1A N AL

5.4.1.2 Technological Advances SCIRN Ut C

oLi T

Many technological advances have allowed ISGS to become more of a mainstream survey methodology.
As previously mentioned, one of the most 1mportant advancements was the HPGe detector, which only
frequrred cooling to LN temperature during operation. Also these detectors have increased in volume,
resulting in much higher efﬁcrcncy, while maintaining excellént energy resolutron These’ systems can
-only be used if the détector is maintained at LN temperature, but the advancements of rugged, multi-
attitude LN cryostats have permitted ISGS systems to be deployed in almost any environment. The
electronics have also been improved by reducing their size, which increased their portability. Typlcally,
these electronics have been analog in design, which méans that they suffered from 1nstab111ty under - -
certain conditions. Digital electronics packages have overcome the limitations of the analog desrgns
The portable computing systems used to collect and analyze the ISGS data have also increased i in power
* while also decreasmg in size. R LR R -7 - .
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Unlike hand-held detectors used to scan and/or perform direct measurements to qualify or quantify -

" primarily alpha and beta surface activity, ISGS can'be used to quantify volumetric contamination of .

- gamma-ray-emitting radionuclides. Many factors determine the overall efficiency and sensitivity of an

ISGS system for quantifying volumetnc contammatron, as follows:

o7
YRR Y

Intrinsic detector’ efﬁcrency IR S [
The intrinsic efficiency of a detector is the measure of how efﬁcrent the detector medium absorbs

gamma-ray energy, as a function of energy. (At very low energies, gamma-rays are absorbed outside

" ' the detector, in the casing or faceplate As the energy 1ncreases, the intrinsic efﬂcxency increases untll

a maximum intrinsic efficiency is reached, typically at an energy of a few hundred keV. After the
maximum is reached the mtrmsrc efficiency decreases with i lncreasmg energy

b
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Radionuclide gamma-ray energy and abundance”
- ..As discussed above, the intrinsic efficiency of a detector-depends on the gamma-ray energy. -Also,
.attenuation from the material bcmg surveyed increases as the’gamma-ray energy decreases. Solid

* materials with potential contammatron | involving radionuclides of low gamma-ray decay abundance,

“or yleld ‘require longer count times ‘than radionuclides w1th hlgh gamma-ray decay abundance.

L Backgrbund, including shreldmghnd collimation ___ _: i’,t S e e T e -
High background, for the gamma-ray energies of concern, decreases the sensrtrvrty of the ISGS. ‘This

effect is more pronounced at lower energies because of the Compton Continuum ¢ontributions from
ambient gamma-rays, which are hrgher in energy than the energy of concern. To reduce the effect of

Y e background lead shleldlng and colhmatlon canbe used ‘Whilé generally mcreasmg the sens1t1vrty of

i “the ISGS measurement colhmatlon can actually lower the’ overall efﬂcrency of the ISGS system by
effectrvely shreldmg the contammatro{n from ‘the detector. Thrs is a concern when uising small- 7
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Count time A

‘Many factors mfluence the amount of time required to count the material. _These mclude the overall
efficiency, source and background count rates, and desired uncertainty. zIn general, as the background
increases, the sensitivity decreases. To compensate, increasing count time increases sensitivity. In
order to reduce the uncertainty of the measurement by half, the count time would need to be increased
by a factor of four.

Geometry . . , e :
Geometry refers to the orrentatlon of the source materral and the detector relative to the source
material. For example, the overall efﬁcrency and, therefore, the sensitivity of the ISGS measurement
, would be different if a lot of 25 pipes is stacked in a pyramid, rather than placed flat and unstacked.
The overall efficiency of the ISGS measurement is also affected by the distance the detector is placed
from the source material. - .
H

54.1.4 E)rperimentation to Determine Sensitivity

Oak Ridge Institute for Scrence and Educatron (ORISE) performed an expenment to determine the i
magmtude of the ISGS detection capabilities for a release of scrap metal from a nuclear facility. In this
case, 1 metric ton of 12.7-cm (5-in.) diameter steel conduit was selected. To determine how much
radioactivity was required for the experiment, the mass-based, critical-group dose factors reported 1n 7.
draft NUREG-1640 were used. For comparison with draft NUREG-1640, a normalized unit dose factor
of 10 uSv/y (1 mrem/y) was assumed in the calculations. As the following equation shows, 38 kBq

(1 uCi) of ¥'Cs on steel would produce approximately 10 pSv/y (1 mrem/y) to the critical member of the

group.

10uSvy" kBq
-1 - 1E6g-
260 ,uSv y Bq g 1000 Bq

= 38kBq

vt

Therefore if the ISGS system can demonstrate a sensitivity less than 38 kBq (1 pCi), thisis a candidate
technique. Table 5.2 summarizes the, total actrvrty calculations for steel.

Table 5.2: Calculated total activity for selected radionuclides

using mass-based, critical-group dose factors for steel (1x10° g)

; Key Gamma(s)- - Mean Dose Factor Total Activity for

. Radionuclide -~ = "7 g oy (uSvy* Bq g)°. 10 pSv y* (kBq)® -
13Cs ST 662 2600 38 7
®Co 1173, 1332 250 | 40 ;
*To convert to units of mrem y! pCi”' g, multiply by 3.7x107, EE . T

® To convert to units of uCi, divide by 37 L o : -

[ “ .

Twenty sources each for ’37Cs and 6"Co were fabrlcated each source was approxrmately one-twentleth of
" 38 'kBq (1 pCi).” The '¥"Cs sources,were randomly placed inside the conduit interiors. A measurement
was performed at the midpoint of each 51de of the pallet for 10 mmutes for a total of 40 minutes of count
time. The process was repeated for nine additional measurement sets with the *’Cs sources placed
randomly each time. The ¥Co measurements were independently performed in the same manner. 'No
shielding or collimation was used, and the detector was placed 1 meter (vertically) from the floor, and
generally as close as possible to the pallet of steel conduit.
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The efficiency, €, -for the region- -of-interest (ROD correspondmg to the appropnate total absorptlon peak
(TAP) for “Co or ¥’Cs was calculated ! First, the fiet counts in the TAP ROI were calculated by
._.subtracting the Compton continuum counts in the ROI from the gross counts in the TAP.ROL .Next, the
net counts for the TAP ROI were divided by the total activity of the partlcular source, and the count time
in minutes to determine efﬁc1ency in net counts per minute per kBq. The minimum detectable activity

- (MDA), in kBq, for the TAP ROI was calculated by the equation below, using the expenmentally T
determined efficiency, where the BKG values, or continuum counts, were determined by the gross peak
counts mmus the net peak counts. ’ LR R A

- S N L . e

s [ - =
ST, f . . LS

3+4.65,BKG[counts] - " - A
T [min] € [net peak counts per min per kBq]

MDA [kBg) =

e " \ o R -

Table 5. 3 below summarlzes the results of the ISGS measurements of the steel condult pallet Tt
o Table 5.3; Efﬁcnency and MDA summary for\ISGS measurements of scrap steel pallet
, (10-mmute count time)

LG -1 - , . ,,.‘.‘ f s !

s : - Ty
[ TR i LY

i e iEfficiency ¢ 74 Efficiency T iR * MDA -
Radionuclide  (Standard Deviation®) 2-Sigma Range MDA  2-Sigma Range
(keV) [net counts min? kBq']®  (net counts min® kBq’ 1) (kBq)* (kBq)
WCs(662) 041(009)- -+ 5. t023-059 11 7-19
60CoA(1173) - - = =-0.33 (0. 07) j'_‘*‘ -~~~ 019=047 - = 11—~ T-22"
.9Co (1332) T 030(006) T 0.18—0.;12) . 11 - - 7=15;
'Total propagated uncertainty, ¢! n‘ Cralce. £ty ot e : toL

-~®To convert to units of net counts min" uCr . mulnply by 37,77
°To convert to units of uCi, divide by 37. |7 «, : a L Vool

Multiple sets of measurements with fandomly placed sources (in a’on-uniform geometry) were
performed to calculate an unbiased range of efficiencies for this particular geometry. Using the lower
_ 5-percent confidence interval on the 2- -sigma range of the efficiency from Table 53 al]ows the MDA to

be conservatively reported for comparison to potentlal dose limits.

e
VT G ke

Table 5.3 shows that at an alternative dose criterion of 10 pSv/y (1 mrem/y), ISGS isa vxable technology
for 1 metric ton of 5-inch diameter steel conduit released from a nuclear facility. The upper range MDA
for *’Cs at 19 kBq (0.5 uCi) is below the total activity of 38 kBq (1.0 nCi) required to produce 10 pSv/y
(1 mrem/y). The upper range MDA for ®Co at 22 kBq (0.6 uCi) is below the total activity of 40 kBq

.. (1.1 pCi) required to produce 10 pSv/y (1 mrem/y). Howeyer, if the more-restrictive dose limit of
1 pSviy (0.1 mrem/y) is assumed ISGS would lack the necessary sensrtmty to detect 3. 8 kBq (O 1 uCi)
of either “Co or,'Cs. , .- fena e ‘

o
. . e S s . '
Lt ST T T S i R P T

~ o >, i :r ;L"‘ [ H !
Jha UEECE

Wlth the same '37Cs and t'>"Co sources used wrth the steel conduxt expenment a second experlmental
conﬂgurauon con31stmg of a pallet of 148 msulated copper wires xvnth a total - weight of 490 kg,

(1,080 pounds) was set up. The only drfference between the steel and copper experiment was that the
count time was increased from 10to 30 mmutes  per ! measurement to allow for the increased attenuation
of the gamma-rays by the copper Table 5.4 shows the dose calculatlon results N

RO +
P A

o
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2522 ‘ Table 5.4: Calculated total activity for selected radionuclides

2523 using mass-based, critical-group dose factors for copper (4.9x10° g)

: Key Gamma(s) -~ MeanDose Factor ~  Total Activity for
2524 Radionuclide (keV) T (uSvy! Bq! g)* 10 uSv y! (kBq)®
2525 31Cs 662 62 S 78
2526 %¥Co 1173, 1332 250 19
2527 * To convert to units of mrem y”' pCr! g, multiply by 3.7x10%.
2528 ®To convert to units of uCi, divide by 37. k \

2529 Table 5.5 shows that for an alternative dose criterion of 10 pSv/y (1 mrem/y) and for the given

2530 experimental conditions, ISGS may not be a viable technology for a typical volume of copper released
2531 from a nuclear facility. The upper range MDA for '*'Cs at 89 kBq (2.4 uCi) is above the total activity of
2532 78 kBq (2.1 pCi) required to produce 10 uSv/y (1 mrém/y). The upper range MDA for 9°Co at 59 kBq
2533 (1.6 uCi) is above the total activity of 19 kBq (0.5 uCi) required to produce 10 pSv/y (1 mrem/y).

2534 However, if the less-restrictive dose limit of 100 pSv/y (10 mrem/y) were adopted, ISGS would have the
2535 necessary sensitivity to detect 780 kBq (21, pCi) of 'Cs or 190 kBq (5 uCi) of “Co in this copper

2536 matrix. o .

2537 - Table 5.5: Eff' clency and MDA summary for ISGS measurements of scrap copper pallet

2538 (30-minute count time)"

Efficiency Efficiency MDA
2539 Radionuclide  (Standard Devnatlon“) 2-Sigma Range . MDA® 2-Sigma Range
2540 (keV) [net counts min kBq']®  (net counts min kBq" 1y (kBq)? (kBq) '
2541 B¥Cs (662) 0.13(0.04) 0.05 -0.21 33 22 -89
2542 %Co (1173) 0.11 (0.03) ¢ 0.05~-0.17 .. ; 37 22 -85
2543 ©C6(1332) . 0.09 (0. 02) ' 005-013 ' 30 22-59
2544 ? Total propagated uncertainty. ,
2545 ®To convert to units of net counts min” puCi-'; multlply by 37.
2546 ¢ MDA values calculated for a 10 minute count.
2547 ¢ To convert to units of uCi, divide by 37

I

2548 54.1.5 ISGS MeasurenTent qusiderations

2549 The average contammatlon in the matérial determined by the ISGS system should be representative of the
2550 true average for comparison’ to'the volumetric ‘guidelines. For materials with uniform or near-uniform
2551 contamination, only one measurement, from any orientation, may sufficiently determine the average
2552 contamination. For materials that do not have uniform contamination, different ISGS measurement

2553 approaches may be necessary to determine a more accurate average ¢ontamination level. For instance,
2554 for Class 1 materials that potentlally contain small elevated areas of rad10act1v1ty, the ISGS calibration
2555 should address the impact that these small elevated areas of radxoactwnty have on the efficnency of this
2556 survey technique, so that an accurate average contamination level is detemnned .
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One approach is to perform multiple measurements at different angles around the material, such as all
four sides, and then average the measurement results. - Another approach, which is commonly used in
drum counters, is to rotate the material during the measurement time. However, rotating a pallet of pipes
or wire can be unwieldy, if not impossible, so to effectively rotate the material, one might perform part of
one measurement at each location around the material.~For example, suppose a count time of 40 minutes
was required to meet the required sensitivity and the material was to be measured from all four sides.’
The first 10 minutes of the single measurement would be performed, and then the acquisition would be
paused while the detector was moved to the second measurement location, and then the acquisition would
continue for another 10 minutes. ThlS process would be repeated for the remaining two posmons

v
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542 ’VolumeCounters D L L . I TR N
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- Various de51gns of volume counters can be used to quantlfy surface activity or total actlvrty Volume
counters, while generally designed for specific counting applications, have common characteristics. -
These include a counting chamber, array of detectors, and electronic package for analysis. -, v '

The counting chambers are designed specifically for the measurement application.: The size determines

~what type of materials or containers the system is capable of measuring., Volumes range from small

~items to large shipping containers. ‘A variety of detectors, including gas proportional, plastic and Nal
scintillators, HPGe semiconductors, and long-range alpha detection configurations, are used in volume
counters, depending on the application. zMany designs focus on detecting specific waste streams (e.g.,
transuranic waste, with a high throughput). Systems designed to quantify alpha and/or beta surface
activity use gas proportional and plastic scintillator detectors or long-range alpha detection. Plastic and
Nal scintillators and HPGe semiconductor detectors are used for volumetric gamma radioactivity.

Calibrations are usually performed with standard packages or suitable geometries containing sources of
known activity. Shielded configurations are frequently used to reduce the background, thereby
increasing the signal-to-noise ratio. In many systems the shielded configuration completely surrounds
the material to be measured (i.e., 47 counting geometry). An example of this configuration is the drum

. -counter, in which a conveyor belt typically moves the drum into the counting chamber, where the drum is

- usually rotated durmg the measurement to obtain a more representatxve average. After the count, the

drum is then moved out and ‘another drumcounted. -+ ;- .-~ ..o - a-

g 5 ‘IV'-‘» ‘~ ) ',:l»— ey L,
Considerations for applying volume counters do not vary, 51gn1ﬁcantly from the 1nd1v1dua1 apphcatron of
each of the mentioned detectors. For example, gas propomonal detectors need to be calibrated to a
calibration source representative of the radioactivity, and the con51deratlons llsted for ISGS apply for

“F

systems using HPGe detectors for volume countlng

RIS T S VPR S SV IR T S
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5.4.3 Portal Monitors
A common example of a portal monitor isa truck or ratl car scrap metal radiation detection system
These use large-area plastic scintillation detectors to detect buned radloactlve sources in scrap metal.
The radioactive sources are identified by detecting small changes in'the ambient gamma background
Entities in the United States have used portal monitors upon receipt of materials in incoming shlpments
" Advances in portal monitor techno]ogy may one day allow surveyors to use thls techmque as a primary
material survey technique.

-



2597 5.5 Laboratory Analytical Methods

2598 Sections 5.5.1 — 5.5.3 discuss the laboratory analyses for hard-to-detect nuclides and various media

2599 matrices (i.e., bulk materials). This discussion ties in with the conventional survey approach, in the sense
2600 that some statistical samples (such’as *H in concrete) are much more complex to analyze than others
2601 (such as simple direct measurement of surface activity).

t

2602 5.5.1 Representative Sampling and Laboratory Analysis ~

2603 Laboratory analysis provides the greatest level of accuracy and precision, with the lowest detection
2604 levels. Indeed, some techniques have remarkable detection limits. For example; an inductively coupled
2605 plasma mass spectrometer (ICP-MS) can have detection limits less than 1 part per quintillion (ppq).
2606 Furthermore, laboratory analyses usually do not suffer from the calibration issues that plague ISGS and
2607 in toto systems (namely, the expense associated with producing or obtammg reference materials needed
2608 to develop or validate a calibration).
2609 Laboratory methods for measuring radioactivity cover a broad range of techniques. It is difficult to
2610 reduce all of the standard techniques to a single recipe. However, once the samples are collected, they
2611 are usually subject to a destructive process (gamma spectrometry is a notable exception), which changes
2612 the physical or chemical state of the sample. Next, the samples are usually purified or.chemically
2613 separated into a solution to which a tracer is usually added. The sample is then put in a form that will
2614 allow it to be counted efficiently. This preparation can be time-consuming and costly. Table 5.6 .:
2615 provides cost information on routine radiochemical analysis. Ultimately, the decision to follow an
2616 approach that uses laboratory techniques will balance data quality objects against available resources.
2617 Table 5.6: Cost information on routine radiochemical analysis
2618 co ‘ Energy Spectrometry -
' : Estimated Cost  Relative
2619 Radiation Technique/Instrumentation per degree of
roov - - Measurementt precision
2620 o Alpha spectroscopy us}ng solid-sEate semiconductor $250— $ 400 hioix
detector, (surface barrier detector'). >
Gross activity me‘as‘urements using gas-flow proportional $50 low
2621 B counter (typically for swipe samples)
Beta spectroscopy using liquid scintillation counting " $100 - $200 high
Gamma and X-ray spectroscopy using Nal scintillator $100-$ 200 medium
2622 Y Gamma and X-ray spectroscopy using germanium $100 — $ 200 high
detector
2623 _ Mass Spectrometry
2624 Inductively Coupled Plasma Mass Spectrometer (ICP-MS) > $4000°
2625 Chemical speciation laser ablatlon/mqss spectrometer > $4000
2626 + From Appendix H of the MARSSIM ~ *° :
2627 ORecent data from commercial laboratories suggest that this value should be closer to the value for alpha spectroscopy

ot i i
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2628 552  Sample Collection et ok

2629 The assay process actually begins with the collection of samples. The critical issue regarding the use of

2630 laboratory methods is that the object that is sampled must be disturbed; that is, some amount of material

2631 _must be removed from the object. The amount can range from a fraction of a gram in the case of a swipe

2632 or wipe sample for removable alpha contamination, to several kilograms in the case of soil sampling.

2633 While extracting samples from surface soil, for example, is relatively simple and involves the use of

2634 trowels and augers, the collection of samples from steel and concrete can be very difficult. Sampling '
2635 these materials requires chisels, hammers, drills, and other more specialized equipment. The collection  « ..,
2636 of samples, specifically the number and location of the samples, is fundamental to characterizing and o

2637 quantifying the contamination. Morever, the number and location of the samples should follow the DQO
2638 Process (see Section 3). : ’ . )

P

2639 5.5.3 Sample Preparation -

& 3 A
& I E_—

2640 Most samples that are collected cannot be assayed directly, but should be converted to a suitable form for

2641 assay. The type and energy of the radiation to be measured determine the ultimate form. For example,

2642 samples containing o or low-energy B activity have problems with self-absorption and, therefore, the ‘
2643 form of the sample should be as thin as possible. More importantly, chemical purification may be -
2644 required if interferences are anticipated. Table 5.7 provides a general indication of the sample

2645 preparation for o and B assay for low to medium activities in solid samples. The preparation of samples

2646 for gamma-ray analysis is usually less involved. For example, the preparation of soil involves nothing

2647 more than drying and homogenization. For a more complete listing of standard laboratory methods and

2648 instruments, see the MARSSIM,; for specific radiochemical techniques, consult the Environmental

2649 Measurements Laboratory (EML) Procedures Manual (U.S. DOE, 1990) and Radiochemical Analytical
2650 Procedures for Analysis of Environmental Samples (EPA, 1979). Ca .
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Table 5.7: Sample preparation for o and [ assay for low to medium radioactivity levels-

Detector ) Sample preparation , . . Preparation time
Solid-State If the sample is thin, count directly.
. y L ' . - a week or more
Semiconductor If not, dissolve and redeposit as a thin source
Liquid .. Dissolve in suitable solvent and heat as liquid, several days to a '
Scintillator - . " or count'directly as a suspension in a gel week

Proportional May be counted directly unless low energy B

. da
Counter (< 50 keV) requires pretreatment y
Solid-State - : < .
Semiconductor .Same as proportional counter day &
i } , - .
- Should be dissolved in a suitable solvent and treated
Liquid .. S
Scintillator as a liquid sample. Can be counted directly as a a week or more.
. suspension in a suitable gel mixture. , - . -

Y

5.6 Assay Quality Assurance "
' [ ‘ .
Sections 5.6.1 — 5.6.3 address quality assurance (QA) issues involving the measurement systems
associated with clearance surveys, including the calibration process, data quality indicators, and quality
control (QC). In general, any assay or measurement strategy must develop and follow a quality assurance
process, which should be part of an overall quality assurance program. For guidance in establishing
quality assurance programs, see ASME NQA-1-1994, EPA Guidance Document QA/G-5, and Regulatory
Guide 4.15 (NRC, 1979). Ata minimum, the quality assurance program should address the quality
following elements:

+ organizational structure and responsibilities
« procedures and instruction

* records

+ personnel qualifications

» quality control of measurement systems

5.6.1 The Calibration Process

An important consideration associated with the calibration of instrumentation for use in clearance
surveys (see Appendix B) is the lack of appropriate reference materials and guidance on methods to
calibrate these systems. Therefore, a calibration process should be developed and documented in a
standard operating procedure (SOP). For general requirements that apply to calibrations see
ANSIASQC M1-1987 and ANSI/ISO/IEC 17025:2000.
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“; S. 62 ‘Data’ Quallty Indlcators I ) . o

The following items should be part of the calibration process and included in a QA document:

* Describe the type of instrument to be cahbrated D S

w

. Descnbe the callbratlon method in sufﬁcxent detall so that others can duphcate the method.
' ’ [T ;:1;“, ",," ) AT st ¢ e e ! S

*, ; Justify and document the caltbratlon methods e e e e,

Y -‘ SR . . ‘_— [T S PEANE Sl

.. Desoribe how galibgation data wi!l be analyze‘d.ﬂ N T
* List the parameters, quantities, and ranges to be determined.
[ . DT, 37 oy v' <37, :
« Describe any correctlve actlon 1nclud1ng recallbratlon that will be taken if cahbratlon data fall to
meet the acceptance criteria. . ot Cemu eae T w b T e

L33 ¢ '{" - x 1, Tl b 1

* Describe the cahbratlon standards If the standards are not traceable (to NIST or some other natlonal

certifying organization), describe how the standards will be prepared. - Any method used to verify the
certified value of the standard mdependently should also be described. ;- - ¢ -

* Describe the frequency of the cahbratxon .and whether the frequency is related to any temporal
variation of the system

A . P . . . - H . oo .
L IS . :;.ti 1l -3 . : o A s . 1 . ¢

L ‘v
s - " I 5r -

Data quahty mdlcators (DQIs) are qualltatxve and quantttatlve descnptors used in mterpretmg the degree
of acceptability or utility of data. The principal DQIs are precision, bias, representativeness,
comparability, and completeness. These are referred to as the “PARCC” parameters, where the “A”
refers to accuracy rather than bias, but the two are generally regarded as synonymous. Of the five DQIs,

precision and bias are crucial when evaluatmg the performance of an instrument or measurement method.

Establishing acceptance criteria for precision and bias sets quantitative goals for the quality of the data
generated by measurement instrument. DQIs are established during the planning phase of the DQO
Process. More information on DQIs may be found in the MARSSIM.

Comparability is also important, in that it can establish the validity of 2 measurement technique,
calibration method, or instrument. For example, calibrations of CSM, ISGS, and in toto systems may
need to establish comparability with representative sampling and laboratory techniques. There are
several examples of this approach involving ISGS (DOE 1999a, DOE 1999b, Kalb et al. 2000). Two of
the studies (DOE 1999a and Kalb et al. 2000) utilize the DQO Process. The intent of these studies was
not to show that ISGS produces data that is indistinguishable from the baseline approach (sampling and
laboratory analysis) on a sample-to-sample basis, but that the decision drawn from the data is the same.

An effective tool for evaluating sources of bias, providing a mechanism for standardization and

establishing traceability are intercomparison or intercalibration exercises. Such exercises have long been
a key element in quality assurance programs for field measurement techniques.
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5.6.3 Quality Contrel.

Quality control (QC) is an important element of the quality assurance process. The purpose of QC is to
ensure that the measurements and other data-producmg systems operate w1thm defined performance
limits as specified in planning (EPA 1998a). QC activities help to identify sources of error and
uncertainty, as well as the impact these quantities will have on the decnsxonmakmg process. QC activities
involve the use of QC samples to detect when attributes of the measurement process are exceeding their
performance limits so that corrective actions can be initiated. The measurement attributes that QC
samples monitor include contamination, calibration drift, ‘bias, and precision. The following is a brief
description of standard QC samples.

Blanks are samples that contain little or no radioactivity, and none of the radionuclide of interest.
' RN . a T

Performance Evaluation (PE) Matrices are samples with enhanced levels of radioactivity (compared to
a surrogate material) at a known. concentration of the radionuclide(s) of interest.

Calibration Checks are samples containing a source or radloactxve material, which is independent of a
calibration standard, and can ensure that the calibration remains in a state of statistical control.

Replicates are samples that are measured repeatedly to check the précisibn of the system.
The quality assurance document should describe the QC procedure, which should 1dent1fy the QC checks

that are to be performed, the frequency with which they will be performed, their acceptance criteria, and
a correction action plan to be followed if the acceptance cntena are not met Table 5.8 provides

- additional mformatlon on QC samples
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2737 Table 5.8: Suggested QC checks for measurement systems used in"clearance surveys *-.

2738 QC Check Measurement - «,Frequency ) Correctlve Actlon - Comments
) o JAttribute” 0 U0 e - e
2739 Calibration Calibration beginning and end of " recalibrate’ ~' “* ' control charts are a
2740 check drift every shift ~ instrument useful method of
DL Dl lhTLs L T T UL T I documenting drift

2741 PE Spike Bias on achange of ;; :¢ - adjust measurement " not readily available
material, matrix, parameters for all types of
sie . ‘¢ o <. . -radionuclide'mix, - - (e.g., counttime, ; clearance materials;

P I U »eeciandlor e et - . belt speed, standoff ; ;user may have to .
s .. <, - ="+ _ environmentall - dlstance) e prepare their own
P ) ;. v .operating condmons Liehvn o F1 v ohat : Sl DR

(if it can be shown reevaluate R

that these properties  measurement
e oo 0 affectthe:s -, Lo~ comethod and/or - 3 e Ll el
measurement result) instrumentation

-

' v
e iy ~~~f~§~;:, 74r¢ L

2742 . Blank,, . . Contammatlon on a change of decontammate o used to establlsh a
~ 3. . odirs . i :. - (=Y
. . L N - materlal i peble mstrument - baselme or. ... .
et o PRS0 FIAR RS § 1% 1N S LN !

classification e -
(e.g., measuring adjust background
.Class 2 or 3, ornon-_ . orbaseline, ., .  usedtoadjustor

. background ‘value
ti, F e T Lt .

