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High-Resolution Gamma-Ray Spectrometry of Water
This standard is issued under the fixed designation D 3649; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.
1. Scope Applicable Test Methods of Committee D—19 on Water

1.1 This practice covers the measurement of gamma-ray D 3085 Practice for Measurement of Low Level Activity in
emitting radionuclides in water by means of gammaray _Watef _ _
spectrometry. It is applicable to nuclides emitting gamma-rays D 3370 Practices for Sampling Water from Closed Con-
with energies greater than 20 keV. For typical counting systems duits’ ) ) )
and sample types, activity levels of about 40 Bq are easily D 3648 Practices for Measurement of Radioactiity
measured and sensitivities as low as 0.4 Bq are found for many E 181 General Methods for Detector Calibration and Analy-
nuclides(1).2 Count rates in excess of 2000 counts per second Sis of Radionuclides
should be avoided because of electronic limitations. Highe'

S . Terminolo
count rate samples can be accommodated by dilution or by : Hgy o o
increasing the sample to detector distance. 3.1 Definitions—For definitions of terms used in this prac-

1.2 This practice can be used for either quantitative ofice, refer to Terminology D 1129. For terms not defined in this
relative determinations. In tracer work, the results may béractice orin Terminology D 1129, reference may be made to

expressed by comparison with an initial concentration of ther published glossarigs).
given nuclide which is taken as 100 %. For radioassay, th
results may be expressed in terms of known nuclidic standards _ .
for the radionuclides known to be present. In addition to the 4-1 Gamma ray spectra are measured with modular equip-
quantitative measurement of gamma radioactivity, gamm&€nt consisting of a detector, an analyzer, memory, and a
spectrometry can be used for the identification of specifi®@'manent data storage device. , , _
gamma emitters in a mixture of radionuclides. General infor- 42 Lithium-drifted germanium, Gel(Li), or high-purity ger-
mation on radioactivity and the measurement of radiation haf'@nium (HPGe) detectors, p-type or n-type, are used for the
been published?2,3). Information on specific application of 2nalysis of complex gamma-ray spectra because of their
gamma spectrometry is also available in the literatdjeSee ~ €XCellent energy resolution. These germanium systems, how-
also Practice D 1066, Test Method D 1943, Practice D 30846Ver. areé characterized by high cost and require cooling with
Practice D 3085, Practices D 3370, and Method E 181, llquid nitrogen. _

1.3 This standard does not purport to address the safety 4-3 N @ germanium semiconductor detector, gamma-ray
concerns, if any, associated with its use. It is the responsibiliP0tons produce electron-hole pairs. The charged pair is then
of the user of this standard to establish appropriate safety ang°!lécted by an applied electric field. A very stable low noise

health practices and determine the applicability of regulatoryPreamplifier is needed to amplify the pulses of electric charge
limitation prior to use. resulting from gamma photon interactions. The output from the

preamplifier is directly proportional to the energy deposited by

Summary of Practice

2. Referenced Documents the incident gamma-ray. These current pulses are fed into an
2.1 ASTM Standards: amplifier of sufficient gain to produce voltage output pulses in
D 1066 Practice for Sampling Stedm the amplitude range form 0 to 10 V. _

D 1129 Terminology Relating to Water 4.4 A multichannel pulse-height analyzer is used to deter-

D 2777 Practice for Determination of Precision and Bias ofTiné the amplitude of each pulse originating in the detector,
and accumulates in a memory the number of pulses in each

