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INTERNATIONAL
Standard Test Method for
Nondestructive Assay of Special Nuclear Material in Low-
Density Scrap and Waste by Segmented Passive Gamma-
Ray Scanning *
This standard is issued under the fixed designation C 1133; 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 epsilonej indicates an editorial change since the last revision or reapproval.
1. Scope

1.1 This test method covers the transmission-corrected nondestructive assay (NDA) of gamma-ray emitting special nuclear
materials (SNMs), most commonfyU, 2>%Pu, and***Am, in low-density scrap or waste, packaged in cylindrical containers. The
method can also be applied to NDA of other gamma-emitting nuclides including fission products. High-resolution gamma-ray
spectroscopy is used to detect and measure the nuclides of interest and to measure and correct for gamma-ray attenuation in v a
sertices of horizontal segments (collimated gamma detector views) of the container. Corrections are also made for counting losses

1 This test method is under the jurisdiction of ASTM Committee C-26 on Nuclear Fuel Cycle and is the direct responsibility of Subcommittee C26.1€stnudtived
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occasioned by signal processing limitatiqis--3)2
1.2 There are currenHy—at—least—three several systems in use or—uﬁder active development for determlnlng the attenuation
y W egmented

e-energies

eembmed—w&h correctrons feeﬁuehde—tuﬁms—leased—eﬁ—as y NBA—ef—the—nueHde—ef—mtefest—at—thﬁﬁle—eﬁe@es—(MESGS)
radioisotopic material§6—8}-ane(4-8). A related technique, tomographic gamma-ray scanning-procedures{TGSS) (TGS), is not
included in this test metho®,10)

12 1-The-simplest-procedure,

1.2.1 This test method will cover two implementations of the Segmented Gamma Scanning (SGS) protedsosoge
Specific (Mass) Calibration, the original-segmented—gamma—sean—transmission SGS procedure, uses standards of known
radionuclide masses to determine detector response in a mass versus corrected count rate calibration that applies only to those
specific radionuclides for which it is calibrated, ar®) Efficiency Curve Calibration, an alternative method, typically uses
non-SNM radionuclide sources to determine system detection efficiency vs. gamma energy and thereby calibrate for all
gamma-emitting radionuclides of interg&f). These two methods will be covered in detail in the remainder of the main body of
this test method and Annex Al.

1.2:21.1-DEfficiency Curve Calibration, over the-limited-experience-and-iterature-documenting energy range for which the
MESGS-and-TGS-procedures,-discussion-in-this-test-method-will-be-timited to efficiency is defined,-has-the-abevereferences.

1.3 Two conditions must be met to optimize SGS assay resulis as follows:
13- 1-Theparticles-containing-the-nuclides advantage-efnterestmustbe-smalHto-minimize-self-abseorption-of emitted providing

calibration for many qamma-emrttrnq nuclrde for which half-life and gamma—radratron

ton factor,

1—4—'Fhe emission mtensrty data are avallable

1.3 The assay technique may be applicable to loadings-effrem one up to several hundred grams of nuclide in a 208-L (55-gal)
drum, with more restricted ranges to be applicable depending on specific packaging and counting equipment considerations.

14 4 Measured transmission values must be avaitable—to—permit valid for use in calculation of segment-specific attenuation
corrections at the energies of analysis.

1.5 A related method, SGS with calculated correction factors based on sample content and density, is not included in this
standard.

1.6 The values stated in Sl units are to be regarded as the standard. The values given in parentheses are for information only.

1.67 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory
limitations prior to use Specific precautionary statements are given in Section 8.

2. Referenced Documents

2.1 ASTM Standards:

C 982 Guide for Selecting Components for Energy-Dispersive X-Ray Fluorescence (XRF) Systems

C 1030 Test Method for Determination of Plutonium Isotopic Composition by Gamma Ray Spectrometry

C 1128 Guide for Preparation of Working Reference Materials for Use in the Analysis of Nuclear Fuel Cycle Materials

C 1156 Guide for Establishing Calibration for a Measurement Method Used to Analyze Nuclear Fuel Cycle Materials

C 1207 Test Method for Nondestructive Assay of Plutonium in Scrap and Waste by Passive Neutron Coincidence3Counting

C 1210 Guide for Establishing a Measurement System Quality Control Program for Analytical Chemistry Laboratories within
the Nuclear Industsy

C 1458 Test Method for Nondestructive Assay of Plutonium, Tritium Zhm by Calorimetric Assay

E 181 Test Methods for Detector Calibration and Analysis of Radionuélides

2.2 ANSI Standard§

ANSI/IEEE 325 Test Procedures for Germanlum Gamma Ray Detectors

ANSIHHEEE-645—TestProceduresfor-High-Purity
ANSI N42.14 Calibration and Use of Germanium—Betectors Spectrometers—fer—tonizing—Radiation the Measurement of

Gamma-Ray Emission Rates of Radionuclides

2 The boldface numbers in parentheses refer to the list of references at the end of this test method.

2 Annual Book of ASTM Standardgol 12.01.

4 Annual Book of ASTM Standardgol 12.02.

> Available from American National Standards Institute (ANSH, 11 25-#£42nd 43re-St;, 13th 4th Floor, New York, NY 10036.
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2.3 NRC Regulatory Guide%:

Regulatory Guide 5.9, Rev. 2, Guidelines for Germanium Spectroscopy Systems for Measurement of Special Nuclear Materials
Regulatory Guide 5.11, Rev. 1, Nondestructive Assay of Special Nuclear Material Contained in Scrap and Waste

Regulatory Guide 5.53, Rev. 1, Qualification, Calibration, and Error Estimation Methods for Nondestructive Assay

3. Summary of Test Method

3.1 The assay of the nuclides of interest is accomplished by measuring the intersity of a one or more characteristic gamma rays
from each nuclide. Corrections are made for count rate-related losses and attenuation by the-item—Cemparison—to similarly
corrected-gamma-ray-intensities-observed-during-the-measurement of The appropriate mass or efficiency ealibration materials, then
provides the relationship between observed gamma-ray intensity and nuclide content.

3.2 Either of two distinct calibration methods can be used:

3.2.1 Isotope Specific Calibratiomprovides assay results for only those radionuclides for which the SGS is specifically
calibrated. Calibration is performed using standards containing the radionuclides to be assayed.

3.2.2 Efficiency Curve Calibratioentails determination of the system detecton efficiency as a function of gamma ray energy.
Analysis of assay data consists of using the energy of a peak to infer the emitting radionuclide, and then calculating the
radionuclide mass from the specific activity and the gamma emission intensity of the radionuclide, and the corrected count rate
and detector efficiency at the peak energy.

3.3 The assay item is rotated about its vertical axis and scanned segment by segment along that axis, thereby reducing the effects
of nonuniformity in both matrix density and nuclide distribution (see Fig. 1).

3:34 Count rate-dependent losses from pulse pile-up and analyzer dead time-are-menitored and corrected for by electronic
modules, and radioactive source, a pulser, or a combination of these.

345 The average linear attenuation coefficient of eaeh—vertical horizontal segment is calculated by measurement of the
transmitted intensity of an appropriate external gamma-ray source. The source is mounted directly opposite the gamma-ray
detector, on the far side of the assay item (see Fig. 1).

3-5-Fhe-corrected-gamma-ray-countrates for

3.6 Two conditions must be met to optimize SGS assay results as follows:

3.6.1 The particles containing the nuclides of interest-are-determined-on-a-segment-by-segment-basis—Fhe precision must be
small enough to minimize self-absorption-efthe-measured-countrate-of each emitted-gamma-ray-used-foranalysisis-also estimated

on-a-segment-by-segment-basis—Atthe-completion radiglidh

3.6.1.1 Under specific conditions, particles large enough to provide significant self absorption (lumps ) may be assayed

accurately. These conditions include use-efthe-meastrementof-allsegments;countrates-are summed, specific Nuclide differential

8 Available from U.S. Nuclear Regulatory Commission, Public Document Room, 1717 H St., N.W., Washington, DC 20555.
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peak calibration and calibration using mass standards that have-the salme attenuation characteristics over the energy range used
for quantitative measurements as-the-nuclides-ef-interest in materials to be assayed.

3.6.1.2 An alternative approach to mass calibration with standards that cont&m—ﬂae—enﬂre—eontamer same S|zed particles is to
apply correction algorithms that are—cateutated base i en counting
&aﬁ&eﬁ%mdﬁ%aksegn%mwwﬁﬂﬁme&aﬁ%mﬁgaedﬁobm%&%&mmed—premsmn d|fferent|al response of two or
more peaks at different energies from-the-analysis.

3-6—1n same nuclide. For example, the-eventthat-a-single-nuclide-of-an-elementismeasured-129-and-the-toetal-element mass is
required{forexampte, 414 keV peaks 6t%Pu or the 144 and 186 keV peaks?3fU could be used (see 6.7).

3.6.1.3 The presence of lumps in material being assayed also can be detected using differential peak response algorihms.

3.6.2 The mixture of material within each item segment must be sufficiently uniform to apply an attenuation correction factor,
generally computed from a measurement of gamma-ray transmission through the segment.