ER - A VL
impacted materlal B e e e . correct e
- LN PR S M e N
after measuring a " measurement results
Class 1 or impacted 2 o
material) D -
whenever a L N
measurement has a ‘ot
reasonable chance of T
N . -
contaminating the Cye
instrument ) ) i
D . - ‘ T R vy s O L I L T
2743 Repllcate - Precision-- "¢ once/day or#* - "“LT check®- - - B R SRR P
. ", N el : L S T U T s . . . ..
T st of 0 oncefshift - O ‘envxronmental or lel $e
ST 15t o (e qm g g ey s { A D - LI
£ s ' - ¢ = . PR P B h‘ TG Opel'atlng ( , LA - e £ -
parameters .
system might be ,
= P TV IR T TPt e § rEen ) mdmme w (rfes - ~ . ‘r’?“" H . T
AR DU RS M T (T unstable and néed 10 . P
repair e e T et
Dt Lo i en e Db prie s elem e 0T
Y ':1‘ B Hal 3;.'3".. NEAN u} [PRREENS I IV AU AT S RN Ll 10 .
SRS e e D e tevrras e C08 mh DL c ThT gl hend s,
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5.7 Clearance Survey Examples . L

" The clearance survey examples presented on the following pages illustrate possrble e clearance survey

approaches for pipe sections being released from a power reactor facility. The flow dragram for
clearance of solid materials (Section 2) served as a guide for developing thése examples; the letters in the
examples correspond to the steps in Figure 2.1, D e

- 3t - ": L3 L, ’
Example 1 Clearance of small-bore pipes from nuclear power reactor

a. Evaluate the physical description of the solid material.

The solid material being considered for release is small-bore pipe (steel). The material survey unit
consists of approximately 60 sections of pipe and conduit, each of which is 1.2 to 1.8 m in length.
The diameter of each pipe section is less than 6 cm, with a total interior surface area of 17 m® and a
weight of 2 tons. The pipe interiors are considered to be inaccessible with conventional hand-held
detectors. S ' ‘

b. Evaluate and document process knowledge and charactenzatron of the solid material.

The small-bore pipes are from a nuclear power plant. Process knowledge indicates that the pipes were
used to transport radioactive llqu1ds from the nuclear laundry. The radioniclide mixture for the nuclear
power reactor’ consists of a number of radionuclides, including ﬁssron products, activation products, and
even frace quantities of transuramcs

During cliaracteriza_tion, three samples of pipe residue were collected and analyzed from the total pipe
population. The radionuclide mixture was as follows:

%Co 15%
¥1Cs 27%
28r(*’Y) 8%
“C 13%
’Fe 11%
SNi 6%
*H 20%

Therefore, the radionuclide mixture from characterization confirms the process knowledge that fission
and activation products comprise the contamination. The mixture includes radionuclides that are readily-
detected (¥Co, *’Cs, *S1(*°Y)), as well as those that are hard-to-detect CH, Ni, and *Fe).

c. Is the material impacted?

Yes, these small-bore pipe sections are certainly impacted, given that they were used to transport
radioactive liquids.

d. Specify release criteria and conditions for the solid material.
For this example, Regulatory Guide 1.86 will be used. The surface activity guideline for all

radionuclides (except ¥Sr(*°Y)) is 5,000 dpm/100 cm? averaged over 1 m?. The guideline for ®Sr(*°Y) is
1,000 dpm/100 cm?,
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e. Classify the material.

The small-bore pipe sections are Class 1. This classification is based on the fact that the material was
designed to be in contact with radioactivity, as further supported by the characterization results. ' -

f. Is clearance an option?

Yes, the licensee in this example has decided to perform a clearance survey

~

g. Consider the survey approach based on the nature of the materlal and contamination.

Given that the interior of the pipe sections is potentially contaminated, it will be neces'sary to ciit the
pipes along their lengths (resulting in semi-cylindrical sections). The nature of the radioactivity suggests
that beta-sensitive detectors would work well. .

‘\ L. 1 v - :ll

h. Can scanning be used to release the material? - :

Yes, the proposed clearance survey approach is to scan the interior of the seml-cylmdrlcal pipe sections
using GM detectors. Before this approach can be 1mplemented 1t 1s necessary to demonstrate that the
scan MDC is less than the DCGLc

< - - re o~ 1 -

i. Appllcatron of DCGLs : o b

) DT I

To demonstrate compliance with the clearance release criteria, the clearance survey will consist of
surface scans with a GM detector. Given the radioactive decay emissions from these radionuclides, the
GM will respond to gross beta radiation. Therefore, it is necessary to calculate the gross actlvrty DCGLC

_ for surface activity using the following equatron A St PR

oy . . R L. . . . N
’ ¢ s il Vo i z - H 3 - i B

Gross Activity DCGLy = ————
coe e SRR B ~h o fie) e

+ +...

DCGL, DCGL,  DCGL,

Tipe s T e T TEAT _
where f|, f,, etc. are the fractional amounts of each radionuclide present Lottt ot
U AN RSN E 3L
A sxmplrfymg observation is that 92 percent of the radronuclrde mixture consists of radionuclides for
which the surface activity gurdelme is 5,000 dpm/100 cm?, while *Sr(**Y) makes up 8 percent with a
guideline of 1000 dpm/100 cm?, Substltutmg into the above equation, the gross activity DCGL‘ is 3,800

dpm/100 cm?. > A 4

ont ; TS

L . -
i N b [T Yoo .

j. Determine background. R

Measurements were performed on srmllar, non-impacted pipe sections to determine the GM background
this resulted in a background level of approxrmately 60 cpm..

iy
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k. Determine scan MDC.

Scan MDCs are determined from the MDCR by applying conversion factors to obtain results in terms of
measurable surface activities. The scan MDC for a material surface can be expressed as

MDCR

JESI 8\'

scan MDC =

where the minimum detectable count rate (MDCR), in counts per minute, can be written
MDCR = d’#[b,* (60/i)

d' = detectability index (the value can be obtained from MARSSIM Table 6.5),

b, = background counts in the observation interval,

i = observational interval (in seconds), based on the scan speed and areal extent of the contamination
(usually taken to be 100 cm?),

€, is the instrument or detector efficiency (unitless),

g, is the surface efficiency (unitless), and
p is the surveyor efficiency (usually taken to be 0.5).

The scan MDC is determined for a background level of 60 cpm and a 2-second observation interval using
a GM detector (b, = 2 counts). For a specified level of performance at the first scanning stage of 95-
percent true positive rate and 25-percent false positive rate, d'equals 2.32 and the MDCR is 98 cpm.

Before the scan MDC can be calculated, it is necessary to determine the total efficiency for the
radionuclide mixture.

Radionuclide Weighted
g, g

Fraction Efficiency

“Co 005 0.25 0.15 1.88 x103

B7Cs 0.08 0.5 0.27 1.08x10?

0Sr 0.12 0.5 0.08 4.80x103

Hc 003 0.25 0.13 9.75x10*
3Fe 0 025 0.11 0

ONi 001 0.25 0.06 1.50x10*
*H 0 0 0.2 0

Total Weighted Efficiency  1.9x10?
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Using a surveyor efficiency of 0.5 and the total weighted efficiency of 1.9x107?, the scan MDC is .
calculated as

sy PN N - Y. - H .
TN 3 R A . | i 4

Poaner o o0 L L4
Scan MDC = ——i——
/0.5 (1.9E-2)

Pt

- 7400 dpm/100 cm® (1.2 Bglem® .- ;

1. Is the scan MDC less than the DCGL:?
No, the scan MDC of 7,400 dpm/100 cm? (1 .2’]_3q/cm2) is not less than 3,800 dpm/100 cm? (0.6 Bg/cm?).

m. Can the scan MDC be reduced? el

o

It is not likely that modifying the scanning parameters will lower the scan MDC to a value less than the
DCGL.. (Note: If the scan MDC could be sufficiently reduced below the DCGL, the next step is to
evaluate the instrument’s ablllty to automatrcally document scan results (step o). Vo
n Is another clearance survey desrgn feasrble? N R

* . ’v \: N hed -. * J’ v f
Since the scan MDC is not sufﬁcrently sensitive, the next step is to determme whether conventlonal static
measurements are feasible. Example 2 provides the details of the design. Yal
Example 2 Clearance of small-bore pipes from nuclear power reactor (using statistical design for

static direct measurements)

uj»‘ l»’

Based on the information obtained in Example 1, step h in the flow diagram of Figure 2.1 results in the
decision that scanning with a GM detector cannot be used to release the pipe sections. This example
continues from step n in Example 1 (now at the right side of Figure 2.1).

-

i. Application of DCGLs. .o : {

To demonstrate compliance with the clearance release criteria, the clearance survey will consist of static
direct measurements of surface activity using a GM detector. The gross activity DCGL. for surface
activity determined in Example 1 is the same for this example (i.e., the gross actrvrty DCGL, is

3,800 dpm/100 cm?). “efrioe SR CI O ;

iaN

o m e e e n e e f e meeere o e e e et e AN P

4 0. Can scanning instrument automatically document results? (Note: This step, as well as
step p, is not possible in this example because the scan MDC is not less than the DCGL; it is
covered in this footnote for illustration only).

p. If the scanning 1nstrument can automatrcally document results, the material survey unit is
scanned and the results are aufomatically logged. Smce it is a'Class-1- survey unit, 100 percent of
the pipe sections are scanned. However, if the scanning instrument cannot automatically
document results, it is necessary to collect a number of static direct measurements to serve as
scan documentation, in addition to scanning 100 percent of the Class 1 material survey unit. The
‘number of these measurements should be determined using the DQO Process, and may be
determined using a statistically based sampling design.
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j. Determine background. !

Fifteen measurements, as determined based on the WRS test (step p), were performed on non-impacted
pipe sections to determine the GM background. The mean background was 60 cpm, with a standard
deviation of 8 cpm. ' ‘

k. Determine the static MDC.

The static MDC for the GM detector can be calculated as

. . 3 +4.65C
MDC = 2
ceT probe area

100 cm?

A i I ’
where C, is the background count in time, T, for paired observations of the sample and blank, €, is the-
instrument efficiency, and ¢ is the surface efficiency. However, before the static MDC can be
calculated, it is necessary to determine the total efficiency for the radionuclide mixture. [Note: The
instrument efficiencies for the GM detector used for static measurements (based on the detector’s
response to a source area equal to its physical probe area of 20 cm?) are higher than instrument
efficiencies for the GM detector used for scanning (based on the detector’s response to a source area of
100 cm?), by a factor of 5.]

S }

g, & Radionuclide = Weighted
- Fraction Efficiency

%Co 025 i 025 0.15 9.40x10?
3Cs 0.40 0.5 0.27 5.40x10?
%S 0.60 0.5 0.08 2.40x10
Hc 0.15 0.25 0.13 4.88x107 !
Fe 0 0.25 0.11 0
®Ni 0.05 +10.25 0.06 7.50x10*
*H 0 0 0.2 0

Total Weighted Efficiency 9.3x10%

1

Therefore, the static MDC for the GM for 1-minute counts is (

. e Gy , [ i
- MDC = 3+ 4.65 /60 — = 2,100 dpm/100 cm? (0.4 Bglcm?)
9.3E-2 (1 min) 20" :
c 7 100 em? .

¥
’
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1. Is the statlc MDC Iess than the DCGLC ' ‘:mf T fi B
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Yes the statlc MDC of 2, 100 dpm/ 100 cm is less than the DCGLC_of 3, 800 dpm/ 100 cm® - " S
9 p. Perform clearance survey based on statlstlcal samplmg desrgn for the fumber of dxrect measurements
of surface activity. Gt Sionl e s :

s, . T . s
27, N RV sa T

The WRS test can be used to determine the number of surface activity measurements needed for the
clearance survey.The number of data’ points necessary for th1s material survey unit is'determined
through the DQO Process. Specrﬁcally,’ the sample size'i§ based on the DCGLC, the expected standard
deviation of the radionuclides in the pipe ‘sections, and the acceptable probability of making Type I and
Type Il decrsmn errors.

s, - L . -
! o ,, '«. r 3o ; gﬂs;x [9%2e Aol f, X 4 N y

° The gross act1v1ty DCGLC is 3,800 dpm/ 100 cm?. o

O Process knowledge, coupled with results from charactenzatlon surveys, was used to estimate the
“ contamination on the prpe sections. The contammatron as measured in gross cpm w1th a GM
fdetector averaged 82 cpm wrth a standard devratlon of 18 cpm I -

R R I LR B I S A T '

® Other DQO inputs include the LBGR set‘at the expected contamination 1évél on the pipe sections (82
- 60 cpm, or 22 cpm) and Type I and II eITors of 0. 05 and 0 01 respectlvely

re, - s - s
« [

The DCGL, and the expected standard devxat1on of the material survey unit and background
measurements are used to estrmate the relative shxft A/c oo L

N .- - 3 e e e
r. ‘,‘ '.‘ ¢ DA A - . A :!,._:I'.fn

oD

First, it is necessary to convert the DCGL.. into the same units as the standard deviation: - ¢

.- . . . -
st P AR

. ~gross activity DCGL . = (3,800 dpm/100. cm?).(9.3E-2) 20/100= 707 cpm RS

I3 T L

-
- -3t

"\“« e £

The larger of the values of the estimated measurement standard deviations from the survey unit and the

-reference area should be used., Since the estimated standard deviation in the survey unit is 18 and that for

the reference area is 8, the survey unit value of o =18 will be used to calculate the relative shift, ... ~:
The relatlve shift can now be calculated: : (70.7 - 22)/18 2.7, R TR

a4 ~

v

-y
. P - . - . » . e e
CESTIVY - R LD l Vs lal" A A R H . LI >

Table 5.3 in MARSSIM (1997) provrdes a list of the number of data pomts to demonstrate complrance
using the WRS test for various values of Type I and II errors and A/s. For o =0.05 and p = 0.01, the
required sample size is about 15 direct measurements for this material survey unit and 15 measurements
on non-impacted pipe sectlons (background) e et R .
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The scan coverage for these pipe sections is 100 percent because of their classification (i.e., Class 1).
Note, however, that the scan MDC is 7,400 dpm/100 cm?; therefore surface activity levels between the
DCGL, (3,800 dpm/100 cm?) and the scan MDC will likely be missed during scanning. Ata minimum,
however, scanning can detect surface activity at a level of 7,400/3,800, or,about two times the DCGLC
A provision for area factors as a function of specific areas of materials may be approprrate to serve as a
.- possible driver for collectmg additional direct measurements. If not, the DQO Process should be used to
assess the risk of missing an area with concentration between the DCGLC and the scan MDC, and
whether the material is candidate for release.

Direct measurement locatrons aré detenmned by random number generatron Frfteen pairs of random
numbers are generated, with the first number specifying the partlcular pipe section to be measured, and
the second number determmmg the dlstance from the end of the pipe section for the direct measurement.

i

Example 3 Clearance of small-bore pipes from nuclear power reactor (using in situ gamma

spectrometry)

This clearance survey approach is similar to the approach illustrated in Example 2, with two major
exceptions. First, thrs approach does not require the pipes to be cut in half; in fact, the entire material
survey unit is measured and results in minimal handlmg of the material. Second the clearance survey is
based on one “total” measurement, rather than a statistically based samplmg desrgn Steps a through f
are the same in Example 3 as they, were for the first two examples. -

#

[

g. Consider survey approach based on nature of material and contamination.

Given that the interior of the pipe sectlons is potentrally contaminated W1th some gamma-emitting
radionuclides among the mix, the use of in situ gamma spectrometry (ISGS) is considered as a clearance
survey approach.

h. Can scanning be used to release material?

The proposed clearance survey approach is to use ISGS measurements; therefore, scanning is not used to
release the pipe sections.

i. Application of DCGLs.

S A g ' ’ i
2 Considering the radionuclide mixture provrded in step b (shown in Example 1), ®Co and '¥'Cs' compnse
42 percent of the radioactivity.” Therefore; thesé two radionuclides are measured using ISGS, and are
used as surrogates for the entire mix of radionuclides. In order to use this approach, it is necessary to"
assume that this mixture is representauve of the potentlal contamination on the pipe sections (refer to
step b) <o

- . (

‘ . .
i R . R . -

It is necessary to convert'the surface activity gurdelmes (fromRG 1. 86) to total activity limits. This is
performed for each radionuclide by multlplymg the surface activity guideline by the total surface area of
the pipes in the material survey unit (17 m*). For example, the total dpm that corresponds to 5,000
dpm/100 cm? can be calculated as

(5,000 dpm/100 cm?) x (17 m?) x (10,000 cm” 1 m?) = 8.5E6 dpm

3For comparison, Regulatory Guide 1.86 provides for an effective area factor of 3.
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NG I IR DCGLCmamod =

Each of the radionuclides, with the exception of **Sr(*’Y), has a surface activity gu1delme of --
5,000 dpm/100 cm?. The total actmty limit for 9"Sr("OY), based on its 1,000 dpm/ lOO cm® gu1delme,
is 1.7x10° dpm. R . A A W VRN S s

Returning to the use of Co and ‘37Cs as surrogates, it is necessary to modify the DCGLc for these two
radionuclides to account for all of the other radionuclides. First, note that the limit for both Co and
137Cs is 8.5x10° dpm; therefore, when both are measured, the sum of both radionuclides should not
exceed 8.5x10° dpm (when they are the only radionuclides present). Equation I-14 on page I-32 o f the
MARSSIM can be used to calculate the modified DCGL,. for Co+Cs:

! o SO AR A S

where D, is the DCGLC for the sum of 60Co and '37Cs (8 5x10 dpm) D, is the DCGLC for the first . -
radxonucllde °Sr(*®Y)) that i is being inferred by “Co and '’Cs. R, is the ratio of concentration of the
®Sr(*Y) to that of the sum of %Co and "*'Cs (8% divided by 42%, or 0. 19), and R, is the ratio of the
concentration of 'C to that of the sum of ®Co and *Cs (or 0.31). Therefore, DCGL o405, mog €aN be:
calculated for the mixture as follows:

[ T ir
wioad g £ ES -

DCGL. ...~

+LS, = L e PN ¢ A - = 27E6 dpm
CoeCsinod ( 1. . 019 ~ 031 026" -0.14 0476)
v + +: + + +

LR A ET ~

8.5E6 1.7E6 8.5E6  8.5E6- 8.5E6 . :8.5E6

.Therefore, to demonstrate compliance, the ISGS result should be less than 2. 7x106 dpm ( 1.22 pCl) for the

sumof “Coand 17Cs. .. . .. e, g S teeet o e e e meat

. Détermine ba'ckground. ' S

Since neither ¥Co nor *'Cs is present naturally in the material (pipe sections), the background value (i.e.,
Compton continuum) for each radionuclide’s region-of interest (ROI) was determined from an ambient
count at the location where the pipe section clearance measurements will be performed. The count time
should be long enough to result in sufficiently sensitive MDC.
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k. Determine static MDC!

The static MDC for the in situ gamma spectrometer can be calculated as

', {z’,!

MDC - 3+ 465 /BKG
g€

where BKG is the background continuum counts determined in time T, and ¢ is the efficiency in net peak
counts per minute per activity (uCi or Bq). This MDC is the general MDC for the measurement process,
rather than an individual MDC for each measurement

The measurement protocol ¢onsisted of four 10-m1nute measurements at the midpoint of each side of the
material survey unit. The efficiency for a particular distribution of radioactivity within the pipe sections
was determined by randomly posmonmg a known quantity of %Co and '*'Cs radionuclide sources within
a non-impacted geometry of pipe sections. The efficiencies for the 6"Co (1,173 keV) ranged from 7.2 to
17.3 net counts per minute per iCi, while the efficiencies fof the '¥’Cs ranged from 8.8 to 21.8 net counts
per minute per pCi.. To be conservative, the MDCs for both ©Co and '*’Cs were caléulated for the lowest
efficiencies observed: The MDCs for ®Co and '¥'Cs wefe 0.6 and 0.5 1(Cl, respectively.

1. Is the static MDC less than the DCGL?

Yes, the static MDCs for Co and '*’Cs are less than the DCGL of 1.22 uCi. If either of the MDCs
were greater than the DCGLC of 1.22 uCi, step m would be performed to determme whether the MDCs
could be reduced (e.g., by using longer count times).

p. Perform in toto survey.
Perform clearance survey based on ISGS measurements for ©Co and '¥’Cs. Each measurement consists
of four 10-minute measurements at the midpoint of each side of the material survey unit. The total

activity for both ®Co and '¥Cs is summed, and then compared to the DCGL.. of 1.22 uCi. Survey results
are documented. '
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2977 6.1 Overview I -2 . L ; oot iy e

2978 This section discusses the interpretation of survey results, focusing primarily on those of the clearance
2979 survey. Interpreting a survey’s results is most straightforward when measurement dataare entirely higher
2980 or lower than the DCGL,}: In such cases, the decision that a survey unit meets or exceeds the release ‘
2981 - criterion requires little in terms of data analysis. However, formal statistical tests provide a valuable tool
2982 when a survey unit’s measurements are neither clearly above nor entirely below the DCGL..

2983- Nevertheless; the survey design always makes use of the statistical tests in helping to ensure that the
2984 number of sampling points and the measurement sensrtlvxty are adequate, but not excessive, for the °

2985 decision to be made. R A .8
2986 Section 6.2 discusses the assessment of data quality, while Sections 6.3 and 6.4 deal with the application
2987 ' .of the statistical tests used in the decrs1onmakmg process, and Section 6.5 focuses on the evaluatlon of

2988 the test results. R RO Sl

2989 6.2  Data Quality Assessment - ) S T

2990 Data quality assessment (DQA) is a scientific and statistical evaluation that determines whether the data
2991 are of the right type, quahty, and quantrty to support their intended use. There are ﬁve steps in the DQA
2992 Process ! R . JORY Tl a0 Pere T

" ¥ "“‘u"r.' = frgooL 8 1T e le DL
2993 ‘o Revrew the data quahty objectrves (DQOs) and survey. design. oo R B
2994 ® Conduct a preliminary data review. .- . .o 0 A con ey
2995 ® ' Select the statistical test. R ":;3 S B . AT
2996 . ~ e Verify the assumptions of. the statlstlcal test.: N L L L e
2997 ® Draw conclusions from the data et e ST T

2998 The effort expended dunng the DQA evaluatlon should be consistent wrth the graded approach used in
2999 developing the survey design. The EPA guidance document QA/G-9 QA00 Update (EPA 2000) provides

3000 more information on the DQA Process. Data should be‘verified and validated as described in the site”
3001 quality assurarice project plan (QAPP) for clearance surveys. - Information on developrng QAPPs is -
3002 contamed in EPA guidance document QA/G-S (EPA 1998a).'n.r- = © 7 . . 1 o0

3 S R R L A r".‘,"*"'é" T L
3003 6 2. 1 Revrew the Data Quahty ObJectrves (DQOs) and Samplmg Desrgn Lo e fo

“ H ’;.’;1')"‘.3 ’ )‘f‘l.L - 3 !s ,.1';“ AR

3004 The ﬁrst step in the DQA' evaluatlon is a review of the DQO outputs to ensure that they are still
3005 applicable. . For example, if the data suggest that the survey unit was misclassified as Class 3 instead of

3006 Class 1, the DQOs should be redeveloped for the correct classrﬁcatron = omads o

. : H ~ . “gae - H -
T 1 i - -t : Voo i H 9, Jiat " I 2t F R

3007 The sampling design and data collectron should be reviewed for consrstency W1th the DQOs
3008 For example, the review should verify that the appropriate number of samples were taken in the correct
3009 L locations and that they were analyzed wrth Trieasurément systems w1th appropnate sens1t1v1ty S
N T - N SO TR S PR S R R I ér’“’
3010 In cases where the survey does not involve takmg discrete measurements or samples (i.e., scanning only,
3011 CSM, or in toto surveys), it is imperative that the MDCs be calculated realistically, and that they truly
3012 reflect at least a 95-percent chance that concentrations at or above that level will be detected. Periodic
3013 QA measurements must be made to ensure that the measurement systems remain within acceptable
3014 calibration and control limits.

.85



. 3016
3017
3018
3019
3020
3021
3022
3023
3024
3025

3026

3027
3028
3029

3030

3031
3032
3033
3034
3035
3036
3037
3038
3039
3040
3041

3042
3043
3044
3045
3046
3047
3048
3049
3050
3051
3052
3053
3054
3055
3056

When discrete sampling is involved, determining that the sampling design provides adequate power is
important to decisionmaking, particularly in cases where the levels of contamination are near the DCGL..
This can be done both prospectively, during survey design to test the efficacy of a proposed design, and
retrospectively, during interpretation of survey results to determine that the objectives of the design are
met. The procedure for generating power curves for specific tests is discussed in Appendix I to the
MARSSIM. Note that the accuracy of a prospective power curve depends on estimates of the data -
variability, o, and the number of measurements. After the data are analyzed, a sample estimate of the
data variability, namely the sample standard deviation (s) and the actual number of valid measurements
will be known. The consequence of inadequate power is that a survey unit that actually meets the release
criterion has a higher probability of being incorrectly deemed not to meet the release criterion.

. i
6.2.2 Conduct a Preliminary Data Review

To learn about the structure of the data — identifying patterns, relationships, or potential anomalies —
one can review quality assurance (QA) and quality control (QC) reports, prepare graphs of the data, and
calculate basic statistical quantities.

6.2.2.1 Data Evaluation and Conversion

Quality assurance reports that describe the data collection and reporting processes can provide valuable
information about potential problems or anomalies in the data. EPA Report QA/G-9 (EPA 2000)
recommends a review of (1) data validation reports that document the sample collection, handling,
analysis, data reduction, and reporting procedures used; (2) quality control reports from laboratories or
field stations that document measurement system performance, including data from check samples, split
samples, spiked samples, or any other internal QC measures; and (3) technical systems reviews,
performance evaluation audits, and audits of data quality, including data from performance evaluation
samples. This report also suggests that when reviewing QA reports, particular attention should be paid to
information that can be used to check assumptions made in the DQO Process, especially any anomalies in
recorded data, missing values, deviations from standard operating procedures, or the use of nonstandard
data collection methodologies. |

. . b (A !
Verification of instrument calibrations and calculations of minimum detectable concentrations (MDCs)
are particularly important to surveys of solid materials:- Clearly, MDCs must be capable of detecting
contamination at the DCGL.. When making quantitative comparisons of the average of survey data to a
limit, the MARSSIM recommends that the MDC target should be 10-50 percent of the DCGL.. This is
an expression of the fact that a simple detection decision does not address the relative uncertainty of the
data value obtained. The minimum quantifiable concentration (MQC) is often defined as the smallest
concentration that can' be measured with a relative standard uncertainty of 10 percent. As a rule of thumb
mentioned previously, the MDC is generally about 3 to 4 times the standard uncertainty of repeated
background or blank measurements. An extension of this rule of thumb is that the MQC is about 10
times the standard uncertainty. Hence, if one wishes to not merely detect but also quantify
concentrations near.the DCGL,, the MQC should be no larger than the DCGL.. Combining the
approximations for the MQC as 10 times the uncertainty and the MDC as about 3 or 4 times the
uncertainty, the MDC should be about one-third of the MQC. Thus, the recommendation that the MDC
should be 10-50 percent of the DCGL. is really an expressxon of the fact that the MQC should be no
larger than the DCGL...
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3055 These rough guides can sometimes point out inconsistencies or shortcomings in the data‘analysis. - For
3056 example, suppose that the DCGLy is 200, and the claimed MDC is 100. Data are then reported as
3057 100475, 50£75, -25+50, and 75275. The relative uncertaintiés are rather high.” Are they consistent with

3058 the quoted MDC? If the MDC is estimated as 3 to 4 times these uncertainties, we get values of 150 to
3059 300, much higher than the quoted 100. Thls is an mdrcatlon that the data quallty targets are not bemg
3060 'met' Vo f R T, . . . I i
3061 Radiological survey data are usually obtamed in units, such as the number of counts per unit time, that
3062 . have no intrinsic meaning relative to DCGLs. " For comparison of survey data to DCGLs the survey data
3063 from ﬁeld and laboratory measurements are converted to DCGL umts o
3064 Basic statrstlcal quantmes that should be calculated for the sample data set are as follows
3065 ® mean . .. oot o h DS N O
3066 e .standard deviation - v . . T AT A T S
3067 e median ‘ S PR SO PO 2 Goneo oty ar at .
. e Ll SR RIS A 11 B TS A
3068 Example: ‘ P R S
3069 Suppose the following 10 measurement values are from a survey unit composed of materials:
3070 .9, . 10.7, 13 6 34, 01331 7. 9 “45, 77, 83, 104 7" - -
3071 B SRR RS RTINS CL ;oI e
3072 First, the average of the data (8 88) and the sample standard devratlon (3 3) should be calculated
TN . : ST . s e L2 Fo
3073 These next 10 measurements are from an appropriate matching reference materlal R
O PR T T '
3074 ’6.2, - 138, 15.2 9.3 6.7 49, 1.1, 36, 88, 89
N . r"t T J_ R \ , oo . ‘['
3075 The average of these data is'8.45 and the standard deviation is 3. 7 T et
3076 The average of the data can be compared to the reference material average and the DCGLC togeta“ -
3077 prelrmmary indication of the survey unit status. The difference in thls case is 0. 43
BESUE A B A L S A .
3078 Where there is much added activity, this comparison may readily reveal that the materlal survey unit
3079 should not be released — even before applying statistical tests. For example, if the difference between
3080 the survey unit and reference material averages ‘of the data exceeds thé DCGL, thé survey unit clearly
3081 does not meet the release criterion. On the other hand, if the dlfference between the largest survey | umt
3082 measurement (13. 6) and the smallest reference matérial meastrement (3.6) is be]ow the DCGL, the -
3083 survey unit clearly meets the release crrtenon 6 f=c Tt oueirroant e T
SR PRI TR EPUNS FRRVRDPUD UNPURE & (ORITS B I
e ot cdle el Lo JTesaame oo getramynn I o0 L :

6 It can be verified that if the largest difference between survey unit and reference material measurements is
below the DCGL, the conclusion from the WRS test will always be that the survey unit does not exceed the release
criterion, provided that an adequate number of measurements were made to meet the DQOs.
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The value of the sample standard deviation is especially important. If it is too large (compared to that
assumed during the survey design), this may indicate that an insufficient number of samples were
collected to achieve the desired power of the statistical test.. Again, inadequate power can lead to an
increased probability of incorrectly failing a material survey unit. S

The median is the middle value of the data set when the number of data points is odd, and is the average (! '
of the two middle values when the number of data points is even. Thus 50 percent of the data points are

above the median, and 50 percent are below the median. Large differences between the mean and it
median would be an early indication of a skew in the data. This would also be evident in a histogram of

the data. For the example data above, the median is 8.7 (i.e., (8.3 + 9.1)/2). :The difference between the

median and the mean (i.e., 8.45 - 8.7 = -0.25) is a small fraction of the sample standard deviation

(i.e., 3.3). Thus, in this instance, the mean and median would not be considered significantly different.

