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1. Scope C 998 Practice for Sampling Surface Soil for Radionu-

1.1 This guide covers the identification and quantitative ~_clides’ _ .
determination of gamma-ray emitting radionuclides in soil € 999 Practice for Soil Sample Preparation for the Deter-
samples by means of gamma-ray spectrometry. It is applicable _Mination of Rad'onUC“d_éS _ _
to nuclides emitting gamma rays with energies greater than 20 € 1009 Guide for Establishing a Quality Assurance Pro-
keV. For typical gamma-ray spectrometry systems and sample gram for Analytical Chemistry Laboratories Within the
types, activity levels of about 5 Bq are measured easily for _Nuclear Industry . .
most nuclides, and activity levels as low as 0.1 Bg can be D 3649 Practice for High-Resolution Gamma-Ray Spec-
measured for many nuclides. It is not applicable to radionu- _trometry of Watet o
clides that emit no gamma rays such as the pure beta-emitting E 181 General Methods for Detector Calibration and Analy-
radionuclides hydrogen-3, carbon-14, strontium-90, and bec- _Sis of Radlpnucllde’s _ _
querel quantities of most transuranics. This guide does not E 380 Practice for Use of the International System of Units
address the in situ measurement techniques, where soil is (S!) the Modernized Metric Systén
analyzed in place without sampling. Guidance for in situ 2-2 ANSI Standard$: o
techniques can be found in R&F) and (2).2 This guide also N13.30 Per_form_ance Criteria for Rad|0b_|oassay
does not discuss methods for determining lower limits of N42.14 Calibration and Use of Germanium Spectrometers

detection. Such discussions can be found in R&¥s(4), (5), for the Measurement of Gamma-Ray Emission Rates of
and (6). Radionuclides

1.2 This guide can be used for either quantitative or relative N42.23 Measurement Quality Assurance for Radioassay
determinations. For quantitative assay, the results are expressed Laboratories _ _
in terms of absolute activities or activity concentrations of the ANSI/IEEE-645 Test Procedures for High Purity Germa-
radionuclides found to be present. This guide may also be used Nium Detectors for lonizing Radiation
for qualitative identification of the gamma-ray emitting radio-

y ; S . ; X ..~ 3. Summary of Guide
nuclides in soil without attempting to quantify their activities. . y ) ) )
It can also be used to only determine their level of activites 3-1 High-resolution germanium detectors and multichannel

relative to each other but not in an absolute sense. Gener@1alyzers are used to ensure the identification of the gamma-
information on radioactivity and its measurement may beg@y emitting radionuclides that are present and to provide the
found in Ref(7), (8), (9), (10), and(11) and General Methods best possible accuracy for quantitative activity determinations.
E-181. Information on specific applications of gamma-ray 3.2 For qualltatl\_/e radionuclide |d¢nt!f|cat|ons, t'he system
spectrometry is also available in Refs2) or (13). Practice Must be energy calibrated. For quantitative determinations, the
D 3649 is a valuable source of information. system must also be shape and efficiency calibrated. The
1.3 This standard may involve hazardous material, Opera_standard sample/detector geometries must be established as

tions, and equipment. This standard does not purport td*@rt of the efficiency calibration procedure.
address all of the safety concems, if any, associated with its 3-3 The soil samples typically need to be pretreated (for
use. It is the responsibility of the user of this standard to€x@mple, dried), weighed, and placed in a standard container.

establish appropriate safety and health practices and deterFOr quantitative measurements, the dimensions of the container
mine the applicability of regulatory limitations prior to use. helding the sample and its placement in front of the detector
must match one of the efficiency-calibrated geometries. If

2. Referenced Documents multiple geometries can be selected, the geometry chosen
2.1 ASTM Standards:
2 Annual Book of ASTM Standardgol 12.01.

1 This guide is under the jurisdiction of ASTM Committee C—26 on Nuclear Fuel ~ “ Annual Book of ASTM Standardéol 11.02.
Cycle and is the direct responsibility of Subcommittee C26.05 on Methods of Test. ® Annual Book of ASTM Standaydéol 12.02.