3.7 The corrected gamma-ray count rates for the nuclides of interest are determined on a segment-by-segment basis. The
precision of the measured count rate of each gamma ray used for analysis is also estimated on a segment-by-segment basis. At the
completion of the measurement of all segments, corrected count rates are summed, and mass values for the nuclides of interest in
the entire container are calculated based either on comparisons to appropriate calibration materials or from the gamma emission
rates determined from the segment efficiencies determined over the energy range of interest. Based on counting statistics for
individual segments, precision values are propagated to obtain the estimated precision of the analysis.

3.8 In the event that a single nuclide of an element is measured and the total element mass is required (for € ple
total plutonium), it is common practice to apply a known or estimated nuclide/total element ratio to the nuclide assay value to
determine the total element content.

3.8.1 Isotope ratios can be determined using gamma isotopic analysis techniques such as those described in Test Method
C 1030.

4. Significance and Use

4.1 Segmented gamma-ray scanning provides a nondestructive means of measuring the nuclide content of scrap and waste
where the specific nature of the matrix and the chemical form and relationship between the nuclide and matrix may be unknown.

4.2 The procedure can serve as a diagnostic tool that provides a vertical profile of transmission and nuclide concentration within
the item.

3 Sample preparation is generally limited to good waste/scrap segregation practices that produce relatively homogeneous
items that are required for any successful waste/inventory management and assay scheme, regardless of the measurement method
used. Also, process knowledge should be used, when available, as part of a waste management program to complement information

I on sample parameters, container properties, and the appropriateness of calibration factors.

5. Interferences

5.1 Radionuclides may be present in the assay item that produce gamma rays with energies that are the same or very nearly the
| same as the gamma rays suggested for nuclide or transmission measurement. The areas of the closely spaced peaks that are
produced in the gamma-ray spectrum cannot be calculated by simple spectroscopic procedures. Peak fitting software routines may
be able to resolve closely spaced peaks in some cases; if not, the nuclide of interest may produce other gamma rays that may be

used for analysis.

5.1.1 The peak produced by the 661.6-keV gamma ray frbtfCs would interfere with calculation of the area of tré¢*Am
peak produced by its 662.4-keV gamma ray. The 721.9-keV gamma r&§*am may be a useful alternative.

5.1.2 The peak produced by the 765.8-keV gamma ray fr8tNb would interfere with calculation of the area of th&%Pu
peak produced by its 766.4-keV gamma ray. The 786.3-keV gamma ray?®ti may be a useful alternative.

5.1.3 Occasionally*>*"Np is found in the presence of plutonium. THéNp daughter,?*3Pa, emits a gamma ray at 415.8-keV
along with several gamma rays in the range from 300 to 400 keV. Peaks from these gamma rays would interfere with calculation
of the area of thé*®Pu peak produced by its 413.7-keV gamma ray and several other often used-peaks-proeduced yFeom
gamma+ays.Pu. In this case, the peak produced by the 129.3-keV gamma T&Pofmay be the only reasonable alternative.

5.1.4 The peak produced by the 63.1-keV gamma ray ff8RYb, sometimes used as the transmission sourc&*fds assays,
may interfere with calculation of the area of the peak produced by the 59.5-keV gammafairof which is used as the count
rate correction source. TH&%b gamma ray can be sufficiently attenuated by placing a cadmium absorber over the transmission
setree.

5.2 source or the s problem can be avoided al ctogether by using a two-pass assay. The first measurement pass measures the
intensity of the transmission source for each segment. The second measurement pass measures the intensity of thé*R8.7-keV
gamma-ray emission from each segment with the transmission source shutter closed.

5.1.5 Transmission source peaks may have errors introduced by the presence of a radionuclide in the assay material that emits
gamma rays at or near one or more of the measured transmission energies. The affected measurements will then be higher than
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the actual transmissions through the item, leading to calculation of a lower than actual correction factor and quantity of measured
radionuclide.

5.2 In the case df*%Pu assays usinffSe as a transmission source, random coincident summing of the 136.00 and 279.53-keV
gamma-ray emissions frofSe produces a low-intensity peak at 415.5-keV that interferes with calculation of the aredtPthe
peak produced by its 413.7-keV gamma ray. The effects of this sum-peak can be reduced by attenuating the radiation from the
transmission source to the lowest intensity required for transmission measurements of acceptable precision. The This problem also

can be avmded—en%rrely by maklng a two- pas&assay#hﬂws%me&&wemeﬂ%pasﬁﬂeaswe&m&m%enﬂyeﬁhewaﬁsmlssmn source
...... M em-each

5.3 Peaks may appear at the gamma-ray energies used for analysis when there is no nuclide present on the turntable. The likely
cause is excessive amounts of nuclide stored in the vicinity of the detector. The preferred solution to this problem is removal of
the nuclide from the vicinity and restraint of nuclide movements around the system during measurements. If these conditions
cannot be met, sufficient shielding must be provided to eliminate these peaks. Shielding opposite the detector, on the far side of
the item to be assayed, will also help to reduce the amount of ambient radiation seen by the detector (see Fig. 1).

6. Sources of Error

6.1 Sources of error specifically applicable to segmented gamma-ray scanning are discussed in this section. General descriptions
of sources of error encountered in gamma-ray nondestructive assay systems can be-foureHrANSHNTS20,-ANSHN15.35, and NRC
Regulatory Guide 5.11.

6.2 The bias in an assay is strongly dependent on how well the attenuation for each segment has been determined. In order to
determine the attenuation, a radioactive source with a gamma ray of nearly the same energy as the gamma ray of the nuclide of
interest is positioned directly opposite the gamma-ray detector, on the far side of the assay item (see Table 1 for suggested
nuclide/transmission source combinations and Fig. 1 for geometry). At lower energies, where the mass attenuation coefficient
varies rapidly, it is useful to find a source that produces gamma rays with energies that bracket the energy of the gamma ray from
the nuclide of interest. This test method provides a more accurate procedure for calculation of attenuation at the energy of interest.
At higher energies, where the mass attenuation coefficient varies more slowly, a transmission source with a single gamma ray of
nearly the same energy as the nuclide of interest-should may provide a sufficiently accurate determination of attenuation.

6.3 Radionuclides emitting low-energy radiation, especiaf$Am, may contribute a large fraction of the total count rate. The
low-energy radiation may be reduced by the use of fixed absorbers, typically cadmium, tin, or lead, betweenthe-measurement asay
item and the detector (see Fig. 1 and +2.157).

6.4 Radionuclides emitting high-energy radiation will contribute Compton-continuum under peaks to be used for the assay. The
Compton-continuum will worsen the estimated precision calculated from the counting statistics. The &s3ayisohormally
performed using®®®Yb as the transmissien-eetreetion source. This source provides 177- and 198-keV gamma rays that allow
accurate calculation of the transmission at 185.7-keV, the energy of the gamma ra§?tbnmormally used for assays. The
problem of added Compton-continuum from the Yb source can be avoided by making a two-pass assay. If the high-energy gamma
rays are from the-meastrement assay item itself, but not from the nuclide of interest, it may be possible to eliminate them from
future-measurement assay items by scrap and waste segregation procedures. Such procedures are discussed in detail in NRC
Regulatory Guide 5.11.

6.5 VIf the transmission source nuclide or at radionuclide with one or more gamma rays of similar energy is in the assay
material, a two-pass assay allows the passive scan data to be used as the background for the transmission measurement.

6.6 Variations in item composition and density withir-a—vertical segment lead to indeterminate errors. Such variations should
be minimized through-strict appropriate scrap and waste segregation procedures.

6.67 Some matrix forms-are-irherently may be unsuitable-ferthe-eriginal segmented gamma-ray analysis procedures.

6-67.1 Such forms may contain lumps of nuclide, that is, nuclide contained in small velumes—ef-matrix-material having a
localized density substantially different from the bulk density of the rest of the container. The dimensions of nuclide particles that

TABLE 1 Suggested Nuclide/Source Combinations for
Segmented Gamma-Ray Assay

Peak Trans- Peak Count Rate Peak

Nuclide Energy, mission Energy, Correction Energy,
keV Source keV Source keV

235y —1857 169y 17723980 24 Amm -59:5
23y 185.7 169%yp 177.2,198.0 24Am 59.5
238y 16611 M- 8348 Llgs 6616
238y 1001.1 54Mn 834.8 37Ccs 661.6

%9Co 1173.2,1332.5

23"Np 311.9 203Hg 279.2 235y 185.7
238py 766.4 37cs 661.6 133ga 356.3
239y 4137 BSe-  —400:% 133Ba 3563
239py 413.7,129.3  ’®Se 400.1 133Ba 356.3
24Am 662.4 *Se 400.1 133Ba 356.3
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constitute a lump vary with the energy of the emitted radiation used for the analytical measurement. The possible magnitude of
the problem may be estimated from examples of attenuating effects provided in Note 1.

NoTe 1—A plutonium metal sphere 0.02 cm in diameter will absorb approximately 4 % of the 4143Re\ gamma rays produced. Approximately
15 % of the 186-ke\?**U gamma rays will be absorbed in a uranium metal sphere of the same didd®@ter

6.67.2 The presence of lumps of plutonium may be detected and, in some cases, a corrected value calculated-usingthe MESGS
teehnology. various correction algorithms. The techniques uses transmission-corrected assay results for multiple gamma-ray
energies from a singte-isetope nuclide and a weighting function to account for self-absorption by lumps. This approach has been
used-onty primarily for the analysis-o£3Pu-using-a’>Se-transmissien-seurce, 0FPu, where-beth the nuclide of interest-and
the-transmissien—seuree—emit S emits gamma rays over a range of several hundred keV. The success of the lump correction
calculations is not unlversa(IG—_8) however, and the technique must be evaluated for specific material streams prior to
implementation.