amplitude band (or channel) in a given counting time. Com-
L This test method is under the iurisdiction of ASTM Committee D19 on Wat puterized systems with stored programs and interface hardware
is test method is under the jurisdiction o ommittee D-19 on Water . . . .
and is the direct responsibility of Subcommittee D19.04 on Methods of Radiochemipan accompllsh the same functions as hardwired mUItIChannel
cal Analysis. analyzers. The primary advantages of the computerized system
Current edition approved July 10, 1998. Published March 1999. Originally
published as D 3649 — 78. Last previous edition D 3649 — 98.
2The boldface numbers in parentheses refer to the list of references at the endof ———————————
this test method. 4 Discontinued—See 1988Annual Book of ASTM Standardéol 11.02.
3 Annual Book of ASTM Standardgol 11.01. 5 Annual Book of ASTM Standardgol 12.02.
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include the capability of programming the multi-channel ana-analyzer, analysis may be terminated when a preselected time
lyzer functions and the ability to immediately perform dataor total counts in a region of interest or in a specified channel
reduction calculations using the spectral data stored in this reached. Visual inspection of a cathode-ray tube (CRT)
computer memory or mass storage deviég For a 0 to display of accumulated data can also be used as a criterion for
2-MeV spectrum, two thousand or more data points are neededanually terminating the analysis on either type of data
in order to fully utilize a germanium detector's excellent acquisition systems.
energy resolution. 4.7 Upon completion of the analysis, the spectral data are
4.5 The distribution of the amplitudes (pulse heights) of theinterpreted and reduced to include activity of Bq (disintegra-
pulses can be separated into two principal components. One tbn per second) or related units suited to the particular
these components has a nearly Gaussian distribution and is theplication. At this time the spectral data may be inspected on
result of total absorption of the gamma-ray energy in thehe CRT to identify the gamma-ray emitters present. This is
detector. This peak is normally referred to as the full-energyaccomplished by reading the channel number fromxtagis
peak or photopeak. The other component is a continuous orend converting to gamma-ray energy by multiplying by the
lower in energy than that of the photopeak. This continuousppropriate keV/channel (system gain). If the system is cali-
curve is referred to as the Compton continuum and is due tbrated for 1 keV per channel with channel zero representing O
interactions wherein the gamma photons lose only part of theikeV, the energy will be equal to the channel number. In some
energy to the detector. These two portions of the curve argystems the channel number or gamma-ray energy in keV can
shown in Fig. 1. Other peaks, such as escape peaks, backscag- displayed on the CRT for any selected channel. Identifica-
tered gamma rays or X rays from shields, are often superintion of nuclides may be aided by catalogs of gamma-ray
posed on the Compton continuum. Escape peaks will bspectra and other nuclear data tabulatid)s (
present when gamma-rays with energies greater than 1.02 MeV 4.7.1 Computer programs for data reduction have been used
are emitted from the sampl&)( The positron formed in pair extensively although calculations for some applications can be
production is usually annihilated in the detector and one operformed effectively with the aid of a desk-top or pocket
both of the 511-keV annihilation quanta may escape from thealculator 8). Data reduction of spectra taken with germanium
detector without interaction. This condition will cause single orspectrometry systems is usually accomplished by integration of
double escape peaks at energies of 0.511 or 1.022 MeV lesise photopeaks above a definable background (or baseline) and
than the photopeak energy. In the plot of pulse height versusubsequent activity calculations using a library which includes
count rate, the size and location of the photopeak on the puls#ata such as nuclide name, half-life, gamma-ray energies and
height axis is proportional to the number and energy of theassociated abundance (or branching ratié) (
incident photons, and is the basis for the quantitative and =
qualitative application of the spectrometer. The ComptorP- Significance and Use
continuum serves no useful purpose in photopeak analysis and5.1 Gamma-ray spectrometry is of use in identifying radio-
must be subtracted when peaks are analyzed. nuclides and in making quantitative measurements. Use of a
4.6 If the analysis is being directed and monitored by amsemiconductor detector is necessary for high-resolution mea-
online computer program, the analysis period may be termisurements.
nated by prerequisites incorporated in the program. If the 5.2 Variation of the physical geometry of the sample and its
analysis is being performed with a modern multichannelrelationship with the detector will produce both qualitative and
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guantitative variations in the gamma-ray spectrum. To ad7. Apparatus

equately account for these geometry effects, calibrations are 5 4 Gamma Ray Spectrometemnsisting of the following
designed to duplicate all conditions including source-to-componems:

detector distance, sample shape and size, and sample matrix7 1.1 Detector Assembly