Current edition approved July 10, 1998. Published December 1998. & Annual Book of ASTM Standardéol 14.02.
2 The boldface numbers in parentheses refer to the list of references at the end 7 Available from American National Standards Institute, West 42nd St. 13th
of this standard. Floor, New York, NY 10036.
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should reflect the detection limit and count rate limitations ofming) occurs regardless of the overall count rate for any
the system. Qualitative measurements may be performed radionuclide that emits two or more gamma rays in coinci-
non-calibrated geometries. dence. Cobalt-60 is an example where both a 1173-keV and a
3.4 The identification of the radionuclides present is based332-keV gamma ray are emitted from a single decay. If the
on matching the energies of the observed gamma rays in tteame is placed close to the detector, there is a finite probability
spectrum to computer-based libraries of literature referencethat both gamma rays from each decay interact with the
(see Refs(14), (15), (16), (17), or (18). The quantitative detector resulting in a loss of counts from both full energy
determinations are based on comparisons of observed coupg¢aks. Coincidence summing and the resulting losses to the
rates to previously obtained counting efficiency versus energphotopeak areas can be considerable (>10 %) before a sum
calibration data, and published branching ratios for the radiopeak at an energy equal to the sum of the coincident gamma-
nuclides identified. ray energies becomes visible. Coincidence summing can be
— reduced to the point of being negligible by increasing the
4. Significance and Use source to detector distance. Coincidence summing can be a
4.1 Gamma-ray spectrometry of soil samples is used tgevere problem if a well-type detector is used. See General
identify and quantify certain gamma-ray emitting radionu-Methods E 181 and7) for more information.
clides. Use of a germanium semiconductor detector is neces-5.4 Random summing is a function of count rate (not dead
sary for high-resolution gamma-ray measurements. time) and occurs in all measurements. The random summing
4.2 Much of the data acquisition and analysis can beate is proportional to the total count squared and to the
automated with the use of commercially available systems thatsolving time of the detector and electronics. For most
include both hardware and software. For a general descriptiogystems, uncorrected random summing losses can be held to
of the typical hardware in more detail than discussed in Sectiotess than 1 % by limiting the total counting rate to less than

6, see Re{19). 1000 counts. However, high-precision analyses can be per-
4.3 Both qualitative and quantitative analyses may be performed at high count rates by the use of pileup rejection
formed using the same measurement data. circuitry and dead-time correction techniques. Refer to General

4.4 The procedures described in this guide may be used famethods E 181 for more information.
a wide variety of activity levels, from natural background
levels and fallout-type problems, to determining the effective-8- APparatus
ness of cleanup efforts after a spill or an industrial accident, to 6.1 Germanium Detector AssemblyThe detector should
tracing contamination at older production sites, where wastelsave an active volume of greater than 5G*cwith a full width
were purposely disposed of in soil. In some cases, that one half the peak maximum (FWHM) less than 2.0 keV for
combination of radionuclide identities and concentration ratioghe cobalt-60 gamma ray at 1332 keV, certified by the
can be used to determine the source of the radioactivehanufacturer. A charge-sensitive preamplifier using low-noise
materials. field-effect transistors should be an integral part of the detector
4.5 Collecting samples and bringing them to a data acquiassembly.
sition system for analysis may be used as the primary method 6.2 Sample Holder AssembiyAs reproducibility of results
to detect deposition of radionuclides in soil. For obtaining adepends directly on reproducibility of geometry, the system
representative set of samples that cover a particular area, sekould be equipped with a sample holder that will permit using
Practice C 998. Soil can also be measured by taking the dateproducible sample/detector geometries for all sample con-
acquisition system to the field and measuring the soil in placéainer types that are expected to be used at several different
(in situ). In situ measurement techniques are not discussed gample-to-detector distances.

this guide. 6.3 Shield—The detector assembly should be surrounded by
a radiation shield made of material of high atomic number
5. Interferences providing the equivalent attenuation of 100 mm (or more in the

5.1 In complex mixtures of gamma-ray emitters, the degreease of high background radiation) of low-activity lead. It is
of interference of one nuclide in the determination of anothedesirable that the inner walls of the shield be at least 125 mm
is governed by several factors. Interference will occur when thelistant from the detector surfaces to reduce backscatter and
photopeaks from two separate nuclides overlap within thennihilation radiation. If the shield is made of lead or has a lead
resolution of the gamma-ray spectrometer. Most modern analyiner, the shield should have a graded inner shield of appropri-
sis software can deconvolute multiplets where the separation @fte materials, for example, 1.6 mm of cadmium or tin-lined
any two adjacent peaks is more than 0.5 FWHM (see R&&s  with 0.4 mm of copper, to attenuate the induced 88-keV lead
and (21)). For peak separations that are smaller than 0.3luorescent Xrays. The shield should have a door or port for
FWHM, most interference situations can be resolved with theénserting and removing samples. The materials used to con-
use of automatic interference correction algorith{2). struct the shield should be prescreened to ensure that they are

