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Measurement of Radioactivity
This standard is issued under the fixed designation D 3648; 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 3. Terminology

1.1 These practices cover a review of the accepted counting 3.1 Definitions:
practices currently used in radiochemical analyses. The prac- 3.1.1 For definitions of terms used in these practices, refer

tices are divided into four sections: to Terminology D 1129. For an explanation of the metric
Section system, including units, symbols, and conversion factors, see
General Information 5to 10 Practice E 380.
Alpha Counting 11to 21
Beta Counting 22 to 32

Gamma Counting 33 to 40 4. Summary of Practices

1.2 The general information sections contain information 4.1 The practices are a compilation of the various counting

. . . . }t{—:chniques employed in the measurement of radioactivity. The
applicable to all types of radioactive measurements, while eac . -
important variables that affect the accuracy or precision of

of jchg other sections is specific for a particular type 0fcounting data are presented. Because a wide variety of instru-
radiation. . ) . .
ments and techniques are available for radiochemical labora-

1.3 This standard does not purport (g gidress Al of thetories the types of instruments and techniques to be selected
safety concerns, if any, associated with its use. It is the . = ype - i q .
o X ; will be determined by the information desired. In a simple
responsibility of the user of this standard to establish appPro~ . o andlication using a sinale radioactive isotope havin
priate safety and health practices and determine the applica; bp 9 9 P 9

. A . favorable properties of high purity, energy, and ample activity,
bility of regulatory limitations prior to use. a simple detector will probably be sufficient and techniques

2. Referenced Documents may offer no problems other than those related to reproduc-
2.1 ASTM Standards: ibility. The other extreme would be a laboratory requiring
D‘ 1066 Practice for éampling Stedm quantitative identification of a variety of radionuclides, prepa-

D 1129 Terminology Relating to Wat@r ration of standards, or studies of the characteristic radiation
from radionuclides. For the latter, a variety of specialized

Dvbg:lsrsTest Methadnforalahds Rariels Kadioacthdty; at instruments are required. Most radiochemical laboratories

D 2459 Test Method for Gamma Spectrometry of WAter require a Iev_el of in_formation between these two extremes.

D 3084 Practice for Alpha Spectrometry of Water 4.2 A basic requirement for.accurate measurements is the

D 3085 Practice for Measurement of Low-Level Activity in use of accurate ;tandards for instrument cal|brat_|on. W.'th the
present availability of good standards, only the highly diverse

Water® radiochemistry laboratories require instrumentation  suitabl
D 3370 Practices for Sampling Water from Closed Con- adiochemistry laboralories require Instrumentation suitable
duits2 for producing their own radioactive standards. However, it is

D 3649 Test Method for High-Resolution Gamma-RayadV'Sable to compare each new standard received against the

Spectrometry of Watet previous standard.

E 380 Practice for Use of the International System of Units 4.3 Thus, the ty_p|cal laboratory may be equipped V.V'th
(SI) (the Modernized Metric Systerf) proportional or Geiger-Mueller counters for beta counting,

sodium iodide or germanium detectors, or both, in conjunction
with multichannel analyzers for gamma spectrometry, and

1 precision and Bias These practices are under the jurisdiction of AsTmSCintillation counters suitable for alpha- or beta-emitting radio-
Committee D-19 on Water and are the direct responsibility of D19.04 on Methodqnuclides.
of Radiochemical Analysis.
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5. Significance and Use 7.3.1 The purpose of shielding is to reduce the background

rizing the various generic radiometric techniques, equipmenground by absorbing some of the components of cosmic

and practices that are used for the measurement of radioactif@diation and some of the radiations emitted from material in
ity. the surroundings. Ideally, the material used for shielding

should itself be free of any radioactive material that might
GENERAL INFORMATION contribute to the background. In practice, this is difficult to
achieve as most construction materials contain at least some
naturally radioactive species (such as potassium-40, members
of the uranium and thorium series, etc.). The thickness of the
shielding material should be such that it will absorb most of the
soft components of cosmic radiation. This will reduce cosmic-
ray background by approximately 25 %. Shielding of beta- or
gamma-ray detectors with anticoincidence systems can further
reduce the cosmic-ray or Compton scattering background for
very low-level counting.

7.3.2 Detectors have a certain background counting rate
rom naturally occurring radionuclides and cosmic radiation
r{rom the surroundings; and from the radioactivity in the
detector itself. The background counting rate will depend on
the amounts of these types of radiation and on the sensitivity of

6. Experimental Design

6.1 In order to properly design valid experimental proce-
dures, careful consideration must be given to the following;

6.1.1 radionuclide to be determined,

6.1.2 relative activity levels of interferences,

6.1.3 type and energy of the radiation,

6.1.4 original sample matrix, and

6.1.5 required accuracy.

6.2 Having considered 6.1.1-6.1.5, it is now possible tof
make the following decisions:

6.2.1 chemical or physical form that the sample must be i
for radioassay,

6.2.2 chemical purification steps, A
6.2.3 type of detector required, the detector to the radiations.

6.2.4 energy spectrometry, if required 7.3.3 In alpha counting, low backgrounds are readily

6.2.5 length of time the sample must be counted in order t§chieved since the short range of alpha particles in most
obtain statistically valid data materials makes effective shielding easy. Furthermore, alpha

6.2.6 isotopic composition, if it must be determined, and detectors are quite insensitive to the electromagnetic compo-
6.2.7 size of sample required. nents of cosmic and other environmental radiation.