6.67.3 Another condition that will cause measurement problems is presented by containers—with—several-irreguiar regions,
radically heterogeneous contents having highly variable in densities and non-uniform activity distributions, that prevent the
calculation of a valid attenuation correction based on the transmission measurement. In the case of such a condition, an analytical
method less sensitive to nuclide and matrix-densities;-such-as-passive-nedtron-coincidence-counting-as-described-n-Test Method
€-1207, densities should be used.

678 The nature of the segmenting process leads to end effect problems. During counting, the detector’s field of view in the
vertical direction is larger than the horizontal extensions of the top and bottom planes of the collimator (see Fig. 1). Throughout
most of the item, the results of this overview present no particular problem since calibration procedures effectively account for it.
However, the top and bottom segments present particular problems. If the limits of the scan are set to match the top and bottom
of the item to straight line extensions of the collimator’s top and bottom planes, the nuclide material in the top and bottom segments
is viewed for a period of time 65 to 80 % as long as nuclide toward the center-efthe-measurement assay-tem—Simple-everscanning
Scanning beyond the end of the item is likely to overestimate the nuclide content of the bottom segment due to the high density
of the turntable itself and underestimate the nuclide content of the top segment as the detector looks over the top of the item. One
way to decrease this problem involves the placement of a hollow cylindrical pedestal with high transmission between the item and
the turntable (see Fig. 1), combined with-everseanning scanning beyond the end of the item on both ends. Another option, more
difficult to implement, involves the previous two steps along with application of the measured attenuation from the nearest item
segment, to the appropriate, overscanned segnig&mk.

7. Apparatus

7.1 The following considerations apply specifically to segmented gamma-ray scanners. General guidelines for the selection of
detectors and signal processing electronics are discussed in Guide C 982 and NRC Regulatory Guide 5.9. Data acquisition systems
are considered inFANSHNE537-and NRC Regulatory Guide 5.9.

7.2 Complete hardware and software systems for high-resolution, segmented gamma-ray scanning of both large and small items
of waste and scrap containing SNM are commercially available. It is recommended that the system have the following components:

7.2.1 High-Reselution,—Coeaxial-GermaniumGermanium DetectBretector—eguipped, with—a—high-count—rate—resistive
feedbackpreamplifier-Coaxial-detectors-should-have-arelative-efficiency appropriate electronics to handle the required count rates.
A wide range of-16-%-er-greater(ratio of Germanium crystal volumes are available. Crystal dimensions determine-the-area under

the-1-33-MeV-peak efficiency ef’Ce-to-that-obtained the detector. Detectors with-a—76-by-76-mm{(3-by-3-ir-)-NalFH-detector,
at-a—seuree—to-detectordistance efficiencies ranging over more than an order—ef25 cm). magnitude are available as standard

products. Detectors with resolutions better than-850 eV, eV full width at half maximum, at 122-%5) &re recommended. Test
procedures for detectors are g|ven in Test Methods E 181 ANSI/IEEE 325—&Hd—AN—S4+I-EEE 645 ANSI N42 14.
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e-units.

H—&ComputePComput%equmpedwﬁhﬁﬁmﬁwﬁwﬁmaﬁﬁa%erage&mguwed appropriate-fer-system control,
datareductionand-report-generation—interface-capability-for-eemputer contrel-of-analyzerfunetions;-sean-table-contrel, operator
ﬂorput—te the—system assay hardware performance of analysrs computatlons,—and—arﬁtyﬁeal—repert—etﬁptﬁ—must—alse—be provided.

W dl ystem display and

H&OHardeepy—PHHePPmﬂeFeempaﬂble—wﬁh storage of the—eoemputer—deseribed—in—-2-8—is—required—for—system
documentation data and-analytical-report-generation.
23+ results.
7.2.3 Motorized, Vertical Scannlng TurntableTurntable capable of accommodatlng the Iargest srze and Welght contalners to
be measured is requiree- ment-include-timers-and-stepping otors and
ze. For normal analyses, segment sizes between the helght of the collimator and one- haIf the collimator

allew-a-choice-of segmentsi:
helght provrde sufﬁcrent segmentatlen—Segrnen%ﬁesequaFmenehatHhehe@h&e#ﬂ%eeHrmator slit The system should provide

v y vement acceptable detector-assay item
posrtlonlnq accuracy and repeatabmty—wrthﬂa _(_ 0 5% of the—segment—herght—shemd—be—avaﬂable range of travel is
commercially available). Both helical or fixed-segment counting schemes are acceptable, and either the assay item or the
detector-collimator and transmission source shield assemblies can be moved. The turntable rotational speed should provide either
a large number of rotations (ten or more) or a small integral number of rotations during the counting period for each segment.

7.2:324 Detector Collimator—Collimator constructed of lead or tungsten serves to define the detector’s horizontal and vertical
viewing angles and to shield the detector from ambient radiation. A deep collimator (front to back), along with close coupling of
the collimator and-measurement assay item, reduces the vertical viewing angle and improves segmentation. The reduced viewing
angle decreases the blas of the attenuatlon correction and decreases the severrty of end—e#eets—'ﬁaese—beneﬁts—mﬂst be balance

e ater distance
et—the—deteeteefrem—the—nuehde Colllmator sI|t helghts shouId be chesen so as to be in the—rabgejﬂfe of the helght of the
measurement assay item. The horizontal field of view must include the entire diameterefthe item.

212 HargeHems—For_item. Lining the inside of the collimator with appropriately-thick sheets of cadmium or tin and
copper will eliminate collimator lead X-rays from the spectrum.

7.2.4.1 For large items, where high efficiency is required for reasonable count times, the height of the collimator slit should be
approximately equal to the diameter of the detector crystal. In practice, collimator depth/height ratios of two to four for 208-L
(55-gal) drum-sized items is are reasonable.

7.2.4.2 Smaller items require narrower (vertical) collimators to maintain the benefits of accurate attenuation corrections and to
minimize end effects. A collimator depth/height ratio of six to ten is reasonable.

7.2-435 Count-Rate Correction SoureeCorrection source is chosen to have gamma-ray emission energies that are lower than
the energy of the gamma ray from the nuclide of interest in order to avoid Compton interferences. These sources can be obtained
as 5 to 10 uCi, flat plastic wafer, sealed sources, for easy attachment close-to-the-eryostat of the detector. Recommended sources
are listed in Table 1. A combination of cadmium or tin and copper (closest to the detector) foils positioned under the source reduce
the effect of abundant low-energy gamma rays that are present with some of the suggested count-rate correction sources. The
position of the source-en-the-eryestat is adjusted to produce a count rate providing sufficient precision for the assay times used and
then fixed in place. Alternatively, an electronic pulser can be used for count rate correction.

7.2-346 Transmission SoureeTransmission source must be considerably stronger than the count-rate correction source to
perform effectively. Ten to 50 mCi sources for small item counters and 50 te-60 mCi uCi sources for barrel size counters, in the
shape of small diameter rods, are well suited to use in cylindrical lead or tungsten shields. These shields reduce radiation exposure
to workers and collimate the radiation from the transmission source to a rarrew-slice of region containing the detector. If an assay
system is to be calibrated for multiple radionuclides, it may be useful to select a transmission source having multiple gamma ray
energies (with appropriate relative intensities), and use a suitable method to determine transmissions at the radionuclide analysis
energies. Table 1 provides a listing of suggested nuclides for use as transmission sources, with the listed nuclides of interest.
Because-seme-of-the-suggested an otherwise appropriate source-isotopes carn be relatively short-lived, it may be necessary to
obtain-them one with an activity considerably above the optimum to provide for a useful working life. The count rate of a new
sources may be attenuated by collimation, absorbers directly in front of the source, source-to-detector spacing, or some
combination thereof. For the most accurate assays in cases in which the half-life of the transmission source isotope is short, a
mathematical decay calculation to determine current source strength should be made for each measurement. In the case of assay:
where gamma-ray peaks from the transmission source interfere with determination of the area of the gamma-ray peak used for
nuclide analysis, peak fitting software may be able to resolve overlapping peaks or a two-pass assay-nay-be required. used. In cases
that-reguire_employ a two-pass assay, equip the transmission source collimator with a computer-actuated shutter, preferably
tungsten, to block the transmission source from the gamma-ray detector during one of the passes (see Fig. 1). As a safety
consideration, design such shutters so that, in the event of a power failure, the shutter will shut off the radiation beam automatically.

7.2:457 Absorber Foils—Foils must generally be used to reduce the contribution of low-energy gamma rays to the overall count
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] rate, espeually in the assay 6f%Pu. As mentioned in 7 6.3, cadmium or tin foils serve to absorb the low-energy gamma rays from
the item. For *%Pu assay, a series of 0.5-mm (approximately 0.020-in.) cadmium or tin foils can serve for sensitivity versus

] interference optimization. The use of lead foil is likely to require the additional use of cadmium or tin and copper foils as secondary
absorbers (closest to the detector) to reduce the intensity of the fluorescent X rays produced in the lead foil. A single 1-mm
cadmium or tin foil may be appropriate fo*®U assay. Once a combination is chosen, it cannot be changed without instrument
recalibration.