5.2 If the nuclides are present in the mixture in very unequahot contaminated with unacceptable levels of natural or man-
radioactive portions and if nuclides of higher gamma-raymade radionuclides. The lower the desired detection capability,
energy are predominant, the interpretation of minor, lesshe more importantitis to reduce the background. For very low
energetic gamma-ray photopeaks becomes difficult due to thactivity samples, the detector assembly itself, including the
high Compton continuum and backscatter. preamplifer, should be made of carefully selected low back-

5.3 True coincidence summing (also called cascade sunground materials.
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6.4 High-Voltage Power/Bias SupplyThe bias supply re- geometry. Considerations include commercial availability, ease
quired for germanium detectors usually provides a voltage upf use and disposal, and the containment of radioactivity for
to 5000 V and 1 to 100 pA. The power supply should beprotection of the working environment, personnel, and the
regulated to 0.1 % with a ripple of not more than 0.01 %. Noiseggamma-ray spectrometer from contamination. For small soil
caused by other equipment should be removed with r-f filtersamples (up to a few grams), plastic bottles are convenient
and power line regulators. containers, while large samples (up to several kilograms),

6.5 Amplifie—A spectroscopy amplifier which is compat- which require greater sensitivity, are frequently packaged in
ible with the preamplifier. If used at high count rates, a modeMarinelli beakers. For analyzing low-energy gamma rays at
with pile-up rejection should be used. The amplifier should beclose geometries, the consistency of the wall thickness of the
pole-zeroed properly prior to use. sample container facing the detector becomes an important

6.6 Data Acquisition EquipmentA multichannel pulse- factor in the variability of the analysis results.
height analyzer (MCA) with a built-in or stand-alone analog- 7.2 Measurements may require precautions to prevent the
to-digital converter (ADC) compatible with the amplifier loss of volatile radionuclides. For example, the determination
output and pileup rejection scheme. The MCA (hardwired or af radium-226 in soil by the measurement of the 609-keV
computer-software-based) collects the data, provides a visugamma ray of bismuth-214 assumes secular equilibrium be-
display, and stores and processes the gamma-ray spectral dat@een radium-226 and its progency and that the radon-222
The four major components of an MCA are: ADC, memory, daughter was not lost from the sample.
control, and input/output. The ADC digitizes the analog pulses 7.3 A beta absorber consisting of about 6 mm of aluminum,
from the amplifier. The height of these pulses represents enerderyllium, or plastic should be placed between the detector and
deposited in the detector. The digital result is used by the MCAample for samples that have significant quantities of high-
to select a memory location (channel number) which is used tenergy beta emitters.
store the number of events which have occurred at the energy.
The MCA must also be able to extend the data collection time™
for the amount of time that the system is dead while processing 8.1 Overview
pulses (live time correction). 8.1.1 Commission and operate the instrumentation and de-

6.7 Data Output EquipmentModern MCAs provide a tector in accordance with the manufacturer’s instructions.
wide range of input and output (I/0) capabilities. Typically, Initial set-up includes all electronic adjustments to provide
these include the ability to transfer any section of data to ong€onstant operating conditions consistent with the application
or more of the following: terminal, line printer, cassette tape,and life expectancy of the calibrations. The analog-to-digital
floppy or hard diskX-Y plotter, and to computer interfaces by converter gain and range, amplifier gain, and zero-level must
means of a serial or parallel port or Ethernet connection.  be adjusted to yield an optimum energy calibration. Both the

6.8 Count Rate Meter-It is useful but not mandatory to energy and efficiency calibration must be accomplished with
have a means to measure the total count rate for pulses abokadioactive sources covering the entire energy range of interest
the amplifier noise during the measurement. If not provided by6, 7 and General Methods E 181). Subsequent efficiency
the MCA, a separate count rate meter may be used for thigalibrations and source analyses are performed with the same
purpose. In the absence of a rate meter, count rates that are tgain settings and the same high-voltage setting. Prepare effi-
high to provide reliable results may also be detected byiency calibration standards by pipetting an appropriate vol-
monitoring the system dead time or peak resolution, or both.ume of a radionuclide standard solution containing 100 to 10