encountered when samples are measured. .
P 7.1.1.1 Germanium Detecter-The detector shall have a

5.3 Since some spectrometry systems are calibrated at magy, e of ahout 50 to 150 chwith a full width at one-half the
discrete distances from the detector, a wide range of activit ak maximum (FWHM) less than 2.2 keV at 1332 keV.

Ievelsl can bte meallsulred Of? Fhe same dette_ctor. For ngh-le rtified by the manufacturer. A charge-sensitive preamplifier
samples, extremely low-€efiiciency geometries may be use sing low noise field effect transistors should be an integral
Quantitative measurements can be made accurately and prg

<alv when hiah activity level | laced at dist art of the detector assembly. A convenient support shall be
cisely when high activity level samples are placed at distances, o <104 for samples of the desired form.
of 1 m ormore from the detector.

) , 7.1.1.2 Shield—The detector assembly shall be surrounded
5.4 Electronic problems, such as erroneous deadtime cofy 4 external radiation shield made of massive metal, equiva-
rection, loss of rt_esolutlon, and random summing, May beant 15 102 mm of lead in gamma-ray attenuation capability. It
avoided by keeping the gross count rate below 100 00Qs yegjraple that the inner walls of the shield be at least 127 mm
counts/min and also I_<eep.|ng _the deadtime of the .analy.z%istant from the detector surfaces to reduce backscatter. If the
below 5 %. Total counting time is governed by the radioactiv-ghie|q is made of lead or a lead liner, the shield must have a
ity of the sample, the detector to source distance and th§raged inner shield of 1.6 mm of cadmium or tin lined with 0.4
acceptable Poisson counting uncertainty. mm of copper, to attenuate the 88-keV Pb X rays. The shield
must have a door or port for inserting and removing samples.
7.1.1.3 High Voltage Power/Bias SupplyThe bias supply
6.1 In complex mixtures of gamma-ray emitters, the degreeequired for germanium detectors usually provides a voltage up
of interference of one nuclide in the determination of anotheto 5000 V and 1 to 100 pA. The power supply shall be
is governed by several factors. If the gamma-ray emission rateggulated to 0.1 % with a ripple of not more than 0.01 %. Line
from different radionuclides are similar, interference will occur noise caused by other equipment shall be removed with rf
when the photopeaks are not completely resolved and overlafilters and additional regulators.
A method of predicting the gamma-ray resolution of a detector 7.1.1.4 Amplifie—An amplifier compatible with the pream-
is given in the literaturg10). If the nuclides are present in the plifier and with the pulse-height analyzer shall be provided.
mixture in unequal portions radiometrically, and if nuclides of 7 1 2 pata Acquisition and Storage Equipment
higher gamma-ray energies are predominant, there are serious; 1 5 1 pata Acquisitions—A multichannel pulse-height
interferences with the interpretation of minor, less energetic‘anaerr (MCA) or stand-alone analog-to-digital-converter
gamma-ray photopeaks. The complexity of the analysiyapc) under software control of a separate computer, per-
method is due'to the resolution of thesg interferences and, th rms many functions required for gamma-ray spectrometry.
one of the main reasons for computerized systems. An MCA or computer collects the data, provides a visual
6.2 Cascade summirfgnay occur when nuclides that decay display, and outputs final results or raw data for later analysis.
by a gamma-ray cascade are analyzed. Cobalt-60 is an exhe four major components of an MCA are; the ADC, the
ample; 1172 and 1333-keV gamma rays from the same decayiemory, control, and input/output. The ADC digitizes the
may enter the detector to produce a sum peak at 2505 keV anghalog pulses from the detector amplifier. These pulses repre-
cause the loss of counts from the other two peaks. Cascad@nt energy. The digital result is used by the MCA to select a
summing may be reduced by increasing the source to detect@iemory location (channel number) which is used to store the
distance. Summing is more significant if a well-type detector is\umber of events which have occurred with that energy.
used. Simple data analysis and control of the MCA is accomplished
6.3 Random summing is a function of counting rate andwith microprocessors. These processors control the input/
occurs in all measurements. The random summing rate isutput, channel summing over set regions of interest, and
proportional to the total count squared and the resolving timeystem energy calibration to name a few examples.
of the detector. For most systems random summing losses can7.1.2.2 Data Storage— Because of the use of microproces-
be held to less than 1 % by limiting the total counting rate tosors modern MCAs provide a wide range of input and output
1000 counts/s. Refer to Method E 181 for more information. (1/0) capabilities. Typically these include the ability to transfer
6.4 The density of the sample is another factor that camny section of data to one or more of the following; terminal,
effect quantitative results. Errors from this source can bdine printer, cassette tape, floppy or hard disk; plotter, and
avoided by preparing the standards for calibration in solutiongo computer interfaces by means of a serial or parallel port.
or other matrices with a density comparable to the sample
being analyzed. 8. Sampling