8. Calibration and Reference Materials

8.1 Calibration:

I 8.1.1Isotope Specific (Mass) Calibratiat a segmented gamma-ray scanning instrument involves using a series of calibration
items to determine the relationship between the observed, totally corrected count rate of a nuclide’s characteristic gamma ray and
the mass of nuclide known to be present. For this method, the radioisotope calibrated for is actually present in the calibration

I standards. With the correction of individual segment count rates for rate-related losses and the attenuation of each segment, a direct
proportionality between count rate, summed over all segments of an item, and total nuclide mass is obtained. Guide C 1156

| provides background information useful in developing a calibration plan. See 10.3.2 through 10.3.12, 10.3.14, and 10.3.15 for
details.

8.1.2 Efficiency Calibrationof a segmented gamma-ray scanning instrument involves using calibration standards to determine
for each segment the ratio of the observed, corrected count rate of each of a number of gamma rays from the standard to its known
emission rate within the segment, and use these ratios (efficiencies) to define the system detection efficiency as a function of energy.
A detector efficiency value appropriate to the gamma ray energy is then applied to each individual segment corrected count rate
(corrected for attenuation and rate-related losses) and summed over all segments of an item. The sum is adjusted by the specific
activity and gamma ray intensity to determine the radionuclide mass. For this method, the radioisotopes in the calibration standards
are chosen based on their half-lives and gamma energies and typically are not the same as the isotopes for which the calibration
is used. See 10.3.2 through 10.3.11 and 10.3.13 through 10.3.15.

8.1.3 Perform calibrations using the same procedures and conditions that will be used for the assays of actual waste items. These
include, but are not limited to, electronic components, peak area determination procedures, procedures for the determination of
counting losses, segment sizes, absorber foil combinations, collimator arrangements, and measurement geometries. Alternatively,
differences between calibration and assay geometries can be corrected for by appropriately calculated correctitiBjactors

8.1:34 Ref(5), Guide C 1128;-ANSHStandardsN-15-20-and-N15.35, and NRC Regulatory Guide 5.53 provide useful guidelines
for the preparation and characterization of calibration materials and calibration procedures and the statistical analysis of data.
Where there are conflicts among the documents,(Refeflects information most specific to SGS requirements.

I 8.2 Reference Materials for Isotope Specific Calibration

8.2.1 Prepare small item calibration items by uniformly dispersing known masses of stable chemical compounds with a known
isotopic mass fraction of the radionuclide of interest throughout a stable diluting medium such as graphite, diatomaceous earth,

] or castable silicon-eempeunds{see-ANSHN15.35). compounds. The radioactive material should have a particle size small enough
so that the effects of self-attenuation within each particle are negligible. With this requirement satisfied, choose the best particle
size range to form a stable, homogenous mixture with the diluting material. Although the segmentation procedure used by the
instrument usually compensates for stratification of the components of the mixture over time, some mixing, provided by gently
shaking or rolling the container prior to each measurement, may be useful for calibration items containing powder.

8.2.2 Construct calibration items for larger item types such as 208-L (55-gal) drums from modules of matrix material such as
filter paper, fiberglass, etc., wetted with known quantities of solutions containing the nuclide of interest at a known concentration.
Dry the modules and pack them in plastic bags. Place the modules into the drum in a uniform manner until the drum is filled.
Modules with varying nuclide loadings and varying combinations of modules produce a range of item loadings. For purposes of
the initial calibration process, the mass of nuclide in individual modules should be limited so as not to create self-attenuating lumps

] (Note 1). Where possible, eliminate voids and small volumes containing high concentrations of (l@/ijle

8.2.3 For each item geometry, prepare a set of three calibration items of differing nuclide mass. The mass loadings and the
gamma-ray transmissions through the calibration items should span the ranges expected in the unknowns.

8.2.4 In order to evaluate the magnitude of biases that will be caused by the deviation of real items from ideal distributions of
matrix and nuclide, prepare representative items from segregated varieties of scrap and waste materials typical of expected assay
items. Vary the spatial distribution of the nuclide from widely dispersed to concentrated in various extreme dimensions of the
container volume. Comparison of the assay results for such representative items with the known nuclide masses will indicate the
possible range of bias caused by heterogeneity of nuclide and matrix material and that caused by nuclide location within the item.

I 8.2.5 Nuclide particle sizes in-meastrement assay items may vary from those in the cafibration items, standards, causing
variations in the count rate per gram of nuclide and yielding biased results. An acceptable alternative to the preparation of special
representative-items standards for calibration and uncertainty estimation measurements is the assay of real items (actual process
materials) by analytical methods less sensitive to particle size problems—{see-ANSHN15.35 and NRC Regulatory Guide 5.53).
These analytical methods may be total dissolution and solution quantification after completion of the segmented gamma-ray
measurement$135) , or combined gamma-ray isotopic and calorimetric assay for plutonium materials. In either case, the
determination of biases fer+real these items will require special attention.
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8.3 Reference Materials for Efficiency Curve Calibration

8.3.1 Radionuclide sources for determining an efficiency curve are typically multi-isotope sources having multiple gamma ray
energies spanning a broad energy range. The available gamma ray energies should be sufficient to appropriately define the
efficiency function over the energy range of interest, generally 50 to 2000 keV.

8.3.2 Line sources prepared by radioisotope source vendors are often used. Line source uncertainties are generally in the range
of a few percent at 1 standard deviation. Uncertainties in the data for radionuclide half-lives and gamma ray emission intensities
also contribute to the measurement uncertainty. Each of these uncertainties must be included in an uncertainty propagation to
determine the total measurement uncertainty (TMU) of an instrument. The TMU should be determined for each container and
material type.

8.3.3 Line sources are used by inserting them into appropriately-located holes in a cylinder of non-radioactive matrix material
(16). The holes should be small relative to the size of the cylinder and the cylinder should be rotated during counting.

8.3.3.1 Several methods of source placement and measurement can be used: A single measurement using multiple line sources
in a matrix drum, multiple measurements with a single source in a different location for each count with the resulting spectra
summed, or multiple sets of sources, each providing different gamma ray lines. Each of these methods is used so as to simulate
a homogeneous distribution of source activity in the mattix).

8.3.4 Calibration sources also can be fabricated using technigues described in 8.2.

9. Precautions

9.1 Safety

9.1.1 Transuranic materials are both radioactive and toxic. Adequate laboratory facilities and safe operating procedures must be
considered to protect operators from both unnecessary exposure to ionizing radiation and contamination while handling
measurement assay iterfist8)

9.1.2 The recommended analytical procedures call for the use-efradioactive-isotope radioisotope sources, some with high levels
of ionizing radiation. Consult a qualified health physicist or radiation safety professional concerning exposure problems and leak
test requirements before handling discrete radioactive sources.

9.2 Technical

9.2.1 Prevent counting conditions that may produce spectral distortions. Use pulse pile-up rejection techniques if high count
rates are encountered. Use absorbers when appropriate, to reduce the intensity of low-energy gamma rays such as the 59.54-keV
emission oP**Am (see 6.3 and 7.2:157). Temperature and humidity fluctuations in the measurement environment may cause gain
and zero-level shifts in the gamma-ray spectrum. Use environmental controls or digital stabilization to prevent shifts, or use
software to monitor the changes in gain and zero level, and adjust the regions of interest accordingly. Failure to isolate electronic
components from other electrical equipment or the presence of noise in the ac power also may produce spectral distortions.

9.2.2 Locate the instrument in an area with as low a gamma-ray radiation background as possible. Prohibit the movement of
containers of radioactive material in the vicinity of the instrument while an assay is underway.

10. Procedure

10.1 Optimization of System Physical Parameters

10.1.1 Adjust the instrument controls to optimize signal processing and peak analysis functions. Choose the shaping time
constant to optimize the trade-off between improved resolution with longer time constants and decreased dead time losses with
shorter time constants. Time constants of 1 to 4 us are commonly used. Choose the system gain so that a sufficient number of
channels will be included in peaks to allow visual inspection of peak shapes, without including so many channels that peaks do
not develop into recognizable shapes with expected count rates in planned count times. Generally peak shapes can be evaluated
by including 10 to 20 channels between the one-tenth maximum boundaries of the peaks. Adjust pole zero and baseline restorer
controls, using an oscilloscope in accordance with the manufacturer’s instructions. Regions of interest around peaks to be used for
analysis may be set manually by the operator or semiautomatically by the computer or analyzer, depending on the software package
used.

10.1.2 Choose collimator sizes that are appropriate to the item type to be assayed, using the criteria deseribed in 7.2.12. 7.2.4.

10.1.3 Choose scanning segment sizes that match the item and previously chosen collimator sizes. For normal analyses, when
stepped segments are used, limit the segment sizes to between the height of the collimator slit and one-half the height of the
collimator slit. When helically scanned segments are used, segments considerably larger than the collimator slit height may be
used.