6.9 Pulser—Required only if random summing effects are 000 Bq onto a soil matrix in an appropriate container, drying it,
corrected with the use of a stable pul$28) and (24). and mixing thoroughly. Standardized dried soil and bottom

6.10 Computer—Most modern gamma-ray spectrometerssediment are also available from the U.S. National Institute of
are equipped with a computer for control of the data acquisitiortandards and Technology (NIST) or other appropriate sources
as well as automated analysis of the resulting spectra. Suathich can be used directly or diluted with ambient soil to a
computer-based systems are readily available from severgieasured weight or volume. Prepare blank sources containing
commercial vendors. Their analysis philosophies and capabilthe same quantity of unspiked soil to account for any naturally
ties do differ from each other somewhat. See ANSI N42.14 fopccurring radionuclides that may be present. Commercially
a series of tests on how to tell if a particular gamma-available epoxy soil-equivalent standards with an appropriate
spectrometry software package has adequate analysis Capabmixture of radionuclides can also be used. It should be noted
ties. In addition to the analysis capabilities, it is important tothat soils that contain high atomic number materials will
consider the overall user interface and architecture of théignificantly alter the expected self-attenuation.
software. For small-scale operations, a few samp|es per week, 8.1.2 Follow the manufacturer’'s instructions, limitations,

a user interface that requires a lot of user intervention i€nd cautions for the setup and the preliminary testing for all of
sufficient. For larger-scale operations, with hundreds ofthe spectrometry equipment to be used in the analysis. This
samples per week on multiple detectors, a software packaggguipment would include, as applicable, detector, power sup-
that permits some kind of batch processing and automate@lies, preamplifiers, amplifiers, multichannel analyzers, and

Calibration and Standardization

operation is recommended. computing systems. For example, ensure that the detector has
) had ample time (typically 6-8 h) to cool down after the first
7. Container for a Test Sample filling before turning on the high voltage. Also, ensure that the

7.1 Sample holders and containers must have a reproduciblégh-voltage bias supply is set for the recommended operating
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voltage and the correct polarity. linearity of the MCA is not an issue as long as the peaks of

8.1.3 Place an appropriate volume of a standard radionunterest are identified and quantified consistently.
clide or a mix of standard radionuclides in an appropriate soil 8.3 Efficiency Calibration
matrix in a sealed container and place the container at a 8.3.1 Efficiency calibration must be performed with sources
desirable and reproducible source-to-detector distance. Thbat are traceable to a national standards laboratory, such as
standard (traceable to a designated standards organizatiod)ST. A mixed gamma-ray standard for both energy and
should provide enough counts in each calibration peak (typiefficiency calibration containing Am-241, Cd-109, Co-57,
cally 20 000 or more, see General Methods E 181 or ANSICe-139, Hg-203, Sn-113, Sr-85, Cs-137, Y-88, and Co0-60 is
N42.14) in a reasonable amount of time (4-12 h). In allavailable from many commercial source manufacturers who
radionuclide measurements, the volumes, shape, and physiqaovide NIST traceable sources. The gamma-ray energies of
and chemical characteristics of all the samples and standardisis mixed standard as well as some other commercially
and their containers must be as identical as practical for thavailable NIST traceable radionuclides that are suitable for
most accurate results. For situations where it is not possible @fficiency calibration (and energy and shape calibration) are
practical to produce standards that are identical to the sampleshown in Table 1. As another example, an antimony-125/
standard matrices that are different from the sample matricesuropium-154,155 mixture from NIST (SRM 4275B or its
have been found to provide acceptable results when couplegplacement) has 19 major photopeaks between 100 and 1600
with attenuation correction methods. keV.

8.2 Energy and Shape Calibration 8.3.2 For environmental or low-activity samples (0.01 to 1

8.2.1 The energy and shape calibration (the peak gammdaq/qg), typically, 300 to 500 g of prepared soil are used. If a
ray energy versus channel number of the multichannel analyzéixed volume is used, the mass will vary according to the
and peak shape versus the peak gamma-ray energy) of tidensity. High-density samples may cause significant self-
detector system is determined at a specific gain setting (typabsorption of low-energy gamma rays and degrade the higher-
cally 0.5 keV/channel) using standards containing knowrenergy gammas. Therefore, it is important to calibrate the
radionuclides. The peak shape calibration may involve onlydetector with standards of the same geometry, composition,
calculating the peak resolution (full-width-at-half-maximum, and density, or use appropriate attenuation and geometry
or FWHM), or include other, nonsymmetrical components asorrection algorithms.
well. The standards should be in sealed containers and should8.3.3 Accumulate a gamma-ray spectrum using sealed, cali-
emit at least eight different gamma-ray energies covering therated radioactivity standards until there are approximately 20
range of interest, usually from 20 to 2000 keV, in order to tes000 net counts (see General Methods E 181 or ANSI N42.14)
for system linearity. If the calibration is performed with only in each full-energy calibration peak provided that this does not
the radionuclides of interest, fewer gamma-ray energies carequire an excessive amount of time. To achieve reasonable
also be used. Energy and shape calibration can be performedunt times, smaller peak sizes may also be used. Compare the
without NIST traceable sources. length of the count to the half-life of the radionuclide of