Examining the minimum, maximum, and range of the data may provide additional useful information.
The minimum in this example is 3.4 and the maximum is 13.6, so the range is 13.6 - 3.4 = 10.2. Thisis
only 3.1 standard deviations. Thus, the range is not unusually large. When there are 30 or fewer data
points, values of the range much larger than about 4 to 5 standard deviations would be unusual.

For larger data sets, the range might be wider.

6.2.2.2 Graphical Data Review . : . ‘

Graphical data review may consist of a posting plot and a histogram or'quantile plots. A posting plot is
simply a map of the survey unit with the data values entered at the measurement locations. This
potentially reveals heterogeneities in the data, especially possible patches of elevated contamination.
Even in a reference material survey, a posting plot can reveal spatial trends in background data, which
might affect the results of the two-sample statistical tests. Posting plots are most useful when the data
are obtained by discrete measurements.

If the posting plot reveals systematic spatial trends in the survey unit, the cause of the trends would need
to be investigated. In some cases, such trends could be attributable to contamination, but they may also
be caused by inhomogeneities in the survey unit background. Other diagnostic tools for examining
spatial data trends may be found in EPA Guidance Document QA/G-9.

.

The role of a posting piot for a CSM would be a time series displ'ay of the data, showing any trends ‘
between adjacent batches of material being conveyed beneath the detector.

t i .. N

However, the geometric configuration of most survey units composed of a few large irregularly shaped *
pieces of material is transitory. The arrangement of tools, piles of scrap, and the like will change as

pallets of material are moved around and even while pieces are lifted to be surveyed. In these cases,

some identifying marks, numbers, or bar-code labels should be used to identify and track where

measurements were made, at least until it is determined that the material can be released. Such marking

or labeling need not be permanent, but may be made with chalk and removable labels,
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A frequency plot (or histogram) is a useful tool for examining the general shape of a data distribution. i
This plot is a bar chart of the number of data points within a certain range of values. A frequency plot
reveals any obvious departures from symmétry, such as skewing’or bimodality (two ‘peaks), in the data E
distributions for the survey unit or reference material. The presence of two peaks in the survey unit - - wch
frequency plot may indicate the existence'of isolated areas of contamination.” In some cases, it may be
possible to determine an ‘appropriate background for the survey unit using this information. ' -. "¢ o
- The interpretation of thedata for this purpose is generally highly dependent on site-specific

considerations and should only be pursued after a consultation with the réspor}sible regulatory agency.

- e - e ¢ v PR S P T BT s I M T

- P
P o

I . C { [ f . . . PR N
-.The presence of two peaks in the background reference material or survey unit frequency plot may
--- indicate a mixture of background concentration distributions as a result of different soil types,” —~ * . ]
- construction materials, etc. The greater variability in the data caused by the presence of such a mixture '
reduces the power of the statistical tests to detect an adequately decontaminated survey unit: These -~
situations should be avoided whenever possiblé by carefully matching the background reference ;- P
materials to the survey units, and choosing material survey units with homogeneous backgrounds. v

N P . NP e e - PR syt - P o N - S ¥
BRI . o . i L1 e TS S 7 © HE LA YR -
" .

:- Skewness or other asymmetry can impact the accuracy of the statistical tests. A data transformation - VAl
(e.g., taking the logarithms of the data) can sometimes be used to make the distribution more symmietric.
The statistical tests would then be performed on the transformed data. “When the underlying data.~ > ¢
distribution is highly skewed, it is often because there are a few high activity concentration areas. Since T
scanning is used to detect such areas, the difference between using the median and the mean as a measure {
for the degree to which uniform contamination remains in a survey unit tends to diminish in importance. R

IR P A . st AT st a0l .
When data are obtained from séanning surveys alone using data loggers, a large number of data points is
usually logged. Inessence, the entire Class 1 material survey unit is measured and, while the survey °. i
coverage is less for Class 2 and 3 materials, there will still likely be a large number of data points. Inthis %

-1, case; the frequency plot will be close to the population distribution ‘of concentrations in the survey unit. G
The mean and standard deviation calculated from these logged values should be very close to their | U
population values. In other words, when nearly the entire material survey unit has been measured,

statistical sampling is unnecessary.. = i Loeowic e T e L
s .

1 -~ I v N ]
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Similarly, when an in toto measurement has been performed, the entire survey unit has been measured. .
Again, statistical sampling is not necessary:: .-l L Shen <o S S _—

P . CE .-,
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b . il <
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- .z For conveyorized survey monitors, the data may be interpreted batch by batch as it is scanned, in which sy

- case, the data treatment would be most similar to an in foro measurement. -If the data were logged . i S
coritinuously, the data treatment would be similar to that for a scanning survey using data loggers.: . - Sl
. . e ; - Teat o . 1
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6.2.3 Select the Tests ~+/-¢ ..+ . . o . g , s

= r
: . . - - > L N
foo ' ‘ Lo -1 ' { N : .

As mentioned above, when data are obtained from scanning surveys alone using data loggers, a large, .
number of data points is usually logged.- In essence, the entire survey unit is measured.- The mean and
the standard deviation calculated from these logged values should be very close to their population
values. In other words,' when the entire survey unit has been measured, statistical sampling is
unnecessary, as are statistical tests. There is no uncertainty contribution from spatial variability in survey
unit concentrations because the entire survey unit has been measured. The average of the logged values
may simply be compared to the DCGL.. However, there remains an uncertainty component as a result of
the variability in the measurement process. Measurement variability, unlike spatial variability, can often
be modeled realistically. using a normal distribution. In that case, parametric statistical tests may be more
appropriate; however, because removing spatial variability is often the major concern in these surveys, it
is suggested that a simple comparison of the mean to the DCGL.is sufficient. As long as the
measurement uncertainty is'a small fraction of the DCGL,, the gray region should be Very narrow.

. A [ ; '-:5':'f§7~ . A s . !
When an in foto measurement has been performed, the entire survey unit has been measured. Only a
single measurement is made, and so the decision is really a detection decision. The statistical test is that
used to calculate the MDC. However, assumptions are made about the distribution of activity inherent in

the calibration of such detectors, and the validity of those assumptions determines the appropriateness of

- the measurement. fat A

¢ . ¢ ]

Again, data from conveyorized survey monitors may be treated as a series of detection decisions on a.

batch-by-batch basis, or may be analyzed by aggregating the data, much as with a logging scanner.

IR AN ¢

When conventional surveys are used, they should address the statistical considerations important for ;

- clearance surveys, as presented in Section 5.2.3.3. The statistical tests recommended for conventional

clearance surveys are the same as those récommended by the MARSSIM for final status surveys of lands
and structures. e .

. e dd Lo .t : % . .
The most appropriate procedure for summarizing and analyzing the data is chosen based on the . .
preliminary data review. The parameter of interest is the mean concentration in the material survey unit.
The nonparametric tests recommended in this report, in their most general form, are tests of the median.
If one assumes that the data are from a symmetric distribution — where the median and the mean are
effectively equal — these are also tests of the mean. If the assumption of symmetry is violated,
nonparametric tests of the median only approximately test the mean. Note that the mean and median only
differ greatly when large concentration values skew the distribution. Such areas can be identified while
scanning:” This is precisely why the survey strategies in this report emphasize using both direct -
measurements and scans. In addition, computer simulations (e.g., Hardin and Gilbert, 1993) have shown
that the approximation of the mean by the median implicit in using the nonparametric tests is a fairly
good technique as far as decisionmaking is concerned. That is, the correct decision will be made about
whether the mean concentration exceeds the DCGL, even when the data come from a skewed
distribution. In this regard, the nonparametric tests are found to be correct more often than the
commonly used Student’s t test. The robust performance of the Sign and WRS tests over a wide range of
conditions is the reason that they are recommended in this report.
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When a given set of assumptions is true, a parametric test designed for exactly that set of conditions will
have the highest power. For example, if the data are from a normal distribution, the Student’s t test will
have higher power than the nonparametric tests. It should be noted that for large enough sample sizes
(e.g., large number of measurements), the Student’s t test is not a great deal more powerful than the

. nonparametric tests. On the other hand, when the assumption of normality is violated, the nonparametric

tests can be very much more powerful than the t test. Therefore, any statistical test may be used, - "
provided that the data are consistent with the assumptions underlying their use. When these assumptions
are violated, the prudent approach is to use the nonparametric tests, which generally involve fewer

assumptions than their parametric equivalents.” 1.7« « o 0 et IGRERAC
. .t * . .

.
. ‘ s . B 'S i - . o
Lot i ! ¢ FaL I - ® *

The one-sample statistical test (Sign test) described in Section 5.5.2.3 of the MARSSIM should only be
used if the radionuclide being measured is not present in background and radionuclide-specific
measurements are made.’ The one-sample test may also be used if the radionuclide is present at such a
small fraction of the DCGL value as to be considered insignificant. In this case, background ©
concentrations of the radionuclide are included with any contamination that may be present (i.e., the
entire amount is attributed to facility operations). - Thus, the total concentration of the radionuclide is
compared to the release criterion. This option should only be used if one expects that ignoring the

+* background concentration will not affect the outcome of the statistical tests."The advantage of ignoring a

.

‘small background contribution is that no reference material is needed. This can simplify the survey
considerably. R LT S R Y T ¥ T e e .

.t 5.

-~ » - T Y
- B e . PN = .oy 'y
Tt 4 - * - H - '

The one-sample Sign test (Section 6.3.1) evaluates whether the median of the data is above or below the
DCGL,. If the data distribution is symmetric, the median is equal to the mean. ‘In cases where the data
are severely skewed, the mean may be above the DCGL., while the median is below the DCGL... In such
cases, the survey unit does not meet the release criterion regardless of the result of the statistical tests.
On the other hand, if the largest measurement is below the DCGLg, the Sign test will always show that
the survey unit meets the release criterion, provided that enough samples were taken to meet the DQOs.
: R R :.
For clearance surveys, the two-sample statistical test (WRS test, discussed in Section 5:5.2.2 of the ~
MARSSIM) should be used when the fadionuclide of concern appéars in background or if measurements
are used that are not radionuclide-specific. The two-sample WRS test (Section 6.4.1) assumes the
reference material and survey unit data distributions are similar except for a'possible shift in'the medians.
When the data are severely skewed, the value for the mean difference may be above the DCGL, while
the median difference is below the DCGL,. In 'stich cases, the survey unit does not meet the release *
criterion regardless of the result of the statistical test. On the other hand, if the difference between the
‘largest survey unit measurement and the smallest reference material measurement is less than the =~
' DCGL, the WRS test will always show that the survey unit meets the release criterion, provided that
_enough samples 'werq' taken to'meet the DQOs." - ™~ 7 T i~ SRR Lt LT
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6.2.4 Verify the Assumptions of the Tests

i
1 3

3 -t

An evaluation to determine that the data are consistent with the underlying assumptions made for the
statistical procedures helps to validate the use of a test. One may also determine that certain departures
from these assumptions are acceptable when given the actual data and other information about the study.
The nonparametric tests described in this chapter assume that the data from the reference material or
survey unit consist of independent samples from each distribution.

Asymmetry in the data can be diagnosed with a stem and leaf display, a histogram, or a Quantile plot.

As discussed in the previous section, data transformations can sometimes be used to minimize the effects
of asymmetry.

1

f .
| S A R I ‘o

One of the primary advantages of the nonparametric tests used in this report is that they involve fewer
assumptions about the data than their parametric counterparts. If parametric tests are used, -
(e.g., Student’s t test), any additional assumptions made in using them should be verified (e.g., testing for
normality). These issues are discussed in detail in EPA QA/G-9 (EPA.1998b). -

. et e, H . .. -

[

One of the more important assumptions made in the survey design is that the sample sizes determined for
the tests are sufficient to achieve the data quality objectives set for the Type I (a) and Type II (B) error
rates. Verification of the power of the tests (1-B) to detect adequate probability for passing material
survey units that meet the criteria for clearance may be of particular interest. Methods for assessing the
power are discussed in Appendix 1.9 to the MARSSIM. | If the hypothesis that the material survey unit
radionuclide concentration exceeds the clearance criterion is accepted, there should be reasonable
assurance that the test is equally effective in determining that a survey unit has radionuclide
concentrations less than the DCGL,, Otherwise, unnecessary survey unit failures may result. For this
reason, it is better to plan the surveys cautiously, even to the following extents:

! . B . RN
® overestimating the potential data variability
® taking too many samples.

. @ overestimating the minimum detectable concentrations (MDCs)

- AN M .
If one is unable to show that the DQOs are met with reasonable assurance, a resurvey may be needed.

When data are obtained from écanning surveys alone using data loggers, the mean of the logged values
may simply be compared to the DCGL. . Because such a large number of data points are obtained,
essentially the entire population of concentrations on the material has been measured. _Thus, no formal
statistical test is necessary. It is the assumption of full measurement coverage that is the central issue in
this case. It is also assumed that the measurement uncertainty is small compared to the DCGL,.

The validity of these assumptions should be carefully examined, and the results documented in the SOPs
and QAPP.

When an in toto measurement has been performed, the entire survey unit has been measured. Again,
statistical sampling is not necessary. However, assumptions are made about the distribution of activity
inherent in the calibration of such detectors, and the validity of those assumptions determines the
appropriateness of the measurement.

Examples of assumptions and possible methods for their assessment are summarized in Table 6.1.
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3263 Table 6. 1 Issues and assumptlons underlymg survey results
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3264 A . .7 .". SurveyType . - ..o Il UIssue R
3265 Conventional survey l N Appropriateness of the statistical test
3266 N Scanningonly S ’ “ Data logging and cahbratron geometry .
3267 ' Automated scanning o Data logging and calitfration géometry -
N H
[ o H :__‘ roe ¢ o . . wtis, '_,“a .. R YT R ‘;4‘4
3268 .~ Intoto survey ; . o : Cahbratlon model and source geometry e
3269 6 2.5 Draw Conclusrons from the Data P e ! }
3270 . _The types of conventional measurements that can be made on a survey unit are (1) direct measurements
3271 at discrete locations, (2) samples collected at discrete locations, and (3) scans.. The statistical tests are
3272 only applled to measurements made at discrete locations. Specific details for conducting the statistical
3273 tests are given in Sections 6.3 and 6.4. When the data clearly show that a survey unit meets or exceeds
3274 the release criterion, the result is often obvious without performmg the formal statistical analysrs This is
3275 the expected outcome for Class 2 and Class 3 material survey units’ Table 6.2 summarlzes examples of
3276 c1rcumstances leading to specific conclusions' based on a simple’ examination of the data
3277 Scans may uncover potentral areas that exceed the DCGL. Unless a scanmng -only survey with a data
3278 logger or an m toto measurement is made, any such area will require further 1nvest1gat10n Note that
3279 there may be, as discussed in Section 3.3, separate ‘criteria established for small areas of elevated activity.
3280 The investigation may involve taking further measureitients to detérmine whether the area and level of
3281 contamination are such that the resulting average over the material survey unit meets the release. )
3282 ~—criterion.-The investigation should also provide adequate assurance, using the DQO Process, -that there
3283 are no other undiscovered areas of elevated radioactivity in the survey unit that might otherwise result in
3284 a dose or risk exceeding the established criterion. In some cases, this may lead to reclassrfymg all or part
3285 of a survey unit. . ‘ ; l . o
] A e —:’:}:,g*g L AR b YET, LT
3286 Section 6.3 descnbes the ngn test used to evaluate the ‘matefial survey units, and Sectron 6. 4 descrxbes
3287 _the WRS test used to evaluate the matenal survey units where the radlonuchde bemg measured is present
3288 “in background Sectlon 6. 5 dlscusses the evaluatlon of the results of the statlstxcal tests and the dec1sxon
3289 regardmg compllance w1th the’ release crlterlon N \3 A . . }
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~ Table 6.2: Summary of statistical tests :

Survey Result ) Conclusion

All measurements less than DCGL,. Survey unit meets release criterion .
Average greater than D(;GLC Survey unit does not meet release criterion

Any measurement greater than DCGL, and the average Conduct Sign test and elevated measurement ;
less than DCGL, R o comparison .

Survey Result Conclusion

Difference between largest survey unit measurement and Survey unit meets release criterion
smallest reference material measurement is less than -
"DCGL,

Difference of survey unit average and reference material Survey unit does not meet release criterion
average is greater than DCGL.

Difference between any §Hryey unit measurement and any  Conduct WRS test and elevated measurement |
reference material measurement greater than DCGLcand  comparison ‘
the difference of survey unit average and reference

material average is less than DCGL L

6.3 Sign Test ) : ‘ \

The statistical test discussed in this section is used to compare each material survey unit directly with the '
applicable release criterion. A reference material is not included because the measurement technique is s .
radionuclide-specific and the radionuclide of concern is not present in background. In this case, the
contamination levels are compared directly with the DCGL,. The method in this section should only be
used if the radionuclide being méasured is not present in background or is present at such a small |
fraction of the DCGL value as to be considered insignificant. In addition, one-sample tests are
applicable only if radionuclide-specific measurements are made to determine the concentrations. y
Otherwise, the method in Section 6.4 is recommended.

Reference materials and reference samples are not needed when there is sufficient information to indicate
that there is essentially no background concentration for the radionuclide being considered. With only a
single set of survey unit samples, the statistical test used here is called a one-sample test. Further
information on the Sign Test can be found in Section 8.3 of the MARSSIM and Chapter 5 of NUREG
1505, Rev.1.
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. The relatlve shrft was calculated as (10 5)/2 2. 5

6.3.1 Applying the Sign Test )
The Sign test is applied by counting the number of measurements in‘the survey unit that are less than the
DCGL.. The result is the test statistic S+. Discard any measurement that is exactly equal to the DCGL
and reduce the sample size, N, by the number of such méasurements..:The value of S+ is compared to the
critical values in MARSSIM Table 1.3. If S+ is greater than the critical value, k, in that table, the null
hypothesis is rejected.

6.3.2 Sign Test Example Class 1 Copper Plpes

This example illustrates the clearance survey desrgn for copper pipe sections using a gas proportional
counter to measure *°Pu. Since the alpha background on the copper material is essentially zero, it was
decided to use the Sign test to determine whether the material meets the clearance criterion. The sample
size was determined using the DQO Process, with 1nputs such as the DCGL, the expected standard
deviation of the radionuclide concentrations in the pipe sections, and the acceptable probability of
making Type I and Type Hldecision errors. The inputs were as follows:

® The gross activity DCGLC was 100 dpm/100 cm When converted to cpm, the gross activity DCGL
was 10 cpm.

e The LBGR was set at the expected added activity level on the copper pipe sections (i.e., 5 net cpm —
the same as the gross mean for an alpha background of zero).
- I ;:5 RO S EA - \ ! B
e The standard deviation on the material survey unit was expected to be about 2 cpm.

’ z i . ta il
el .o .- Ot viaT .

° TheTypeIandHerrorsweresetatOOS R S RO

“x £ ¢ Rt e Yoo
Table 5.5 in the MARSSIM (1997) indicatés that the’ number of measurements estrmated for the Sign
Test, N, is 15 (o = 0.05, [3 0.05, and A/c =2.5). Therefore, 15 surface activify measuréments were
randomly collected from the inside surfaces of the copper prpe sectrons Clearance survey results are .
shown on Table 12.3. g ’
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Table 6.3: Example sign test results

) Data . Surface activity -

(cpm) .. (dpm/100cm?) < DCCLe?
4 40 Yes

3 30 Yes

3 30 Yes

1 10 Yes

1 10 Yes

4 40 * Yes
6 60 ‘ Yes
3 30 ‘ * Yes

9 90 - Yes

6 60 " Yes

14 . 140 , ‘No

1 10 Yes

4 40 Yes

! 3 30 Yes
2 20 Yes

_ Number of measurements less than DCGL =14 (= S+)

-~ ' .
The surface activity values on Table 6.3 were determined by dividing the measured cpm by the efficiency
(0.10). No probe area correction was necessary. The average count rate on this material survey unit was
4.3 (we had estimated a residual cpm of 5 cpm). The median of the data was 3 cpm. The mean surface
activity level was 43 dpm/100 cm®. The standard deviation was 3.5; which was higher than the value of 2
that was estimated for the survey de51gn Thus, the power of the test will be lower than planned for.
With the actual value of the relative shift (10 ; 5)/3.5 = 1.4, N = 20 measurements would be requu'ed
With the 15 measurements, the actual Type II error rate is a little over 0.10. (The closest table entry is
for a =0.05, B =0.10, and A/o =1.4 with N=16.)

One measurement exceeded the DCGL, value of 100 dpm/100 cm®. The portion of the material survey
unit containing that location merits further investigation.

The value of S+, 14, was compared to the appropriate critical value in Table 1.3 of the MARSSIM.

In this case, for N = 15 and a = 0.05, the critical value is 11. Since S+ exceeds this value, the null
hypothesis that the survey unit exceeds the release criterion is rejected. In this case, the slight loss of
power attributable to underestimating the standard deviation did not affect the result. Pending the
outcome of the investigation on the one elevated measurement, this material survey unit satisfies the
release criteria established for clearance.
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641 Applying the WRS Test |

6.4 WRS Test . e ey - ey e e

PR
~ v - L s LA =F L3
cet . PN & A - A L. Fols

The statistical tests discussed in this section will be used to compare each material survey unit with an

i appropnately chosen, site- specrﬁc reference materlal Each reference material should be selected on the

basis of its similarity to the survey unit, as discussed in Section 5.2.3.3. Further information on the WRS
Test can be found in Section 8.4 of the MARSSIM and Chapter 6 of NUREG 1505, Rev.1.. -

y
N [N —y - B - .o .
TR T, [, Nt LF 1

The WRS test is apphed as outlmed ‘m the followmg srx steps and further 111ustrated by the example in,
“Section'6.4.2. : S .

(1) -, . Obtain the adjusted reference materlal measurements, Z, , by addmg the DCGLC to each
) reference materlal measurement X, Z X, +DCGLC '

30y
“r 7 -y . + - i
B + N -

@ " The m adjusted reference sample measurements Z, , from the reference materral and the n sample
'measurements Y,. from the s survey umt are pooled and ranked in order of mcreasmg size from 1

5 ehd

‘to N, where N ='m+h.”"’ C S R
[ PG N T Y N

(3).. . If several measurements are, tied (i.e., have the same value), they are all a581gned the average
" rank of that group of tled measurements ’ o

< vy < 1

. =1 7 > . 4 e i ? - ,
s-kl,.,fs P A T . iy

@ . '.‘Ifthere are t “less than values they are  all glven the average of the ranks from I ‘to t Therefore
"they are all assrgned the rank t(t+l)/(2t) (t+1)/2 Wthh is the average of the first ¢ mtegers If
theré is more than one detection limit, all observatlons below the largest detectlon llmlt should be
treated as “less than” values.” " ¢

o) . hSum the ranks of the adJusted measurements from the reference matenal W, Note that since the

- ”sum of the first N mtegers is N(N+1)/2 one can equrvalently sum the ranks of the measurements

‘from the survey umt W and compute W N(N+1)/2 W oo o ‘

: +
ita 'a e R .

©6) Compare W, with the critical value given in Table 1.4 of the MARSSIM for the appropriate '
values of n, m, and o.. If W, is greater than the tabulated value, re_}ect the hypothesrs that the
survey umt exceeds the release cnterlon

7 If more than 40 percent of the data from either the reference material or survey unit are “less than,”
the WRS test cannot be used. Such a large proportion of non-detects suggest that the DQO Process must be
revisited for this survey to determine whether the survey unit was properly classified or the appropriate
measurement method was used. As stated previously, the use of “less than” values in data reporting is not
recommended. Wherever possible, the actual result of a measurement, together with its uncertainty, should be
reported.
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6.4.2 WRS Test Example: Class 2 Metal Ductwork

This example lllustrates the’ use of the WRS test for releasmg Class. 2 metal ductwork Assume that a gas
proportional detector was used to make gross (non- radlonucllde specrﬁc) surface activity measurements.

The DQOs for this survey unit include a=0.05 and B =0.05, and the DCGL.. converted to units of gross
cpm is 2,300 cpm. In this case, the two-sample nonparametric WRS statistical test was used because the
estimated background level (2,100 cpm) was large compared to the DCGL. The estimated standard
deviation of the measurements, g, was 375 cpm. The estimated added activity level was 800 cpm,; the
LBGR will be set at this value. The relative shift can be calculatéd a§ Alg = (DCGL.. - LBGR)/o, which
equals 4.

The sample size needed for the WRS test can be found in Table 5.3 of the MARSSIM for these DQOs.
The result is nine measurements in each survey unit and nine in‘éach reference material (o = 0.05,
B=0.05,and A/c =4). The ductwork was laid flat onto a prepared grid, and the nine measurements
needed in the survey | umt were made’ usmg a random start tnangular grid pattern For the reference
matérials, the measurement locations weré chosen randomly on a suitable batch of material. Table 6.4
lists the gross count rate data obtained.

In column B, 'the code “R” denotes a reference fnaterial measurement and “S" denotes a survey unit -
measurement. Column C contains the adjusted data, which were obtained by addmg the DCGL,. to the
reference material measurements (see Section 6.4.1, Step 1). The ranks of the adJusted data appear in
Co]umn D. They range from 1to 18, smce there is'a ‘total of 9+9 measurements ‘(see Section 6.4.1,
Step 2) ‘Note that the sum ' of all of the ranks 1s “still 18(1 8+1)/2 = 171 Checkmg this value with the
formula in Step 5 of Section 6.4.1 is recommended to guard against errors in the rankings.