6.3 For example, gamma-ray measurements can usually be7-4 Care of Instruments
performed with little or no sample preparation, whereas both 7.4.1 The requirements for and advantages of operating all
alpha and beta counting will always require chemical processsounting equipment under conditions as constant and repro-
ing. If low levels of radiation are to be determined, very largeducible as possible have been pointed out earlier in this section.
samples and complex counting equipment may be necessary.he same philosophy suggests the desirability of leaving all
6.3.1 More detailed discussions of the problems and intereounting equipment constantly powered. This implies leaving
ferences are included in the sections for each particular type é¢he line voltage on the electrical components at all times. The

radiation to be measured. advantage to be gained by this practice is the elimination of the
start-up surge voltage, which causes rapid aging, and the
7. Apparatus instability that occurs during the time the instrument is coming

7.1 Location Requirements up to normal temperature. .

7.1.1 The apparatus required for the measurement of radio- 7-4-2 A regularly scheduled and implemented program of
activity consists, in general, of the detector and associateffaintenance is helpful in obtaining satisfactory results. The
electronic equipment. The latter usually includes a stablénaintenance program should include not only checking the
power supply, preamplifiers, a device to store or display thé'€cessary operating condltlons_and character_lsncs of the com-
electrical pulses generated by the detector, or both, and one BPnents, but also regular cleaning of the equipment.
more devices to record information. 7.5 Sample and Detector Holdersin order to quantify

7.1.2 Some detectors and high-gain amplifiers are tempergounting data, it is necessary that all samples be presented to
ture sensitive; therefore, changes in pulse amplitude can occtite detector in the same “geometry.” This means that the
as room temperature varies. For this reason, it is necessary $@mples and standards should be prepared for counting in the
provide temperature-controlled air conditioning in the countingsame way so that the distance between the source and the
room. detector remains as constant as possible. In practice, this

7.1.3 Instrumentation should never be located in a chemicalsually means that the detector and the sample are in a fixed
laboratory where corrosive vapors will cause rapid deterioraposition. Another configuration often used is to have the
tion and failure. detector in a fixed position within the shield, and beneath it a

7.2 Instrument Electrical Power SupplyDetector and shelf-like arrangement for the reproducible positioning of the
electronic responses are a function of the applied voltagegample at several distances from the detector.
therefore, it is essential that only a very stable, low-noise 7.6 Special Instrumentatiea-This section covers some ra-
electrical supply be used or that suitable stabilization bediation detection instruments and auxiliary equipment that may
included in the system. be required for special application in the measurement of

7.3 Shielding radioactivity in water.
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7.6.1 44t Counter: vacuum evaporation. The absorption loss of beta particles in
7.6.1.1 The 4= counter is a detector designed for thethe film must be known. Published values can be used, if
measurement of the absolute disintegration rate of a radioactiveecessary, but for accurate work an absorption curve using
source by counting the source under conditions that approaclery thin absorbers should be takdm). The “sandwich”
a geometry of 4= steradians. Its most prevalent use is for themethod, in which the film absorption is calculated from the
absolute measurement of beta emittéls 2).° For this decrease in counting rate that occurs when the source surface
purpose, a gas-flow proportional counter similar to that in Figis covered with a film of the same thickness as the backing
1 is common. It consists of two hemispherical or cylindricalfilm, is suitable for the higher beta energies.
chambers whose walls form the cathode, and a looped wire 7 6.1.4 The source itself must be very thin and deposited

anode in each chamber. The source is mounted on a thififormly on the support to obtain negligible self-absorption.
supporting film between the two halves, and the counts/arious techniques have been used for spreading the source;
recorded in each half are summed. An argon (90 %)-methang example, the evaporation &iNi-dimethylglyoxime onto

(10 %) gas mixture can be used; however, pure methane givege support film (1), the addition of a TFE-fluorocarbon
flatter and longer plateaus and is preferred for the mosg,spension(3), collodial silica, or insulin to the film as
accurate work. The disadvantage is that considerably h'gh%rpreading agents, and hydrolyg®). Self-absorption in the
voltages, about 3000 V, rather than the 2000 V suitable fogq,rce or mount can be measured by Beta-gamma coinci-
argon-methane, are necessary. As with all gas-filled propoigence countingd, 5). The 44 beta counter is placed next to a
tional counters, very pure gas is necessary for very higlRsqiym jodide scintillation crystal, or a portion of the chamber
detector efficiency. The absence of electronegative gases thah| is replaced by a sodium iodide crystal, and the absolute
attach electrons is particularly important since the negat"’%isintegration rate is evaluated by coincidence court®d).
pulse due to electrons is counted in this detector. Commerci y adding a suitable beta-gamma tracer, the method has been
chemically pure (cp) gases are ordln_arlly satisfactory, but they,sa for pure beta as well as beta-gamma emig@réccurate
should be dried for best results. A high-voltage power supply;y,nqardization of pure low-energy beta emitters (for
for the detector, an amplifier, discriminator, and a scalefy, ample 53Ni) is difficult, and the original literature should be

complete the system. . 2 . consulted by those inexperienced with this technique.
7.6.1.2 To convert counting rate to disintegration rate, the 7.6.1.5 Photon (gamma and strong X-ray) scintillation

principal corrections required are for self-absorption in the

source and for absorption in the support film. The support filmCounters with geometries approachingr4steradians can be

should be as thin as practicable to minimize absorption of betgonstructed ffom Nal(_TI) (_:rystals n e|th_er of two ways. Awell
particles emitted in the downward direction. Polyester ﬁlmCryStaI (th‘f"t is, a cylindrical crys_tal W't.h a small axial hole
with a thickness of about 0.9 mg/ctris readily available and covered with a second crystal) will provide nearlyrdgeom-

easily handled. However, it is too thick for accurate work with etry for small sources, as will two solid crystals placed very
the lower energy beta emitters. For this purpose, thin filw ( close together with a small source between them. The counts

to 10 pglen?) are prepared by spreading a solution of afrorr_1 b_oth crystals are summed as in the gas-flow counter. The
polymer in an organic solvent on water. VYNS), Formvar dgwatlo_n for 4ar geometry can be calculated f_rom the physlcal
(2), and Tygon(3) plastics have been used for this purpose. dimensions. For absolute gamma-ray cguntlng, the efficiency
7.6.1.3 The films must be made electrically conductingOf the crystal for the gamma energy being measured and the
(since they are a part of the chamber cathode) by covering thefPsorption in the crystal cover must be taken into account.

with a thin layer (2 to 5 pg/cr) of gold or palladium by Additional ipfo_rmati_on on scintillatior_1 counting is _given in
7.6.4. The liquid scintillation counter is also essentially & 4-

counter for beta particles, since nearly all the radiations are

o re ot . ) . e listof rel § demitted into and interact with the detecting medium.
The boldface numbers in parentheses refer to the ist of references appended to . . .
these practices. 7.6.2 Low-Geometry CountersThis type of instrument is

particularly useful for the absolute counting of alpha particles.