8.2.2 Verify the radionuclide purity of the standard periodi- interest. If the duration of the count is a significant portion of
cally to ensure against accidental contamination or the preshe half-life (>10 %), a correction factor must be applied for
ence of long-lived impurities by comparing the observeddecay during the count. Refer to General Methods E 181 or Ref
gamma rays with the data published in the literature. Carefu(6) for additional information. To correct the results to the start
adherence to precautions and certificate calibration instructionsf the measurement due to decay during spectrum acquisition,
are necessary when using the calibration standards. use the following equation:

8.2.3 Calibrate a multichannel analyzer for energy, shape,
and efficiency to cover the energy range or interest. If the range  1aBLE 1 Radionuclides Useful for Energy Calibration
of interest is from 20 to 2000 keV, adjust the gain of the systenz————"-
until the centroid of the cesium-137 photopeak, 661.6 keV, is

Gamma-Ray Energy, keV

about one-third full-scale. Leaving the gain constant, locate aﬁ;‘;a;}iﬁn_m §§;§
least three other photopeaks of different energies within theadmium-109 88.0
energy range of interest. Determine and record the peagggﬁ'rgil ﬁgé and 136.5
centroid for each of the four gamma energies. A linearceigm-139 165.9
relationship between the gamma-ray energies and their channedrcury-203 279.2
numbers should be observed if the equipment is operatin 2:%’:1‘?1’2'351 ggg-é
properly. Calculate the slope and intercept of the line using &.113 3917
least-squares calculation. If the spectrometry system is comgtromiun;;s gézlt.g
puterized, follow the appropriate manufacturer input |nstruc—M‘§]‘;;”nese_5 " 0348

tions for the determination of the slope and intercept. Sodium-22
8.2.4 If the system is being calibrated with the radionuclidesrttrium-88
of interest, fewer lines may be used for calibration and theZ°ba!-60

511.0 and 1274.5
898.0 and 1836.0
1173.2 and 1332.4
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K = AT ) tainties for any peak energies outside the calibration range.
1-e ™M Alternatively, calibrate using standards of the radionuclides of
interest to obtain direct calibration factors for them without

where: . . . establishing an efficiency curve.
K = multiplicative corrective for peak area or intensity,
N = nuclide decay constant (in the same time units as T),9. Measurement Control
and
T = data collection elapsed clock time (that is, real time, 9.1 A properly run laboratory must have a measurement

not live time) control program to verify that the detection system is in
4 i ) ) ) calibration. See Guide C 1009 or R@f7) for further guidance
8.3.4 The equation shown in 8.3.3 is not sufficient if the y, laboratory measurement control programs.

count rate changes significantly during data acquisition, as g » As a minimum, the following periodic checks should be
might happen if a short-lived nuclide is the main source of thgy,5qe.

activity. Other methods, such as the Virtual Pulg) and add 9.2.1 Each day or prior to each sample in which the

“N" Method (26) may be used for a varying count rate gnectrometry system is being used to analyze samples, its
situation. energy, resolution, and efficiency response should be checked

8.3.5 Correct the radioactivity standard source gamma-rayising at least two different gamma-ray energies. If the energy
emission rate for the decay from the time of standardization t@alibration slope and intercept are essentially un-changed, the
the start of data acquisition. Many commercial and noncomenergy calibration data are assumed to remain valid. If an
mercial data analysis software packages will do this automatigppreciable change in the slope or intercept is evident, the

cally as part of the efficiency calibration. reason should be determined and corrected.
8.3.6 Calculate the full-energy peak efficiendy, as fol- 9.2.2 Once the efficiencies for the various sample sizes,
lows: matrices, and source-to-detector distances have been estab-
N lished, it is not necessary to repeat the process unless there is
E ZWZ (@ a change in resolution or system configuration, or a new
sample size, matrix, or geometry is added, or the detector has
where: ) failed and has been returned to service after it has been
E; = full-energy peak efficiency (counts recorded per repajred. However, a complete check of the efficiency and
gamma ray emitted), i energy calibrations should be done periodically (typically
N, = net gamma-ray count rate in the full-energy peak of 5nnyajly). Similar tests should be used to determine loss of
interest (counts per second), and resolution or efficiency(28).
Ny, = gamma-ray emission rate (Jamma rays per second).