Column E contains only the ranks belonging to the reference material measurements. The total is 126.
This is compared with the entry for the critical value of 104 in Table L4 of the MARSSIM for o = 0.05,
with 7 = 9 and m =9.” Since the sum of the reference matérial ranks is greater than the critical value, the
null hypothesis (i.e., that the average survéy unit concentration exceeds thé DCGL,) is rejected, and the
ductwork is released.

Note that this conclusion could be rea'ched'much more quickly hy noting that the largest survey unit
measurement, 3,423, differs from the smallest reference material measurement, 1,427, by much less than
the DCGL, of 2,300 cpm.
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Table 6.4: WRS test for Class 2 ductwork * + =~ *

[ . - 2 PRI

A B - C D . . E
Data (cpm) Area Adjusted Ranks Reference Material
oo Data oy . -iRanks
2 2180 RO. - 4480 . -« +:15 ¢ - ~io - usal5:
s A T A A R AL S AP Y
3.2 12308 .. “R - 14698 0 160 Tt A 16
4 2779 R 5079 S8 8
5 1427 R 3727 10 10
6 2738 AR, e .5038 C T i - 17
7 2024 R 4324 .00 013 wec o3
8- 1561 T"T"'R teo3gelt e 11 o T
9 1991 , . R .4291  12._ . 12, .
10 2073 R 4713 14 7 14
11 2039 . u, Sbe. 520390, o3 TR FA
S s 2 4773061 T 8 T <3061 T g T HEeiT gt
SR - < H RN SR TN
Y 14 2456 7 TS 2456 7 Yo
15 2115 S 2115 T4 '0
16 1874 S 1874 2 S0
17 1703 ST oM 1703 1 e e
18 2388 S 77, . "2388 L6 ; 0’
19 2159 S " 2159 5 0

—
~
ot

Sum= 126

6.5 Evaluating the Results: The Decision

Once the data and the results of the tests are obtained, the specific steps required to achieve material
clearance depends on the procedures approved by the regulator and specific considerations to ensure that
the contamination is as low as is reasonably achievable (ALARA). The following considerations are
suggested for the interpretation of the test results with respect to the release limit established for
clearance. Note that the tests need not be performed in any particular order.
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6.5.1

Interpreting Data}fgbr chh Survey Type

Clearance survey designs using conventional instrumentation are as follows:

Scanning-Only

Calculate the average and compare it to DCGL.

Investigate measurements exceeding the DCGL..-

Anything above the DCGL will trigger a reevaluation of the classification if Class 2.
Any contamination will trigger a reevaluation of the classification if Class 3.

¢

Statistically Based Sampling

» Techniques are similar to those used in MARSSIM.
* Survey unit must pass statistical tests.
* Sampling involves investigations of individual measurements/scans (as for scanning-only).

. ~ . P
Automated Scanning Surveys (conveyorized survey monitors)
,! - i . '_1 ‘o

Scan sensitivity and ongoing QA data must be documented.

Data from continuous scanning of materials can be interpreted in the same way as for
scanning-only surveys.

In Toto Surveys

* Emphasis is on adequate documentation of calibration.
* Asingle measurement is compared to the DCGL.

* A realistic estimate of the MDC is essential.

100

The statistical tests are essentially those used to calculate the MDC as discussed in Section 3.
“Batch-by-batch” segmented gate systems segregate any material above the clearance DCGL.
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6.5.2 If the Survey Unit Fails

When a material survey unit fails to demonstrate compliance with the clearance criterion, the first step is
to review and confirm the data that led to the decision. Once this is done, the DQO Process can be used
to identify and evaluate potential solutions to the problem. The level of contamination on the material
should be determined to help define the problem. For example, if only one or two pieces of material in a
Class 1 material survey unit fail, the simplest solution might be to segregate those pieces and either
remove the added activity from them or dispose of them as waste. If such a situation were encountered in

. evaluating Class 2 or Class 3 material survey units, it would call into question the entire classification

procedure, and would require that the material at hand be reclassified and treated as Class 1.

As a general rule, it may be useful to anticipate possible modes of failure. These can be formulated as
the problem to be solved using the DQO Process. Once the problem has been stated, the decision
concerning the failing survey unit can be developed into a decision rule (for example, whether to attempt
to remove the radioactivity or simply segregate certain types of units as waste). Next, determine the
additional data, if any, needed to document that a survey unit with elevated pieces removed or areas of
added activity removed demonstrates compliance with the clearance criterion. Alternatives to resolving
the decision rule should be developed for each type of material survey unit that may fail the surveys.
These alternatives can be evaluated against the DQOs, and a clearance survey strategy that meets the
objectives of the project can be selected.
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knowledge or prevrous surveys.

. Glossary

calibration: comparison of a measurement standard, instrument, or item with a standard or instrument of
higher accuracy to detect and quantlfy inaccuracies, and to report or eliminate those inaccuracies by |
making adjustments. - oo S T AT L (U I S A A

TS L 8 TR PR NS T AL TR TR 0040 FH Ll H

- Class 1 mater:als sohd matenals that have (or had) a potential for contamination (based on processf

knowledge) or known contamination (based on prevrous surveys) above’ the release criteria’ (DCGLC)

.
] L e yory .

-

Class 2 materials: solld materials that have (or had) a potential for or known contamination, but are not
expected to be above the release criteria (DCGLy). .- . S '

Ve - , o )
L B [, 3 i 2 t P r

Class 3 matertals solid materials that are not expected to contain any contamination, or are expected to

contain contamination less than a small fraction of the release criteria (DCGL,) based on process.

e . t

iroare - LN x A LS

clearance: release of solid materials that do not require further regulatory control.

critical level: the net count, or final instrument measurement result after appropriate calibration and/or
correction factors have been applied, at or above which a decision is made that activity is present in a
sample. When the observed net count is less than the critical level, the surveyor correctly concludes that

no net activity is present in the sample.. .. ¢ . TN L ‘

‘ N i +
[T - t LA Al B

detection limit: the smallest number of net counts, or final mstrument measurement result after
appropriate calibration and/or correction factors have been applied, that will be detected with a
probability (B) of non-detection, while accepting a probabrhty (o) of mcorrect]y deciding that activity is
present in a sample.

M

. .
RS L B

impacted: materials that have some contammatlon.potentral and therefore requrre a clearance survey in
order to be released.

N 3 - . L. ey . - .
inaccessible areas: locatlons on the surface of a sohd material, whrch are not accessrble for direct survey
evaluation without cutting or,dismantling the material. -These inaccessible areas include the interior

surfaces of pipes and scrap equrpment such as pumps motors and other equipment.

o 11 N - 2 nor -

instrument ejf iciency, €;: sxmrlar to the mtnnsw efﬂcxency ofa detector, the instrument efflcrency is the
ratio between the instrument net count rate and the surface emission rate of a source under specified
geometric conditions. For a given instrument, the instrument efficiency depends on the radiation energy

emitted by the source and the geometry between the detector and the source. Instrument efficiency is a

2n value and shall only be used in surface activity determmatlons when multlplled by a surface efﬁcrency

to yield a 4n value of total efficiency. -+ - . S ey T, R .

.
B . R . B ' -
(A ' L ’ [ v [N -

in toto: a clearance survey technique that measures the entlre matenal (or materials) at once.
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Glossary (continued)

measurement quality objective (MQO): a statement of performance objective or requirement for a:
particular method performance characteristic. Like DQOs, MQOs can-be quantitative or qualitative

statements. An example of a quantitative MQO would be a statement of a required method uncertainty at

a specified radionuclide concentration, such as the action level [i.e.,

(0.10 pCi/g) or less is required at the action level of 37 Bq/kg (1.0pCi/g)”]. An example of a qualitative

“a method uncertainty of 3.7 Bq/kg

MQO would be a statement of the required specificity of the analytical protocol, such as the ability to
anaquantify the amount of 226Ra present given high levels of 2°U in the samples.

minimum detectable concentration (MDC) the smallest activity concentration that can be detected with
specific confidence for a given instrument and specific measurement procedure. The MDC is usually
specified as the smallest activity concentration that can be detected with 95 percent confidence (i.e.,

95 percent of the time a given instrument and measurement procedure will detect activity at the MDC).

minimum detectable count rates (MDCR): the detector signal level, or count rate for most equipment, that

is likely to be flagged by a surveyor as being “greater than background.”

non-impacted materials:: materials that have no reasonable possibility of having contamination.
These materials may be used for background reference measurements.

.
at

process knowledge: the use of operational information to assess the contamination potential of solid
materials considering the location and use of the materials during operations.

e
1

real property: land and bulldmg structures and equipment or fixtures (e.g., ductwork, plumbmg, built-in

v A

FAVENEN

cabinets) that are installed in a building in a more or less permanent manner.

scanning: a survey technique performed by moving a detector over a surface at a specified speed and
distance above the surface to detect radiation, usually via the audible output of the instrument.

secular equilibrium: the condition that exists between the parent and other members of a decay series
when the parent radionuclide decays much more slowly than any of the other members of the series.
During secular equilibrium, the activity of the parent and each daughter radionuclide is equal.

t i

“y
PRl

solid materials (also non-real property): as opposed to lands and structures, materials such as
tools/equipment, office items, consumable items, and debris that are offered for clearance.

LN

spectrometer: a device that measures energy (specifically, radiation energy).

I i ‘ . e

surface efficiency, &,: ratio between the number of particles of a given radiation type emerging from the

surface per unit time (surface emission rate) and the number of particles of the same type released within
the source per unit time. The surface efficiency is nominally 0.5, but may be increased by backscattered

radiation and reduced by self-absorption.
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Glossary (continued)

surrogate: a radionuclide that is measured for the purpose of inferring the radionuclide concentration of
one or more radionuclides that are not measured.

survey unit, material (lots/batches): a specified amount of solid material for which a separate decision
will be made as to whether the unit meets the release criteria for clearance.

total efficiency, ;: similar to the absolute efficiency of a detector, the total efficiency is the ratio of the
detector response (e.g., in counts) and the number of particles emitted by the source. The total efficiency
is contingent not only on detector properties, but also on the details of the counting geometry, surface
characteristics, and other environmental conditions. The total efficiency (a 4n value) is the product of
the instrument and surface efficiencies.
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Al Introduction , S L
- - - S I.;' L "§2 . , . - 4
This appendix introduces some basic properties of radiation, which are relevant to the measurement of
residual radioactivity in and on solid materials. To provide a generic discussion, this appendix avoids
mentioning or referring to a specific amount of radioactivity.  Instead, this appendix focuses on some of
the fundamental principles of radiation detection and measurement. It must be understood that the assay
of residual radioactivity in and on solid materials is not simply a matter of radiation detection; rather, it
involves (to some extent), identifying the presence of specific radionuclides, and quantifying their
specific activities, while satisfying quality assessment objectives. , This can be accomplished in a variety
of ways, depending on the nature and type of material, the radionuclides involved, and the distribution of
the radioactivity. It is unlikely that any single detector or method can cover all possible scenarios.
Radionuclides are identified by measuring their nuclear propertles which are usually expressed by the
energy of the radiation emitted as a result of nuclear transformations. Measurement of the radiation °
energy, along with a nuclear decay table, provides a method of identifying radionuclides. -In situations
where the measurement of the energy is difficult or impossible, the measurement of the nuclear mass
(also known as mass spectroscopy) can also be used. This appendix focuses on techniques that use
energy spectroscopy. g Lo
A. 2 Measurement of Radioactivity: Decay Counting
- . ) . . ~ -) PPN
In the maJorlty of appllcatrons, rad10act1v1ty is usually measured usmg an indirect method which
requires a standard of known activity from which a calibration is obtained. Basically, the radioactivity
(decays per unit time) is measured by counting the number of events in a detector for a specified interval
of time (this interval is referred to as the “count time”). These events, which usually take the form of
electronic pulses, result from the interaction of the radiation with the active (sensitive) components of the
detector. The number of events is proportional to the radioactivity of the source. Once the detector is
calibrated, using a standard source under reproducible conditions, the radioactivity can be quantified.
A more complete discussion of radioactivity measurements, both direct and indirect, may be found in
NCRPReportSSl : L cohe ‘ Coe .
- IR R e, ter
For the assay of residual radroactwnty in and on solid materlals a comprehensrve set of reference
materials does not exist to cover the range of conditions needed to develop an instrument calibration.
The range of conditions refers to the geometry of the measurement system and source, as well as the
%mﬁmmeﬂwammmwwMngMMywmmTmmmMMMMmMS
context, presumes that the reference material has traceability to a national certifying organization, such as
the U.S. National Institute of Standards and Technology (NIST) or the Intematronal Atomic Energy _
Agency (IAEA).
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The challenge for mstrument developers is to extrapolate from the limited supply of avallable reference
materrals enough mformatron and data to produce meamngful results For example, Jthe callbratron of a
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The concept of calibration is evolving to encompass techniques that do not use actual sources, but rather
simulate a calibration source. The simulation method relies on knowledge of and experience with
radiation transport coupled with fast and powerful computers The radiation transport code, called
Monte Carlo N-Particle (MCNP), employs Monte Carlo methods to simulate radiation transport for

+ neutrons, photons, and electrons for a wide variety'of energies, ‘materials, and geometries (Briesmeister,
.- 1993). The MCNP code provides a resource for mvesugators to test the résponse of their instruments to

a variety of measurement conditions; which ultimately can lead to a calibration. ‘It must be emphasized,
however, that the quality or accuracy " of a calibration'developed using a simulation is predicated on the
quality or accuracy of the transport code and the degree to which the simulation reflects the actual
conditions of the measurement BRI '

A.3 Statistical Models of Nuclear Decay
‘1 N [ T )
Radloacttve decay is a stochastxc or random process. Any measurement of radioactivity has an inherent
variation attributable to the random fluctuations associated with the decay process. Three statistical
models are used to descnbe and quantrfy these random ﬂuctuatxons under different circumstances:
. it tan . 3 B
° . Binomial drstrlbutron is the most general, but computationally cumbersome, distribution of the
three models. It is applied when counting short-lived radionuc]ides with high efﬁciency
PR AP [
° Poisson distribution is a special case of the more general binomial dtstnbutron It is applied
* when the counting time is short in companson to the half-life." The Porsson distribution is a
+ ' discrete distribution. ' : ;
* 1 M o 4 3
° Gaussian distribution is the distribution applied when the number of decays during the count
time is fairly substantial (>20). The Gaussian distribution is a ¢ontinuous distribution. °
These statistical models can be used to help understand, interpret, and make predictions concerning the '
ooutcome of radiation measurements. For example, if the outcome of a single measurement yields n
counts, then by applying what is known about the distributions, it is possible to predict the results of
subsequent measurements. This reproducibility is an indication of the precision of the measurement.
A system that can be described by a Poisson (or Gaussian) distribution has a variance, equal to the mean,
which is'a measure of the dispersion of a distribution. Therefore; a measurement that yields a result of n
counts has a variance of n and a standard deviation of Vn. Hence, 68 percent of subsequent
measuremeénts under thé'same conditions will yield results that fall within the range n+\n to n-\n.
‘Another way of expressing the” varrablltty in the measurement in terms of the mean and the standard
deviation is'nxkvn (counts). - ' ' ‘

The parameter k is known as a coverage factor and the product kv'n defines a confidence interval.

If k=1, then 68 percent of the measurements will fall w1th1n an intefval that is two standard deviations

wide, centered about the mean. If k =2, thén 95.5 percent of the résults will fall within an interval that is

four standard deviations wide; centeréd about the mean. The typlcal or recommended coverage factor is
=1 (ISO 1995), and the Telative uncertainty is the ratio of the standard deviation'to the mean.

Flgure A-1 shows the relative uncertainty as a function of the number of counts. The more counts, the

smaller the relative uncertainty, and the greater the precision. For more information on the application of

the statistical models to the analysis of decay counting, see ICRU Report 52 and NAS-NSS Report 3109.
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If there are requirements specifying a certain precision, the statistical models can be used to determine
expenmental parameters, such as count time, to be able to meet the requirements. The suitability of
various instruments or measurement techniques to detect a prescnbed or predetermmed amount of
radioactivity, with a given precision, can be evaluated by using the statistical models.

A.3.1 Nuclear Radiation

The energy and matter released during radioactive decay, called “nuclear radiation,” assumes two
prmc1ple forms, including (1) charged particles, which are emitted from the nucleus of the atom, and

2) electromagnetlc radiation in the form of photons. The charged particles consist of electrons (called
beta particles) and helium-4 (He-4) nuclei (called alpha particles). The photons associated with
radioactivity consist of gamma rays, which result from nuclear transitions, and x-rays, which result from
atomic transitions between electron energy levels. -

A.3.2 Properties

The two properties of nuclear radiation that are relevant to radiation detection are its energy and its
ability to penetrate matter. The energy associated with radioactivity is usually expressed in units known
as electron volts (eV), defined as 1 eV =1.6 x10™"? joules. This is the kinetic energy an electron would
gain by being accelerated through a potentla] difference of 1 volt. Because the electron volt is a very
small unit, radiation is often expressed in multiples of electron volts.

1 thousand electron volts (1 keV) = 10° eV
1 million electron volts (1 MeV) = 10¢ eV

The energies that are typically associated with nuclear radiation range from about 10 keV to 10 MeV,
and are generally measured with devices known as spectrometers. The penetration power of charged
particles is typically expressed in terms of its range, which is not well-defined for electrons because they
do not travel through matter in straight lines, as is the case with heavier charged particles. Range usually
varies with energy and is defined as the dlstance that a charged particle will penetrate material before it
ceases to ionize. Figure A-2 illustrates the range of alpha particles in air as a function of energy, while
Figure A-3 shows the maximum range of beta particles as a function of energy for several different
materials. As Figure A-2 illustrates, a 2-Mev alpha particle no longer, produces ionizations in air after.
traveling only a centimeter distance. Note that the penetrating powér of beta particles in metals is also
limited; a 1-MeV beta particle in copper has a maximum range of less than a millimeter. An immediate
consequence of these facts regarding the range of charged particles (alphas and betas) in matter is that
alpha radiation can only be used to assay surficial contamination, while beta radiation can, to a limited
extent, be utilized for volumetric contamination. Also, these two particles produce very different specific
ionization. (The specific ionization is the number of ion pairs produced per unit path length by an
ionizing particle; some detectors exploit this value to discriminate between alpha and beta particles.)

A typical alpha particle traveling through air generates 10,000 to 70,000 ion pairs per centimeter, while
a typical beta particle may produce only 60 to 7,000 ion pairs.

~
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The transport of gamma and x-rays through matter is quite different than for charged particles.

The penetration power of gamma and x-rays in matter is typically expressed in terms of its half-value
thickness (HVT), defined as the thickness of a material necessary to reduce the intensity of an x-ray or
gamma ray beam to one-half of its original value. Figure A-4 is a plot of HVT as a function of energy for
several materials. The HVT in this application can be thought of as an indication of the depth-of-view
for volumetric contamination. Another significant feature of gamma radiation is that, unlike charged
particles, photons can pass through matter without losing energy. The mean-free-path (MFP) is the
average distance a photon can travel before having an interaction. Figure A-5 is a plot of the MFP as a
function of photon energy for several materials. Note thata 1-MeV photon in copper can travel, on
average, almost 2 centimeters without having an interaction. Germanium (Ge) is included in Figure A-5
because it is a common detector material. Here again, a 1-MeV photon can travel, on average,

3 centimeters without having an interaction.

Another form of radiation that comes from the nucleus exists a uncharged particles, called neutrons,
which behave quite differently from gamma raysand charged particles. As previously mentioned,
radiation in the form of gamma rays and charged particles comes from nuclear decay. Neutrons, on the
other hand, are generated by different processes, including the spontaneous fission of heavy elements
such as uranium and plutonium. For most isotopes, the neutron emission rate is low compared to other
forms of radiation.

Table A-1 shows the spontaneous fission for a selected group of heavy elements, along with the
corresponding alpha yield. (For the radionuclides listed in Table A-1, alpha particles are the primary
source of radiation.) While the production of neutrons from the spontaneous fission yield of heavy
elements is considerably less than the number of alpha particles generated from nuclear decay, neutrons
do have a very significant detection advantage over alpha particles in that they can penetrate matter quite
easily. Unlike charged particles, which have a range on the order of centimeters to meters depending on
the type of radiation and the medium of interest (e.g., air, tissue), neutrons, like gamma rays, can have an
indefinite range in matter. This makes neutrons attractive for the assay of volumetric contamination.
Measurements of neutron fluence rates are widely used to assay transuranic waste. Despite this
advantage, the use of neutrons for the assay of residual radioactivity is largely precluded because the
yield is rather small and limited to a handful of heavy elements. o
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3846 Table A-1: A comparison, of the fission yield and alpha yield for a selected group of radionuclides

S

'

' 1
i

Isotope  Spontaneous fission yield} Alpha yield
" (neutron/s-g) (alpha/s-g)

2327h 6 x 10* 3.11 x 10°
By 8.6 x 10* 3.01 x 10°
Biy 502 x 10°? 1.66 x 10°
B5y 2.99 x 10* 3.98 x 10°
28y 1.36 x 10 9.52 x 10°
Z7Np 1.14 x 10 1.23 x 10
28py - 2.59 x 10° 4.53 x 10V
29py 2.18 x 102 1.70 x 10°
260pyy 1.02 x 10° 6.17 x 10°
My 5x 102 7.78 x 107
Zfzpu,‘ 1.72x 10° 1.12 x 108
21Am 118 1.08 x 10"

Cm *2.10% 107 9.11 x 101
24Cm 1.08 x 107 2.28 x 10"

T Adapted from Table 11-1 of NUREG/CR-5550.
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A.4 Elements of Radiation Detection v Tl

Radiation detection is a broad field, which covers all types of radiation (e.g.,’x*ray, gamma-ray, alpha and
beta particles, and neutrons) at levels ranging from background to extremely high levels associated with
operational facilities (e.g., power and résearch reactors). The methods for detecting radiation are also
quite diverse, ranging from calorimetry (measuring the decay heat) to event counting (counting the
number of radiation interaction'events).! The purpose of this section is to introduce and drscuss some of
the concepts and quantmes that are common to most radiation detectors e

pt, e Fo o err '
L PR EEA P St )

A4l Modes of Operatlon P
Radiation detectors may be operated in two distinct modes:  ..»" Tl Ry e

L] Current Mode: A radiation detector operated in current mode produces a current that is
proportional to the event rate and the charge produced per event. An event is an interaction of a
' single particle (alpha, beta, or gamma ray) in which the particle transfers some or all of its energy
within the sensitive region of the detector. Current mode operation is most often'used in high-
activity applications, such as ionization chambers.

a"'n-—"‘

‘;..‘. < . E- Ly o

® Pulse Mode: A radiation detector operated in pulse mode produces a pulse associated wrth
, -individual events.” In many instances, the pulseé is proportional to the energy of the incident o
- - radiation.” Detectors that utilize this energy proportionality feature are known as spectrometers.
...Other detectors, known as gross radiation counters, measure and count pulses regardless of
energy. R Rt SR L

-

A.4.2 Pulse Height Spectrum —— -

Ay,

When detectors that are operated in pulse mode are exposed to radiation, they produce a series of pulses
that can be collected, sorted, and displayed. The result of such a process isa dlstrlbutlon of pulse L
heights, which is referréd to as a pulse height spectrum The pulse herght can be related to the energy of
the radiation, in which case, the spectrum is called an energy spectrum, The pulse ‘height spectrum

(or energy spectrum) is an important property of the detector output that is used to identify and quantify
the radiation.

[ - ' B

A43 EnergyResolution R . . D el e

.
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. Two fundamental propertres of a spectrometer arelthe precrsron wrth whlch it measures energy and its,
ability to d1stmgu1sh between energres Together these propertres are known’ as “energy resolutron,

which is cxpressed in terms of the full w1dth ofa peak at half its maxrmllm valug (also refcrred to as'the
full width at half maximum, or FWHM). 'In some cases, it i expressed in keV m "other cases, it 1s o
expressed as a percentage of the radiation energy. Spectrometers are sometimes characterized as low-,
medium-, or high-resolution detectors. The resolution is a result of statistical processes associated with
the transfer and collection of the energy associated with the radiation. In general, the higher the
resolution, the better — and more expensive — the detector. However, in applications where there isa
single energy or a very simple energy spectra, low or medium resolution is adequate.
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A4.4 Detection Efficiency
The two basic types of detector efficiency are absolute and intrinsic. Absolute efficiency is defined as

&, = response/number of particles emitted

where the response is usually defined in terms of the number of pulses (or counts) recorded by the
detector. The absolute efficiency depends not only on detector properties, but also on the details of the
counting geometry. It can also be affected by environmental conditions, such as temperature and
humidity.

By contrast, intrinsic efficiency is defined as f

& = response/number of particles incident on the detector

_The intrinsic efficiency usually depends on the detector material, the radiation energy, and the physical

thickness of the detector in the direction of the incident radiation.
A4.5 Geometrical Efficiency

P - a* P - +
Geometrical efficiency is not a property of the detector and can only be defined in the context of the
source-detector configuration. In that context, the geometrical efficiency is the fraction of radiation
emitted from the source that intercepts the detector. It is expressed in terms of the solid angle, Q,
subtended by the detector with respect to the source: '
4z

E oy = -
geom Q

The geometrical efficiency is closely related to the intrinsic and absolute efficiencies. For a source that
. 30, ‘e . . iy 1y g T . <t e 2 . .

emits radiation isotropically (i.e., in all directions) with no losses from attenuation, the relationship

between &, €, and €, is expressed as

sabs =€ €

geom®int

A.4.6 Sensitivity

The sensitivity of a detector has a formal definition, which involves “the ratio of the variation of the
observed variable to the corresponding variation of the measured quantity, for a given value of the _
measured quantity” (ANSI N323A-1997). However, this is never the intendéd meaning when the term is
used.‘{}ristead, the sensitivity of an instrument represents the minimum amount of activity or activity

conce?fration that will produce a 'r'es'pqnse from the detector that is statistically significant from the
response in the absence of radioactivity.
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Minimum Detectible Concentration and Sensitivity 0

When discussing limits of detectability, the two expressions that are often used are minimum detectible
concentration (MDC) and sensitivity. The term “minimum detectible concentration” implies a degree
of statistical rigor and mathémiatical formality, while the term “sensitivity” is generally regarded as a
colloquialism. Even though regulatory bodies, such as the NRGC, require the rigor and formality of the
MDC, this appendix usés the term “sensitivity” because it is consistent with the terminology of
instrument manufacturers, and it avoids some of the persistent difﬁgulties associated with the formal
definition of MDC. For example, NUREG-1507 reviewed the literature on the statistical interpretation

_of MDC as part of a brief study addressing the consistency of MDC values for five MDC expressions.