10.1.4 Choose absorber combinations for the detector that match the expected spectral properties-ef-measurement assay items
to the desired conditions for the counting system (see-7.2.157).

10.1.5 Select the segment count time to obtain the sensitivity and precision required while still allowing practical throughput.

10.1.6 Ensure that the turntable rotational speed provides either a large number of rotations (ten or more) or a small integral
number of rotations during the counting period for each segment.

10.1.7 Position and attenuate the transmission and count-rate correction sources to provide sufficient precision for the count time
chosen.

10.2 Measurement of Initial System Parameters
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I 10.2.1 Measure and store for later use, the following basic parameters for system sourees—and—measurement assay item
containers:

10.2.1.1 Count-rate correction source intensity and the date of measurement.

10.2.1.2 Unattenuated transmission source intensity, corrected for count-rate related losses, and the date of measurement.

10.2.1.3 Empty container transmission.

10.2.1.4 Establish the minimum acceptable transmission source count rate for assays, based on the transmission source strength
and acceptable precision.

10.2.1.5 Determine the degree of interference between transmission and nuclide peaks and the need for two-pass assays
determined (most likely to be required for the assay?dlU, also possibly with plutonium at low mass loadings).

10.3 Calibration of System

10.3.1 Measure a series of appropriate calibration items containing known quantities of nuclide, prepared as described in 8.2.1
through 8.2.3.

10.3.2 While rotating standards, count each, segment by segment. Peak areas for nuclide, transmission source, and count-rate
correction source usually may be calculated using the most basic peak area determination technique, that is, channel summation
and straight line Compton continuum background subtraction, as shown in Eq 1. In this procedure, the background regions should
be located, one on each side of the peak, as near the peak as possible, in areas where the spectrum is relatively flat. The peak region
of interest must not overlap either of the background regions of interest.

NP/ B, B,

o [l )
where:
A = net peak area (counts) for nuclide, transmission, and count-rate correction peaks,
P = total counts in peak region of interest for nuclide, transmission, and count-rate correction peaks,
NP = number of channels summed fBr
B, andB, = counts in each background region, and
NB;andNB, = number of channels in each background region.

10.3.3 Calculate the estimated variance for each peak area due to counting statistics. The formula given in Eq 2 is valid when
peak areas are determined by the channel summation and straight line background subtraction formula given in Eq 1. If a different
peak calculation method is used, an appropriate variance calculation will be required.

e (25 o] (25 )

where:
o?(A) = estimated variance of peak area due to counting statistics. All other terms are the same as in Eq 1.

10.3.4 For each segmeit,correct the nuclide and transmission peak areas for count rate-related losses (deadtime and pulse
pile-up) based on the observed activity change in the count-rate correction source. The activity of the count-rate correction source
will be unaffected by the assay of the nuclide. Any observed decrease in the source count rate during the assay, compared with
the count rate when no other sources are present, is used to calculate a correction factor to be applied to all other peaks used for
the analysis.

, LT,
A=A X T (3)
where:
A, = net nuclide or transmission peak area for theségment corrected for rate-related losses,
A = observed net nuclide or transmission peak area for'tteegment,
LT, = measured net peak area of the count rate correction source with no other sources present, normalized to a collection time

equal to that of A and
LT, = observed net peak area of the count rate correction source fdf segment.
10.3.5 For each segment, convert the peak area to a count rate and correct the nuclide peak count rate to account for item
attenuation. This correction has two components, one accounting for container attenuation, and the second accounting for
attenuation due to the container contefy

Ai/

CG =+ X CR(T) X CFeap 4
where
CC; = totally corrected nuclide peak count rate of the tHeségment,
Ay = net peak area of th&'isegment, corrected for rate-related losses (from Eq 3),
t = counting time for the'? segment,
CF(T/) = attenuation correction factor for th® segment due to attenuation by the container contents, and

10
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or for the

10.3.6 The attenuation correction factor due to the container wall at the energy of the nuclide gamma ray derives from the
measured transmission of an empty container and can be approximated as:
1
(TC)I/Z

CFean= ®)

where:

CF ..n = attenuation correction factor due to the container wall at the energy of the nuclide gamma ray (calculated during

calibration and stored for use during item assays), and

T, = measured empty container transmission at the energy of the nuclide gamma ray (calculated during calibration).
10.3.7 Determine the transmission of the empty container using a source that produces either gamma rays with energies that

bracket the energy of the gamma ray from the nuclide of interest, or a single gamma ray of nearly the same energy as the nuclide.
10.3.7.1 For the-general case of two transmission peaks that bracket the assay energy and are close to it, the measured

transmissions can be linearly interpolated:

T ’ T ’
T, = WAX <Tﬁ‘b>+WBx (Tgo) {6)
10372 ora-singleransiissieRpeald
TA’\ KA
1= (1) @
\ T o/
where:
T, = container transmission at the energy of the assay nuclide gamma ray (calculated during calibration),
WA andWB = transmission source Welghtlng factors used to calculate the transm|SS|on of the contalner wall at the energy
of the nuclide—¥ ¥) versus
i tion. The sum of the weighting factors must equal one.
As an example, foP*®U assays using the 185.7-keV peak witfi®b as the transmission source, the
weighting factor for the 177.2-keV peak is approximately 0.6; for the 198-keV peak, it is approximately 0.4,
TA;" andTB’ = transmission source peak areas, measured through an empty container, corrected for rate-related losses, and
TA, andTB, = transmission source peak areas, measured with no container present, corrected for rate-related losses,.
10.3.7.2 For a sindgle transmission peak:
TA’\ KA
= (52
where:
KA = ratio of the linear attenuation coefficients at the nuclidg) @nd transmission source(uenergies (from literature or
experimental sources):
_ W
KA = ™ (8)

10.3.8 For each segment—ealedlate the attenuation correction factor, due to the attenuation of the contents, assuming
homogeneity, can be approximated (&y:

CE(T ) = -B X In(T}") °
(1) = 1- TP 9
where:
CF(T;) = attenuation correction factor for th€ segment due to the attenuation of the container contents at the energy of

the nuclide gamma ray,
B = geometric-correctiongeometry factor (typically 0.70 t0-0.823 for cylind@rg)3) and
T transmission of the container contents in tHegegment at the energy of the nuclide gamma ray.

10.3.8.1 An alternative approach to the approximation shown in Eq 9 for calculation of attenuation correction factors makes use
of techniques presented in RE) . Also, a versatile method for calculating the attenuation correction factor for the contents of
an item is presented in RET).

10.3.9 Calculate the transmission of tffesegment of the container contents at the energy of the nuclide gamma ray, as with
the empty container transmission in 10.3.7, using ore-eftwo-eguations, several methods, depending on whether ore;-two, or two
more transmission-peaks values are used.

10.3.9.1 For two measured transmission p values at energies bracketing the assay energy and close to it:

11



Ay c 1133 - 9603

TA/ TBS
_wax (1ay) - wex (15,

T = T, (10)
10.3.9.2 For a single measured transmissienpeak: value:
TA/ \KA
T = @ (1)
Ta |
T = @ (11)

10.3.9.3 For two or three measured transmission values at energies in reasonable proximity of the nuclide analysis energy,
determine the coefficients in Eq 12 for a linea€? = 0) or quadraticC2 # 0) fit to the transmission data and then calculate the
interpolated transmission value for the segment:

In(=InT,) = C2 - In(E)% + C1 -In(E)) + CO (12)

10.3.9.4 Materials Basis Set (MBS) method based on values of the mass attenuation coefii@mif(inction of energyi Q).
Use uE), for example, for carbon and uranium or plutonium, determine coeffici€mtand C2 in Eq 13 to fit two or more
measured transmission values, and then calculate segment transmissions at the nuclide analysis energies using Eq 13. This method
takes advantage of the known energy dependenceR)fipperforming the energy interpolation. The method can be extended to
three or more terms, or Hf appropriate to the material being assayed can be used for the expansion; for example, for assays of
soil samples, [H) for an appropriate soil composition could be included.

In(T) = C1 -pe(E) + C2 -y, (E) (13)
where:
T’/ = transmission of the container contents for thesegment, at the energy of the nuclide gamma ray,
WA andWB = transmission source weighting factors, see 10.3.7,
TA/ andTB, = transmission source peak areas, measured through the container and contenf8 segheent, corrected
for rate-related losses,
TA, andTB,” = transmission source peak areas, measured during calibration, with no container present, corrected for

rate-related losses,

KA = ratio of the linear attenuation coefficients at the nuclide and transmission source energies{see-Eq 8), and 8),
T, = container transmission at the energy of the nuclide gamma ray, measured during calibration,

CO0, Cl1,andC2 = constants for interpolation of transmission values, to be determined by fit to measured transmissions, and
T. E = measured or interpolated transmission and corresponding gamma energy.

10.3.10 Sum the totally corrected nuclide peak count rate values for each segment to obtain a count rate value proportional to
the nuclide content of each standard.

10.3.11 Using the variances calculated for the individual peaks measured in each segment, propagate the precision of the total,
corrected nuclide count rate, due to counting statistics, for each standard. A complete discussion of this procedure is provided in
Annex Al.

10.3.12 |sotope Specific Calibration

10.3.12.1 In ideal situations in which there are no interferences or background radiation, the calibration will be described by
a single factor relating nuclide loading to total, corrected count values.