) _ o 9.2.3 Ideally, a measurement of the room background
8.3.7 If the standard source is calibrated for activity ratheishould be made before and after any series of determinations.
than emission rate, the gamma-ray emission rate is given asg 2.4 A measurement of a standard or sample with a known

follows: concentration to provide a measurement bias check. Radioac-
Ny = AP, (38) tive decay of the standard must be taken into account.

9.2.5 Periodic replicate measurements of a standard or
where: sample to determine that the precision reported by the analysis
A = number of nuclear decays per second, and method, such as a computer program, is appropriate.

P, = emission probability for the gamma ray per nuclear

9.3 Itis recommended that control charts and other periodic

decay. statistical analysis of the precision and bias data be used.
8.3.8 Many modern spectrometry systems are computer-

ized, and the determination of the gamma-ray efficiencies id0. Sample Measurements

accomplished automatically at the end of an appropriate 10.1 After the spectrometer system has been set up and the

counting interval. Refer to the manufacturer’s instructions forenergy and efficiency calibrations performed, unknown

specific input requirements. It is necessary for the user t@amples can be measured.

determine the basis of the system analysis and its limitations. 10.2 Soil samples are collected by methods in accordance
8.3.9 Plot the values for the full-energy peak efficiency (aswith Practice C 998 and prepared for analysis in accordance

determined in 8.4.3) versus gamma-ray energy. The plot willvith Practice C 999. An appropriate aliquot of soil is trans-

allow the determination of efficiencies at energies for whichferred to the sample container (7.1) and positioned in the same

standards are not available. Many computerized systems prenanner as was done during system calibration (Section 8).

vide such plotting capabilities as part of the overall function- 10.3 Measure the activity of the sample for a period of time

ality of the system. Computerized systems also typicalljjong enough to acquire a gamma-ray spectrum which will meet

provide a variety of different calculational models to automati-the minimum acceptable counting uncertainty for the radionu-

cally calculate the efficiencies at any energy. The calibratiorclides of interest.

curve, regardless of whether it is calculated by hand or by a )

computerized system, generally should not be used for peakl: Calculation

energies beyond the first and last calibration points. If it is 11.1 Ambient background peak areas must be subtracted if

necessary to use the calibration curve in such a manner, otleeir contributions are not negligible. In many experiments, the

must pay particular attention to establishing appropriate uncebackground may not affect the results but is still monitored to
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ensure the integrity of the system. The method presented here 2 . [ ( b > . ] [ ( N, ) . ]
is not the only acceptable one but is compatible with available o ©=P+] 7 N, BL]*+ 2= Na, B2 ©

computational hardware and should be used to verify thewhere'

validity of commerC|.aI software. i , o(C) = standard deviation of Peak Area C.

11.2 The underlying aim of this method is to subtract the 17 g | order to determine radionuclide activity concentra-
continuum or baseline from the spectral data where it underlie§ s the photopeak areas, corrected for background and
a photopeak of intergst. For operator—directeq calculations, thﬁterferences, are divided by the count time and efficiency for
choice of the baseline level may be straightforward. Thene energy of the gamma ray being calculated to yield gammas
simplest way, using a plot of the spectral data, is to draw &ar second for the peak of interest. If, as is the case for some
straight line, using judgement and experience, that best desqionyclides, the gamma-ray abundance is 100 %, division by
scribes the baseline. The baseline data can be read direcilyo yetector efficiency converts counts per second for the

hotopeak of interest to decays per second (bequerels) for the
have accomplished this but details are not included in thi uclidz. If not. the gammasy pgr second éreqconve2ted to
guide. _ _ _ _disintegrations per second by dividing the gammas per second