The variots expressions led to a range of MDC values for a gas proportional counter. While the Spread
of MDC values was modest, it illustrates the fact that the MDC is not unique and depends upon the
statistical treatment of the data. Others (MacLellan and Strom, 1999) argue that traditional MDC
formulas (and decision levels) are wrong. In their view, these traditional formulas do not adequately
account for the discrete nature of the Poisson distribution for paired blank measurements at low numbers
of counts. Using the term “sensitivity” retains the concept that is embraced by the MDC, while avoiding
some of the difficulties. T e C ‘

Factors Affecting Sensitivity

The sensitivity of any detection method or system depends on the individual processes and mechanisms
that are particular to that method or system. In broad terms, any ‘process that degrades or absorbs
radiation energy adversely affects sensitivity. - The sequence of events that lead to a signal from a
detector begins with the decay of nuclei, or the de-excitation of electrons to produce radiation energy.
The radiation energy must then reach the active or sensitive region of the detector, where it is converted
to information carriers. Any loss of energy that occurs throughout this sequence results in a loss of
sensitivity. Table A-2 addresses the primary energy and information loss mechanisms associated with
various processes involved in radiation detection. e ' -

1

P




3936

3937

3938
3939
3940

3941
3942
3943

3944

3945

3946
3947

3948

3949

3950
3951
3952
3953
3954

3955
3956
3957
3958
3959
3960
3961
3962
3963

3964
3965
3966
3967
3968
3969

Table A-2: Loss mechanisms for radiation detection

Process

Loss Mechanism

Significance

transport from
source to sensitive
region detector

conversion of
radiation energy to
information carriers

radiation scattering and absorption

energy to create information carriers

very significant for weakly
penetrating radiation,
potential loss of all energy

the lower the energy loss,
the more information carriers and
the better the energy resolution

significant, in the sense that
these processes determine
the size of the detector

recombination (gases+ semiconductors),
trapping (semiconductors), and
quenching (scintillators)

charge collection

pulse handling pileup and ballistic deficit very minor for low count rates

pulse counting

very minor for low count rates
and storage

conversion and storage time

peak-fitting algorithm
and continuum subtraction®

potentially significant,

ectrum analysis . .
P m ys if small peaks on large continua

“With the exception of this item, all of the listed loss mechanisms represent physical processes.

Table A-2 does not reflect one of the most significant losses, which does not involve any physical
mechanism. Specifically, that loss occurs when the emitted radiation does not intercept the detector.
Most conventional detectors have relatively small active areas and intercept only a small fraction of the
emitted radiation. The one key to improving sensitivity involves designing detection systems with large
active areas that optimize the geometrical efficiency.

The sensitivity has two components, both of which involve the detector response. One focuses on the
response to radiation from the source; the other deals with the response to everything else. (In this case,
“everything else” is referred to as “background.”) Optimizing the sensitivity means maximizing the
signal from the source, while minimizing the contribution from background. Maximizing the signal is a
matter of energy conservation; the more radiation energy that reaches the detector, the greater the
potential for producing a signal and, consequently, the greater the sensitivity. Minimizing the
contribution from background is a matter of background reduction, which works not by absorbing energy,
but by rendering unusable the information that the energy produces. Background is an interference
mechanism,

Interference affects two components of the detection and measurement process: (1) the characteristic
radiation from the source (external) and (2) the signal chain (internal). Some examples of external
interference come from spectroscopy, where two or more radionuclides can emit characteristic radiation
at essentially the same energy. For example, both ?*Ra and U emit approximately a 186-keV gamma
ray and both occur in natural uranium. Another form of interference, which is related to spectrometry,
concerns the loss of spectral information (in the form of peaks) from scattered radiation.
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Scattered radiation is radiation that has interacted with matter in such a way that its characteristic energy
has changed. Scattered radiation can potentially interfere or obscure energy peaks. The continuum in a
spectrum results from scattered radiation. -Radiation can be scattered in the detector, in the source, or
from materials surrounding the detector. While techniques have been developed to extract information
from the continuum, it usually only obscures small peaks and, in some cases, renders the measurement
useless.

Figure A-6 shows the effect of resolution and interference on a gamma ray spectrum. The area under the
peak is the same for all three cases; however, the peak in the bottom spectrum is all but lost to the
continuum. At low radionuclide concentrations, the radiation emitted from most radionuclides competes
with natural background radiation. Many laboratory systems have large and elaborate shields to limit the
interference of natural background radiation. Techniques have been developed to reduce the contribution
of scattered radiation. These techniques include anti-coincident shielding and cqincidence counting,
which make use of concurrent or coincident events in multiple or segmented detectors.

Electronic noise is a form of interference that acts on the signal chain. Electronic circuits used to amplify
and process pulses have two basic forms of noise: thermal and shot. Thermal noise refers to noise
occurring in resistors in absence of current flow, while shot noise is associated with a flow of current.
The technology used to process electronic signals is well developed and the instruments are well
designed. Therefore, electronic noise is not typically a limiting factor for detector sensitivity. Rather,
most of the problems with interference come from external sources.
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Sensitivity and Energy Resolution

[P [ rr——— At —e e e

When spectroscopy is used to measure activity, the sensitivity is affected by the energy resolution.
“The issue of energy resolution and its impact on sensitivity is essentially the issue of background
reduction. Reéal] that the sensitivify represents the minimum amount of activity that producesa-. .-
response, in counts, that is statistically significant from background. If the detector has no energy
resolution, any particle that enters the detector’s active volume will produce counts. This, in turn, will

“increase the amount of activity that must be present in order to establish a response that is statistically

significant from background. Because the decay of a radionuclide often emits radiation with a very
specific energy (e.g., alpha decay), spectroscopy can be used to restrict the response to an energy range
that corresponds to the decay of the radionuclide in question. The better the energy'r'esélﬁtidn, the
greater the selectivity in the number of counts and the greater the sensitivity. -In this way, spectroscopy is
a form of background reduction. ' .

i

Factors Affecting Energy Resolution - . Tremeazges U N i~ .

The number of information carriers affects the resolution. That is, the more information carriers that are
produced in the detector’s active volume, the greater the energy resolution. This is a result of the
statistical fluctuation in the number of information carriers.- Under the assumption of a Poisson process,
the variance in the number of information carriers is equal to the number of information carriers. .-
Assuming Pqis;son;statistiés, the energy resolution, measured in terms of the FWHM, becomes - "

et - we Ta, - - U R
Va1 LLUNMTETON “ Potv . 2l R - L

e oo

3
o~ 1 v
.
. .
.o s A 5
.

wen fa gV o FWHM=235WN

P

’

- s v a0
(A9} LY .o RS A

1 3
ero s o Tre o -
[P ‘ LR £% b [

where N is the number of information carriers. Hence, the greater the number of information carriers,
the better the energy resolution. ‘However, measuréments of th@fenefgy’résc’)lution of some types of
radiation detectors have shown that the achieyable valties for FWHM can bé lower than the value
predicted by the above equation. These results indicate that simple Poisson §Eati§‘tiqs"d<); not describe the
processes that give rise to the formation of each individual charge. The Fario factor has been introduced

-.in an attempt to quantify the departure of the observed statistical fluctuations in the number of charge

carriers from pure Poisson statistics: - The Fano factor is the ratio of the observed ‘variance to the variance
“predicted by Poisson statistics. Hence,'thé smaller the Fano factor, the better the resolution: Fano factors
for semiconductor devices-and proportional counters are much less than unity,’'whereas scintillation
counters have a Fano factor of about unity. . . - 2. vr ¢ Pt et st e
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. When radiation energy is absorbed in a detector, it must be converted into a form from which information
can be extracted. The term “information carrier” is used to denote, in a general way, the particles that
participate in the conveyance of information;” For most detectors, the particles consist of ions, electrons,
and electron-hole pairs. The effectiveness of a detector in terms of producing information carriers relates
to the energy that is lost as a result of their creation. The higher the loss in energy, the less information
that can be extracted. Ultimately, these information carriers deliver their information in the form of a
charge pulse. Table A-3 lists some key properties of some common detectors.
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4030 Table A-3: Important parameters associated with common radiation detectors

3

‘ PR ) - . El}ergy loss Number of ’ .

. Information . per information \Charg‘e pulse amplitude

4031 Detection system’ . information R per 100 keV .
carrier . . carriers per
: carrier / (coulombs)
100 keV
(eV)

4032 Nal (TI) + PMT? Photoelectron ~120 800 _ . 1M
4033 Proportional tube  “Ionpair , 25-35 3000 - 4000 1012
4034 Germanium (Ge) ' Electron-hole pair 3 33000 101
4035 detector ’
4036 “Refers to a sodium iodide (Nal) gamma detector with thallium (TI) as an activator or doping agent.- The solid crystalline
4037 detector is physically connected to a photomultiplier tube (PMT). Refer to the following text for further information.
4038 A sodium iodide (Nal) gamma detector with thallium (TI) as an activator or doping agent is a
4039 “scintillator,” which means that the radiation produces light in a crystalline solid when absorbed.
4040 The scintillator is coupled, optically, to a photocathode, which is part of a photomultiplier tube (PMT)
4041 assembly, a device that converts the light to electrons (photoelectrons). The “cost” (or loss in energy)
4042 for producing these photoelectrons is approximately 120 eV. A 100-keV photon produces about 800
4043 photoelectrons. Further amplification by the PMT results in a charge pulse of 10" coulombs.
4044 A proportional counter is a gés-ﬁ]léq‘_‘delt;ctog'tha(t converts radiation energy to ions. The loss in energy
4045 for producing these ions is much leé’s‘thgn for the Nal(TI) detector, resulting in many more information
4046 carriers for a 100-keV photon. Note'in Table A-3 that an increase in the number of information carriers
4047 does not translate toa !a‘rgef' charge pulse. 7 oo : h
4048 The germanium detector consists of a very pure crystal of germanium. The crystalline structure conveys
4049 special conducting properties. The germanium detector is a solid-state semiconducting diode, which
4050 produces electron-hole pairs when radiation energy is absorbed. Note that the energy loss is very small,
4051 resulting in a huge number of information carriers for a 100-keV photon. Again, Table A-3 shows that,
4052 despite the large number of information carriers, the associated charge pulse is relatively small. While
4053 increasing the detector size improves sensitivity, it must be noted that the detector size can have a
4054 deleterious effect on resolution. There are loss mechanisms (see Table A-2) that affect the information
4055 carriers as they migrate through the material to be collected. The larger the detector, the greater the
4056 chance that the information carriers will be neutralized. The loss of information carriers means that a
4057 "decrease in resolution will occur.
4058 Radionuclides Commonly Identified with Clearance . - . ¢
4059 Of the 1,500 radionuclides, only about 10 to 15 percent present a long-term risk to the public. A number
4060 of studies have investigated screening levels for radionuclides associated with clearance (NCRP 129,
4061 AEC 1974, Hill 1995, IAEA 1996, EPA 1997, NCRP 1999, NRC 1999, ANSI 1999, EUR 2000). Rather
4062 than develop a new list or augment existing lists, Table A.4 lists radionuclides that are common to all of
4063 the aforementioned studies and provides some basic information about them. The last column refers to
4064 specific radiation detectors, a brief description of which is presented in Appendix B.

A-18



4065
4066

4067

4068

4069

4070

4071

4072

4073

4074

4075

4076

4077

4078

4079

... Table A-4: Information on selected radionuclides

C
‘Radionuclide . _ Series/decay :---, - Half-life - Primary . Potential +* '~ Standard iF
i oL chain - (y) radiation :: - surrogate method of
t.. AN (keV) detection
PR (survey)
*H none foge 21228 0 0B (5.69) - .~.> none swipes + liquid N
scintillation
counter
(o none" cyp 57300 . B (49.5)° .-+, none thin-window -
4 s G-M detectors/
GP detectors'
%Mn none 085 - -, y(834.8) S gamrﬁa or x-ray i
survey meter .
Fe none 2.7 x-ray (5.89) “Co gamma or X-ray
survey meter
%Co - none +, 527 ¢ > y(1332) - gamma or X-ray
/ survey meter
®Ni none 100 B(17.1)» %Co thin-window
. - e e e+ i e e e —eeee G-M detectors/
.-rGP detectors SN
Sr ' decays in Y 28.6 Ba9sy . Cs :(thin-‘véfiqd‘ow ”
©ot ot 0 G-Mdetectors/ :
17 LGP’ detectors e
*Tc none 213000 B 8AGP TGS thin-window fut
e 2% G-M detectors/ AN
X «v,. ' GPdetectors A
N I P [N
s - none - - 206 ©y(605) - =~ gamma or X-ray
survey meter
¥1Cs decays in 30 B iy (662) * Ba-137m gamma or X-ray
Ba-137m survey meter
B2Th Th series (parent) long® o (4010) WA, 71 ZnS/ GP
detectorse®
By U series 244500 o (4773) none ZnS/ GP
(progeny) ’ detectorst"
scintillators
By Ac series long® o (4389) & ZnS/ GP
(progeny) ; _detectors®"
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4081

4082

4083

4084

4085

4086

4087
4088
4089
4090
4091
4092
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4095

Table'A-4: Information on Selected Radionuclides (continued)

Radionuclide Series/decay Half-life Primary Potential Standard
chain radiation i method of

6] surrogate detection

(keV) (survey)

3y U series (parent) long® o (4198) 34T}, 234mpy ZnS/ GP
detectorss"

226Ra U series 1640 o. (4602) Bi-214, Pb-214 ZnS/ GP
(progeny) detectorss"

Py 87.7 o, (5499) none' ZnS/ GP
detectorsth

29py 24065 o (5156) none' ZnS/ GP
detectorst®

240py 6537 o (5168) none' ZnS/ GP
detectors#h

* half-life > 10"y
> average [ energy

‘ not used - equilibrium with progeny Ba-137m
! not necessary, emits ¥

¢ speculative

f gas proportional counter operated in o+ mode
8 ZnS - Zinc Sulfide Scintillator

" gas proportional counter operated in o mode

" does emit gammas of low intensity (<0.1%)
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4097
4098

4099
4100

4101
4102
4103

4104
4105

4106
4107
4108

4109
4110
4111

4112
4113
4114

4115
4116
4117

4118
4119
4120

4121
4122
4123

4124
4125

4126
4127

4128
4129

'Becker, G, M McIlwam and M. Connolly “Transuramc and Low-Level Boxed Waste Form
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B.1 Conventional Radxatnon Detectors 5 X
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This appendix provides information on a wide range of radiation detectors and detection methods.

- ~Beginning with conventional radiation detectors, it profiles various detection systems as they relate to”

clearance surveys. While this appendix addresses many examples, of commercially avallable systems, it

“could not be, and is not intended to be, exhaustive. It does, however, provide a snapshot ¢ of systems that

could have an impact on clearance surveys, and it discusses emerging and advanced radiation detectors
and software programs. While these systems are expected to have an impact on the field of radiation
detection, their impact on clearance surveys is uncertain.

i ) 4 v
The majority of mstruments descrlbed in this appendix use one of the following types of radlatlon
detectors: e

] Gas-filled proportional counters and Geiger-Mueller (GM) tubes. Gas proportional detectors
come in two basxc types sealed systems and gas ﬂow proportional systems.

(. Scmtlllatlon detectors may be clther 1norgamc (e. g Zinc Sulfide and Sodium Iodide) or organic
¢ (e.g, plastic)., . -, i et “

" Solid-state semlconductors mclude high-purity germamum (HPGe) and cadmium zinc telluride
(CZT) ° . Fee g 7o

While a complete discussion of these detectors is beyond the scope of this appendix, the following table
summarizes the properties and features of these detectors. A more comprehensive treatment of these
detectors may be found in Knoll (2000). - ¢ &

+ Y -
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Table B-1: Properties of some common detectors

Detector Type ) Comments

gas flow proportlonal counters ., = . .use thin windows (aluminized Mylar 0.2 mg/cm?) to

7e i

e - = ——~=~—"detect alpha and low-energy beta particles™ -

" require a supply of P-10 gas (a mixture of argon
and methane gas)

sealed proportional counters . depending on the mass density of the window,
can respond to alpha, beta, and gamma radiation

" can be attached to a multichannel analyzer to
perform spectroscopy

GM » used primarily for gross radiation measurements

. depending on instrument design, can detect alpha,
beta, and gamma radiation

“B-1
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4174
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Table B-1: Properties of some common detectors (continued)

Lo * Detector ’i‘yi)e

IS

N + Comments.., -.: S i.

ZnS(Ag)

Nal(TI)

s

organic (plastic)

limited to thin screens or films

I, 3
used to detect alpha radiation

used to detect gamma radiation

has superior light output

hygroscopic (albs<‘)rbs moisture); must be sealed
can be fabricated into a variety of shapes and sizes

can be attached to a multichannel analyzer to
perform spectroscopy
- J

Responds well to charged particles (e.g., beta
particles) . T

non-hygroscopic and rugged
inexpensive

can be made fairly large '(large-area detector)

1
H

low density and low atomic number make it
inefficient for medium- and high-energy gammas
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Table B-1: Properties of some common detectors (continued) & ’

Detector Type #10".Comments

HPGe " used for gamma-ray spectroscopy
‘. has superior energy resolution el T
N ' o ﬁ‘. large volume hrgh punty crystals can n be grown ;

w1th volumes exceeding 400 cm i

- "ir"‘*'»:’.‘i H ,(. L,

. high density and atomic number make it well-suited

for medium- and high-energy gammas

~
bl

L ,must be maintained at llqurd mtrogen temperatures
= f:l _t oLt R =1 oo “ii(77 OK) <,k .

P BRI Lo STy o SN TN SR v _Tan A
‘ A R LS L S Y AN PR R LD T ‘

[ S - - ER HE { ;J‘ .- L\: _CxpenSlVC ’ - - t " .
P oL e. T : ARG 11T SN L RS S et ol Lo
. - $oe e s it N LI PE B O
B e AR

CZT : L can be operated at room temperature
- ‘?’ o - ‘-7: ."4 ‘J l - Rl BN . .—i 3 N :
= used for medlum resolutron _gamma-ray
spectroscopy e
Lt at A A N B TP A
v oo small volume (< i cm ) A -
. ry - o L7 UL SRS SR J SRS B oo
Rt U Al N R P i
L et o, s LT oehoer T i
: el T . N R TP IR H i+ S
) \
LTI T UL - oL P LS L Sl UL S S
- 3 . 3 o - : - e - N Sal §- - e e ey i SN s
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This section briefly describes conventional radiation detection instruments for field  surveys. These
instruments typically are small, portable systems that have a radiation detector, siich 45 one of those
mentioned above, coupled to an electronic data collection and visualization package The mstruments
are categorized below in terms of the radiation for which they have the greatest efficiency.”For more
detailed information on these instruments, see the MARSSIM. For an evaluation of their MDCs, see

nent s

NUREG-1507. PR N 8
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These detectors use silver-activated Zinc sulfide (ZnS(Ag)) to detect alpha radiation. Alpha particles
enter the scintillator through an aluminized Mylar window. A typical probe area covers about 75 cm?®.

-
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Alpha/Beta 1

While gas flow proportional detectors can detect alpha and beta radiation, they can distinguish between

“the two by adjusting the Operating voltage. The active volume of the detector is filled with P-10 gas.

Radiation enters the active volume through an aluminized Mylar window. Typical probe areas cover
about 100 cm?.

Beta/Gamma .

Geiger-Mueller detectors or “pancake” detectors are used to detect beta and gamma radiation.

The detector tube is fllled with an inert gas which is a mixture of argon, helium, neon, and a halogen-
quenchmg gas. Radiation enters this tube through a mica window. A typical probe area covers about
20 cm?,

Gamma

Thallium-activated sodium iodide (NaI(T1)) scintillation detectors are used to measure gamma radiation.
Since gamma radiation is much more penetrating than alpha and beta radiation, the type of detector
window is not crucial, but these instruments typically use aluminum. The cylindrical crystals range in
size from 2.5 cm x 2.5 cm (height x diameter) to 7.6 cm x 7.6 cm. Integrated systems are often operated
on a gross count rate mode. However, recent developments in microchips and spectrum analysis
software for Nal(T1) detectors prov1de for greater flexibility and expanded use, while still retaining its
portability. These new systems are discussed in the next section.

B.3  Specialized Instrumentation

Along with the conventional radiation detection instrumentation, there is a substantial assortment of
instruments that have both generic and specialized uses. While this section addresses many examples of
the commercially available radiation detection systems that are relevant to clearance, it is not intended to
be exhaustive. In addition, it must be noted that the following discussion should not be construed as an
endorsement of any of these products by the U.S. Nuclear Regulatory Commission (NRC).

When available and appropriate, this section provides capital cost information, using the following four
indicators to signify four capital cost ranges; when appropriate and available, estimated measurement
costs may also be provided.

$-  lessthan $1k

$$-  greater than $1k, but less than $10k

$$$ - greater than $10k, but less than $100k

$$$$-  greater than $100k
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B.3.1 . General Detectors. = . _ .,
Alpha Track Detectors = - - ' . , '~ .- ~ -
An alpha track detector is a passive, ilitegrqtjng _de;éctor used to measure grdss alpha surface _ .

contamination on flat surfaces such as concrete, metal, and wood. It can also be used to determine soil
activity levels. The 1-mm thick polycarbonate material is deployed on or close to the surface to be.
measured. Microscopic damage to the plastic matrix occurs when alpha particles strike the surface. .
This damage is then made visible by etching the material in a caustic solution. After etching the plastic,
an optical reader is used to count the number and density of tracks. The track density is then related to
the source activity through appropriate calibrations. The standard detector size is 2 cm? Alpha track
detectors provide gross alpha measurements with no measurable response to beta or gamma radiation.
Sensitivities for surface contamination are 0.03 Bg/cm? (200 dpm/100 cm?), 0.005 Bg/cm?

(30 dpm/100 cm?), and 0.002 Bg/cm? (10 dpm/100 cm?) for deployment times of 1, 8, and 48 hours, -
respectively. For soil contamination, sensitivities are 11 Baq/g (300 pCi/g), 3.7 Bq/g (100 pCi/g), and
0.7 Bq/g (20 pCi/g) for deployment times of 1, 8, and 96 hours, respectively. If deployed along the side
of a trench, the alpha track detector can provide depth profile information of the contamination. Alpha
track detectors can‘also be deployed in pipes and on or inside of equipment.

Advantages of alpha track detectors over conventional electronic survey instrumentation are that

(1) plastic can be molded into various shapes and sizes to accommodate locations that are not easily
accessible for measurements, (2) detectors are passive with no electronic failures, (3) they are
inexpensive and rugged, (4) they have no measurable response to beta or gamma radiation, and

(5) activities down to background levels can be determined depending upon deployment times and site
conditions. : ' < P T . -t o o ‘
Disadvantages include (1) the etching and counting must be performed by a vendor, requiring shipping to
the vendor in a timely manner; (2) measured surfaces must be free of dust, dirt, water, oil, or other * °
material that will attenuate alpha emissions; (3) the plastic is sensitive to scratching, abrasion, oils, -
perspiration, and radon; and (4) ‘'measured surfaces must be relatively flat. . _—

Capital Cost: $8$ C S
Unless an optional automated scanner is provided, each detector is returned to the vendor for reading, at
a cost of $5 to $10 per measurement.

Electret Ion Chambers EREEYE

An electret ion chamber (EIC) is a passive, integrating ionization chamber made from electrically
conducting plastic. Ionizing radiation enters the ion chamber through a thin alumihized Mylar window.
The electret is a positively charged piece of Teflon®,which produces an electric field that collects the
electrons produced by the alpha ionization. . As the electrons collect over time on'the electret, the'charge
on the electret becomes neutralized. After the predetermined deployment time, the electret is removed
and a charge reader is used to measure the remaining charge of the electret. Knowing the original and
final charges, an activity calculation can be performed. An EIC does not require electrical power to
operate. An adequate sampling plan is the only technical requirement for using this system, as
deployment does not require specially trained technicians.
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Electret ion chambers have traditionally been deployed to measure radon concentrations in the air of
homes and businesses. The literature also discusses other applications of EICs, such as measuring alpha
and low-energy beta surface contamination, measuring alpha soil concentration, quantifying alpha
contamination inside piping, and performing gamma dose measurements. EICs can be used for
inexpensive alpha measurements and/or for areas where conventional alpha probes cannot measure.
While the deployment time can be long, the measurement time is very short and sensitivities are much
better compared to traditional detectors such as a gas-proportional counter. Also, EICs can be used in
difficult-to-measure situations, such as tritium contamination or alpha contamination inside piping.

The EICs measure gross alpha, gross beta, gross gamma, or gross radon.

An example of a commercially available EIC is Rad Elec Inc.’s E-PERM alpha radiation monitoring
systems. These systems are available in sizes ranging from 50 to 180 cm? and in various electret
thicknesses depending on the required sensitivity.

Capital Cost: $3$

Alpha Surface Measurements

Oak Ridge National Laboratory (ORNL) has developed a procedure, known as Method RAO10, using
Rad Elec’s E-PERM alpha radiation monitors for use in decontamination and decommissioning (D&D)
operations (Meyer et al., 1994). Costs for deploying the E-PERM system were reported to be $5 per
measurement for a large-scale survey.

Levinskas et al. studied low-level alpha measurements using a 145-ml EIC with a deployment time of
48 hours. They reported that the results were within 5-percent accuracy, compared to NIST-traceable
calibrated gas flow proportional counters. Sensitivity for this measurement method was reported to be
(1.1 £ 0.5)x10° Bg/cm? (6.4 + 3.0 dpm/100 cm?) at the 95-percent confidence level.

Alpha Soil Measurements

Meyer et al., 1995, described a method for taking in situ measurements of alpha contamination in soils
using EICs. Probe sizes of 50 and 180 cm? are used. With a 50-cm? EIC, detection limits of 1 Bq/g
(27 pCi/g), 0.7 Bq/g (18 pCi/g), 0.5 Bq/g (13 pCi/g), and 0.3 Bq/g (9 pCi/g) were achieved for
deployment times of 6, 12, 24, and 48 hours, respectively. Survey costs ranged from $8 to $25 per
measurement.

Alpha Contaminated Pipes

Direct measurement of alpha contamination inside pipes is difficult because of the short range of

alpha particles. However, measurements of the ionization caused by the alpha radiation in air can be
used to infer alpha contamination. An EIC is placed at the end of the pipe and air is directed through
the pipe to the EIC. The collection of the secondary ions reduces the charge of the electret. Calibration
is performed by locating an alpha source of known strength and determining response factors.

In a 15-minute measurement, uniform alpha contamination in a pipe with a 15-cm diameter can detect
an activity of 0.04 Bq/cm? (2.2 dpm/cm?) (Dua et al., 1997).
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Beta Surface Measurements

Sensitivities for tritium measurements are reported to be 1 Bg/cm? (6,000 dpm/100 cm?) with a

" deployment time of 1 hour, and 0.05 Bg/cm? (300 dpm/100 cm?) for 24 hours. **Te sensitivities are 0.08

Bg/cm? (500 dpm/100 cm?) for 1 hour and 0.003 Bg/cm? (20 dpm/100 cm?) for 24 hours.”

Gamma Measurements

The response of this type of detector to gamma radiation is nearly independent for energies ranging from
15 to 1,200 keV. A 30-day deployment with 50-ml chamber is required to quantify an ambient field of
6.9x10"* C kg' s (10 pR/hr). Using a 1,000-ml chamber can reduce the deployment time to 2 days.
The smaller chamber is generally used for long-term monitoring. . )

i

Portable Gamma-Ray Spectrometers

There are a wide variety of handheld spectrometers available on the market. They consist of two general
types, including integrated systems and modular systems. The integrated systems have the detector and
electronics contained in a single package. The modular systems separate the detector from the
electronics. These spectrometers employ small scintillators, typically Nal(T1), and room temperature -
solid semiconductors such as CZT. Recently, the systems using NaI(T1) scintillators utilize special
analysis software to do isotope identification. These systems represent an advancement over the
conventional scintillation probes connected to rate meters. The systems using CZT have superior
resolution (compared to scintillators) and, therefore, perform the standard peak analysis. The preferred
application for the devices tends to be in nuclear non-proliferation, where isotope identification is more
important than sensitivity. )

Three systems of note include SAM-935 from Berkeley Nucleonic Corporation, RADSMART from
SAIC, and the GR-130 miniSPEC from Exploranium. All of these systems are handheld and do some
form of isotope identification. The SAM-935 uses an Nal(Tl) scintillator and a spectrum analysis
technique called Quadratic Compression Conversion™ to perform rapid isotope identification.