6. Interferences

8.1 Collect the sample in ccordance with Practices D 3370.

8.2 Preserve the sample in a radioactively homogeneous

8 Refer toAnnual Book of ASTM Standardgol 12.02 on Nuclear, Solar, and Stat_e_- A Sample can b_e mac_je radloaCt_Nely homOgeneous by the
Geothermal Energy for more information on this subject. addition of a reagent in which the radionuclides or compounds
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of the radionuclides present would be soluble in large concerto a nationally certified laboratory. In all radionuclide measure-
trations. Addition of acids, complexing agents, or stablements, the volumes, shape, physical and chemical characteris-
chemically—similar carriers may be used to obtain homogenitytics of the samples, standards and their containers must be as
Consideration of the chemical nature of the radionuclides andlentical as practicable for the most accurate results. If pre-
compounds present and the subsequent chemistry of thapitates or residues are to be analyzed, then the standards must
method shall indicate the action to be taken. be evaporated on the same type of mount as the sample.
i 10.3 Energy Calibration

9. Test Specimens 10.3.1 The energy calibration (channel number of the mul-

9.1 Containment-Sample mounts and containers musttichannel analyzer versus the gamma-ray energy) of the detec-
have a convenient reproducible geometry. Considerations inor system is accomplished at a fixed gain using standards
clude commercial availability, ease of use and disposal, and theontaining known radionuclides. The standards should be in
containment of radioactivity for protection of the working sealed containers and should emit at least four different
environment and personnel from contamination. The evaporagamma-ray energies covering the range of interest, usually 50
tion of liquid samples to dryness is not necessary and liquitkeV to 2000 keV in order to test for system linearity. Some
samples up to several litres may be used. However, samplegmmercially available nuclides suitable for energy calibration
that have been evaporated to dryness for gross beta countiage the following:

can also be gamma counted. Massive samples may cause KeV
significant self-absorption of low-energy gammas and degradead-210 46.5
the higher-energy gammas. Therefore, it is important to calii"*;‘frn”icljumml'ggl 22-5
brate_ the detector with standa}rd_s of the same geometry a_r@num_141 145
density. A beta absorber consisting of about 6 mm of alumi<hromium-51 320
num, beryllium, or plastic may be used for samples that hav%e;']‘;r;fezz_m ggg
a significant beta activity and high beta energies. sodium-22 511 and 1275

. . . . yttrium-88 898 and 1836
10. Calibration and Standardization cobalt-60 1173 and 1332

radium-226, equilibrated 186, 352, 609, 1120, and 1765

10.1 Overview—Put the instrumentation and detector into
operation according to the manufacturer’s instructions. Initial 10.3.1.1 A mixed gamma-ray standard for energy and effi-
set-up includes all electronic adjustment to provide constangiency calibration is also available (see Fig. 2). This standard
operating conditions consistent with the application and lifecan be obtained in solid form in a user-supplied container. The
expectancy of the calibrations. The analog-to-digital converteradionuclidic purity of the standards should be verified peri-
gain and threshold, amplifier gain and zero-level, and detectgrdically to ensure against accidental contamination or the
high voltage, or bias must be adjusted to yield an optimunpresence of long-lived impurities by comparing the observed
energy calibration, usually 1 keV, or less, per channel (0.3pectra with the spectra published in the literat{@e
keV/channel is recommended). Modern commercial equipment 10.3.2 A multichannel analyzer shall be calibrated to cover
is capable of linearity to the extent that the energy may béhe range of interest. If the range is from 50 to 2000 keV, the
interpreted by the operator directly to the nearest 0.5 ke\gain of the system shall be adjusted until the cesium-137
simply by reading the channel number of the highest channel iphotopeak, 662 keV, is about one-third full scale. Leaving the
a peak and using the energy calibration data to calculate thgain constant, locate at least three other photopeaks of different
energy of the peak. The energy calibration is usually accomenergies, covering the same range. Determine and record the
plished with radioactive sources covering the entire range ofultichannel analyzer channel number corresponding to the
interest. Subsequent efficiency calibrations and source analysegximum count rate for each of the four gamma energies.
are performed with the same gain settings and the same highsing rectangular coordinate paper, plot the gamma energy
voltage setting. Efficiency calibrations are obtained by placingversus the channel number for each of the four gamma-ray
an appropriate volume of a radionuclide standard solutiorenergies. A linear relationship will be observed if the equip-
containing 100 to 10 000 Bq in a container and placing thement is operating properly. Samples should not be analyzed if