11.3 Photopeaks lying on a sloping baseline, or one withyy the gammas per disintegration, for the nuclide and photo-
curvature, will be analyzed, regardless of method, with inpeak of interest. The results are then corrected for sampling or
creased uncertainty. Use of data from these peaks should %cay, or both, as demanded by the application. The activity of

limited to those cases where there is no other alternativey particular radionuclide may be calculated using the following
Photopeaks that overlap with each other will also increase thggyation:

uncertainty of the final result. In the case where use of
overlapping peaks cannot be avoided and software programs

are not available, the experimenter may estimate the areas by
assuming that the ratio of the peak areas is equal to the ratio ofnere:
the peak heights, but this may introduce a sizable error.p
Computer programs separating overlapping peaks with varying:

A C
S TeesK,eBewe

@)

activity concentration, Bqg/g,
efficiency of the spectrometer for the gamma ray

degrees of success may be found in R28, (30). The current of interest,

quality of peak reduction and deconvolution software availableK = correction factor to accommodate for the attenu-
from the major counting system manufacturers is adequate for ation in the sample matrix compared to the attenu-
most situations. ation in the matrix of the standard source,

11.4 The radioactive decay process is governed by PoissoB number of gamma rays emitted per decay,

statistics. In Poisson statistics, the variancéNiaccumulated e deqay correction,
events acquired with a detector is simpW The standard W weight of sample, g,
deviation is the square root of the variance. T count time, s, (live time), and

11.5 The areas of well-resolved spectral peaks can beT"1"_h R d(.acayhnr;;el.. q disint tion f
determined by summing the data above the underlying cont- . el englrgles,l_da -t:‘\IletS’ {'jmht %ammas pte_r |s!|n egra I|on or
tinuum. For narrow peaks, the continuum can be wel|-YPIca! radionuciides that mig € present in Soif samples are

: X . : available in Refq14-18)
approximated by interpolation of the background line. The 11.8.1 The activity of theith radionuclide can also be

peak area can then be calculated from the following equation:
calculated as follows:

oo [BRF]
B1 B2 A= T We '™ (6]
where:
C = net peak area (counts), where: ) ) )
P = total counts in the peak including the k = calibration factor for theth radionuclide.
continuum, s :
N, = number of channels summed fBr 12 PreC|S|o'n' and Bias
B1 andB2 = number of counts in continuum regions  12.1 Precision
on either side of peak, and 12.1.1 Precision of the method is influenced by random
Ng; andNg, = number of channels summed to determine counting uncertainties, and interferences in the spectra of the
B1 andB2, respectively. individual components with each other as well as the sampling

11.6 The variance in quantity that is a function ofn  €rror. The more complex the spectrum, the greater are the
independent variableg is approximated by the following €rrors, and in general, major components can be determined

equation: more precisely than minor ones. Precision may be improved
0 of2 with increased counting time and by taking as large a sample of
2H= <%) o? (%) (5) the soil volume being analyzed as possible. Variations in

i=1 \ QX

sample vial geometry and positioning will affect the precision
11.7 Hence, the propagated variance of the &émgiven of the measurement as well.

by the following expression (remembering that the variance of 12.1.2 To illustrate typical precision of a gamma-ray spec-

P = P, variance ofB1 = B1, and variance oB2 = B2): trometry system, a check source was counted ten consecutive
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times without removing the source from the detector systemcan be corrected for by a transmission measurement and a
The ten single operator counts of ten minutes each provide @alculation and use of a geometry dependent attenuation factor
measure of system repeatability. The results are listed in Tablsee Ref(31)).

2. 12.3.2 Since some spectrometry systems are calibrated for

12.1.3 The same source was used and another set of 1frious size sources at many different source-to-detector dis-
measurements of 10 min each were made on successive daydances, a wide range of activity levels can be measured by the
capture more sources of variation. This process involved theame detector. For high-activity samples (for example,®>10
normal day-to-day system operational checks and shoulBq), which may have resulted from a spill or accident, a large
provide a measure of the variability of operating proceduressource-to-detector distance (for example >1 m) may be used.
The results are listed in Table 3. The large source-to-detector distance for high-activity samples

12.2 Bias will reduce the overall rate and thus minimize the random

12.2.1 The calibration of standard sources, including errorsumming problems in the spectrum. A larger source-to-detector
introduced in using a standard radioactive solution or aliquotlistance will also remove coincidence summing, if present,
thereof, to prepare a working standard for bias correction mayegardless of count rate.
result in a bias. The full-energy peak efficiency at a given 12.3.3 Electronic problems, such as loss of resolution and
energy determined from the calibration function may introduceandom summing, may be minimized by keeping the overall
a bias. count rate below 2000 counts/s. For most soil samples, a high