M=—= (14)

where:
M nuclide mass,
CcC total corrected nuclide peak count rate, summed over all segments of an item, and
G, proportionality (calibration) constant (counts/second/nuclide unit mass).

10.3.1212 For less than ideal situations, analyze the calibration data by linear least squares methods to obtain a calibration
equation (slope and intercept) that relates nuclide loading to the observed, total, corrected nuclide count rate values:

CC-G,
M=—4 (15)

where:
nuclide mass,

CC = total corrected nuclide peak count rate, summed over all segments of an item,
G, = additive constant (counts/second), and
G, = proportionality (calibration) constant (counts/second/nuclide unit mass).

12
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10-3-13Caledlate

Note that the-preeision range of validity of these parameters is an essential aspect of the calibration parameter set. The range
is based on the mass range of the standards used in the calibration.

10.3.13 Efficiency Curve Calibration

10.3.13.1 An efficiency versus energy relation for each segment is determined using the corrected count rates from gamma
peaks from the standard divided by the known gamma emission rates in the segment at those energies.

10.3.13.2 Using the efficiency function for each segment, corrected count rates from gamma peaks of interest, and half life and
gamma intensity data for the associated radionuclides, the Midss, E, ) of each measured radionuclide Iso determined from
the gamma ray at energy. s calculated as follows:

1 Y CC(E,)
M(iso E,) = satsg 1180, ) < & e(Eli;i (16)
where:
M(lso, E,) = mass of the isotope determined from the gamma ray of erergy
N " = number of segments scanned, '
CC(E) = corrected count rate for segmerfor the peak of energi,. CC(E); is corrected for count rate effects and for
geometry and attenuation effects,
e(E.) = efficiency of the detector at enerdy, for segment for a source having the same geometry as the samples,
SA(lso = specific activity (Becquerels per gram) of the isotope Iso emitting gammas of eBergynd
I(Iso, E) = intensity (Jgammas per disintegration) of the gamma of enBrggmitted by the-methodsdetailed isotope Iso.

Note that the assay energiés must be bracketed by energy points useeHR-ARREX Al, the determination of the efficiency curve.
Otherwise, large errors can be introduced.

10.3.13.3 As part of the calibration process, the efficiency functigis) ; and constanB (Eq 9) defined above must be
determined for each—standard—measurement. The sample geometry to be assayed, and ealibration—precision may parameters
appropriate to the sample geometry must-be p selected for each measurement control run or assay.

10.3.13.4 To determine th&E .); functions, data should be collected from one or more counts of the same standard and, if
additional standards are available, one or more counts of other standards, and then the weighted averages (weighted by the inverse
variance) of the efficiency values at each enefgghould be fit with the functior(E,) ; using a technique such as+ epast Squares
or Gauss Linear Squares to determine the function coefficients-Numperical methods can be used to determine the uncertainties
in the efficiency valuest(e( E,);). A complete mathematical treatment of this process is beyond-the-everalt-assayprecision scope
of this standard.

10.3.14 Determine the uncertainty in the calibration coefficient(s), based on the methods detailed in Annex Al. The calibration
uncertainty should be included in the uncertainty calculated for each item measured.

10.3.145 Asense of the magnitude of possible measurement errors arising from non-ideal distributions of nuclide and variations
in matrix composition should be developed. Prepare, or identify-and-examine, quantify, a series of representative items containing
known combinations of matrix material and nuclide loadings-thatapproximate-situationsthat may be reasenably expected represent
the items te-eceur-inproduction-items, be assayed, as described in 8.2.4 and 8.2.5. Observed measurement biases for non-ideal
measurement configurations must be included in any assessment of measurement quality or determination of the TMU.

10.4 Establishment of Measurement Control Program

10.4.1 After calibration has been completed, all geometric, physical, and electronic parameters must remain fixed. Any
alteration requires recalibration or confirmation that the existing calibration is still valid. In addition, a measurement control
program should be established to monitor system parameters and generate reports documenting the status of the system. Monitorec
characteristics should include, but are not necessarily limited to, system gain and resolution, count-rate correction source and
transmission source activity, adherence to established nuclide calibration values, and background radiation levels. Tests are
described in Test Methods E 181, ANSI/IEEE 325;-ANSHN15-20, and and NRC Regulatory Guide 5.53, along with more general
considerations of quality control programs in Guide C 1210.

10.4.2 On a-taity-er-more—freguent periodic basis, with the period determined by regulatory and operational requirements,
confirm the system gain stability by checking the locations of the count-rate correction, transmission, and nuclide peaks. Minimize
peak location shifts by the use of automatic, digital peak stabilization that provides a continuous check and adjustment of system
gain and zero level to maintain peaklocations{see—7.2.4). locations. Alternatively, use software peak location routines that find
peaks regardless of drifting locations. Limitations must still be applied to ensure that peak widths do not change to the point where
peak area calculations are compromised.

10.4.3 On a-daily periodic basis, check the system resolution of both the high- and low-energy peaks. Limits for resolution
change should be set that reflect the ability of the peak area calculation software to adapt to variable peak widths. Significant loss
of resolution in the high-energy peak is indicative of neutron damage to the detector. Loss of resolution in the low-energy peak
indicates an increase in system noise.

10.4.4 On a-daily periodic basis, determine the transmission and count-rate correction source activities and compare them to the
values predicted by decay equations. Activity values that differ by more than three standard deviations from the predicted values
are an indication of problems to be investigated by the system manager.

13
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10.4.4.1 Consistent, measured count-rate correction source values serve as a monitor of constant detector efficiency and signal
| processing hardware stability, without regard to the nature-ef-a-measurement assay item or hardware geometry.
10.4.4.2 Consistent measured transmission source values serve to monitor hardware geometry stability.
| 10.4.5 During the—daily periodic check of the count-rate correction source activity, check for the presence of interfering
background radiation in the region of the nuclide peak. The cause of high or varying levels of background should be eliminated.
10.4.6 On a-daily periodic basis, assay a nuclide-containing working standard or, where an interfering background has been
identified, two standards with nuclide loadings at the extremes of the calibration range. Such measurements are required to detect
shifts in the calibration function and are often called bias checks.
10.4.6.1 Checks of a standard at the low end of the calibration range are a more sensitive verification of the validity of the
] calibration intercept value (either a real value or zero) and background correction.
10.4.6.2 Checks of a standard at the high end of the calibration range are a more sensitive verification of the calibration
I (proportionality) constant and count rate correction.
10.4.6.3 Consistent measured values verify the proper operation of both mechanical and electronic hardware.

I 10.4.7 On a-weekly-ermenthly periodic basis, generally less frequently than the checks described in 10.4.2-10.4.6, perform a
precision check of the system by making repeated measurements of a single calibration or inventory item. Compare the variation
of the assay results to the assay precision estimated by the software. Variation of the measurements in excess of that attributable
to counting statistics, as predicted by the software, indicates undesirable instability in electronic systems or lack of repeatability
in mechanical systems.

10.5 Measurement of Assay Items

16-5-1-Measurement

10.5.1 Assay items are counted using procedures (segment sizes, etc.), counting geometries, and calculations identical to those
used during calibration as described in 10.3.2 through 10.3.13. Count times-fermeasurement assay items may be changed from
those used for calibration and measurement control as long as the requirements of 10.1.6 are met. Calculate the nuclide content
of the items using Eg-12 14, Eq 15, or-E¢ 13, 16 as appropriate.

10.5.2 In the course ef-ceunting assaying production items, situations may be encountered in which high segment densities
produce very low transmission values. Set limits in the analytical software to recognize and act on minimum acceptable
transmission levels, based on acceptable accuracy. One percent transmission may be a reasonable level for consideration. If less

than minimum acceptable transm|SS|on Ievels are measufed—&ve—pessﬂale—eeufses—ef—aeﬂen—&re—suggested
O |gned—feHhe—pb+Fpese—ef estimating

e for such an

16:5:2.2-Fhe problem segment is should be flagged and no assay-value is reported for the item. The assay should be subjected
to technical review.

11. Precision and Bias

11.1 Precision—The precision of a segmented gamma scan assay is a function of the precision of the three or four peak areas
measured for each segment (Annex Al). The precision of an assay is improved by increasing the number of counts in the peaks
or decreasing the Compton continuum under the peaks, or both. The following conditions will tend to improve counting precision:

11.1.1 Increased count time,

11.1.2 High transmission source activity,

11.1.3 Low attenuation for gamma radiation in the energy range of interest, and

ide density

g with the
ednt times of

TABLE 2 Observed Reproducibility and Refative Bias for Calibration Standards Using Segmented Gamma-Ray Assay A
Calibration Item 10.2-cm Diameter 10.2-cm Diameter 30-cm Diameter 30-cm Diameter 208-L Combustible 208-L Combustible

Description Incinerator Ash Incinerator Ash Combustible Waste Combustible Waste Waste Waste
Reference Pu, g 14.6 87.9 10.13 40.05 19.92 99.95
Segment size, cm 1.27 1.27 1.27 1.27 4.13 4.13
Number of segments 15 15 31 31 21 21
Segment type step step step step step step
Segment count time 20 s 20s 20s 20s 40 s 40 s
Measurement-period HA-1228 11228 412128 412128 412128 11228
N (observed) 203 201 84 89 207 200
Average relative bias +0.48 % -0.823 % +157% +0.26 % +0.45 % +0.64 %
Relative standard deviation 2.98 % 1.96 % 311 % 1.60 % 2.26 % 1.25%

1 A Research Report C26-1007, which contains the above data taken over a one-year period, is available from ASTM Headquarters.
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ybe-expected.