container on the detector or in the well. there is a nonlinear relationship. Calculate the slope and
10.2 Procedure intercept of the line using a least squares calculation. If the
10.2.1 Preparation of Apparatus spectrometry system is computerized, follow the appropriate

10.2.1.1 Follow the manufacturer’s instructions, limitations, manufacturer input instructions for the determination of the
and cautions for the setup and the preliminary testing for all oblope and intercept. During each day in which the spectrometry
the spectrometry equipment to be used in the analysis. Thgystem is being used to analyze samples, the above sequence of
equipment would include, as applicable, detector, power supsperation shall be repeated using at least two different gamma-
plies, preamplifiers, amplifiers, multichannel analyzers, anday energies. If the slope and intercept are essentially un-
computing systems. changed, the energy calibration data remain valid. If an
10.2.1.2 Place an appropriate volume of a standard or appreciable change in the slope or intercept is evident, the
mixed standard of radionuclides in a sealed container and plagtire calibration procedure must be rerun.
the container at a desirable and reproducible source-to-detector10.4 Photon Detection Efficiency Calibration
distance. The solution should provide about 100 counts/s in the 10.4.1 Accumulate an energy spectrum using sealed, cali-
peaks of interest and be made up of standard sources traceablated radioactivity standards in a desired and reproducible
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FIG. 2 Mixed Gamma-Ray Calibration Spectrum

counting geometry (see 10.2.1.2). At least 10 000 net counts 10.4.6 Once the efficiencies have been determined, it is
(total counts minus the compton continuum and ambientinnecessary to recalculate them unless there is a change in
background) shall be accumulated in each full-energy gammaesolution, geometry, or system configuration.

ray peak of interest. Compare the live time of the count to the

half-life of the radionuclide of interest. If the live time is 11. Sample Measurements

greater than 5 % of the half-life, a correction factor must be 11 1 After the spectrometer system has been set-up, the

applied for decay during the cou(®). energy and efficiency calibrations performed, unknown speci-
10.4.2 Correct the radioactivity standard source gamma-rayens can be measured.

emission rate for the decay from the time of standardizationto 11 2 Following the general concepts of quantitative analyti-

the time at which the count rate is measured. cal chemistry, transfer the sample to the specimen container
10.4.3 Calculate the full-energy peak efficiendy;, as (9 1) and position it in the same manner as was done during
follows: system calibration (Section 10).
Er = NN, 11.3 Measure the sample for a period of time long enough to
acquire a gamma-ray spectrum which will meet the minimum
where: . acceptable counting uncertainty.
E; = full-energy peak efficiency (counts per gamma ray
emitted), :
N, = net gar)nma-ray count in the full-energy peak of 12. Calculation ) ) .
interest (counts/s), and 12.1 Spectral data obtained with a germanium detector are
N, = gamma-ray emission rate (gamma rays/s). If the only corrected for background when these peaks may alter the
standard source is calibrated as to activity, the final results. In many experiments, the background may not
gamma-ray emission rate is given by: affect the results but is still monitored to ensure the integrity of
N.=A.P the system. Again, the practice presented here is not the only
9 9 type but is conducive to available computational hardware and
where: should be used to verify the validity of commercial software.
A = number of nuclear decays per second, and 12.2 The underlying aim of this practice is to subtract the
P, = probability per nuclear decay for the gamma ray. continuum or baseline from the spectral data where it underlies

10.4.4 Many modern spectrometry systems are computes photopeak of interest. For operator-directed calculations, the
ized and the determination of the gamma-ray efficiencies arehoice of the baseline level may be straight-forward. The
determined automatically at the end of an appropriate countingimplest way, using a plot of the spectral data, is to draw a
interval. Refer to the manufacturer’s instructions for specificstraight line, using judgement and experience, that best de-
output requirements. scribes the baseline. Then the baseline data can be read directly