0-010" Copper anode fead The alpha emitter, in the form of a very thin solid source, is

Gas inlet placed at a distance from the detector such that only a small
Teflonmsuelr / / ) fraction (<1 %) of the alpha particles are emitted in a direction
0-001" Tungsten
Brass % l anode to enter the counter. This solid angle is obtained from the
cathode physical measurements of the instrument. The space between
2,',25%;';? the source and the detector is evacuated to eliminate the loss of
g alpha particles by absorption in air. The detector can be any
T counter that is 100 % efficient for all alpha particles that enter
the sensitive volume—a gas-flow proportional counter with a
window that is thin (approximately 1 mg/cf) compared to
the range of the alpha particles or the semiconductor alpha
detector with a 1-mg/crf covering. The advantages of this
- instrument for absolute alpha counting are thailje effect of
Gas outlet absorption of alpha particles in the source itself is kept to a
FIG. 1 The 4w-Counting Chamber minimum since only particles that travel the minimum distance
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in the source enter the detector (particles that have longer pathy the user. A variety of semiconductors can be purchased, and
in the source are emitted at the wrong angle, @&)déackscat- these detectors have essentially replaced ion-chambers for
tered alpha particles (those that are emitted into the sourcglpha spectrometry, although the chambers have the advan-
backing and are reflected back up through the source) los@ges of high efficiency (nearly 50 %) for large-area sources.

sufficient energy so that they cannot enter the detector. One 7.6.4.2 The principal detectors used for gamma-ray spec-

such instrument is described in Refereri@ trometry are thallium-activated sodium iodide scintillation
7.6.3 Internal Gas Counters crystals, Nal(Tl), and lithium-drifted germanium semiconduc-
7.6.3.1 The internal gas counter is so named because thgrs, Ge(Li). For X rays and very low energy gamma rays,
radioactive material, in the gaseous state, is placed inside jghjum-drifted silicon semiconductor Si(Li), intrinsic Ge, and
counting chamber and thus becomes part of the counting 9gs filled thin (approximately 1 mg/cfwindow proportional
itself. It is usgful for h|gh-ef_ﬁC|.ency counting of weak beta- counters are used. Sodium iodide is hygroscopic, so the crystal
and X-ray emitters. The radiations do not have to penetrate g, ;e hermetically sealed, and the entire crystal-phototube
counter window or solid source before entering the' sensitiv ackage must be light-tight. The complete spectrometer also
Chamber, of it may be operated in the Geiger of proportongiSdUes a high-voliage povwer supply for the phototube (usu-
mode. Most present-day instruments are of the latter type, an"al}l/ opre]:rgtre]? at 8?0 o 100%\/)’ ?prte amphfcljer, I"_:_iar ampltlflle "
they generally take the form of a metal or metal-coated glas8Y SKG' e:jg_ aI”aYZGﬂ an o_ulpu recolr eL‘ e _crys? hls
cylinder as a cathode with a thin anode wire running coaxially’@ckaged in aluminum or stainless steel. The portion of the
through it and insulated from the cylinder ends. A wire throughC0Vver through which gamma rays enter is normally thinner than
the wall makes electrical contact to the cathode. The countdp€ rest of the package in order to reduce low-energy photon
has a tube opening through which it may be connected to attenuation. Sodium iodide crystals are available in a large
gas-handling system for filing. The purity of the gas isrange of sizes and shapes, from 25 by 25-mm cylinders to
important for efficient and reproducible counting, particularly hemispheres and cylinders at least 305 mm in diameter.
in the proportional mode. Information on the types of crystal packages and mountings
7.6.3.2 In a modification of the internal gas counter, scinthat can be used is available from the manufacturers.

tillation counting has been used in place of gas-ionization 7.6.4.3 Germanium and silicon detectors are junction-type
counting. The inner walls of the chamber are coated with @aemiconductor devices in which a large sensitive region has
scintillation material and the radioactive gas introduced. Anbeen produced by drifting metallic lithium into germanium or
optical window is made a part of the chamber, and the countingilicon under the influence of an electric field at an elevated
is done by placing this window on a multiplier phototube to temperature (100 to 400°C). The crystal functions as a “solid
detect the scintillations. This system is particularly useful forign chamber” when a high voltage is applied. Because of the
c_ounting ra_don gas with zinc sulfide as the scintillator. Ado!i'high mobility of the small lithium atom, the Ge(Li) detector
tional details on internal gas counting may be found inyst he kept cold to prevent the diffusion of lithium out of the
Reference(10). crystal. In addition, in order to obtain high resolution, the
7.6.4 Spectrometers and Energy-Dependent Detectors  detector must be operated at low temperatures to reduce
7.6.4.1 The availability of energy-dependent detectors (dethermal noise. At room temperature, sufficient free electrons
tectors whose output signal is proportional to the energy of theyill be present in the crystal to obscure the measurement of
radiation detected) that are easy to operate and maintain aghmma and X rays (but not of alpha particles). Consequently,
have good resolution makes it possible to measure not only th@e detectors are operated and kept at liquid nitrogen tempera-
total activity of a radioactive sample but the energy spectrumyres py a cryostat consisting of a metallic cold-finger im-
of the nuclear radiations emitted. Nuclear spectrometry is mosthersed in a Dewar flask containing liquid nitrogen. If the
useful for alpha particles, electromagnetic radiation (gammgse(|j) detector is allowed to warm to room temperature for a
and X rays), and conversion electrons, since these radiationg, i time, its resolution will deteriorate and in an hour or so it