12.2.2 The single-operator bias of a gamma-ray spectroncount rate is not a problem. Some care may be needed in
etry system was estimated by measuring the NIST Rocky Flatgreparing or purchasing calibration standards so that their
Soil Number 1 (SRM 4353) and the NIST River Sedimentcount rate in the measurement geometries stays below the
(SRM 4350 B) six different times. The results are shown indesired limit. Total counting time is governed by the radioac-
Table 4. tivity of the sample, the detector-to-source distance, and the

12.3 Sources of Errar acceptable Poisson counting distribution uncertainty.

12.3.1 Variation of the physical geometry of the sample and 12.3.4 The density of the sample is another factor that can
its relationship with the detector will produce both qualitative affect quantitative results. Errors from this source can be
and quantitative variations in the gamma-ray spectrum. Tavoided by preparing the standards for calibration in matrices
adequately account for these geometry effects, efficiency caliwith a composition and density comparable to the sample being
brations (and occasionally also energy calibrations) should banalyzed. The important factor is the linear attenuation which
designed to duplicate all conditions including source-to-is the product of the density and the mass attenuation.
detector distance, sample shape and size, and sample matrittenuation correction methods to correct for differences in the
When it is not possible to have a calibration source thatlensities of the calibration source and actual samples, such as
duplicates the sample matrix, the difference between théhe use of a transmission source, are acceptable to use if they
calibration matrix and the sample matrix as well as its heightan be demonstrated to give good results.

TABLE 2 Precision of Repeated Gamma-Ray Measurements in Counts per Minute (CPM) Without Removing the Sample Between

Measurements
Measurement

Number Am-241 Cs-137 Co-60 (1) Co-60 (I1)

1 12,139 9558 1647 1419

2 12,139 9583 1642 1413

3 12,097 9587 1653 1414

4 12,119 9574 1649 1428

5 12,091 9607 1622 1408

6 12,080 9581 1637 1421

7 12,062 9580 1627 1418

8 12,134 9573 1640 1424

9 12,073 9615 1641 1430

10 12,133 9598 1648 1424

Mean 12,107 9586 1641 1420

stdev, cpm 30 16 9 7
stdev, % 0.23 0.17 0.57 0.49
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TABLE 3 Precision of Reproducibility of Gamma-Ray Measurements in Counts per Minute (CPM) While Removing the Sample from the
Measurement Position Between Measurements

Measurement

Number Am-241 Cs-137 Co-60 (1) Co-60 (1)

1 12,078 9589 1646 1425

2 12,043 9502 1623 1407

3 11,950 9499 1617 1428

4 12,056 9587 1606 1397

5 12,097 9646 1634 1412

6 12,069 9628 1635 1428

7 12,090 9583 1634 1430

8 12,129 9588 1645 1432

9 12,111 9602 1636 1434

10 12,151 9582 1625 1440

Mean 12,077 9581 1630 1423

stdev, cpm 55 45 12 13
stdev, % 0.44 0.47 0.74 0.91

TABLE 4 Results of NIST Rocky Flats Soil Number 1 (SRM 4353)

and NIST River Sediment (SRM 4350 B) (Each measured value is

an average of 6 measurements of 1000 min each. The estimated

measured uncertainty includes only the counting statistics. The
NIST uncertainty is the total uncertainty.)

SRM 4353
(Ba/ 9)
Radionuclide Measured NIST Ratio
Value Value Measured/NIST
K-40 0.713 = 0.033 0.723 *= 0.069 0.99
Cs-137 0.0190 + 0.0010 0.0176 + 0.0008 1.08
Ra-226 (Bi-214) 0.0430 = 0.0030 0.0430 * 0.0028 1.00
Th-228 (TI-208) 0.083 *= 0.002 0.0708 * 0.0036 1.17
Th-232 (Ac-228) 0.0690 * 0.005 0.0693 + 0.0035 1.00
SRM 4350 B
(Ba/g)
Co-60 0.00464 + 0.0024 0.00464=+ 0.00023 1.00
Cs -137 0.031 = 0.002 0.0290 + 0.0018 1.07
Eu-152 0.037 = 0.003 0.0305 * 0.0012 1.21
Eu-154 0.0035 + 0.0022 0.00378 =+ 0.00057 0.93
Ra-226 (Bi-214) 0.034 = 0.002 0.0358 + 0.0036 0.95
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