10.4.5 Plot the values for the full-energy peak efficiency (asrom the plot and subtracted.” Stand-alone” computer pro-
determined in 10.4.3) versus gamma-ray energy. The plot wiljrams have accomplished this but are not presented here.
allow the determination of efficiencies at energies for which 12.3 Photopeaks lying on a sloping baseline or one with
standards are not available and to show that the algorithmsurvature will be analyzed, independent of method, with
used in computerized systems are providing valid efficiencyincreased uncertainty. Use of data from these peaks should be
calibrations. A typical plot is shown in Fig. 3. limited to those cases where there is no other alternative.
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Photopeaks that overlap with each other will also increase thieranching ratio is not accurately known and a direct calibration
uncertainty of the final result. In the case where use ofvas made with the same nuclide, the branching ratio and
overlapping peaks cannot be avoided, the experimenter mafficiency will be one number that converts counts per second
estimate the areas by assuming that the ratio of the peak aregsdisintegrations per second for the nuclide and photopeak of
is equal to the ratio of the peak heights. Computer programmterest. If not, the gammas per second are converted to
separating overlapping peaks with varying degrees of succesggsintegrations per second by dividing the gammas per second
may be found in the literaturg3, 9, 11) _ by the gammas per disintegration, for the nuclide and photo-
12.4 In order to determine nuclide concentrations the phopeak of interest. The results are then corrected for sampling or
topeak areas corrected for background and interferences fcay, or both, as demanded by the application. The energies,

divided by the count time and efficiency for the energy of they, ;¢ jives, and gammas per disintegration for radionuclides that

gamma ray being calculat_ed to give gammas per Seco.”d for ﬂ?‘ﬁight be present in water samples are listed in Table 1.
peak of interest. If, as is the case for some nuclides the
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TABLE 1 Nuclear Decay Data

D 3649 — 98a

Energy, . Half- . Gammas/ Energy, A Half- . Gammas/
keV Nuclde Life Units pisintegration keV Nuclide Life* Nt Disintegration
46.5 Pb-210 223 Years 0.041 302.9 Ba-133 3981 Days 0.187
59.5 Am-241 432.2 Years 0.359 304.8 Ba-140 12.8 Days 0.034
59.5 U-237 6.75 Days 0.335 304.9 Kr-85m 4.48 Hours 0137
63.3 Th-234 Long 0.038 315.9 Np-239 2.36 Days 0.016
80.1 Ce-144 284.3 Days 0.016 319.4 Nd-147 111 Days 0.020
80.1 1-131 8.04 Days 0.026 320.1 Cr-51 27.7 Days 0.099
81.0 Ba-133 3981 Days 0.329 326.0 Rh-101 3.0 Years 0.110
81.0 Xe-133 5.25 Days 0.371 328.0 Ac-228 Long 0.033
86.3 Cs-136 13.0 Days 0.063 328.8 La-140 40.2 Hours 0.200
86.5 Eu-155 453 Years 0.308 333.0 Au-198 6.183 Days 0.229
88.0 Cd-109 464.0 Days 0.036 334.2 Np-239 2.36 Days 0.020
91.1 Nd-147 11.0 Days 0.279 3385 Ac-228 Long 0.123
92.4 Th-234 Long 0.027 340.6 Cs-136 13.0 Days 0.468
92.8 Th-234 Long 0.027 3443 Eu-152 4869 Days 0.267

105.3 Eu-155 4.53 Years 0.205 351.9 Pb-214 Long 0.372
106.1 Np-239 2.36 Days 0.227 355.7 Au-196 6.183 Days 0.869
109.3 U-235 7 E8 Years 0.014 356.0 Ba-133 3981 Days 0.626
111.8 Te-132 78.2 Hours 0.019 364.5 1-131 8.04 Days 0812
116.3 Te-132 78.2 Hours 0.019 366.4 Mo-99 66.0 Hours 0.014
121.8 Eu-152 4869 Days 0.284 380.5 Sb-125 2.77 Years 0.015
1221 Co-57 270.9 Days 0.856 383.9 Ba-133 3981 Days 0.089
1231 Eu-154 8.49 Years 0.405 391.7 Sn-113 1151 Days 0.642
127.2 Rh-101 3.0 Years 0.880 402.6 Kr-87 1.272 Hours 0.496
133.5 Ce-144 284.3 Days 0.108 409.5 Ac-228 Long 0.021
136.0 Se-75 119.8 Days 0.590 4111 Eu-152 135 Years 0.022
137.5 Co-57 270.9 Days 0.106 411.8 Au-198 2.696 Days 0.955
140.5 Mo-99 66.0 Hours 0.057 415.3 Rh-102 2.89 Years 0.021
1405 Tc-99m 6.02 Hours 0.889 4185 Rh-102 2.89 Years 0.094
143.8 U-235 7 E8 Years 0.109 420.4 Rh-102 2.89 Years 0.032
145.4 Ce-141 325 Days 0.484 423.8 Ba-140 12.8 Days 0.025
151.2 Kr-85m 4.48 Hours 0.751 4279 Sb-125 277 Years 0.294
153.2 Cs-136 13.0 Days 0.075 432.6 La-140 40.2 Hours 0.029
162.6 Ba-140 12.8 Days 0.056 434.0 Ag-108m 127.0 Years 0.907
163.4 U-235 7 E8 Years 0.051 437.6 Ba-140 12.8 Days 0.015
163.9 Cs-123 13.0 Days 0.046 439.9 Nd-147 1.1 Days 0.012
163.9 Xe-131m 12.0 Days 0.020 446.8 Am-110m 251 Days 0.037
165.9 Ce-139 137.7 Days 0.800 463.0 Ac-228 Long 0.047
166.0 Kr-88 2.84 Hours 0.031 463.4 Sb-125 2.77 Years 0.106
176.3 Sb-125 277 Years 0.069 468.6 Rh-102m 206.0 Days 0.029
176.6 Cs-136 13.0 Days 0.136 475.0 Rh-102m 206.0 Days 0.460
1811 Mo-99 66.0 Hours 0.065 47541 Rh-102 2.89 Years 0.950
185.7 U-235 7 E8 Years 0.561 475.4 Cs-134 2.06 Years 0.015
186.2 Ra-226 1602 Years 0.033 477.6 Be-7 53.3 Days 0.103
192.3 Fe-59 446 Days 0.031 487.0 La-140 40.2 Hours 0.455
196.3 Kr-88 2.84 Hours 0.263 4971 Ru-103 39.95 Days 0.895
197.9 Rh-101 3.0 Years 0.750 510.7 TI-208 Long 0.090
205.3 U-235 7E8 Years 0.047 511.0 Zn-65 244.0 Days 0.029
208.0 U-237 6.75 Days 0.217 511.0 Co-58 70.8 Days 0.300
228.2 Np-239 2.36 Days 0.107 511.0 Na-22 2.60 Years 1.808
228.2 Te-132 78.2 Hours 0.882 511.9 Ru-106 368.2 Days 0.206
233.2 Xe-133m 2.19 Days 0.103 514.0 Kr-85 10.72 Years 0.004
238.6 Pb-212 Long 0.446 514.0 Sr-85 64.84 Days 0.983
241.0 Ra-224 Long 0.040 529.5 Br-83 2.39 Hours 0.013
242.0 Pb-214 Long 0.075 529.9 1-131 20.8 Hours 0.873
2447 Eu-152 135 Years 0.075 531.0 Nd-147 1.0 Days 0.131
248.0 Eu-154 8.6 Years 0.066 537.3 Ba-140 12.8 Days 0.244
2498 Xe-135 9.08 Hours 0.899 554.3 Br-82 1.47 Days 0.706
256.3 Th-227 Long 0.067 556.6 Rh-102m 206 Years 0.020
264.7 Se-75 119.8 Days 0.591 563.2 Cs-134 2.06 Years 0.084
270.2 Ac-228 Long 0.038 569.3 Cs-134 2.06 Years 0.154
2737 Cs-136 13.0 Days 0.127 569.7 Bi-207 38.0 Years 0.978
276.4 Ba-133 107 Years 0.073 583.2 TI-208 Long 0.857
277.2 TI-208 Long 0.024 591.7 Eu-154 8.6 Years 0.048
2776 Np-239 2.36 Days 0.141 600.6 Sb-125 2.77 Years 0178
279.2 Hg-203 46.62 Days 0.816 602.7 Sb-124 60.2 Days 0979
279.5 Se-75 119.8 Days 0.252 604.7 Cs-134 2.06 Years 0.976
284.3 1-131 8.04 Days 0.061 606.7 Sb-125 2,77 Years 0.050
203.3 Ce-143 1.38 Days 0.420 609.3 Bi-214 Long 0.463
295.2 Pb-214 Long 0.192 610.3 Ru-103 39.95 Days 0.056
300.1 Pb-212 Long 0.034 614.4 Ag-108m 127.0 Years 0.907
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TABLE 1 Continued