are emitted with discrete energies. Beta spectra have MOLGiil lose sufficient lithium so that it cannot function as a

limited use since beta particles are emitted from a nucleus W'Faetector without redrifting. The detector is kept hermetically

a continuous energy distribution up to a characteristic maxi- ealed in a vacuum to prevent impurities from condensing on
mum (E-max), making a spectrum containing several differen previ P 9
he surface and lowering its resistance and to reduce heat

beta emitters difficult to resolve into its components. The tor h h L Alumi is th |
advantages of spectrometric over total activity measurement@nsfer from the room to the crystal. Aluminum is the usua

of radioactive sources are increased selectivity, sensitivity, ang°Ve"ng, and a molecular sieve pump is incorporated into the
accuracy because nuclide identification is more certain, inteiSYStem to maintain the vacuum. The electronic components
ference from other radioactive nuclides in the sample idequired to obtain spectra are similar to those for sodium iodide
diminished or eliminated, and counter backgrounds are recrystals, except that because smaller pulses must be measured,
duced since only a small portion of the total energy region idligh-quality electronics are needed. The complete system
used for each radiation. The detectors for alpha spectra atgcludes a high-voltage bias supply for the detector (up to 5000
gridded ion-chambers and silicon semiconductor detectord/ for large depletion volumes), a preamplifier, amplifier
These are described in Practice D 3084. Gridded ion-chambe(gsually charge-sensitive), biased amplifier (if needed), pulse
are no longer available commercially and must be constructeldeight analyzer, and recording device.
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7.6.4.4 A gamma ray entering either a Nal(TI) crystal or acounts at the minimum of the Compton continuum (Fig. 2). A
semiconductor detector may lose all or part of its energy in théigh ratio indicates narrow peaks, that is, good resolution, for
detector. In the former case, through multiple Compton interthat particular efficiency. The Compton spectrum does not give
actions or the photoelectric effect, a full energy peak isuseful information in gamma-ray spectrometry and can be
obtained. Otherwise, only part of the energy will be observedtonsidered as “noise.” The ratio varies with energy and is
and a Compton continuum spectrum is seen. An alternativirequently given for the 1.33-MeV peak 81Co. It increases as
process for high-energy gamma rays (>1.02 MeV) is paithe crystal size increases, and, after passing through a mini-
production, in which an electron-position pair is produced, andmum, increases as the source-to-detector distance increases,
gamma-ray peaks are observed at 0.511-MeV intervals belowince a larger fraction of the gamma rays pass through the full
the full energy peak. The two most important operatinggepth of the crystal. A peak-to-valley ratio of 12:1 for a crystal
characteristics of gamma detectors are efficiency and resolys very good. This ratio can be increased by anti-coincidence
tion. The “peak-to-Compton” or “peak-to-valley” ratio is gpjelding to cancel Compton events as described in 7.6.5. The

frequently given in the literature and is related to botheficiency of silicon for gamma rays is considerably less than
efficiency and resolution. These parameters should be specifieqjium “iodide because of its lower atomic number (the

by the manufacturer and the conditions under which they Werfficiency for photoelectric absorption of gamma rays is

measured should be given. . 5 . f :
> L _ roportional taZ °) and lower density (the density of Nal is 3.7
7.6.4.5 The resolution of sodium iodide crystals is usuall g/cm? and of silicon 2.4 g/cnd).

specified in terms of the width of the full-energy gamma-ray .
peak at half its maximum—the “full width at half maximum” _ _7'6‘4_'6 For a 1-Me\_/19amma ray, t_he _total absorp_tllon coef-
(FWHM). This is shown graphically in the gamma-ray spec-ficient is about 2 mm for sodium iodide, 1.5 mm™ for
trum in Fig. 2. The resolution improves with increasing energySiicon, and 3 mm™ for germanium. However, germanium
and the standard for comparison is usually the 0.662-Me\fl€tectors are not yet available in sizes approaching that of
gamma ray emitted in the decay3fCs. Good sodium iodide sodium iodide. The efﬁ'C|ency_ of a Ge(Li) detector is genera!ly
crystals have resolutions in the range of 6.5 to 7 %'fé¢s. ~ €xpressed by comparison with that of a 76 by 76-mm cylin-
Detection efficiency for the same geometry and windowdrical Nal(Tl) detector. Comparison is made between the
thickness is a function of several parameters and muckHll-energy peak efficiencies for the 1.33-MeV gamma ray
published information on efficiencies for various energies,of °°Co when the source is 250 mm from the detector. A
detector sizes, source-to-detector distances, and other variab@&rmanium detector with a volume of 35 crhas an efficiency
is available(11). The efficiency for gamma-ray detection may approximately 5% that of a 76 by 76-mm Nal(Tl) crystal.
be expressed in various ways. Of primary interest in spectrom-arger Ge(Li) detectors are available with relative efficiencies
etry is the full peak efficiency—the fraction of incident gamma of 25 to 30 %.
rays that give a full-energy peak for a particular source- 7.6.4.7 There are limitations in the efficiency of the light
detector configuration. For a 102-mm thick Nal(Tl) crystal, production and collection processes in the sodium-iodide-
with the source on the surface (zero distance), this fraction ishotomultiplier system that make its resolution inferior to that
approximately 0.24 for the 0.66-MeV gamma ray'®Cs and  of semiconductor detectors. One important factor is that about
approximately 0.14 for the 1.33-MeV gamma ray’#€o. The 500 eV are required to produce an electron at the photocathode
“peak-to-valley” or “peak-to-Compton” ratio is the ratio of i, 5 sodium iodide detector system, while the average energy to
counts at the maximum height of the full-energy peak to the,rgquce the analogous electron-hole pair in silicon is only 3.5
eV and in germanium 2.8 eV. The resolution of semiconductor
detectors does not change greatly with energy. Presently
n available germanium detectors have resolutions of 1.5 to 2.8
keV at 1.33 MeV and are from 3 to 30 % efficient compared to
a 76 by 76-mm Nal(Tl) detector. This greater resolution makes
this detector the one of choice for gamma-ray spectrometry and
cancels to some extent the higher efficiency available from
sodium iodide. Since the pulses from a single photopeak are
spread over a much smaller energy range in germanium than in
- 53 Key sodium iodide, the background under the peak is much less.
FWHM . .
This means that for small sources of moderately energetic
gamma rays, germanium is more sensitive than sodium iodide.
This is indicated in Table 1, where the efficiencies and
backgrounds of 76 by 76-mm sodium iodide crystal and a
35-cm3(5.5 % efficiency) germanium detector are compared.
7.6.4.8 Spectra of beta particles and conversion electrons
can be obtained with sodium iodide and semiconductor detec-
T TR tors sufficiently thick (a few centimetres) to absorb the particles
Energy (MeV) completely. One disadvantage of sodium iodide and cooled
FIG. 2 Pulse Height or Energy Spectrum of Cesium-137 lithium-drifted semiconductors is their relatively thick entrance