11334-An

11.2 An indication that the instrument-calculated estimate of repeatability is reasonable is provided by the following example
from actual counting dataSample statistics for eight consecutive assays of a 208-L drum calibration item, containing 18.09 g
23%u in a simulated combustible waste matrix, provide a standard deviation of 0.3%5Pg The standard deviation, calculated
by the measurement program, based on counting statistics, ranged from 0.364 to 0Z%ugwith an average value of 0.381
g 2*%Pu. Once the precision estimation algorithms have been checked thoroughly--the weekly periodic precision checks and the
control charts over long periods should detect any fundamental changes in the validity of the calculated standard deviation
estimates.

11.32 The measurement data included in Table 2 are provided as an indication of the reproducibility of segmented gamma scan
measurements that may be achieved over long periods of time. The items described are calibration items that represent materials
typically measured by segmented gamma scan methods. They were prepared to match, as closely as possible, the fundamental
material assumptions listed in 1.3;-6.56, and 6.67. The ash standards were characterized by calorimetry and NDA plutonium gamma
isotopic measurements. The 30-cm diameter and 208-L waste calibration items were prepared using absorbent material, loaded
with known volumes of laboratory-characterized plutonium nitrate solution, and then dried. The data were collected over a period
of approximately one year. Measurements of the incinerator ash and combustible waste drums were made on a daily basis and
during inventory item assay as part of the routine measurement control program. Measurements of the 30-cm diameter waste
containers were made as part of the instrument control program during inventory item assay.

11.4 Bias—The bias of segmented gamma scan measurements depends primarily on the adhereree-of-the-measurement assay
item to the assumptions of small particle size and homogeneity outlined previousky-ir-1.3, 6.5, 3.6, 6.6, and-6-67-+t-measurement
assay items adhere to these assumptions reliably, little bias is expected in a properly calibrated and controlled measurement system.

11.4.1 Bias contributed to measurements by errors in the knowledge of the mass of SNM contained in calibration items is
expected to be negligible compared to total measurement uncertainties for assay items. These uncertainties result from lack of
knowledge about SNM distribution and matrix non-uniformities in the assay item and lack of reliable procedures for correcting
the biases resulting from non-ideal distributions (see 11.4.2). The effects of uncertainties in the activities of isotopes used for
calibration and in the nuclear constants used (half lives and gamma intensities) must be included in the propagation of uncertainty.
Activity specifications for line sources from commercial vendors typically have an uncertainty of a few percent (at one standard
deviation).

11.4.2 Methods of evaluating the magnitude of biases that are possible due to the failure of real life items to adhere to ideal
assumptions are provided in 8.2.4 and 8.2.5. Negative bias will be encountered when the nuclide is present in lumps that attenuate
their own radiation to a greater extent than the surrounding material. Positive bias can result from low transmission items with
overcorrected end effects. Items containing high-density areas may be biased either high or low or be unbiased, depending on the
relative position of the high-density area and the nuclide of interest. In the majority of measurement situations, however, it is
expected that measurement results will be lower than true values when biases-exist-Measurements Assays of items that do not,
or are not known to, adhere to the requirements for SGS measurements defiredHin1-3, 6.5, and 3.6, 6.6, and 6.7, must be considerec
to be of indeterminate accuracy. The factors that tend to bias these measurements (such as variable contents density within a
segment and self-attenuating lumps of nuclide material) will probably go undetected and not be accounted for by using the data
reduction procedures outlined in this test method.

11.4.3 An analysis of calibration errors provides a basis for estimating the lower limit of the accuracy that can be expected of
an analytical method. A published repd4)(20) discussing the analysis of carefully conducted segmented gamma scan
calibrations, using well characterized standard$tt) oxide dispersed in graphite-flour, powder, packaged in 10-cm diameter by
28-cm tall metal containers (witf®*U loadings of 15, 85, 155, 225, and 300 g) indicate that two types of situations can affect
the ultimate accuracy of a calibration. Item-to-item variations, such as differences in container wall thickness and incorrect
characterization of the mass of uranium in each container, cause deviations from a smooth calibration function. Systematic errors,
such as inadequately defined attenuation correction factor algorithms in the analysis software, may cause the slope of the
calibration function, total corrected count rate per grafiJ, to be non zero, when a zero slope would be expected based on a
perfect implementation of the measurement physics. The calibration data examined gave errors of less than 0.5 % at the extremes
of the calibration range. The same report, based on data observed over a period of years, estimates that segmented gamma scal
measurements, under the very best conditions, are capable of no better than 1 % accuracy.

11.4.4 The measurement data given in Table 2 provide an indication of the bias and uncertainties that can be obtained during
the repetitive measurements of stable items over periods of time ranging from 8 to 12 months. The bias values in Table 2 are for
ideal assay samples and represent the best results likely to be obtained using an SGS. Biases for actual assay samples encountere
in a process in general will be larger. An indication of bias in routine measurements can be obtained by periodically analyzing assay
items by some independent means, such as destructive chemical a(E8iar, in the case of plutonium-containing items, by
coincident neutron counting or calorimetric assay.

11.4.5 Table 3 shows bias results for measuremeRt®i in process materials segregated by material description. The

“ Supporting data are available from ASTM Headquarters. Request RR:C26-1006.
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TABLE 3 Observed Bias and Precision for Measurement of  2*°Py
in Process Materials Using Segmented Gamma-Ray Assay

Material Description SGS w
1D Bias

-16.2 %
0.7%
0.9%
4.8 %
29%
-4.4%
24%
9.5 %
76%
19.1%
201%
82 %
3.6%

Small lab crucibles with melted Pu flux in bottom
Mixed ash plus silica and graphite surrogate material

MgO sand from sand, slag, and crucible

Unpulverized MgO sand and crucible

Pulverized sand, slag, and crucible

Unpulverized sand, slag, and crucible

Caustic waste treatment system oxide

INIRIWINIWINIWINIWIN DO

containers assayed were identical within a category, and were between 2 and 4 liters in volume. Typically fifteen items from a
category were used to determine the bias and the standard deviation of its distribution. Reference values were obtained from
calorimetric assay of each container. Over broad ranges of radioisotope mass, container size, and matrix density, stream-averaged
biases were generally consistent with zero (withi20 %). The greater the variability of the assay item characteristics, the greater
the variability of the bias on an individual assay. Lump corrections were not used in any of the analyses reported in Table 3
although lump corrections may have reduced the bias in some cases.

11.5 Although simple data handling procedures will probably not correct properly for heterogeneous contents density or lumps
of nuclide, careful inspection of the transmission and nuclide peak areas for each segment may provide clues when a measurement
should be suspect. Sudden, discontinuous changes in the transmission values for adjacent segments or high nuclide count values
for isolated segments are examples of signals indicating possible problem items.

12. Keywords
12.1 nondestructive assay; segmented gamma-ray scanning; special nuclear material

ANNEX
(Mandatory Information)

Al. ERROR PROPAGATION

Al.1 Four types of assay are commonly used in segmented gamma-ray scanning:

Al.1.1 Three-Peak, One-Pass AssayCount-rate correction source peak, transmission source peak, and nuclide of interest
peak, all measured with the transmission source shutter open for the entire scan (that is, one-pass).

A1.1.2 Four-Peak, One-Pass AssaySame as in A1.1.1, but with two transmission source peaks (for exafipie, for 23%U
assay).

Al.1.3 Three-Peak, Two-Pass AssayTransmission measurements made with the transmission source shutter open, using the
count-rate correction source peak and the transmission source peak. Nuclide of interest measurements are made with the shutter
closed, using the nuclide of interest peak and the count-rate correction source peak. Two passes, therefore, refer to shutter open
and shutter closed data acquisition.

I Al.1l.4 Feur-Peak,Multi-Peak, Two-Pass AssaySame as in A1.1.3, but with-#wo multiple transmission source peaks.

Al.1.5 One-pass assay is used when substantial amounts of the nuclide of interest are present. Two-pass assay, possessing

inherently better precision and less bias, is usually used for lower masses of nuclide.

Al.2 Estimates of precision can be calculated in the instrument computer by standard error propagation techniques from the
fundamental variances of the peak areas. An estimate of the variance of the mass of the nuclide of interest in an unknown item
is usually composed of the estimated variance of the total corrected count rate measured for that item and the contribution from
the variance in the calibration constant obtained through least-squares fitting of the set of assays of appropriate physical standards
of known nuclide mass.

Al1.2.1 Since radioactive decay follows Poisson statistics, the variance in meaNwirents in a detector . The standard
deviation is the square root of the variance.
Al1.2.2 The fundamental peak areas, if determined by straight-line background subtraction, have the following form:
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NP B, B,

A=P—|:7X(W1+W2>:| (All)
where:
A = net peak area (counts),
P = total counts in peak region of interest,
NP = number of channels summed fBr
B, B, = total counts in each background region, and
NB,, NB, = number of channels summed for each background region.