Energy, . Haif- . Gammas/ Energy, . Half- . Gammas/
keV Nuclide Life# Units Disintegration keV Nuclide Life# units Disintegration
619.1 Br-82 1.47 Days 0.431 934.1 Bi-214 Long 0.032
620.3 Ag-110m 251 Days 0.028 937.5 Ag-110m 251.0 Days 0.344
621.8 Ru-106 368.2 Days 0.098 964.0 Eu-152 4869 Days 0.146
626.1 Rh-102m 206 Years 0.045 964.6 Ac-228 Long 0.055
628.1 Rh-102 2.89 Years 0.083 968.3 Sb-124 60.2 Days 0.018
631.3 Rh-102 2.89 Years 0.560 968.9 Ac-228 Long 0.175
635.9 Sb-125 2.77 Days 0.113 996.3 Eu-154 8.6 Years 0.103
637.0 1-131 8.04 Days 0.073 1001.0 Pa-234m Long 0.006
645.8 Sb-124 60.2 Days 0.072 1004.8 Eu-154 8.6 Years 0.174
657.8 Ag-110m 251.0 Years 0.944 1038.6 Cs-134 2.06 Years 0.010
661.6 Cs-137 30.17 Years 0.852 1045.2 Sb-124 60.2 Days 0.797
665.6 Bi-214 Long 0.016 1046.6 Rh-102 2.89 Years 0.340
667.7 1-132 2.30 Hours 0.987 1048.1 Cs-136 13.0 Days 0.797
671.4 Sb-125 277 Years 0.018 1050.5 Ru-106 368.2 Days 0.017
677.6 Ag-110m 251.0 Days 0.106 1063.6 Bi-207 38.0 Years 0.740
687.0 Ag-110m 251.0 Days 0.065 1085.3 La-140 40.2 Hours 0.011
692.4 Rh-102 2.89 Years 0.016 1085.8 Eu-152 4869 Days 0.102
692.4 Eu-154 8.6 Years 0.017 1099.2 Fe-59 44.6 Days 0.565
695.2 Rh-102 2.89 Years 0.029 1103.2 Rh-102m 206 Days 0.029
696.5 Ce-144 284 Days 0.013 1103.2 Rh-102 2.89 Years 0.046
697.5 Rh-102 2.89 Years 0.440 11121 Eu-132 4869 Days 0.136
706.7 Ag-110m 251.0 Days 0.164 1112.8 Rh-102 2.89 Years 0.190
709.3 Sb-124 60.2 Days 0.014 11155 Zn-65 2440 Days 0.507
713.8 Sb-124 60.2 Days 0.024 1120.3 Bi-214 Long 0.151
722.8 Sb-124 60.2 Days 0.113 1120.5 Sc-46 83.85 Days 1.000
723.0 Ag-108m 127.0 Years 0.915 11213 Ta-182 1147 Days 0.350
723.3 Eu-154 8.49 Years 0.197 1131.5 1135 6.61 Hours 0.225
724.2 Zr-95 65.0 Days 0.437 1136.0 1-132 2.30 Hours 0.030
727.2 Bi-212 Long 0.076 1155.3 Bi-214 Long 0.019
739.5 Mo-99 66.0 Hours 0.130 1167.9 Cs-134 2.06 Years 0.018
7443 Ag-110m 251.0 Days 0.047 1173.2 Co-60 5.26 Years 0.999
751.8 La-140 40.2 Hours 0.043 1189.1 Ta-182 114.7 Days 0.163
755.1 Ac-228 Long 0.011 1212.8 Eu-152 4869 Days 0.014
756.7 Zr-95 65.0 Days 0.553 1216.0 As-76 1.097 Days 0.038
763.9 Ag-110m 251.0 Days 0.224 1221.4 Ta-182 114.7 Days 0.271
765.8 Nb-95 35.1 Days 0.998 1235.3 Cs-136 13.0 Days 0.198
766.8 Rh-102 2.89 Years 0.340 1238.2 Bi-214 Long 0.059
768.4 Bi-214 Long 0.050 1260.4 -135 6.61 Hours 0.286
771.8 Ac-228 Long 0.017 12745 Eu-154 8.6 Years 0.355
772.6 -132 2.30 Hours 0.762 12745 Na-22 950.4 Days 1.000
773.7 Te-131m 30.0 Hours 0.381 1291.6 Fe-59 446 Days 0.432
776.5 Br-82 1.47 Days 0.834 1293.6 Ar-41 1.83 Hours 0.992
777.9 Mo-99 66.0 Hours 0.046 1299.0 Eu-152 4869 Days 0.016
778.9 Eu-152 4869 Days 0.130 13255 Sb-124 60.2 Days 0.014
785.5 Bi-212 Long 0.013 1332.5 Co-60 5.26 Years 1.000
793.8 Te-131m 30.0 Hours 0.138 1368.2 Sb-124 60.2 Days 0.024
794.9 Ac-228 Long 0.049 1368.5 Na-24 15.0 Hours 1.000
795.9 Cs-134 2.06 Years 0.854 1377.8 Bi-214 Long 0.048
801.9 Cs-134 2.06 Years 0.087 1384.3 Ag-110m 251.0 Days 0.247
806.2 Bi-214 Long 0.012 1408.0 Eu-152 4869 Days 0.209
810.8 Co-58 70.8 Days 0.994 1436.7 Sb-124 60.2 Days 0.010
815.8 La-140 40.2 Days 0.235 1460.8 40K 1.28 E10 Years 0.107
818.0 Ag-110m 251.0 Days 0.073 1475.8 Ag-110m 251.0 Days 0.040
818.5 Cs-136 13.0 Days 1.000 1505.0 Ag-110m 251.0 Days 0.133
834.8 Mn-54 312.7 Days 1.000 1596.5 La-140 40.2 Hours 0.955
8454 Kr-87 1.272 Hours 0.073 1678.0 -135 6.61 Hours 0.095
852.2 Te-131m 30.0 Hours 0.206 1691.0 Sb-124 60.2 Days 0.488
860.6 TI-208 Long 0.120 1764.5 Bi-214 Long 0.158
867.4 Eu-152 4869 Days 0.042 1770.2 Bi-207 38.0 Years 0.073
867.9 La-140 40.2 Days 0.055 1836.0 Y-88 106.66 Days 0.994
873.2 Eu-154 8.6 Years 0.115 2091.0 Sb-124 60.2 Hours 0.056
884.7 Ag-110m 251.0 Days 0.730 21189 Bi-214 Long 0.012
889.3 Sc-46 83.85 Days 1.000 2204.5 Bi-214 Long 0.049
898.0 Y-88 106.66 Days 0.950 23921 Kr-88 2.84 Hours 0.350
911.0 Ac-228 Long 0.277 2448.0 Bi-214 Long 0.0186
919.7 La-140 40.2 Days 0.027 2614.5 TI-208 Long 0.998
925.2 La-140 40.2 Days 0.071 2753.9 Na-22 15.0 Hours 0.998