Counts per minute

—>"<— AV or AE
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TABLE 1 Comparative Performance of Nal(Tl) and Ge(Li) Gamma-Ray Detectors
Note—
Nal = 76 by 76-mm cylindrical detector.
Ge(Li) = 35-cm ° active volume, 5.5 % efficiency.
A = small source placed on detector.
B = 57 by 57 by 57-mm thick source place on detector.
Counting = percent of photons emitted from the source that give a
efficiency  full-energy peak.
Shielding = 152 mm of iron, 3.2 mm of lead.
Counting = one 30 000-s count for both source and background.

Detection = the number of photons emitted from the source whose net
limit  count equals twice the counting error, or

N+ Ng+ 2(N - Ng) 2
where N is the total number of counts recorded when the

source is measured and N is the total number of counts
recorded when the background is measured.

time
Photon Energy Background (cps) Counting Efficiency,% Detection Limit, photons/s
Detector Under Peak A B A B
0.14 MeV
Nal 24 26 18 24 3.5
Ge 0.7 12 4 0.92 2.8
0.66 MeV
Nal 20 14 9 4.1 6.3
Ge 0.11 1.3 0.68 3.6 6.8
1.33 MeV
Nal 8 5.8 3.8 6.2 9.5
Ge 0.055 0.75 0.38 4.5 8.9

windows. Other semiconductor detectors, particularly the sili-center wire gives good spectra for such radiati¢iis. A hole
con surface barrier type, have thin entrance windows and cais cut into the outer wall and covered with aluminized polyester
be used for beta particles at room temperature or better at 0°@lm to provide a thin entrance window. Argon (90 %)-methane
The 5 to 10-keV resolution for 600-keV electrons is better than(10 %) is a suitable counting gas.
the 12 to 30-keV resolution for 5-MeV alpha patrticles. 7.6.4.10 Organic scintillators, such as anthracene and poly-
7.6.4.9 Good spectra of low-energy beta particles, converstyrene polymerized with scintillating compounds, are also
sion electrons, and X rays can be obtained with a gas-flomseful for beta spectrometry. They are packaged with a
proportional counter provided that a linear preamplifier is usedphototube in a manner similar to sodium iodide crystals. Liquid
The resolution is intermediate between Nal and Ge. To reducscintillation mixtures also give beta spectra, and the output of
backscattering, the chamber should be made ofdomaterial. a commercial liquid scintillation counter can be fed into a
A counter constructed of a cylinder of graphite-impregnatednultichannel pulse-height analyzer to obtain a spectf2ymA
plastic, poly(methyl methacrylate) ends, and a thin coaxiabpectrum of%Pb?'%Bj %o in Fig. 3 shows the resolution
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obtainable by liquid scintillation counting of aqueous samples 7.6.5.1 Substantial background reduction can be achieved in
in a dioxane-based solution. TREBi curve is from a beta beta and gamma counters by surrounding or covering the
particle, and thé'%Po peak is from an alpha particle. Organic sample detector with another detector also sensitive to beta or
scintillators are preferable to sodium iodide for beta spectromgamma radiation, and connecting them electronically so that
etry because less backscattering occurs. any pulse appearing in both detectors is cancelled and not

7.6.4.11 The output pulses of any energy-dependent detegecorded as a count. This is usually referred to as anti-
tor, after linear amplification, must be sorted out according tdg°incidence shielding, and is recommended for obtaining very
energy to obtain the spectrum of incident radiation. The higHoW backgrounds. This type of counter was used for many
resolution available in detectors requires analyzers with hun¥®ars in directional studies of cosmic rays, and was first
dreds of channels to realize their full resolving power. The@PPlied to reducing the background of beta counters by Libby
amplified pulse is digitized by an analog-to-digital converter!n his study of naturat’C. The thick metal shielding (lead,
(ADC), and the resulting number for a particular pulse is

iron, or mercury) ordinarily used to reduce cosmic-ray and
recorded in a pulse counter whose location is determined b§@mma-ray background must also be present, and is placed
digital circuitry. This makes it possible to use a digital

utside the anti-coincidence shielding. Gas-filled beta detectors
computer to count and store in its memory the number oft

re generally shielded by gas-filled detectors, and such anti-
pulses in each channel. This conversion and storage is rel pincidence shielding is .effective primarjly a.ga?nst the pa}rtic.u-

tively slow, and the analyzer is blocked from processing ate component of cosmic rays. The ant|—c0|nC|dence_sh|eId|ng
second pulse until the previous processing is completed. Th rbeta_t counters may”con5|st ofa_number of long Geiger tubes
time required to process a pulse increases with chann jcosmic-ray counters”) surrounding the sample detector or a