Compare with 10.3.2.
Al1.2.3 The corresponding variance of the afga given by the following expression (remembering that the varianéeopP,
variance ofB ; =B ,, and variance oB , =B ,):

ciA) =P+ [(%) ’ X Bl] + [(%) ’ X Bz] (A1.2)

where:
o(A) = standard deviation of peak arda
Compare with 10.3.3.
Al.2.4 The variance in a quantitf, that is a function oh independent variables, is given by the following:

e W OFN2
0% = 3 () 0% (A13)
Al.2.5 The mass of the isotope assayed using Isotope Specific (Mass) Calibration is givea-by-the—ealibration equation:
_CC-G,
M= G, (AL.4)

See 10.3.12.
A1.2:65.1 Thus, from Eq A1.3 and Eq Al.4, the variance in the mass is then given by

_ %Gy + 0 4CC) + M% 4G,

aA(M)

how the
of interest

Al1.2.5.2 The coefficient§&, andG ; are determined by solving the set of linear equations:
_ElV\/jx(GO+Gl><Mj—CCj):0 (AL.6)
=

_zlv\/jx(GO+Gl>< M; — CC) X M; =0 (AL7)
=

where:

n = number of calibration measurements,

M; = known mass of the"j standard,

W = 1/o0*(CC) = weight factor, and

o(CC;) = variance of total-corrected count rate obtained in thenpasurement.

For the preferred cas&(, = 0), there is only one equation to solve:
J.g‘,lv\/jx(GlxMj— CC) X M; =0 (AL1.8)

A1.2:65:23 The variances @, andG ; are given by

a?(Gy = (AL1.9)
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AU

%Gy = — — . (A1.10)

(2 W)X (Z W XM= (X Wx M)?

= =i i = i
For the preferred cas&(, = 0), there is only one equation to solve:
a%Gy) = 0 (A1.11)
) 1

oC)=——"— (A1.12)

> WX M?
j=1
Eq-A$10 Al.9 through Eq A1:132 assume that the masdgsof the SNM in the standard reference materials are exact. This
is a reasonable approximation because the uncertainties in mass from chemical fabrication and chemical analysis of the standards
are usually much smaller than the precisions obtained on the segmented gamma-ray scanner, assuming reasonable assay times
when making then measurements of the standards during calibration.
Al.2.6 The mass of an isotope assayed using an Efficiency Curve Calibration is given by the equation:

1 & CCE,),
Miso E,) = satsg 110, ) < &4 e(E) (AL13)
A1.2.6.1 From Eq Al1.3 and Eq Al1.13, the variance of the mass of isotope Iso is given by:
g’ (M(Is0)) = M¥(Is0) X (A1.14)
S [oz(cc@i) N a%e(EY)i)w L o(SAIs0)  o’(l,(Is0.E)
i£1| CCYE) €(E), SK(1s0) 1%(Is0, E,)

Al1.2.6.2 Each efficiency functioa( E.); can be represented by a polynomial or a linear combination of analytic functions and
is specified by several coefficients. These coefficients are determined by fitting the efficiency function to a set of efficiency values
over a range of energies(E ,,) .}, where eachE(Eﬂl,)i value is determined from segment count data from a line source standard
emitting multiple energies using the equation:

CCE,))
&), = ACiso, % IEzCIso, E) (A1.15)
where:
e(E.); = efficiency of the detector for material in segmerfor gammas of energi .,
CC(E); = corrected count rate of peak at enefgy,
A(Cls0) = activity (Becquerels) of calibration radioisotof#soin segmeni, and
I.(Clso, E) = intensity of gamma ray of enerdy, from calibration radioisotop€lso.

'A1.2.6.3 The uncertainties in nuclear data constants (specific activities and gamma intensities) are generally reported with the
data values.

Al1.2.6.4 There are other valid methods for calculation of the detector efficiency values.

Al.2.7 For purposes relating to the reproducibility of assaying a given item several times (for example, the precision check,
10.4.7), the precision of the assay, expressed as the relative standard deviation, is given by the following:

which does not include the calibration contribution. The uncertainty results from Eq A1.15 or Eq A1.14 may be displayed by
the software in addition to those from Eq A1.16 to show how calibration, together with assay precision, affects the resultant
variability in the mass of the nuclide of interest.

Al1.2.8 The variance d€C, the total-corrected count rate, is the sum of the varianc€pfthe corrected count rate at segment
i

Al1.3 The variance of eadBC, is computed from the peak areas for the nuclide of interest, transmission source, and count-rate
correction source. In the following, the values of the count-rate correction source peak area and the transmission source peak areas
measured in background runs, whether single or double pass, are assumed to have negligible random error since they should be
measured to a high precision each day. Also, measurement of the empty container transmission should be highly precise, so that
its random error can be neglected. The expressions for the corrected count rates for a segment and the variances of the corrected
count rates for the four assay types follow:

CG = (A/ 1) X (CFRL) X CF;(T;") X CFe, (A1.17)

CFRL= LT/LT, (A1.18)

CF(T") = —B X In(T) (A1.19)
- @®
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1
CFcan - (T c)l/z (A1.20)
where:
A; = assay isotope peak area measured at segment i (obtained from Eq Al.1),
t = total true time to accumulate; A
CFRL = correction factor for rate-related losses due to deadtime and pileup,
LT, = peak area of the count-rate correction source measured with no other sources present (that is, during the
background run with the shutter closed) normalized to a collection time equal to that of A
LT; = peak area of the count-rate correction source measured simultaneously;with A
CF(T,’) = correction factor for attenuation (CFAT) due to the material inside the container of the assay item,
B = geometric parameter (typically 0.7 to ©.823 for cylinders),
T = transmission of the material within the container at the nuclide’s gamma-ray energy,
CFean = correction factor for attenuation due to the walls of the container, and

T transmission of the empty container at the nuclide’s gamma-ray energy.
A1.3.1 For Eq A1.218 through Eq AL358, the subscript notations will be the following:

where:
b = background measurements, no sample present,
0 = measurements made with the transmission source shutter open,
¢ = measurements made with the transmission source shutter closed,
| = low energy transmission peak, and
h = high energy transmission peak.
Al1.3.1.1 For one-pass assays:
A=A,
(A1.21)
where:
A = nuclide of interest peak area.
CFRL=LT/LT, = L/ L, (A1.22)
where:
L = count rate correction source peak area.
For three-peak assay and/p; ~ 1:
T, L
TR=T/ = T—b"o X L—b; X CFogn? (A1.23)
For four-peak assay>"U assay (see 10.3.7) usin®Yb as a transmission source:
TR=T, =0.6(TR) + 0.4(TR) (A1.24)
where:
T = transmission source peak area.
T, L
TR = <T—;>l X L—b:’ X CF 2 (A1.25)
T, L
TR, = (T—E;)h X L—b: X CF 2 (A1.26)
Al1.3.1.2 For two-pass assays:
A=A, (A1.27)
CFRL=LT/LT, = LpJL, (A1.28)
For three-peak assay and/pr~ 1:
T, L
TR=T' =32 x L—:" X CF gan’ (A1.29)
For four-peak >**U assay (see 10.3.7):
TR=T/ = (0.6 TR + (0.4 TR, (A1.30)
where:
T, L
TR, = (T_;)l X L—bj X CF a2 (A1.31)
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TR, = <TL:0> X LL_b: X CF g2 (A1.32)
Al1.3.1.3 The relative standard deviation is defined as follows:

g \ L AWAV.W)
V)=o)V

o, (V) = o(V)IV
(A1.33)
and introduce the factoK , present in all of the variances to follow:
B (1 - TR X CFAT)
K=CrAT — 1-Rr" (AL.34)
where:
CFAT = CF, (T;), and
T = TR.
Al1.3.1.4 The variances for each segment as functions of the measured peak areas become the following:
For three-peak, one-pass assay:
o %(CC) =CC2x [0 XA, + K?
XoXT)+1A—- KXo L] (A1.35)
For three-peak, two-pass assay:
o %CC) = CC* X {o AAJ) + o (L)
+ Ko ATy + o (L)} (A1.36)
For four-peak, one-pass assay:
02<CQ) =CC?x {0, % A) + K% X [(%)2 X 0, A(Ty)
+ <%>2 X 0 4(Typ) } +(1—- K Z2X o AL} (A1.37)
For four-peak, two-pass assay:
2//r\r\\ ce?2 L 2/p N\ 20 N
O \\\,\4}— AR O g T O ()
0.6TR)\2
+K2x _TRR X 0, 4(Ty)
+ <$) ’ X 0, A T + qu(Lo)]} (A1.38)
0 %(CG = )CG? X {0, AA) + 0, 4Ly
) 0.6TR)\?2 )
+ KX [(W) X 0, %(Ty)
+ (%) ’ X o, X Ty + arz(Lo)]} (A1.38)

Note Al.1—For 0.1= TR = 0.7,K varies slowly: 0.29= K = 0.39.

A1.3.1.5 If the assay and transmission energies in the three-peak case are sufficiently different to invalidate the assumption p
A~ U, then replacd, the geometric factor iICFAT, with B X KA, whereKA = p,/pt . Notice thatB is part ofK in the variance
equations, s®@ X KA would need to replacB in the K value also.
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