The RADSMART uses a proprietary CsI scintillator coupled to a photodiode. , The isotope identification
is performed using spectrum templates rather than peak analysis, which is often problematic for low-to-
medium resolution spectrometers such as CsI. The GR-130 miniSPEC also uses an Nal(Tl) scintillator,
but performs 4 peak analysis on the spectrum for isotope identification. These systems are no more
sensitive to radiation than the conventional instruments (e.g., small scintillators operated in a gross count
mode), but they can provide information on radionuclide identity. These systems are rather new and
there is little or no data available to support claims that the spectrum analysis programs can significantly
improve the sensitivity. T e - S

Capital Cost: $$$

X-ray Fluorescence

X-ray fluorescence (XRF) is a spectroscopic method in which secondary x-ray emission is generated by
the excitation of a sample with x-rays. The x-rays eject inner-shell electrons, then outer-shell electrons
take their place and emit photons in the process. The wavelength of the photons depends on the energy
difference between the outer-shell and inner-shell electron orbitals. The amount of x-ray fluorescence is
sample-dependent, and quantitative analysis requires calibration with standards that are similar to the
sample matrix. The nature of the method does not allow for isotope identification (but rather the element
itself) and is generally not useful for measuring the fluorescence yield in elements with atomic numbers
less than 32. ey
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Recently, field-portable x-ray fluorescence (FPXRF) systems have been developed that are available
commercially. These systems use sealed sources to produce fluorescent x-rays and contain a small x-ray
spectrometer to measure the fluorescent x-rays. The advantage of this technology includes the ability to
measure solids, liquids, thin films, and powders. FPXREF is a useful technique for screening or surveying
materials for their elemental content when portability, short analysis times, and real-time results are
required. For information concerning the performance of FPXREF, see Potts (1999) and U.S. DOE
(1998a).

An FPXRF, known as the Spectrpce 9000, is commercially available from Thermo NORAN’s
KevexSpectrace. This device uses iron-55 (*Fe), cadmium-109 (Cd-109), and americium-241 (**' Am) to
produce a wide range of excitations, capable of exciting atoms of atomic number 16 (sulfur) to 92 .
(uranium). T his particular unit can simultaneously measure 25 elements. The detector uses a mercuric
iodide semiconductor to measure the fluorescent x-rays. The Spectrace 9000 can operate on battery or
110-Vac power. Measurements can be made on a surface, or small samples can be taken and placed in a
small counting chamber attached to the probe.

Capital Cost: $$$
Compton Suppression Spectrometer

Background reduction is critical to maximizing detector sensitivity. Typical methods for background
reduction include lead shields and anti-Compton shields ‘made of NaI(TI) (or bismuth germanate®).
Princeton Gamma Tech (PGT) has developed a Compton Suppression Spectrometer (CSS) based on
the Duode detector, which is a transversely segmented single crystal of high-purity germanium.

PGT developed the crystal processing techniques specifically to improve detector performance at low
energies without sacrificing the efficiency of a large HPGe detector. Suppression is achieved by
detection and electronic vetoing of coincident energy deposition events in the rearmost segment of the
crystal. At low energies, most of these coincident events are from background photons, which have
undergone forward Compton scattering from the front “planar” segment. The suppression provided by
this geometry is ideal for rejecting these background events.

In general, the Duode suppression provides significant background reduction across the energy range and
improvement in the signal-to-noise ratio (SNR) and, thus, reduced peak fitting errors in a limited energy
range. Fora strong peak, a reduction in background has little effect on the SNR or peak-fitting error.

For a weaker peak, such as 2-3 standard deviations (c) above background or lower, the improvement in
the SNR and reduced peak fitting error can be significant. The principal benefit of the Duode is for
measurement of those isotopes which would normally be lost in the background (Haskins ez al., 2000).

Capital Cost: $$$

$Bismuth Germanate (Bi,Ge;0y; or BGO) is a scintillation material that has a high density (7.13 g/cm®) and large
atomic number (83), which makes 1t a preferred detector matenial for high-energy gamma-rays and anti-Compton shields.
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4375 -B.3.2 Application-Specific Detection Systems

4376 Responding to the measurement needs of nuclear facilities engaged m D&D actlvrtles mstrument

4377 .manufacturers have developed specialized detection systems and, in a few mstances servrces that are
4378 desrgned to facrlrtate and expedite radiation measurements assocrated with the D&D effort Many of
4379 these systems use traditional detectors (gas proportronal counters plastrc scmtlllators and NaI(TI)

4380 ° scintillators) coupled to rate meters. The desrgn goal of these systems is to optrmrze throughput whrle
4381 detectmg contamin'atioh at guldelme levels’. These goals have been more or-less accomplished by using
4382 large shrelded detectors and arranging them in a manner to optrmrze the geometrrcal efficiency. |
4383 Shreldmg the detectors helps to improve the SNR by. reducmg the background This section briefly -
4384 addresses the followmg systems and/or appllcatrons . B e
4385 = conveyortzed survey momtors

4386 = “,floor and surface contammatron monitors e -

4387 - = - insitu gamma-ray spectrometry systems rnooo Lo LT ’ L P
4388 *  intoto monitors o :) ’ ' ,": o “ T a

4389 . pipes (mtertor/exterlor) S T TS PR T I

4390 " subsurface . o T e .

4391 . portal monitors .- T S T

4392 This section does not address systems that have been developed specrﬁcally for the assay of transuranic
4393 ‘waste. Some of the systems are qurte sophrst1cated and use actlve measurement techmques as discussed

4394 in Section B.4, . P )

g%

4395 Conve orlzed Surve Momtor ' . “— | ‘ ; -

P . . D
[ .- et PR i

4396 Conveyorrzed survey monitors (CSMs) automate the scanning or hand-frisking of materrals Current | k
4397 systems have been designed to measure materials such as clothing (laundry momtors) copper chop'"~

4398 (small pieces of copper), concrete rubble, and soil. A typical ( CSM consists of @ conveyor belt that ] passes
4399 " under or between an arfay of détectors. Most systems use an array of gas flow proportional counters ina
4400 " staggered configuratlon The staggered ¢onfiguration eliminates blind spots (locations where *" * -
4401 contamination may be present but cannot be detécted because the radiation cannot reach the detectors).
4402 Systems range from small’ monitors with'small belts’ to large trarler-mounted systems for measurmg and
4403 segregating (in terms ‘of actrvrty) rubble, debris; and 5011 R TR e
4404 Commercial § Systems ’ T B k

4405 Eberline manufactures several conveyor systems. Model ACM-10 is an automated contamination

4406 _monitor utilizing a single conveyor belt. Radiation measurements are performed with an array of

4407 10  large-area (503-cm?) gas proportronal detectors that are located above and below the belt., Model
4408 14OA isa larger version of the ACM-10, Wthh utrlrzes two ) conveyor belts to compress the mater1a1
4409 being measured (typxcally clothes) Thrs model uses an array of gas flow proportronal counters, 14 above
4410 and 14 below Ludlum manufactures a laundry monitor (Model 329 32) that also utilizes a single

4411 .. conveyor belt.. It uses two  arrays of sixteen, 100-cm gas proportlonal detectors each <

. . -
. Lo N . ~ . -
nr - . LR S S PICLAPEe T Y

N L N o N st g - 3 a- 7" . 3
LY s ta. 2 ‘ N L : ) ] . - . [

® Guideline levels depend on the actual application and may be site specific.
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BNFL markets a CSM that is intended for rubble, debris (e.g., concrete and steel), and soil. This high-
throughput system (~ 1.5 X 10 kg/h) uses a modular detection approach, which means that it has
individual detector modules to measure specnfic radiation types. For example, the system has a gross
gamma detection module; an alpha/beta surface detection module, a low-resolutlon gamma spectrometry
module, and a high- resolutlon gamma spectrometry module. Multiple modules can be linked together
when data from different radlatlon types are needed. Canberra Industries also markets a CSM for rubble,
debris, and soil. This traller-mounted system is also a high-throughput system; Canberra reports a

‘throughput up to 4.5 x 104 kg/h (50 tons/h). The system uses shielded HPGe detectors to perform

spectroscopy on the materlal However, for specific situations that do not requ:re the high’ resolutlon
offered by the germamum detectors large NalI(TI) detectors can be utilized. An available diverter
mechanism can be used to automatically segregate materials in terms of activity.

A similar system, called the Segmented Gate System (SGS), is available as a service from Eberlme
Services. The SGS is primarily a soil characterization and sortmg system, which has been in'use for a
number of years and has processed more than 176,000 m® of soil.. The system consists of a combination
of conveyor systems, radiation detectors, and computer controls that remove contaminated soil from a
moving feed supply on a conveyor belt. The system uses two sets of gamma radiation detector arrays
housed in shielded enclosures. The two sets of detectors allow for the radiation measurement of two
gamma energy regions of interest. The thin detector array uses 0.160-cm thick Nal(Tl) detectors and
incorporates a 1.9-cm thick lead shield that is fully encased in steel. T he thick detector array uses 5-cm
thick Nal(T1) detectors and is housed in a similar shield. Eberline Services reports a throughput of
approximately 3.4 x 10 kg/hr. (38 tons/hr) While the majority of applications have measured gamma
radiation from radionuclides such as cesium- 137 (P'Cs), cobalt-60 (""Co) and americium-241 (**'Am),
the SGS has been equxpped with beta detectors to assay strontlum/yttnum 90 'sr(°°Y)).

Large-Area Surface Contamination Monitors

Conventional survey instruments, such as those described previously (e.g., gas proportion counters,

GM tubes, and ZnS scintillators), are very efficient at measuring surface contamination on small items.
However, with a relatlvely small active area (100 cm? for a gas proportional counter, 20 cm? for G-M
pancake probes and 75 cm? for some ZnS scintillators), these devices are rather inefficient at scannmg
large objects such as walls and floors. This section addresses the natural extension of these devices for
the measurement of contamination on large areas. These large-area surface contamination monitors have
active areas that exceed 1 ,000 cm? and are 1deally suited for scanning large, flat areas such as walls,
floors, and soil. The simplest systems mount conventional survey instruments, such as gas proportional
counters with rate meters, on a mobile platform More sophisticated systems utilize position sensitive
gas proportional counters and/or fiberoptic sensors, and can perform data logging and mapping.

Commercial Systems

Several companies market systems that detect contamination on floors. The Ludlum Model 239-1F floor
monitor represents one of the simplest systems available. This modular system features a 16 cm x 47 cm
gas flow proportional counter that can be mated to any one of three survey meters, one of which is a data
logger. The single-handled, two-wheeléd'cart can accommodate the rate meter and a Matheson size 2 or
Linde Q bottle for the counting gas; The FM-300 floor monitor series, manufactured by Aptec-NRC, is
also a modular floor monitor system. The basic unit features two large, sealed proportional counters.

The detectors have an active area of 504 cm? and a sensitivity of 42-83 Bq (2,500-5,000 dpm) for ®Co in
normal background. The model FM-302 system includes the battery powered omniTrack rate meter.
While the omniTrack rate meter does not currently do data loggmg, the system is being modified to
support this feature. .
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. Zn3(Ag) scintillators. The system, which comes with a computer to allow data logging, is similar to the

.  Also, the system can be equrpped with a varlety of sensors to facrlrtate the detection of both beta/gamma

) posmoned the VISUSPECT program prolects and averages the data from the strrps onto standard s

* found in papers and reports by Shonka (1992, 1995, l996a and 1996b) and U.S. DOE (1998b).

- gamma rays. The detector measures 1.5 m'x 0.35 m'x 0.8 m and weighs approximately 20 kg.” The

+ BetaScint™ sensor is placed over a sample of dry homogeneous 'soil, the béta particles excite electrons in

** calibrated by exposmg it to a soil wrth a known quantlty ‘of ¥St (or, 238U) o

" while *U is assocrated with the fuel or, fuel element (that i 1s it is not a fission product) If other, , - .
. radionuclides are known (or suspected) to be present data from other measurement techmques musl be Y

" utilized. For example hrgh levels of 137Cs in the soil will produce mterference (the decay of ¥'Cs emlts e C
_two betas) Demonstratrons have shown that 137Cg mterference wrll not become an issue, unless its,

* concentration exceeds that of St by many  orders of magmtude When ”7Cs and Sr levels are

Thermo Eberline makes the FCM-4, which is an integrated system that uses four 15.2 cm x 20.3 cm

*

Aptec-NRC system in terms of its form; it has four wheels and a ‘tubular handle. Thermo Eberlme : - ‘
reports a sensmvrty of 8.3 Bq (500 ‘dpm) alpha and 33 Bq (2 000 dpm) beta from ‘37Cs

Shonka Research Assocrates Inc. produces the Surface Contammatron Monitor and Survey Informatlon
Management System (SCM/SIMS). This sophisticated system features a position-sensitive gas - -
proportional counter mounted on a motor-driven cart. The position-sensitive gas propomonal counter
uses a multi-wire electrode configuration to detect the position of the activity within the active volumne.
The width of the proportional counter used with the SCM/SIMS is variable, typically from 0.5 to 5 m.

b

-

and alpha radiation fields. .- . s L fo08

" 'The’ SIMS part of the system mcludes a vrdeo cariera and a series of software programs that processes i_ -

and analyzes the collected survey strrp data _The SIMS records both the rntensrty and location of the

e radioactivity in an electronic database and mappmg software 'STITCHERS® i isa program that takes the Lo

individual survey strips and posrtrons them relatlve to each other and the survey area "Once thé strips are

100—cm areas typrcal of manual surveys The data from this array can then be v1sually 1nspected usmg o
various 1mage-processmg algonthms or 1t can be used to generate adata’ report that documents the -
average contammatron present in each l-m area and the maxrmum contammatron level ina grven 100
cm? within this 1-m? area. Note that 100 cm is the active area of most hand-held probes that would be
used for scanning applrcatrons More information on the SCMISIMS and its detection prmcrples can be

TP

The SCM/SIMS is not for sale Tt is mcluded as a servrce that is provrded by Mrllenmum Servrce

N BetaScrnt Inc. has desrgned a detector that uses a ﬁberoptrc sensor to determine the concentration of

®Sr or #!U in soil. The device, called BetaScint™ , uses a layered configuration of scintillating fibersto -~
detect betas from the radioactive decay of Yttrium-90 and Protactinium-234m (the equrhbnum progeny .- .

of **Sr and 28U, respectively). It can also discriminate between high- and low-energy betas and between .
beta and gamma-rays. To achieve this discrimination, it exploits the penetrating properties of betas and

monitor can be placed on or above contaminated soil or surfaces. Once the active window of the -

a plastic fiber doped with fluorescent compounds in the layers of the sensor. The plastic fibers scintillate

" when the fluorescent molecules lose energy and return to their ground state. Scintillations in the plastic . _;

fibers are counted by photon detectors to determine the actrvrty of the soil sample The unit can be ' Lo
z A 1 N P

The BetaScmtTM is specrfical]y desrgned to measure #Sr and 238U but cannot drstmgursh between beta T
“radiation from *Sr and 280 (it measures the sum of 9"Sr and 23“U) However except in rare cases, 2°Sr -

i
and 22U usua]ly do not occur together because the source of °°Sr contammatlon isa fission product LT

comparable and 16ss than 3.7 Bg/g (100 pCi/g) (i.¢., typlcal soil remedratron conditions), the *’Cs - ;o
contribution to the sensor background is negligible. More information on the BetaScint™ can be found .
in papers and reports by Schilk et al. (1994a, 1994b, 1995a, and 1995b) and U.S. DOlS (1998c). .
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In Situ Gamma-Ray Spectrometﬂ

In situ gamma spectroscopy isa measurement technique that uses HPGe detectors to measure gamma-ray
fluence to quantify radionuclide i inventories for a variety of source geometnes The technique has been
used most often to measure activity in surface soil with real-time or near-realtime results. The approach
has been commercialized by sellmg detectors that are calibrated for a specific application or source
geometry.

‘Commercial Systems

The /In Situ Object Counting System (ISOCS) from Canberra Industries, Inc., uses a computational
process to identify and quantify radioactivity in a variety of geometrical arrangements. While the system
can be calibrated using traditional prepared radioactive sources, the real advantage of the ISOCS
software is the ability to calculate efficiencies by entering parameters such as the elemental composition,
densrty, standoff dlstance, and phy51cal dimensions. By using the supplied geometry templates (for
example, boxes, cylinders, plpes, circular planes, rectangular planes, spheres, and wells such as Marinelli
beakers), a calibration curve is generated that can be applied to multiplé collected spectra. A more
detailed review of this system may be found in Kasper (1999) and Kalb etal. (2000) The M-1 Gamma
Spectroscopy System for In Situ Activity Measurements is an in ‘situ system manufactured by
PerkinElmer. This system uses the DOE Environmental Measurement Laboratory charactenzatron
methodo]ogy It is targeted for undisturbed soil measurements in envrronmental restoratron pmJects
assessment of radionuclides deposxted during emergencies, and routine environmental monitoring,
PerkinElmer also produces an in situ system that consists of the ISOTOPICS software program; a mobile
assay system, which includes a detector, collimator, and MCA called ISO-CART; and an HPGe detector.
Of these components, ISOTOPICS and ISO-CART are intended to be used together for the
nondestructive analysis of drums. The M-1 system and ISOCS participated in an intercomparison
exercise, which evaluated the bias of the systems for measuring activity in surface soil. A discussion of
the intercomparison and the results may be found in Miller et al. (1998).

Capital Cost: $$$

Eberline Services offers in situ spectrometry as a service. The service features a proprietary system,
called Spectral Nondestructive Assay Platform (SNAP), which uses HPGe detectors to measure a variety
of waste packages, including B-25 boxes, “D” boxes, glove boxes, and 208-liter (55-gallon) drums.
Eberline Services claims that its approach enables the system to map contamination levels and locations
with near-real-time results.

In Toto Monitors

H } ‘
In toto monitors covers a range of instruments that measure or assay objects in toto. The systems consist
of a counting chamber an array of detectors, and an electronics package. There is a wide variety of
volume counters ranging from small item monitors to box counters and waste assay systems. A typrcal
small item monitor has a counting chamber of about 0.08 m®.”Box couinters and waste assay systems are
designed to measure specific waste containers such B-25 boxes, which have a volume of 2.55 m®. Since
box counters and waste assay systems are designed to measure a specific type of waste (transuranic
waste) utilizing advanced measurement methods, they are addressed i in Sectron B.4. In general, volume
countérs use a variety of detectors such as gas proportlonal counters, plastrc scintillators, and NaI(T1)
scintillators. These detectors are shielded (to reduce background) and surround the counting chamber to
maximize the geometrical efﬁcrency Calibrations are performed with standard packages or suitable
geometries containing sources of known activity.
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Commercial Systems

BNFL Instruments has developed the IonSens® 208 Large Item Monitor. The system is called the
“Large Item Monitor” because it has a chamber volume of nearly 1 cubic meter. The IonSens® 208
determines the total alpha activity on objects by measuring the specific activity (number of ion pairs-
produced per unit path length by an ionizing particle) created by the alpha particles as they interact with
the air surrounding the item being assayed. Filtered air passes over the object and is drawn to a detector
which measurements the ionization. The system consists of two modules, an air inlet module and a
measurement module. The air inlet module filters ambient air to remove particulates and dust before
entering the measurement module. The measurement module is an airtight 1 m x 1 m x 0.8 m cavity in
which the items to be measured are placed. BNFL reports a limit of detection of 10-15 Bq

(600-900 dpm) for a 100-second count time.- -

Thermo Eberline produces a series of small item/tool momtors including the TCM- 2, WCM-10,
LRAD-1, and GTM. The TCM-2 is designed to detect hot particles and low-level contamination
distributed on tools. The system uses an array of 6 gas flow proportional detectors, each of which is
electrically divided, resulting in 12 channels or counting zones. The detector geometry is designed to
minimize dead zones and maximize sensitivity. The system features “sumzones,” which represent the
combination of detector counts from any two channels. The sumzones are important for detecting
distributed activity. This system has 30 sumzones and an adjustable interior volume. Thermo Eberline
reports a sensitivity of 0.83 Bg/cm? (5,000 dpm/100 cm?) for beta contamination with an"approximate
counting time of 10 seconds. The WCM-10 is intended for waste and uses six large area plastic ’
scintillators. The counting chamber is heavily shielded and lined with polished stainless steel to facilitate
decontamination. Thermo Eberline reports a sensitivity of approxrmately 74 Bq (2 nCi) of Co-60.

An option to include a weight sensor outputs reported activity in activity per unit mass.

The LRAD-1 uses the long-range alpha detectxon technique (see the next section for a descrlptlon) to
measure alpha contamination on surfaces. The detection principle is similar to BNFL TonSens®, which
detects the ions produced by alpha particles. Thermo Eberline reports a sensitivity of approx1mately

5 Bq (300 dpm) for objects that fit in the counting chamber, which has a volume of 0.08 m®. The GTM
is another tool monitor that uses a 5-cm thick plastic scintillator on four or six sides of the counting
chamber. Just as with the TCM-2, the system utilizes a signal from the individual detectors as well as
summed signals from any two detectors to measure “hotspots” as well as umformly dlstrlbuted sources.

The G35-90 Package Monitor, manufactured by Canberra is desngned to detect the concentratlon and
type of gamma-emlttmg radionuclides within small packages. Unlike the other systems, in which the
counting chambers can be closed, the G35-90 has a 90-liter open-ended rotating drum for a counting
chamber. The system is moblle and computer-controlled, and utilizes two shield Nal(Tl) scintillators.
The system comes calibrated from the factory. No MDC or sensitivity data has been reported for the
system. Fmally,«NE Technology produces the SAM 11 Small Articles Monitor. Like some of the other
systems described in this section, it uses an array of shielded plastic scintillators to detect beta/gamma
radiation. This system has a falrly large counting chamber volume, approximately 0.5 m’.
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Pipes

In addition to building debris, D&D activities have produced, and will continue to produce, a
considerable amount of ductwork and piping. Because of their interior surface, long lengths of small-
diameter ductwork and piping are largely inaccessible to conventional survey instrumentation.
Manufacturers have, therefore, developed specialized instrumentation to survey the exterior and interior

of piping.
Commercial Systems

The IonSens® Alpha Pipe Monitor, available from BNFL, is a modular system that measures total alpha
contamination on metallic pipe work and/or scaffolding poles. It can accommodate lengths up to 6 m and
diameters up to 15 cm. The detection method and basic operation is very similar to the IonSens® 208.
The IonSens® Alpha Pipe Monitor consists of three basic modules, including the air inlet module,
measurement module, and detection head module. The measurement modules are airtight and can be
configured to accept 6-m lengths by joining three measurement modules. As with the other IonSens®
systems, the detection head module contains the ion detector as well as a HEPA filter, fan, data
processing electronics, iris seal, and PC. BNFL claims a limit of detection of 15 Bq (900 dpm) for a
300-second count time. The detection module has a small standardized source that is used to monitor
performance.

The Pipe Explorer™, available through Science and Engineering Associates Inc., is a pipe
characterization system that employs an airtight membrane deployed from a canister with air pressure to
line the interiors of pipes and to carry a tether to which detectors are attached. As the membrane
deploys, detectors are towed along inside the membrane while measurement data is collected. This
system consists of three primary components, including (1) the deployment canister, which holds the
membrane and detector assembly as well as the necessary transducers and sensors for the operation of the
system, (2) the data acquisition computer, which logs and correlates information from the deployment
and detector systems, and (3) the instrumentation and control box, which is used to control the
deployment of the membrane and survey tools. The heart of the system is an airtight membrane that is
initially spooled inside the deployment canister. Air pressure on the membrane causes it to be pulled
from the spool, and deployed into the pipe. A characterization tool (such as a radiation detector) is
attached to the end of the membrane and is towed into the pipe as the membrane unwinds. Because the
membrane and detector are tethered to the spooler inside the canister, they can be wound back into the
canister. The detector can, thus, be moved freely through the pipe while its output and position are
continuously recorded. The Pipe Explorer™ system can be used to tow any detector that is compact
enough to fit into a pipe. The tether has two coaxial cables available and six single conductor cables,
which are used to provide power and control to the characterization tools. To measure alpha particles
with the Pipe Explorer™, the membrane material itself must be an integral part of the detection system.
An effective solution is to make the membrane material a scintillator, and then tow a photodetector
through the pipe to detect the scintillation events occurring in the membrane. This is the approach
adopted for the alpha measurement capability, which is referred to as the Alpha Explorer™ system.

The Pipe Explorer™ system has been laboratory-tested and tested at a number of DOE locations,
including Idaho National Engineering and Environmental Laboratory and Argonne National Laboratory.
More information on the Pipe Explorer™ System is provided in published reports (Matalucci et al.
1995a; Cremers et al. 1994, 1995, 1996, and 1997; Cremers and Kendrick 1998; and U.S. DOE 1996b).
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The Pipe Crawler®, developed by Radiological Services, Inc., is a manually deployed pipe inspection
system that consists of a crawler, mounted with a 360° array of thin GM probes connected by cable to an
external data processing and storage system. A family of crawlers is used to accommodate various
piping sizes. The dimensions of a given crawler must closely match the size of pipe to be surveyed; this
ensures the proper counting geometry (the detector surface must be within about 1 cm of the surface),
which is afforded by a spring-loaded wheel suspension system. Each crawler is custom made, employing
commercially available GM tubes. The size and shape of the available GM tubes strongly influence the
configuration and design of a given crawler. The smaller crawlers for pipes with diameters less than
20.3 cm are manually deployed using flexible fiberglass rods attached to either end. The rods are similar
to those used by plumbers The larger crawlers (for 20.3-cm diameter and larger pipes) employ
pneumatically operated positioning systems. It must be noted that the Pipe Crawler® is utilized by
Radiological Services, Inc. exclusively as a part of a service they provrde to customers and, as such, it is
not for sale.

Subsurface

While in situ spectrometry provides a noninvasive approach to surface soil investigation, the subsurface
remains intractable to such techniques. Current developments in instrumentation seek to reduce the
burden of obtaining subsurface data. This basically involves using small detectors that can be pushed
through the soil and are capable of real-time results. Because of the expense associated with the
sampling equipment, subsurface measurements are typically provided as a service.

One system related to subsurface sampling is the cone penetrometer Wthh consists of a 2—4 x 10° kg
(20- to 40-ton) truck equipped with hydraulic rams to push steel cones, one section at a time, into the
ground. Penetration rates can be as high as 5.5 m/hr (180 ft/hr), but are typically 1.2 m/hr (40 ft/hr) to
1.5 m/hr (50 ft/hr). Compared to traditional drilling methods, cone penetrometer techniques are less
costly, allow less-intrusive sampling and analysis, do not result in contaminated soils being brought to
the surface, and minimize worker exposure to potent1a1 industrial and chemical hazards. Although cone
penetrometer techmques have existed for many years, most earlier efforts focused on oil exploration and
construction engineering. Only recently has the technique been applied in environmental
characterization and monitoring, with resultmg development of many sampling devices and sensors for
use with the cone penetrometer. Applied Research Associates Inc. is a research and engmeermg
company that provide subsurface sampling using a cone penetrometer

A spectral gamma probe, developed for DOE by the U. S. Army Corps of Engmeers Waterways
Experiment Station, was evaluated and demonstrated under field push (a push is when the penetrometer
is driven into the ground) conditions at the DOE Savannah River Site in 1997. The probe consists of a
2.5 cm x 7.6 cm Nal(T}) scintillation crystal, a photomultiplier tube, a temperature sensor, and a custom
designed preampllfrer The temperature monitor is used to track temperature changés, which ¢an affect
the performance of the spectrometer The probe is driven into the subsurface using a cone penetrometer
truck. During a field evaluation, nine pushes were made at three locations, and the gamma probe was
stopped at 7.6-cm (3-in) to 30.5-cm (12-in) ‘intervals for counting during each push. Results of the
gamma probe measurements were compared with results of laboratory analysis of surrounding soils.
Where the sites were primarily contaminated with '*'Cs with little beta activity, gamma probe results
corresponded well with laboratory analysis results. However, the gamma probe experienced interference
from the high level of beta activity found at some sites. In general, the lower limit of detection for *’Cs
was found to be in the range of 0.3-0.5 Bq/g (8-11 pCi/g).
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To minimize the deleterious effect caused by a high level of beta activity, Sentor Technologies, Inc. is
developing a high-pressure xenon spectrometer device for use with the cone penetrometer. Three
prototype devices have been built and tested in the laboratory; however, they are not commercially
available.