. ; . arge (approximately 152 mm square) gas-flow detector, with
number. The instruments now available are sufficiently fast forseveral anode wires so the entire area of the counter is
. S ¥ nsitive, placed just above the sample detector. For counting
'r!forma“"” IS acceptable, as the analyzers measure and '€COBlid beta sources, the sample detector has a diameter of 25 to
“live time” fairly accurately. Thus, the counting time recorded 51 mm. Surrounding these counters on all six sides there is

by the analyzer will be the actual time it was in a condition tofrequently a layer of high-purity copper to absorb gamma rays
receive detector pulses, and not the elapsed time. To mainta itted from the outermost shielding, and 102 to 152 mm of

good accuracy, the activity of the sample should be adjusted 3,4 or jron on all six sides. This is the form usually taken by
give live times of 90 % or more. A computer may be perma-he commercially available anti-coincidence shielded beta

nently combined with the ADC to operate only in the pulse-cqynters. Plastic or inorganic scintillators could also be used as
height analyzer mode (*hard wired”), or a separate and largef e anti-coincidence shielding.

computer is “soft wired” to the ADC and can also be
programmed for operations other than pulse height analysi%
such as data reduction and spectrum resolution. In either cayf
this type of analyzer makes possible automatic digital reado

7.6.5.2 Anti-coincidence shielding of gamma-ray detectors
erates in a similar way, and is particularly useful in reducing
e Compton continuum background of gamma rg4yR).

int d fe t ; " ¢ amma rays that undergo Compton scattering and produce a
on printers, paper, and magnetic tape, automatic Spectiul} e iy poth the detector and the anti-coincidence shield are

plotting, cathode-ray tube curve and digital presentation, anflancelied electronically. Ideally, only those gamma rays that
internal data reduction. are completely absorbed in the sample detector itself produce
7.6.4.12 All multichannel pulse-height analyzers currentlya count that is recorded with the total energy of the gamma ray
available are transistorized, and are fairly reliable instrumentgull-energy peak). There are second-order effects that prevent
and relatively easy to operate. Their maintenance and repair isomplete elimination of Compton scattering, but the improve-
however, a specialized skill similar to other computer repair. Inment is substantial. The anti-coincidence shield can be a large
comparing analyzers, some of the important specifications tgodium iodide or plastic scintillator suitably attached to pho-
consider are the number of channels, count capacity, stabilityptubes. They usually have a large annular hole into which the
live-time accuracy, linearity, type of pulse input acceptablesample detector, a smaller sodium iodide detector, or germa-
and ADC speed. The minimum number of channels useful fonium iodide detector is placed3, 14)
Nal gamma-spectrometry is 128; Ge(Li) detectors should be 7.6.6 Coincidence Counters
used with at least a 1000-channel analyzer and alpha and beta7_6_6_1 In coincidence counting, two or more radiation

spectra can profitably use 100 to 400 channels, depending Qfutectors are used together to measure the same sample, and
the energy range to be covered. Analyzers with 4096 channels,y those nuclear events or counts that occur simultaneously
are fairly common, and larger analyzers are available fof, | detectors are recorded. The coincidence counting tech-
special purposes. nique finds considerable application in studying radioactive
7.6.4.13 Semiconductor detectors require low-noisedecay schemes; but in the measurement of radioactivity, the
charge-sensitive amplifiers. Because of their excellent resolurincipal uses are for the standardization of radioactive sources
tion, semiconductor detectors are often used with a biasednd for counter background reduction.
amplifier following the main amplifier to isolate a portion of ~ 7.6.6.2 Coincidence counting is a very powerful method for
the spectrum for analysis. This makes it possible to use smallgypsolute disintegration rate measurem@t15) Both alpha
analyzers than would otherwise be necessary. and beta emitters can be standardized if their decay schemes
7.6.5 Anti-Coincidence Counters are such thaB-v, v-vy, B-B, a-B, or a-X-ray coincidence occur
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in their decay. Gamma-gamma coincidence counting with tw@xamples are strongly alkaline conditions to hold molybdenum
sodium iodide crystals, and the source placed between them, ad ruthenium in solution, or acid conditions with fluoride ion
an excellent method of reducing the background from Compto keep zirconium in solution. The addition of an acid such as
ton scattered events. Its use is limited, of course, to countingydrochloric is generally desirable to reduce hydrolysis and the
nuclides that emit two photons in cascade (which are essetess of activity on container walls. Frequently, samples will
tially simultaneous), either directly as $ACo, by annihilation  contain insoluble material. In such cases, treat the sample by
of positrons as if°Zn, or by immediate emission of a gamma one of the following methods:
ray following electron capture decay. If the crystals are 8.4.1 Filter the insoluble material and analyze both the
operated with single-channel pulse-height analyzers to limit théiltrate and insoluble matter on the filter. During filtration, some
events recorded from each crystal to one of the full-energynaterial may be sorbed onto the filter and assumed to be
peaks of the photons being emitted, then essentially only thosasoluble when in fact it is soluble.
photons will be counted. Non-coincident pulses of any energy 8.4.2 Centrifuge the sample and analyze both phases. Wash
in either one of the crystals will be cancelled, includingthe insoluble phase with distilled water to remove all soluble
cosmic-ray photons in the background and degraded or Compnaterial without dissolving the insoluble fraction.
ton scattered photons from higher energy gamma rays in the 8.4.3 In either of the above separations when the total
sample. Thus, the method reduces interference from othexctivity is required, the insoluble matter may be dissolved and
gamma emitters in the sample. If, instead of single-channalecombined with the soluble fraction. When radioactivity is left
analyzers, two multichannel analyzers are used to record then the walls of the sample container, desorb it and add it to the
complete spectrum from each crystal, singly and in coinci-sample.
dence, then the complete coincident gamma-ray spectrum can8.5 Composite samples may be made by mixing aliquots of
be obtained with one measurement. The efficiency for coincisuccessive samples collected by an automatic sampler. Analy-
dence counting is low since it is the product of the individualsis of such composite samples yields average results only and
efficiencies in each crystal, but the sensitivity is generallyloses information on short-term effects.
improved because of the large background redudtiéy This .
technique is often referred to as two-parameter or muItidimeng' Instrument Operation and Control
sional gamma-ray spectrometry. 9.1 The following procedures ensure that counting equip-
7.6.6.3 Additional background improvement is obtained ifment is functioning properly and remains in calibration.
the two crystals are surrounded by a large annular sodium 9.2 Establishing Counter Characteristics
iodide or plastic scintillation crystal connected in anti- 9.2.1 The first step in instrument control is to establish the
coincidence with the two inner crystals. In this case a gammaperating characteristics of the system. Carefully measure the
ray that gives a pulse, but is not completely absorbed in one difficiency for counting the nuclide of interest under the
the two inner crystals, and also gives a pulse in the surroundingonditions to be employed. Select counting conditions, that is,
crystal, is cancelled electronicallgl3, 16) This provides Optimize gain, discriminator setting, and voltage for the radio-
additional reduction in the Compton scattering backgroundnuclide of interest. Set the operating voltage so that any change
Lithium-drifted germanium detectors may be used in p|ace ofn counting rate is minimized for a given voltage fluctuation.
the inner sodium iodide crystals for improved resolution andAdjust the discriminators to exclude noise and unwanted