# Nuclides with “long” half-lives may be short-lived progeny of long-lived parents.
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12.5 Results are expressed in terms of Bg/L. For the simplenagnitude. Therefore, developing a round robin test plan in
cases for fission or activation product radionuclides whereirmccordance with Practice D 2777 would not provide meaning-
there is no inherent detector contamination, calculate théul estimates of precision and bias.

nuclide concentrationCONGC by the following equation: 13.1.1 Data published by the U.S. Department of Energy—
CONC= C,o{(f,*V*BR-DC) ()  Environmental Measurements Laboratory (EML) from their
contractor Quality Assessment Program from 1982 to 1990
where: have been used to provide estimates of precision and bias. The
Chee = Net count rateg("), U.S. Department of Energy—Environmental Measurements
) = test specimen volume, L, Laboratory contractor Quality Assessment Program provides
f, = detector efficiency factor, . about sixty laboratories with spiked samples twice a year. In
BR = branching ration for the photon emission, and almost all cases the data reported to EML was based upon a
DC = rad!onuc_llde decay correction factor (correction for single measurement. Data published by this program from
radioactive decay). _ 1982 to 1990 are presented in Table 2.
The total propagated uncertainty of the nuclide concentra-
tion o-onc IS Calculated as: 14. Quality Control
Tcone= CONC* [(0¢_sc. )% + (01/f)? + (0u/V)? + (05dBR? 14.1 Before this practice is utilized for the analysis of
+ (05/DO)/ 2 @) s_;amples, a quality control or tolerance chart sha_ll be estgb-
DC
lished to ensure that the spectrometry system is operating
where: within prescribed limits. The quality control or tolerance chart
Ocnelcnet = relative net counting rate uncertainty, shall be established at the time the spectrometry system is
Oioio = relative detector efficiency uncertainty, calibrated.
oV = relative uncertainty in the sample volume 142 Tolerance or statistical control charts are used to assure
measurement, _ _ that an instrument or spectrometry system is operating to
ogdBR = relative uncertainty in the branching ratio of \yithin prespecified limits of the initial calibration. A QC chart
the gamma-ray emission, and must be established at the time of the detector calibration.
opc/DC = relative uncertainty in the decay factor. Repetitive measurements of a quality control source are taken
The net count rate {;and counting uncertaintyscne, are  to develop the tolerance or statistical control chart. An instru-
defined as: ment QC check then is performed on a daily or prior to use
Chet= CR,—(CRg) * (9B) = CJt,— (Cy/t) * (§B) (3) basis, for infrequent use or for long counting times, to ensure
_ 2 2) 2112 proper operation. The result of the QC check shall be tabulated
Tonar= [ CIt"+ (Cots) * (SB)F/ ) or plotted on the control or tolerance chart and evaluated
where: according to Practice D 3648. Refer to Practice D 3648 for the
CR, = photopeak count rates{), preparation of a tolerance of statistical control chart.
CR; = baseline background count rag'), 14.3 The QC source for the detector efficiency check should
Cs = photopeak counts, contain several gamma-ray emitting radionuclides having half
Cg = baseline counts corrected for the number of chan-jives sufficiently long to eliminate significant decay correc-
nels qsed,_ tions. The selection of the radionuclide should provide a
ts = counting time of sample], calibration check at three widely spaced energies, preferable
S = number of channels in the photopeak, and one for the lower energies (Am-241 — 59.5 keV), one at the
B = number of channels used in the baseline subtract.

S . intermediate energies (Cs-137 — 661.6 keV) and one at the

The a priori minimum detectable concentratioMDC),  higher energies (Co-60 — 1332.5 keV). This same source may
assuming an equal number of baseline and photopeak channgls sed to determine the daily energy calibration of the
(S=B), is calculated using the equation: spectrometry system. Knowledge of the true disintegration rate

MDC = 2.71{ts* k) + 4.65 *oglk (5) of the radionuclides in the QC source is not essential as long as

the source is decay corrected properly. Quality control sources
are available commercially.

14.4 The full-width-half-maximum (FWHM) resolution of
ethe detector should be evaluated daily or prior to instrument

where:

og = (CRglt), and

k = f,*V*BR* DC.

A more detailed discussion on the minimum detectabl

concentration concept can be found in Practices D 3648. TABLE 2 Estimation of Precision and Bias (See 13.1)

Concentration

13. Precision and Bias Number — Number . e  Average
. . . . . Nuclide Range of of Bias. % Precision,
13.1 This practice is utilized for the measurement of a wide Bq}’L' Studies  Observations 7 S, %
range of water sample types which may contain only a few
G i lid tai large ™54 80 to 1600 13 434 +3 4
(one to five) gamma-ray emitting nuclides or contain a large;, 57 5 t0 195 " 921 1 6
number (or a very complex mixture) of nuclides giving rise toco-60 30 to 185 12 403 -1 5
complex spectra having interfering photon peaks. Furthermoré:;s-134 40 to 430 5 195 -5 9
the concentration ranges and half-lives of individual nuclidess >, 85 10209 © % o B
€ Cco g Te-144 70 to 460 6 136 +7 7

present in a given sample may vary over several orders of
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use. Maintaining a constant photopeak resolution is extremely 14.6 Precision and bias can be assessed in the following
important for some computer software algorithms that use thenanner. The precision of an individual measurement can be
detector resolution in the spectral unfolding routines. Theapproximated by the total propagated uncertainty (Section 13)
gammma-ray photopeaks used for the detector efficiency checknd bias can be assessed by the analysis of NIST traceable
can also be used for the resolution check. Under routingpiked samples with known quantities of radioactivity. Bias
operation and normal amplifier and ADC settings, the keVishould not be assessed using solutions derived from the same
channel gain maybe insufficient to verify the manufacturer'sstangards that were used for the detector calibration. Bias also
detector resolution specification or slight changes to th@ s, pe evaluated by the participation in one of various
manufacturer's specifications; however, it is good practice tQqmmercial and government quality assurance programs that

perform a resolution .CheCk of the system to |d_ent|fy grosfﬁjrovide performance evaluation samples on a frequent basis.
changes in the resolution of the detector at energies that bound

the applicable energy range. The increase in resolution that ¢
be tolerated should be determined for the application und:%%' Keywords
consideration or for the spectral unfolding computer software 15.1 gamma-ray spectrometry; geranium detectors; high-
algorithm. The measured FWHM resolution of the selected-resolution gamma-—ray spectrometry; photon spectrometry;
photopeaks should be trended and corrective actions takemater
when an intolerable condition becomes evident.
14.5 Evaluate the counting system background periodically.
The background data shall be maintained in a logbook or
plotted on a trend chart.
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