Commercially available radiation detection systems for subsurface measurements include HPGe
detectors that have small diameter endcaps and dewars, typically about 7 cm, that can be lowered into
boreholes. These detectors are available from PerkinElmer.

Portal Monitors

Portal monitors cover a broad range of instrumentation reflecting a wide range of applications. For
purposes of this discussion, a portal monitor is an instrument that detects radioactivity as it passes,
through a portal, which is typically an access point to a controlled area or checkpoint through which
people, vehicles, equipment, and waste pass. Just as with many of the other systems previously
discussed, these systems use large detectors to improve sensitivity. Most systems use plastic scintillators
because they are rugged, inexpensive, and can be made with a large surface area. Count or integration
times are very short (typically just a few seconds).. The detectors are usually part of a structure which
surrounds the portal on one, two or three sides. Although not strictly a portal monitor, plastic
scintillators can also be attached to the base frame of grapples'” to detect radioactivity in scrap metal.
These devices have a clear advantage over portal monitors because the scintillator is in contact with the
metal and remains in contact for as long as it takes to grab and move it, which could be several minutes.
Like portal monitors, they are gross radiation detectors and do not provide quantitative information
(e.g., activity per unit mass); they usually signal the operator when a preset threshold has been exceeded.

Commerical Systems

A large number of portal monitoring systems are available from several manufacturers. This section
briefly mentions a few systems. For monitoring small waste items as they pass through doorways,
Ludlum makes a series (3530/3532/3534) of monitors that use Nal(T1) scintillators. Models 3530 and
3534 use two shielded 7.6 cm x 2.5 cm Nal(T1) detectors, while Model 3534 uses four detectors. These
detectors are mounted on opposite sides of a doorway or opening through which waste may pass. For
larger waste items that are transported by vehicles, Ludlum makes Model 3500-1000WM, which utilizes
two 7,866-cm’ shielded plastic scintillation detectors. Exploranium is very active in the area of detecting
radioactivity in scrap metal. They have a series of large portal monitors that detect radioactivity
transported by vehicles, including railcars. These systems also use large plastic scintillators mounted to
large structures.

One portal monitor of note comes from Constellation Technology Corporation. They have developed a
mobile system, known as the HPXe-1000, that performs spectroscopy. The unique feature of this system
is the fact that it uses high-purity xenon gas (HPXe). The use of HPXe for gamma-ray spectroscopy is
covered in the section on detector materials (see Section B.4). Constellation reports a resolution of
3-percent FWHM at 662 keV for a detector that has a linear dimension of 1 m and a mass of almost 2 kg.
The primary application for this system is the detection of special nuclear material for treaty verification.

I()Grappk:s are pneumatic devices with “fingers” or tines that are used to pick up and move scrap metal.
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Rad/Comm Systems makes a grapple mounted detectors called the Cricket. The Cricket consists of a
30 cm x 30 cm x 10cm scintillator mounted inside the top of the grapple The system also hasa
protective shield, battery pack, and controller. Detectable source strengths for scrap densities of 0.5,
0.75, and 1.0 g/cm?® range from 30-100 kBq (0.03-2.7 mCi) for “Co, 180-1,000 kBq (4 9 —27 mCr) for

-Cs-137, and 80-250 kBq (2 1-6.8 mCi) for 2°Ra (de Beer et al 1999)
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B4 Advanced Radlatron Detectlon Systems . _ . : )
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; Advancements in radiation detection mstrumentatron have resulted from developments in material*

science, advances in electronics, and software. This trend shows no sign of slowing down and will
continue to be the driving force behmd the” mnovatrons in radiation monitoring instruments.” - . -
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Detector Materrals l X s

One of the most important propertres of a mater1a1 that makes it a good radiation detector (and
spectrometer) is its ability to absorb radiation energy. The property of a material to absorb radiation
energy is known as the stopping power, which is defined as an average rate of energy loss of a particle
per unit thickness of a material or per unit mass of material traversed. - The higher the stopping power, the
better the detector material. Stopping or absorbing the energy of charged particles is not an issue, but -
absorbing high-energy photons is. In general, high-density materials with large atomic numbers (Z) are
ideally suited to absorb high-energy photons. Once a material has absorbed the radiation energy; it must
be converted to information carriers. This conversion is accomplished either by producing ions as in the
case of gas-filled detectors, electron-hole pairs as in the case of solid-state semiconductors, or
photoelectrons as in the case of scintillators.:'A detector must be able to produce these information .. .
carriers efficiently; that is, with as little loss in energy as possible. The energy that'is required to produce

«information carriers (ions, electron-hole pairs, photoelectrons) ranges from a few eV to about 100 eV
-In general, the lower the better, in terms of the resolution for a spectrometer :

In the case of solid-state semrconductor detectors a rather large bias voltage (> 1 ,000 volts) is applled to
the crystal. T his bias voltage creatés a depleted region where electron- hole parrs are created when
radiation energy is absorbed. The electrons and holes are swept from the depleted region and are
collected to create a charge pulse. A good semiconductor material must have a high resistivity in order to
prevent the collection of unwanted current, sometimes called leakage current, in the presence of a high
bias voltage. The resistivity is linked to energy separating the valence and conduction bands, the so- .
called bandgap. The larger or wider the bandgap the greater the resistivity. If the bandgap is wide
enough, the leakage current becomes low enough to permit room temperature operation. L

When describing the properties of a solid-state semiconducting detector material, the issues of purity and
crystal defects are important. A process known as charge trappmg occurs when charge carriers (electron
and holes) recombme in the crystal lattice, “This' occurs for a number of reasons, but it is often traced to a
lack of purrty and crystal defects. The reduction in charge co]lectxon attrrbutable to trappmg reduces the
size of the charge pulse and, therefore, reduces the resolutron and efﬁcrency of the detector However, a
riew technique, which uses mrcrowave photons instead of electrons as the mformatron carr1ers avords
some of the problems assocrated w1th charge collectlon . b
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Cadmium Telluride and Cadmium Zintc Telluride

A radiation spectrometer that operates at high (i.e., room) temperature has obvious advantages over
conventional cryogenic spectrometers for applications where the system has to operate in an unattended
mode or where liquid nitrogen (or a sufficient source of power) is difficult to obtain or too cumbersome
to use. In recent years, the technology of radiation detectors that operate at room temperature has greatly
improved, as a result of the ability to grow a number of semiconductor materials. ‘Cadmiuin zinc telluride
(CZT) and cadmium telluride (CdTe) are two such semiconductor materials with the properties required
by a high-performance spectrometer. CdTe and CZT have high atomic numbers; however, a chief
concern related to the use of alloy materials (including CdTe and CZT) for detector applications is
degradation of detector resolution as a result of detector matrix heterogeneity. The most significant
drawback of CZT is the insufficient supply of high-quality crystals for spectroscopic systems. This
circumstance results from both uniformity issues and carrier transport properties.

Other Det_ector Materials

While CdTe and CZT are currently receiving most of the attention and focus as room temperature
detectors, several other materials are being researched for this function. The following paragraphs .
briefly summarize the current development of four such materials, namely xenon (gaseous and liquid),
mercuric iodide, lead iodide, and diamond.

Xenon

The properties of xenon that make it desirable as a detector material are that the energy required to
generate an ion pair is 21.9 eV (which is smaller that argon and neon), and that its Fano factor is about
0.17. This means, for example, that the 662-keV gamma-ray line from '*’Cs has an energy resolution of
0.56-percent FWHM in xenon. This excellent intrinsic resolution, combined with a high atomic number
(Z=54), shows that xenon is a suxtable medium for high-resolution gamma-ray detection. Tepper et al.
(1998) report on a cylmdncal ionization chamber filled with highly purified xenon that has an energy
resolution of 1.8 percent at 662 keV

Xenon does exhibit some nonlmear behav:or in its density when its pressure is varied near its critical
point!, which corresponds to 10° dynes/cm?® (58 bar), p = 1.1 g/cm® and 17°C. In general, at room
temperature, xenon exhibits very little increase in pressure, for significant increases in density.
Nonetheless, the sensitivity of the pressure to temperature must be considered when designing a detector
using xenon (Mahler et al., 1996). A portable gamma-ray system using xenon gas will be discussed later.

Liquid Xenon

Liquid xenon (LXe) has been used as a detection medium for an imaging telescope (Aprile et al., 2000).
LXe is an ideal material for h10h -energy gamma-ray detection because of its high density (3 g/cm3) and
high atomic number (Z=54). The ionization and excitation of xerion atoms, which result from these
interactions produce a large humber of electron-ion pairs (6,400 e-/ 100 keV, whereas gas proportional
counters yield ~4,000 e-/ 100 keV) and a similar number of scintillation photons. However, when
compared to gaseous xenon, the resolution of LXe (approximately 6 percent at 1 MeV) is somewhat
poor.

! The cnitical point is where two phases (e g., liquid and gas) have exactly the same density and are indistinguishable.

B-18



4783

4784
4785
4786
4787
4788
4789
4790
4791

4792
4793
4794
4795
4796
47917
4798
4799
4800
4801

Mercuric lodide

Red mercuric iodide (a-Hgl,) has been researched for almost three decades for use as‘a room temperature
-~radiation détector material. Its high atomic number and wide baridgap make a-Hgl, particularly well-

suited for fabrication of room temperature compact spectroreters: -It has been used to produce some of

.the highest resolution room temperature x-ray and gamma-ray detectors.: However, these positive  ~
ncluding the fact that the material has a relatively
high'vapor pressure at room temperature, and the iodine is generally preferentially sublimed at a faster
rate, yielding a mercury rich surface. Additionally, the material is mechanically very soft, and o

properties are balanced by several negative properties, i

delaminates easily at the iodine layers (James 1996, Van Scyoc 1996). 7. ~
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A novel room temperature, high-resolution Hgl, spectromieter that has the needed performance and yield

¥

of high-quality détectors, with minimal support and maintenance réciuirga‘ménts', has been developed

(Van Scyoc, 1997). In part
‘eliminating the material properties most degrading to performance. With these impr

icular, the reduction of charge tréppinig defécts has been achieved by -

ovements, Hgl, -

devices with high-energy resolution over the range of x-ray and gamma-ray photon energies of 1 keV to
1 MeV can be readily produced. -Figure B-1 shows the dramatic differénce between the **' Am spectrum
produced with a conventional Hgl, detector on the left, and the same spectrum produced with the new
Hgl,. Notice that the peaks on the right spectrum are much sharper and more symmetric." Also notice
that while low-energy tailing is still visible, it is at a much lower level, which allows a Compton , -

scattering peak to become visible.
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Figure B-1: Spectrum
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Lead lodide

Lead iodide (Pbl,) was first introduced in the 1970s as a candidate material for nuclear radiation
spectrometry having an extraordinarily high efficiency for gamma rays. In addition, the wide bandgap of
this material makes possible the growth of extremely high resistivity material. Lead iodide has a high Z
and a high density (6.2 g/cm®), which means a high stopping power. Thus, room temperature, and even
above room temperature, operation of gamma-ray spectrometers fabricated in this material is feasible.
Also, the growing of single crystals of lead iodide is simpler in comparison to mercuric iodide or CZT
growth. High-purity (99.9999.percent pure) Pbl, is commercially available and further purification
(which is crucially important for detector grade material) is accomplished by zone refining for

100 passes'?. The primary difference bét»\(een recently demonstrated lead iodide detectors and those
fabricated earlier appears to be the Hégree of crystal purity. However, one of the obstacles in dealing
with Pbl, is its poor mechanical behavior resulting from its layered structure.

With the appropriate processing techniques, it has been found that detectors fabricated from high-purity
Pbl, crystal exhibit significant improvement in performance, compared to those produced from low-
purity crystals. However, problems still exist in lead iodide because of the low charge carrier collection
efficiency, which is probably caused by additional impurities or defects incorporated during crystal
growth and detector fabrication processes (Hermon, 1997).

Diamond

For application to radiation detectors, the wide bandgap, radiation hardness, optical transparency, and
low atomic number are important properties of diamond. Any radiation that generates free carriers in
diamond can be detected. This includes photons with an energy greater than the bandgap of 5.5 eV,
which includes ultraviolet, x-ray, and gamma rays. High-energy particles (e.g., alpha particles, electrons,
neutrons, etc.)can also be detected. Diamond radiation detectors have a lengthy history.
Photoconductive ultraviolet detectors were developed in the 1920s and ionizing radiation detectors were
fabricated in the 1940s. However, these devices found only restricted usage because of the limitations of
geological diamonds. Advances in the quality and size of chemical vapor deposition (CVD) diamonds
have created new opportunities for the fabrication and application of diamond radiation detectors

(Kania, 1997).

Because of their ability to withstand very high heat flux levels and very high radiation levels, CVD
diamond detectors are being researched and developed for high-energy physics devices, such as the
Advanced Photon Source at Argonne National Laboratory and the Large Hadron Collider at the European
Laboratory for Particle Physics (Liu et al. 1996, Hrubec et al. 1998; Friedl et al. 1998).

12S0me solids can be purified by a process known as zone-refining. The impure solid is packed tightly in a glass tube,
and the tube is lowered slowly through a heating coil that melts the solid As the melted solid cools slowly in the region of the
tube below the heating loop, pure crystals separate out, leaving most of the impurities behind in the molten zone. This process
can be repeated as often as necessary to achieve the desired purity of the recrystallized solid.
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The detection of radioactive sources in scrap metal presents a harsh’environment that excludes many '
traditional detector materials. The lifting magnets used in a scrap yard would be a favorable location to

\ detect potentially contaminated metal entering the yard. Unfortunately, the presence of magnetic fields

and mechanical vibration prohibits the use of traditional photomultiplier tubes with scintillation
detectors. Moreover, the high temperatures réstrict the use of solid-state detectors such as Ge or Si.

" Manfredi and Millaud (2000) h'aive‘propose'd thiat diamond be used as a detector material for

contamination in scrap metal. *Since diamond has a low Z, it is unsuitable for the detection of medium to
high energy gamma rays. Manfredi and Millaud have’prbppséd the development of a conversion-type
detector that would be made of alternating layers of converter material and detectors. High-energy
photons would strike the conversion material (tungsten has been suggésted) and ;')'rcid{lce secondary

radiation that could be detected in the diamond.
Software ‘

The role of software in radiation detection is to facilitate the analysis and interpretation of information
that detectors provide. Numerous analytical techniques have been developed, which utilize and optimize
spectrometric information. For example, information in the form of a detector response, which can be
calculated using radiation transport codes, can be combined with spectral information (e.g., count rates
associated with radiation energy) to provide spatial distribution of radioactivity. Still other techniques
improve detector sensitivity by optimizing spectrometric information. Software aids in the

implementation of these analytical techniques, which can improve and extend the abilities of radiation
detectors.

Gamma Detector Response and Analysis Software

The Gamma Detector Response and Analysis Software (GADRAS) is a collection of programs used to
plot and analyze gamma-ray spectra. In contrast to most spectral analysis programs that find radionuclide
concentrations by determining the areas of characteristic photopeaks and ignoring the -
continuum,GADRAS uses linear regression to fit the entire spectrum with a combination of computed
spectral templates. Spectra are computed using a semi-empirical response function that was originally
developed for use with sodium iodide detectors (Mitchell, 1986), and was expanded to accommodate
other types of scintillators plus semiconductor detectors such as high-purity germanium. Subsequent
developments that have been incorporated into the current response function enable computation of |
spectra based only on the detector material and dimensions. This capability can be applied to evaluation
of detector designs prior to fabrication. GADRAS was developed at Sandia National Laboratory and is
used primarily for safeguard applications (Mitchell, 1992a). It has been used to analyze air filter samples
for the Remote Atmospheric Monitoring Project (Mitchell, 1987 and 1992b). Figure B-2 shows a typical
spectrum analysis of an air filter sample using a modified form of GADRAS called RAMP-PC1.

GADRAS-PC1 is a version of the software that has been written specifically for use on IBM-compatible
personal computers. Routines included in GADRAS-PC1 enable a calibration of the response function
parameters by fitting computed spectra for a set of calibration sources to measured spectra. The template
set used in the analysis of unknown sources can include combinations of the 96 isotopic sources in the
radionuclide library, fluorescence x-rays, or a user-defined library of source templates. The
GADRAS-PC1 response function has been used to characterize a variety of sodium iodide, cesium
jodide, bismuth germanate, and plastic scintillators plus high purity germanium detectors.
GADRAS-PC1 is particularly useful for analysis of spectra recorded by the scintillators because the low
resolution can preclude identification of photopeaks for all but the simplest gamma-ray sources. The
analysis routine also excels for weak sources or measurements with short counting times because the
entire spectrum is utilized, including statistically'si'gh‘ifican't c\ontir;uum regions. R
R R T *. . N A e v e
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The GADRAS response function is based on the fundamental interactions of photons with the detector
material. The first-order response is derived from the detector material’s crosssections for photoelectric
absorption, Compton scattering, and pair production. As many as 49 adjustable parameters can be used
to include compensation for unusual scattering environments and anticoincidence shields. It is seldom
necessary to use more than about 20 parameters, including those associated with the energy calibration
and detector resolution. The response function also computes the effects of phenomena that are generally
neglected, including: detection of coincident gamma-rays, pileup attributable to high count rates,
bremsstrahlung radiation, escape of fluorescence x-rays, and leakage of high-energy electrons from the
detector. Note that the response function obtained using GADRAS is not necessarily different from a
response function obtained using a radiation transport code such as Monte Carlo N-Particle (MCNP)®,
GADRAS uses measurements and linear regression to obtain a response function, while a radiation
transport code uses a simulation to determine the same quantity.

BMCNP is distributed within the United States by the Radiation Safety Information Computational Center (RSICQC),
formerly the Radiation Shielding Information Center (RSIC), Oak Ridge, Tennessee.
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Figure B-2: Analysns of an atmospheric filter sample contammg Be-7 usmg a modlfied form of GADRAS. The plot shows
background subtracted data represented with a 16 uncertainty. The step hlstogram gives the compound spectrum for the
combination of 1sotopes including Be-7, *?Pb, Ru-103, and Ce-141 (Mitchell 19923)
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Gamma Penetration Depth Unfolding Algorithm

The Gamma Penetration Depth Unfolding Algorithm (GPDUA) comprises a computer code and
measurement technique that uses the penetrating properties of gamma-rays to determine the depth of
contamination in materials. The measurement technique uses a typical portable HPGe gamma-ray
spectrometer system, consisting of a multichannel analyzer, high-voltage source, laptop computer (with
appropriate counting software), and a portable HPGe detector with a collimator. The lead collimator
serves two purposes, in that it (1) localizes the field of view, and (2) simplifies the efficiency
calculations. It must be noted that the method is applicable to radionuclides that emit at least two
gamma-rays, or radionuclides that emit a single gamma ray but have gamma-emitting progeny; parent and
progeny must be in secular equilibrium. The peak areas that correspond to the energies of the uncollided
gamma-rays are the only information necessary for GPDUA. 1t is the ratio of the counts in the peak areas
that contains the necessary information to determine the depth of contamination. GPDUA uses a point
kernel approach and solves an integral equation involving the net counts (from those photons incident on
the detector face), the intrinsic efficiency, the distance from the source to the detector, and the depth of
penetration. GPDUA solves the equation by iterating on the depth, and the depth that solves the equation
is the depth of the contamination. GPDUA has been tested with MCNP and predicts the depth of
contamination to within 10 percent of the actual (simulated) depth, regardless of the type of
contamination distribution (i.e., point, disk, or linear distribution) (Naessens and Xu, 1999).

Microwave-Based Radiation Detector

As previously noted, room temperature semiconductors suffer from material defects, which limit their
potential for high-energy gamma-ray spectrometry. Tepper and Losee (2001) are investigating the
feasibility of using microwaves to measure changes in the conductivity of these wide-bandgap materials
to determine the energy of the absorbed radiation. The method provides a way of extracting the energy
information without having to collect the charge, which has been a problem for these materials. The
method of using microwaves to measure the electrical properties of various materials has been used for
years. This, however, is the first time that microwaves have been used for gamma-ray spectroscopy.
Preliminary results show promise, but the sensitivity must be improved by at least two orders of
magnitude before high-resolution gamma-ray using this technique is a reality. Tepper and Losee are
confident that the sensitivity can be improved; however, it is unclear whether such a system could ever
match the performance of conventional cryogenic spectrometers such as HPGe detectors.

Compressed Xenon Gamma-Ray Spectrometer

A prototype gamma-ray spectrometer utilizing xenon gas at high pressure has been developed at
Brookhaven National Laboratory (Smith, 1996). Known as Compressed Xenon Gamma-Ray
Spectrometer (COXGARS), it was initially developed for safeguards applications. COXGARS is a
portable, battery-powered spectrometer, which functions at ambient temperature with an energy
resolution between semiconductor (Ge) and scintillation (NaI(Tl)) spectrometers; Mahler et al. (1997)
reports an FWHM at 662 keV of 2.5 percent. Figure B-3 shows the intérnal components of the
COXGARS systems, which is capable of prolonged, low-power operation without a requirement for
cryogenic fluids or other cooling mechanisms. Table B-2 provides some of the important characteristics
of the compressed xenon spectrometer.
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Static and Dynamic Long-Range Alpha Detector

Static and Dynamic Long-liange'Alpha Detector (LRAD) systems are designed to monitor alpha
contamination by measuring the number of ions produced by alpha particles as they interact with the air;
a typical alpha particle will generate about 150,000 ion pairs. A key feature of the LRAD detection
principle is that the ion pairs persist long enough so that ions may be collected on a detection electrode,
which is located some tens of centimeters away from an alpha-contaminated surface. The ions may be
transported to the electrode either by an air current or an electric field. Both the static and dynamic
LRAD surface monitors use an electric field. A more detailed description of the LRAD concept and
devices is contained in several reports (MacArthur 1991a, 1991b, 1992a, 1992b, and 1993).

Static LRAD Surface Monitor. In the static LRAD, the ions generated over the surface to be monitored
are collected on the detection electrode by a small electric field generating a bias voltage. This flow of
ions represents a small current which can be detected by a current meter or recording device.

This current is proportional to the total amount of contamination on the surface covered by the enclosure.
The detector enclosure serves two purposes, (1) to define the active area of the detector and (2) to
prevent externally generated ions from reaching the detector electrode and‘&msing a Spurious current.

A static LRAD system developed by Los Alamos National Laboratory (LANL) for measuring surface
soil uses a 1.0 m x 1.0 m x 0.2 m box-shaped ion chamber with an open bottom face. A small tractor
with the detector on the front lift moves the detector between monitoring positions; it places the detector
open face down on the soil. About 15 minutes are required for signals to stabilize after the detector is
moved to a new monitoring position. Once signals'are stable, the currents are averaged for about 5
minutes. In this current measuring mode; only alpha activity is measured. Note that the LRAD monitor
relies on the physical connection between the LRAD enclosure and the surface to be monitored.

Since the LRAD is not a spectrometer, it cannot identify radionuclides and, therefore, interference is a
problem. It cannot, for example, distinguish between the alpha activity from naturally occurring alpha-
emitting radionuclides such as uranium and thorium, and man-made alpha emitters such as plutonium.

It also cannot distinguish between surface alpha contamination and radon gas that emanates from the soil
and mixes with air within the LRAD chamber. The static LRAD detection electrode and the surface to
be monitored form a capacitor; this is called a capacitive coupling. Any movement of one surface
relative to the other changes the detector capacitance. This capacitive coupling causes a small current to
flow in the detector, creating an erroneous signal in the detector.

Field tests at various DOE sites have shown that LRAD surface soil monitors (SSMs) are faster and more
sensitive than traditional alpha detectors for measuring alpha contamination (Johnson, 1993). However,
an evaluation of the LRAD, performed at Savannah River, found several limitations to the application of
this technology: g

" The signals differed dramatically (factors of 20) above the uncontaminated sample materials.
This likely resulted from differences in concentration of naturally occurring alpha emitters, such
as uranium and thorium. ) )

. The edge seals used in the prototype sometimes allowed radon in-leakage during the
measurement. When this occurs, the LRAD signals do not stabilize.

u Any contact between the LRAD charge collection plate and the ground can result in leakage
currents that are large relative to signals from uncontaminated soil. Great care must be taken to
monitor soil where grass is growing.
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It was concluded that if the LRAD is used to locate alpha contamination and map its distribution, results
must be used with caution (Sigg, 1995). -Many false-positive indications are likely to be obtained, which
could require additional measurements by other independent methods. - . - e
Dynarhic LRAD Surface'Méhitor. Some of the limitations discussed above (capacitive coupling and the
fact that the'detector must be in contact with the surface to be monitored) have been addressed by adding
an additional electrode (MacArthur ef al., 1998). Externally generated ions'can be excluded using an
electrostatic electrode. An electric field between the guard electrode ‘and the surface excludes unwanted
ions from entering the chamber volume. This guard electrode removes the requirement for physical
contact between the enclosure and the surface. The LRAD can be continuously moved relative to the ",
surface to be monitored. .+~ B ' 3 T R
The guard electrode and gridded detector concepts are combined in the large dynamic surface monitor.
This detector system can be operatéd in a scan mode with little or no loss of sensitivity.. Movement of ~
the detector relative to the surface includes both “moving-LRAD” applications (e.g., measurements of
walls, floors,"and soil), as »\}elrl‘as"“m_ox'/ir‘fg‘-sdrfq&:‘e’,"'dpplicationé (e.g., soil and/or rubble conveyer belt”
systems).” Although the grid on the front of the detection chamber makes it more vulnerable, grid wires '
as large as 0.5 mm in diameter have been demonstrated, and there is some speculation that larger wires
would work as well. The current supplied to the exposed guiard electrodes is limited to about a microamp
without affecting the operation of the electrode._. : ;7 51: - ST s IR TIRY

- car e s Ve, P  E . .. e . Ty Ty 4
‘Waste Assay Systems ST co - CE e

'
‘ FETE 4 E LA

Waste Assay for Non-Radioactive Disposal System (WAND). The WAND system scans low-density -,
waste (mostly paper and plastic). This system is designed to verify that the levels of radioactive
contamination (if present) are low enough so that the waste can be disf)osgd of in public landfills. The -,
WAND system was developed to reduce the volume of low-level waste that requires disposal from -

~

“The WAND system consists of 2 ead-shielded chambér coritaining six 1 2.74cm diameter phoswich’

detectors. A phoswich detector is a combination of two scintillators (in this case Nal and CsI) optically
coupled to a single PM tube. The ¢ombination of scintillators rejects background events and separates -
the full energy x-rays from other signals. The WAND system has a conveyor system that moves a
30.5-cm wide layer of paper through the chamber about 5 cm beneath the detectors and deposits the
screened material into a waste bin. Either pre-shredded paper or packets of paper no more than 30 sheets
thick, are manually placed on the conveyor belt. )

The electronic portion of the WAND system consists of electronic modules (needed to process the
signals from the six detectors) and a desktop computer (486/66 PC). The software portion of the system
consists of a custom analysis algorithm (written in C++ language), along with the code by which the
operator controls the system and produces reports. Each phoswhich detector is equipped with a
preamplifier and two electronic nuclear instrument modules (NIMs), which provide the buffering,
amplification, and pulse shaping. To preserve the individual signals from each of the 12 detectors while
using a single analog-to-digital conversion (ADC) module, a custom multiplexer module was designed to
handle the data. With the exception of the multiplexer, the electronics are all commercially available. -
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While moving the waste material at a speed of 1.27 cm/sec beneath the detector array, the system
software performs a series of consecutive 10-second evaluations of the levels of radioactivity seen in
each detector. If the count rate in any of the four energy regions of interest (ROIs) meets or exceeds the
upper limit of the background, the conveyor belt backs up and does a recount. If excess radioactivity is
detected on the recount, the conveyor belt stops and the software identifies the detector and the ROI that
had the increased count rate. Additional information on the WAND system may be found in papers and
reports by Arnone et al. (1998) and Myers (2000).