sensitivities(14). interferences from the nuclides being counted. Make adjust-
7.7 All of the equipment described in Section 7 is availablement to optimize the signal-to-noise ratio. When the counting
commercially. conditions have been selected, monitor known interferences to
) determine such things as the effect of counting betas in an
8. Sampling alpha counter or alpha pulses in a beta proportional counter,
8.1 Collect the sample in accordance with Practice D 106&tc.
or Section 14.3 of Practices D 3370. 9.2.2 Make daily performance checks and maintain a log for

8.2 Sample an appropriate volume depending on the exeach instrument. This log should include the count for a
pected concentration of radioactivity in the water. For precisestandard and a background. When the counting rate differs
measurements without long counting times, it is advisable tstatistically from the expected performance, perform additional
count an aliquot that contains at least 40 dps of radioactivitycounting to determine if the counter is malfunctioning. High

8.3 Chemical treatment of samples to prevent biological obackground can indicate either an instrumental problem or
algal growth is not recommended and should be avoided unleg®unter contamination.
essential. When necessary, select the reagents used to avoid®.2.3 Certified standards are available from several suppli-
chemical interaction with the radioactive species in the sampleers. Most solution standards have the pH controlled and carrier
Analyze samples promptly. added to ensure that hydrolysis or sorption, or both, do not

8.4 Chemical treatment of samples to retain radioactivehange the concentration of the solution. When dilutions are
species in solution may be used but carefully select the specifimade it is important to maintain the stability of the solution by
treatment. The use of oxidizing acids such as HN®not  diluting with a proper matrix. Store the standard in a container
recommended when iodide is present since it may be oxidizethat minimizes evaporation by loss either through the walls or
to iodine and lost or be absorbed into the plastic containers ibut of the stopper.
they are used. In some cases, extreme chemical treatment mayd.2.4 If a planchet is prepared as a standard, place it in a
be used to keep a particular chemical species in solutiorsuitable container for storage, which will prevent the surface
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containing the activity from being contacted. A recommended
practice is the preparation of two standards, using one and
storing the second for periodic checks to see that the working
standard has not been altered.

9.3 Counter Control and Tolerance Charts !

9.3.1 Evaluate the daily standard counts made on any ~-| \L« LIMITS OF PEAK LOST counTs
counter on a statistical or tolerance basis. The best way to do — ‘_
this is to maintain a control chart on each counter. A control NORMAL RESOLUTION (0SS IN RESOLUTION

chart is a graph showing the number of counts recorded in a FIG. 5 System Resolution in Alpha and Gamma Spectrometry
fixed counting period against the day of the year. Select a
radioactive source having a suitable emission rate to give

. . . ; Counter Logs
several thousands of counts in a relatively short counting time.

Each measurement should be at least 10 000 counts in a given o and ¢ Counters v Spectrometers
measurement time period. Determine the initial erttyfrom

. standard counts standard counts
the average of at least ten measurements over a period of days. background counts standard resolution
For a statistical control chart, enter the error bands 28, and system changes background counts

control charts control charts

+3S5(§ = \/N) and draw lines on the chart that allow for
decay of the standard over the year. For a tolerance chart, selek®. Counting Statistics
the tolerance band fdy, based on needs, to which the counter 151 Each nuclear disintegrati¢8, 17, 18)is a completely

will be held, for example, from=1 % or £3 % of theN, etc.  anqom and independent process. Established methods of
The tolerance band is equivalent to th8S, control band of & g¢asistical analysis are available to describe the random phe-

control chart. Draw control chart and tolerance band lines o, menon of nuclear disintegration. The total number of par-
the chart that allow for decay of the radioactive standard oveficjes counted in a time period can be shown to deviate from
the year. An examplc_a of a control chart is shown in Fig. 4. o average in accordance with the expression, /N where
9.3.2 For a statistical control chart, enter the result of the\ is the number of counts in the counting peribdSimilar
standard count in the control chart and take the followinghehayior is found in the background count rate for any counter
action: L ) and the recorded background will deviate from the average in
9.3.2.1 If the result is inside the2S band, consider the 5.cordance with the expressidi = /N, whereNg is the

counter to be in control. , o number of counts recorded in the counting petigdrhen find
9.3.2.2 If the result lies outside the2S, band, but inside  ha net counting rate as follows:

the =3S, band, consider the counter to be in control but flag
this result. N, = Net count rate= (? - %‘) €h)
9.3.2.3 If the result lies outside the3S, band, consider the B
counter out of control. Corrective action is needed if repeated The standard deviation (uncertainty at the 68.3 % confidence
counts remain outside the3S, band. level) of the Net count ratd\,, is defined as follows:
9.3.3 For a tolerance chart, enter the result of the standard
count in the tolerance chart and take the following action: oo o
9.3.3.1 If the result lies outside the tolerance band, consider ©F for the net count rate with its standard deviation:
the counter out of control. Corrective action is needed if Ng N N
repeated counts remain outside the tolerance band. >i 2 3)

.. . tB
9.34 For' alpha and gamma sp_ectrometry, it is also impor- In practice, many counts will be made that deviate from the
tant to monitor for system resolution (see Fig. 5).