High-Efficiency Radiation Counter for Low Emission Sensitivity System (HERCULES). The
HERCULES system consists of a vertical array of three phoswich scintillation detectors positioned in a
shielded detection chamber. Low-density waste is placed in a 30-gallon plastic drum, which rotates on a
turntable (12 RPM) approximately 4.0 cm from the detector array. Count times can be varied according
to detection sensitivity requirements, but the standard measurement time for most radionuclides is 1,000
seconds. A sliding door on the top of the detection chamber allows for access to waste in the plastic _
drum. The chamber walls are filled with 2 inches of lead shielding and are lined on the interior with
0.08-cm copper and cadmium sheets'*. The HERCULES system uses the séme electronic components
and software packages as the WAND system, which makes the components easily exchangeable.
Additional information on the HERCULES system may be found in Myers (2000).

Controleur Automatique de DEchets Faiblement Actifs (CADEFA). The CADEFA is a system designed
by Canberra Industries for assaying large samples, specifically waste containers for the decommissioning
of the Chinon A3 Nuclear Power Plant. The samples can be as large as 1 m® (250 gal) and weigh as
much as 450 kg (Y2 ton). Samples that were measured using CADEFA were thermal insulation, steel
pipes and beams, eléctrical wiring, and concrete. Gamma-ray spectrometry was used to achieve the
desired detection levels in the presence of fluctuating levels of natural radioactivity. Some of the
samples being considered for measurement at Chinon  contain radionuclidés that emit many gamma-rays
such as Eu-152, Eu-154, and Co, along with naturally occurring radium, thorium, and potassium. These
radionuclides represent the limit that a NaI(T1) scintillator and standard gamma-ray analysis software can
reliably detect'’. Hence, HPGe detectors are being considered, since they have much better resolution
and would provide better results for this radionuclide mixture (Bronson, 1994),

l“Shielding with Cu and Cd is a well known technique to reduce the backscattering of fluorescent lead x-rays into the
low-energy end of the Nal(TI) spectra,

"Recall that Nal(TI) has a resolution of about 7 - 8 % at 662 keV. This limits the ability of a Nal(Tl) spectroscopy
system to distinguish between a radionuclides based on their gamma-ray spectra. Only radionuclides with intense spectral lines
that don’t coincide with the characteristic lines associated with natural background can be reliably identified with a Nal(T1)
detector.
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Transuranic (TRU)/ Low-Level Waste. A number of requirements govern the disposition of DOE waste
generated at both Federal and commercial disposal sites. These requirements constitute the basis for the
performance of nondestructive waste assay (NDA) systems. The specific requirements for the
disposition of transuranic waste types are defined in the Waste Isolation Pilot Plant (WIPP) Waste
Acceptance Criteria and the associated Quality Assurance Program Plan (U.S. DOE,.1996d). WIPP'
requirements essentially force NDA systems to be able to quantltatlvely determine alpha-emitting
transuranic elements with a half-life greater than 20 years that comprise 95 percent of the hazard. WIPP
also requires NDA systems to have sufficient sensitivity to verify that the total alpha activity per gram of
waste matrix exceeds 3,700 Bq/g (100 nCi/g). In addition, the NDA technique must have a measurement
range equal to or greater than a 325 fissile gram equivalent's. Therefore, a significant amount of
technological development and innovation is being brought to bear on NDA systems for the assay of
TRU waste for storage at WIPP.

Technologies and Methodologies

Some aspect of the technologies and methodologies used in this field could be applicable to the
measurement of residual radioactivity in volumes and on surfaces. The following paragraphs discuss
some representative technologies.

3

Active & Passive Computed Tomogl:aphv

Computed tomography (CT) is a radiographic method that permits the nondestructlve physmal and, to a
limited extent, chemical characterization of the internal structure of materials. Since the method is x- ray
based, it applies equally well to metallic and non- metalhc spec1mens

In conventional radiography, x-rays pass through the ob_|ect and the transmitted intensity is recorded as a
two-dimensional image. The information contained in this radiograph is a projection of the absorption
density in the sample onto the plane perpendicular to the x-ray beam direction. When the sample is -
imaged several times in different orientations, volumetric information on the sample structure can be
obtained using computer algorithms. Known as a tomographic reconstruction or tomography, this -
enables us to Jook at “slices” of the investigated object without physically cutting it. Figure B-4
illustrates the CT process. A

Active and passive computed tomography (A&PCT) is a gamma-ray NDA method, which has been used
to identify and quantify transuranics in 208-liter (55-gallon) waste drum containers (Martz etal., 1996,

' 1997, and1998). The A&PCT consists of two separate measurements. The first is an active CT (ACT)

scan that can yield quantitative attenuation data (related to density and atomic number) using an external
radiation source. The second measurement is a passwe 'CT (PCT) scan that can, in principle, localize all
detectable radionuclides w1thm a volumie (in thls case ‘a drum) and determine their identity if an entire
energy spectrum is obtamed " ‘

3

‘e !

15A method of normalizing fissile and fissionable isotopes to plutonium-239 for use in establishing criticality safety
limits
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For ACT, the function to be imaged is the measured x-ray or gamma-ray attenuation of an external
source, whereas in the case of PCT, the function to be imaged is the measured x-ray or gamma-ray
activity at one or more energies of all detectable radionuclides within a drum. The ACT images are used
to correct the PCT images for attenuation to determine the activity of the internal or external emitting
source. For an A&PCT scanner with gamma-ray spectrometry detection equipment, each radionuclide in
the drum can be identified by the energy of its characteristic radiation. More information on A&PCT can
be found in papers and reports by Decman (1996), Keto (1995), Matalucci (1995b), and Robertson (1997
and 1998).

Experiment Raw data Processed data

—
" _~
,‘ )
incident v
HXraybeam bulk sample 2-d detector Projection radiographs 34 volume data

for every angle on the interior of the sample

Figure B-4: The Computed Tomographic Process

Becker et al. (1999) evaluated 13 (with 1 under development) boxed waste NDA technologies, 2 passive
neutron-based systems, and 7 active/passive neutron-based systems. Some of the technologies for the
boxed waste NDA assays are summarized below. Detailed information from Becker er al. was preserved
to illustrate the level of technology that is used to assay boxed waste containers. Background
information on the technologies was included when provided.

Canberra’s Gamma Box Counter

The Canberra Gamma Box Counter is designed to accommodate a variety of box container sizes up to the
large (~ 80 m®) shipping container. The system is typically configured with either two or eight HPGe
detectors, which can be placed close to the container to optimize sensitivity, or at a distance for a far-
field measurement of higher dose rate containers. The system is intended to characterize fission and
activation product waste, as well as waste generated from plutonium, uranium, radium, and thorium
processing applications. These waste forms are typically generated in decommissioning or
environmental restoration applications. Mathematical calibrations are generated using Canberra /n Situ
Object Counting Software (ISOCS). Matrix corrections are performed using an average density matrix
correction technique based on the sum of spectral data from all detectors. Corrections for nonuniform
distributions can be accomplished through the calibration and through a differential peak absorption
analysis technique. Qualitative evaluations of nonuniformity can also be made by evaluating the
response of the individual detectors.
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Oak Ridge National Laboratory’s Y-12 Box AssayASystem

The Y-12 B-25 box NDA system is used to sort “non-radioactive waste” from low- level waste at the
1.3-Bg/g (35 pCi/g) total uranium activity. The system was desxgned and built at the Y-12 plant and
commenced operation in early 1996. The waste form characterized by the system is produced asa
byproduct of Y-12 plant operations and decontamination and decomm1551on1ng activities, and is routinely
packaged in the B-25 type box.

The Y-12 box assay system is composed of two arrays of uncollimated 12.7-cm diameter by 12.7-cm
thick Nal(T1) detectors. Each array consists of six detectors placed on the long sides of the box.

Detector spacing is determined according to the Nyquist critical spatial frequency'’. Each detector is also
positioned 31.75 cm from the surface of the waste box. The output of each detector is routed to a
multichannel analyzer for display and analysis. Regions of interest are set for peak area quantification at

the 185.7-keV gamma-ray from ***U and 1,001-keV gamma-ray from®**"Pa. Analysis is performed using

a point-source efficiency response followed by a transmission correction for attenuation, thus quantifying
the radioactivity of 2*U and **U. Four HPGe detectors, two on each side, screen the box for the
presence of non-uranium isotopes to provide information on enrichment. A 5-cm thick iron wall on each
side of the detector arrays provides background radiation shielding.

In a separate measurement station, a three-position gamma-ray transmission measurement is made
through the short, horizontal axis of the box. This measurement allows correction of the uncollided flux
for matrix attenuation. The transmission measurement is acquired via three collimated Nal(T1) detectors
(7.6-cm diameter by 7.6-cm thick) located on one side of the box, opposite three depleted uranium and
three enriched uranium transmission sources on the other side. Data from the two measurement systems
are fused together in an algorithm that yields measurement results for U and 238U '

East Tennessee Technology Park jETTP) K-25 Box Assay System

The East Tennessee Technology Park, formerly the K-25 Site, was a uranium enrichment facnllty that
processed and stored a large variety of radioactive wastes. These waste forms are generated primarily as
a result of maintenance and decontamination and decommissioning operations in the five gaseous
diffusion plants. The B-25 type box is the predominant container type used for waste packaging. Matrix
types are segregated into two broad categories, including combustibles and metallic waste forms. The
waste is primarily contaminated with uranium at variable enrichments that historically have averaged
approximately 3 percent. Techniques used include Nal(Tl) gamma, HPGe gamma, and passive neutron.
The measurement protocol commences with an assay at the Nal(T1) detector station, followed by a
passive neutron measurement for metallic type matrices only, and a final measurement via a HPGe
gamma spectroscopy system. . . .

The Nal(T1) measurement station consists of four 12 7-cm diameter by 7.6-cm thick lead collimated
Nal(T1) detectors interfaced to a PC-based analyzer equipped with four 1,000-channel analyzers. Two
detectors are centered on each long side of the B-25 box, 45.7 cm from the edge at 91.4 cm, box surface
offset. The system independently processes signals from each of the four detectors. Regions of interest
are set on the MCA for the 185.7-keV gamma-ray of 25U and the 1,001-keV gamma-ray of ?*"Pa. The
sum response of the four detectors, corrected for efﬁc1ency, attenuatlon and background is the basis for
mass determination on either U or #*U. . :

""The distance between adjacent detectors is the sum of the distances corresponding to that point where the detector
response is one-half the maximum for a point source response at 31 75 cm from the detector face
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The radioactive source’s spatial and matrix attenuation dependent detector response is modeled for each
Nal(T1) detector using a program called GAMMAEFF. Corrections for matrix attenuation are based on
the net box weight to determine matrix density and knowledge of the matrix type to arrive at appropriate
gamma attenuation coefficients. The matrix density is determined from the net box weight with the
assumption that the matrix fills the box homogeneously. The GAMMAEFF program uses the matrix
type, density, and associated attenuation coefficients for determination of matrix attenuation correction
factors over a range of matrix types and densities. The matrix correction factor is applied to each of the
Nal(T1) responses, and the sum of the four detectors are used to arrive at the isotope mass. A 3-percent
uranium enrichment is assumed for the Nal(T1) measurement when the 25U and 2*U masses are less than
0.2 and 30 grams, respectively. Mass values less than these do not allow use of the HPGe system for
enrichment measurements due to sensitivity considerations. Under such conditions, the NaI(T1) system is
effectively a standalone measure.

A passive neutron measurement station is used to verify that large masses of highly enriched U have
not been missed in the heterogeneous steel matrix. The HPGe measurement is used to estimate the

23U enrichment and identify the presence of other gamma-ray emitting radionuclides. The mass of

23U or 2*U (based on the Nal(T1) measurements) is used as the reference value for determination of
enrichment and mass of other radionuclides through HPGe measured relative ratios. The system consists
of one collimated HPGe detector positioned to view the long side center of the box. The HPGe detector
is interfaced to a PC data acquisition and analysis system. The results of radionuclide identification and
peak fit routines are input to the ISOTOPICS program, which uses this information with measurement
configuration data to compute geometry and matrix attenuation corrections. Matrix and container
material types are adjusted to ensure applicable mass attenuation coefficients are employed for the
gamma-ray energies of interest. The HPGe results are normalized to the U, and occasionally ***U,
mass derived from the Nal(TI) measurement station. The NaI(T1) based 2**U mass value used as this
measure has a smaller geometry dependent correction versus the HPGe system.

Oak Ridge National Laboratory’s Waste Examination and Assay Facility B-25 Box Assay System

The specification and preliminary design of a waste assay system for the identification and quantification
of gamma-ray-emitting radionuclides in the B-25 waste box container has been performed at the Oak
Ridge National Laboratory Waste Examination and Assay Facility (WEAF). The system, tentatively
called the B-25 Box Assay System (B-BAS), is designed to address the need to measure the radionuclide
content of a B-25 waste box at its site of residence. This is specifically intended to reduce costs by
minimizing transportation of the box to a facility specifically for nondestructive assay or representative
sampling of its contents.

The B-BAS is based on an array of eight low-tesolution/high-efficiency 7.6-cm by 7.6-cm Nal(TI)
detectors for identification and quantification of waste entrained, gamma-emitting radionuclides.

Four detectors are positioned on one long side of the B-25 box with a symmetrical arrangement of the :
remaining four on the opposite side. The eight detectors are mounted to a moveable support structure
with large wheels, allowing the B-BAS assembly to be moved by hand down the long axis of a B-25

waste container. This moveable structure is designed to be easily transportable between measurement X
sites. The wheels are removed to insert the B-BAS in the WEAF Real-Time Radiography (RTR) system .
for the ultra-high-sensitivity “No Rad Added” type measurements. r
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The moveable detector assembly positions the detectors at a distance of 30 cm from the surface of the

' B-25 box. The detector’s spatial configuration is designed to allow'a maximum field of view for the

middle two detectors and a minimum field of view for the uppermost and lowermost detectors.” The two
middle detectors have the same collimator design (i.e., a 34.2 degree angle from the centerline of the ~
collimator). The uppermost collimator has a smaller field of view with only a 9.5 degree'angle of ~ * -
collimation with respect to the centerline. ‘The smallest field of view is 1mp1emented in the lowest
detector (4.4 degree angle with respect to the centerhne) Each co]hmator has at least 2. 5 cm of lead to
shield background gamma rays L ; R

The measurement protocol for the B-BAS is to acqulre data ina scannmg fashron by movement of the

NaI(Tl) detector array across, the B-25 box. This scannmg data acquisition mode is performed manually

by operatmg personnel “When the B-BAS is mserted into the WERF RTR chamber, the wheels of the
B-BAS are removed and the detectors are fixed. Scanmng is achleved within the RTR chamber via a‘

"B-25 box transport system, whrch moves ‘the box past the ﬁxed detector array at a constant speed K

Srgnals from the Nal(TI) detectors are routed into two mrxer/routers Each of the two mlxer/routers ¢
allows simultaneous acquisition of up to four signals. These mixer/routers havé a preamplifier and an
amplifier on each channel. The preamp/amp combination allows the user the ability.to “gain match” the
detectors.zThe purpose of gain matching is to allow spectra summing for the detector arrays by adding
channel to channel The summed spectra are processed through a FC-based, multrchanne] analyzer card.

BS - A Survey of Reported Minimum Detectable Concentratlons for Selected Instruments and
' Measurement Methods T ?t O

For low-level measurements, the minimum detectable concentration (MDC) is'an important performance
characteristic.’ It is usually difficult to make a fair ahd meaningful comparison of the sensitivity between
various instruments (e.g., a gas proportional counter and a GM tube) and measurement methods

(e.g., total ionization and gamma-ray spectrometry). ‘Yet, some approaches are generally regarded as .

-more sensitive than others. This section lists MDC-values for a collection of instruments and

measurement methods that are relevant to clearance.: In most cases, MDC values are provided from .
instrument vendors without any explanation concerning the methods and specific formulae used to arrive
at these values; therefore, they should be viewed with caution. . oo ’

The focus of this section is the data in Tables B- 3a, B-3b, B-4a; and B-4b. Tablés B-3a and B-3b cover
technologies that have been applied to volumetric contamination. Table B-3a categorizes the
techniques/technologies according to the application, assay strategy, matrix, source size, assay
technique/technology, and radiation detector. Assay strategies reflect techniques that are used to
quantify activity. They range from simple techniques that measure total ionization to more sophisticated
techniques that involve spectroscopy with passive and active methods of background reduction. Surface
measurements are treated in Tables B-4a and B-4b. Note that, unlike Table B-3a, these tables do not
address applications because (for the technologies listed) the application is exclusively for
decontamination and decommissioning (D&D). Also, note that for surface contamination, the preferred
detection method involves measuring total ionization, whrch precludes (for the most part) radionuclide
identification.
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The range of MDC values for volumetric contamination is rather large. ' The Compton suppression well
counter (CSWC) has an MDC of a few tenths of a Bq/kg in the case of '*’Cs, while scanning for natural
uranium using scintillators has an MDC of several thousand Bg/kg. The situation is similar for surface
contamination; the MDCs range from a few tens of Bq/m’ for liquid scintillation counting to a few
thousand Bq/m®. Count times range from 1 second in the case of scanning measurements to a day or
more for laboratory analysis.- Sample size (and active area in the case of surface contamination) is one of
the key features in determining the sensitivity. Note that in the case of the CSWC (Table B-3a,

ID nos. 4a, 4b, 4c), the sensitivities are fairly low and somewhat comparable to the MDCs for the in situ
measurements of soil taken with a HPGe detector at a standoff distance of, 1 m (Table B-3a, ID nos. Sa,
5b, 5¢c, 5d). The in situ soil measurements achieve low MDCs with a relatwely short count time

(as compared to the CSWC) because of the large sample size. The CSWC uses just a few grams of
material, while an in situ soil measurement has an effective sample size of about 100,000 kilograms.
Compare that situation with the in situ measurement of soil; note the MDC for B7Cs is a respectable 0.8
Bq/kg. This situation is similar for surface contamination. The LRAD system (see Table B-4b, ID no. 4)
has an MDC in the range of 12-30 Bq/m?, compared to a gas proportional counter with an MDC for **Th
and transuranics of 600 Bg/m?. While the count time is not given for the LRAD system (it is not
unreasonable to believe that it is commensurate with the count time for the gas proportional counter),

we see that the active area of the LRAD is 100 times greater than that of the gas proportional counter,

The foregoing discussion leads istoa general conclusion that has i;nplications for the design of a
detection system and/or measurement strategy to achieve the appropriate MDC value for a given
application. Specifically, use the largest practical sample size coupled with the largest practical

detector or array of detectors. .

It is clear that measurement of radioactivity associated with the control of solid materials is greatly
facilitated by the development of new.radiation detectors and detection systems. Of the systems
addressed, the ones being developed for the assay of transuranic waste are of particular interest:
Although not directly applicable to levels of radiation near background, they do represent the state-of the-
art in radiation detection. This appendix attempted to compare the detection sensitivity for a variety of
systems, with the caveat that many of the reported MDCs are from instrument manufacturers and should
be viewed with caution. The comparison is valuable in the sense that it led to a general conclusion
regarding the sensitivity of radiation detectors for radioactivity associated with the control of solid
materials.
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Table B-3a: Measurement techfmlogies for volumetric contamination

Assay Technique/ Radiation
ID # Application Assay Strategy Matrix S'o uree y 1
Size (g) Technology Detector
la
water HPGe
1b 1000
e (p=1.0 g/cm®) (60% rel. efficiency)t
. . gamma-ray spectrometry with HPGe
) Routine sample analysis 250 shielded detector
sampling (115% rel. efficiency)t
i Nal (Tl
3 & lab analysis soil L (Th
(1.6 cmx 7.6 cm)
(p=1.0 g/cm’)
4a Compton suppression well HPGe
4b —— - En_\"ironmenta] R - e s e e PV 3 et e — detector’gamma-ray 4 e e ety e »We" detectorn
‘4¢ spectrometry (125 cm’)
) 5& ' 1' ,v.ﬂ
'5b : 108 Jn st HPGe
t5¢ AR gamma-ray spectrometry at 1 m (40% rel. efficiency)t
> NDA/ T soil O
2 D&D direct , in situ 6 HPGe
6 (p=1.5 glem?’) ~10 e
measurements gamma-ray spectrometry at 8 m (75% rel. éfficiency)t
‘ J o T e e e e
7 » N/A gamma-ray spectrometry * CZT artay
8a ortable energy dispersive Hgl
\ N/A P g P' gl
8b ; " x-ray fluorescence -t
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Table B-3a: Measurement technologies for volumetric contamination

Assay Technique/ Radiation
ID # Application Assay Strategy Matrix Source
Size (g) Technology Detector
9a
D&D
9b N/A laser ablation mass spect. N/A
9% NDA/
direct Fiber Onti
10 measurements 700 scintillating fiber optics with 1ber Optic
. anti-coincidence counting (Beta-Scint™)
soil
11a
11b (p=15 g/cm’) Nal(T1)
y . NDA/ (3.8cmx 3.8 cm)
c
N/A gross radiation counting
12a hand-held scanning
12b Nal(T1)
12 (5.1 cm x 5.1 cm)
c
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Table B-3a: Measurement technologies for volumetric contamination

ID# Application Assay Strategy Matrix S.O uree Assay Technique/ Radiation
Size (g) Technology Detector
13a
13b WAND system
:i: Waste Assay NDA/ in toto low density N/A Arra)I'):tfel;l:)c;zwich
14b - HERCULES system -
l4c
15a’ :
15b l°d“;£’i tl;,’“’ ) in situ HPGe
15¢ (=03 gkm’) ~10 " gamma-ray spectrometry at 1 m (40% rel. efficiency)t
15d° !
16a )
1l6bl E (gg.;:\lltlf)rn) ‘ in situ HPGe .
16¢ ' drum gamma-ray spectrometry at 1 m (40% rel. efficiency)t
16d Lo
:Zs { 5% 10° CADEFA
18a Misc.Waste gamma-ray specjtroimetry -2
18b ’
o N 4 x10* -
l? Safegu'?lrds' HEU in van 5 105 portal monitor plastic scintillators

--* data not provided

® represents total mass of radionuclide (e.g , 40 — 200 kg of highly enriched uranium (HEU))

t rel. efﬁciency; efficiency relative to a 7.6 cm x 7 6 cm Nal(T1) detector
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Table B-3b: MDC values for volumetric contamination

ID Time MDC MDA*
Radionuclide Reference
# (s) (Bg/kg) (Bq)
la %Co 0.64 0.64
1b BCs 600 0.70 0.70 ANSI/HPS N13.12-1999
lc #Am 4.2 4.2
2 B¥1Cg 6000 1.4 0.35 Koch, P., et al., 1997.
3 “K 36000 15 N/A® Ibeanu, I., 1999.
4a B1Cs 0.32 9.6 x10*
4b By 86400 18 N/A¢ Harbottle, G., et al., 1994
4c #Am 0.44 0.0013
5a “Co 1.1 10°
5b ¥'Cs 0.8 www canberra com/literature/technical ref/ga
5c 2y 20 110 ~10° mma/isocs
5d #Am 3.6 ~10°
*Am 3600 3.8 ~10% Reimann, R.T, private communication
Uranium -2 27 Metzger, R et al., 1998
8a “K - 6500 N/A? Potts, P.J., 1999
8b 2y 1900
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Table B-3b: MDC values for volumetric contamination

ID Time MDC MDA*
Radionuclide Reference

# (s) (Ba/kg) (Bq)

9a ®Co 37

9b BICs - 4 N/A NUREG-1575, 1997

9 3y 0.04

10 0Sr /28U 300 37 26 U.S. DOE, 1998a

11a ¥1Cs 380

11b Nat U ~1 4300

lic “Am 1700 .

N/A Abelquist, E'W., and W.S. Brown, 1999

12a B1Cs 240

12b Nat U ~1 2700

12¢ #Am 1200

13a BiCs 52

1364 ‘ sy 1000 <190 52 Myers, S.C., 2000

13¢ M o 30
"14a - BCs 104 ) .- R
14b - 238 ¢ 1000 <190 181 Myers, S.C., 2000

14c MAM 22

152" 9Co " 7.8 8 x10° e »

156 . 1Cs 900 12 1x10° www.canberra.com/literature/technical ref/ga
15¢'" By’ 1100 1x10™ mmalisocs

154 MAm- 1900 2 x107

16a’ ®Co'* 48" ,

- -900 - N/A - www.canberra.com/literaturé/technical_ref/ga

16b’ P1Cs 28
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Table B-3b:

MDC values for volumetric contamination

ID Time MDC MDA*
Radionuclide Reference
# (s) (Bg/kg) (Bg)
l6c L O 3500
16d HAm 2700
17a ®Co 180 2 1000 Bronson, F., 1994
17b WICs 2 1000 o
18a %Co 180 25 200 Bronson, F., 1994
18b ¥Cs 25 200
19 HEU ~1-5 N/A ~108 York, R\L., et al.,1996

*MDA - mimimum detectable activity

N/A® - Not applicable because no sample mass provided.

N/A? - Not applicable because not enough data was provided (mass and/or count time).
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Table B-4a: Measurement technologies for surface contamination

ID # Assay Strategy Assay Technique/Technology Detector Active area (m?)
1 sampling & lab analysis liquid scintillation counting Nal(T1) N/A
Yy
2 : FIDLER* (NaI(T1)) -
3a ‘
trometry with unshielded detect
3b ¥ ray spectrometry with nshieided detector HPGe (40% rel. efficiency)t N/A
3c ; . )
4 LRAD/ total ionization ionization chamber 1
Sa : -
5b ; , gas proportional counter 0.01
5¢ NDA/
6 direct measurements b total ionization gas proportional counter 0.01
7 zinc sulfide -+ 0.01
8 . -
(o~ 8: ; Geiger-Muller tube 0.002 |
3 9a i 3" “g s e . . . e . i -~ 3 3
9 \ LRAD/ total ionization ’ jonization chamber - 0.01 .
9% 2 . . |
9d 1 total ionization large-area monitor Q.Ol
10a NDA/ * . position-sensitive -2
i SCM/SIMS/total ionization ,
10b scanning proportional counter
l1a measurements " Pise Exol T;“/t ol iomizati scintillating membrane ?
; . . Pipe Explorer™/total ionization ;
11b (manual & conveyorized) g pe Exp _ Nal(Tl) : ‘
12 NDA/in toto ; + TONSENS™28 ~:ionization chamber b
measurements : Large Item Monitor

--* data not provided

* Field Instrument for the Detection of Low Energy Radiation (FIDLER) The FIDLER consists of a thin Be and Al window with a
Nal detector coupled to a PMT (see NUREG-1575 for more information)

trel. efficiency - efficiency relative to a 7 6 cm x 7.6 cm Nal(T1) detector

|
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Table B-4b: MDC values for surface contamination

ID # Time Ra(-lio'n uclide/ MDC Reference
(s) Radiation Type (Bg/m?)
1 - “Sr 0.18 ANSI/HPS N13.12-1999
2 - MAm 19000 Kirby, J., et al., 1976
3a *“Co 350
b 3600 137 3500 www canberra comvliterature/technical _ref/eamma/i
3c *Am 310 =
4 - o activity 12-30 NUREG-1575, 1997
5a “C 930
5b 60 *Te 4.9 NUREG-1507, 1998
Sc Sr('Y) 2.9
2°Th and transuranic 600
2Th 108
8a 2Sr(**Y) 10°
8b fission products 10* Goles, R.W., 1991
9a 60 *Sr(™Y) 750
235
% 2Xén;t¥roggy 600
9 2°Th and transuranic 600
9d fission products 750
10a Pryactivity X0 bulsford, SK. erat, 1998
10b -- o activity 50
1a ~3 o activity/ 28U 8300 ,
Cremer, C.D., and D.T. Kendrick, 1998
11b - By activity/ Co-60 1100
12 100 o activity 4000 www.bnfl-instruments.com

--" data not provided
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