9.3.5 In addition to the control charts made on each countef® ¢ 29¢ by more or less than t.he. standard deviation, S;{tnp
. . . : definition would give those limitsX - S and X+ S,, which
keep all pertinent information about the system in a log book . : o
i would include approximately 68 % of all observed values. In

or permanent file.

terms of the population of observations between limits, one can
express the chance of probability of a result being between the

(N/t?) + (Ng/tg *) @

N
Net count rate= | + — —
t 1

§ snould be about 10° counts whonover possible limits X - KS, and X + KS, as “confidence levels,” wher¢ is
Its stored simply a multiplier forS,. In evaluating the effect df for total
counts (per measurement period) greater tha@®, one can
\ tabulateK and the “confidence level.”
‘X\ Confidence Level, % K
X L 68.3 1.0
C T . 90 1.65
* x * 95 1.96

- 99 2,58
T 99.7 3.0

10.2 The 95 % confidence limit is frequently used and has
Davs of vear been generally accepted since errors outside this band are
FIG. 4 Typical Counter Control Chart considered statistically significant. In practick, is often
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rounded to 2.0 and the tern§2 or 2o, error is often used. In The work can be divided into two main classes, as follows:

some cases theS3 or 3o, error is used and gives the 99.7 % 10.4.1 Gamma SpectrometrtAssuming that the integrity

confidence limits. of the sample is known, the sampling and treatment effects are
10.3 Precision—There is a measure of the reproducibility of at a minimum and then only two significant terms are present.

a measurement. There are a number of items that affect thEhese are accuracy of calibration and precision of counting:
recision of radioactivity measurements, the more important of

tphese are as follows: ! P Sepec= V&' + 8 ®
10.3.1 Position—For point sources the observed radioactiv- where:

ity is proportional to the reciprocal of the square of the distanceSy,,.. = overall error for the measurement (Relative

of the source from the detector. Measure all sources being Standard Deviation or RSD),

directly compared at the same source-to-detector distance. S calibration uncertainty (RSD), and
10.3.2 Radiation Scattering-Changes in the sample sup- S counting uncertainty (RSD).

port and backing material can seriously affect the precision of 10.4.2 Separative Work-The sample treatment introduces

radiation measurements, particularly that of beta radiationuncertainty into the measurement. One estimate of great merit

Standards and samples should have the same backing materialas follows:

The use of a sample support rack constructed of a material with Sx= \/W ©)

low atomic number will reduce the effect of side-scattering.

Scattering from backing material can be minimized by the usewhere:

of a thin, low atomic number material. S,
10.3.3 Background—Measure this radioactivity with no Sy

sample near the detector and subtract from all measurements & counting uncertainty (RSD), and

gross sample activity. This requirement becomes more critica& calibration uncertainty (RSD).

as the net sample activity becomes small with respect to the The intrinsic precision may be determined by doing a

background. Perform routine periodic measurements of th&ingle-operator precision (SOP) test at three or four activity

background to check for possible detector contamination oleVvels.

overall uncertainty for the measurement (RSD),
intrinsic precision of the method (RSD),

malfunction. SOP Test Data

10.3.4 Absorption—Alpha and beta radiations are partly Le(‘j’gg S{%RSD)  S,%RSD)  S,(%RSD)
absorbed by the sample and by all substances separating the 8 Sy Sun Average
sample from the detector. This effect is usually small for 2 ‘21 gi gﬁ } 3,

gamma radiation but beta and alpha radiation are seriously200
affected. If sources of the same atomic number and mass areThe use of methods that have been round-robin tested will
compared on the same counter in the same geometry, absongrovide a method wherg§ is known.
tion will be constant under these conditions but should not be 10.5 Minimum Detectable Activity
ignored. Since the sample mass may vary significantly, con- 10.5.1 The minimum detectable activity (MDA) is a statis-
struct calibration curves to correct for changes in self-tical measure of the sensitivity of a counting determination. In
absorption. the analysis of environmental samples or discharge samples,
10.3.5 Quenching—This is any process that reduces thethe sensitivity obviously becomes an important and often
photon output in a scintillation system; this in turn reduces theeritical item. To determine if a measured sample count rate is
measured count rate. Quenching can be caused by such thingi§erent than the instrument background, the measured sample
as sample color and chemicals in the sample. The need ®ount rate is evaluated against the decision (or critical) level as
correct for this phenomenon can be avoided if samples of thdefined by Currig(38). The decision level is defined as the"
same color and same chemical composition are compared. ¢fuantity of analyte at or above which a decision is made that a
this is not possible, most instrument manufacturers and textgositive quantity of analyte is present.” The industry standard
describe methods for construction of calibration curves tdas set the probability of erroneously reporting a detectable

correct for this phenomenaii9, 20, 21) nuclide in an appropriate blank or sample at 0.05. Under this
10.4 Overall Uncertainty in a Determinatiea-Report mea- conversion, the decision level is mathematically defined as:
surement results with the estimated overall measurement Decision Level Count Rate DLCR = 1.645x S, @)

uncertainties shown. There are two approaches to thisigid

propagation of uncertainties, which is not sound in practiceg where Sjs defined ass; X /2 and S is the standard

eviation of the background count rate. The abdeCR
guation assumes paired observations, for example, the sample
nd appropriate blank (background) are counted for the same
length of time. Thea priori minimum detectable activit{38)

since the individual components are not well characterized, an
(2) a combination of known uncertainties. In combininga
uncertainties, use the following relationship:

Sx=1/S%+5S,2 (4) is defined as “The amount of a radionuclide, which, if present

in a sample, would be detected with a 0.05 probability of

wherE: , non-detection while accepting a 0.05 probability of false

21 N ?gﬁéignuggﬁri?r:g%r?let?t?ainmtsa(lsizusreDTe;;d(RSD), detection (erroneously detecting that radionuclide in an appro-
S, = other random uncertainties (RSD). ’ priate blank sample).” Thea priori minimum detectable

activity, MDA, is mathematically defined as:

10
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